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ABSTRACT

Misfolding and aggregation of the synaptic protein alpha-synuclein (asyn) is, at present, considered
one of the main drivers of the pathogenesis of Parkinson’s disease (PD). PD is a complex
neurodegenerative disorder characterized by progressive loss of DAergic neurons in the substantia
nigra pars compacta (SNpc) and deposition of insoluble proteinaceous inclusions containing asyn,
called Lewy Bodies (LB), in different regions of the nervous system. Toxic species of asyn were
demonstrated to affect multiple cellular pathways, mediating synaptic dysfunction even before a
dramatic loss of SNpc neurons has occurred. Besides its neurotoxicity towards the DAergic system,
asyn has been recently reported to affect also the corticostriatal glutamatergic signalling, modulating
the synaptic levels and activity of NMDA-type glutamate receptors. However, the precise molecular
events underlying asyn synaptic toxicity are still elusive.

The synaptic retention of NMDARs was recently demonstrated to be strictly correlated to the
interaction with the protein Rabphilin-3A (Rph3A). Interestingly, alterations of Rph3A expression
and its interaction with NMDARs at the corticostriatal synapse have been described in advanced PD
stages. Besides, a direct asyn/Rph3 A interaction, modulated in presence of LB, has been put forward.
Starting from these previous findings, this PhD project is aimed at characterizing Rph3A role in the
early stages of PD to identify pharmacological approaches able to slow down asyn-induced synaptic
toxicity.

Exploiting different imaging and biochemical approaches, Rph3A was confirmed as a novel asyn
interactor at synaptic sites. In addition, using an in vivo mouse model of asyn-induced PD, we found
that oligomers and fibrils (PFF) of asyn reduced AMPAR and NMDAR subunits at the striatal
excitatory synapse, prior to cause significant DAergic neurodegeneration. At the same time point,
asyn-mice showed decreased striatal dendritic spine density and early motor impairments.
Interestingly, I also found that asyn oligomers and PFF selectively reduced striatal Rph3A
postsynaptic levels and Rph3A binding to GIuN2A subunit of NMDAR, suggesting Rph3A and
Rph3A/asyn complex as possible mediators of the synaptic dysfunction. Based on these hypothesis,
modulatory strategies aimed at restoring Rph3 A synaptic levels were firstly tested in an in vitro model
of PFF-induced synaptopathy. In particular, a Rph3A/asyn uncoupling compound (Compound B),
identified through a bioinformatic screening, revealed efficacious in blocking spine loss caused by
PFF exposure. In the same experimental model, synaptic defects were also prevented by Rph3A
overexpression. Based on these in vitro results, these Rph3A-modulatory approaches were then

investigated using the asyn-induced PD mouse model. Notably, chronic intracerebroventricular
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treatment with Compound B confirmed its efficacy in blocking asyn-dependent decrease in striatal
spine density. Furthermore, striatal delivery of an AAV overexpressing Rph3A resulted sufficient in
preventing the early motor impairments found in asyn-lesioned mice.

In conclusion, the results of this PhD thesis demonstrate that Rph3A and Rph3A/asyn complex
significantly contribute to the molecular events underlying early dysfunction of the striatal

glutamatergic synapse in PD, therefore representing novel and promising pharmacological targets.



RIASSUNTO

Ad oggi, il processo di misfolding e aggregazione della proteina sinaptica alfa-synucleina (asyn) €
considerato tra i principali mediatori della patogenesi della malattia di Parkinson (MP). La MP ¢ una
complessa malattia neurodegenerativa caratterizzata dalla morte progressiva dei neuroni
dopaminergici (DAergici) della substantia nigra pars compacta (SNpc) e accumulo neuronale di
inclusioni insolubili di natura proteica contenenti asyn, denominati Corpi di Lewy (LB), in diverse
regioni del sistema nervoso. E stato dimostrato che specie tossiche di asyn influenzano numerosi
processi cellulari, provocando disfunzione sinaptica anche in stadi che precedono una significativa
neurodegenerazione nella SNpc. In aggiunta agli effetti neurotossici nei confronti del sistema
DAergico, ¢ stato recentemente dimostrato che aggregati di asyn causano disfunzioni anche della
trasmissione glutamatergica corticostriatale; in particolare, sono in grado di modulare i livelli
sinaptici e ’attivita dei recettori del glutammato di tipo NMDA. Tuttavia, gli specifici eventi
molecolari alla base della tossicita sinaptica indotta da asyn non sono ancora stati chiariti.

Un recente studio ha dimostrato come la localizzazione sinaptica dei recettori NMDA sia strettamente
correlata all’interazione con la proteina Rabphilin-3A (Rph3A). Inoltre, evidenze sperimentali hanno
dimostrato che in fasi avanzate della MP sono presenti alterazioni dell’espressione di Rph3A e della
sua interazione con i recettori NMDA a livello della sinapsi corticostriatale. Infine, € stata ipotizzata
un’interazione diretta tra Rph3A e asyn che sembra essere alterata in presenza di Corpi di Lewy.
Sulla base di queste evidenze, il progetto di Dottorato ha come obiettivo la caratterizzazione del ruolo
di Rph3A nelle fasi precoci della MP al fine di identificare approcci farmacologici in grado di
rallentare il danno sinaptico provocato da asyn.

Prima di tutto, I’utilizzo di diverse tecniche sperimentali quali immunofluorescenza, biochimica ed
in silico, ha permesso di confermare che Rph3A ¢ un partner sinaptico di asyn. Secondariamente,
utilizzando un modello murino di MP indotto da asyn, ¢ stato dimostrato che oligomeri e fibrille di
asyn, ancora prima di causare significativa degenerazione DAergica, provocano una riduzione
dell’espressione delle subunita dei recettori del glutammato di tipo AMPA e NMDA a livello della
sinapsi eccitatoria cortico-striatale. Allo stesso time point sperimentale, i topi iniettati con forme
tossiche di asyn mostrano una riduzione della densita di spine dendritiche striatali accompagnata da
precoci difetti motori. Inoltre, oligomeri e fibrille di asyn riducono selettivamente 1 livelli
postsinaptici di Rph3A e la sua interazione con la subunita NMDA di tipo GIuN2A, suggerendo che
Rph3A e il complesso Rph3A/asyn possano essere coinvolti nell’insorgenza dei difetti sinaptici.

Basandosi su questa ipotesi, strategie sperimentali volte a ripristinare fisiologici livelli sinaptici di
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Rph3A sono state prima di tutto testate in un modello neuronale in vitro di sinaptopatia indotta da
fibrille di asyn. In particolare, il trattamento con una molecola in grado di competere con I’interazione
Rph3A/asyn (Composto B), identificata tramite uno screening bioinformatico, si € rivelato efficace
nel bloccare la perdita di spine dendritiche causata dal trattamento con le fibrille. Nello stesso modello
sperimentale, anche 1’overespressione della proteina Rph3A ¢ stata in grado di prevenire i difetti
sinaptici. Considerando questi risultati in vitro, ¢ stata successivamente investigata I’efficacia degli
approcci modulatori di Rph3A in vivo, utilizzando il modello murino di MdP precedentemente
caratterizzato. In particolare, la somministrazione cronica intracerebroventricolare del Composto B
si ¢ confermata efficace nel prevenire la perdita di spine dendritiche striatali riscontrata nei topi
iniettati con fibrille. Inoltre, I’overespressione striatale di Rph3A tramite iniezione di AAV, ¢ stata
sufficiente a prevenire 1’insorgenza di precoci disfunzioni motorie.

In conclusione, questi risultati dimostrano che Rph3A e il complesso Rph3A/asyn contribuiscono in
maniera significativa ai meccanismi molecolari che mediano la disfunzione della sinapsi
glutamatergica striatale nelle fasi iniziali della MP. Di conseguenza, possono essere considerati come

innovativi e promettenti bersagli terapeutici.



INTRODUCTION

1. Parkinson’s disease

Since from its first description 200 years ago by James Parkinson in the Essay of shaking palsy,
Parkinson’s disease (PD) perception as a merely movement disorder has significantly evolved over
years (Parkinson, 2002). Several non-motor features as cognitive impairments, sleep disorders,
autonomic dysfunction, hyposmia and depression emerged as key components of PD clinical
manifestations (Chaudhuri and Schapira, 2009). However, clinical features originally described by
James Parkinson are still able to recapitulate the cardinal motor presentations of the disorder (Poewe
et al., 2017)

PD is a highly complex and slowly progressive neurological disorder representing the second most
common neurodegenerative disease. It is estimated to affect 2-3% of the population higher than 65
years old, with differences of prevalence across countries (Dorsey et al., 2007).

The neuropathological hallmarks of PD are the progressive loss of dopaminergic (DA) neurons in the
substantia nigra pars compacta (SNpc) and cytoplasmic accumulations of insoluble proteinaceous
inclusions called Lewy Body (LB). LBs, of which the main component is the presynaptic protein
alpha-synuclein (osyn), aggregate in specific neuronal types and spread disease through
interconnected brain regions (Braak et al., 2003; Spillantini et al., 1997). Indeed, PD is the most
frequent disorder among synucleinopathies, neurodegenerative conditions characterized by presence
of asyn inclusions in different neuronal and cell types, including also Lewy-Body dementia, Multiple
System Atrophy and Pure Autonomic Failure (PAF) (Galvin et al., 2001). Neurodegeneration of DA
neurons in the SN consequently leads to a dramatic decrease of DA levels within the basal ganglia
and in particular the striatum. After reaching a significant threshold, striatal DA denervation is
responsible for the onset of the typical parkinsonian motor features (Goetz, 2011).

Great progresses have been made in the understanding of neuropathology and molecular pathways
involved in disease mechanisms, however clear mechanisms underlying PD etiology are still
unknown. The majority of PD cases are sporadic and only the 5-10% of PD have a known genetic
cause. It is now clear that PD etiology raises from a complex interplay of genetic risk factors,
epigenetic mechanisms, ageing and environmental clues (Klein and Westenberger, 2012).

Though PD is a rare example of a neurodegenerative disorder with manageable clinical symptoms (at
least in its first stages), it remains still uncurable and several issues are related to its treatment. Indeed,
the gold standard therapy based on pharmacological replacement of dopamine, mainly its precursor

levo-DOPA (L-DOPA) and DA-agonists, despite its initial efficacy, does not target non-motor
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features and give rise to severe side effects. Besides, L-DOPA complications, treatment resistant
motor manifestations and progression of non-motor features ultimately originate a significant
disability burden (Kalia and Lang, 2015). Indeed, treatment that blocks disease progression focused
on disease-causing molecular mechanisms and research for specific biomarkers able to identify the

disorder in its precocious stages represent still open challenges for clinician and research community.

1.1 Epidemiology and risk factors

PD is the second most common neurodegenerative disease after Alzheimer disease, found in 2—3%
of the population >65 years of age (Alzheimer’s Association, 2014; Dorsey et al., 2007). Incidence is
estimated to go from 5 to 35 new cases out of 100 000 individuals per year worldwide (Twelves et
al., 2003). Before the 5" decade of life, PD is rare but the incidence increases dramatically (5-10 fold)
considering population aged between 60 and 90 years (Pringsheim et al., 2014; Van Den Eeden,
2003). Global prevalence is considered around 0.3% and it is estimated to be higher in Europe, North
America, and South America with respect to African, Asian, and Arabic countries. It shows a
substantial increase to more than 3% considering population of >80 years of age (Pringsheim et al.,
2014). The same consideration can be made for incidence that reaches its peak at 80 years of age,
suggesting the ageing is the greatest PD risk factor (Van Den Eeden, 2003).

Together with ageing, another established risk factor is gender; numerous studies described a male to
female incidence ratio ranging from 1.3 to 2.0 depending on the populations considered and the age.
The only exception of an increased female incidence was found by a Japanese study (Baldereschi et
al., 2000; Kusumi et al., 1996; Taylor et al., 2007). Sex-specific genetic mechanisms, protective
effects of sex hormones, differences in environmental agents exposure could be responsible for this
disparity (Poewe et al., 2017)

Mortality of PD patients rises after the first decade from disease onset, when it is doubled with respect
to the general population (Pinter et al., 2015). Taking into account the health care improvements and
the consequent increased worldwide life expectancy, the number of PD patients is expected to double

by 2030 (Dorsey et al., 2007).

1.1.1 Environmental risk factors

The involvement of environmental factors in PD pathogenesis has been extensively investigated in
the last four decades, contributing to provide a better understanding of specific molecular disease
pathways. The first toxic agent to be associated to PD development was 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), substance contained in synthetic heroin. Association became clear when

MPTP was discovered to cause severe DA-responsive parkinsonism in drug abusers (Langston,
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2017). Once crossed the blood-brain-barrier, MPTP selectively damages dopaminergic neurons, due
to its 2-step glial conversion into MPP". This metabolite is taken up by the DA transporters and, once
entered the mitochondria, inhibits complex I of the mitochondrial respiratory chain (Javitch et al
1985, Schober 2004; Nicklas et al 1985). This discovery led to the development of the first
experimental model of PD; MPTP-based animal and cellular model are still widely used today in PD
research (Gosh et al 2016).

Till then, several works and epidemiological studies have reported the association of a multitude of
environmental agents to increased risk of developing PD, although with different levels of
consistency. For instance, 11 environmental factors were reported to significantly alter risk for PD
according to a recent meta-analysis that considered 30 possible risk factors (Noyce et al., 2012).
Positive association with the disease was described for pesticides exposure, head injury, beta-blocker
use, well water drinking, agricultural occupation. Main factors described, instead, as negatively
associated with the disease are represented by coffee drinking, tobacco smoke, NSAID and calcium
channel blocker use (Noyce et al., 2012).

The contribution of pesticides as rotenone, paraquat, dichlorodiphenyltrichloroethane, dieldrin, and
organophosphates was extensively studied and some confirmed by experimental evidence and still
used in modelling the disease, as in the case of rotenone (Priyadarshi et al., 2000).

On the whole, the interpretation of epidemiologic findings and impact of environmental insults on

PD risk is often complex due to several inconsistency issues.

1.1.2 Genetic risk factors

The first convincing evidence of a genetic contribution in PD etiology came in 1996 with the mapping
and identification of the first gene related to inherited PD, revealing the existence of monogenic forms
of the disorder (Polymeropoulos, 1997). Presence of a family history makes the distinction between
sporadic and familiar PD; even if rare, hereditary forms of the disease caused by known genetic
lesions have helped to shed light on altered cellular pathways even of sporadic PD. Indeed, monogenic
forms of the disorders represents only the 3-5% of all PD cases and the 30% of hereditary forms,
highlighting the intrinsic complexity of PD etiology (Klein and Westenberger, 2012).

Autosomal dominant PD

SNCA encodes for the protein asyn, the main component of LB, and was the first gene whose
alterations were found associated to autosomal dominant PD, having usually a high penetrance. In
particular, genetic lesions include duplications or triplications of the entire locus and different

missense mutations (A53T, A30P, E46K, H50Q, G51D) (Kriiger et al., 1998; Lesage et al., 2013;



Proukakis et al., 2013; Singleton et al., 2013; Zarranz et al., 2004). Multiplications of the gene, leading
to increased protein expression, or pathogenic aminoacid substitutions are responsible for an
increased tendency of asyn to aggregate. Moreover, discovery of genetic lesion in SNCA allowed the
identification of asyn as a major component of LB inclusions (Spillantini et al., 1997).

Mutation in LRRK2 represents the most common cause of autosomal dominant PD, found in 13%
and 1-2% of non-sporadic and sporadic cases, respectively (Berg et al., 2005; Paisan-Ruiz et al.,
2004). The gene product, also known as Dardarin, is a large multi-domain protein involved in
numerous cellular pathways, including autophagy, protein synthesis, membrane trafficking and
neuronal specific function as neurite outgrowth and synaptic vesicle release (Rideout and Stefanis,
2014). More than 80 mutations have been described in LRRK2, missense mutation being the most
represented. Among them, the most frequent and better characterized is an aminoacid substitution
falling on the kinase domain of the protein, G2019S, that accounts for 4% of familiar and 1% of
sporadic cases (Healy et al., 2008).

Another gene confirmed as causative of monogenic autosomal dominant PD is VPS35, which encodes
vacuolar protein sorting 35 retromer complex component, involved in trafficking between endosomes

and trans-golgi network (Trinh and Farrer, 2013; Vilarifio-Giiell et al., 2011).

Autosomal recessive PD

Classic gene mapping approaches discovered three genes whose loss of function mutation cause
autosomal recessive PD: PARK?2, coding the E3 ubiquitin protein ligase (Parkin), PINKI, PTEN,
induced putative kinase 1, and PARK?7, which stands for Parkinson protein 7, mostly known as DJ-1
(Bonifati, 2003; Kitada et al., 1998; Valente, 2004). Despite being rare in general PD patients,
mutations in these genes are reported to cause a great proportion of early onset PD cases; among

them, the most common cause of AR PD is Parkin.(Bonifati, 2003; Kilarski et al., 2012)

Other genetic risk factors

Several polymorphisms and variants of monogenic PD genes and other unrelated genes (MAPT, GBA,
NAT2, INOS24, GAK, HLA-DRA, and APOE) are recognized as risk factor for the disorder, expanding
the complex genetic landscape of PD (Klein and Westenberger, 2012).

In particular, a large multicenter study identified in 2009 heterozygous mutation in GBA, encoding
for the lysosomal enzyme B-glucocerebrosidase, as the most common and universally found risk
factor for PD. Indeed, heterozygous individuals carrying GBA mutations have five times greater risk

of developing PD than non-carrier individuals (Sidransky et al., 2009).



1.2 Clinical features and natural history

The motor presentation of PD has been recognized since its first description by James Parkinson, as
a substantial component of the disease. The great part of PD clinical presentation is represented by
cardinal motor symptoms; bradykinesia, muscular rigidity, rest tremor, postural and gait instability
(Gibb and Lees, 1988; Goetz, 2011). These core motor signs tend to be unilateral for all the disease
progression. However, motor presentation is highly heterogeneous among individuals and attempts
to classify different clinical subtypes have been made. Essentially, based on clinical observations, PD
can be classified as tremor dominant, with a slower progression and less overall disability, and non-
tremor dominant, characterized instead by prevalence of akinetic-rigid and gait instability phenotypes
(Martinez-Martin et al., 2011). However, non-motor features of PD are emerging as a substantial
component of its clinical presentation, having an impact of the health related quality of life of patients
(Martinez-Martin et al. 2011). They comprise a multitude of manifestations including olfactory
dysfunction, cognitive impairment, psychiatric symptoms, mood disorders, autonomic dysfunction,
sleep disorders, fatigue and pain (Chaudhuri and Schapira, 2009). Most of them precedes the onset
of the motor symptom, in the prodromal phase of PD (Mahlknecht et al., 2015; Postuma et al., 2012).
This premotor stage of PD generally starts with impaired olfaction, constipation, sleepiness, mood
disorders and rapid eye movement sleep behaviour disorder (RBD). This phase lasts as an average of
12-14 years prior to the occurrence of parkinsonian motor symptoms. Duration of the premotor phase
is about 12-14 years as an average before the onset of parkinsonian motor symptoms (Postuma et al.,
2012). Underlying this premotor stage are disease mechanisms that involve also other regions of the
peripheral nervous system (PNS) and central nervous system (CNS) besides the dopaminergic system.
As the disease progress, motor features become apparent and gradually worsen. While initially
symptomatic therapy is efficacious in handling symptoms, lately side effects and complications
overcome the beneficial effects. Among them, motor and non-motor fluctuations, psychosis and
dyskinesia represent one of the most important issue in clinical management of the disease (Hely et
al., 2005).

Treatment-resistant symptoms as freezing of gait, postural instability, falls, dysphagia, speech
impairment characterize the late phases of disease, together with autonomic dysfunctions (urinary
incontinence, postural hypotension) and dementia, highly prevalent after 20 years from PD onset

(Hely et al 2008).
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Fig.1. Relationship between clinical symptoms and degree of disability along PD disease progression.
(Poewe et al., 2017)

1.3 Diagnosis

Diagnosis of PD is still clinical, based on observations of cardinal motor symptoms. In details,
bradykinesia has to be associated with rigidity or rest tremor; further supportive criteria and exclusion
criteria are additionally considered for the diagnosis. (Postuma et al., 2015) . However, in the common
clinical practice a straightforward diagnosis is still a challenge, with error rate ranging from 15 to
24% in the early disease stages. Clinical misdiagnosis is common with essential tremor, vascular
parkinsonism and drug induced parkinsonism (Tolosa et al., 2006). The use of stringent diagnostic
clinical criteria, as the UK Parkinson's Disease Society Brain Bank (UKPDSBB) criteria, can only
slightly increase the accuracy of diagnosis (Rizzo et al., 2016).

Diagnosis can then be supported by a post-mortem neuropathological examination of a severe
neuronal loss in SNpc, mainly in the ventrolateral tier and presence of LB pathology. However,
standardization of neuropathological criteria is still mostly needed to improve differential diagnosis
with other neurodegenerative conditions (Dickson et al., 2009).

Neuroimaging has become a relevant diagnostic tool in supporting PD diagnosis since the first
visualization of dopamine depletion in 1983, thanks to the use of '®F-labelled L-DOPA and PET
(Garnett et al., 1983). Brain imaging of structural, functional e molecular changes in vivo can be
achieved thanks to basic and advanced Magnetic Resonance Imaging (MRI), Single Photon Emission

Computed Tomography (SPECT) and Positron Emission Tomography (PET) techniques.
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For instance, a tool that has entered clinical routine to make differential diagnosis of PD is 123I-
ioflupane single-photon emission CT (SPECT)(Politis, 2014; Stoessl et al., 2014). To this purpose,
different MRI techniques able to visualize variations in basal ganglia structures, including structural
MRI, can help in distinguishing PD from other parkinsonism (Mahlknecht et al., 2010). Indeed, these
methods are effective only in distinguishing PD from other diseases not characterized by presynaptic
dopaminergic degeneration. Disorders that include neurodegeneration in SNpc, as multiple system
atrophy, corticobasal degeneration, dementia with Lewy bodies, dopamine responsive dystonia,
cannot be distinguished from PD with dopamine imaging approaches alone (Mahlknecht et al., 2010).
Research efforts are currently aimed at the identification of reliable early diagnostic biomarkers of
PD that can reveal the disease in its prodromal phase or even in asymptomatic population. Since its
pathogenic role in disease onset and progression, studies have focused in particular on levels of
different asyn species in the cerebrospinal fluid (CSF) and blood. Furthermore, the assessment of
CSF concentration of other protein like DJ-1, tau, and B-amyloid, activity of b-glucocerebrosidase
are being investigated (Hong et al., 2010). Unfortunately, up to now no biomarkers with good
specificities and sensitivities have been found out, neither in CSF nor in blood (Chen-Plotkin, 2014).
Particularly helpful would be the correlation of panels of potential biomarkers, instead of a single
protein concentration, with disease onset and progression (Shi et al., 2011).

Even if it is not part of the diagnostic routine, in presence of individuals with early onset PD or family
history (monogenic form of PD), genetic testing can help the diagnostic process. Issues, thought, are
to be considered when approaching genetic testing due to the variable expressivity and reduced

penetrance of monogenic PD related genes (Kalia and Lang, 2015; Poewe et al., 2017).

1.4 Pathophysiology
1.4.1 Neuropathology

As mentioned-above, the two main neuropathological hallmarks of PD are the selective degeneration
of DA neurons of the SNpc and the presence of cytoplasmic proteinaceous inclusion in the soma (LB)
and neurites (Lewy neurites-LN) of surviving neurons (Braak et al., 2003). Neuronal loss is restricted
to specific brain areas; initially affects mainly the ventrolateral region of the SNpc that project to the
dorsal striatum and become more widespread along disease progression (Damier et al., 1999). The
early phases of disease are already characterized by a major loss of DA neurons in this area, thus
neurodegeneration is thought to begin in the premotor disease stage, as described by
clinicopathological studies (Dickson, 2018; Dijkstra et al., 2014). As the disease progresses,
neurodegeneration also impact the locus coeruleus, the nucleus basalis of Meynert, the dorsal motor

nucleus of the vagus (DVN), amygdala and hypothalamus (Dickson, 2012)
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Widespread deposition of asyn-positive inclusions is the other key neuropathological sign of the
disorder, although not solely found in PD (Iacono et al., 2015). These intracellular proteinaceous
aggregates are made up mainly by misfolded, insoluble and phosphorylated forms of asyn, together
with other uncatabolized molecules and lipids (Wakabayashi et al., 2013). asyn has a high tendency,
under certain environmental and cellular conditions (or upon mutations), to aggregate into oligomers,
protofibrils and insoluble-amyloid fibrils that finally accumulates into LB. Deposition of LB and LN
is not limited to certain areas of the CNS but it can be found in several peripheral nervous system
districts (vagus nerve, sympathetic ganglia, cardiac plexus, enteric nervous system, salivary glands,
adrenal medulla, cutancous nerves and sciatic nerve) (Arizona Parkinson’s Disease Consortium et al.,
2010; Del Tredici et al., 2010; Fumimura et al., 2007; Iwanaga et al., 1999). To note, Lewy pathology
has been hypothesized by Braak and colleagues in 2003 to spread in a stereotyped way across
interconnected and selectively vulnerable brain areas (Braak et al., 2003). The original theory divides
Lewy Pathology progression into 6 different stages, that seems to follow the spatial and temporal PD

clinical course.

Braak stage | and stage Il Braak stage lll and stage IV Braak stage V and stage VI

=

| o Cortical Lewy body
Severity of pathology ® Lewy body in the substantia nigra

Fig.2. The theorized progression of a-synuclein aggregation in PD firstly proposed by Braak in 2003
(adapted from (Poewe et al., 2017)

Lewy pathology would start from the peripheral nervous system and propagates in a caudo-rostral
direction towards the CNS. LB inclusions initially affects monoaminergic and cholinergic neurons of
the DVN and olfactory bulbs (Stage I-II), reach then the midbrain and neostriatum (stage III), the
basal forebrain and cortical areas (stage IV), ultimately affecting the neocortex (stages V-VI). Onset
of premotor symptoms can be ascribed to stage I-II, then, consequent to the depletion of striatal
dopamine, stage III could correspond to the typical motor symptoms. Stages [V-VI can be associated
instead to non motor symptoms occurring in the advanced phases (Braak et al., 2003; Kalia and Lang,

2015). Related to non-motor symptoms, the specific association between cortical Lewy pathology
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and cognitive impairments in PD is strongly supported by various neuropathological studies (Irwin

et al., 2012; Kempster et al., 2010; Selikhova et al., 2009).

1.4.2 Molecular pathophysiology

Despite the precise molecular mechanisms underlying PD pathophysiology are still not clarified,
multiple cellular pathways have been shown to contribute to neuronal loss. Among them, evidences
coming from genetic PD lesions, studies on patient-derived tissues and experimental works highlight
as relevant players asyn proteostasis and degradation, mitochondrial dysfunction, oxidative stress and
neuroinflammation. In addition, abnormal levels of toxic forms of asyn undoubtedly impact on many
of these cellular processes, triggering or contributing to the molecular alterations (Michel et al., 2016).
In this regard, several works report asyn to exert neurotoxicity in multiple ways, causing endoplasmic
reticulum stress, synaptic dysfunctions, alterations in Golgi transport, calcium deregulations and

impairments of cytoskeletal dynamics (Ganguly et al., 2018).
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Mitochondrial dysfunction

As in many neurodegenerative conditions, impairment of the mitochondrial function is undoubtedly
a core element in PD molecular pathogenesis (Schapira, 2007). In the first place, directly supporting
this hypothesis, features of PD neuropathology were replicated by experimental models based on use
of toxins specifically targeting mitochondrial function (Langston et al., 1984; Przedborski et al.,
2004). In addition to this evidence, target genes of the mitochondrial master transcriptional regulator
PCGla were shown to be underrepresented in PD (Schapira, 2007). Interestingly, a detrimental
interplay between asyn and mitochondrial dysfunction has been emerging from recent studies.
Aberrant accumulation of the protein within mitochondria can cause impairment of the complex I,
whose activity is also reduced in PD-patients derived tissues (Zheng et al., 2010). asyn oligomers,
instead, were described to impact negatively on PCGla levels. Moreover, genetic forms of PD caused
by mutations in genes regulating mitochondrial homeostasis (LRRK2, PINKI, PARK?2) further
support a key involvement of this organelles (Bose and Beal, 2016; Pickrell and Youle, 2015;
Schapira, 2007).

Oxidative stress

Strictly linked to mitochondrial dysfunction, PD is characterized by augmented levels of oxidative
stress. This pathogenic feature can be found in patients brain tissues and, moreover, confirmed by
hereditary PD forms caused by lesions in antioxidant-related genes, such as DJ/ (Bonifati, 2003; Dias
et al., 2013). Interestingly, various features of nigral dopaminergic neurons make them particularly
susceptible to oxidative stress. For instance, the homeostatic maintenance of their long unmyelinated
axons with high synaptic density and of the autonomous pace-making activity, based on oscillations
of cytosolic calcium, need a significant energy expenditure (Pissadaki and Bolam, 2013; Surmeier et
al., 2011). Moreover, high concentrations of dopamine and its metabolites is thought to promote the
generation of toxic oxidative species (Lotharius and Brundin, 2002). A detrimental effect of
mitochondrial dysfunction and oxidative stress seem to impact also on the proper functionality of the
lysosomal-autophagic system, indicating that alterations in different cellular pathways can be strongly

interconnected (Dehay et al., 2010).

Neuroinflammation

Another emerging key feature of PD is neuroinflammation, as displayed by various post-mortem,
fluid biomarkers and brain imaging studies (Moehle and West, 2015). Several genes expressed by
immune cells and participating to immune modulation were associated to the risk of developing PD
by GWAS studies (International Parkinson’s Disease Genomics Consortium (IPDGC) et al., 2014).

Furthermore, a vicious cycle between asyn aggregation and neuroinflammation have been reported
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by several works. For instance, asyn can activate adaptive and innate immune system and, the other
way round, neuroinflammation seems to trigger asyn aggregation (Gao et al., 2008; Hirsch and Hunot,
2009). Nevertheless, a merely detrimental effect of neuroinflammation in PD onset and progression
is presumably not representative of the whole picture. Beneficial effects of microglia and activated
immune cells have been reported as well. Moreover, various immunotherapeutic strategies, especially
targeting toxic asyn species, have been tested as potential novel therapeutic approaches (George and

Brundin, 2015).

1.4.3 Motor circuit pathophysiology

Besides neurodegeneration, many PD symptoms derive from an aberrant neuronal activity established
at the circuit level. In particular, the thalamo-cortical basal ganglia (BG) circuitry is the main site of
the neuronal circuit dysfunction in PD pathogenesis.

The BG and related nuclei consist of a system of subcortical nuclei, primarily involved in motor
control and other functions such as motor learning, executive functions, reward-related behaviors and
emotions. Indeed, forming a complex network of parallel but anatomically segregated loops, BG
integrate inputs from different cortical regions to the thalamus and back to the cortex (Alexander et
al., 1990, 1986).

Although the classic model of BG motor circuit has been largely revisited and integrated in the last
years, it was essential for the current understanding of how dopamine depletion give rise to PD
symptoms and reshape the thalamo-cortical BG network (Alexander et al., 1986; DeLong, 1990;
Obeso et al., 2000). Cortical areas project to the primary input structure of the BG, the striatum,
through glutamatergic synaptic connections with GABAergic spiny projection neurons (SPNs).
According to the classic view, SPNs originate two separate pathways towards the globus pallidus pars
interna (GP1) and the substantia nigra pars reticulata (SNr), the BG output nuclei. SPNs expressing
class 1 DA receptors (D1-SPNs) mediate the direct pathway by directly inhibiting the GPi and SNr
neurons. A decreased output activity of these structures disinhibits the thalamus that, sending
excitatory projections to the cortex, ultimately leads to increased cortical excitation. D2-type SPNs,
instead, project to the SNr and GP1 through connections with the external region of the globus pallidus
(GPe) and the STN, forming the indirect pathway (Albin et al., 1989; Deng et al., 2006; Gerfen et al.,
1990). STN glutamatergic neurons activate then the GPi and SNr. Therefore, activity of neurons in
the indirect pathway inhibits the GPe leading to disinhibition of the STN and excitation of the
GPi/SNr, that in turns reduces excitation of cortical neurons. Activity of the BG results from a
controlled balance, essential for a proper control of movement, between the opposing direct and

indirect pathway. According to this model, the glutamatergic impact on the cortico-striatal inputs is
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modulated by DA that, activating firing of D1 SPN neurons and dampening D2 neurons, promotes
the direct pathway and inhibits the indirect. In the parkinsonian condition, striatal DA depletion leads
to a decreased inhibition of indirect pathway neurons and reduced excitation of the direct pathway
neurons. This imbalance eventually leads to increased output activity of the GPi and SNr, with
consequent inhibition of thalamic excitatory connections with the cortex. The downstream
overinhibition of thalamocortical regions would be at the basis of the cardinal motor symptoms of PD

(Albin et al., 1989; Obeso et al., 1997).
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Fig.4. Schematic representation of the classical Basal Ganglia model in healthy and PD conditions.
(McGregor and Nelson, 2019)

However, years of extensive research have demonstrated that the model is far more complex than this
description. For instance, SPNs cannot be so easily distinguished in D1 or D2 type, since
colocalization of D1 and D2 receptors in SPNs has been also reported (Lester et al., 1993). Then,
other pathways have been integrated in this circuit, such as a direct connection between cortical motor
regions and the STN, the hyperdirect pathway (Nambu et al., 2000). Moreover, changes in
interconnection between the BG and the cerebellum as well as aberrant neural synchronization may

contribute as well to PD pathophysiology (Dirkx et al., 2016).
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1.5 Therapy

Currently, PD can be still considered an incurable neurodegenerative disorder. Although relevant
steps towards the understanding of its underlying pathophysiology have been made, no disease-
modifying drugs able to dampen the neurodegenerative process nor providing neuroprotection are
approved and used in clinics so far. Major challenges derive from the high complexity of its
pathogenic mechanisms that involves multiple cellular processes and the lack of valid diagnostic
biomarkers allowing an early diagnosis. Animal models generally reproduce only features restricted
to few pathogenic pathways, thus not being able to fully recapitulate the human disorder. Moreover,
besides the dopaminergic systems, other neurotransmitter systems are dysfunctional, even in the early
disease stages (AlDakheel et al., 2014). Nonetheless, PD can be managed through pharmacological
treatment and, at least for some years, quality of life can be improved. Pharmacological approaches
currently used in clinics can be generally distinguished in drugs that acts on dopaminergic or non-

dopaminergic targets.

1.5.1 Dopaminergic therapy
Cardinal motor features of PD are strictly dependent on the neurodegeneration of the SNpc neurons
and to the consequent deficiency of striatal dopamine. Thus, the aim of the dopaminergic therapy is

to replace, acting at different levels, the concentration of the neurotransmitter within the striatum.

L-DOPA. The revolutionary idea of substituting the endogenous dopamine through administration of
the aminoacid L-DOPA, direct dopamine precursor, dates back to thel960s (Birkmayer and
Hornykiewicz, 1961). Systemic administration of L-DOPA, although with several improvements, is
still considered the gold standard of PD treatment after more than 50 years (Olanow et al., 2009).
Indeed, it is estimated that almost all PD patients will receive L-DOPA treatment during the clinical
course of the disease (LeWitt and Fahn, 2016; PD MED Collaborative Group, 2014). Exogenous DA
cannot be administered because of its hydrophilic structure incapable of passing the blood-brain-
barrier (BBB); L-DOPA, instead, is able to enter the CNS and be efficiently converted into the active
neurotransmitter within the nigrostriatal system (Melamed et al., 1980; Rautio et al., 2008). Delivered
systemically, L-DOPA is metabolized at the periphery through different pathways, and primarily by
the aromatic L-amino acid decarboxylase (AAAD, DOPA decarboxylase), which drastically
diminished its availability at the CNS. Thus, L-DOPA is administered systemically through the oral
route in combination with peripheric DOPA decarboxylase inhibitors (Carbidopa) or COMT
inhibitors (Entecapone) (Hagan et al., 1997; LeWitt and Fahn, 2016; Nutt, 2000; Nutt et al., 1994).
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L-DOPA has a high initial symptomatic efficacy in relieving motor symptoms, however its long-term
use is particularly complicated by the onset of debilitating side effects. L-DOPA dependent motor
complications include motor fluctuations, dyskinesias and on-off effects of the treatment (Muenter
and Tyce, 1971). After 5 years from the beginning of L-DOPA therapy, about 80% of patients are
estimated to suffer from drug-induced dyskinesias, whose clinical manifestations are often described
as worse than the disease symptoms (Bastide et al., 2015). Core mechanisms underlying the onset of
dyskinesias are still not totally understood. Both pre- and post-synaptic modifications concur in their
establishment, causing a pulsatile stimulation of striatal DA receptors and consequent maladaptive
plasticity mechanisms (Cenci, 2014; Mellone and Gardoni, 2018; Olanow et al., 2006). The unhelpful
pharmacokinetic properties of this molecule as its short half-life lead to an intermittent drug delivery.
In addition, variations of gastrointestinal absorption also affect the final CNS concentration (Poewe
and Antonini, 2015). To overcome these important issues, different approaches have been and are
currently being developed, as sustained-release formulations or continuous delivery of the drug

(Poewe and Antonini, 2015).

Dopamine agonists. By directly stimulating DA receptors, dopaminomimetics represent the
alternative approach to elicit the physiological neuronal responses triggered by dopamine on striatal
medium spiny neurons. DA receptors are widely expressed in the CNS and can be divided in two
classes, specifically the D1-type and the D2-type, with opposing effect on neuronal activity. Many
dopamine receptor agonists currently used in clinics primarily act on the D2 types (Jenner, 1995).
The first agonists (ergoline-derivatives) were introduced in therapy in the 1970s and since then have
been widely used as PD symptomatic treatments (Connolly and Lang, 2014; Fox et al., 2011). First
generation agents have a limited use for safety issues, in particular their ability to cause severe side
effects due to their action on the 5-hydroxytryptamine (SHT) receptor (Hubble, 2002). Currently, the
most used DA agonists (all non-ergoline derivatives) include Pramipexole, Ropinirole, Rotigotine
and Apomorphine and are approved both as monotherapy or combined with L-DOPA in late disease
phases (Alonso Cénovas et al., 2014). In this regard, they have some advantages with respect to L-
DOPA such as a longer half-life and a better pharmacokinetics profile that allow to be administered
once a day. Generally, patients treated with dopaminomimetics have a significant decreased risk of
developing motor fluctuations and dyskinesias, possibly due to a less-pulsatile stimulation of the DA
receptors. On the other side, issues are represented by a decreased efficacy in reducing motor
symptoms with respect to L-DOPA and significant increased risk of drowsiness and psychiatric side
effects (Fox et al., 2011; Jankovic and Poewe, 2012). Development of hallucinations and impulse

control disorder, in particular, are possibly due to an overstimulation of D3 receptors preferentially
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expressed in the ventral striatum, with consequent imbalances of the brain reward systems (Voon et

al., 2011).

Monoamine oxidase type B (MAQO-B) inhibitors. Together with the presynaptic reuptake by the
dopamine transporter DAT, the enzymatic activity of MAO-B in glial cells participate to DA
clearance from the synaptic cleft (Schapira, 2011). Therefore, MAO-B inhibition allows to prevent
dopamine degradation and to increase synaptic dopamine concentration. Selective and irreversible
MAO-B inhibitors as selegiline or rasagiline, initially combined with L-DOPA, have now been
demonstrated to have efficacy as monotherapy too (Schapira, 2011). Recently approved, the
reversible inhibitor safinamide combines its dopaminergic action with the blockade of voltage-

dependent Na" and Ca?" channels and inhibition of glutamate release (Fox et al., 2011).

Catechol-O-methyltransferase (COMT) inhibitors. Due to formulations of L-DOPA containing
DOPA-decarboxylase inhibitors, its peripheral metabolism shifts to a different pathway and in
particular to the orto-methylation performed by COMT. Therefore, co-administration with COMT
inhibitors is the treatment of choice in those patients experiencing wearing-off motor fluctuations, to

further enhance half-life and bioavailability of L-DOPA (Miiller, 2015).

1.5.2 Non dopaminergic agents

Despite the undoubtedly symptomatic efficacy of dopaminergic therapy in ameliorating PD motor
impairments, imbalances in other neurotransmitters system participate to PD pathogenesis along the
different disease stages. Therefore, other pharmacological targets need to be considered in clinics to
address non-motor PD features and treatment-dependent side effects. Those symptoms comprise
consequences of L-DOPA treatment as motor fluctuations, dyskinesias and L-DOPA resistant motor
symptoms (freezing of gait, postural instability and falls, treatment-resistant tremor, impairment in
speech and swallowing). The only approved agent to manage L-DOPA induced dyskinesia is
amantadine, N-methyl-d-aspartate receptor (NMDA-R) antagonist (Connolly and Lang, 2014; Perez-
Lloret and Rascol, 2018). Non-dopaminergic therapy can also be used to ameliorate other non-motor
issues of PD, and in particular cognitive impairment, depression, autonomic disturbances.
Cholinesterase inhibitors can be prescribed to PD patients with dementia helping in managing
cognitive dysfunction (Connolly and Fox, 2014; Seppi et al., 2011). Clozapine, however its precise
mechanisms of action in PD is still poorly understood, is the most efficacious antipsychotic agent
used in PD since other atypical neuroleptics, by presumably blocking D2-type receptors, have a
deleterious effect (Seppi et al., 2011). Especially in advanced disease stages, autonomic dysfunctions
can significantly worsen patients’ quality of life. The mineralcorticoid fludocortisone, adrenergic

agents and the noradrenergic precursor droxidopa are administered to address orthostatic
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hypotension. Antimuscarinics are prescribed to manage urinary incontinence while pro-kinetics drugs

can improve constipation (Perez-Lloret et al., 2013).

Deep brain stimulation (DBS). Beyond pharmacological therapy, DBS is based on the high
frequency electrical stimulation of the subthalamic nucleus, able to mimic the effect of a lesion. The
evidence of the antiparkinsonian effect of a STN lesion came in 1993 and currently DBS is a clinically
approved therapy for dyskinesia and motor fluctuations in advanced stages PD (Fox et al., 2011).
Criteria for DBS therapy is idiopathic PD with excellent response to L-DOPA and long-term drug
induced motor complications. Exclusion criteria comprise psychiatric symptoms as major depression,
dementia and acute psychosis (Bronstein et al., 2011). However, DBS is complex treatment mainly
due to high expertise level for the correct placing of the brain electrode, postoperative clinical course
and balancing drug therapy with the neurostimulation (Bronstein et al., 2011). Moreover, intracranial
bleedings, device infections and misplacements are the most relevant adverse events together with

development of psychiatric sequelae of (Voges et al., 2007; Volkmann et al., 2010).

asyn immunotherapy. The rationale for targeting asyn aggregates through immunotherapeutic
approaches reside in the ability of the protein, even of the oligomeric species, to spread trans-
synaptically in a prion-like manner (Antonini et al., 2020; Valera and Masliah, 2013). Data on animal
models highlight the disease-modifying potential of reducing aggregated asyn species and its
neuronal propagation (Brundin et al., 2017; Games et al., 2013). Several monoclonal antibodies
against asyn are being evaluated in clinical trials. For instance, two large double-blind phase two
trials of passive immunotherapy in early PD are currently ongoing, and one of them seemed to show
effects of clinical efficacy after 52 weeks treatment (Chatterjee and Kordower, 2019; Jankovic and
Poewe, 2012). However, passive immunotherapy has the issue of requiring monthly intravenous
infusions. Interestingly, also strategies based on vaccination with specific active immunotherapy are
under study, allowing to bypass this disadvantage. The aim of this approach is to self-induce an
immune response against a specific protein. In this regard, PDO1A, a specific active immunotherapy
addressed to oligomeric asyn, has showed safety and tolerability in a recent phase 1 study in PD

patients (Volc et al., 2020).

Innovative strategies. Moreover, among innovative therapeutic strategies cell replacement therapy
represent a promising option. Transplantation of DA neurons or progenitors generated from
pluripotent stem cells, usually embryonic stem cell (ESCs) and human induced pluripotent stem cells
(hiPSC) i1s currently evaluated by different pre-clinical and clinical trials (Barker et al., 2017;
Garitaonandia et al., 2016; Wang et al., 2018). Gene therapy delivered through AAV vectors is
another approach that is being investigated for PD treatment. In particular, genetic targets identified
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till now can be classified in i. non disease modifying, mainly aimed at expression of DAergic or
GABAergic enzymes ii. disease modifying, based on overexpression of neuroprotective growth

factors or on the repairing of specific gene mutations (Axelsen and Woldbye, 2018).

1.6 PD models

1.6.1 In vitro models

The establishment of reliable in vitro experimental models to investigate the early events of PD
pathogenesis represents a key issue in the field. However, to mimic and reproduce in vitro the
complex neuronal circuitry involved in PD-associated degeneration of DAergic neurons still remains
a highly challenging issue. /n vitro PD models used in the last 25 years of research range from cell
lines, primary rat or mice neuronal cultures to the more recent use of human induced pluripotent stem

cells (hiPSCs) and, finally, the development of 3D midbrain organoids (Ferrari et al., 2020).

Cell lines. The pathological hallmarks of PD can be reproduced in culture either genetically, through
the overexpression or silencing of PD-related genes (SNCA, Parkin, PINKI, LRKK2, GBA), or
chemically, through the use of neurotoxins (such as 6-OHDA, MPP’, rotenone). Allowing to
investigate the different molecular pathways altered in PD pathophysiology, genetic models are able
to reproduce a condition that is more similar to the in vivo one. Overall, cell lines have been used
mainly for evaluating apoptosis, mitochondrial and gene dysfunction, oxidative stress, screening of
potential drugs and their relative neuroprotective properties. The most frequently adopted include
SH-SY5Y, PC12, LUMHES, N2a, N27, MN9D cell lines. However, the use of these models is limited
by relevant disadvantages such as further differentiation steps to reproduce physiology and

morphology of DAergic neurons and issues related to their oncogenic origin (Lopes et al., 2017).

Primary DAergic cultures. Primary DAergic neurons, whose culturing method has been optimized
in recent studies, have been widely used for evaluation of cell survival after treatment with neurotoxic
compound possibly involved in PD pathogenesis or putative neuroprotective agents (Lopes et al.,
2017; Weinert et al., 2015). The setting up of reliable cell cultures of DAergic neurons provide a very
useful in vitro model for the study of the molecular and cellular mechanisms involved in the
neurodegeneration and for the understanding of the causes of selective neuronal vulnerability for this
disorder (Studer, 1997) Furthermore, development of PD-related transgenic mice has brought back
a more extensive use of primary DAergic neurons prepared from these animal models (Lin et al.,

2012; Ramonet et al., 2011).
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Primary striatal neuronal cultures. At dendritic spines of striatal SPNs, DAergic terminals from
the SNpc converge with glutamatergic terminals from the cerebral cortex. The degeneration of the
nigrostriatal DAergic pathway in PD leads to significant morphological and functional changes in the
striatal neuronal circuitry, including modifications of the corticostriatal glutamatergic synaptic
architecture (Calabresi et al., 2007). To investigate these mechanisms in vitro, striatal neurons have
to be co-cultured with cortical neurons to acquire a correct physiological network activity and
development of dendritic spines (Burguicre et al., 2013; Segal et al., 2003). Nevertheless, co-cultures
of cortical and striatal neurons, although spontaneously active, are almost absent of cholinergic

interneurons and develop connections from striatal cells to cortical cells that are not present in vivo.

Human induced pluripotent stem cells. The introduction of human induced pluripotent stem cells
(iPSCs) technology, discovered by Takahashi and Yamanaka in 2006, revolutionized the modelling
of human diseases, especially neurodegenerative disorders and thus, PD as well (Takahashi and
Yamanaka, 2006). The possibility to reprogram fully differentiated cells from patients to the stemness
and then redirecting them towards the desired cell type brought a great power to biomedical research.
iPSCs give the opportunity to have disease-relevant neuronal subtypes that retain the specific genetic
background of the patient. Consequently, depending on their origin, iPSCs-derived neurons allow to
investigate molecular alterations either of genetic or sporadic PD forms and assess the impact of novel

risk variants (Ferrari et al., 2020).
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Fig.5. Schematic representation of the most used PD in vitro model, highlighting advantages and issues
of each approach. Adapted from (Lopes et al., 2017)

1.6.2 Neurotoxin-based in vivo models
Discovery of structural analogues of DA able to exert selective neurotoxicity towards DAergic
neurons lead to the development of experimental in vivo models of sporadic PD, which are still widely

used today in research. In particular, the most commonly employed toxic compounds to generate

animal PD models are 6-hydroxydopamine (6-OHDA) and MPTP.
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Fig.6. Structures of DA and major DAergic toxins used in experimental PD models (Blandini and
Armentero, 2012).
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6-OHDA experimental models

6-OHDA was the first toxin used to generate an animal model of PD (Ungerstedt et al., 1974). Due
to its incapability to cross the BBB, 6-OHDA has to be delivered through intracerebral injection.
Once in the CNS, it is taken up through DAT inducing mitochondrial toxicity and ROS production
that finally lead to neurodegeneration of DAergic neurons within the nigrostriatal system (Glinka and
Youdim, 1995). 6-OHDA rodent models, most commonly rats, are based on stereotaxic injection of
the toxin directly into the SNpc, in medial forebrain bundle (MFB) or striatum. The unilateral lesion
of the MFB causes ipsilateral neuronal loss and fiber degeneration in striatum and SNpc (Park et al.,
2018). This model have been and is still used to study PD motor behavioral deficit related to the
nigrostriatal system degeneration (Blandini et al., 2008; Deumens et al., 2002). Striatal injection of
the toxin is generally chosen for the study of early PD stages, since it induces a partial DAergic cell
loss with mild progressive motor impairments. The targeting of the MFB, instead, generally causes a
massive neurodegeneration that results in severe motor symptoms, efficiently mimicking late disease
stages (Carta et al., 2010; Francardo et al., 2011; Winkler et al., 2002). Moreover, 6-OHDA models
are extensively used to investigate the effects of treatment-induced motor complications and, in
particular, the molecular mechanisms leading to the onset of L-DOPA-induced dyskinesias (LIDs)
(Aristieta et al., 2012; Tronci and Francardo, 2018). However, this model lack one of the essential

key neuropathological feature of PD, since asyn does not deposit into LB.
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Fig.7. Schematic representation of 6-OHDA unilateral lesion of the MFB showing injection site and
side of the lesion. Adapted from (Mendes-Pinheiro et al., 2019)

MPTP-based model
The brain-penetrant compound 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) undergoes
metabolic transformation into the dopaminergic neurotoxin 1-methyl-4-phenylpyridinium ion

(MPP*) by MAO-B enzymes in glial cells (Chiba et al., 1984; Schinelli et al., 1988). Transported into
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neurons by DAT, MPP" localize within the mitochondria and inhibits a key step of the electron
transport chain, impairing complex I activity and inducing ROS production (Burns et al., 1985;
Ramsay et al., 1991). Firstly discovered in the 80s among contaminants of synthetic heroin, MPTP
administration can be considered a classic PD model, widely used to reproduce parkinsonism in
various species (Langston, 2017; Meredith and Rademacher, 2011). Due to several advantages,
MPTP-based mice models are the most commonly used, primarily to investigate the molecular
mechanisms underlying DAergic neurodegeneration and to test potential neuroprotective agents
(Meredith and Rademacher, 2011). Rats, instead, show significant resistance towards MPTP toxicity
due to high activity of MAO-B in cerebral microvessels. Indeed, MPP" hardly manages to cross the
BBB and MPTP has to be directly injected into the striatum or SNpc to induce toxicity in this species
(D1 Matteo et al., 2006; Galpern, 1996). In mice, parkinsonism is usually achieved by intraperitoneal
administration of the toxin: different injection dosages (acute, subacute and chronic) and timings
allow to reproduce different stages and severity of the disease. Repeated chronic injections are useful
to study disease progression and motor impairments (Hwang et al., 2016; Xu et al., 2017). Although
able to replicate different aspects of PD phenotype, the usual lack of neuronal deposition of LB-like
inclusions represents the main drawback of this model (Schober, 2004; Shimoji et al., 2005).

The non-human primate MPTP model

The MTPT-treated monkey remains still today the mainstay for the study of possible pharmacological
interventions in PD, due to their anatomic, genetic and physiologic proximity to humans. Considering
the close similarity between the human and monkey brain organization and in particular of the striatal
regions, non-human primates have definitely more developed fine motor skills with respect to rodents,
constituting a great advantage for modelling and studying PD-related motor impairments
(Gnanalingham et al., 1995). The validated MPTP-treated monkey phenocopies multiple
parkinsonian dysfunctions and, most importantly, the response to therapy, making it essential to
preclinical studies of potential neuroprotective compounds and drug candidates (Emborg, 2007;

Jenner et al., 2000; Stephenson et al., 2005).
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2. Role of asyn in PD

2.1 Structure and functions

Firstly discovered in 1988, asyn, encoded by SNCA gene, is a small, soluble intracellular protein
containing 140 residues (15 kDa) belonging to the synuclein superfamily, that also comprises  and
v synuclein (Maroteaux et al., 1988). It is widely expressed in neurons and is mainly enriched at
presynaptic terminals, though it localizes also in mitochondria, endoplasmic reticulum, and, at a lower
extent, in nuclei. (Guardia-Laguarta et al., 2015; Maroteaux et al., 1988; Yuan and Zhao, 2013).
However, its expression is not brain-restricted, as it can be found in red blood cells and at a lesser
degree in other tissues, thus suggesting different physiological functions (Baltic et al., 2004; Nakai et
al., 2007).

Structure

Structurally, asyn can be divided into three main domains with distinct physico-chemical properties,
given by the different aminoacidic composition. The N-terminal region is characterized by seven 11-
mer repeats with a KTKGEV consensus sequence (residues 1-95) (Bussell and Eliezer, 2003).
Similarly to apolipoproteins structure, this domain forms an amphipathic a-helix which confer to the
protein the ability to bind negatively charged lipid membranes (Bussell, 2005; Davidson et al., 1998).
Aminoacids from 60 to 90 constitute the NAC (Non-amyloid § component) domain, thought to favour
asyn aggregation and lipid sensing (George et al., 1995; Xu et al., 2016). Interestingly, all the
identified SNCA PD missense mutations fall within the N-terminal region of the protein, indicating
the crucial role of lipid-binding. asyn C-terminus aa (96-140) is highly acidic and mainly
unstructured, and it is targeted by post-translational modifications at various sites, including
phosphorylation at Ser129, nitration at Tyr125, Tyr133 and Tyr136, possibly promoting toxic species
formation (Burai et al., 2015; Fujiwara et al., 2002; Souza et al., 2000). The C-terminus was shown
to interact with proteins and ions, to modulate membrane binding and protects from aggregation of

the protein (Hoyer et al., 2004; Nielsen et al., 2001; Oueslati et al., 2010).
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Fig.8. Schematic representation of the a) secondary structure of the protein asyn and b) micelle-bound
asynuclein (Adapted from Gallegos et al., 2015)

asyn can be mainly referred to as a natively unfolded protein, whose structure changes depending on
its localization, interactions and membrane binding (Burré et al., 2013; Kim, 1997; Weinreb et al.,
1996). Therefore, relationship of the protein with membranes is fundamental for its cellular functions
and physio-pathological role in the disease. asyn exists in the cell as a dynamic pool of monomers,
tetramers, multimers in an equilibrium between a soluble and a membrane bound state (Bartels et al.,
2011; Burre et al., 2010). asyn interaction with negatively charged membrane lipids modulate its a-
helical conformation that in turns influence the bending and curvature of the membrane itself.
Moreover, lipid interaction is thought to impact on its aggregation ability (Jo et al., 2000; Middleton
and Rhoades, 2010; Ulmer et al., 2005).

Functions

Although it is a protein associated to synaptic vesicles, asyn seems not to be involved in synaptic
development, since it is one of the last proteins to appear at synaptic terminals. Yet, an important role
in neuronal function can be assumed, since it is expressed in many neuronal types both in the CNS
and PNS (Burré et al., 2018; Withers et al., 1997). A multitude of synaptic functions have been
attributed to asyn, despite its role in neurons is still not fully understood. The intrinsically unfolded
nature of the protein, its tendency to aggregate and possible compensatory effect by the B- and y
synuclein make the study of its physiologic functions particularly challenging (Burré, 2015). Data
from a triple knock-out mice for all the synuclein members suggest pre-synaptic alterations, including
a reduced size of the synaptic terminal (Greten-Harrison et al., 2010). Indeed, it is thought to play a
major role in the regulation of synaptic function and release of neurotransmitters, behaving like a hub

of interaction at the presynaptic terminal (Burré, 2015; Longhena et al., 2019). This last aspect
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together with its high affinity and interaction to curved lipidic membranes strongly support its
function in regulation of synaptic activity, plasticity, maintenance and cycle of synaptic-vesicle pool,
dopamine metabolism and release.

Although specific functions remains elusive, asyn colocalizes and interact with synaptic vesicles,
phospholipids and synaptobrevin-2, the G-protein Rab3a, and acts as a chaperone for the SNARE-
complex assembly (Burre et al., 2010, p. 201; Chen et al., 2013; Diao et al., 2013; Maroteaux et al.,
1988). Moreover, it contributes in maintaining the overall size of recycling vesicle pool, keeping their
mobility stable and inhibiting their docking to plasma membrane, as reported by in vitro studies
(Longhena et al., 2019). In addition, asyn has been reported to foster the clustering of synaptic vesicle
and to cooperatively modulate with synapsin-3 synaptic function in dopaminergic neurons (Wang et
al., 2014; Zaltieri et al., 2015). Given the selective vulnerability of DA neurons in PD pathogenesis,
a supposed role of the protein in monoamine homeostasis seemed reasonable. Indeed, asyn was
demonstrated to interact with the vesicular monoamines transporter 2 (VMAT2), the dopamine
transporter (DAT) and to modulate tyrosine hydroxylase (TH), rate-limiting enzyme of DA synthesis,
activity (Butler et al., 2015; Guo et al., 2008; Perez et al., 2002; Swant et al., 2011). Overall data on
synaptic functions of the protein suggest a role in intense and regulated neuronal activity rather than
participating to basal neurotransmission (Burr¢, 2015).

Moreover, due to its biochemical features, asyn behaves also as a molecular chaperone, a function
mainly supported by the high level of structural and functional homology that shares with 14-3-3

protein family with known chaperone activity (Ostrerova et al., 1999).
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2.2 Toxic asyn conformations

Due to its peculiar structure and the presence of the hydrophobic NAC region, asyn has a high
tendency to shift its conformation into -sheet rich structures prone to aggregate into oligomers and
insoluble amyloid fibrils. They ultimately deposit in LB inclusions, reaching lengths in the order of
5-10 nm (Spillantini et al., 1998). Nonetheless, these largest insoluble fibrils seem not represent the
primary toxic species. Short fibrils and oligomers are currently considered the toxic forms causing

neurotoxicity and driving molecular mechanisms of the disease (Alam et al., 2019)

2.2.1 Oligomers

The characterization of the asyn oligomers role in cellular damage and amyloid formation has been
quite challenging, because of their transient nature and high conformational variability. Oligomers
can be described as a continuum of species going from low-molecular weight prefibrillar oligomers
to larger aggregates that are on-pathway to amyloid formation (Pieri et al., 2016). From recent studies
oligomeric species are emerging as having a leading role in causing neurotoxicity, especially small
and soluble species (S. W. Chen et al., 2015; Chiti and Dobson, 2006; Winner et al., 2011). Indeed,
the possibility of kinetically trap oligomers brought new insights into their biophysical properties and
their impact in PD pathogenesis with respect to that of fibrillar species (S. W. Chen et al., 2015;
Cremades et al., 2012; Froula et al., 2019). Chen and co-workers identified 2 main types of oligomers,
built up on average by 18 and 29 monomers. AFM studies helped to confirm their properties: they
approximately have a length of 50 nm and differently from synuclein fibrils, they have a very low
percentage of B-sheet structures in an antiparallel disposition (Celej et al., 2012) and are not able to
drive the conversion of monomeric synuclein/seeding competent. Subsequently, other groups
described features of various oligomeric species. Interestingly, different protocols of generation or
isolation allowed the identification of oligomer types comparable for their biophysical and toxic
properties; in particular, a subtype that can be correlated to the one isolated by Chen, was confirmed

to be able to exert cytotoxicity and disrupt lipid bilayers. (Fusco et al., 2017; Iljina et al., 2016)

2.2.2 Fibrils

The process of asyn amyloid fibril formation is not totally understood yet. However, an alteration in
the dynamic pool of structurally diverse asyn forms and defects in proteostasis mechanisms are
probably relevant players in the process (Brehme et al., 2014; Morimoto, 2011). A better
comprehension of their structure have been provided mainly with NMR studies and more recently
thanks to advancement in cryo-EM technology (Bousset et al., 2013a; Heise et al., 2005; Tuttle et al.,
2016; Verasdonck et al., 2016). To note, independent groups by use of different techniques, obtained

highly comparable structures. The protein in its B-sheet rich conformation was described at an atomic
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resolution; it adopts a Greek key topology with each subunit making hydrogen bonding with the
adjacent ones. The hydrophobic B-sheet core of the structure corresponds to aminoacids 42-102 while
the N-terminus (1-41) and C-terminus (103-121) are largely unstructured, acquiring a random coil
conformation (Guerrero-Ferreira et al., 2018; Li et al., 2018; Tuttle et al., 2016).

Interestingly, recent works postulate the existence of different strains of amyloid fibrils, capable of
provoking distinct disease phenotype (Melki, 2015). In vitro, varying the buffer and salt conditions it
is possible to obtain diverse asyn species as classic fibrils or ribbons, which define flat and twisted
structures. Upon in vivo injection in rodents, ribbons seem to produce asyn inclusions especially in
oligodendrocytes, typical neuropathological sign of the synucleinopathy Multiple System Atrophy
(MSA). Fibrils instead are reported to cause mainly PD-like features with loss of dopaminergic nigral

neurons and motor impairment (Bousset et al., 2013a; Peelaerts et al., 2015).

Monomeric a-syn Oligomers Fibrils Aggregates

Mutations / Post-translational modifications / Microenvironment
I Cross-seeding / Neurotropic agents

Fig.10. Schematic representation of the hypothetical aggregation process of monomeric a-syn (Heras-
Garvin and Stefanova, 2020)

Prion-like propagation of a-synuclein

A recently developed theory assigns a major contribution to the propagation of LB pathology along
PD stages to the prion-like behaviour of asyn. The prion-like hypothesis was firstly supported in 2008
by two reports that found LBs in grafted mesenchymal midbrain neurons transplanted in PD patients
striatum in a therapeutic attempt over ten years after the transplantation (Kordower et al., 2011; Li
et al., 2008). Indeed, aggregates of misfolded asyn spread intra-axonally neuron to neuron, following
the stereotyped progression of LB through interconnected brain regions. Once aggregates are taken
up by an healthy neurons, misfolded asyn would act as seeds able to self-propagate by triggering the
aberrant aggregation of the native soluble protein. (Angot et al., 2010; Brundin et al., 2010). Transfer
of misfolded asyn is hypothesized to occur through several mechanisms, not totally elucidated yet,
comprising: exo-endocytosis, exosome release, axonal transport, trans-synapsis and tunnelling
nanotubes (Vargas et al., 2019). This cell-to-cell propagation gradually involves different neuronal

types in multiple brain regions over years following the initial trigger, mirroring the disease course.
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Braak and coworkers proposed a dual-hit hypothesis for PD origin and spreading; initial asyn seeds
would form in the gut and in the olfactory bulb, thanks to an unknown neurotropic pathogen, and
subsequently transmitted to the CNS via sympathetic fibres of the vagus nerve (Hawkes et al., 2009,
2007). Increasing line of evidences supports the gut origin of PD, including in vivo works on rodent
animal model in which systemic inoculation of asyn fibrils propagate neuropathology towards the
CNS (Challis et al., 2020; Kuan et al., 2019). Moreover, in PD patients LB were found in plexa of
the enteric nervous system in the foregut (Braak et al., 2006).

In this process, the deterioration of degradative system able to maintain cellular asyn homeostasis
plays a fundamental role (Chu and Kordower, 2007). Multiple experimental evidences claim that
impairments of ubiquitin—proteasome system and the lysosomal autophagy system (LAS) could
favour asyn accumulation and, the other way round, accumulated asyn could further inhibit these
systems (Chu et al., 2009; Emmanouilidou et al., 2010; Steele et al., 2013). Ageing, the greatest risk
factor for PD development, or genetic lesions (for instance, GBA and specific LRRK2 mutations) are
the main responsible for diminished asyn proteolysis in the disorder (Fernandes et al., 2016; Rocha

et al., 2015; Volpicelli-Daley et al., 2011).
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Figl1. A schematic representation of the hypothesis of asyn pathology spreading from the ENS towards
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2.3 asyn-based experimental PD models

Classical toxin-based PD and transgenic experimental models fail to properly recapitulate human
neuropathology, especially regarding LB deposition and spreading. Given the emerging importance
of asyn in PD pathophysiology, experimental models based on asyn prion-like properties has now
become an essential tool to unravel the relationship between asyn aggregation and neurodegeneration
of vulnerable neurons. In general, experimental models based on asyn display a slowly-progressive
disease course that mirrors in a more physiological way human pathology. In recent years, a multitude
of different in vivo models have been characterized; they are mainly based on i. overexpression of
asyn by recombinant adeno-associated viral vectors (rAAV) and ii. asyn pre-formed fibrils (PFF)

inoculation.

2.3.1 rAAV-mediated overexpression of asyn

The use of rAAYV for the delivery and overexpression of proteins is an efficient system to model PD
thanks to several characteristics. Both dividing and non-dividing cells as neurons can be transduced
by rAAYV, crucial feature to neurodegenerative disease modelling, providing a long-lasting transgene
expression in several brain regions, without provoking an immune reaction (Pignataro et al., 2018).
Smaller than lentivirus, rAAV can be injected in minimal volume reaching a high titer and efficient
tissue spreading, effectively transducing neuronal cells with almost zero risk of mutagenesis because
of their inability to integrate into the host genome (Albert et al., 2017).

rAAYV can be exploited to drive the overexpression of wild-type or mutant forms of asyn associated
to familiar PD, mainly A53T or A30P SNCA mutations, in the striatum or the SNpc of rodents. The
most significant findings obtained on these models are progressive neurodegeneration in the SN,
degeneration of DA striatal fibers and decreased striatal dopamine concentration (Ip et al., 2017;
Koprich et al., 2011, 2010; Lu et al., 2015; Oliveras-Salva et al., 2013). From all these works, what
is clearly emerging is the variability in the extents of nigrostriatal defects reported. Differences in the
parkinsonian phenotypes are mostly due to different rAAV serotypes and titer used, promoters, sites
of injection, time course followed in the study and the choice of wild-type or mutated asyn. In these
models, presence of aggregated and phosphorylated asyn has been reported. However, the asyn-
positive inclusions do not resemble the structure of LBs found in human pathology and they can be
distinguished as well from the aggregate displayed by rodent PFF-based models. In most of the
studies they appear as small and punctate structures, nuclearly localized. To note, these structures,
although reported by some studies to be proteinase-k resistant, seemed not to be able to spread from

neuron to neuron (Gomez-Benito et al., 2020; Ip et al., 2017; Koprich et al., 2010; Lu et al., 2015).
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Variable motor deficits are described by some works to appear after several weeks from rAAV
injection, concomitant to significant DA neuron loss (Decressac et al., 2012, 2011; Gombash et al.,
2013; Ip et al., 2017; Koprich et al., 2011; Oliveras-Salva et al., 2013). Generally, the capability of
generating progressive nigrostriatal degeneration together with appearance of precocious synaptic

defects still make rAAV based models a valuable tool in modelling PD.

2.3.2 Injection of asyn PFFs

The establishment of animal models (rodents and non-human primates) based on the systemic or
intracerebral inoculation of exogenous asyn species came in more recent years. The injected material
can be constituted either by asyn PFFs or other toxic species generated in vitro or LB-containing
extracts from PD brains (patients or transgenic mice) (Luk et al., 2012b, 2012a). Regarding PFFs
injection, the general procedure involves a first step of amyloid fibrils generation starting from the
monomeric protein through in vitro protocols. Subsequently, fibrils are broken via a sonication
procedures and are finally injected into the selected site (Polinski et al., 2018).

In particular, seminal studies by Luk and coworkers demonstrated that inoculation of either mice
brain extracts containing pathogenic asyn or synthetic PFFs could accelerate inclusions formation
and propagation through the CNS of transgenic A53T asyn mice (Luk et al., 2012b, 2009).
Subsequently, another study from the same group showed the ability of exogenous PFFs to induce
and spread pathology in wild-type mice as well (Luk et al., 2012a). These findings contributed, in a
first instance, to a further validation of the prion-like behavior of asyn and then to a significant
diffusion of PFF-based experimental model in PD research field.

Various transmissible models of PD have been generated over the years and among them PFFs-based
are the most exploited. The exogenous protein can be inoculated intracerebrally either in the dorsal
striatum (the most widely adopted model), being then retrogradely transported to the SNpc via DA
striatal fibers, or, less frequently, directly into the SNpc (Luk et al., 2012a; Masuda-Suzukake et al.,
2014). The deposition of LB-like inclusions at the site of injections and their subsequent propagation
through predictable interconnected networks have been deeply validated. Interestingly, unilateral
lesions allowed to deeply map the pattern of inclusions even between the two hemispheres (Luk et
al., 2012a; Patterson et al., 2019; Paumier et al., 2015). The aggregates found in these animals closely
resemble human neuropathology: they colocalizes with LB markers (pSyn, p62, ubiquitin), are
thioflavin-S positive and resistant to proteinase-K (Chu et al., 2019; Luk et al., 2012a; Paumier et al.,
2015; Wakabayashi et al., 2013). Notably, the time dependent spatial progression of neuropathology
is usually mirrored by the progressive degeneration of DA striatal fibers and SNpc neurons (Luk et

al., 2012a; Patterson et al., 2019; Paumier et al., 2015).
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As can be guessed from the wide heterogeneity these models, data on the extent and timing of
neurodegeneration, pattern of disease progression and appearance of motor impairments exhibit a
great variability. The type and concentration of PFFs injected, the site of inoculation and the strain of
animal model can undoubtedly influence the resulting phenotype (Peelaerts et al., 2015; Polinski et
al., 2018).

PFF-models are particularly valuable to obtain a late onset and slowly-progressive disease, which
allow the study of the initial phase of synucleinopathies. This same feature could also represent its
main drawback, since several months are needed to reach a severe neuronal loss and motor symptoms.
Furthermore, to study the most recent theory of a peripheral origin of PD, specifically from the
gastrointestinal tract and the olfactory bulb, PFF-models generated by a systemic injection are also
being characterized. Overall, recent studies showed that inoculation of PFFs in the muscular layers
of the duodenal wall or in the olfactory bulb resulted in aggregation of asyn, gastrointestinal defects
and, in some cases neuropathology progression to the CNS with consequent DA degeneration and
onset of motor symptoms (Challis et al., 2020; Kim et al., 2019; Rey et al., 2016).

Even these models are characterized by relevant levels of variability, however they are a useful tool
to investigate the molecular mechanisms underlying prodromal stage of PD and its transmission

towards the CNS.
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3. Glutamatergic neurotransmission

The non-essential aminoacid L-glutamate is the primary excitatory neurotransmitter used in the CNS,
taking part in several fundamental functions as learning, memory and synaptic plasticity.
Glutamatergic neurotransmission in the brain is finely regulated; aberrant glutamate signaling can
mediate excitotoxic pathways as in several neurological disorders (Obrenovitch et al., 2000).

The glutamatergic synapse is essentially composed by a pre- and a post-synaptic compartment with
different specialized functions and molecular organizations. At the pre-synaptic site, glutamate is
most commonly synthetized from glutamine released by glial cells through the action of the enzyme
glutaminase. Glutamate is subsequently embedded in vesicles via the VGLUT transporter and docked
at the active zone of the presynaptic compartment, ready to be released. As soon as an action potential
reaches the presynaptic neurons, glutamate is released in the synaptic cleft and, by binding to pre-
and post-synaptic glutamate receptors (GluRs), raises downstream signalling responses. The
neurotransmitter is eventually taken up by astrocytes, converted in glutamine and transferred back to

the presynaptic sites.
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3.1 Glutamate receptors

GluRs comprise both ligand-gated ionotropic (iGluRs) and G-protein coupled metabotropic
(mGluRs) receptors (Hansen et al., 2018; Traynelis et al., 2010). mGluRs, distinguished in 3 classes
depending on their specific functions, are mainly involved in modulatory activity of the synaptic

response triggered by the activation of iGluRs, both at the pre- and at the post-synaptic compartment.

Glutamate Recepter Subtypes

{— lonotropic —1 (— Metabotropic W

Functional classes [ MNMDA AMPA Kainata Class | Class i Class Il
[ MHE1 GluR1 GluRs mGIuR1 miGIuFE2 mGluR4
GluR2 GluRG mGIuBRS mEluF3 mGIuREG
MNE2A GluR3 GluR7 mGIuR7
0 NR2B GluR4 mEluRs
G famil
ene iamiiles NEIC KA
NRZD KAz
1. 1P, #cﬁ-.MF’
MNR3A Caz+
Ligand-gated ion channels Second messanger systems

Fig.14. Functional and molecular classification of glutamate receptors. (Adapted from Basic
Neurochemistry: Molecular, Cellular and Medical Aspects. 6th edition. Raymond Dingledine and Chris J
McBain.)

Once activated, cation permeable 1GluRs mediate depolarization of the postsynaptic plasma
membrane, driving excitatory post-synaptic currents (EPSCs). Three distinct functional classes of
iGluRs can be distinguished: the a- amino-3-hydroxy-5-methyl-4-isoxasolepropionic acid receptors

(AMPARSs), kainate receptors (KARs), and NMDA receptors (NMDARs) (Traynelis et al., 2010).

3.1.1 AMPARs

Activation of AMPARSs by glutamate binding results in fast excitatory currents at the glutamatergic
synapse, thanks to their Na* permeability. Structurally, they are mainly heterotetramers composed by
different combination of GluA1-4 subunits; receptor properties such as channel opening time, ion-
permeability and trafficking are strictly dependent on their subunit composition and interaction with
scaffolding proteins. Therefore, heteromerization can be considered a significant source of functional
diversity(Seeburg and Hartner, 2003). In contrast to NMDARs, AMPARs binds to glutamate at
resting membrane potential leading to consequent current flow (Traynelis et al., 2010). This feature
is fundamental to allow subsequent NMDARs activation by relieving the voltage-dependent Mg?*
block of the channel (Bliss and Collingridge, 1993; Huganir and Nicoll, 2013; Newpher and Ehlers,
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2008; Opazo and Choquet, 2011; Shepherd and Huganir, 2007). Moreover, their synaptic localization,
number, post-translational modifications and interactions are rapidly modulated by synaptic plasticity
events (Huganir and Nicoll, 2013; Newpher and Ehlers, 2008; Opazo and Choquet, 2011; Shepherd
and Huganir, 2007). To note, AMPARs lacking the GluA2 subunits are Ca**-permeable, thus
mediating specific events of synaptic plasticity (Cull-Candy et al., 2006; Liu and Zukin, 2007).

3.1.2 NMDARs

Among iGluRs, NMDARs display unique properties underlying their key role in physiological
synaptic plasticity events, and on the other side, in several pathological processes as well. These
peculiar features include the voltage-dependent channel block by extracellular Mg?*, an high Ca**
permeability and the binding of two co-agonist (glutamate and glicine or D-serine) to allow channel
opening (Traynelis et al., 2010). Their ability to mediate influx of Ca*’, a second messenger that
elicits molecular and biochemical changes in the postsynaptic neurons, is the primary reason for their
involvement in synaptic plasticity but also in excitotoxic neuronal death (Paoletti et al., 2013). Indeed,
besides functions in plasticity and learning and memory they are involved in pathophysiology of

many CNS disorders (Hansen et al., 2018; Paoletti et al., 2013).

NMDARs structure

NMDARSs are heterotetrameric receptors made up by combination of two or three different subunits
among GluN1, GluN2 (A-B-C-D) and GIuN3 (A-B) subtypes, encoded by different genes. Most
commonly, they are composed by two obligatory subunits GluN1 and two GluN2 of identical or
different types; GluN3-containing NMDARs, instead, have been described as ternary tetrameric
complexes where GluN3 is assembled together with GluN1 and GluN2 subunits (Dingledine et al.,
1999).

Each different subunit shows a significant homology and shares the same modular architecture
formed by four different domains: two large extracellular regions including the N-terminal domain
(NTD), responsible for assembly and allosteric modulation of the channel, and the agonist-binding
domain (ABD), four transmembrane domains (TMDs) that form the ion channel and an intracellular
carboxy-terminal domain (CTD). The ABD of GluN1 subunit binds to glycine or D-serine while
GluN2 binds to glutamate (Johnson and Ascher, 1987). Thanks to the presence of asparagine residues
on the M2 loop, the TMDs mediate the Mg?" interaction. The CTD, the least conserved region among
the different subunits, is extremely important for the synaptic trafficking, anchoring and signaling of
the NMDARs. Their heterogeneity is mainly responsible for the functional diversity of NMDARs,
allowing subunit-specific modifications, modulation and interactions (Martel et al., 2012; Paoletti et

al., 2013).
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Upon glutamate binding to iGluRs, a conformational change in the receptor structure allows the
opening of the channel and the flow of ions (gating) (Hansen et al., 2018). As already mentioned, in
order to let the channel pore open, a depolarization of the postsynaptic membrane concomitant to the
presynaptic glutamate release is needed to relieve the Mg?* block (Traynelis et al., 2010). Generally,
this depolarization is achieved through an initial activation of AMPARs and the consequent influx of
sodium ions. Glutamate and the co-agonist glycine or serine will bound to the specific sites on the
extracellular receptor region, allow the conformational shift and finally lead to Ca** flowing into the
postsynaptic compartment. This significant increase in calcium ions concentration in the dendritic
spine ultimately produce short- and long-term synaptic strength modifications (Hansen et al., 2018;
Paoletti et al., 2013). Importantly, diverse pools of cellular receptors lead to different responses; in
particular, synaptic NMDARs (localized at the post-synaptic density-PSD) are strictly linked to the
induction of pro-survival and plasticity events, while extrasynaptic NMDARs mainly mediate
detrimental effects, leading also to excitotoxicity and neuronal death (Bell and Hardingham, 2011;
Hardingham and Bading, 2010; Lin et al., 2012).

Neuronal development is characterized by a change in composition of synaptic NMDARs, since
GluN2A starts to be incorporated in synaptic NMDARSs in mature stages while GluN2B subunits are
more prevalent in early neuronal phases (Sheng et al., 1994; Tovar and Westbrook, 1999). Surface
mobility of NMDARs has been demonstrated to significantly contribute to shape synaptic NMDARs
composition. Besides trafficking through intra and intracellular pool of receptors, synaptic NMDARs
can be replaced by extrasynaptic ones through lateral diffusion (Groc et al., 2006; Tovar and
Westbrook, 2002). In mature neurons GluN2A was shown to be enriched at synaptic sites,
constituting a relatively stable pool of receptors. GluN2B-containing NMDARSs, instead, are reported
to be more mobile and to preferentially localize at pery- and extra- synaptic sites (Groc et al., 2006).
The spatial and temporal regulation of NMDARSs’ subunit composition is dependent also on the
region of the nervous system. Early neonatal stages are characterized by predominant expression of
GluN2B-2D and GluN3A-3B subunits while in adult stages GluN2A-N2C become more abundant
(Akazawa et al., 1994; Monyer et al., 1994; Sheng et al., 1994). Although in hippocampus, neocortex
and striatum, GluN2A-2B are the most diffuse regulatory subunits, their ratio is in favor of 2B
subunits in the striatum, while the opposite situation occurs in hippocampus and neocortex (Gardoni

and Bellone, 2015; Paoletti et al., 2013).
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Fig.15. All NMDAR subunits share a modular architecture. Structure of NMDARs highlighting multiple
binding sites for small molecules acting as allosteric modulators. A sample of various populations of
diheteromeric and tri-heteromeric NMDARs in the CNS and developmental profile of GluN subunits in mouse
brain. (Paoletti et al., 2013).

3.2 Dendritic spines as mediators of the excitatory neurotransmission

Dendritic spines, the small protrusions along neuronal dendrites, represent the site in which most of

the excitatory synapses of the mammalian brain localize. Linked to the dendritic shaft through a

narrow neck, spines display a wide heterogeneity of sizes, shapes and densities among the different

neuronal types and brain areas and even within the same neuron. Based on their morphology, they

can be distinguished in different subtypes (Harris, 1999; Peters and Kaiserman-Abramof, 1970):

- Mushroom shaped spines, the most stable, containing the largest excitatory synapses and

characterized by a large bulbous head and a thin neck,

- Thin spines, less stable and frequently subjected to morphological changes, with smaller

excitatory synapses and absence of the large head.

- Stubby spines, short structures lacking a neck, are considered immature structures since they

are prevalently expressed in the early-postnatal development (Harris, 1999).
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Dendritic spines function as signalling units and represent highly dynamic structures that undergoes
shape and size changes, forming and disappearing along neuronal activity modifications and plasticity
events (Hering and Sheng, 2001). On the pathologic sides, important alterations in spine morphology
or density occur in multiple psychiatric and neurological disorders, including PD, significantly
contributing to their pathophysiology (Deutch et al., 2007; Penzes et al., 2011; Picconi et al., 2005;
Villalba and Smith, 2010; Zaja-Milatovic et al., 2005).
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Fig.16. Morphological classification of dendritic spines. (Hering and Sheng, 2001)

Mature spines usually contain a single synapse (associated to excitatory inputs) on their head, in
which a thick protein rich PSD is close to the active zone of a presynaptic terminal. (Sorra and Harris,
2000). The PSD characterizes excitatory (type 1) synapses and can be defined as a finely tuned
architecture of proteins forming a scaffold in which glutamate receptor are anchored (Sheng and

Hoogenraad, 2009).

Synaptic plasticity. One of the most fascinating features of the mammalian brain is the ability to
change the function of neural circuits in response to an experience. Synaptic plasticity, defined as the
activity-dependent modification of the strength or efficacy of synaptic transmission at preexisting
synapses, is key to learning and memory functions and neural development. Several plasticity
phenomena have been recognized, involving pre- and post-synaptic events, comprising short and long
term processes (Citri and Malenka, 2008). Multiple neuronal biological processes, as synaptic vesicle
release, synaptic components modifications, receptors trafficking and stimulus-induced changes in
gene expression are necessary to establish the different forms of plasticity. Among long term

mechanisms at excitatory synapses, NMDAR-dependent long-term potentiation (LTP) or long-term
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depression (LTD) are two important forms of bidirectional synaptic plasticity. LTP and LTD lead to
long lasting synaptic strengthening and weakening, respectively, mainly through the activity-
dependent modification in the number of postsynaptic glutamate receptors (Sheng, 2002). They are
called NMDA-dependent since they are triggered by NMDAR activation and postsynaptic increase
in the intracellular calcium within dendritic spines; however, this influx, probably depending on the
threshold reached, give rise to opposite results (Citri and Malenka, 2008; Sheng, 2002). Very briefly,
the ultimate consequence of cellular signaling pathways of LTP and LTD observed in experimental
conditions are reflected on spine structures and density. Indeed, LTP finally results in a rapid
enlargement of spine heads, rapid formation of new spines followed by their stabilization (Kopec,
2006) Lang et al., 2004; Park et al.,2006; Lin et al., 2004; Nagerl et al., 2004;). LTD, instead, lead to
a significant reduction in dendritic spines size, a fast shrinkage of spine head and decreased spine

density (Négerl et al., 2004; Zhou et al., 2004).

3.3 Role of Rabphilin3A (Rph3A) in glutamatergic signalling

Rph3A is a 78 kDa protein of 694 aminoacids, encoded by RPH3A4 gene, primarily expressed in
membranes of neurons and neuroendocrine cells, but also in other secretory cell types (Rastaldi et al.,
2003; Q. Yuan et al., 2017), firstly identified in brain as a putative Rab3A effector protein. Rab
proteins are low molecular weight GTPases involved in vesicular trafficking and specific endo-
exocytosis pathways (Pylypenko et al., 2018). Subsequently, Rph3A detection in synaptic vesicle and
granules of chromaffin cells reinforced its possible role in vesicle trafficking and exocytosis (Chung

et al., 1995; Mizoguchi et al., 1994).

3.3.1 Protein structure

The structure of the protein can be subdivided into distinct domains, namely an NTD and a C-terminal
domain comprising two tandem C2-like domains (C2A and C2B). The NTD of Rph3A, thanks to a
cysteine-rich zinc-finger domain, is mainly involved in interaction with the small GTPases Rab3,
Rab27 and a-actinin (Chung et al., 1995; Fukuda, 2003; Kato et al., 1996; McKiernan et al., 1996).
A linker of 200 aminoacids connect the NTD to the tandem C2-like domains, common structural
protein motifs involved in Ca®*-dependent phospholipid binding, that allow Rph3A to behave as a
Ca?" sensor in membrane interactions (Corbalan-Garcia and Gomez-Fernandez, 2014; Montaville et
al., 2008). Interestingly, upon deletion of one or both C2-domain, the Ca®* dependent exocytosis is

suppressed (Shirataki et al., 1993).
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Fig.17. Schematic representation of the Rph3A protein domains

3.3.2 Presynaptic Rph3A function

Rph3A is reported to bind to Rab3 A, prevalently when the protein is in a GTP-bound state. Deletion
of Rab3A, interestingly, leads to a diminished Rph3A expression (Geppert and Siidhof, 1998; Li et
al., 1994; Schluter, 2004). Rab3A and Rph3A have been reported to act together in the docking
process of vesicles at the membrane, thereby promoting release. Moreover, Rph3A has been shown
to participate in the recycling of synaptic vesicles and to directly interact with SNAP25, a member of
the SNAREs proteins which constitute the core machinery for synaptic vesicle exocytosis (Dedk et
al., 2006a; Tsuboi and Fukuda, 2005). Rph3 A activity in various steps of the synaptic vesicles cycling
has been reported in different cell-type such as adrenal chromaffin cells, PC12 cell-line and neurons
(Chung et al., 1995; Dedk et al., 2006a; Komuro et al., 1996). Furthermore, the crystal structure of
the Rph3A-SNAP25 complex revealed a putative membrane-binding mode of the C2 domains in
cooperation with SNAP25 and PIP»/Ca®’, promoting membrane bending and regulation of vesicles
fusion (Ferrer-Orta et al., 2017). A recent work also reported an inhibitory activity of Rph3A towards
the spontaneous release in hippocampal networks (Bourgeois-Jaarsma et al., 2021a). However, data
of Rph3A KO mice did not reveal apparent electrophysiological, behavioural or morphological
alterations (Schliiter et al., 1999). An explanation of this discrepancy can reside in the redundancy of
Rab-effectors, and consequently, in the establishment of compensatory mechanisms.

Although multiple lines of evidence suggest a key role of Rph3A in Ca®*-dependent vesicle release,
its precise function is still poorly understood and it seems to act at various steps of the

neurotransmitter release.
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Fig.18. Binding model of Rph3A-C2B and SNARE:s at the plasma membrane. Cartoon representations of
two symmetric Rph3A C2B (orange)-SNAP25-STX1A—VAMP2 complexes docked to the plasma membrane
by PIP2, SNAP25 palmitoylation (black line), and the STX1A transmembrane helix (blue line), before (B) and
after (C) Ca2+ binding. (Adapted from (Ferrer-Orta et al., 2017)

3.3.3 Postsynaptic Rph3A function

Although Rph3A has been initially described as a presynaptic protein, in 2015 a work from our lab
demonstrated its postsynaptic localization and function (Stanic et al., 2015). Through a two-yeast
hybrid assay using the C-terminal fragment of GluN2A, Rph3A was discovered to localize at the
post-synaptic compartment as a novel binding partner of the GluN2A subunit of NMDARs.
Colocalization experiments in rat hippocampal primary neurons and Electron Microscopy data
confirmed the presence of Rph3A at the PSD of dendritic spines (Stanic et al., 2015). In particular,
Rph3A interaction with NMDARs is specific to the GIuN2A subunit and involves its N-terminal
domain. Rph3A was discovered to form a ternary complex also with the scaffolding protein PSD95

(a member of the MAGUK scaffolding protein family), promoting stability and retention at synaptic
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sites of NMDARs. This findings is in agreement with previous reports of Rph3A interaction with
other proteins showing a postsynaptic localization such as CASK, another MAGUK member, and
Myosin-Va (Brozzi et al., 2012). Disruption of GluN2A/PSD-95/Rph3A ternary complex, either by
Rph3A silencing or through uncoupling peptides, led to a decreased post-synaptic localization of

GluN2A-NMDARs, due to an increased internalization. (Stanic et al., 2015)
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Fig.19 Schematic representation of GluN2A/Rph3A/PSD-95 ternary complex at the PSD.

Pre-embedding immunohistochemistry data showed that about half of the dendritic spines in CA1
region of rat hippocampus display Rph3A. To note, Rph3A+ spines feature an increased spine head
area and size of the PSD, possible defining a pool of more potentiated synapses. Furthermore, Rph3A
seems to have a fundamental role also in synaptic plasticity mechanisms, as long-term potentiation
(LTP). Indeed, interfering with Rph3A/NMDARs complex prevented LTP induction and the in vivo

acquisition of spatial memories (Franchini et al., 2019).

3.4 Alteration of the glutamatergic signalling in PD

Along PD progression and pharmacological treatment, glutamatergic signalling from the cortex to
the striatum undergoes to a significant modulation. Alterations in structure and activity of the
dendritic spines of spiny projection neurons (SPNs), representing the majority of striatal neurons,
have a significant role in mediating these pathophysiological changes. Indeed, DAergic terminal from

the SNpc and the glutamatergic input from the cortex converge onto SPNs dendritic spines and

44



integrate to allow a proper motor behaviour. Striatal DA depletion, due to degeneration of the
nigrostriatal pathway in PD, leads to changes in subcellular localization and activity of striatal
postsynaptic glutamate receptors, eventually causing loss of striatal plasticity (Calabresi et al., 2007;

Gardoni and Di Luca, 2015; Mellone and Gardoni, 2013).
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Fig.20. Schematic representation of the cortical glutamatergic and DAergic terminal converging on
dendritic spine of the striatal SPNs in PD.

Multiple studies mainly on 6-OHDA rodent and primate PD models indicate that different extent of
DA denervation cause specific NMDARs alterations (Paille et al., 2010). GluN2B is the prevalent
regulatory NMDARSs subunit of striatal SPNs, where the majority of NMDARs are made up by
GluN2A-GIuN2B subunits (Dunah and Standaert, 2001). A decreased GluN1/GluN2B-NMDARs
expression in the striatal membrane was detected by early works both in 6-OHDA-lesioned rats and
MPTP-treated macaques (Dunah et al., 2000; Gardoni, 2006; Hallett et al., 2005). A partial
nigrostriatal lesion in a parkinsonian rat model, instead, was reported to cause augmented expression
of GIuN2A, but not GIuN2B, regulatory subunit (Paille et al., 2010). The crucial role of scaffolding
proteins in glutamate receptors postsynaptic localization is further demonstrated by decrease in PD
experimental model of proteins belonging to the MAGUK family (Nash et al., 2005).

Aberrant functioning, localization and subunit compositions of NMDARSs is not only a feature of PD,
but also participate to the pathophysiological mechanisms of L-DOPA-induced dyskinesia (LID)
(Mellone and Gardoni, 2013; Sgambato-Faure and Cenci, 2012).
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For instance, chronic L-DOPA treatment in dyskinetic 6-OHDA-lesioned rats causes a redistribution
of GuN2B subunit to the extra-synaptic membrane and increase of GIuN2A synaptic levels at
dendritic spines of SPNs (Gardoni, 2006). Interestingly, interfering with GluN2A/PSD95 interaction
to prevent the aberrant GluN2A/N2B ratio demonstrated to be sufficient to reduce onset and severity
of dyskinetic behaviors in rat and monkey experimental PD models (Gardoni et al., 2012; Mellone et

al., 2015).

3.4.1 Rph3A in pathophysiology of L-DOPA-induced dyskinesia

Given its role in NMDARs synaptic retention, Rph3A was demonstrated to play a role in
glutamatergic alterations driven by dopamine depletion in PD and LIDs. For the first time, a work
from our group investigated the expression of Rph3A at the striatal PSD and its interaction with
GIluN2A (Stanic et al., 2017). In particular, both its postsynaptic expression and GluN2A interaction
resulted increased in dyskinetic parkinsonian rats. Interestingly, in these animals interfering with
Rph3A/GIuN2A striatal interaction revealed to be effective in reducing the abnormal motor
behaviours. On the whole, these data confirmed a critical role of Rph3A/GIuN2A complex also in
pathological conditions, suggesting it as a novel pharmacological target to counteract the aberrant

NMDARs activity (Stanic et al., 2017).

3.4.2 Role of asyn in PD glutamatergic alterations

In the context of PD pathophysiology, aberrant levels and forms of asyn exert neurotoxicity through
multiple mechanisms, affecting homeostatic cell pathways and synaptic functions. In particular,
recent experimental evidences using both in vivo and in vitro models report an early impact of asyn
on the glutamatergic neurotransmission. Indeed, several works report a modulation of the synaptic
levels, composition and activity of NMDARs. For instance, asyn oligomers were shown to block LTP
induction in rat hippocampal slices through NMDARSs activation, while on hippocampal neurons
increased cellular asyn caused GluN1 internalization, with a consequent reduction in NMDARs’
currents (Y. Chen et al., 2015; Diogenes et al., 2012). Moreover, an in vivo study investigated the
early effects of asyn overexpression on striatal dopamine levels and striatal cholinergic interneurons.
Indeed, in this neuronal subset the asyn modulation of GluN2D-containing NMDARs provoked a
block of LTP induction, that also reflected in early memory and motor alterations of the parkinsonian
animals (Tozzi et al.,, 2016). Furthermore, a work in collaboration with our lab subsequently
demonstrated that oligomeric forms of asyn, as wells, affect synaptic transmission and cortico-striatal
plasticity. In particular, at the level of SPNs in both of the direct and indirect pathway, asyn reduced
NMDARSs currents and impaired the induction of LTP, selectively reducing the postsynaptic

localization of GIuN2A subunit. In line with this finding, the in vivo striatal injection of toxic forms
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of the protein caused visuo-spatial alterations that are strictly dependent on NMDARSs activation.
(Durante et al., 2019). A recently published study involving the contribution of our laboratory
contributed to the understanding of detrimental asyn effects on the nigrostriatal circuitry, focusing in
particular on the role of DA (Tozzi et al., 2021). Using the striatal PFF-rat model, they demonstrated
a decreased release of striatal DA even before overt SNpc neuronal loss. Animals showed specific
behavioral alterations accompanied by time-dependent electrophysiological impairments of DA
SNpc neurons, already detectable in absence of significant asyn deposition. Interestingly, also striatal
LTP, strictly dependent on NMDARs activity, and LTD were impaired; to note, a subchronic
treatment with L-DOPA resulted sufficient to restore both forms of plasticity (Tozzi et al., 2021).
Overall, these recent findings highlight a complex and significant role of asyn in disrupting activity
of different neuronal types through specific pathologic mechanisms, even before a dramatic striatal
dopamine depletion.

Moreover, deposition of asyn in LB has been reported to affect Rph3A physiological synaptic
interactions. A study in 2004 on tissue from patients with diffuse LB disease (LBD) detected in the
entorhinal cortex an interaction between asyn and Rph3A in control cases (Dalf6 et al., 2004). In
presence of LB however, this interaction was lost; moreover, in LBD patients even Rph3A binding
to is synaptic partner Rab3 A was impaired. This study hypothesized and showed for the first time a
direct interaction between Rph3A and asyn and how this binding is affected by asyn pathology. At
the presynaptic levels, an aberrant modulation of the interplay between this three protein could

possibly lead to impairment in synaptic vesicle release (Dalf6 et al., 2004)
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AIM

Alpha-synuclein (asyn) is a small soluble protein mainly involved in synaptic functions,
neurotransmitter release and regulation of synaptic vesicle pools (Burré, 2015). Upon specific cellular
conditions or mutations of its coding gene, asyn tends to aggregate into oligomers and higher order
amyloid fibrils, that can finally deposits into inclusions called Lewy Bodies (LB) (Polymeropoulos,
1997; Spillantini et al., 1998). At present, aggregated species of asyn are considered the main driver
of sporadic and familiar PD pathogenesis, promoting asyn spreading across interconnected brain
regions (Braak et al., 2003; Gallegos et al., 2015; Spillantini et al., 1998). Together with loss of
DAergic neurons in the SNpc, LB constitute the main pathological hallmark of PD.

asyn aggregates mediate neurotoxicity through multiple cellular pathways; however, the precise
mechanisms by which asyn oligomers and fibrils cause synaptic disfunction in the early phases of
PD are still mostly unclear.

Besides degeneration of the DAergic system, PD progression is characterized by a pathogenic
modulation of the glutamatergic cortico-striatal signalling (Gardoni and Di Luca, 2015). Interestingly,
asyn was described to modulate also NMDARSs synaptic levels and activity at the excitatory synapse
(S. W. Chen et al., 2015; Diogenes et al., 2012; Navarria et al., 2015; Tozzi et al., 2016). Indeed,
recently published works show that, already in PD early stages, pathogenic asyn is able to affect the
striatal glutamatergic synapse, causing dysfunction of NMDARs and loss of striatal synaptic
plasticity (Durante et al., 2019; Tozzi et al., 2021).

Our lab described that the synaptic retention of NMDARS is strictly correlated to the interaction with
Rph3A (Stanic et al., 2015; Franchini et al., 2019). Interestingly, Rph3A expression at the
corticostriatal synapse and its interaction with NMDARs are altered in advanced PD stages (Mellone
et al., 2015; Stanic et al., 2017). Moreover, a direct asyn/Rph3A interaction, modulated in presence
of LB, has been put forward (Dalf6 et al., 2004). Nonetheless, the specific molecular events

underlying this molecular interplay are still poorly understood.
Based on these premises, the main aims of my PhD work are:

1. Validating and characterizing asyn/Rph3A interaction
ii. studying the role of Rph3A and asyn/Rph3A complex in asyn-induced models of PD

iii. identification of pharmacological approaches blocking asyn synaptic toxicity
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MATERIAL AND METHODS

1. Generation and characterization of asyn aggregates

1.1. asyn pre-formed-fibrils (PFFs) generation

asyn PFFs were generated in vitro starting from recombinant asyn monomeric protein (Human o-
synuclein protein to generate PFFs, Proteos) using an already validated protocol, with some
modifications (Polinski et al., 2018). In particular, monomeric protein solution (10 mg/ml) was
thawed on ice and then centrifuged at 13,000xg for 10 min at 4°C to discard any protein that may
have pelleted. The supernatant was retained and protein concentration measured though Bradford
assay.

The solution was then diluted in PBS to a concentration of 5 mg/ml and was incubated in benchtop
tubes for 7 days at 37 °C at constant shaking (1000 rpm) using an Eppendorf Thermomixer. At the
end of the procedure, amyloid fibrils formation was always checked by Transmission Electron
Microscopy (TEM), as described below. The fibrils (PFFs) were then diluted to a final concentration
of 2 mg/ml, aliquoted and stored at -80°C. Immediately before their experimental use, PFFs aliquots
were thawed at room temperature (RT) and sonicated for a total of 60 pulses (2s ON/1s OFF) in an
ultrasonic bath sonicator (Bransonic M2800H-E).

1.2 asyn oligomers (OLIGO) generation

asyn oligomers were produced through a recently reported oligomerization protocol with some
modifications (Durante et al., 2019). Recombinant asyn monomeric protein (Human o-synuclein
protein to generate PFFs, Proteos) was thawed on ice, centrifuged at 13,000xg for 10 min at 4°C and
supernatant retained. After measurement of protein concentration, the solution was diluted to the final
concentration of 2 mg/ml in PBS and bubbled with a 95%0,-5%CO: gas mixture for 1h at RT. The
oligomers were aliquoted and stored at -80 °C. As for PFF generation, presence of oligomeric species

in the solution was checked by TEM.

1.3 TEM validation of OLIGO and PFF preparation

The samples of asyn-PFF and oligomers were examined by negative staining protocol with a TEM

Talos L120C (Thermo Fischer, USA) operating at 120 kV and digital images were acquired using a
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CETA-MTM 4k x 4k camera (Thermo Fischer, USA). TEM analyses were performed at the Unitech
NOLIMITS imaging facility of the University of Milan.

2. Animals

All procedures involving animals were approved by the Italian Ministry of Health (permits
1200/2020-PR and 330/2018 PR) and local Animal Use Committee and were conducted in
accordance with the Guide for the Care and Use of Laboratory Animals of the National Institutes of
Health and the European Community Council Directives 2010/63/EU. Distinct cohorts of C57BL/6J
animals aged 2 months old were used for each experimental approach (behavior, spine morphology,
biochemistry). Animals were housed two to four per cage in a climate-controlled facility (22 + 2 °C),
with ad libitum access to food and water throughout, and with a 12 h light—dark cycle (19:00-07:00
schedule). Experiments were run during the light phase (within 10:00—17:00). All mice were handled

on alternate days during the week preceding the first behavioral testing.

2.1 Stereotaxic surgeries

2.1.1 In vivo injection of PFF, OLIGO and AAV

C57BL/6J male mice were anesthetized with a mix of isoflurane (2%) and oxygen (1.5%) by
inhalation and mounted into a stereotaxic frame (Ugo Basile) linked to a digital micromanipulator. A
small incision was made to expose the skull and bilateral holes were made using a drill above the
targeted injection sites. Brain coordinates, taken relative to Bregma, of bilateral injection in the dorsal
striatum were chosen as previously described (Luk et al., 2012a): anterior—posterior (AP), +0.2 mm;
medial-lateral (ML): £2 mm; and dorsal-ventral (DV): —2.6 mm. 2.5 pl of PFFs (5 pg), OLIGO (5
ng) and PBS were infused through a 10 pl Hamilton syringe using a microinjection pump at flow rate
0.25 pl/min; at the end of the injection, needle was left in place for further 4 minutes to allow the
solution to flow out entirely.

To achieve Rph3A overexpression, 35 days after the lesion, mice were injected with a solution of
Adeno-associated virus serotype 9 (AAV9) containing the plasmid construct hSyn-RFP-Rph3A-
WPRE (titer: 5.2x10'%) or the control hSyn-RFP-WPRE (titer: 3x10'%). 2 pl of virus solution were
infused bilaterally using the same brain coordinates described above for the dorsal striatum. After the
recovery from the surgical procedures, mice received carprofen (5 mg/kg) in drinking water for three

consecutive days.

50



2.1.2 Cannula implant for intracerebroventricular injections

65 days after the inoculation of PFF, OLIGO or PBS, implant of a guide cannula in the lateral cerebral
ventricle was achieved through stereotaxic surgery. In particular, after the incision, skin was removed
and a small craniotomy was performed unilaterally to allow placing of the guide cannula. Brain
coordinates for cerebral lateral ventricle were chosen as following, in accordance with the mouse
brain atlas: +0.2 mm; medial-lateral (ML): £1 mm; and dorsal-ventral (DV): —1.5 mm (to allow the
final DV injection coordinate to be -2.5 mm). Contralateral to the cannula insertion, a small screw
was placed to ensure grip of the implant. Once the skull was totally dry, dental cement (zinc phosphate
cement powder, Dentsply) was applied with a liquid consistency around the screw and the cannula to
secure it in place. Cement was allowed to completely harden and the stereotaxic arm removed, leaving
just the guide cannula in place. A dummy cannula was then placed on top of the internal cannula to

avoid any entry of external material.

2.2 Compound B chronic administration in the lateral cerebral

ventricle

Starting from 70 dpi, mice received every 3 days intracerebroventricular administrations of 3 pl of
Compound B (ImM) dissolved in 5% DMSO-95% saline. An injector connected to a microinjection
pump was used to infuse the solution at a constant rate of 2 pl/min. Injection of the vehicle only was

used for control animals.

2.3 Behavioral tests

2.3.1 Rotarod

To assess motor learning and coordination, mice were tested on the Rotarod apparatus (Ugo Basile).
Each mouse was given a training session (3 trials/day of 300s) for 3 days prior to perform the tests to
familiarize with the instrument. For the accelerating rotarod, each mouse was placed on the rotarod
with speed increasing from 20 rpm to 40 rpm in 300 sec. 1h later, animals were tested in constant
speed conditions at 30 rpm for 300s. For each test, the latency to fall off the rod in a maximum of

300s was recorded for each mouse; the mean of three consecutive trials was used in the analysis.

2.3.2 Open Field

To assess general locomotor activity and anxiety-like behaviors, mice were tested in the open field
task for 10 minutes. Mice were individually placed in center of the arena (44x44cm) and a video-

tracking software (ANY-maze, Ugo Basile) was used to record and analyze animal movements.
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Distance travelled, time spent at the centre and corner of the arena was automatically calculated by

the ANY-maze software.

2.3.3 Grip Strength test

Forelimb muscle strength was tested by a grip strength test using the grip strength meter (Ugo Basile).
Animals were kept from the tail, approached longitudinally to the bar and allowed to grasp it. Mice
were gently pulled away from the bar while the peak force (g) applied by the animal was recorded.
Each mouse was tested in five consecutive trials. After each trial the animal was let rest for 1 min;

the mean of the five values was considered for the analysis.

2.4 Ex-vivo Dil-labeling for spine morphology

For confocal imaging of dendritic spines, neurons were labelled with Dil dye (Invitrogen), a
fluorescent lipophilic carbocyanine dye. It diffuses along the neuronal membrane labeling finely
dendritic arborization and spine structures in brain slices prefixed with 1.5% PFA (Kim et al., 2007)).
Dil labeling procedure was performed as previously described (Kim et al., 2007)). In short, Dil solid
crystals were applied using a thin needle by lightly touching the region of interest on both sides of 3
mm brain piece comprising the striatum, prepared after cardiac perfusion with 1.5% PFA in PB 0.1
M. Dil dye was left to diffuse for 1 day in the dark at room temperature, then slices were post-fixed
with 4% PFA in PB 0.1 M for 45 min at 4°C. The first slice containing the Dil crystals were discarded
and 100 pum striatal slices were then obtained using a vibratome and collected in PBS. Slices were
then mounted on Superfrost glass slides (Thermo Fisher) with Fluoroshield (Sigma) for confocal
imaging. Fluorescence images were acquired by using Zeiss Confocal LSM510 system with a
sequential acquisition setting at 1024x1024 pixels resolution at 555 nm channel. For each image

between 20 and 60 sections of 0.5 um were acquired and an appropriate z-projection was obtained.

3. Cell cultures

3.1 Primary hippocampal neuronal cultures

Primary hippocampal neuronal cultures were prepared from embryonic day 18-19 (E18-E19)
Sprague-Dawley rat hippocampi (Charles River, Milan, Italy). The day before the dissection, plates
were coated with Poli-L-Lysine (PLL, Sigma) solution (1 mg/ml in Borate buffer) and incubated
overnight at 37°C in a humidified incubator. The day of the dissection, plates were washed three
times with sterile water, then plating medium (DMEM-+glutamax (Invitrogen) additioned 10% Horse
Serum (Euroclone) and 1% Pen/Strep (Invitrogen)) was added. For culture preparation, pregnant rat

was anesthetized with a mix of isoflurane (2%) and oxygen (1.5%) and sacrificed and then E18-19
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embryos were removed, placed in a 100 mm glass Petri dish filled with ice-cold HBSS (Hanks’
balanced salt solution, Sigma). Embryos were sacrificed by decapitation and the brains removed.
Under a dissecting microscope, hippocampi were isolated and transferred in 15 ml plastic tube filled
with ice-cold HBSS. Under a biological hood, HBSS was removed from the tube using a glass Pasteur
pipette and hippocampi washed four times with cold HBSS. Then, a solution of HBSS supplemented
with trypsin was used to dissociate the tissue; tube was then incubated at 37°C for 13 minutes in a
water-bath. Subsequently, the tissue was allowed to precipitate at the bottom of the tube. The
supernatant was carefully removed and hippocampi washed with plating media for five times to
neutralize the remaining enzyme. After the washes, the tissue was dissociated through a micropipette
till a homogenous solution was obtained. Cells were counted using a Burker chamber and plated at
the appropriated density (20,000 and 90,000 cells/cm? for imaging and biochemical analyses,
respectively) in plating medium. 16 hours after plating, the medium was replaced with Neurobasal

medium with 2% B27 supplement (Gibco), 1% Glutamax (Invitrogen) and 1% Pen/Strep (Invitrogen).

3.2 Neuronal transfection

Neurons were transfected between DIV7 and DIV10 using calcium-phosphate coprecipitation method
with 1-4 pg plasmid DNA. The insoluble calcium-phosphate co-precipitate with the DNA and via
endocytosis are then internalized by the cells. 1h before transfection, cell culture medium was
temporary removed and replaced with pre-warmed 37°C Minimal Essential Medium (MEM; Gibco).
Plates were then left in the incubator again at 37°C. 30 minutes before transfection, transfection
solution A and B are prepared, mixed according to the following protocol, and incubated 25 minutes
before to be added to cell cultures. In particular, solution A consists of 80uL of HBS 2x while solution
B is composed of plasmid DNA, sterile water and 10 pl of 2,5 M CaCl2 to a final volume of 80pL.
The solutions were mixed by pouring drop by drop solution B into solution A on a gently mixing.
After the 25 minutes incubation, the solution consisting in 80 pl of DNA precipitates were poured on
cell cultures, which were then left in a 37°C incubator for 8-15 minutes. After having assessed the
presence of visible Calcium-Phosphate precipitates, cells were washed twice with MEM in order to
remove all precipitates and left in the incubator for 15 minutes at 37°C. Afterwards. if visible
precipitates were still present, cells were subjected to another wash as previously described.
Otherwise, MEM was removed and replaced with the original neurobasal medium collected at the

beginning of transfection procedure.

53



3.3 Treatments

3.3.1 In vitro PFFs treatment of hippocampal primary neurons

Before administration to cells, asyn PFFs aliquots were thawed at RT, diluted in PBS to the final
concentration of 0.1 pg/pl and sonicated for a total of 60 pulses (2s ON/1s OFF) in an ultrasonic bath
sonicator (Bransonic M2800H-E). At DIV7-9, PFFs were added in a single administration to the
neuronal culture medium at the concentration of 1 or 2 pg/ml and left for 7 days. As control condition,

neurons were treated with the vehicle of PFFs preparation (PBS).

3.3.2 In vitro administration of Compound B to hippocampal primary neurons

Subsequently to PFFs treatment at DIV9, at DIVI2 Compound B was added directly to the culture
medium. In particular, the molecule was resuspended in DMSO at a concentration of 10 mM and
added to the neurons in a single administration to reach the final concentration of 10 uM; treatment

was then left till the end of PFF-treatment (4 days).

3.3.3 Treatment of acute cortico-striatal slices with Asinex compounds

To obtain acute corticostratial slices, adult Sprague-Dawley were anesthetized with a mix of isoflurane
(2%) and oxygen (1.5%) and decapitated. The brain was rapidly removed from the skull and
immersed in cold Kreb’s solution containing (in mM): NaCl 126, KCI 2.5, MgCl, 1.2, CaCl; 2.4,
NaH;PO4 1.2, NaHCOs3 24, glucose 10, saturated with 95 % O2-5% CO; (pH 7.4). Coronal slices
(250 pm thick) containing striatum and cortex were cut using a vibratome (Vibratome 1000 plus,
IMEB). Slices were maintained in Kreb’s solution at RT for 30 min prior to the treatment
administration. Then, resting Kreb’s solution was replaced with one containing 10 uM of each
compound or vehicle (DMSO), as control condition. At the end of the treatment, free-floating slices
were washed with fresh Kreb’s solution and striata were quickly isolated and stored at -80 °C for

subsequent analyses.

3.4 Immunocytochemistry (ICC)

For colocalization and morphological studies, hippocampal neurons were fixed at DIV14 for 15 min
at RT in 4% PFA plus 4% sucrose in Dulbecco’s Phosphate Buffered Saline (PBS; Sigma-Aldrich).
Coverslips were then washed with PBS, permeabilized with 0,1% triton X-100 in PBS for 15 min at
room temperature and blocked for 30 minutes at room temperature with 5% Bovine Serum Albumin
(BSA) in PBS. Cells were then incubated with primary antibodies in 3% BSA-PBS overnight at 4°C
in a humid chamber. After washes with PBS, the cells were incubated with the fluorophore-

conjugated secondary antibodies in 3% BSA-PBS for 1h at room temperature in a humid chamber
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protected from light. The incubation was followed by washes with PBS and mounting on glass slides

using Fluoroshield mounting medium (Sigma-Aldrich).

3.5 Proximity ligation assay (PLA)

Primary hippocampal neurons were fixed at DIV14 with 4% PFA + 4% sucrose for 15 minutes at RT
in PBS. Coverslips were then washed 3 times with PBS and permeabilized with Triton-X-100 0,1%
in PBS for 15 minutes and later blocked with 5% BSA in PBS for 30 minutes at room temperature.
Coverslips were then incubated in a dark humid chamber overnight at 4°C with primary antibodies
in 5% BSA in PBS, washed 3 times with PBS and then incubated with secondary antibodies
conjugated with oligonucleotides (PLA probe MINUS and PLA probe PLUS) for 1 h at 37°C in a
dark humid chamber. Coverslips were then washed 3 times with PBS and incubated with the ligation
solution (Olink bioscience) supplemented with ligase (25 mU/uL) for 30 min at 37°C in a dark humid
chamber and washed with Wash Buffer A (NaCl 0.15 M, Tris 0.01 M, 0.05 % tween 20, pH 7.4;
Olink Bioscence). The amplification solution (containing nucleotides and fluorescently labeled
oligonucleotides; Olink bioscence) supplemented with polymerase (0.125 U/uL) was added to each
sample and incubated for 100 min at 37 °C in humid dark chamber. Coverslips were then washed 3
times with decreasing concentration of Wash Buffer B (NaCl 0.1 M, Tris 0.2 M, pH 7.5; Olink

bioscience).

Images were acquired through Zeiss LSM 510, Nikon Al Ti2 system or Zeiss LSM 900 with
sequential setting at 1024x1024 pixels resolution. For all images the signals for each image were kept

within the linear range and settings were consistent between different experimental conditions.

4. Biochemistry
4.1 Subcellular fractionation and Triton insoluble fraction (TIF)

preparation

Striata were homogenized with a hand-held Teflon-glass potter at 4 °C in ice-cold buffer (pH 7.4)
containing 0.32M sucrose, 1 mM Hepes, I1mM MgCl2, ImM NaHCO3 and 0.1
phenylmethanesulfonylfluoride supplemented with Complete™ Protease Inhibitor Cocktail Tablets
(Roche Diagnostics) and phosSTOP™ Phosphatase Inhibitor (Roche Diagnostics). An aliquot of the
homogenate was frozen at —20 °C, while the rest of the sample was centrifugated at 1000 g for 5 min
at 4 °C to remove nuclear contamination and white matter. For the purification of Triton-insoluble
postsynaptic fraction (TIF), highly enriched in postsynaptic densities proteins (Gardoni et al., 2001),
the supernatant was collected and spun at 13,000 g for 15 min at 4 °C. The resulting pellet (P2-crude
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membrane fraction) was resuspended in Triton-KCl buffer (1% Triton™ X-100 and 150 mM KCI)
and, after 15 min incubation on ice, it was spun at 100 000 g for 1 h at 4 °C. The pellet (TIF) was
resuspended in 20 mM HEPES buffer supplemented with Complete™ Protease Inhibitor Cocktail
tablets and stored at —20 °C. TIF and homogenates samples for immunoblotting analysis were

denatured with Laemmli buffer and subsequent heating (10 min, 98 °C).

4.2 Co-ImmunoPrecipitation assays (Co-IP)

Homogenate/P2 aliquots containing respectively 150-50ug of proteins were incubated overnight at
4°C with primary antibody in RIA buffer containing 50 mM Tris HCI (pH 7.2), 150 mM NaCl, 1%
NP-40, 0,2% sodium dodecyl sulphate (SDS), 0,5% deoxycholic acid. A control No-IgG sample was
prepared in same conditions without the antibody. The Protein A/G-sepharose beads (Sigma-Aldrich)
were washed three times in PBS-T (0.1% Tween-20 in PBS), resuspended in RIA buffer, added to
each sample and incubated for 2 h on a wheel at RT. Beads were precipitated by quick centrifugation
and washed three times in RIA buffer supplemented with SDS 0,1% and boiled for 10 minutes in
Laemmli buffer. Beads were magnetized and supernatant loaded in a proper acrylamide gel for SDS-
PAGE and interacting proteins revealed by immunoblotting. For the input lane a 10-20% of

homogenate/P2 samples were used.

4.3 Western blotting

The protein content of TIF and homogenate samples was quantified by Bradford assay, all samples
were standardized at a concentration of 1 mg/ml and denatured both chemically with Laemmli buffer
and thermally (98°C, 10 minutes). TIF and total homogenates proteins were separated on SDS-PAGE
followed by western blotting analysis. 10—15 pg of proteins were separated on 6-12%
acrylamide/bisacrylamide gel and transferred on nitrocellulose membrane (Bio-Rad). The membranes
were then incubated for 1 h at room temperature in blocking solution (I-block, Tris-Buffered saline
(TBS) 1X, 20 % Tween-20) on a shaker and then incubated with the specific primary antibody in
blocking solution overnight at 4 C°. The following day, after three washes with TBS and tween 20
(TBS + Tween20 0.1 %; TBSt), they were incubated with corresponding Horseradish Peroxidase
(HRP)-conjugated secondary antibody in blocking solution for 1 h at room temperature. After
washing with TBSt, membranes were developed using electrochemiluminescence (ECL) reagents
(Biorad). Finally, membranes were scanned using a Chemidoc (Biorad Universal Hood III) with
Image Lab software (Biorad). Bands were quantified by means of computer-assisted imaging (Image
Lab, Biorad). Protein levels were expressed as relative optical density (OD) measurements

normalized on level of an housekeeping protein.
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5. Molecular modelling
5.1 Ligands

The initial ligand databases were supplied by Asinex (Asinex Glod & Platinum Collection, Asinex

BioDesign, http://www.asinex.com/) and correspond to a lead-like structural library of commercial

2D compounds, providing diverse and cost-effective coverage of drug-like chemical space. Most of
the included compounds are characterized by a high degree of drug-likeness, in accordance with

Lipinski’s rule of 5.

5.2 In silico ADME prediction

The ADME profile of the investigated compounds was predicted through the Schrodinger QikProp
tool (Small-Molecule Drug Discovery Suite 20151, Schrédinger, LLC, New York, NY), which uses
an algorithm based on the correlation between experimentally determined properties and Monte Carlo
statistical mechanics simulations of organic solutes in a periodic box of explicit water molecules.

In parallel, ADME was predicted also through a combination of quantitative structure-activity
relationship (QSAR) models, as implemented in the ACD/Percepta ADME Suite predictions
(ACD/Labs, Toronto, Canada).

5.3 In silico molecular docking simulations using MOE

Molecular docking of all the investigated compounds has been carried out on an homology model of
human Rph3A, that included two calcium ions and an IP3 molecule, built starting from 2CMS5, SLOB,
SLOW and 5LO8 rat crystallographic structures (obtained from RCSB PDB), using the
Amber12:EHT force field. The protein was prepared through the Structure Preparation program of
the Molecular Operating Environment (MOE) Prepare module [https://www.chemcomp.com/MOE-
Mocular Operating_ Environment.htm], to check and correct structures for subsequent computational
analysis. The database containing all the investigated compounds were energy minimized by the
Energy Minimize program with default parameters of the MOE Compute module, to produce a single
low-energy conformation for each putative ligand.

The in silico screening was carried out with the MOE Dock program contained in the Compute
module, following an already described workflow (Eberini et al., 2011). The full Rph3A model
structure was set as receptor and the binding site was defined from Ser618 toLys663.

For each ligand conformations were generated by sampling their rotatable bonds. The selected
placement methodology was Triangle Matcher, in which the poses are generated by superposing

triplets of ligand atoms and triplets of receptor site points. The receptor site points are alpha spheres
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centers that represent locations of tight packing. The generated poses were scored according to the
London dG scoring, which estimates the free energy of binding of the ligand from a given pose. The
top-scoring 30 poses were passed to a refinement step based on molecular mechanics and then
rescored according to the GBVI/WSA dG, a forcefield-based scoring function that estimates the free
energy of binding of the ligand from a given pose. All receptor atoms were held fixed during the
refinement. During molecular docking procedures, the MMFF94x force field was used both for

protein and ligands.

5.4 In silico molecular docking simulations using Schrodinger

Molecular docking was carried out via Glide in its standard (SP) and extra precision (XP) mode
(Friesner et al., 2004). Before the docking procedures, Rph3A model was prepared and energy-
minimized via the BioLuminate Protein Preparation Wizard with the OPLS3e force field (Harder et
al., 2016). The same force field was applied in all the molecular docking procedures. The binding
free energy of all the complexes produced by molecular docking pipeline was evaluated via Glide XP
Score, that is an empirical scoring function that approximates the ligand binding free energy, to

separate putative ligands from non-ligands.

6. Antibodies

6.1 Primary antibodies. Rabbit anti a-Synuclein (D37A6) (WB 1:1000, Cell Signaling #4179);
mouse anti Synuclein (WB 1:1000, ICC 1:200, BD #610 787); anti polyclonal Rph3A (WB 1:2000;
ICC 1:300, Protein Tech #11396-1-AP); rabbit anti-Rabphilin3A (WB 1:1000, Synaptic System
#118003).

Mouse anti-Tubulin (WB 1:30000; #T19026, Sigma), rabbit anti-GluN2A (WB 1:1000 #M264,
Sigma); rabbit Anti-GluN2B (WB 1:1000, #718600, Invitrogen); Anti GluN2D mouse mAb (WB:
1:1000 #MAB5578 Millipore); Anti mouse GluN1 (WB 1:1000, #320500, Thermofisher) .

Rabbit anti GluA1 (WB 1:1000 #13185, Cell Signaling), rabbit monoclonal anti-phosphoSer845-
GluAl (WB 1:1000 #04-1073, Merck-Millipore); mouse anti GluA2 (WB 1:1000 #75-002
Neuromab), mouse anti GluA3 (WB 1:1000 #MAB5416 Millipore).

Rabbit Anti tyrosine hydroxylase (WB 1:10000 #AB152 Millipore); mouse anti Neurofilament-L
(WB 1:1000 #2835); mouse anti Neurofilament M (WB 1:1000 #2838 Cell Signaling).
Anti-phosphoT202/Y204-MAPK 44/42 Cell Signaling #9101; anti-ERK 44/42 Cell Signaling #9102;
monoclonal anti-PSD-95 (WB 1:1000, #K28/43) Neuromab; anti-tGFP ICC 1:300 #AB513, Evrogen.

6.2 Secondary HRP-linked antibodies: goat anti-rabbit (1:10,000 #172-1019, Biorad); goat anti-
mouse, (WB 1:10,000 #172-1011, Biorad).
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6.3 Secondary antibodies for imaging experiments: goat anti-rabbit-Alexa555 (A-21429; Life
Technologies), Alexa-fluor 488 (A-11039) goat anti-chicken, goat anti-mouse-Alexa555 (A-21422),
4’,6’-diamidino-2-phenylindole (DAPI, 1:50,000 in PBS, Thermo Fischer Scientific), goat anti-
rabbit-Alexa-488 (A-11034).

7. Statistical analysis

Western Blot quantification was performed using the software Imagelab (BioRad Laboratories).
Protein levels were expressed as relative optical density (OD) normalized on tubulin or actin levels
as housekeeping proteins. Images acquired with confocal microscope were analyzed with the use of
Fiji / Image J software. Statistical analysis was performed with GraphPad Prism7 software and data
were presented as mean + SEM (standard error of the mean). The tests used to assess data significance
are indicated in the figure legends. In particular, the following tests, as appropriate, were used: two-
tailed unpaired Student’s ¢ test, Mann—Whitney test or one-way ANOVA. Numbers of neurons and
mice used are reported in the figure legends. For the confocal images analyses at least 10 neurons

coming from three different experiments were analyzed.
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RESULTS

1.Characterization of the physiological interaction between
Rph3A and asyn
1.1 In vitro assessment of Rph3A/asyn binding

Rph3A is a pre and postsynaptic protein with different functions in the synaptic compartment. In
particular, at the pre-synapse it takes part in the process of release of neurotransmitter vesicles
(Bourgeois-Jaarsma et al., 2021b; Deék et al., 2006b; Handley and Burgoyne, 2008). At the same
neuronal compartment, asyn is known to behave like a hub of interaction (Longhena et al., 2019),
participating as well in pre-synaptic organization and release of vesicles (Burre et al., 2010; Burré et
al., 2014; Diao et al., 2013).

On the pathologic side, it has been shown that small oligomers of asyn are able to affect the
postsynaptic localization of GIuN2A containing-NMDARs (Durante et al., 2019). Since Rph3A is
fundamental to maintain these receptors at postsynaptic sites (Stanic et al., 2015) and a direct
asyn/Rph3A interaction (Dalfo et al., 2004) has been put forward, a strict interplay between the two
proteins can be hypothesized.

Based on these considerations, I decided to confirm and characterize asyn/Rph3A interaction by
means of diverse in vitro approaches, in a physiological experimental setting. Starting from imaging
experiments, I performed colocalization analysis of the endogenous asyn and Rph3A on primary
cultures of rat hippocampal neurons at DIVI4, (DIV-days in vitro). Hippocampal neuronal cultures
develop functional synapses and show extensive axonal and dendritic arborizations, thus allowing
studies of subcellular localization of proteins (Kaech and Banker, 2006). To analyse the distribution
of the two proteins along dendrites, I took advantage of Structured [llumination Microscopy technique
(SIM), a super-resolved type of confocal microscopy that allows to reach a xy resolution of about
100-110 nm. As shown by the representative images in Fig.21, colocalization of Rph3A and asyn
was detected in several spots along neurons labelled with MAP2 (white), a validated marker of the
dendritic compartment. The overlap of the two signals indicates that the two proteins belong to the

same molecular complex, thus suggesting a possible direct protein-protein interaction.
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Fig.21. Rph3A colocalizes with asyn at the dendritic compartment.

Representative Structured Illumination Microscopy (SIM) image of asyn (green) and Rph3A (red) along
MAP2-positive dendrites (white) in DIV 14 rat hippocampal neurons. Scale bar: Sum

To further characterize the clustering of the two proteins, proximity ligation assay (PLA) was
performed. This immunocytochemistry technique allows the study of protein-protein interactions by
detecting the proximity of proteins. When the two proteins are found closer than 40 nM, a fluorescent
spot is produced, allowing to visualize the direct interaction. In line with colocalization results, as
shown in Fig.22, a large number of PLA signals (red dots) were detected along dendrites of MAP2-
labelled neurons (Fig.22a). PLA clusters were not only present along neurites but also in the proximity
of dendritic spines of GFP-transfected neurons (Fig.22b), proving that the interaction occurs at the

level of synaptic compartment.
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b) Rph3A/asyn

Fig.22. In situ detection of proximity ligation assay (PLA) between asyn and Rph3A (red) along) a)
MAP2-positive dendrites (white) of DIV14 primary hippocampal neurons b) GFP-transfected neurons
(green). Scale bar: 5 um

Finally, a biochemical approach was used to confirm imaging results. Specifically, co-
immunoprecipitation experiments were conducted on total homogenate of primary hippocampal
neurons (DIV14) and, considered asyn and Rph3A interplay with membranes (Fusco et al., 2016;
Oishi et al., 1996), on the crude membrane fraction (P2) of rat brain. As shown in Fig. 23, asyn can
be detected by western blot (WB) analysis in Rph3A-immunoprecipitates and, on the other way
around, Rph3A co-immunoprecipitates with asyn. Co-immunoprecipitation experiments were
conducted using both sepharose-protein A beads (Fig. 23a,b) and confirmed with magnetic beads

conjugated with protein A (Fig.23c).
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Fig.23. Rph3A/asyn complex detection in rat brain and hippocampal primary neurons.
Co-immunoprecipitation analysis of asyn and Rph3A in a) P2 of adult rat brain and b) homogenate of primary
hippocampal neurons performed with protein A sepharose beads then confirmed with protein A magnetic beads
on c¢) P2 of adult rat brain.
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1.2 In silico characterization of Rph3A/asyn binding mode

In silico structural analysis was employed to characterize the binding mode of the two proteins. To
identify the surface of Rph3A that was likely to interact with asyn, I firstly examined published
structural biochemical and biophysical studies of both proteins. As already described in the
Introduction Section, Rph3A functional domains consist of a N-term Rab3A-binding domain and a
C-term made up by 2 tandem C2-like domains (Yamaguchi et al., 1993). These common structural
motifs able to interact with Ca>* and lipids are shared by many proteins involved in vesicle exocytosis
(Martens, 2010). Interestingly, Rph3A C2 tandem domains have important roles both at the pre and
postsynaptic terminal. By binding to 2 Ca*" ions and 1 IP; molecule, each C2 domain (C2A and C2B)
dramatically increases Rph3A/GIuN2A binding (Stanic et al., 2015). Moreover, it has been
demonstrated that interaction of the C2B domain with phosphoinositide molecules (PIP2) contributes
to membrane bending during the vesicle fusion process (Ferrer-Orta et al., 2017). This work, through
NMR studies, deeply analyzed the already reported interaction between SNAREs member SNAP25
and the C2B of Rph3A by describing the molecular recognition mechanisms of the binding,
represented in Fig.24 (Deék et al., 2006b; Ferrer-Orta et al., 2017).

Fig.24 Rph3A interaction with SNAP25 is mediated by the C2B domain. PDB ID: 5LOB
10.2210/pdbSLOB/pdb; Structure of the Ca2+-bound Rabphilin3A C2B- SNAP25 complex (C2 space group)

Similarly, the homologous Rph3A proteins Synaptotagmin-1 and-3, involved in Ca*'-triggered
exocytosis of synaptic vesicles, are known to interact with SNAREs proteins through their C2-like

domains, although through a different molecular mechanism (Ferrer-Orta et al., 2017; Zhou et al.,
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2015). Furthermore, the conserved coiled structure of SNARE:S is similar to the NMR structure of the

non-fibrillary monomeric structure of asyn (Fig. 25b) when bound to micelles (PDB: 1XQS8).

Fig.25. a) PDB ID: 2CMS5; crystal structure of the C2B domain of Rph3A b)PDB ID: 1XQ8; Human
micelle-bound alpha-synuclein (10.2210/pdb1XQ8/pdb)

These literature findings, the asyn functional similarity to the SNAREs proteins and their key role in
the pre-synaptic compartment, suggest that asyn could compete to the SNAP25 binding site on the
Rph3A C2B domain (Fig.25a).

Starting from these observations, I focused in the structural studies mainly on the C2B Rph3A
domain. Protein sequence, structure and surface charges were analyzed starting from the available
crystallographic and NMR data of the rat Rph3A. The use of rodent structures was made possible by
the high similarity between rat and human Rph3A protein sequence. As shown by Fig.26, protein
sequence alignment of human Rph3A (Q9Y2J0) and rat Rph3A (P47709) obtained by BLASTp tool
(https://www.uniprot.org/uniprot/) found a 85% sequence identity. To note, protein sequences

corresponding to the sole C2B domain of the two species perfectly match (aa 550-683).

64


http://doi.org/10.2210/pdb1XQ8/pdb

Sequence ID Start 1 50 100 150 200 250 300 350

+

P47709 it ’_i_ 5§ 1 =
Q9Y210 1 3 | -
400 450 500 550 600 650 703 | End Organism
684 Rattus norvegicus 41
[ ] 694 Homo sapiens

C2B

Fig.26. Rph3A human and rat protein sequence share a 85% of identity. BLASTp alignment of human
(Q9Y2J0) and rat (P47709) Rph3A protein sequence. Red bars highlight regions of 100% sequence identity.

This 100% sequence identity allowed to easily build a homology model of the human domain taking
as a template structure the crystallized C2B rat structure. In particular, using MOE software, PDB
structures corresponding to rat Rph3A 2CMS5, SLOB, SLOW and 5LOS8 were aligned and the best
structure in terms of sequence coverage and co-crystalized ligands was kept. Ca®" ions, included in
2CMS structure, and PIP2, co-crystalized in PDB 5LO8, were both added to the model.

To identify a preferential binding surface for the contact with asyn, protein patches analyses done on
our model were compared to C2B-SNAP25 binding surfaces described by the paper by Ferrer-Orta
and colleagues (Ferrer-Orta et al., 2017). Fig.27 shows the Rph3A C2B model with the hydrophobic
patch (green surface) selected to be the putative motifs involved in asyn interaction. These two alpha
helices comprising AA from Ser618 to Lys663 and distinguishing Rph3A C2B domain from C2A
and Synaptotagmins C2, were chosen as the potential aminoacidic stretches able to bind asyn (Ubach

et al., 1999).

Fig.27. Human C2B Rph3A model built with MOE with the selected hydrophobic patch (green surface)
comprising the 2 alpha helical motifs on the bottom of the C2-like domain.
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2. Bioinformatic screening of Rph3A:asyn uncoupling

compounds

Having assessed through various experimental approaches the interaction between Rph3A and asyn,
bioinformatic analyses and literature examination allowed to hypothesize the putative Rph3 A surface
involved in the binding. In order to validate this hypothesis, I moved to the identification of
compounds able to uncouple the two proteins. Besides providing a proof of concept of the assumption,
modulating Rph3A/asyn binding could also help in elucidating the role of this protein complex in
PD.

2.1 Identification of the putative Rph3A residues mediating asyn
binding

An already available homology model of the human Rph3A-C2B domain was used to perform an in
silico screening of libraries of commercially available compounds capable of binding to the target
Rph3A region. As already described in Results section 1, Rph3A domain mediating SNAP25
interaction (Ferrer-Orta et al., 2017), and hypothesized to contribute to asyn binding as well, is located
within the C2B bottom surface. In particular, this aminoacidic stretch, comprising residues from
Ser618 to Lys663, forms two ahelical regions, depicted in yellow in Fig.28. The complete aminoacid
sequence of this C2B region is reported in Fig.29¢c. Residues thought to be critical for the studied
interaction (Fig.29a-b) are reported in yellow in Fig.29¢, specifically: Ser618, Lys622, Lys623,
Lys651, Lys663. This polybasic stretch of aminoacids confers to this region of Rph3A a positive
charge, a feature that will be considered as a fundamental constrain for the subsequent compound

screening.

Fig.28. Structure of the C2B-bottom surface of Rph3A indicating the two target ahelices hypothesized
to bind asyn.
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Fig.29. Structure of the C2B bottom surface of Rph3A showing lateral chain of a) Lys651, Lys656,
Lys663 and b) Ser618, Lys622, Lys23

b) Protein sequence of Rph3A-C2B region comprising the 2 bottom a-helical regions (red segment).
Yellow arrows indicate B-sheet organized regions

2.2 In silico screening of libraries of commercial compounds

2.2.1 Sorting based on chemical and ADME properties

Compounds to be evaluated as able to bind the target Rph3A region and, consequently, to interfere
with Rph3A/asyn complex, were chosen from the libraries:

-Asinex BioDesign, containing molecules with key structural features of known pharmacologically
relevant natural products incorporated on feasible medicinal chemistry scaffold;

Asinex Gold & Platinum, in which the majority of compounds have a high degree of drug-likeness

(http://www.asinex.com).

As first step, I analysed drug-like properties to sort out from the libraries the less pharmacologically

relevant molecules. To do so, we used the QikProp module of the Schrodinger software, that allows
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an accurate prediction of the pharmacokinetic properties of batches of organic molecules. Among the
calculated descriptors, number of violations of the Lipinski’s rule of five (MW < 500, QPlogPo/w <
5, donorHB < 5, accptHB < 10) and Jorgensen’s rule of three (QPlogS > -5.7, QP PCaco > 22 nm/s,
# Primary Metabolites < 7) were evaluated and compounds exceeding 4 and 3, respectively, number
of violations were excluded.

In parallel, considering structural and chemical properties of the target Rph3A surface and, more
specifically, its basic nature, molecules were filtered retaining those bearing negative charges. To do
so, we analyzed charge-related descriptors exploiting the QikProp tool and the relative module on
MOE (Molecular Operating Environment) software. The most important parameters considered were
the Total charge (FCharge, defined as the sum of formal charges) and the number of acidic atoms
(a_acid) displayed by the molecules. The compounds exceeding this selection constituted the final

library, including 15454 molecules, that was used for the protein-ligand docking studies.

2.2.2 Protein-ligand docking studies

An initial protein-peptide docking was performed using the Glide (Grid-based Ligand Docking with
Energetics) module of Schrodinger software. As a constraint (ligand-receptor interaction
requirement), a grid of the receptor which contained the bottom a-helical region of Rph3A was
generated. The docking protocol was defined to exclude Rph3A volume not containing the selected
region. Standard protocol (SP) of ligand docking was used to initially screen the large set of
molecules. From the results of the docking procedures, the 7 top scoring molecules were selected and
subsequently subjected to a more accurate docking protocol using the extra precision mode of Glide
(XP). Ligands showing the 24 best docking poses were analyzed focusing on energy and affinity of
the binding, allowing to select three final ligands.

A protein-ligand docking protocol of the same library of acidic compounds were performed also using
MOE software. To sort the output docking poses, protein-ligand interaction fingerprints (PLIF) were
calculated. Ligands interacting at least with one of the Lys623, Lys651, Lys656, Lys663 were used
to create a final database. Specifically, the database included:

- 19 compounds representing the top scoring ligands among the compounds able to interact with
Lys663

- 6 compounds able to interact with both Lys663 and Lys623

- 5 compounds interacting with Lys651 and Lys663

A library (22 molecules) including the 19 selected compounds from MOE docking results and the 3
top scoring ligands obtained by Glide XP docking were analyzed to predict their molecular properties

(physicochemical, ADME and toxicity) using the ACD/Percepta Software, in order to select
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candidate compounds able to be studied in an in vitro system. Moreover, for each compound the CNS
score (ability to permeate the BBB), logP and Lipinski rules violations were recalculated. Four
compounds with different physicochemical properties were selected considering the predicted
properties and docking results, as reported in Fig.30. These 4 selected molecules were then tested ex-

vivo for their ability to modulate Rph3A/asyn binding.

Molecule FCharge | a_ acid Docking CNS score LogP Lipinski
score violations
Compound A -4 3 -6.0509 -2.85 optimal 0
(penetrant)
Compound B -4 8 -3.8411 -7.53 (non very 4
penetrant) lipophilic
Compound C -2 4 -4.9705 -6.87 (non optimal 0
penetrant)
Compound D -1 3 -5.6598 -3.30 (weak optimal 0
penetrant)

Fig.30. Table reporting formal charge (FCharge), number of acidic group (a_acid), the docking score
and main ADME properties of the 4 selected candidate ASINEX compounds. Physico-chemical properties
were predicted using ACD percepta software.

2.3 Ex vivo testing of the candidate Rph3A/asyn uncoupling

compounds

I subsequently evaluated the ability of the four candidate compounds to impair Rph3A/asyn
interaction by using a biochemical approach. In particular, acute rat corticostriatal slices, maintained
in a Krebs (artificial CSF) solution, were treated for 40 minutes with 10 pM of each compound or
vehicle (DMSO), as control condition. After treatment, striata were separated from the cortex and
homogenized. Rph3A/asyn interaction was then assessed by co-immunoprecipitation experiments.

Results of the co-immunoprecipitation analyses, shown in Fig.31, indicate that only Compound B is

able to decrease in a statistically significant manner the amount of Rph3A bound to asyn.
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Fig.31. Co-immunoprecipitation analysis of asyn and Rph3A in corticostriatal slices treated with the 4
selected ASINEX compounds. Rph3A was immunoprecipitated from striatal homogenate samples
corresponding to 150 pg of protein and levels of asyn were evaluated by WB analysis on Rph3A
immunoprecipitate (IP). 30 pg of homogenate (corresponding to the 20% of the amount used for co-IP analysis)
were loaded as input control. asyn band was normalized on the corresponding Rph3A band and expressed as
OD% of CTRL in the semi-quantitative bar graph.

(n=3-5, unpaired t-test, Compound B vs CTRL *p<0.05)

Co-immunoprecipitation data did not detect significant modulatory activity on Rph3A/asyn binding
in any of the other tested molecules.

To summarize, in silico and ex vivo data indicate that Rph3A is able to interact with asyn
preferentially through its bottom C2B region and compound B can be used to evaluate the role of

Rph3A/asyn complex in neurons.
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3. Characterization of asyn synaptic toxicity in an early-PD
experimental in vivo model

3.1 Characterization of the asyn-mouse model

Since the discovery of PD patients carrying mutations in SNCA, asyn coding gene, a fundamental
role has been attributed to asyn misfolding and aggregation in the pathophysiology of familiar and
sporadic PD (Baba et al., 1998; Polymeropoulos, 1997; Spillantini et al., 1997). In the last years,
literature data reported its involvement also in molecular mechanisms behind early stages of the
disease, prior to the occurrence of dramatic midbrain neuronal loss. In this context, asyn was shown
to affect neuronal homeostasis and activity even beyond the dopaminergic system. For instance, it
was recently demonstrated to impact NMDAR complex activity (Durante et al., 2019; Tozzi et al.,
2016). Further supporting this evidence, a fundamental in vivo involvement of asyn in early disease
stages was recently reported. Before onset of dramatic neurodegeneration and loss of striatal DA
fibres, asyn fibrils caused alterations of synaptic plasticity within the nigrostriatal circuits together
with behavioural abnormalities (Tozzi et al., 2021).

Having confirmed Rph3A as an asyn interactor at synaptic sites (see above Fig. 21-22-23) and
considering the critical role of asyn in PD pathogenesis, I subsequently moved to investigate Rph3A
role and Rph3A/asyn interplay in an early in vivo model of synucleinopathy. Valid tools to reproduce
experimentally in vivo precocious PD manifestations are represented by rodent model based on
injection of pre-formed toxic asyn species. asyn, once inoculated in selected brain areas, generates
pathology primarily through a prion-like mechanism. Indeed, exogenous asyn functions as a seed for
the formation of new toxic aggregates, fostering phosphorylation and propagation to interconnected
brain region of the insoluble inclusions (Luk et al., 2012a; Masuda-Suzukake et al., 2013). In contrast
to toxin based or transgenic mouse model, animals develop a slowly progressive disease, allowing to
investigate mechanism underlying pathology progression from the very precocious stages (Luk et al.,
2012a; Patterson et al., 2019). (See Introduction section).

In order to investigate the impact of pathologic asyn on the cortico-striatal glutamatergic synapse, |
exploited an already highly validated PD model, firstly generated by Luk and coworkers in 2012.
Briefly, asyn is targeted to the dorsal striatum and pathology anterogradely diffuses to the SNpc
affecting the nigrostriatal circuitry (Luk et al., 2012a). Two different asyn species, small oligomers
(OLIGO) or pre-formed-fibrils (PFFs) were bilaterally injected by stereotaxic surgery in striatum of
2-months old wild-type C57BL/6J mice. Indeed, the monomeric protein has been already
demonstrated incapable of seeding pathology (Masuda-Suzukake et al., 2013) (See Methods section).
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According to previous works (Luk et al., 2012a; Tozzi et al., 2021), control mice were injected in the
same site with PBS, the vehicle of asyn preparation.

Literature data on this animal model (Luk et al., 2012), preliminary experiments and a work published
very recently together with collaborators contributed to the time points selected (Tozzi et al., 2021).
In this regard, significant dopaminergic neurodegeneration in mice is reported to appear after 120
days post injection (dpi 120) (Luk et al, 2012). Therefore, in order to investigate the precocious
changes in asyn-mediated synaptic dysfunction that precedes neuronal death, analyses of the animal

model focused on dpi 42 and 84.

3.1.1 Validation of oligomers and PFFs preparation

In the last years, structural biology and biochemistry works helped in the characterization of a large
number of asyn toxic species, that range from small oligomers to large amyloid insoluble fibrils
typical of LB inclusions (Bousset et al., 2013b, 2013a; S. W. Chen et al., 2015; Pieri et al., 2016).
Recent in vivo data on PD model suggests that small species are more prone to induce pathology and
start a prion-like progression of the disease (Froula et al., 2019). asyn PFFs and OLIGO were prepared
starting from purified monomeric asyn, using two already validated protocols. OLIGO were
generated by 1h RT incubation of monomeric asyn, while PFFs aggregation required a 7-day
incubation at constant shaking (1000 rpm, 37 °C) (Durante et al., 2019; Polinski et al., 2018). Prior
to be inoculated in vivo, preparations were always validated to check the successful conversion of the
monomeric protein into the desired aggregated species. Specifically, morphology and size of OLIGO
(Fig.32a) and PFFs solutions (Fig32b) were analyzed through transmission electron microscopy
(TEM), performed at the Unitech NoLimits imaging facility. To note, PFFs preparations usually
display an heterogeneous composition due to presence of a wide range of fibrils lengths. Since the
amyloid structures contained can be of the order of uM, prior to be used for the in vivo inoculations,
PFFs solution were subjected to a brief sonication protocol. This step allowed the longest structures
to be broken into smaller proto-fibrils of about 50-100 nM in length (Fig.32c), and, therefore, to
efficiently originate pathology (Froula et al., 2019).
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Fig.32. Morphological analysis and validation of aggregated asyn species (OLIGO and PFFs).
Representative images of transmission electron microscopy (TEM) morphological analysis of a) OLIGO, PFFs
(b) before the sonication step c) after the sonication protocol. Images were acquired at the Unitech NOLIMITS
imaging facility of the University of Milan.

3.2 Biochemical characterization of postsynaptic glutamate receptors

and scaffolding proteins at corticostriatal synapses (dpi 42)

Since the discovery of the ability of exogenous asyn fibrils to mimic a transmissible synucleinopathy
in vivo, an extensive characterization of asyn spreading patterns and temporal neuropathology
progression in correlation with DA degeneration have been made by several studies (Luk et al., 2012a;
Patterson et al., 2019; Stoyka et al., 2020). However, the molecular and postsynaptic mechanisms by
which asyn affects specifically synaptic architecture and activity, finally causing dysfunction to the
nigrostriatal and the glutamatergic cortico-striatal circuitry, is still elusive. Therefore, initial analyses
performed at dpi 42 were focused on the organization of striatal excitatory post-synaptic
compartment. Specifically, brains were dissected to collect the striatum and a subcellular fraction
particularly enriched in proteins of the excitatory postsynaptic density (Triton insoluble fraction-TIF)
was purified (Gardoni et al 2006). The molecular composition of the postsynaptic compartment in
terms of ionotropic glutamate receptor subunits and scaffolding proteins was then evaluated by
western blotting on TIF.

Firstly, I measured levels of GluAl, GluA2 and GluA3 subunits of the AMPAR complex. With
respect to vehicle injected animals, I found no significant variations in both OLIGO and PFFs mice.
Similarly, protein levels of GluN2A, GluN2B and GIuN2D of the NMDAR complex were unchanged

among striatal TIF fractions from treated and control animals (Fig.33a-b).
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Fig.33. Striatal protein levels on TIF from mice injected with asyn fibrils (PFF) or oligomers (OLIGO)
42dpi. After homogenization of mice striata and TIF extraction, aliquots of each samples corresponding to 10
pg of TIF proteins were separated by SDS-PAGE and analysed through western blotting (WB). Representative
WB images and corresponding semiquantitative graphs of the a) AMPAR (GluAl, GluA2, GluA3), b)
NMDAR (GIluN2A, GluN2B, GluN2D) subunits and c) scaffolding proteins (Rph3A, PSD95). Protein levels
were normalized on tubulin and reported as optical density (OD) % of PBS injected mice. (n=7), unpaired t
test vs PBS)

Given the postsynaptic role of Rph3A in synaptic stability of GluN2A-contaning NMDARs (Stanic
et al., 2015) and its interplay with asyn, I next evaluated levels of Rph3A and PSD95, essential
scaffolding proteins for a correct postsynaptic architecture. To note, no variations either in Rph3A
levels or PSD95 were detected in striata from asyn OLIGO- and PFF-mice compared to PBS animals,

as shown in Fig.33c.
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These findings suggest that 42 days after lesion oligomeric and fibrillar asyn is not yet affecting the
molecular structure of the excitatory striatal synapse at the postsynaptic level. Considering these data,

the following experimental analyses were conducted only at the second time point considered (dpi

84).

3.3 Characterization of asyn-mice 84 dpi

Firstly, I assessed if the inoculation of OLIGO and PFFs at this timing already provoked deterioration
of dopaminergic (DAergic) striatal fibres, as an sign of neurodegeneration. To this aim, I measured
by WB analysis protein levels of the striatal and dopaminergic neuronal marker tyrosine hydroxylase
(TH), enzyme catalyzing the rate limiting step in the catecholamine synthesis. As expected, no
significant decrease of the protein was found in striatal homogenate in PFFs- and OLIGO-mice with

respect to controls, indicating a preserved integrity of the overall DAergic fibres (Fig.34).
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Fig.34 — Striatal tyrosine hydroxylase levels in homogenate fraction of mice injected with asyn PFF or
OLIGO 84 dpi. Representative WB images and respective semiquantitative graphs of and TH reporting
protein levels normalized on GAPDH and reported as OD % of PBS-injected mice (n=7).

3.3.1 Biochemical characterization of postsynaptic glutamate receptors and

scaffolding proteins at corticostriatal synapses (dpi 84)

In contrast to the findings of the earliest time point, dpi 84 OLIGO- and PFF-mice displayed a
profound alteration of the postsynaptic composition of the glutamatergic synapse. Specifically,
animals are characterized by a significant reduction of the AMPAR subunit GluA1 upon both OLIGO
and PFFs lesion compared to controls. This finding is accompanied by a slight trend in decrease,
though not significant, of the AMPAR subunits GluA2, GluA3 and of the serine 845-phosphorylated
GluA1 subunit, as shown by Fig. 35a.
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Moreover, according to the above-mentioned recent literature findings (Durante et al., 2019; Tozzi et
al., 2021, 2016), pathologic asyn targets the NMDAR complex as well. In particular, PFF- and
OLIGO-treated mice show diminished protein levels of postsynaptic GluN2A and GluN2D subunits
with respect to controls (Fig. 35b). Although not statistically significant, the GIuN2B subunit shows
a trend in decrease upon treatment, supporting that these mice have an overall impairment of NMDAR

type of glutamate receptors.
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Fig.35. Striatal protein levels on TIF from mice injected with asyn fibrils (PFF) or oligomers (OLIGO)
84 days after lesion. Representative WB images and corresponding semiquantitative graphs of the a) AMPAR
(GluAl, GluA1 pSERS845, GluA2, GluA3) and b) NMDAR (GluN2A, GluN2B, GluN2D) subunits reporting
protein levels normalized on tubulin and reported as optical density (OD) % of PBS injected mice. (n=7),
unpaired t test vs PBS; *p<0.05, **p<0.005)

Interestingly, this significant molecular alteration of the cortico-striatal glutamatergic synapse is in
accordance with a very recent work that our laboratory contributed to publish. The group of Prof.
Calabresi demonstrated the presence at the same timing of significant electrophysiological alterations
in a similar PFFs-based rat model. The described striatal LTP blockade and LTD reduction could be
partially interconnected with the molecular modifications found in our murine model (Tozzi et al.,

2021).
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3.3.2 asyn impact on striatal spine morphology (dpi 84)

Since asyn-mice show significant molecular (see above) and functional (Tozzi et al., 2021)
impairments of the glutamatergic synapse, I further investigated the impact of asyn OLIGO and PFF
on dendritic spines density of striatal spiny projection neurons (SPNs). Spine morphology analysis
(reported in Fig.36a) revealed that PFFs injection significantly affected striatal spine density, causing

a 25% reduction with respect to controls.
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Fig.36. a) Representative confocal images and quantification of spine density of striatal neurons dyed
with Dil of PBS, OLIGO and PFF-injected mice and b) spine morphology analysis of OLIGO and PBS-
injected mice.

(M=mushroom spines, S=stubby spines, T=thin spines)

Statistical analysis: n=19 (number of neurons, from 3 mice), unpaired t test, **p=0.0017 PBS vs PFF;
*p=0.0221 PBS vs OLIGO; #p=0.025 PBS vs OLIGO, §=0.0289 PBS vs OLIGO. Scale bar: 5 pm

OLIGO-mice, instead, did not show a reduction of striatal spine number, but displayed an overall
increase in the spine width in presence of a normal spine length (Fig.36b, left). Furthermore, in line
with these data, in OLIGO-treated animals the percentage of mushroom-shaped (M) spines,
representing stable and mature spines, is significantly increased compared to the control condition.
Notably, this event is accompanied by a concomitant decrease of thin (T) spines, more plastic and
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immature (Fig.36b-right). Overall, these morphological data could underlie a different type and extent

of synaptic toxicity induced by the two diverse asyn toxic species.

Taking into account that morphological alterations were also accompanied by a modified postsynaptic
abundance of ionotropic glutamate receptors, I then evaluated possible downstream signalling
defects. Synaptic NMDARs activity, indeed, promote nuclear signalling to cAMP responsive element
binding protein (CREB), regulating gene expression of pro-survival factors and anti-apoptotic
pathways together with activity of the extracellular signal regulated kinases (ERK) (Hardingham and
Bading, 2010). Therefore, I assessed levels of phosphorylated form of ERK (pERK) and CREB
(pCREB) by western blot analysis in the striatal homogenate, as shown in Fig.37. Interestingly, no
differences in the pCREB/CREB and pERK/ERK ratio were observed comparing PFF and PBS mice.
Conversely, upon OLIGO seeding, levels of pERK are significantly diminished with respect to PBS,
in absence of CREB phosphorylation changes.
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Fig.37. Protein levels of phosphorylated form of ERK (pERK) and CREB (pCREB) in striatal
homogenate fraction of mice injected with OLIGO and PFFs 84 dpi. Representative WB images and
respective semiquantitative graphs of a) pCREB and CREB and b) pERK, ERK. Levels of pCREB and pERK
were normalized, respectively, on CREB and ERK levels and expressed as OD % of PBS in the semi-
quantitative bar graph (n=7, Mann-Whitney test *p=0.0175 PBS vs OLIGO).
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To summarize, at dpi 84 PFFs cause both a reduction in NMDAR and AMPAR expression and a
decrease in spine density. OLIGO, instead, did not decrease spine density but the amount of receptor
complexes at the spines, possibly affecting signalling pathways related to ERK activity. Moreover,
the increase in spine width and mushroom spines percentage could represent an early compensatory

mechanism to overcome the cortico-striatal signalling defects induced by asyn.

3.3.3 asyn effects on striatal Rph3A expression 84 dpi

Similarly to analyses conducted on mice 42 dpi, I next assessed striatal Rph3A levels by western
blotting on both homogenate fraction (total neuronal level) and TIF. Rph3A levels in the homogenate
fraction were found comparable between lesioned and control mice, indicating absence of an asyn-
mediated impact on the overall Rph3A expression (Fig.7a). On the contrary, WB analysis conducted
on striatal TIF revealed a significant Rph3A decrease in PFF-mice and a tendency of decrease in
OLIGO-injected, although not statistically significant (Fig.7b). These findings indicate a selective
toxicity of PFFs towards Rph3A localized at the post-synaptic compartment, effect that was still not
apparent at 42 dpi (see Fig.33). To note, levels of PSD95 were not changed even 84 dpi.
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Fig.38. In vivo effects of PFF and OLIGO on Rph3A striatal expression and PSD9S expression (84
dpi). Representative WB images and respective semiquantitative graphs of Rph3A evaluated on a) total
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stratal homogenate and b) Rph3 A and PSD95 evaluated on TIF. Protein levels were normalized on Tubulin
as a loading control and then expressed as OD% of PBS in the bar graph. Statistical anlysis: n=7, *p<0.05,
PBS vs PFF

Since at the postsynaptic compartment Rph3A has a fundamental role in stabilization and membrane
retention of GIuN2A-containing NMDARs (Franchini et al., 2019; Stanic et al., 2015), I next assessed
its binding to the GIuN2A subunit by co-immunoprecipitation experiments, shown in Fig.9. Rph3A
was immunoprecipitated from striatal homogenate, levels of GIluN2A were assessed by WB analyses
and normalized on the amount of Rph3A immunoprecipitated. Interestingly, not only Rph3A is less
expressed at the post synaptic compartment, but also its interaction with GluN2A subunit is decreased
upon PFF-injection. Similarly to results of Rph3A TIF expression, a statistically not significant
tendency of diminished Rph3A/N2A binding in OLIGO-injected mice was found, suggesting either

a milder impact of OLIGO with respect to PFFs or a different mechanism of toxicity.
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Fig.39. Co-IP analysis of Rph3A and GluN2A subunit in striatal homogenate fraction of PBS, OLIGO
or PFF-injected mice 84 dpi. Rph3A was immunoprecipitated from homogenate samples corresponding to
150 pg of protein and levels of GIuN2A were evaluated by WB analysis on Rph3A immunoprecipitated (IP).
15 pg of homogenate (corresponding to the 10% of the amount used for co-IP analysis) were loaded as input
control. GIuN2A band was normalized on the corresponding Rph3A band and expressed as OD% of PBS in
the semi-quantitative bar graph. (n=6, unpaired Mann-Whitney test: PBS vs OLIGO ns, p=0,07; * PBS vs PFF
p=0.04)

To summarize, data collected on the asyn in vivo model put forward a possible role of Rph3A in
mediating asyn synaptic toxicity. Given the already demonstrated interplay between the two proteins
and their link with NMDAR functions, PFFs could directly promote mechanisms able to sequester
Rph3A from its physiological synaptic activities.
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4. Rph3A modulation in a chronic asyn PFFs in vitro model

On the whole, data collected from the asyn PFFs in vivo model suggest Rph3A as a possible mediator
of asyn-mediated synaptic toxicity in the striatum. Its role as a promising target in synaptopathies is
strengthened by its already described involvement in neurodegeneration, movement disorders and its
emerging role in synaptic plasticity (Franchini et al., 2019; Smith et al., 2007; Stanic et al., 2017; Tan
et al., 2014). Moreover, a large proteomic study associated Rph3A with cognitive resilience in AD
patients (Yu et al., 2020).
Based on these considerations, I evaluated the modulation of Rph3A expression levels and
Rph3A/asyn complex as an intriguing approach to ameliorate early synaptic defects induced by asyn.
Specifically, two different strategies were investigated:

a) reducing asyn/Rph3A interaction by exploiting the Rph3A/asyn uncoupling compound

selected through the bioinformatic screening (see Results - section 2);

b) Rph3A overexpression.

First of all, the two modulation strategies were tested in an in vitro setting, to assess their efficacy

and possible toxicity.

4.1 Validation an asyn-induced spine pathology model

I exploited a recently validated in vitro neuronal model of asyn-induced spine pathology, described
in a work by Wu and coworkers, with some modifications (Wu et al., 2019). In particular, since mono
cultures of primary striatal neurons develop a non-physiologically low number of dendritic spines,
primary rat hippocampal neurons were used (Ferrari et al., 2020). Indeed, hippocampal cultures
represent a widely validated model to study spine morphology and dynamics in vitro (Dailey and
Smith, 1996). Hippocampal neurons were chronically treated with asyn PFFs for 7 days (Wu et al.,
2019). In details, 2 different doses of PFFs (1 and 2 pg/ml) were tested by direct treatment in the
culture medium at DIV9. In order to visualize dendritic spines, cells were transfected at DIV7 with
Green fluorescent protein (GFP). Coherently with the in vivo model, control neurons were treated
with PBS, the vehicle of PFFs preparation. As already observed in literature (Wu et al., 2019), spine
morphology analysis performed at DIV15 revealed a dose dependent reduction of dendritic spine

density (Fig.40a).
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Fig.40. a) Representative confocal images and quantification of spine density of hippocampal primary
neurons transfected with GFP (green) upon 7-day treatment with 1, 2 pg PFF or PBS. Statistical analysis:
n (number of neurons)=24, Mann-Whitney test, *p=0.0256, PBS vs PFF 1ug; **p=0.0005. Scale bar: 2 um
b) Protein levels of the main axonal cytoskeletal components Neurofilament-L. (Nf-L) and
Neurofilament-M (Nf-M) in hippocampal primary neurons transfected with GFP (green) upon 7-day
treatment with 1, 2 pg PFFs or PBS. Representative WB images and respective semiquantitative graphs of
Neurofilament-L and Neurofilament-M protein levels normalized on Actin and reported as OD % of PBS-
treated neurons.

Importantly, concentrations of PFFs in the range of 1-2 ug/ml were described not to affect negatively
viability of hippocampal neurons 7 days after seeding; indeed, neuronal death started to appear upon
11-day treatment (Wu et al, 2019). Duration of PFFs treatment, absence of dramatic
neurodegeneration and timing of the rescue approaches are indeed crucial aspects of the experimental
model in order to allow an early intervention. To note, no decrease in the number of viable neurons
was confirmed at DIV15 (data not shown) in presence of both PFFs doses. As a further control, I
subsequently checked if the 7-day treatment with 2 pg of asyn was able to provoke significant axonal
damage. To this purpose, levels of the cytoskeletal proteins Neurofilament-L and M, neuronal specific

intermediate filament proteins, were evaluated by western blotting (A. Yuan et al., 2017). As shown
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in figure 1b, Neurofilament-L and M, were not altered with respect to PBS condition, suggesting a
preserved integrity of axonal compartment. Therefore, the highest PFFs concentration (2 pg/ml) was
chosen to perform the following experiments focused on the evaluation of rescue strategies of asyn-

induced synaptic loss.

4.2 In vitro modulation of Rph3A interaction and expression

4.2.1 Effects of Rph3A/asyn uncoupling compound

As a first Rph3 A modulatory strategy I assessed the effects of the Rph3A/asyn uncoupling molecule
(compound B) in the chronic PFFs in vitro model.

Compound B, the molecule selected with the in silico bioinformatic screening (described in section
2 of Results), is predicted to bind the a-helical region in C2B domain of Rph3A and to significantly
reduce its binding to asyn. Due to steric hindrance, the molecule is expected to decrease the amount
of Rph3A bound to pathologic asyn and thus enhance the synaptic availability of the protein.

In details, PFFs seeding started at DIV9 and the molecule was administered at DIV ]2, concomitant
to the beginning of asyn neuropathology propagation (Wu et al., 2019). Based on pharmacokinetics
analyses and ex-vivo assays (see Results section 2), a single administration of the compound into the
culture medium was used. I firstly evaluated if a 4-day treatment with 10 pm of compound B was
able to modify spine density per se, regardless of PFFs chronic challenge. Spine density of compound-
treated neurons was not significantly different from the one of vehicle-treated neurons, as shown in
Fig.41a. Vehicle-treated PBS-neurons and vehicle or compound- treated PFF-neurons were subjected
to spine density analyses afterwards. Notably, as shown by Fig.41b, compound B administration fully

prevented spine loss found in PFF-neurons.
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Fig.41. a) Representative confocal images and quantification of spine density of hippocampal primary
neurons transfected with GFP (green) and treated with 10 pm compound B (or vehicle) for 4 days. Scale
bar: 2um. Statistical analysis: n (number of neurons)=12, ns, unpaired t-test

b) Representative confocal images and quantification of spine density of hippocampal primary neurons
transfected with GFP (green) upon 7-day PFF (or PBS) treatment and co-administration of Rph3A/asyn
uncoupling compound (Compound B) (or vehicle) for the last 4 days. Scale bar: 2um. Statistical analysis:
n=14, one-way ANOVA- Tukey multiple comparison test, ***p=0.0002 PBS+vehicle vs. PFF+vehicle;
***%p<0.0001 PFF+vehicle vs PFF+Comp. B

4.2.2 Effects of Rph3A overexpression

As alternative strategy, neurons were treated with asyn PFFs at DIVS and co-transfected at DIVI0
with GFP (to follow dendritic spines) and a plasmid expressing the protein Rph3A fluorescently
tagged with a red fluorescent protein (RFP-Rph3A). In this way, full neuronal expression of RFP-
Rph3A was achieved at the comparable timing of the compound B administration. As control
condition, PBS- and PFF-neurons were co-transfected with the control fluorescent protein TdTomato.

Then, spine morphology analyses were conducted at DIV135.
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Fig.42. Representative confocal images and quantification of spine density of hippocampal primary
neurons upon 7-day PFF (or PBS) treatment and overexpression of RFP-Rph3A (red) or the control
red fluorescent protein tdTomato. Hippocampal neurons were treated at DIV8 with PFF 2pg (or PBS) and
co-transfected at DIV10 with RFP-Rph3 A or tdTomato (TdTOM) and GFP to visualize dendritic spines. Scale
bar: 2 um. Statistical analysis: n=11, one-way ANOVA Tukey multiple comparison test ****p<(0.0001 PBS
vs PFF; **p=0.0026 PFF vs PFF-Rph3A

Similar to results obtained with the compound B administration, overexpression of RFP-Rph3A
resulted successful in preventing spine loss found in neurons treated with PFF and transfected with
the control protein tdTomato, as shown by spine density analysis in Fig.42. Interestingly, both
approaches revealed to be effective in counteracting the asyn-induced toxicity towards dendritic

spines.
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5. In vivo strategies to rescue asyn-induced synaptic toxicity

Both Rph3A modulatory approaches, i.d. Rph3A overexpression and Rph3A/asyn uncoupling,
revealed to be efficacious in blocking asyn-induced synapse loss in vitro. Therefore, I moved to to
evaluate the same rescue strategies in vivo, exploiting the already characterized asyn PFF-mouse
model. As described above (see Results 3.3.2), the in vivo striatal injection of PFF caused stronger
consequences with respect to oligomers inoculation, namely a decrease of the density of SPN

dendritic spines; therefore, in line with in vitro experimental groups, animals were injected with PFFs

or PBS.

5.1 In vivo assessment of Rph3A/asyn uncoupling compound

As described above, no toxicity of Compound B has been observed in the in vitro experiments at a
dose of 10 um and in silico predictions revealed a favourable ADME profile. However, intrinsic
physico-chemical properties of the molecule prevent its crossing of the blood-brain barrier.
Consequently, the molecule is not suitable for a systemic type of delivery. Accordingly, to reach its
chronic availability in the central nervous system, animals were implanted with a guide cannula
targeted to the lateral ventricle. As shown in Fig.43, mice were firstly bilaterally injected with PFFs
or PBS in the dorsal striatum (see: section 3 of Results) and 65 dpi animals underwent surgery for
cannula implant. Compound B has been administered for two weeks every 3 days (5 injections),
starting at dpi 70, at a concentration of ImM. This molarity allowed to reach an estimated
concentration of about 85 pM in the cerebrospinal fluid (CSF), considering a total CSF volume of
~35ul in the mice (Rudick et al., 1982). Control PBS and PFF mice were treated with the vehicle of

the uncoupling compound; all animals were then sacrificed 24h after the last administration.

PBS+vehicle
PFF+vehicle
Striatal injection Guide cannula PFF+Compound B Spine morphology
PBS implant- Chronic intracerebroventricular Comp. B administration
PFF lateral ventricle
‘ | K I i v Vo
Day0 65 dpi 70 dpi 84 dpi

Fig.43. Experimental scheme of the in vivo administration of Compound B on the PFF-mouse model.

5.1.2 Effects of Compound B on asyn-induced spine loss
Compound B revealed to be efficacious in preventing spine loss induced by chronic exposure to PFFs
in an in vitro neuronal primary model (see Results — Section 4). Therefore, as a first outcome of the

effect of the molecule in an in vivo setting, I performed spine morphology analysis on the 3
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experimental groups of mice: PBS- and PFF-animals receiving the vehicle (PBS+vehicle and
PFF+vehicle, respectively) and PFF-animals receiving the compound (PFF+compound B). Spine
morphology analysis confirmed PFFs effects on striatal spine density (see Results, section 4, Fig.41).
In particular, PFF+vehicle animals displayed a decrease of about 25% in striatal spine number with
respect to the PBS+vehicle condition. To note, in vivo administration of compound B fully prevented

spine loss compared with PFF+vehicle mice (Fig.44).
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Fig.44. Representative confocal images and quantification of spine density analysis of striatal neurons
dyed with Dil of PFF-mice 2-week treated with compound B (or vehicle) and PBS-mice treated with the
vehicle.

Scale bar: Sum. Statistical analyses: n=15 (number of neurons, from 2 mice), *p<0,05, ***p<0,0005, One-
way ANOVA Tukey’s multiple comparison test)

These promising findings seemed to confirm the efficacy of the molecule in counteracting also in
vivo the deleterious effect of asyn-pathology. Furthermore, they corroborate the hypothesis of an
involvement of Rph3A/asyn interaction in the establishment of PD synaptopathy. On the other hand,
the physico-chemical structure of the molecule (and the consequent impossible systemic delivery)
make this compound a hardly druggable molecule. Therefore, Compound B can be considered a lead
compound to be optimized by means of a bioinformatic and chemical improvement of its structure,

to go further with the in vivo assessment of the efficacy of the Rph3A/asyn uncoupling strategy.

5.2 In vivo Rph3A striatal overexpression

Rph3A overexpression was achieved by stereotaxic injection in the dorsal striatum, the same site of
asyn seeding, of an adeno-associated viral (AAV) vector expressing RFP-Rph3A. As control of the
overexpression experiment, an AAV expressing the control fluorescent protein RFP was used. As
schematically represented in Fig.45, animals were firstly injected with asyn and at 35dpi either with
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the AAV-Rph3A (PFF-Rph3A) or the AAV-RFP (PFF-RFP). PBS animals, instead, were injected
only with the AAV-RFP vector (PBS-RFP). This timing allowed to reach the peak expression of the
protein during progression of early disease stages, thus before the onset of dramatic asyn toxicity.
Most importantly, a sustained striatal expression of the protein would be achieved at the time point
of the in vivo evaluation at dpi 70-84. In addition, the striatal delivery of the plasmid allowed to

investigate specifically a postsynaptic intervention within the PD pathological nigrostriatal circuitry.

Striatal injection AAV-striatal injection
PBS PBS-AAV-RFP
PFF PFF-AAV-RFP - ;
PFF-RFP-Rph3A Open field test | | Rotarod | | Grip strength test
| | | (I
Day 0 35 dpi 75 dpi 84 dpi

Fig.45. Experimental scheme of the in vivo striatal overexpression of RFP-Rph3A on the PFF-mouse
model.

5.1.2 Effects on asyn-induced motor impairments

Studies on experimental rodent models based on transmissible asyn indicate that PFF-injected
animals begin to show motor and behavioral impairments between 3 and 6 months after lesions
(Durante et al., 2019; Luk et al., 2012a; Patterson et al., 2019; Tozzi et al., 2021). Among published
literature works, discrepancies in entity and type of behavioral alterations can be found, mainly
ascribable to differences in the animal model adopted, strain of pathologic asyn and the presence of
a bilateral or unilateral lesion.

Firstly, mice were subjected to the open field test to evaluate the general locomotor ability and assess
the presence of possible anxiety-like behavior. Specifically, during the task mice locomotor activity
was monitored for a duration of 10 minutes. As shown in Fig.46a, no statistically significant
alterations were found comparing PBS-RFP, PFF-RFP and PFF-Rph3A mice in the distance travelled
measured in the first and second 5-minute intervals of the task. Comparing the time spent by the
animals at the center (Fig.46b) and at the corners (Fig.46¢) of the arena, the differences were not
statistically significant. These data indicate that at the time point considered, PFF-lesion did not cause
an impairment of the general locomotor ability, as already reported in literature (Luk et al., 2012a;
Tozzi et al., 2021). Moreover, the treatment seemed not affect the spontaneous explorative and

anxiety like behavior of the animals.
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Fig.46. Analyses of the open field test of PBS and PFF mice upon striatal delivery of RFP-Rph3A (or a
control RFP protein). Histogram of a) distance travelled b)time spent at the centre and c) time spent at the
corners of the arena of PBS-RFP, PFF-RFP and PFF-Rph3 A mice, showing no significant differences. (n=10,
One-way ANOVA- Tukey’s multiple comparisons)

To further evaluate possible motor and coordination impairments in a more targeted way, I performed
Rotarod and Grip strength test on the same experimental conditions. In particular, mice were
subjected between 75 and 84 dpi to accelerated rotarod (20-40 rpm; 300s), constant speed rotarod (30
rpm) and forelimb grip strength test. These motor behavior tests confirmed a decline in the motor
coordination performances, particularly evident in the accelerated rotarod, of PFF-RFP mice with
respect with PBS-RFP. To note, upon striatal delivery of AAV-RFP-Rph3A, latency to fall from the
rod of PFF-Rph3 A mice was comparable to the one of PBS-mice. A statistically significant decrease

in forelimb muscle force of asyn mice with respect to PBS was measured by the grip strength test.
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Delivery of AAV-RFP-Rph3A in PFF-animals prevented as well the reduction of forelimb muscle

strength of animals injected with asyn and overexpressing the control protein RFP.
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Fig.47. Motor behavioral analysis of PBS and PFF mice upon striatal delivery of RFP-Rph3A (or a
control RFP protein). Histograms of a) latency to fall (sec) from the rotating bar evaluated in the accelerated
rotarod (starting speed: 20 rpm; final speed 40 rpm in 300s) and b) constant speed rotarod (30 rpm). After the
habituation phase, latency to fall has been evaluated as mean of three consecutive trials of the maximum
duration of 300s. c¢) Forelimb muscle strength measured by a grip strength meter. Force (g) of each animal has
been evaluated as the mean value of 5 consecutive trials. Statistical analysis: One-way ANOVA, Tukey’s
multiple comparisons test; n=10, *p<0.05, **p<0.005, ***p<0.0005.

On the whole, behavior data indicate the efficacy of Rph3A striatal overexpression as a strategy to
counteract detrimental synaptic effect of asyn. Increased neuronal expression of Rph3A efficiently

compensates toxicity induced by asyn in the striatum, at least on the motor abilities evaluated. As it
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can be deduced by recovery of motor performances, increased Rph3A activity seem to have a positive

effect as well on the overall cortico-striatal and nigro-striatal networks.
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DISCUSSION

In the last twenty years, several studies investigated the role of the aggregation and toxicity of asyn
in the pathophysiology of familiar and sporadic PD. Although the precise mechanism by which the
formation of asyn aggregates induces neuronal loss is still unclear, aberrant forms and levels of the
protein affect multiple cellular pathways and cause synaptic dysfunctions, leading ultimately to

neurodegenerative events (Ghiglieri et al., 2018; Wong and Krainc, 2017).

To note, asyn detrimental effects on the synaptic function was reported even in the early phases of
the disease, before the onset of DAergic neuronal loss in the SNpc. Indeed, early PD-related
synaptopathy is thought to start with asyn toxicity on DAergic axons and presynaptic terminal in the
striatum, eventually leading to loss of synaptic contacts (Bridi and Hirth, 2018). Besides its effect on
the DAergic system, asyn has been recently reported to affect also the cortico-striatal glutamatergic
signalling, (Durante et al., 2019). In particular, fibrillar and oligomeric forms of the protein have been

shown to modulate the synaptic levels and activity of NMDA-type of glutamate receptors.

It’s known that alterations of NMDA receptors and associated scaffolding proteins play a relevant
role in the physiopathology of advanced PD and in the onset of motor complications (Y. Chen et al.,
2015; Durante et al., 2019; Mellone and Gardoni, 2018; Tozzi et al., 2021). Scaffolding proteins are
essential to modulate the synaptic expression, trafficking and activity of glutamate receptors.
Interestingly, Rph3A has been demonstrated by our lab as a fundamental binding partner of the
GIluN2A subunit of NMDA receptors, stabilizing these receptors at the postsynaptic membrane
(Stanic et al., 2015). Rph3A/GIuN2A interaction has already been shown to participate to
pathophysiology of late stage PD and L-DOPA-induced dyskinesia (Mellone and Gardoni, 2018;
Stanic et al., 2017). Moreover, a direct Rph3A/asyn interaction have been reported, highlighting a
putative involvement of Rph3A/asyn interplay in PD (Dalf6 et al., 2004).

Based on these previous findings, the main aims of my PhD project were to dissect the molecular
mechanisms underlying the asyn-induced dysfunction of the glutamatergic synapse in early PD and

to investigate possible pharmacological approaches to block this event.

Briefly, this study allowed to demonstrate the presence of a physiological interaction between asyn
and Rph3A, to characterize asyn-induced early synaptic dysfunction in an in vivo PD model, and,
ultimately, to prevent the synaptic impairments through modulation of Rph3A expression or

Rph3A/asyn complex.

92



Firstly, using multiple in silico, in vitro and ex vivo experimental approaches I confirmed and
characterized Rph3A/asyn interaction. Indeed, in a study on LB disease patients, asyn/Rph3A
complex was already detected only by using a biochemical approach in the entorhinal cortex of
healthy individuals (Dalf6 et al., 2004). Interestingly, we used a variety of experimental approaches
to confirm that this interaction occurs also in primary hippocampal neurons, rat whole brain and
striatum, suggesting that Rph3A/asyn complex could participate in a physiological neuronal synaptic

function.

In particular, through an indirect bioinformatic approach we identified the Rph3A domain primarily
involved asyn binding specifically, the C2B bottom surface. This region was already shown to
interact with the SNARE-protein SNAP2S5, key component of synaptic vesicle release machinery
(Ferrer-Orta et al., 2017). SNAP2S5 structural similarity to asyn and their and preferential pre-synaptic
localization suggested a possible comparable mode of interaction with Rph3A. A compound able to
target the identified C2B region, selected through a bioinformatic screening, was able to interfere
with the formation of Rph3A/asyn complex, confirming the initial hypothesis. Given Rph3A
regulatory role in exocytosis of synaptic vesicles and asyn presynaptic functions, Rph3A/asyn
interplay possibly participate to modulation of neurotransmitter release (Burré, 2015; Deék et al.,

2006a; Tsuboi and Fukuda, 2005).

To investigate the striatal synaptic toxicity of asyn, I exploited a progressive PD mouse model
induced by the striatal injection of pathogenic asyn species, either oligomeric or fibrillar (PFF). The
exogenous aggregated protein raises pathology that progressively engage brain regions directly
connected to the injection site, causing DA neurodegeneration by anterograde transfer to the SNpc
(Luk et al., 2012a). The PFF-model is a valuable tool to study early disease mechanisms and
interventions, being characterized by a slow and progressive onset of neurodegeneration. Moreover,
the progression pattern of asyn inclusions in relation to the onset of DAergic defect and
neurodegeneration has already been deeply characterized (Luk et al., 2012a; Patterson et al., 2019).
To note, the use of diverse oligomeric and fibrillar asyn species have been reported to results in
different mechanisms and extents of toxicity (Melki, 2015). To replicate early PD, either asyn PFF

or oligomers were used, to highlight possible different pathogenic mechanisms.

In the present study, PFF- and oligomer-injected mice did not show significant alterations of the
1GluR receptor levels at the striatal excitatory synapse 42 dpi. This finding is in accordance with
previous works showing normal striatal DA levels and limited asyn pathology at this time point (Luk
et al., 2012a; Patterson et al., 2019). Interestingly, 84 dpi asyn mice showed a significant impairment
of the molecular composition of the postsynaptic compartment in the striatum, with significant
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decrease of AMPAR-GluAl and NMDAR-GIuN2A and GIuN2D subunits, in absence of
neurodegeneration. To note, a reduction of GIuN2D subunit in striatal cholinergic interneurons was
already reported in a rodent model overexpressing asyn (Tozzi et al., 2016). Moreover, ex vivo
treatment of cortico-striatal slices with the oligomeric protein was shown to block NMDARSs currents
and LTP induction in SPNs, selectively targeting the GIluN2A subunits (Durante et al., 2019). Most
importantly, AMPAR and NMDARs protein reduction is in accordance, and could explain, recent
electrophysiological findings published with collaborators (Tozzi et al., 2021). In particular, 84 dpi
PFF-lesioned rats displayed impaired striatal LTP, strictly dependent on NMDARSs activation, and
LTD, plasticity mechanisms finely modulated by DA release. Indeed, impairment of striatal plasticity
were paralleled by altered DAergic neuronal firing and striatal DA release, suggesting a complex

dysfunction of the nigrostriatal circuitry already at this precocious disease stage (Tozzi et al., 2021).

The above described molecular impairments of the glutamatergic synapse were also reflected in
morphological alterations at dendritic spines of striatal SPNs. In particular, PFFs injection
significantly reduced striatal spine density, indicating a precocious loss of synaptic contacts.
Conversely, even if spine density was unaltered in oligomer-injected mice, we found an overall
increase of spine width and percentage of mushroom spines, suggesting a possible early
compensatory mechanism to overcome defects of the cortico-striatal signaling. Overall,
morphological data together with oligomer-specific alteration of ERK signalling suggest different

mechanisms and extent of synaptic toxicity induced by the two types of asyn aggregates.

The presence of aberrant levels of toxic asyn was already reported to affect function of different
synaptic protein, including Rph3A. For instance, in cortical tissue of patients with LB disease, altered
Rab3A/Rph3A interaction, essential for synaptic vesicle cycling, was detected (Dalfo et al., 2004).
Altered Rph3A expression was also described in other neurodegenerative conditions as Alzheimer
and Huntington disease (Smith et al., 2007; Tan et al., 2014). Although in this study I did not observe
changes of total striatal levels of Rph3A, PFF-mice displayed a selective postsynaptic reduction of
Rph3A accompanied by diminished GluN2A interaction. Similarly, a trend in decrease of the
Rph3A/GIuN2A complex was found upon oligomers seeding, indicating a possible milder effect of

this asyn species towards this synaptic complex.

Overall, data on the in vivo models suggest that PFFs could promote mechanisms able to sequester
Rph3A from physiological synaptic activities. Taking into account the role of Rph3A in the synaptic
retention of NMDA receptors (Stanic et al., 2015; Franchini et al., 2019), the sequestering of Rph3A
by PFFs could play a key role in the observed decrease of NMDARs postsynaptic abundance.
Interestingly, experimental strategies aimed at reducing Rph3A postsynaptic activity were already
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demonstrated to decrease not only the synaptic availability of GluN2A-containing NMDA receptors
but also the spine density in hippocampal neurons (Stanic et al., 2015). Thereby, decreased Rph3A
expression and, consequently, of Rph3A/GIuN2A complex could contribute to the in vivo spine loss

observed in the PFF model.

These data suggest Rph3A as a possible mediator of asyn-induced synaptic toxicity in the striatum;
a modulation of its expression and aberrant interaction with asyn can thus represent a novel
experimental approach to counteract synaptic defects in asyn models. Rph3A modulatory strategies
were firstly tested exploiting a recently validated in vitro model of asyn-induced spine pathology,
specifically primary hippocampal neurons chronically treated with asyn PFFs. As previously reported
(Wu et al., 2019), I found a significant decrease of spine density upon 7-day PFFs treatment with a
still preserved viability and axonal integrity. Intriguingly, co-administration of the compound B
started 4 days post asyn seeding was sufficient to fully prevent PFFs-induced spine loss. Due to steric
hindrance, the molecule is potentially decreasing the amount of Rph3A bound to pathologic asyn,
thus enhancing the synaptic availability of the protein. Furthermore, in the same experimental model,

Rph3A overexpression was able as well to rescue the PFF-induced decrease in spine density.

As already described, Rph3A carries out important functions both at the pre-synaptic terminal, taking
part to neurotransmitter release cycle, and at the postsynapse, promoting synaptic retention of NMDA
receptors (Bourgeois-Jaarsma et al., 2021b; Stanic et al., 2015). Accordingly, it is possible to
speculate that Rph3A overexpression acts on both sides of the synapse, resulting sufficient to block

PFF detrimental effect on spines.

Proven their efficacy in vitro, Rph3A modulatory approaches were then investigated in vivo,
exploiting the already characterized PFF-mouse model. To note, the compound B-mediated in vitro
rescue of spine density was confirmed in mice striata as well. In particular, I found that 2-week
chronic intracerebroventricle administration, started at 70 dpi, in PFF-mice fully prevented synaptic
loss. This in vivo finding suggests that the aberrant Rph3A/asyn interaction can represent a valid

pharmacological target to counteract the progression of synaptopathy,

Studies on transmissible asyn rodent models indicate that motor and behavioral impairments start to
appear between three and six months after the lesion, although with some discrepancies of severity
among the different studies (Durante et al., 2019; Luk et al., 2012a; Tozzi et al., 2021). In this study,
PFF-mice showed impaired rotarod test performances and a mild decrease of the forelimb grip
strength. The bilateral PFF-injection can explain the more evident motor coordination impairment
found in the present study with respect to the milder dysfunctions previously reported in unilaterally-
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lesioned mice (Luk et al., 2012a). Indeed, bilateral lesions were recently described to produce similar
early behavioural defects in rats (Tozzi et al., 2021). Since the general locomotor activity, measured
in the open field test, of asyn mice was not altered, it can be supposed that at this time point only
more sophisticated motor capabilities are affected (Luk et al.,, 2012a). Importantly, here I
demonstrated that striatal delivery of an AAV-Rph3A in PFF-mice was able to fully rescue the motor
impairments observed in PFF-mice. Recovery of motor performances suggest that Rph3A striatal
overexpression positively affects the overall nigrostriatal and cortico-striatal network, counteracting
detrimental effects of asyn that leads to precocious motor impairments.

In conclusion, results of this PhD thesis demonstrate that Rph3A and Rph3A/asyn complex
significantly contribute to the pathogenic mechanisms underlying early PD synaptopathy in the

striatum, therefore representing novel and promising pharmacological targets.
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