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ABSTRACT

Parkinson’s Disease (PD) is a neurodegenerative disorder characterized by the loss of
dopaminergic neurons in the Substantia nigra pars compacta (SNc) and the presence of
intracytoplasmic aggregates of a-synuclein, named Lewy Bodies. Mutations in the LRRK2 gene
are the most common cause of late-onset autosomal dominant Parkinson’s Disease (PD), with the
G2019S being the most prominent reported. LRRK2-related PD patients are -clinically
indistinguishable from idiopathic PD patients, and presents an incomplete penetrance, a variable
age of onset and a heterogeneous pattern of symptoms, suggesting that the increased kinase activity
induced by the pathogenic LRRK2 mutations could not alone account for the clinical expression of
this disorder. In keeping with clinical data, rodent models of LRRK2-associated PD lack a
consistent parkinsonian phenotype, since in vast majority of studies they do not show overt
degeneration of the nigrostriatal pathway or deposition of pathological a-syn aggregates. Therefore,
genetic and environmental factors influencing LRRK2 penetrance and expressivity are an
appealing field of research which can provide new insights into the etiology of PD. The main
objective of this thesis was to investigate the interaction between the LRRK2 G2019S mutation and
other risk factors of PD, such as ageing, environmental toxins and a-synuclein (a-syn). To achieve
this goal, we employed LRRK2 G2019S Knock-in (KI) mice, which carry this mutant form of
LRRK?2 with the same levels of expression and brain distribution pattern of LRRK2 WT mice. We
first sought to investigate the role of ageing in the dysfunctions of the nigro-striatal DA
transmission associated with LRRK2 G2019S (Study I). Using a combination of ex vivo and in
vivo experiments, we reported that aged (>12 month) G2019S KI mice display DAT and VMAT2
alterations, both in terms of protein levels and function, alongside an increase in levels of
endogenous a-syn and its Serinel29 phosphorylated form. In the second study of this thesis (Study
1I), we aimed to investigate the interplay between G2019S LRRK?2 and A53T a-syn during ageing.
Young (3-month-old) and aged (12-month-old) G2019S KI mice were injected in SNc¢ with a
recombinant adeno-associated viral vector (AAV) serotype 2/9 overexpressing the human A53T a-
syn or green fluorescent protein (GFP) under the synapsin 1 promoter. We evaluated the motor
phenotype and the neuropathology associated with a-synuclein overexpression, and assessed
microglia morphology as a gross marker of neuroinflammation. G2019S LRRK?2 did not worsen a-
synucleinopathy in 3-month-old G2019S KI mice compared to WT mice, whether aged (12-month-
old) G2019S KI displayed a greater reduction of the number of SNc dopaminergic neurons and an
increased number of Proteinase K-resistant a-syn aggregates compared to WT mice. No impact of
a-synuclein overexpression on microglia morphology was observed 3 months after virus injection.
In the third part of this thesis (Study III), we investigated whether the increased LRRK2 kinase
activity associated with the G2019S mutation alters the susceptibility to the parkinsonian
neurotoxicant MPTP, which impairs the mitochondrial complex I and selectively destroys
dopaminergic neurons. Under a subacute protocol of administration, MPTP was given to 3-month-

old WT mice, to mice constitutively lacking LRRK2 (LRRK2 KO), to mice expressing the kinase-



dead mutation D1994S (KD) or the kinase enhancing mutation G2019S (G2019S KI). We found
that the augmented kinase activity conferred by the LRRK2 G2019S mutation, increases mice
susceptibility to MPTP, as shown by the greater number of nigro-striatal neuron degenerated after
toxin administration, an effect which is accompanied by a greater number of striatal microglial
cells. We then proceeded to test the neuroprotective properties of two kinase inhibitors, i.e. PF-
06447475 and MLi-2. Once again, we concluded the study by assessing microglial number and
morphology. Both compounds were able to rescue the increased susceptibility of G2019S KI mice
to MPTP by enhancing the number of spared nigro-striatal dopamine neurons, although only MLi-2
was able to protect also striatal terminals. In striatum, different patterns of microglial morphology
were induced by the two inhibitors, since only PF-06447475 was able to normalize the microglia
number in in G2019S KI mice being MLi-2 ineffective. The present thesis provides novel
information on the role of G2019S LRRK2 in experimental parkinsonism and possibly, PD
etiopathogenesis, in particular replicating in a genetic model of PD the positive interaction of
LRRK2 G2019S mutation with genetic (a-syn), physiological (aging) or environmental (MPTP)
risk factors in PD. This study confirms the neuroprotective potential of LRRK2 inhibitors,
strengthening the view that the increased kinase activity associated with the LRRK2 G2019S
mutation is instrumental for LRRK2 toxicity. Finally, the present work supports the view that
G2019S KI mice represent a model for presymptomatic/premotor PD, useful to study the
interaction between genetic, intrinsic and environmental factors, or in other words, the interplay

between “triggers, facilitators and aggravators” in the pathogenesis of PD.
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INTRODUCTION

Genetics of Parkinson’s Disease

Differently from other neurodegenerative disorders, Parkinson’s disease (PD) was believed to be a
pathology without a genetic basis. This misconception was changed thanks to studies of molecular
genetics seeking a genetic cause in different families in which PD followed a recessive or dominant
inheritance pattern (Golbe et al., 1990). The turning point was reached in 1997 at the National
Institute of Health in Bethesda (USA), where Polymeropoulos and colleagues identified PD-
associated point mutations in the SNCA gene, encoding for the protein a-synuclein (a-syn)
(Polymeropoulos et al., 1997). This study set the basis for further genetic studies in PD. This first
key discovery led to the identification of mutations in genes linked to rare recessive forms of early-
onset PD (EOPD), such as PARKIN, PINK1 and DJ-1 (Kitada et al., 1998, Valente et al., 2001,
Bonifati et al., 2003). In 2004, two different group of studies identified that mutations in the
LRRK? gene were cause of autosomal dominant PD (Paisan-Ruiz et al., 2004, Zimprich et al.,
2004). As of today, 23 different loci and 19 genes have been linked to the disease (Fig.1), with 10

being autosomal dominant and 9 autosomal recessive (Deng et al., 2018).

Locus Location Gene Protein Inheritance
PARK1 4q22.1 SNCA a-synuclein AD
PARK2 6926 PRKN Parkin AR
PARK3 Ipl3 PARK3 (Unclear) | Unclear AD
PARK4 4q22.1 SNCA a-synuclein AD
PARKS 4p13 UCHLI1 UCHL1 AD
PARK6 1p36 PINK1 PTEN induced AR

putative kinase 1
PARK?7 1p36.23 PARK?7 Parkinsonism AR

associated

deglycase
PARKS 12q12 LRRK2 Leucine-rich repeat | AD

kinase 2
PARK9 1p36.13 ATP13A2 ATPase 13A2 AR
PARK10 1p32 PARK10 Unclear
PARKI11 2q37.1 GIGYF2 AD
PARK12 Xq21-g925 PARKI12 (Unclear) X-linked

inheritance
PARKI13 2pl13.1 HTRA2 AD
PARK14 22q13.1 PLA2G6 AR
PARKIS 22ql12.3 FBX07 AR
PARK16 1932 PARK16 Unclear
PARK17 16q11.2 VPS35 AD
PARKI18 3q27.1 EIF4Gl AD
PARK19 1p31.3 DNAJC6 AR
PARK20 21g22.1 SYNJ1 AR
PARK21 20p13 TMEM230 AD
PARK22 Tpll.2 CHCHD2 AD
PARK23 15q22.2 VPS13C AR
11p14.4 RIC3 AD

Fig. 1: List of all known loci linked to PD with chromosomal location, name of the related gene,

phenotype associated with it. AR= autosomal recessive, AD= Autosomal dominant.

transcript and clinical




SNCA (PARK1/4)

Identification and mapping

In 1993, Ueda and colleagues described the second major peptidic component of amyloid plaques
in Alzheimer’s disease and named it NAC (non-Amyloid-B component) (Ueda et al., 1993).
Subsequent studies were able to link the precursor of this protein to a class of protein highly
enriched in the human brain maned synucleins (Chen et al., 1995). The term “synuclein” was
coined by Maroteaux and collaborators, upon identification of a class of proteins located mostly in
presynaptic endings and nuclei of the Torpedo californica and rat brain (Maroteaux et al., 1988). In
1996, Polymeropoulos and colleagues located a locus on the long arm of chromosome 4 linked to
PD inheritance in an Italian family from Contursi Terme (Polymeropoulos et al., 1996). The
following year, the same group identified the AS53T point mutation in the SNCA gene
(Polymeropoulos et al., 1997). At the same time, the group of MG Spillantini reported a-syn as the
major component of Lewy bodies (LB), intracellular inclusions characteristic of PD brain
(Spillantini et al., 1997) . The two alleles of the SNCA gene, PARK1 and PARK4, are located on
chromosome 4q21.3-q22. PARK1 mutations have been linked to point mutations of a-syn, whereas
PARK4 mutations are attributable to gene duplication or triplication. SNCA comprises six exons,
the translational initiation codon is situated in exon 2, whereas the TAA stop codon can be found
on exon 6. The full-length transcript is a 140-amino acid protein. Truncated transcripts have also
been found. These minor isoforms, named NACP112, NACP126 and NACP9S, are produced via

alternative splicing of exon 3, exon 5 or both (Xia et al., 2001).




Protein Structure
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Fig. 2: Chromosomal localization of PARK1/4 loci, gene, mRNA and protein structure of a-synuclein. o-synuclein is
a 140-aminoacid protein with an amphipathic region, an acidic tail and a central NAC domain. Common mutations
occur in the amphipathic region of the protein, whereas post-translation modifications are located in the C-terminal
region. Figure taken from (Venda et al., 2010).

Three regions form the a-syn protein: a N-terminal amphipathic region, a central hydrophobic
domain and a C-terminal acidic tail. The N-terminal domain is composed of 61 residues and
contains the highly conserved KTKEGV hexameric lipid-binding motif, similar to that found in the
a-helical domain of apolipoproteins. This region can form amphiphilic a-helices which are able to
bind cellular membranes. Residues from 61 to 95 are referred to as the NAC (Non Amyloid-f3
Component) domain, which confers the protein the ability to form B-sheets and may play a role in
pathological aggregation of a-syn (Pfefferkorn et al., 2012). The C-terminal domain (residues 95-
140) is a glutamate-rich region, which confers a negatively charged potential and, in addition to its
low hydrophobicity, the tendency of this region to form a random coil structure. Furthermore, the
acidic tail of a-syn is homologous with small heat shock proteins (HSPs), suggesting a protective
role for a-syn in regulating the degradation process of certain proteins (Kim et al., 2004). The
importance of the tertiary structure of a-syn becomes evident when considering its neurotoxic
potential, although once again, reports are contrasting. The most widely accredited hypothesis
describes the protein in equilibrium between a monomeric and oligomeric form (Burre et al., 2015).
Under physiological conditions, unfolded monomeric o-syn assembles into more elaborate
structures such as tetramers and protofibrils (Lashuel et al., 2002). If these forms are not rapidly
degraded, they may lead to formation of highly neurotoxic mature fibrils. These complexes exert

their toxic activity by binding to membranes and altering their integrity, or by destabilizing




proteostasis (Pieri et al., 2016). Furthermore, recent studies have suggested that fibrillar misfolded
a-syn can spread cell-to-cell in a prion-like fashion and seed the aggregation of endogenous a-syn

in healthy neurons, thus promoting cell death (Paumier et al., 2015).

Localization and function

a-syn is predominantly expressed in the brain and can be detected primarily in the substantia nigra
(SN), hippocampus, globus pallidus, olfactory bulb and dorsal motor nucleus of the vagus (Taguchi
et al., 2016). Still very little is known about a-syn physiological functions, despite the protein has
been linked to a wvariety of activities, from neuronal differentiation to maintenance of
polyunsaturated fatty acid levels, the most widely recognized being the regulation of
neurosecretion and vesicle trafficking. In fact, through its chaperone activity, a-syn promotes the
assembly and disassembly of the SNARE complex (composed by syntaxin-1, SNAP-25 and
synaptobrevin-2) by interacting directly with the protein synaptobrevin-2 (Burre et al., 2010, Burre
et al., 2014). In addition, a-syn has been implicated in the enhancement of vesicle clustering by
inhibiting SNARE-mediated vesicle fusion and stabilizing docked vesicles at the presynaptic
membrane (Larsen et al., 2006, Lai et al., 2014). Another interesting putative role of a-syn involves
dopamine (DA). Indeed, synuclein negatively regulates short-term release of DA from synaptic
vesicles, thus increasing the turnover of the DA pool (Abeliovich et al., 2000). Furthermore, a-syn
controls the cytosolic levels of DA by interacting directly with the membrane DA transporter, DAT
(Lee et al., 2001, Fountaine and Wade-Martins, 2007). A putative role of a-syn in mitochondrial
function has also been proposed based on the finding that a-syn colocalizes at mitochondria-
associated endoplasmic reticulum membrane (Guardia-Laguarta et al., 2014). Indeed, different
studies consistently reported that a-syn effects mitochondrial calcium homeostasis by facilitating
the physical interaction between the endoplasmic reticulum (ER) and mitochondria, (Cali et al.,
2012, Guardia-Laguarta et al., 2014, Paillusson et al., 2017). Nonetheless, not all studies confirmed
this finding (Paillusson et al., 2017). Endogenous a-syn has also been shown to be required for the
normal activity of the respiratory chain complexes (Devi et al., 2008), its expression directly
affecting mitochondrial fission (Nakamura et al., 2011). Similar studies showed that the AS3T

aberrant form induces mitochondrial fragmentation even at low levels (Pozo Devoto et al., 2017).

Mutations and toxicity

Genetic screenings of a large family from a village in south-western Italy, Contursi Terme, led to
the identification of a point mutation in the SNCA gene, responsible for the onset of autosomal-
dominant PD. All members of the Contursi kindred present a single base pair mutation at position
209 (from guanine to adenosine G209C), resulting in an alanine to threonine substitution in
position 53 (A53T) (Polymeropoulos et al., 1997). In the last two decades many more mutations

were identified such as:




e A guanine to cytosine substitution in position 88, resulting in an alanine to proline
replacement as the 30th amino acid (A30P) in a German family (Kruger et al., 1998).

e A substitution of a guanine to an adenosine in the 152" base pair, switching a glycine to an
aspartate in position 51 (G51D), in four members of a French family (Lesage et al., 2013).

e A guanine to adenosine change in the 136" base pair, causing the exchange of a lysine with
a glutamic acid in position 46 (E46K) in a Spanish family (Zarranz et al., 2004).

e A substitution of a histidine to glutamine at the 50" amino acid (H50Q), due to a

replacement of a thymine to a guanine in position 150 (Proukakis et al., 2013).

Although the underlying mechanism remains to be elucidated, a-syn mutants display a greater
propensity to form aggregates when compared to wild type (WT) forms (Flagmeier et al., 2016).
Different studies showed that A53T, E46K and H50Q mutants display an accelerated rate of
fibrillization in vitro (Conway et al., 1998, Narhi et al., 1999). This may be due to the fact that
mutated a-syn lacks long-range interaction between the NAC domain and the flanking regions,
translating into a higher inclination to form -sheet structures and amyloid protofibrils (Coskuner
and Wise-Scira, 2013). In contrast, it has been reported that other pathogenic mutations such as
A30P, G51D and AS53E, decrease the fibrillization rate of a-syn (Li et al., 2001, Fares et al., 2014,
Ghosh et al., 2014). This discrepancy could be explained by the increased capability of the aberrant
forms to form pre-fibrillar oligomers which are thought to be more toxic than fibrils derived from
monomers (Winner et al., 2011). Furthermore, a-syn oligomers undergo continuous conformational
changes and become more stable, compact and resistant to proteinase-K, inducing a higher degree
of oxidative stress, before becoming fibrils (Cremades et al., 2012). The hypothesis that a-syn
oligomers are more toxic than downstream fibrils is also supported by the evidence that injection of
a-syn variants promoting oligomers formation as opposed to fibril formation into the rat brain
causes a more severe degree of neurodegeneration (Winner et al., 2011). However, it has recently
been shown that injection of human a-syn fibrils into the rat substantia nigra pars compacta (SNc)
induces greater motor impairment along with a more severe nigro-striatal dopaminergic
denervation (Peelaerts et al., 2015). Another interesting point is the possibility that there may exist
different strains of a-syn which express different degree of aggregation and toxicity. The
generation of these strains may be due to the various conformational states that monomeric a-syn
can adapt following changes in physical-chemical conditions (pH, viscosity, ionic strength, and
nature of ioms, etc.)(Uversky, 2003). Each conformational variant of a-syn monomer exposes
specific amino acid stretches that govern its ability to establish defined sets of intermolecular
interactions. Such interactions lead to assemblies that display different intrinsic structures and have
distinct amino acid exposed at their surfaces. The intermolecular interactions that stabilize o-syn
monomers within the aggregate confer the ability of given a-syn assembly to incorporate additional

monomers in a thermodynamically stable manner, and to grow in size. Importantly, the different




amino acid stretches exposed influence the partner proteins, receptors and lipids a given a-syn
strain will interact with, also dictating its seeding propensity, resistance to cellular degradation,
cytotoxicity and tropism for different cell subtype in the central nervous system (CNS). It then
becomes evident that this can result in highly specific pathological and physiological properties of
certain a-syn assembly. Although the debate about which form of a-syn is the most toxic still
remains open, various pathways of a-syn toxicity have been proposed (Wang et al., 2014, Pozo
Devoto et al., 2017) (Hoenen et al., 2016). Among these pathways, the impairment of synaptic-
vesicle trafficking deserves special consideration. Large a-syn oligomers preferentially bind
VAMP2 and disrupt SNARE complex assembly, thus impacting neurotransmitter release and
synaptic-vesicle motility (Choi et al., 2013, Wang et al., 2014). Similar results are also achieved
through the upregulation of a-syn expression (Nemani et al., 2010), which leads to a reduction in
DA reuptake, DAT dysfunction, and ultimately, disrupting of DA turnover (Lundblad et al., 2012).
In accordance with the recent hypothesis of mitochondria dysfunction being instrumental for PD
onset, it has been suggested that a-syn toxicity might directly impact on mitochondrial
homeostasis. This theory is supported by the finding that mice expressing the A53T mutant display
increased mitochondrial DNA damage and mitophagy (Choubey et al., 2011, Chen et al., 2015). It
is also possible that mitochondrial dysfunction is indirectly induced by a-syn via decreased levels
of the mitochondrial biogenesis factor PGC-1a (Zheng et al., 2010) or by disrupting the interaction
between this organelle and the ER. As a matter of fact, a-syn has been reported to alter the number
of mitochondria-associated ER membrane (MAM), a subdomain of the ER tethered to
mitochondria via a group of adaptor proteins which serve as a critical site for autophagosome
biogenesis, mitochondrial fission and calcium homeostasis (Cali et al., 2012, Guardia-Laguarta et
al., 2014). a-syn expression also disrupts endosomal trafficking and induces ER stress and early
secretory-pathway dysfunction (Cooper et al., 2006). Perhaps one of the most widely accepted
theory points to autophagy as the main factor behind a-syn toxicity. Indeed, a-syn overexpression
alters the trafficking of the autophagic transmembrane protein ATG9, thus impacting the
biogenesis of the autophagosome (Winslow et al., 2010). In addition, oligomeric and aberrant
forms of a-syn, such as A53T and A30P, bind the lysosomal receptor LAMP2A more tightly than
the WT form, thus preventing their own import inside the lumen of the lysosome and blocking
cargo loading of other chaperone mediated autophagy (CMA) substrates (Cuervo et al., 2004).
Furthermore, DA-modified forms of a-syn, such as DOPAL-bound a-syn or nitrated a-syn, also
block CMA activity, which might explain the selective dopaminergic vulnerability in PD
(Martinez-Vicente et al., 2008). Finally, an abundance of a-syn negatively impacts on lysosomal
enzymatic activity, dampening the activity of glucocerebrosidase (GCase), cathepsin B, B-
galactosidase and hexosaminidase (Mazzulli et al., 2011, Mazzulli et al., 2016, Wong and Krainc,
2016). It is possible that all these numerous pathways could contribute to the pathogenesis of PD in

different moments of disease progression, with some appearing early on, i.e. in a presymptomatic




stage, and others later, in a symptomatic or complicated stage. Moreover, different pathways might
be recruited to compensate for dysfunctions occurring in other compartments. With this concept in
mind, in 2003, Hugo Braak and colleagues, based on the postmortem analysis of LB patterns in PD
brains, proposed a staging of a-syn pathology into six phases. According to this theory, early
pathology affects low brainstem nuclei and correlates with appearance of non-motor symptoms
such as olfactory dysfunction, depression or REM sleep disturbances (Braak stages 1 and 2). Then
the degeneration invades the mesencephalic SNc (stages 3-4) causing the onset of the classical
motor symptoms (Braak et al., 2003a), and finally enters the telencephalic areas causing severe
cognitive deficits and mood changes. Subsequently, Braak and colleagues developed a theory in
which olfactory and gastric mucosae might be used by an unknown pathogen as entry routes to gain
access to the central nervous system (CNS) and spread across the neuronal population (Braak et al.,
2003b). Such pathogen was hypothesized to be composed of fragments of misfolded a-syn which
infiltrates in the gut to the submucous plexus, travels trans-synaptically along the preganglionic
parasympathetic fibers to the dorsal motor nucleus of the vagus nerve. Alternatively, a-syn
fragments might reach the CNS via the olfactory epithelium and reach the olfactory bulb. Both the
olfactory bulb and the dorsal motor nucleus of the vagus nerve where hypothesized by Braak and

colleagues to be the initiation sites of the pathology in their first work.

Braak stages 1 and 2 Eraak stages 3 and 4 Braak stages 5 and &
Autonomic and olfactory Sleep and motor Emotional and cognitive
disturbances disturbances disturbances

bulb

Matar
symploms
(&) Brainstem Lewy body

(®) Cortical Lewy body

Figure 3: Schematic representation of a-syn staging postulated by Braak and colleagues. a-syn reaches the CNS via the
vagus nerve and start to affect the brainstem nuclei and the olfactory bulb (Stage 1 and 2) with clinical manifestations
only accountable to premotor symptoms such as autonomic alterations and anosmia. In Braak stage 3 and 4, o-syn
aggregates reach the mesencephalon and motor symptoms, together with sleep behavior alterations, start to occur. In the
late stage (5 and 6), LBs reach a whole brain localization, also affecting cortical areas, reaching the peak of symptoms
manifestations. Figure taken from Petersen and collaborators.

This theory fueled the idea that a-syn spreading might follow a prion-like mechanism, an idea that
found an apparent confirm a few years later when it was reported that 2-5% of healthy human

foetal midbrain neurons therapeutically grafted into the striata of patients with advanced PD




developed Lewy pathology (Kordower et al., 2008). One of the main features of prions, acronym
for proteinaceous infecting particles, is the ability to propagate both intercellularly and from
organism to organism. Although there is no evidence that a-syn can transfer from one individual to
another, hence the use of the term “prion-like”, various works described the capability of a-syn to
spread from cell to cell. Indeed, it has been demonstrated that after oligomerization, a-syn
assemblies are released in the extracellular space via vesicles or through passive exocytosis and
interact with membranous proteins which promote their uptake (Shrivastava et al., 2015, Mao et al.,
2016). Once inside the cell, a-syn oligomers act as seeds, triggering the aggregation of endogenous
cytosolic a-syn, through a yet unknown process. Then, they are transported anterogradely or
retrogradely along the axon and directed mostly to the lysosomes (to be degraded) or to release
areas thus spreading to anatomically connected areas (Lee et al., 2008, Lee et al., 2010a, Reyes et

al., 2015).
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Fig. 4: Schematic representation of prion aggregation, aggregation states and cell-to-cell spreading. Picture taken form
(Brundin et al., 2010)

To confirm this view, injections of preformed a-syn fibrils into the striatum lead to the generation
of a-syn aggregates, with subsequent neurodegeneration of SN dopaminergic neurons that project
to the striatum. Furthermore, the hypothesis that misfolded a-syn might prime and destabilize other
strains of a-syn to trigger aggregation is supported by the evidence that injection of preformed

fibrils does not trigger a-syn pathology in a-syn-null mutant mice (Luk et al., 2012). It is also




important to note that a-syn can spread beyond synaptic connections and anatomical pathways,
suggesting that non-synaptic propagation mechanisms might exist (Sacino et al., 2014). One
possible mechanism of diffusion involves circulating glial cells. For instance, aggregated tau, like
a-syn, can be carried by microglia and transduced into cells in far areas, promoting aggregated
protein propagation (Asai et al., 2015). Furthermore, this effect is reverted after depletion of
microglial cells. Although direct evidence is still lacking, a role of microglia and other immune
cells in a periphery-to-CNS propagation of aggregated a-syn cannot be ruled out. Indeed, the
transmission of a-syn from the periphery is often accompanied by increased microglial activity and

neuroinflammation, along with a leaky blood-brain barrier (BBB) (Breid et al., 2016).

Post-translational modifications

In order to better understand the physiological and pathological role of a-syn, it is important to note
that it can undergo a plethora of post-translational modifications that directly modify its activity
and capability to interact with certain proteins. Biochemical characterization of a-syn aggregates in
LBs revealed the presence of small quantities of truncated forms of a-syn with molecular weight of
10-15 kDa derived from the C-terminus of the protein (Anderson et al., 2006). Other three
truncated forms of a-syn have been identified in post-mortem tissues derived from Dementia with
Lewy Bodies (DLB), multiple system atrophy (MSA) and PD patients: two C-terminal truncated
regions (approximately between residues 102-125 and 83-110, respectively) and, finally, isoforms
of N- and C-terminal, only detected in a-syn aggregates (Li et al., 2005). Quite interestingly, these
isoforms have been found also in the healthy brain, suggesting that a-syn cleavage might occur at
physiological level and could exert a specific activity (Li et al., 2005). These findings also suggest
that the C-terminal truncated forms, which localize selectively into LBs or in insoluble aggregates,
accumulate very rapidly and may act as nucleation points to accelerate the aggregation rate of the
full-length protein (Oueslati et al., 2010). Although a specific protease has not yet been identified,
various putative enzymes might be implicated in a-syn cleavage and production of truncated forms.
For instance, neurosin (also known as kallikrein-6) is a trypsin-like protease that has been detected
in LB (Iwata et al., 2003). In vitro experiments showed that cleavage of a-syn by neurosin
generates a major residue of 1-80 amino acids, which does not aggregate, and three minor
fragments: 1-97, 1-114 and 1-121. Quite interestingly the serine-129 (Ser129) phosphorylated form
and the AS53T and A30P deviants are resistant to proteolysis mediated by neurosin. The
intracellular calcium-dependent protease calpain also cleaves WT a-syn or its mutants (A30P and
AS53T) at different sites in the NAC region, producing fragments that inhibit the aggregation of the
full-length protein (Mishizen-Eberz et al., 2005). The major fragments that are generated consist of
two residues of the N-terminal domain (58-140 and 84-140), and four of the C-terminal domain (1-
57, 1-73, 1-75 and 1-83). Furthermore, following sequencing the N-terminal and using antibodies
raised against the N-terminal truncated forms, another cleavage site of calpain has been identified,

between residues 9 and 10. In fibrillar state, the calpain-mediated cleavage occurs exclusively in




the C-terminal region, between residues 114 and 122, probably due to this region remaining
flexible and exposed to the action of proteases (Mishizen-Eberz et al., 2005). Fragments of calpain-
cleaved a-syn have been identified in LB and Lewy neurites, also co-localized with activated
calpain, suggesting a relationship between calpain-cleavage of o-syn and disease-linked
aggregation (Dufty et al., 2007). Recently, the lysosomal enzyme cathepsin D has been reported to
generate two forms of a-syn cleaved at the C-terminal region, of 12 and 10 kDa, respectively
(Sevlever et al., 2008). Using specific antibodies against different epitopes of a-syn it has been
showed that these fragments end approximately at 91-98 and 91-115 amino acids, respectively.
Moreover, Sevlever and colleagues demonstrated that a-syn fragments generated by cathepsin D
are the major component of the oligomeric species of a-syn that are produced under oxidative
stress conditions (Sevlever et al., 2008). Levin and collaborators showed an increased aggregation
rate of a-syn in vitro following proteolysis mediated by metalloproteases. Interestingly, higher
concentrations of metalloproteases inhibit a-syn aggregation (Levin et al., 2009), probably due to
an increased cleavage in the NAC region, essential for oligomerization and formation of a-syn
fibrils (Oueslati et al., 2010). Numerous studies focused on the phosphorylation at serine residue
129 (pS129) and its possible implications on the neurodegeneration induced by a-syn (Oueslati et
al., 2010) (Tenreiro et al., 2014b). Interestingly, only a small fraction (4%) of a-syn is
constitutively phosphorylated at S129 in the brain at physiological level, whereas a dramatic
increase (90%) is observed in patients affected by synucleinopathies (Fujiwara et al., 2002) as well
as in animal models of PD (Neumann et al., 2002, Takahashi et al., 2003). These results strongly
support the hypothesis that phosphorylation at S129 could play an important role over the normal
function of a-syn, regulation of its aggregation, LB formation and neurotoxicity. Despite the great
efforts made to identify the kinase responsible for a-syn phosphorylation, and to understand the
consequences of such modification on the biophysical and biochemical properties of the protein, it
is still a matter for debate how pS129 modulates a-syn physiological function or whether it exerts a
protective or toxic effect on cell biology. It is interesting to note that the C-terminal tail of a-syn
comprises most of the post-translational modification sites, such as phosphorylation (Tyrl25,
Ser129, Tyr133 and Tyrl36), cleavage (AspellS, Aspl19, Prol120, Glul30 and Aspl35) and
ubiquitination (Lys96). The interaction between a-syn and vesicles of different lipid composition
has been widely investigated (Snead and Eliezer, 2014). Recent studies focused their attention on
the role of phosphorylation at S129 over the regulation of the interaction between a-syn and the
membrane. However, in vitro evaluation of the effect of pS129 a-syn on the binding of a-syn to the
vesicular membrane led to contrasting results. In fact, whether a study reported no effect (Visanji et
al., 2011), two independent studies demonstrated that GRK-mediated phosphorylation or the S129E
mutation, which mimics the phosphorylation state, diminish the affinity between a-syn and
phospholipids (Pronin et al., 2000, Nubling et al., 2014). On the other hand, animal and cellular

studies using phosphomimics reported an inhibitory effect of pS129 on the interaction between a-
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syn and vesicles. A similar finding has been reported in a genetic model of PD, i.e. the rat injected
with an adeno-associated virus (AAV) overexpressing a-syn, in which electron microscopy
analysis revealed that most of the non-phosphorylatable SI129A mutant a-syn is associated with
membranes (Azeredo da Silveira et al., 2009). Collectively, these in vitro and in vivo data support
the hypothesis of an inhibitory effect of phosphorylation at S129 on the binding between a-syn and
phospholipidic membranes. Recently, a role for phosphorylated membrane-bound a-syn in the
regulation of neurotransmitters uptake, in particular DA, has been described. In a in vitro assay,
Hara and colleagues reported that GRK-mediated phosphorylation increases the capability of a-syn
to accelerate DA uptake, without influencing the expression of DAT on the membrane (Hara et al.,
2013). These data suggest that pS129 a-syn might play a crucial role in regulating the function of
a-syn at the synapses. Nevertheless, it remains still unresolved how phosphorylated a-syn is able to
modulate synaptic plasticity despite its low levels and short physiological half-life. Hirai and
collaborators might have given a partial answer to this question by reporting how phosphorylation
state is tightly bound to physiological stimuli such as stress conditions (Hirai et al., 2004). Different
studies highlighted that the C-terminal region of a-syn interacts with metal ions, and that S129 can
be found in close proximity to the binding sites of these ions (Liu and Franz, 2007, Bisaglia et al.,
2009). In a recent study, Nubling and colleagues reported that mimicking phosphorylation with the
S129E substitution facilitates oligomers formation in the presence of trivalent metallic ions such as
ion and aluminium, when compared to WT protein (Nubling et al., 2014). While different post-
translational modifications, in particular ubiquitination, sumoylation and phosphorylation at Tyr39,
have been reported to regulate a-syn degradation through different proteolytic systems, little is
known regarding the implications of phosphorylation at S129 on a-syn turnover. The first evidence
of a cross-talk between pS129 and a-syn clearance has been reported by Chau and colleagues. They
observed that inhibition of the ubiquitin-proteasome system (UPS) induces a significant increase in
pS129 a-syn levels in human neuroblastoma cells (Chau et al., 2009). A following study confirmed
these findings and reported that also inhibition of the autophagic-lysosomal pathway (ALP) induces
a massive accumulation of pS129 a-syn both in rat cortical neurons and in human neuroblastoma
cells. Researchers observed that half-time of pS129 a-syn was significantly shorter than the non-
phosphorylated form (1h against 4h), suggesting that a-syn in its phosphorylated state is selectively
targeted to degradation (Machiya et al., 2010). More recently, Oueslati and colleagues reported that
overexpression of Polo-like kinase 2 (PLK2), the main kinase responsible for a-syn
phosphorylation in the brain, increases a-syn turnover via autophagic pathway (Oueslati et al.,
2013, Bergeron et al., 2014). This cellular process is unique to the family of synucleins and is

governed by kinase activity of PLK2 and through direct interaction between PLK and a-syn.
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Fig. 5: Regulation of a-syn degradation mediated by PLK2 phosphorylation. (Oueslati et al., 2010)

A similar observation has been reported in a yeast PD model where the S129A substitution
compromises a-syn clearance via the ALP system (Tenreiro et al., 2014b). Although the
physiological interaction between PLK2 and a-syn remains elusive, different lines of evidence
converge to suggest a synergistic role of these two proteins in the regulation of synaptic
transmission and in cellular response to oxidative stress (Matsumoto et al., 2009, Burre, 2015). The
identification of a PLK?2 pathway for a-syn clearance offers the opportunity for the development of
new selective therapeutic strategies aimed to reduce the levels of toxic a-syn in PD patients
(Oueslati, 2016). The ability of the C-terminal tail of a-syn to interact with different proteins raised
the question on how phosphorylation at S129 might regulate this interaction. McFarland and
collaborators first answered this question using aimed functional proteomic assays. In their study,
they demonstrated that non-phosphorylated a-syn mainly interacts with proteins related to the
mitochondrial electron transport chain, although phosphorylated a-syn showed more affinity for
cytoskeletal and presynaptic proteins implicated in synaptic transmission and vesicular trafficking
(McFarland et al., 2008). In a recent study, Yin and colleagues demonstrated that the C-terminal
region is implicated in the interaction between a-syn and Rab GTPases (Rab8a), small proteins
which regulate vesicular trafficking. The authors reported that pS129 promotes o-syn-Rab8a
interaction and modulates its toxicity (Yin et al., 2014). The abnormal accumulation of pS129 in
the brain of patients affected by synucleinopathies, and the increase of its levels during ageing, the
major risk factor of PD, suggest that this post-translational modification might represent a key
factor in the pathogenesis of PD and related disorders. However, the exact implications of
phosphorylation at S129 on a-syn aggregation and on its toxicity in vivo is still debated. Among
the kinases responsible for a-syn phosphorylation, we find casein kinases, GRK, LRRK?2 and
PLK2. Two independent groups studied the effect of GRK2 and GRK6 overexpression on a-syn
toxicity (Chen and Feany, 2005, Sato et al., 2011). In both studies, GRK overexpression was
associated with an increase of pS129 a-syn levels and cell death. These observations suggest that

GRK-mediated phosphorylation exacerbates its toxicity in vivo. Instead, an opposite outcome
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resulted from a recent study, (Oueslati et al., 2013) where AAV-mediated overexpression of PLK2
in rat mesencephalon induced a 3-fold increase in pS129 a-syn levels in the infected neurons,
which was accompanied by a significant attenuation of a-syn-induced dopaminergic cell loss.. At
the molecular level, the same study demonstrated that PLK2 overexpression ameliorated o-syn
clearance via ALP, suggesting that the PLK-mediated neuroprotective effect could be attributed to
a decrease of the protein levels below the toxic threshold (Oueslati 2013). The discrepancy between
the PLK2 and GRK effects on a-syn toxicity might be due to the superior ability of PLK2 in
phosphorylating a-syn in vivo (Salvi et al., 2012). The role of pS129 on a-syn aggregation has been
widely studied in vitro, with data supporting the hypothesis of an inhibitory effect of this post-
translation modification on a-syn fibrillogenesis (Paleologou et al., 2008, Oueslati et al., 2010).
Nevertheless, it remains to be clarified how pS129 controls a-syn aggregation and seeding in vivo.
In cell cultures, adding exogenous a-syn or pre-formed fibrils (PFF) induces the formation of
intracellular aggregates with close resemblance to LB (Luk et al., 2009, Volpicelli-Daley et al.,
2011). This cellular process is governed by a nucleation-dependent mechanism in which PFF and
a-syn offer the support to the assembly of soluble monomers of a-syn, ultimately resulting in
highly ordered protein aggregates (Oueslati et al., 2014). Luk and colleagues were able to
demonstrate in vitro that phosphorylation is not required for the formation of intracellular
inclusions since S129A overexpressing cells treated with PFF presented intracellular inclusions
similar to WT cells (Luk et al., 2009). Taken together these data suggest that phosphorylation is not
a limiting step in a-syn aggregation and seeding in vivo and raise the question of whether the

accumulation of pS129 represent an early or late event in the pathogenesis of synucleinopathies.

LRRK2 (PARKS)

Identification and mapping

In 2002, Funayama and colleagues identified and mapped a novel PARK locus (PARKS) on the
short arm of chromosome 12 (12p11.2-q13.1) in a Japanese family with a dominantly-inherited
form of parkinsonism similar to late-onset PD (Funayama et al., 2002). Two years later, PARKS
correlation to PD pathogenesis was confirmed by two independent studies describing families
carrying mutations in the leucine-rich repeat kinase 2 (LRRK?2) gene (Paisan-Ruiz et al., 2004,
Zimprich et al., 2004). Zimprich and collaborators described pathogenic amino acid substitution
p.R1441C and p.Y1699C in a family from Nebraska and in a German-Canadian family. At the
same time, Paisan-Ruiz and colleagues, through genetic linkage in families with late-onset
parkinsonism, described a substitution of a cytosine to a guanine in position 4321, which results in
the p.R1441G mutation in both familial and sporadic PD patients from the Basque region of
northern Spain, together with the p.G2019S mutation in families from Norway, Ireland, Poland,
and the United States. The following year, Funayama’s group identified the p.I2020T mutation as
causative of the disease in the original Sagamihara pedigree in Japan (Funayama et al., 2005). As

of today, more than 80 variants of LRRK2 protein have been reported, among which only seven
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(p.N1437H, p.R1441G, p.R1441C, p.R1441H, p.Y1699C, p.G2019S and p.12020T) have been
confirmed to be pathogenic. The G2019S mutation located on the 42" exon is the most common,

with a frequency of 1-2% in sporadic PD and 4% in familial PD cases (Gasser, 2009).

Protein structure and mutations
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Fig. 6: LRRK? protein structure with localization on exomes and protein of the most common mutations. Picture taken
from (Hyun et al., 2013).

The LRRK?2 gene comprises 51 exons coding for a multidomain cytoplasmic protein of 2527 amino
acids, also named LRRK2, which belongs to the Roco superfamily of proteins, a novel family of
Ras-like G-proteins (Bosgraaf and Van Haastert, 2003). Also named dardarin, from the basque
word dardara, which means tremors, LRRK2 comprises a central GTPasic Ras-of-complex (ROC)
and a kinase domain surrounded by various protein-protein interaction domains, including
armadillo repeats (ARM), ankyrin repeats (ANK), the namesake leucine-rich repeats (LRR)
domain, a C-terminal of Roc (COR) and a WD40 domain (Mills et al., 2014). The pathogenic
mutations of LRRK2 are clustered around the central catalytic core of the protein, with two
mutations in the kinase domain (G2019S and 12020T), three in the Roc Domain (R1441C/G/H) and
one in the COR domain (Y1699C). Furthermore, two variants located in the COR domain
(R1628P) and in the WD40 domain (G2385R), have been identified as risk factors for sporadic PD
(Cookson, 2010, Cookson and Bandmann, 2010). Given the difficulty to isolate sufficient high-
quality recombinant LRRK?2, advancement in understanding the structure of this protein has come
from works with related Roco proteins from bacteria and Dictyostelium discoideum (Gotthardt et
al., 2008, Gilsbach et al., 2012). Roco proteins include a Roc domain, with a high homology to
proteins of the Ras superfamily, and possess all five G motifs that are required for guanine
nucleotide binding. Roc can always be found in tandem with the COR domain, a 300-400-long
amino acids peptide with no significant homology to the other domains. In vertebrates, only four
Roco proteins have been identified: LRRK1, LRRK2, death-associated protein kinases-1 (DAPK1)
and malignant fibrous histiocytoma amplified sequences with leucine-rich tandem repeats 1
(MASL). Roco proteins can be classified into three groups based on domain topology (Bosgraaf
and Van Haastert, 2003). The MASL protein can be attributed to a group of Roco proteins
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commonly found in metazoans, prokaryotes and plants, where the RocCOR tandem is always
preceded by an LRR domain. The second Roco group comprises the two human LRRK proteins,
which are also present in D. discoideum and metazoans, and display an N-terminal LRR and a C-
terminal kinase domain in addition to the RocCOR tandem. Finally, the last group is characterized
by the presence of a tumor-suppressor DAPK domain. Although, the exact function of the Roc
domain of LRRK2 has not yet been cleared, it has been reported that the G-domain of LRRK2 acts
as a GTP-binding protein which regulates the activity of the kinase domain (Taymans, 2012, Biosa
et al., 2013). The G-domain contains five highly conserved G1-G5 motifs, which are responsible
for nucleotide binding. The G1 motif, also called p-loop, is essential for the binding of the a- and [3-
phosphate of the nucleotide, as well as for the interaction with a magnesium-ion in the nucleotide
binding pocket. The G-proteins oscillate between an active GTP- and inactive GDP-bound state
through a switch mechanism that works via nucleotide binding and hydrolysis (Vetter and
Wittinghofer, 2001). It is interesting to note that only the GTP-bound G-protein displays high
affinity for effector proteins. Studies of the Roc G-domain are slowed by the lack of the crystal
structures, with only two available that encompass the Roc G-domain: one structure of the LRRK?2
Roc domain and one of the Roc-COR tandem of the Roco protein from Chlorobium tepidum (Deng
et al., 2008, Gotthardt et al., 2008). Interestingly, the structure of the Roc domain in LRRK2
revealed a mirrored dimer in which the G-domain of two LRRK2 proteins are linked to form a
constitutive dimer. Kinases play a key role in the regulation of cellular mechanisms via the transfer
of y-phosphate of ATP to a target protein. There are three subtypes of kinases: serine/threonine
kinases, which represent the vast majority, tyrosine kinases, and a small group of kinases classified
as atypical (Endicott et al., 2012). Roco proteins, and in particular LRRK?2, are serine/threonine
specific kinases. The architecture of LRRK?2 kinase domain consists of a two-lobed kinase structure
with an adenine nucleotide in the nucleotide-binding pocket. The lobe in the N-terminal region is
smaller and is composed of anti-parallel B sheets and contains the conserved aC-helix. The C-
terminal lobe mostly contains a-helices and comprises an activation loop which expresses the
conserved N-terminal DFG motif. Between the two lobes resides a gap housing the ATP binding
site, which together with the activation loop forms the catalytic site of the kinase. The aspartic acid
in the DFG motif makes contact with all three ATP phosphates either directly or via coordination
of a magnesium ion. The DFG can assume two states: a DFG-in (active) and a DFG-out (inactive)

conformation.
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Fig. 7: LRRK2 dimerization increases the activity of the kinase domain, which is exacerbated by the presence of
pathogenic mutations. Figure taken from (Kumar and Cookson, 2011)

In most kinases, the switch between an inactive and active state often involves autophosphorylation
of residues in the activation loop. This modification modifies the orientation of the activation loop
and alters the interaction with substrates and the affinity for ATP (Kornev et al., 2006). It has been
shown that LRRK?2 undergoes autophosphorylation in various residues that lie in the activation
loop (Lobbestael et al., 2012). Moreover, multiple LRRK2 autophosphorylation sites have been
identified outside of the activation loop, more precisely in the Roc domain, and it has been reported
that either mutations of these residues or pharmacological blockade of kinase activity results in an
increased neurite outgrowth (MacLeod et al., 2006, Herzig et al., 2011, Yao et al., 2013). Taken
together, these data suggest that LRRK2 phosphorylation events are crucial for both the
intramolecular activation mechanism as well for downstream signaling. Beside the central core,
LRRK2 harbors the ARM, ANK and LRR domains in its N-terminus, whereas a WD40 domain is
present in the C-terminus (Cardona et al., 2014). All these domains can be often found in signaling
proteins and serve as protein-protein interaction sites. In particular, the ARM domain consists of a
42-amino acid long tandem repeat that form a super-helical bundle (Tewari et al., 2010). ANK
contains seven repetitive motifs which form helix-loop-helix structures that end in a loop or hairpin
(Mosavi et al., 2004). The LRR domain consists of a 11-amino acid long motif that form a parallel
B-sheet ending with a a-helix. Studies have shown that the LRR domain of LRRK2 is essential for
its function in vivo but not in vitro, and specifically for the kinase activity (Iaccarino et al., 2007,
van Egmond and van Haastert, 2010). These data suggest that LRR influences the specificity of the
protein via interaction with a downstream target or an upstream activator. Finally, the WD40
domain displays a highly hydrophilic surface and is involved in membrane binding. Indeed,
altering this domain makes LRRK?2 unable to dimerize, reduces its kinase activity and a misplaces
the protein (Jorgensen et al., 2009). In addition, the novel G2385A mutation (and PD risk factor)

located in this domain, results in an impaired kinase activity and abolished 14-3-3 binding to the N-
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terminus, indicating the relevance of this domain in the intramolecular regulation of LRRK2
activity (Rudenko et al., 2012). Noticeably, it has been demonstrated that LRRK?2 kinase activity is
essential to its neurotoxic effect (Greggio et al., 2006). In particular, the G2019S mutation has been
consistently associated with an at least two-fold increase of the kinase activity (West et al., 2005,
Jaleel et al., 2007). This mutation is located in the DFG motif and was resolved with structural
analysis of the ROCO protein homolog of LRRK2 in D. discoideum. The discoideum equivalent
for the human G2019S mutation is the G1179S which does not cause any change in the overall
structure of the protein, although the new serine in position 1179 can now interact with the arginine
in position 1077 and form a salt bridge, which stabilizes the activation loop in its active
conformation. The Argl077 in the D. discoideum corresponds to GIn1918 in LRRK2, and when the
GIn1918Ala substitution is introduced, which prevents the formation of the salt bridge, kinase
activity returns to levels comparable to WT form (Gilsbach et al., 2012). LRRK2 12020T displays
slightly decreased kinase activity in some assays and increased in others (Jaleel et al., 2007,
Gilsbach et al., 2012). The localization of this substitution per se does not explain how it may
hinder kinase activity. As a matter of fact, the side-chain of the threonine is oriented to the solvent
and does not interfere with the active state of the domain. This discrepancy was explained by Ray
and collaborators noting that different substrates yield different levels of kinase activity, meaning
that the threonine in this substitution may alter the interaction with some substrates but not with
others (Ray et al., 2014). It has also been speculated that nontoxicity of this mutation might not be
related to a variation of its kinase activity but more likely to an increased cellular degradation (Ohta
et al., 2010). It is also possible that LRRK2 12020T might work in tandem with LRRK2 WT
resulting in an increased kinase activity, analogous to what has been shown for B-RAF mutations
(Wan et al., 2004). Alternatively, this mutation might indirectly affect kinase activity by altering
intramolecular interactions with other domains. The RocCOR GTPase domain mutation R1441H
displays an increased GTP-binding activity due to slowed GTP hydrolysis and increased affinity
for GTP (Liao et al., 2014). When small GTPases are in GTP-bound state they bind kinases and
activate them. Then, it is possible that via intramolecular interactions, the GTPasic domain of
LRRK2 impacts its kinase activity (Reynolds et al., 2014). Finally, the C-terminal region of
LRRK2 can interact with its catalytic domain, and abolishing this interaction either via deletion of
the C-terminus or introduction of the G2385 PD risk factor results in a dampened kinase activity
(Rudenko et al., 2012). Despite all the different lines of evidence pointing to a detrimental effect of
an enhanced LRRK?2 kinase activity for the cell, it is yet to be clarified which interactors and which

pathways are involved.

17



Cellular functions
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Fig. 8: schematics of cellular functions implicated in LRRK2 physiology. (Esteves et al., 2014)

LRRK?2 is expressed in most brain regions, in great abundance in the hippocampus, cortex,
striatum, cerebellum, olfactory bulb and, in small quantities, in the SNc¢ (Santpere and Ferrer,
2009). Furthermore, it can be detected in high levels in the periphery, in particular in liver, kidneys,
heart and lungs. At the cellular level, LRRK2 can be found mainly in the cytoplasm, but also
associated with membranous and vesicular structures (Biskup et al., 2006) such as the membranes
of mitochondria, ER, Golgi, endosomes and synaptic vesicles (Cookson and Bandmann, 2010).
This particular distribution might indicate an involvement of LRRK?2 in membrane trafficking as
also suggested by results obtained in different transgenic mice models (Johnson and Wade-Martins,
2011). Although the physiological function of LRRK2 still remains to be fully elucidated, there is
evidence of its involvement in different cellular processes, such as regulation of transcription
(Kanao et al., 2010), translation (Imai et al., 2008), apoptosis (Ho et al., 2009) and mitochondrial
activity (Smith et al., 2005). It is often difficult to discriminate whether the changes observed when
expressing the mutant form of LRRK2 are due to a loss-of-function or a gain-of-function effect,
although most studies fit with the latter hypothesis. Multiple in vitro studies suggest that LRRK?2
interacts with cytoskeletal proteins causing reorganization and alteration of neuronal processes
(Gillardon, 2009, Habig et al., 2013). This hypothesis is supported by the evidence that either
overexpression or knock-down of WT cause neurite retraction whether overexpression of LRRK2
mutants causes excessive neurite outgrowth in neuronal cultures (MacLeod et al., 2006). LRRK2
might modulate the cytoskeleton through binding with both actin and microtubules either directly
or via interaction with microtubules-associated proteins (Kett and Dauer, 2012). Indeed, anomalies
in neurites outgrowth and ramification were the first cellular phenotypes to be associated with

mutations in the LRRK?2 gene. It was initially proposed that these morphological changes might be
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a consequence of an ongoing apoptotic processes, however, further studies highlighted that this was
due to an interaction between LRRK?2, actin and tubulin (Wallings et al., 2015). Of the different
isoforms of tubulin, studies in rodents pointed out that LRRK2 preferentially phosphorylates [3-
tubulin, a component of microtubules, at Thr107, thereby facilitating its disassembly (Gillardon,
2009, Parisiadou and Cai, 2010). Moreover, transgenic mice overexpressing LRRK2 display Golgi
fragmentation due to microtubules alteration. This process does not imply neurotoxicity per se, but
destabilizes the equilibrium between the ER and Golgi in the regulation of synthesis and secretion
of cellular products (Parisiadou and Cai, 2010). In addition, animal models expressing LRRK2
G2019S and R1441G display higher levels of phosphorylated tau, which binds tubulin and
promotes its incorporation in microtubules. Furthermore, in its phosphorylated state, tau causes
disruption of microtubules, thus impacting the entire cytoskeletal network. LRRK2 also
phosphorylates moesin, a member of the ezrin/radixin/moesin (ERM) protein family, which mainly
serves to anchor the actinic cytoskeleton to plasmatic membrane. It has been shown that LRRK2
binds and phosphorylates endogenous tubulin, facilitating -tubulin polymerization in the presence
of microtubules-associated proteins (MAP) (Gillardon, 2009). Nevertheless, it is unclear if
mutations in the GTPase and kinase domain influence cytoskeleton dynamics in the same way
(Wallings et al., 2015). Drosophila studies suggested a possible involvement of LRRK?2 in different
forms of vesicular trafficking, such as synaptic vesicles recycling or interaction with the retromer
and lysosomal trafficking. Indeed, LRRK2 has been reported to phosphorylate endophilin A, a
protein required for vesicle endocytosis (Matta et al., 2012). In addition, increasing the
phosphorylation of these proteins, for example as a consequence of LRRK?2 pathogenic mutations,
results in a dampened endocytosis. Finally, LRRK2 might be involved in regulation of the
retromer, a complex of proteins which mediates trafficking of proteins from endosomes to the
trans-Golgi network (TGN) (MacLeod et al., 2013). Indeed, it has been demonstrated that LRRK?2
interacts with the vacuolar protein sorting 35 ortholog (VPS35), a component of the retromer
complex whose mutations are cause of autosomal dominant PD, in order to mediate synaptic
vesicle endocytosis through the endosomal pathway (Inoshita et al., 2017). Furthermore, VPS35
overexpression ameliorates motor activity and increases lifespan of Drosophila expressing either
the 12020T or Y1699C LRRK2 mutants (Linhart et al., 2014). Considering that VPS35 levels and
activity are not altered in brain tissue from G2019S LRRK2 or idiopathic PD patients (Tsika et al.,
2014), it can be assumed that LRRK?2 effect does not solely rely on a direct interaction with
VPS35, but affects a converging pathway that involves the action of a third player. Indeed, it has
been demonstrated that LRRK?2 interacts with Rab7L1 modulating the sorting of CI-MPR, in a
similar fashion to the pathogenic VPS35 mutation (MacLeod et al., 2013), and that VPS35 D620N
mutation enhances the LRRK2-mediated phosphorylation of Rab8A, Rab10 and Rabl12 in mouse
embryonic fibroblasts (Mir et al., 2018). Taken together, these data suggest a Rab-mediated
LRRK2-VPS35 interaction in regulating synaptic vesicle endocytosis. Another important putative
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role of LRRK?2 is the regulation of the ALP. As a matter of fact, murine models with impaired
autophagy display cerebral anomalies such as formation of ubiquitin-positive inclusions and
presynaptic accumulation of a-syn and LRRK2, supporting the idea that autophagy contributes to
PD pathogenesis (Friedman et al., 2012). Although the precise mechanism on how LRRK2
regulates the ALP, and how this relates to PD onset are yet unknown. It is however clear that
LRRK2 mutations significantly impact the autophagic machinery. A 2008 study investigated the
relationship between LRRK?2 and autophagy using immortalized cell lines expressing both WT and
mutant LRRK2. This study showed alterations in the autophagic vesicles following transfection of
LRRK2 G2019S (Plowey et al., 2008). Furthermore, analyzing the LRRK2-related phenotype, i.e.
neurite retraction, researchers were able to demonstrate crucial alterations in the autophagic
machinery such as LC3 or ATG7, thus suggesting a LRRK?2 implication in macroautophagy. It has
been postulated that the molecular basis behind this mechanism relies on calcium levels, NAADP,
MEK/ERK pathways, and the interaction with BCL2 (Moran et al., 2010, Gomez-Suaga et al.,
2012, Su et al., 2015). Another compelling cellular activity of LRRK2 involves mitochondria.
Indeed, about 10% of cytosolic LRRK2 can be found to be associated with the mitochondrial outer
membrane, suggesting that it may play a role in mitochondrial activity and dysfunction (Biskup et
al., 2006). In addition, fibroblasts from patients carrying G2019S mutation display abnormal
mitochondrial morphology (Mortiboys et al., 2010). Similarly, overexpression of WT LRRK2 in
SHSYS5Y cells causes mitochondrial fragmentation, which is enhanced by the R1441C and G2019S
mutations (Wang et al., 2012), together with mitochondrial uncoupling, reduction of membrane
potential and increase of oxygen consumption (Papkovskaia et al., 2012). A possible explanation to
such morphological anomalies was provided by showing that LRRK?2 overexpression recruits
Dynamin-like protein 1 (DLP1), a regulator of mitochondrial fission, thus inducing fragmentation
of the mitochondrial network, mitochondrial clearance and consequent increase of oxidative stress
(Niu et al., 2012). Potentially corroborating these findings, DRP1 inhibition reverses mitochondrial
fragmentations both in HEK cells and fibroblasts carrying G2019S mutation (Su and Qi, 2013).
These observations suggest that LRRK2 might be responsible for mitochondrial homeostasis
through a DLPI1-dependent mitochondrial quality control. Another interesting LRRK2 cellular
interactor is represented by the 14-3-3 family of adapting proteins, which encompasses seven
isoforms, with each member binding its substrates at phosphoserine/threonine motifs (Jones et al.,
1995, Yaffe et al., 1997). The main molecular functions of these proteins are to stabilize specific
conformations, regulate enzymatic activity and subcellular localization of given substrates. As of
today, more than 200 proteins have been identified to interact with 14-3-3, among which receptors,
enzymes, structural and cytoskeletal proteins, small G proteins and their regulators, scaffolding
molecules, proteins involved in the control of apoptosis and protein-kinases such as LRRK?2 (Fu et
al., 2000, Yaffe, 2002, Mackintosh, 2004). It has been recently demonstrated that LRRK?2 binds to
different isoforms of 14-3-3 (Dzamko et al., 2010), and that LRRK2 mutations abolish this
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interaction (Li et al., 2011), causing LRRK?2 accumulation in the cytoplasmic pools. Indeed, 14-3-3
proteins play a role in stabilizing LRRK2 structure and protecting ser910/935 residues from
dephosphorylation (Rudenko and Cookson, 2010). An interesting aspect which has recently gained
much interest is the potential role of LRRK?2 in the immune system (Dzamko and Halliday, 2012).
LRRK?2 variants have been identified as risk factor for diseases with an inflammatory basis such as
Crohn’s disease and leprosy (Barrett et al., 2008, Fava et al., 2016). The pathogenic mechanism
appears to be the same: LRRK2 sequestrates the NFAT transcription factor, thus preventing its
translocation to the nucleus and the transcription of proinflammatory cytokines. A prolonged
inflammatory response is triggered when LRRK2 expression or turnover are altered due to genetic
variance (Barrett et al., 2008, Fava et al., 2016). It has been previously reported that LRRK2 is
expressed in microglial cells and astrocytes, however only in 2010 it was discovered that LRRK?2
expression is finely regulated by inflammatory signals in myeloid cells, suggesting a potential role
as a regulator of the immune response (Gardet et al., 2010). As a further evidence that LRRK2
might regulate the activity of immune cells, it has been demonstrated that LRRK?2 protein levels
rise in immune cells following inflammatory processes. LRRK2 might control the antigen
presentation in human monocytes, process that is altered in PD patients. In vitro studies showed
that pharmacological blockade of LRRK2 kinase activity using the LRRK2 kinase inhibitor
LRRK2-IN-1 reduces the expression of CD14, CD16 and MHC-II in monocytes. A study from
Gardet and collaborators in peripheral blood mononuclear cells (PBMC) demonstrated that
lymphocytes B show the highest expression of LRRK2, followed by monocytes and dendritic cells
(Gardet et al., 2010). Aimed studies confirmed that LRRK2 is highly expressed in human CD19
lymphocytes and CD14/16 monocytes. Lower levels were detected in CD3 T lymphocytes
(Thevenet et al., 2011), microglial cells and resident macrophages, both in human (Miklossy et al.,
2006) and adult mice brain (Gillardon et al., 2012). Treating human PBMC with IFN-y induces a
significant increase in LRRK2 mRNA and consequently its protein levels in CD19 B lymphocytes,
CD11b monocytes and CD3 T lymphocytes (Gardet et al., 2010). In addition, LRRK?2 expression is
also upregulated in microglial cells following treatment with the bacterial toxin
Lipopolysaccharides (LPS) (Moehle et al., 2012). Another interesting hint about LRRK2
involvement in the immunity signaling cascade comes from the observation that LRRK?2 is directly
phosphorylated after activation of Toll-like receptors (TLR) (Dzamko and Halliday, 2012). As a
matter of fact, pathogen-mediated activation of TLR induces the expressions of cytokines such as
TFN-a and IL-6 under the regulation of the NF-kB signaling cascade (Kawai and Akira, 2011).
Finally, LRRK2 is phosphorylated on the residues Ser910 and Ser935 by the IkB kinase complex, a
component of the NF-xB signal transduction cascade. Another interesting proof that relates LRRK2
to the immune system comes from a study of Liu and colleagues (Liu et al.,2011) where the
Drosophila LRRK2 orthologue controls the nuclear translocation of NFAT1. NFAT1 orchestrates

the expression of a multiple number of proinflammatory cytokines such as IFN-y, IL-1 and TNF-a,
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and LRRK?2 negatively regulates NFAT1 activity. LRRK2 may act as transcriptional regulator of
immunity-related pathways, such as by modulating the activity of transcription factors as NFAT1
and NF-kB (Russo et al., 2015). It is still unclear whether pathogenic LRRK2 mutations act as a
gain or loss of function. Assuming the latter implies that aberrant proteins act as dominant negative
mutants, recruiting and impairing the WT functional proteins. A putative mechanism comes from
the dimeric nature of LRRK2 (Greggio et al., 2008) and from the fact that mutant LRRK?2 displays
a greater tendency to oligomerization (Greggio et al., 2006). The heterodimer might in fact
compromise the LRRK2-dependent inhibition of the nuclear translocation of NFAT1 with a
subsequent increase in its transcriptional activity and cytokines production. Elevated levels of
cytokines might activate microglia thus establishing positive feedbacks of regulation cycles that

lead to a prolonged inflammatory state.

LRRK?2-related pathology and kinase inhibitors

From a clinical point of view, LRRK?2- related PD is indistinguishable from sporadic PD, although
LRRK2 patients are less likely to manifest hyposmia, REM sleep alterations, non-motor symptoms,
dementia and visual hallucinations than noncarriers (Healy et al., 2008). Moreover, these patients
present a more benign course, and a slower progression of the pathology. From the
neuropathological point of view, LRRK2 pathology is heterogeneous and could include the
presence of LB and other pathological hallmarks of dementia with LB (DLB), multiple system
atrophy and corticobasal degeneration. It is interesting to note that there are contrasting results
regarding the male to female ratio of LRRK2-related PD. Some studies report a similar gender
distribution among LRRK2 carriers (Alcalay et al., 2013), whereas some report a greater
penetrance in men, like in idiopathic PD (Nabli et al., 2015) or in women (Marras et al., 2011). As
of today, the main therapy for PD is limited to control symptoms via palliative therapies, and all
available drugs, such as L-DOPA, dopamine agonists, COMT and MAQO-B inhibitors, are aimed to
compensate for the lack of DA, thus ameliorating patients’ quality of life. Furthermore, surgical
alternatives have been implemented in patients with motor fluctuations an L-dopa-induced
dyskinesia, such as pallidotomy and thalamotomy, or more recently deep brain stimulation. Since
the most common genetic variants of LRRK2 result in a, increased activity of the kinase domain,
which is instrumental for LRRK2 toxicity, it has been postulated that pharmacological blockade
might represent a viable tool for disease-modifying therapies in PD. The kinase inhibitors that have
been developed differ in terms of selectivity, potency and brain permeability. To quantify the
ability of these compounds to inhibit LRRK2, kinase activity assays based on its
autophosphorylative or heterophosphorylative process as well as phosphorylation of putative
substrates have been developed. Initially, myelinic basic protein was employed as a generic kinase
substrate; a specific artificial substrate, named LRRKtide (RLGRDKYKTLRQIRQ), containing a
repeated amino acidic pattern of a physiological substrate for LRRK2, namely the 558
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phosphorylation site of moesin, was later developed (Jaleel et al., 2007). The first compounds to be
identified as LRRK2 inhibitors were Rho Kinase inhibitors, which however non-specifically
inhibited LRRK2 with similar potency of Rho kinase (Nichols et al., 2009). The first patent for a
selective kinase inhibitor for LRRK?2 was deposited in 2009 by Novartis. It was a dihydroindolic
sunitinib analogue, which displayed a 1.2 uM ICso against LRRK?2. Another interesting compound
from the same class is GW5074, which displays an ICso of 9 nM against LRRK?2, and
neuroprotective effects in vivo and in vitro in models of neurodegeneration induced by LRRK2
overexpression (Lee et al., 2010b). Despite this evidence, these compounds showed a low
selectivity profile and high overall toxicity, thus compromising their employment in a chronic
therapy for PD (Deng et al., 2012). Alessi’s group was the first to identify what is considered the
first potent and selective LRRK2 inhibitor: LRRK2-IN-1 (Deng et al., 2011). LRRK2-IN-1 has
been identified after the synthesis of over 50 analogues through biochemical and cellular assays.
This compound is capable of blocking the kinase activity of LRRK2 WT and LRRK2 G2019S with
a ICso of 13 nM and 6 nM, respectively. Furthermore, it is able to rapidly suppress LRRK2 activity
in vivo by inducing LRRK?2 dephosphorylation at Ser910 and Ser935, thus resulting in loss of
interaction with 14-3-3 and accumulation of LRRK?2 in fibrillary aggregates (Dzamko et al., 2010).
Drug concentration assays for LRRK2-IN-1 displayed a half-life of 4,5 hours and 49,4%
bioavailability in mice. Nevertheless, based on the evaluation of LRRK2 phosphorylation at Ser910
or Ser935, LRRK2-IN-1 showed an unsatisfying brain penetrance. Moreover, it displayed a
significant off-target activity, such as on ERKS (Deng et al., 2013), DCLK1 (Weygant et al., 2014)
and Brd4 (Hatcher et al., 2017). All these data precluded the clinical advancement of this
compound. In 2012, researchers from GlaxoSmithKline (GSK) patented a new class of kinase
inhibitors with an arylbenzamidic core. The most interesting compound was GSK2578215A which
displayed an ICsp of 10,9 nM against LRRK2 WT and 8.9 nM against LRRK2 G2019S in HEK293
transfected cells (Reith et al., 2012). It was also observed that this compound was able to inhibit
LRRK2 Ser910/935 phosphorylation in kidney and spleen lysates with similar potency to IN-1.
Nevertheless, GSK2578215A did not exhibit dephosphorylation at Ser935 at the central level
despite a total brain to plasma ratio of 1,4. This discrepancy could be explained by inadequate free
drug levels in the brain relative to the cellular potency. The lack of central target engagement
halted further pre-clinical and clinical development of this compound. Researcher from Pfizer
considered to employ a pyrrolopyrimidine scaffold to synthesize potent and selective LRRK2
inhibitors with favorable CNS penetrance. Among these, PF-06447475 showed great potency of
LRRK2 inhibition, showing an ICso of 3 nM against LRRK2 WT and 11 nM against LRRK2
G2019S (Henderson et al., 2015). It also displayed a selectivity profile of 32/449 kinase at 1 pM
with less than 30% of inhibition compared to control. Further in vivo studies using 3, 10, 30 and
100 mg/Kg PF-06447475, subcutaneously twice a day, confirmed the high central bioavailability of
PF-06447475 with a 60-80% reduction of phosphorylation at Ser935 90 minutes after
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administration, and an unbound drug ICs estimated to be 8 nM in brain and 11 nM in kidney in
WT mice. It is interesting to note that the compound was found to be 10-fold less potent in causing
LRRK2 dephosphorylation at S935 and S1292 in BAC-transgenic G2019S mice, reaching 80%
reduction only at the 100 mg/Kg dose (Henderson et al., 2015). Importantly, however, PF-
06447475, displayed less peripheral toxicity when compared to other kinase inhibitors. MLi-2 is
one of the latest compounds synthetized by Merck that display high potency and LRRK2
selectivity. The heterocyclic indazole group confers the compounds a high affinity for LRRK2
ATP-binding site over a wide range of kinases, receptors and ionic channels (Fell et al., 2015). Oral
administration of MLi-2 in WT mice causes a dose-dependent dephosphorylation of Ser935,
reaching its maximum (90%) at the 10 mg/kg dose. In vitro studies pointed out an ICso of 0.76 nM
with good oral bioavailability and permanence time. Furthermore, in vivo studies with an acute or
subchronic treatment in mice led to dose-dependent reduction of LRRK2 kinase activity, both at
the central and peripheral level. MLi-2 treatment is well tolerated, with no adverse effects on
weight, food intake or motor behavior. A recent publication of Fuji and collaborators showed that
most of LRRK?2 kinase inhibitors display significant lung toxicity (Fuji et al., 2015). Mli-2 and PF-
06447475, however, displayed a good tolerability after chronic administration (Daher et al., 2015),
with a higher potency and selectivity compared to the two kinase inhibitors employed by Fuji and
colleagues, GNE-0877 and GNE-7915. Nonetheless, in vivo study revealed that MLi-2, despite
showing prolonged kinase inhibition, over a 15-weeks period, did not halt or slowed the behavioral

and neurochemical parkinsonian-like phenotype in the MitoPark mouse model (Fell et al., 2015).

Interaction between LRRK2 and a-synuclein

Mutations in the SNCA and LRRK2 genes can cause autosomal dominant PD and have been
identified as genetic risk factors for sporadic PD (Nalls et al., 2014). The finding that
phosphorylated a-syn is a major component of LB (Anderson et al., 2006) and that LRRK2 mutants
display increased kinase activity (Henry et al., 2015) suggest that these two genetic risk factors
may interact and contribute to a-syn aggregation and/or spreading. LRRK2 mutations carriers
which present the SNCA single nucleotide polymorphism rs356219-G, which regulates SNCA
expression in PD-related brain regions, display an earlier age of onset of the pathology, reinforcing
the concept that SNCA variants might play a permissive role in LRRK2-related pathology (Botta-
Orfila et al., 2012). This concept also seems to be supported by studies in animal models
expressing LRRK?2 G2019S and/or a-syn aberrant forms. Indeed, inhibition LRRK?2 expression in
transgenic mice overexpressing AS5S3T o-syn abolished a-syn accumulation and slowed the
progression of neuropathology (Lin et al., 2009). Furthermore, mice overexpressing LRRK2
G2019S under the CaMKII promoter display an increase in a-syn aggregation (Xiong et al., 2017).
Moreover, selective overexpression of LRRK2 G2019S in the SNc causes neurodegeneration and
aggregation of endogenous o-syn (Xiong et al., 2018). Similar findings were also reported in

models of acute induction of a-syn overexpression via viral vector or injection of preformed fibrils.
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Daher and collaborators reported that AAV-injection of a-syn in BAC G2019S rats induces a
greater loss of DA neurons compared to LRRK2 WT animals (Daher et al., 2015). Despite this
great wealth of evidence, the molecular basis of how LRRK2 and a-syn interact to trigger or
worsen PD pathology still remain elusive. Various mechanisms have been put forward. For
instance, LRRK?2 might impact the synthesis, levels of post-translational modification and handling
of a-syn. Indeed, G2019S-LRRK2 overexpressing rats display higher levels of pSer129 a-syn in
the striatum (Volpicelli-Daley et al., 2016). Furthermore, Kondo and colleagues showed that co-
transfecting cells with both a-syn and LRRK?2 G2019S induces the formation of a-syn aggregates
and a-syn-containing vesicles (Kondo et al., 2011). Similar findings have been obtained by
Schapansky and collaborators, reporting that primary cortical neurons derived from LRRK2
G2019S KI mice display an accumulation of endogenous, detergent-insoluble a-syn which is
rescued by pharmacological blockade of LRRK2 kinase activity (Schapansky et al., 2018).
Interestingly, knocking-down a-syn ameliorates LRRK2 G2019S-induced neurotoxicity, whereas
genetic or pharmacological inhibition of LRRK2 kinase activity only mildly affects LRRK2
toxicity in PD patient-derived induced pluripotent cells (Skibinski et al., 2014). Taken together,
these results suggest that LRRK2 can hasten o-syn accumulation and regulate the cellular
localization of such aggregates. Nevertheless, it still remains to be elucidated which intracellular
pathways are affected by a direct or indirect interaction between LRRK2 and a-syn. The 14-3-3
chaperone-like protein family has been consistently shown to interact with both LRRK?2 and a-syn,
as well as being a component of LB (Xu et al., 2002, Berg et al., 2003, Nichols et al., 2010). 14-3-3
proteins are known to exert an anti-apoptotic action in the cell, therefore sequestration of 14-3-3 to
LB by a-syn binding might prevent this effect (Slone et al., 2015). In addition, disruption of 14-3-3
binding to LRRK2 alters LRRK?2 cellular localization, hyper-activates LRRK?2 kinase activity and
alters exosome release (Dzamko et al., 2010, Mamais et al., 2014). Another intracellular pathway
which entwines LRRK2 and a-syn toxicity sees mitochondria at the center of it. Indeed, both
endogenous and exogenous a-syn have been shown to localize to mitochondria (West et al., 2005,
Biskup et al., 2006), and inhibit TOM20, thereby impairing mitochondrial protein import (Chinta et
al., 2010, Subramaniam et al., 2014, Di Maio et al., 2016). Furthermore, this association of a-syn
with mitochondria is particularly high in the striatum, SNc and cortex of PD brains (Devi et al.,
2008). In addition, both LRRK2 and a-syn seem to induce mitochondrial fragmentation and
functional defects, probably through the interaction with the mitochondrial protein DLP1 which
regulates mitochondrial fission and degradation (Su and Qi, 2013, Ryan et al., 2018). In this regard,
another major pathway which links a-syn and LRRK2 is autophagy. Indeed, a-syn is degraded
through CMA via recognition of the KFERQ motif and its aberrant forms impair autophagy by
tight binding to the LAMP2A, thus inducing compensatory activation of macroautophagy (Cuervo
et al., 2004, Xilouri et al., 2009). Also, LRRK2 has been shown to be degraded by CMA and to

localize to autophagic vacuoles, amphisomes and lysosomes (Alegre-Abarrategui et al., 2009,
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Dodson et al., 2012, Orenstein et al., 2013). In addition, LRRK2, and in particular G2019S
LRRK2, has been shown to be a negative regulator of autophagy, thus suggesting that it may
impact a-syn aggregates handling and degradation (Alegre-Abarrategui et al., 2009). Finally, both
proteins interact with Rab7, a regulator of autophagosome and lysosome trafficking, positioning
and fusion events which also regulates clearance of a-syn aggregates and LRRK2 localization
(Dodson et al., 2012, Dinter et al., 2016). Another suggestive mechanism in which LRRK2
modulates a-syn toxicity relies on the putative role of these two proteins in neuroinflammation. PD
has been linked to neuroinflammation since analysis of PD brain disclosed reactive microglia and
the presence of pro-inflammatory cytokines (Mogi et al., 1996, Hunot et al., 1999). LRRK2 has
been found to be expressed in microglia after activation of resident microglial cells following LPS
injection, other than being implicated in many inflammatory diseases such as Chron’s disease and a
type of inflammatory bowel syndrome (Barrett et al., 2008, Moehle et al., 2012). Supporting this
concept, LPS injection in transgenic mice overexpressing mutant LRRK?2 causes a more profound
neuroinflammation and loss of SNc DA neurons compared to controls (Kozina et al., 2018). On the
other hand, also a-syn aggregates have been linked to neuroinflammation. Indeed, misfolded a-syn
can activate TLR2 and TLR4 triggering neuroinflammation (Daniele et al., 2015, Gustot et al.,
2015). These data suggest that either aberrant LRRK2 potentiates o-syn-mediated immune
response or LRRK2 triggers an abnormal immune response which induces a-syn aggregation and
strengthens the immune response in a feedforward mechanism. Whatever the mechanism, the role
of LRRK2 kinase activity has been established since pharmacological blockade of LRRK2 kinase
activity in LRRK2 G2019S transgenic rats attenuates neuroinflammation and neurodegeneration

induced by AAV-a-syn injection (Daher et al., 2015).
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AIM OF THE STUDY

The inheritance pattern of familial PD cases greatly varies depending on the gene that is altered
(Schulte and Gasser, 2011). Even in the case of a dominantly inherited gene, an enormous clinical
variability can be observed, with some carriers manifesting a mild pathology and others even not
showing any symptoms at all (Kestenbaum and Alcalay, 2017). This different penetrance could be
explained on the basis of the multifactorial nature of PD, meaning that a set of risk factors must be
present in order to trigger the pathology. Mutations in the LRRK2 gene are the most common
monogenic cause of PD, contributing up to 40% of familial PD cases in certain populations (Healy
et al., 2008). Most, if not all, LRRK2 mutations that cluster within the GTPase and kinase domains
result in an increased kinase activity (Greggio et al., 2006, West et al., 2007, Ray et al., 2014). In
particular, the G2019S mutation located in the catalytic core of the protein induces around a
twofold increase in its kinase activity, which is required to exert its neurotoxic effect (Yao et al.,
2010). Nevertheless, LRRK2-related pathology presents an incomplete penetrance, a variable age
of onset and a heterogeneous pattern of symptoms, suggesting that the increased kinase activity
induced by the pathogenic mutations could not alone account for the clinical expression of this
disorder. In keeping with clinical data, rodent models of LRRK2-associated PD lack a consistent
parkinsonian phenotype, since in vast majority of studies they do not show overt degeneration of
the nigrostriatal pathway or deposition of pathological a-syn aggregates (Volta and Melrose, 2017).
Therefore, genetic and environmental factors influencing LRRK2 penetrance and expressivity are
an appealing field of research which can provide new insights into the etiology of PD. The main
objective of this thesis was to investigate the interaction between the LRRK2 G2019S mutation and
other risk factors of PD, such as ageing, environmental toxins and a-syn. In the first study (Study I)
of this thesis we sought to investigate the role of ageing in the dysfunctions of the nigro-striatal DA
transmission associated with LRRK2 G2019S. To achieve this goal, we assessed the integrity of the
nigro-striatal DA neurons in young (3-month-old) and aged (>12-month-old) G2019S KI mice via
Western blot and immunohistochemical analysis. We then proceeded to evaluate the status of the
dopaminergic terminals, in particular measuring DA release, the expression and function of
proteins involved in membrane (DAT) and vesicular (VMAT2) DA uptake, and, finally, the levels
of endogenous a-syn and its Serinel29 phosphorylated or 3,4-dihydroxyphenylacetaldehyde
(DOPAL)-bound forms, which are considered markers of synaptic damage. In the second part of
this study we aimed to investigate the interplay between G2019S LRRK2 and AS53T a-syn during
ageing. Young (3-month-old) and aged (12-month-old) G2019S KI mice were injected in the SN¢
with a recombinant adeno-associated viral vector (AAV) serotype 2/9 overexpressing the human
AS53T a-syn or green fluorescent protein (GFP) under the synapsin 1 promoter. We then evaluated
the motor phenotype, nigrostriatal pathway integrity and synucleinopathy at 20 weeks (3-months
cohort) or 12 weeks (12-month cohort) after virus injection. Furthermore, as neuroinflammation

and microglia have been implicated in the pathophysiology of many neurodegenerative disorders,
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we also analyzed microglial morphology. In the third study of this thesis (Study III), we
investigated whether the increased LRRK?2 kinase activity associated with the G2019S mutation
alters the susceptibility to the neurotoxicant MPTP, which impairs the mitochondrial complex I and
selectively destroys dopaminergic neurons. Under a subacute protocol of administration, MPTP
was given to 3-month-old WT mice, to mice constitutively lacking LRRK2 (LRRK2 KO), or
expressing the kinase silencing mutation D1994S (KD) or the kinase enhancing mutation G2019S
(G2019S KI). The integrity of the nigro-striatal pathway was assessed by immunohistochemical
analysis. We then proceeded to test the neuroprotective properties of two kinase inhibitors, i.e. PF-
06447475 (Henderson et al., 2015) and MLi-2 (Fell et al., 2015). Once again, we concluded the

study by assessing microglial number and morphology.
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MATERIALS AND METHODS

Animals

Male homozygous LRRK2 G2019S KI, LRRK2 KO and KD mice backcrossed on a C57BL/6]
strain were employed in the present study. LRRK2 KO mice were obtained through a collaboration
with Prof. Matthew Farrer and Dr. Heather Melrose from Mayo Clinic (Jacksonville, FL, USA),
whereas G2019S KI and KD animals were obtained through a collaboration with Novartis
Institutes for BioMedical Research, Novartis Pharma AG (Basel, Switzerland) Male non-transgenic
WT mice were either littermates obtained from the heterozygous breeding or from homozygous
breeding. Animals were housed in the vivarium of the University of Ferrara, in a humidity and
temperature-controlled environment under regular lighting conditions (12 hours light/dark cycle)
with ad libitum access to food and water. Experimental procedures involving the use of animals
were approved by the Ethical Committee of the University of Ferrara and the Italian Ministry of
Health (licenses 171/2010-B and 318/2013-B). Adequate measures were taken to minimize animal

pain and discomfort and to limit the number of animals employed.

Behavioral Tests

In order to assess different motor functions, a battery of three validated behavioral tests, i.e. the bar,
drag and rotarod test, were employed as previously described (Marti et al., 2005, Viaro et al., 2013)
with experimenters unaware of genotype and treatment. The different tests allow to measure
different aspects of the parkinsonian phenotype, such as the absence or poverty of movement
(akinesia, measured with the bar test), the slowness of movement and difficulty to adjust body
posture (bradykinesia, evaluated with the drag test), poor coordination, balance, gait and motivation
to run (assessed via the rotarod test). The three tests were performed in the same sequence (bar,

drag and rotarod) when used in the same experimental design.

Bar test

In the bar (or catalepsy) test (Sanberg et al., 1988), which measures the ability of the animal to
respond to an externally imposed static posture, mice were gently placed on a table with the
forepaws on three blocks of increasing heights (1.5, 3 and 6 cm respectively). The time (in
seconds) that each paw spent on each block (i.e. the immobility time) was recorded, up to a
maximum of 20 seconds (cut-off time). Akinesia was calculated as the total time spent on the
different blocks by each forepaw. Since values between the right and left forepaws do not different

significantly, they were pooled together.

Drag test
The drag test, modification of the “wheelbarrow” test (Schallert et al., 1979), evaluates the ability
of the animal to balance its body posture with the forelimbs, in response to an externally applied

dynamic stimulus, such as backward dragging (Marti et al., 2005). Each animal was gently lifted
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from the tail allowing the forepaws to rest on the table, and then dragged backwards at a constant
speed of around 20 cm/s for a fixed distance of 100 cm. The number of steps made by each
forepaw was counted by two different observers with five to seven determinations collected for
each animal. As for the bar test, values between the right and left forepaw did not differ

significantly, so data were pooled together.

Rotarod test

This test analyses the ability of the rodents to run on a rotating cylinder of 8 cm of diameter, and
provides information on different motor parameters such as coordination, gait, balance, muscle
tone and motivation to run (Rozas et al., 1997). The fixed-speed rotarod test was employed
according to a previously described protocol (Marti et al., 2005, Viaro et al., 2013). Briefly, mice
were tested in a stepwise mode at increasing speeds (usually from 5 to 45 rpm with increases of 5

rpm; 180 s each), and the total time spent on the rod was calculated (in sec).

Immunohistochemistry
Mice were deeply anesthetized with isoflurane and transcardially perfused with Phosphate Buffer
Solution (PBS) and then with 4% paraformaldehyde in PBS (0.1 M, pH 7.4). Brains were removed,

transferred to a 30% sucrose solution in PBS for cryoprotection and then stored at —80 °C.

TH, iba-1, a-syn and pSer129 a-syn immunohistochemistry

Fifty micrometer free-floating sections of striatum (AP from +1.0 to —1.25 from bregma) and SNc
(AP from —3.16 to —3.52 from bregma) (Paxinos and Franklin, 2004) were rinsed 3 times in PBS,
incubated for 30 min at room temperature with a blocking solution (PBS + BSA 1:50 + Triton X100
0.3%) and then incubated with a rabbit polyclonal antibody raised against TH (ab112; 1:750 in
BSA 1% PBST; Abcam, Cambridge, UK), total a-syn (ab52168; 1:200 in BSA 1% PBST; Abcam,
Cambridge, UK), pSer129 a-syn (ab51253; 1:250 in BSA 1% PBST; Abcam, Cambridge, UK),
human a-syn (ha-syn) (ab138501; 1:150 in BSA 1% PBST; Abcam, Cambridge, UK) or ionized
calcium binding adaptor molecule 1 (iba-1) (ab178846; 1:2000 in BSA 1% PBST; Abcam,
Cambridge, UK) overnight at room temperature. Sections were then rinsed 3 times in PBS and
incubated for 1 h with an anti-rabbit HRP-conjugated secondary antibody (ab6721, 1:500 in BSA
1% PBST; Abcam, Cambridge UK), washed again and revealed by a DAB substrate kit (ab64238,
Abcam, Cambridge, UK). Sections were mounted on gelatinized slides, dehydrated with a solution

of Chloroform/100% Ethanol 1:1 and coverslipped for further analysis.

Stereology and neuron counting

Stereological analysis was performed counting TH-positive neurons (phenotypic marker) and
cresyl violet stained cells (structural marker) in SNc, according to an unbiased stereological
sampling method based on optical fractionator stereological probe (Larsen et al., 1998). A Leica

DM6B motorized microscope (Leica Microsystems, Milan, Italy) coupled with a Stereo
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Investigator software (MBF Europe, Delft, The Netherlands) was used. Counting was performed on

at least 5 consecutive 50 pm thick slices, magnified at 63x.

TH quantification in striatum
Images of mice striata were taken at 2.5% magnification with a Leica DM6B motorized microscope,
and optical densitometry analyzed off-line as grey level with Image] (Rueden et al., 2017) using

the corpus callosum as background.

Quantification of a-syn and pSer129 a-syn expression

To quantify the levels of expression of a-syn, pSer129 a-syn, ha-syn, the semi-stereological
method described by Bourdenx et al. (Bourdenx et al., 2015) was employed. This method has been
rigorously standardized; in fact, all serial striatal slices for each animal were taken, marked, put in
the same well and exposed to DAB for 1 min (according to the data sheet of Abcam DAB substrate
Kit). After being mounted, slides were scanned using a Leica DM6B motorized microscope and the
representative surface of the staining in each SN and striatal section was determined using a color
threshold, then the area was sampled (probes of 50 x 40 um, space 150 x 120 pm). The Cavalieri
principle was applied to evaluate the representative volume of a-syn or pSer129 a-syn expression
for each SN. The SN volume obtained from the a-syn staining was used to calculate the pSer129 a-

syn expression as a percentage, thus allowing the comparison between groups.

Iba-1 analysis

Three consecutives sections were mounted on a coverslip and images were acquired using a Leica
DM6B motorized microscope, and later analyzed with ImageJ software. Iba-1+ cells were
binarized and number of cells and area of surface occupied in pixels* were quantified in order to

compare the different treatments.

Western blot analysis

Mice were anesthetized, sacrificed by cervical dislocation, and brains collected. Striata were
solubilized and homogenized in lysis buffer (RIPA buffer, protease and phosphatase inhibitor
cocktail) and centrifuged at 13,000 rpm for 15 min at 4 °C. Supernatants were collected and total
protein levels were quantified using the bicinchoninic acid protein assay kit (Thermo Scientific).
Thirty micrograms of protein per sample were separated by SDS-PAGE, transferred onto
polyvinyldifluoride membrane and tested for the following primary antibodies: rabbit anti-tyrosine
hydroxylase (TH) (Merck Millipore, AB152, 1:1000), rabbit anti-DAT (Sigma Aldrich, D6944,
1:1000), rabbit anti-VMAT2 (Sigma Aldrich, V9014, 1:300), rabbit anti-VMAT2 (Miller Lab,
Emory University, 1:1000), rabbit anti-pSer129 a-syn (Abcam, ab51253, 1:1000), rabbit anti
pSer1292 LRRK2 (Abcam, ab203181, 1:300). Appropriate horseradish peroxidase-linked
secondary antibodies (Merck Millipore, goat anti-rabbit IgG HRP-conjugate 12-348, 1:4000 or
goat anti-rat [gG HRP-conjugate AP136P, 1:5000) were then used and immunoreactive proteins
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were visualized by enhanced chemiluminescence (ECL) detection kit (Pierce™ BCA Protein Assay
Kit, Thermo Scientific or ECL+, GE Healthcare). Images were acquired and quantified using the
ChemiDoc MP System and the Imagelab Software (Bio-Rad). Membranes were then stripped and
re-probed with rabbit anti-GAPDH antibody (Thermo Scientific, PA1-988, 1:1000), rabbit anti-
LRRK2 (Abcam, ab133474, 1:300) or rabbit anti-a-syn antibody (Abcam, ab52168, 1:1000). Data
were analyzed by densitometry and the optical density of specific target protein bands was

normalized to the corresponding housekeeper protein levels.

Antibody Code Dilution
TH Abl12 1:750 IHC
Total a-synuclein ADb52168 1:200 IHC, 1:1000 WB
pSer129 a-synuclein Ab51253 1:200/250 IHC, 1:1000 WB
Human a-synuclein Ab138501 1:150 IHC
IBA-1 Ab178846 1:2000 IHC
Anti-rabbit HRP-conjugate Ab6721 1:500 [HC
TH Ab152 1:1000 WB
DAT D6944 1:1000 WB
VMAT2 Vo014 1:300 WB
VMAT2 Miller’s lab 1:1000 WB
LRRK2 pSer1292 Ab203181 1:300 WB
Anti-rabbit HRP-conjugate Millipore 12-348 1:4000 WB
Anti-rat HRP-conjugate AP136P 1:5000 WB
GAPDH PA1-988 1:1000 WB
LRRK?2 Abl133474 1:300 WB

Table 1: List of antibodies employed in the different studies with their code and dilution.

Study I

Experimental design

For behavioral studies, twelve-month-old mice were acutely administered i.p. with the VMAT2
inhibitor reserpine at the doses of 1 or 2 mg/kg (Volta et al., 2010), or with the DAT inhibitor
GBR-12783 at the dose of 6 mg/kg. Microdialysis experiments were carried out in the dorsolateral
striatum of 19-month-old G2019S KI mice and with age-matched WT littermates. For
immunohistochemical and biochemical analysis 3-month-old and 12-month old G2019S KI and

age-matched WT were employed.

In vivo microdialysis
Two concentric microdialysis probes (I mm Cuprophane membrane with a 6 kDa cut-off;

AgnTho’s, Stockolm, Sweden) were stereotaxically implanted under isoflurane anesthesia in both
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dorsal striata (coordinates from the bregma: AP +0.6, ML £2.0, DV —2.0) (Paxinos and Franklin,
2004). Twenty-four hours after implantation, probes were perfused (2.1 pul/min) with a modified
Ringer solution (in nM CaCl2 1.2; KCl1 2.7; NaCl 148 and MgCl2 0.85) and samples were collected
every 20 min (Bido et al., 2011) (Mabrouk et al., 2010, Volta et al., 2010) after a 6 h wash-out
period. Experiments were run at 24 and 48 h after implantation, and treatments were randomized.
GBR-12783 and Nov-LRRK2-11 were administered at 20 mg/kg (i.p.) and 10 mg/kg (i.p.),
respectively. At least three baseline samples were collected before drug treatment. At the end of the
experiments, animals were sacrificed by isoflurane overdose, and the correct placement of the

probes was verified histologically.

Neurochemical analysis using LC-MS

DA, HVA, DOPAC and 3MT concentrations in dialysates were analyzed using a benzyolation
derivatization LC-MS method described by Song and collaborators (Song et al., 2012). Briefly, 5 pl
dialysate samples were derivatized by adding 2.5 ul of 100 mM sodium tetraborate, 2.5 ul of 2%
benzoyl chloride in acetonitrile, and 2.5 ul of a stable 13C benzoylated isotope internal standard
mixture for improved quantitation. A Thermo Fisher Accela UHPLC (Waltham, MA) system
automatically injected 5 pl of the sample onto a Waters (Milford, MA) HSS T3 reverse phase
HPLC column (I mm X 100 mm, 1.8 pm). Mobile phase A consisted of 10 mM ammonium
formate and 0.15% formic acid. Mobile phase B was pure acetonitrile. Analytes were detected by a
Thermo Fisher TSQ Quantum Ultra triple quadrupole mass spectrometer operating in multiple
reaction monitoring (MRM) mode. Run times were approximately 6 min and all analytes could be

detected well above quantification limits (data not shown).

Synaptosomes preparation

Mice were anesthetized and sacrificed by cervical dislocation. Striata from each mouse were
homogenized in ice-cold 0.32 M sucrose (pH 7.4) with a Teflon-glass homogenizer and centrifuged
at 9,500 g for 10 min at 4 °C. The supernatant was then centrifuged at 10,000 g for 20 min at 4 °C,

and the pellet processed for release experiments or DA uptake assay.

Release experiments

The pellet was resuspended in 1.5 ml of pre-oxygenated Krebs solution (in mM: NaCl 118.5, KCl1
4.7, CaCl2 1.2, MgS0O4 1.2, KH2PO4 1.2, NaHCO3 25, glucose 10, ascorbic acid 0.05, disodium
EDTA 0.03, pH 7.4) and incubated with 50 nM [3H]-DA (specific activity 40 Ci/mmol; Perkin-
Elmer, Boston, MA, USA) for 25 min at 36.5 °C (Marti et al., 2003). At the end of the incubation,
12 ml of pre-oxygenated Krebs were added, then 1 ml aliquots of the suspension (~0.35 mg
protein) were injected into nylon syringe filters maintained at 36.5 °C and superfused (0.4 ml/min)
with pre-oxygenated Krebs. Under these superfusion conditions, spontaneous [3H]-DA efflux is

essentially unaffected by reuptake (Marti et al., 2003). Sample collection (every 3 min) was
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initiated after a 20 min period of filter washout. Radioactivity in the samples and in the filters was

measured using a Perkin Elmer Tri Carb 2810 TR scintillation counter.

DA uptake assay

The pellet was resuspended in ice-cold uptake buffer (in mM: NaCl 125, KC1 5, MgS04 1.5, CaCl2
1.2, KH2PO4 1.5, glucose 10, HEPES 25, pargyline 0.1, ascorbic acid 0.5, pH 7.4) and incubated
for 5 min at 37 °C with 20 nM [*H]-DA isotopically diluted with varying concentrations of
unlabeled DA to obtain final DA concentrations in the 20-2000 nM range. Non-specific DA uptake
was evaluated in the presence of 5 uM GBR-12783. The reaction was terminated by filtering the
assay mixture through Whatman GF/B glass fiber filters using a Brandel cell harvester (Brandel
Instruments, Unterfohring, Germany). The filter-bound radioactivity was counted using a Perkin
Elmer Tri Carb 2810 TR scintillation counter. Specific DA uptake, defined as the difference
between DA accumulated in the absence and in the presence of GBR-12783, was expressed as
pmol/mg protein/min. Protein concentration was determined using a Bio-Rad method with bovine
albumin as standard reference. Kinetic parameters (Vmax and K) were determined using Prism 5.0

(GraphPad Software Inc., San Diego, CA).

DOPAL-bound a-syn analysis

DOPAL-bound a-syn was revealed using ABPA resin (Sigma Aldrich, A8530) pulldown. Five-
hundred micrograms total protein were incubated with 50 pl of the resin overnight at 4 °C shaking.
The resin was then pelleted, the supernatant removed, and the resin was washed twice with
PBS/acetonitrile and water. Protein was collected from the resin by adding 20 pl Laemmli buffer
and processed as described above using the anti-a-syn antibody. The band intensity was quantified

by Image J software and the pull-down protein was compared with the total lysate.

VMAT?2 activity assay

Mice were anesthetized and decapitated. Whole brains were homogenized in ice-cold buffer (4 mM
HEPES, 0.32 M sucrose, pH 7.4) and centrifuged at 1,000 g for 10 min at 4 °C. Supernatants were
centrifuged at 20,000 g for 20 min at 4 °C, the resulting pellets were resuspended in 1.6 ml of
resuspension buffer (0.32 M sucrose, pH 7.4) and subjected to osmotic shock by 10 up-and-down
strokes in 6.4 ml of ice-cold water followed by addition of 1 ml of 250 mM HEPES and 1 M
potassium tartrate, pH 7.4, to restore osmolarity. Samples were then centrifuged at 20,000 g for 20
min at 4 °C, and supernatants were centrifuged at 120,000 g for 2 h at 4 °C. Final pellets containing
synaptic vesicles were resuspended in assay buffer (100 mM potassium tartrate, 25 mM HEPES,
0.1 mM EDTA, 0.05 mM EGTA, 1.7 mM ascorbate, 2 mM ATP disodium salt, pH 7.4) and
incubated for 5 min at 37 °C with 20 nM [*H]-DA isotopically diluted with varying concentrations
of unlabeled DA. Non-specific DA uptake was evaluated in the presence of 10 uM tetrabenazine.

The reaction was terminated by filtering the assay mixture through 0.5% polyethylenamine-soaked
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Whatman GF/B glass fiber filters using a Brandel cell harvester. The filter-bound radioactivity was

counted using a Perkin Elmer Tri Carb 2810 TR scintillation counter.

Study II

Experimental design

Motor activity of 3-month-old and 12-month-old G2019S KI mice and age-matched WT mice was
assessed for one week prior to surgical procedures. After viral injection, behavioral tests were
performed every 4 weeks up the end of the observation time. After 12 (12-month-old cohort) or 20
(3-month cohort) weeks animals were sacrificed, and brains extracted for immunohistochemical

analysis.

AAV2/9-ha-syn vector production and injection

Recombinant AAV2/9-ha-syn vectors driven by the synapsin-I promoter were produced, purified
and characterized as already described (Bourdenx et al., 2015). Briefly, vectors were transfected
into HEK-293 T/17 cells (ATCC, Teddington, UK) for three times using a polyethylenimine
solution. Seventy-two hours after transfection, cells were re-suspended in lysis buffer (150 mM
NaCl, 50 mM Tris-HCI pH 8.5), and then lysed using a freeze-thaw cycle (—80 °C/+37 °C). The
obtained supernatant was purified by iodixanol gradient step centrifugation, and finally aliquoted
and kept in stock at —80 °C. Nine 3-month-old and ten 12-month-old G2019S KI mice, and equal
numbers of age-matched WT mice, received a bilateral SNc stereotaxic injection of AAV2/9-ha-
syn (2.35x 10" genome containing particles/ul; 1 pl), under isoflurane anesthesia (Arcuri et al.,
2016). As a control, nine 3-month-old and ten 12-month-old G2019S KI mice, and equal numbers
of age-matched WT mice, received a bilateral SNc stereotaxic injection of AAV-GFP. Virus was
injected with a glass syringe at a flow rate of 0.5 pul/min and was left in place for additional 4 min to
prevent backflush. Coordinates from bregma were (in mm): antero-posterior —3.3; medio-lateral

+1.25; dorso-ventral —4.6 from dura (Paxinos and Watson).

Treatment with proteinase K (PK)

Tissue sections were incubated for 5 min with PK (ab64220; Abcam, Cambridge, UK) at room
temperature. At the end of the incubation, sections were rinsed in PBS and processed as described
above using rabbit polyclonal antibody for pSer129 a-syn (ab51253; 1:200 in BSA 1% PBST;
Abcam, Cambridge, UK).

Study IIT

Experimental design

In the first part of the study, 8-10 G2019S KI, LRRK2 KO, D1994S KD and an equal number of
age-matched mice were treated with MPTP 30 mg/Kg i.p. or saline for seven days. At the end of
the treatment, animals were sacrificed, brains extracted for immunohistochemical analysis. In the

second experimental set, G2019S KI mice were trained for one week with the bar, drag and rotarod
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tests until their performance became reproducible, and baseline motor activity was recorded. Then,
mice were treated with PF-06447475 (10 mg/kg b.i.d., s.c.) or saline for 9 days. On the third day of
treatment, animals were administered with either 30 mg/Kg MPTP or saline up to the 9" day. On
the 10" day, motor activity in the bar, drag and rotarod tests was evaluated, after which animals
were sacrificed by cervical dislocation, and tissues extracted for further analysis. In the third part of
this study, the neuroprotective potential of LRRK2 inhibitors was evaluated in MPTP-treated
G2019S KI and LRRK2 WT mice adopting a “clinically-drive” approach. Mice were treated with
either MPTP or saline for 7 days, and starting from the 4" day, also with PF-06447475 (10 mg/kg
b.i.d., s.c.), MLi-2 (10 mg/kg b.i.d., i.p.) or saline for the next 10 days. At the end of treatement,

animals were sacrificed, perfused and brains collected for further analysis

Data presentation and statistical analysis

Study 1. Data are expressed as percentage of baseline (behavioral experiments) or absolute values
and are mean + SEM (standard error of the mean) of n mice. Statistical analysis of drug effect was
performed by one-way conventional or repeated measure (RM) analysis of variance (ANOVA)
followed by the Newman-Keuls test for multiple comparisons, or by two-way ANOVA followed
by the Bonferroni test for multiple comparisons. The Student t-test, two tailed for unpaired data,
was used to compare two groups of data. P-values <0.05 were considered to be statistically

significant.

Study II. Motor performance in the drag and rotarod test was presented as absolute values
(calculated as number of steps or time on rod in sec) and analyzed by two-way RM ANOVA
followed by the Bonferroni test. All the other data were analyzed by one-way ANOVA followed by
the Bonferroni test. Data obtained from stereological counting were expressed as absolute values
(number of cells), density of striatal TH terminals was expressed as absolute data (mean absolute
value of grey scale between the two striata), density of a-syn aggregates was expressed as area of
threshold, data from iba-1+ cells were expressed as absolute value and as area occupied in pixel®. P

values<(.05 were considered to be statistically significant.

Study IlI. Data are expressed as absolute values (calculated as time on bar, number of steps or time
on rod in sec) and are mean = SEM of n mice. Statistical analysis of drug effect was performed by
one-way conventional ANOVA followed by the Bonferroni test for multiple comparisons, or by
three-way ANOVA followed by the Newman-Keuls test for multiple comparisons. Data obtained
from stereological counting were expressed as absolute values (number of cells), density of striatal
TH terminals was expressed as absolute data (mean absolute value of grey scale between the two
striata. data from iba-1+ cells were expressed as absolute value and as area occupied in pixel®. The
Student t-test, two tailed for unpaired data, was used to compare two groups of data. P values <0.05

were considered to be statistically significant.
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Drugs

GBR-12783 dihydrochloride and reserpine were purchased from Tocris Bioscience (Bristol, UK).
Nov-LRRK2-11 was obtained from Novartis Institutes for BioMedical Research, Novartis Pharma
AG (Basel, Switzerland). MPTP, PF-06447475 and MLi-2 were purchased from Carbosynth
(Compton, Berkshire, UK). GBR-12783 and Nov-11 were dissolved in 3% DMSO and saline.
MPTP was dissolved in slaine. PF-06447475 and MLi-2 were dissolved in 2% DMSO and 30%
hydroxypropyl B-cyclodextrin. Reserpine was dissolved in 1% glacial acetic acid, distilled water

and pH brought to 4.5 with NaOH.
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RESULTS
Study I: presynaptic dopaminergic dysfunctions in aged G2019S KI

Experiment I: evaluation of nigrostriatal dopaminergic pathway and LRRK2 activity

The nigro-striatal DA pathway is intact in G2019S KI mice

To confirm that the G2019S KI mice under study possess enhanced LRRK2 kinase activity, we
monitored LRRK2 autophosphorylation levels at Ser1292 using Western blotting. We found that
pSer1292 levels were ~8-fold higher in the striatum of 12-month-old G2019S KI mice compared to
age-matched WT littermates (Fig. 9), indicating a clear-cut gain of kinase activity in the presence

of the G2019S mutation.
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Fig. 9: Phosphorylation levels of LRRK2 at Ser1292 (pSeri1292) are elevated in G2019S knock-in (KI) mice. Striatal
pSer1292 and total LRRK? levels were measured by Western blotting in 12-month-old G2019S KI mice and age-matched
WT controls. Representative blots (left) and quantification (vight) are shown. Data are expressed as pSerl292
LRRK2/total LRRK?2 and are means = SEM of 7 animals per group. Statistical analysis was performed with the Student t-
test, two tailed for unpaired data. **p < 0.01, different from WT.

We next investigated the possibility that the G2019S mutation compromises the integrity of nigro-
striatal DA neurons (Fig. 10). No differences in nigral DA cell number or density of striatal TH-
positive terminals were detected between 12-month-old (Fig. 10A and 10B, respectively) or 19-
month-old (data not shown) G2019S KI and WT mice. Likewise, striatal TH levels were similar

between genotypes in 12-month-old animals (Fig. 10C).
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Fig. 10: The integrity of nigro-striatal dopaminergic neurons is preserved in G2019S KI mice. Stereological count of
nigral DA neurons (a) and density of tyrosine hydroxylase (TH) positive striatal nerve terminals (b), with representative
images, in 12-month-old G2019S KI mice and age-matched WT littermates. Western blotting analysis of striatal TH
levels in 12-month-old G2019S KI mice and age-matched WT controls (c). Data are expressed as absolute values and are
means + SEM of 8 (a-b) and 4 (c) animals per group.

Striatal DA release is preserved in G2019S KI mice

Genotype DA DOPAC HVA 3-MT DOPAC/DA HVA/DA 3-MT/DA
WT 0.28+£0.06 | 47311598 | 82.39+21.44 0.99+0.51 247.63+£112.25 242.30+36.65 2.96+0.87
G2019S KI 0.36+0.06 22.12+£5.63 54.74+11.63 0.42+0.082 48.65+10.39 114.00 +36.50* 1.14+0.24%

Tab. 1: Basal dialysate levels (nM) of DA and its metabolites DOPAC, 3-MT and HVA monitored using in vivo
microdialysis in the dorsal striatum of 19-month-old G2019S knock-in mice (G2019S K1) and wild-type littermates (WT).
*p < 0.05, significantly different from WT. The metabolite/DA ratios are also reported. Data are means + SEM of 11-15
determinations per group and were analyzed using the Student t-test, two-tailed for unpaired data.

To investigate whether the exocytotic properties of DA terminals were affected by the G2019S
mutation (Fig. 11), synaptosomes obtained from the striatum of 12-month-old mice were
depolarized with a sequence of three 90-sec pulses (18 min away) of 10 mM or 20 mM K" (Fig.
11A). No differences in spontaneous [*H]-DA efflux (Fig. 11A) and K*-evoked [*H]-DA overflow
(Fig. 11A, B) were observed between G2019S KI mice and aged-matched WT controls, both after a
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single or repeated pulse, suggesting that enhanced LRRK2 kinase activity is not associated with

changes of striatal DA release.
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Fig 11: Dopamine (DA) release is preserved in G2019S KI mice. [3H]-DA preloaded synaptosomes obtained from the
striata of 12-month-old G2019S KI mice and age-matched WT littermates were continuously superfused with Krebs and
stimulated with 3 pulses (90 s) of 10 mM or 20 mM K+ (18 min apart). DA release has been expressed as fractional
release (FR; i.e. tritium efflux expressed as percentage of the tritium content in the filter at the onset of the corresponding
collection period; a), or NET FR (i.e. K+-evoked tritium overflow as percent of the tritium content in the filter at the
onset of the corresponding collection period; b). Data are means £ SEM of 9 determinations per group.

Consistently, in vivo microdialysis revealed no significant differences in dialysate levels of DA and
DA metabolites (DOPAC, HVA and 3-MT) between 19-month-old G2019S KI mice and WT
littermates (Tab. 1), although a trend for higher DA and lower metabolites levels in G2019S KI
mice was observed. Indeed, significant reductions of HVA/DA and 3-MT/DA ratios in G2019S KI
mice were found, the reduction of DOPAC/DA ratio being close to significance (p=0.067; Tab. 1),
suggesting a slower DA metabolism in G2019S KI mice Microdialysis also revealed that the
LRRK2 kinase inhibitor Nov-LRRK2-11 (10 mg/kg, i.p.), which normalizes motor performance in
G2019S KI mice (Longo et al., 2014), did not affect striatal DA release in any genotypes (Fig.
12A), suggesting the motor phenotype of G2019S KI mice did not rely on greater DA release.
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Fig. 12: Acute blockade of LRRK? kinase activity does not affect striatal dopamine (DA) levels whereas acute DAT
blockade evoked blunted neurochemical and behavioral responses in G2019S KI mice in vivo. Microdialysis was
performed in the dorsolateral striatum of 19-month-old G2019S KI mice and with age-matched wild-type (WT)
littermates (WT) (a, b). Mice were then challenged with the LRRK2 kinase inhibitor Nov-LRRK2-11 (10 mg/kg, i.p.) or
the DAT blocker GBR-12783 (20 mg/kg, i.p.). Dialysate levels of DA are expressed as absolute values (nM) and are
mean = SEM of 5 WT and 6 G2019S KI mice (a), or 6 WT and 9 G2019S KI mice (b). Motor responses of 12-month-old
mice to GBR-12783 (6 mg/kg, i.p.) or saline administration (c-e). Motor activity was assessed using the bar (c), drag (d)
and rotarod (e) tests, before (baseline) and after (20 and 90 min) drug administration, and was expressed as percentage
of performance at baseline. Data are means + SEM of 12—17 (WT) or 13—17 (G2019S KI) mice per group. Statistical
analysis was performed using one-way RM ANOVA (a-b) or conventional ANOVA (c-e) followed by the Newman—Keuls
test for multiple comparisons. *p < 0.05, ** p < 0.01 significantly different from baseline values; #p < 0.05, ##p < 0.01
significantly different from saline.
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Experiment II: ex vivo analysis of DAT and VMAT?2 levels and activity
Age-dependent dysfunction of DAT in G2019S KI mice
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Fig. 13: Age-dependent dysfunction of DAT expression and function in G2019S knock-in (KI) mice. Kinetic analysis of
[3H]-DA uptake in synaptosomes (a, c), and Western blotting analysis of DAT protein levels (and representative blots)
(b, d) were performed in the striata of 12-month-old (a, b) and 3-month-old (c, d) G2019S KI mice in comparison with
age-matched WT controls. Values are expressed as mean+SEM of n=4 (uptake) or n=3 (Western blotting)
independent experiments performed in duplicate. Statistical analysis was performed using the Student t-test, two-tailed
for unpaired data. *p < 0.05, different from WT.

Since extracellular DA levels strongly rely on DAT activity, we investigated whether the trend for
an increase in extracellular DA levels observed in G2019S KI mice was associated with changes in
DAT activity. Microdialysis showed that striatal DA levels were elevated in both genotypes after
administration of the DAT blocker GBR-12783 (20 mg/Kg, i.p) (Fig. 12B). However, the response
in WT mice was more rapid and larger (maximum ~3-fold over basal) compared to that in G2019S
KI mice that was delayed and blunted (~2-fold over basal) (Fig. 12B). To confirm dysfunctional
DAT activity, we monitored motor performances following GBR-12783 administration. As
previously reported (Longo et al., 2014), G2019S KI mice were more active (p<0.001) in the bar
and drag tests (18.29+£1.62 sec and 13.67+0.47 steps, respectively; n=60) compared to WT
littermates (31.57£1.65 sec and 9.92+0.39 steps, respectively; n=58). Conversely, rotarod
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performance was similar in G2019S KI and WT mice (837.58421.73 and 872.2+31.89 sec,
respectively). GBR-12783 (6 mg/Kg) reduced the immobility time (Fig. 12C) and increased the
stepping activity (Fig. 12D) in WT but not G2019S KI mice, while causing a delayed increase in
rotarod performance in both genotypes (Fig. 12E). We then investigated DAT expression and
function in striatal synaptosomes from 12-month-old mice (Fig. 13A, B). Analysis of DA uptake
kinetics (Fig. 13A) revealed a significant 63% increase of maximal transport rate (Vmax) in striatal
synaptosomes from G2019S KI mice (33.1£1.4 pmol/mg prot/min) with respect to WT mice
(20.2+1.1 pmol/mg prot/min; p<0.01), without changes in the DA affinity for the transporter (K
76.3£8.5 nM vs 67.9£9.0 nM in G2019S KI and WT mice, respectively). Consistent with higher
Vmax, Western blot analysis showed that DAT protein levels were ~4-fold higher in G2019S KI
than WT mice (Fig. 13B). To investigate whether these changes were age-dependent, experiments
were replicated in younger animals (Fig. 13C, D). No differences were observed in [*H]-DA uptake
kinetics between 3-month-old G2019S KI mice (Kn 66.2+£10.1 nM, Vma 26.5+1.7 nM) and age-
matched WT controls (Kn 70.5£10.6 nM, Vmax 25.3£0.6 nM) (Fig. 13C). Likewise, protein levels

were similar between genotypes at this age (Fig. 13D).

Age-dependent dysfunction of VMAT? in G2019S KI mice

Since the DAT/VMAT? ratio is a vulnerability factor in DA neurons (Miller et al., 1999b), we next
investigated whether VMAT2 was also dysfunctional in G2019S KI mice (Fig. 14). First, the
VMAT?2 blocker reserpine was administered (1 mg/Kg, i.p.) to 12-month-old mice (Fig. 14A-C).
G2019S KI and WT mice showed similar increases of immobility time 24 hr after reserpine
administration, although G2019S KI mice were also affected at 48 hr (Fig. 14A). Conversely,
reserpine reduced stepping activity (Fig. 14B) and rotarod performance (Fig. 14C) selectively in
WT mice, both at 24 hr and 48 hr after administration. Higher reserpine doses (2 mg/Kg), however,
caused similar motor impairments in both genotypes (data not shown). We then measured VMAT?2
uptake activity in a preparation of whole-brain synaptic vesicles (Fig. 14D). VMAT?2 affinity for
DA (Kn) was similar between 12-month-old G2019S KI mice and WT controls (356.3425.2 vs
333.6+31.0 nM, respectively), although Vim.x was significantly higher in G2019S KI mice
(52.74£2.4 vs 43.2+£2.2 nM, respectively; p<0.05). Striatal VMAT2 protein levels were then
analyzed, comparing a commercially available (Fig. 14E) with an in-house validated (Cliburn et al.,
2016) antibody (Fig. 14F). Both antibodies revealed a ~50% reduction of VMAT?2 levels in
G2091S KI mice. Finally, VMAT2 activity and protein levels were measured in 3-month-old mice
(Fig. 14G-I). As for DAT, no differences between genotypes were observed at this age.
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Fig. 14: Age-dependent dysfunction of VMAT2 expression and function in G2019S KI mice. Motor activity in 12-month-
old G2019S KI mice and wild-type (WT) littermates treated with reserpine (1 mg/kg, i.p.) or saline, and challenged in the
bar (a), drag (b) and rotarod (c) tests, before (baseline) and after (24 and 48 h) drug administration. Motor performance
was expressed as percentage of performance at baseline. Data are means + SEM of n = 14—15 mice per group and were
analyzed using conventional ANOVA followed by the Newman—Keuls test for multiple comparisons. # p <0.05, ##
p <0.01 significantly different from saline. Kinetic analysis of [3H]-DA uptake in whole-brain vesicles and Western
blotting of VMAT? levels in the striata from 12-month-old (d-f) or 3-month old (g- i) G2019S KI mice and WT littermates.
In Western blotting, two different anti-VMAT?2 antibodies were used, one commercially available (e, h; Sigma) and
another developed by Miller lab (f; i) (see Methods). Data are expressed as mean = SEM of 4 mice (d- f), 3 mice (g) or 5
mice (h, i) per group, performed in duplicate. Statistical analysis was performed by the Student t-test, two-tailed for

unpaired data. **p < 0.01, different from WT
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Experiment III: evaluation of a-synuclein and its modified forms
Age-dependent increase of pSer129 a-synuclein in G2019S KI mice
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Fig. 15: DOPAL-modified a-synuclein (a-syn) levels are unchanged whereas Serl29-phosphorylated a-synuclein
(pSeri129 a-syn) levels are elevated in G2019K KI mice. Relative quantification and representative blots of DOPAL-
bound a-syn pull-down with aminophenylboronic acid (APBA) resin of striata from 12-month-old G2019S KI mice and
age-matched WT controls (a). In the same preparation, pSer129 a-syn levels (c) were quantified relatively to a-syn levels
(b). Data are expressed as mean = SEM of 'n = 11 mice per group. Statistical analysis was performed by the Student t-test,
two tailed for unpaired data. **p < 0.01 different from WT
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An increase of DAT activity (Masoud et al., 2015) can lead to an increased cytosolic DA levels and
buildup of byproducts of DA metabolism which are toxic for the cell. Among these, DOPAL
(Mattammal et al., 1995, Burke, 2003, Panneton et al., 2010), which is known to covalently bind to
a-syn at lysine residues (Follmer et al., 2015, Werner-Allen et al., 2016). We therefore measured
DOPAL-bound a-syn levels in the striatum of 12-month-old G2019S KI mice compared to WT
controls (Fig. 15A). No significant difference between genotypes was found. We then investigated
pSer129 a-syn levels (Fig. 15B,C), since this posttranslational modification of a-syn is thought to
influence a-syn aggregation and is highly represented in intracellular inclusions and Lewy Bodies
(Fujiwara et al., 2002, Saito et al., 2003, Anderson et al., 2006). Total endogenous a-syn levels
were not different between genotypes (Fig. 15B) whereas pSer129 a-syn levels were ~2-fold higher
in the striatum of G2019S KI mice (Fig. 15C). To study the localization of a-syn and pSer129 o-
syn, immunohistochemistry was employed in striatal slices from 12-month-old mice (Fig. 16). a-
syn and pSer129 a-syn inclusions were revealed in striatal neurons of both genotypes, seemingly at
the cell body level. Endogenous a-syn levels did not differ between genotypes (Fig. 16A), while
pSer129 a-syn inclusions were significantly higher in the striatum of G2019S KI mice compared to
WT controls (Fig. 16B). We next confirmed that such increase was age-dependent, since no
difference in striatal a-syn or pSer129 a-syn levels was observed between 3-month-old G2019S KI

mice and WT controls (Fig. 16C, D).
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Fig. 16: Age-dependent overload of Serinel29-phosphorylated a-synuclein (pSeri29 a-syn) in G2019S knock-in (KI)
mice. Representative microphotographs and relative quantifications of a-syn and pSer129 a-syn immunostaining in the
striatum of 12-month-old (a, b) and 3-month-old (c, d) G2019S KI mice and WT controls. Data are expressed as
mean = SEM of 8 (a, b) or 6 (c, d) mice per group. Statistical analysis was performed by the Student t-test, two tailed for
unpaired data. *p < 0.05 different from WT.

Study II: impact of LRRK2 G2019S mutation on a-synuclein neuropathology

Experiment I: injection of AAV2/9-ha-syn in 3-month-old mice

G2019S KI mice were injected with AAV2/9-ha-syn to verify whether the increase of LRRK2
kinase activity accelerates ha-syn-induced neuropathology. Mice injected with ha-syn displayed
progressive motor deficits in the drag test whereas mice injected with GFP showed relatively stable
performance over the 20-week observation period (treatment effect F3,5=20.04, p<0.0001; time
effect F5,145=21.23, p<0.0001; time x treatment interaction F15,145=2.38, p=0.0005).
Stepping was significantly reduced starting from 8 weeks after virus injection with stable levels
attained after 12 weeks onwards (—40% from baseline) (Fig. 17A). The time-courses of stepping
activity of G2019S KI and WT mice injected with AAV2/9-ha-syn were superimposable,

indicating no genotype susceptibility. Stereological analysis revealed a similar number of DA
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neurons in SNc¢ of GFP-injected G29019S KI and WT mice (4883 £176 vs 5112 £320; Fig. 17A).
AAV2/9-ha-syn injected G29019S KI and WT mice had a similar ~50% loss of DA neurons in
SNc (Fig. 17B). Consistently, optical density of TH+ striatal nerve terminals revealed that
AAV2/9-ha-syn injected G29019S KI and WT mice had 60—70% loss of striatal TH signal, again
without difference between genotypes (Fig. 17C).
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Fig. 17: Behavioral impairment and nigrostriatal degeneration associated with ha-syn overexpression in 3-month-old
mice. AAV2/9-ha-syn or AAV2/9 GFP (as a control) were injected bilaterally in the SNc of G2019S KI and WT mice.
Stepping activity was evaluated using the drag test at baseline and 4, 8, 12, 16 and 20 weeks after surgery (A),
stereological quantification of nigral dopamine neurons (B) and analysis of density of striatal tyrosine hydroxylase (TH)
positive terminals (C) were performed after 20 weeks. Representative images of SNc and striatum are also given. Data
are expressed as number of steps (4), number of nigral neurons (B) and optical density (grey scale arbitrary units, C) are
means +SEM of 7 (G2019S KI GFP), 8 (LRRK2 A53T WT) and 9 (LRRK2 WT GFP and G2019S KI A53T) mice per
group. Statistical analysis was performed by two-way RM ANOVA followed by the Bonferroni test for multiple
comparisons (A) or one-way ANOVA followed by the Bonferroni test for multiple comparisons (B—C). **p <0.01
different from respective GFP controls.
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Evaluation of AAV2/9 injection efficiency in 3-month-old mice

The efficiency of AAV2/9 injections was evaluated by the expression patterns of ha-syn (Fig. 18).
As expected, only mice injected with AAV2/9-ha-syn showed a significant ha-syn labelling in
SNc. Strong labelling was also detected in striatum, indicating the diffusion of ha-syn from SNc to

anatomically connected areas. No difference in ha-syn load between genotypes was found in SNc

or striatum (Fig. 18A, B).
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Fig. 18: Expression of ho-syn in 3-month-old mice. AAV2/9-ha-syn or AAV2/9 GFP (as a control) were injected
bilaterally in the SNc of G2019S KI and WT mice and transgene expression evaluated after 20 weeks. Representative
images of SNc and striatum, and quantification of the area occupied by ha-syn immunostaining in the SNc (4) or striatum
(B). Data are expressed as mean percentage + SEM of immunopositive surface of the structure of interest of 8 mice per
group. Statistical analysis was performed by one-way ANOVA followed by the Bonferroni test for multiple comparisons.
**p < 0.01 different from respective GFP controls.
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Fig. 19: Increase of pSer129 a-syn levels following ha-syn overexpression in 3-month-old mice. AAV2/9-ha-syn or
AAV2/9 GFP (as a control) were injected bilaterally in the SNc of G2019S KI and WT mice, and pSer129 a-syn or total
a-syn levels evaluated after 20 weeks. Representative images of total a-syn signal in SNc and striatum, or pSer129 o-syn
signal in SNc and striatum, and relative quantifications (A, B, C, D, respectively). Data are expressed as mean
percentage £ SEM of immunopositive surface of the structure of interest of 8 mice per group. Statistical analysis was

performed by one-way ANOVA followed by the Bonferroni test for multiple comparisons. **p <0.01 different from
respective GFP controls.
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o-synuclein neuropathology in 3-month-old mice

To confirm the occurrence of a-syn pathology, the levels of pSer129 a-syn, i.e. the most prominent
form of a-syn present in LB (Fujiwara et al., 2002, Anderson et al., 2006), were measured. As
shown in Fig. 19, total a-syn labelling, which encompasses both human and endogenous a-syn due
to the lack of antibody selectivity, was 2.5-fold greater in the SNc (Fig. 19A) and 1.5-fold greater
in the striatum (Fig. 19B) of AAV2/9-ha-syn injected mice compared to control mice, irrespective
of genotype. pSer129 a-syn labelling was also 1.5-fold higher in the SNc (Fig. 19C) and 4-fold
higher in the striatum (Fig. 19D) of AAV2/9-ha-syn injected mice compared to AAV GFP mice,
again irrespective of genotype. To ascertain whether pSer129 a-syn labelling was constituted by
soluble, monomeric or insoluble, oligomeric a-syn forms, slices were treated with proteinase K
(Fig. 20). After PK treatment, a significant pSer129 a-syn signal was detected in both the SNc (Fig.
20A) and striatum (Fig. 20B) of AAV2/9-ha-syn injected mice indicating the presence of a-syn
aggregates. However, the amount was similar in G2019S KI and WT mice, indicating that the
mutation did not facilitate a-syn aggregation in 3-month-old mice. Finally, it was investigated
whether a-syn pathology was accompanied by a microglial response (Fig. 21). AAV2/9-ha-syn
injection did not change the number and area occupied by iba-1+ cells in SNc (Fig. 21A-B) or

striatum (Fig. 21C-D), indicating the absence of sustained microgliosis.
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Fig. 20: pSeri29 a-syn aggregates following ha-syn overexpression in 3-month-old mice. AAV2/9-ha-syn or AAV2/9
GFP (as a control) were injected bilaterally in the SNc of G2019S KI and WT mice and pSer129 a-syn signal following
Proteinase K (PK) digestion evaluated after 20 weeks. Representative images of SNc and striatum, and relative
quantifications of pSerl29 a-syn signal (A, B, respectively). Data are expressed as mean percentage+SEM of
immunopositive surface of the structure of interest of 8§ mice per group. Statistical analysis was performed by one-way
ANOVA followed by the Bonferroni test for multiple comparisons. **p < 0.01 different from respective GFP controls.
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Fig. 21: Lack of microglial activation following ha-syn overexpression in 3-month-old mice. AAV2/9-ha-syn or AAV2/9
GFP (as a control) were injected bilaterally in the SNc of G2019S KI and WT mice and microglia analysed after 20
weeks. Representative images of SNc and striatum at low (10X) and high magnification (63X), and relative
quantifications of the number (4, C) and the area occupied (B, D) by iba-1 positive microglial cells. Data are expressed
as mean £ SEM of 8 mice per group.
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Experiment II: injection of AAV2/9-ha-syn in 12-month-old mice

Data obtained in 3-month-old mice indicate that G2019S does not accelerate a-syn toxicity. We
then sought to investigate whether G2019S could play a significant contribution in older animals.
As aging is a major risk factor in PD and, in addition, we observed synaptic dysfunction and a
pSer129 a-syn overload in the striatum of 12-month-old G2019S KI mice, we used older mice to
investigate the contribution of age on pathology in our AAV model. Analysis of motor behavior
showed that 12-month-old AAV2/9-ha-syn injected mice displayed motor deficits in the drag test
(treatment F3,3=24.24, p<0.0001, time F3,93=18.31, p<0.0001, time x treatment interaction
F9,93=4.55, p<0.0001; Fig. 22A). Stepping was similarly impaired in both genotypes (20-30%),
a significant effect being observed already at 4 weeks after injection (Fig. 22A). The same pattern
was confirmed by analysis of global motor activity in the rotarod test (treatment F3,3=8.41,
p=0.0003, time F3,93=3.81, p=0.0126, time x treatment interaction F9,93 =3.80, p=0.0004;
Fig. 22B). Stereological analysis performed 12 weeks after surgery showed that 12-month-old
GFP-injected G2019S KI and WT mice had a similar number of nigral DA neurons (42914 167
and 4429 + 242, respectively; Fig. 22C). However, G2019S KI mice showed significantly larger
(F3,31=44.16, p<0.0001) nigral degeneration compared to WT mice (—55% vs —39%, 1944 + 168
vs 2729 + 177 DA cells, respectively; Fig. 22C). Nonetheless, striatal TH density analysis revealed
that both groups of animals displayed a significant reduction (28%) of TH+ terminals (Fig. 22D).
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Fig. 22: Behavioral impairment and nigrostriatal degeneration associated with ha-syn overexpression in 12-month-old
mice. AAV2/9-ha-syn or AAV2/9 GFP (as a control) were injected bilaterally in the SNc of G2019S KI and WT mice.
Stepping activity was evaluated using the drag test (A) or the rotarod test (B) at baseline and 4, 8, 12 weeks after surgery,
and nigrostriatal degeneration was evaluated after 12 weeks. Representative images of SNc and striatum are also given.
Data are expressed as number of steps (A), time on rod (in sec; B), number of nigral neurons (C) and optical density
(grey scale arbitrary units, B) are means = SEM of n =7 (LRRK2 WT GFP), 8 (LRRK2 WT A53T) and 10 (G2019S KI
GFP and G2019S KI A53T) mice per group. Statistical analysis was performed by two-way RM ANOVA followed by the
Bonferroni test for multiple comparisons (A-B) or one-way ANOVA followed by the Bonferroni test for multiple
comparisons (C-D). **p < 0.01 different from respective GFP controls, °p < 0.05 different from LRRK2 WT A53T.
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Fig. 23: Expression of ho-syn in 12-month-old mice. AAV2/9-ho-syn or AAV2/9 GFP (as a control) were injected
bilaterally in the SNc of G2019S KI and WT mice and transgene expression evaluated after 12 weeks. Representative
images of SNc and striatum, and quantification of the area occupied by ha-syn immunostaining in the SNc (4) or striatum
(B). Data are expressed as mean percentage + SEM of n =7 (LRRK2 WT GFP), 8 (LRRK2 WT A53T) and 10 (G2019S KI
GFP and G2019S KI A53T) mice per group. Statistical analysis was performed by one-way ANOVA followed by the
Bonferroni test for multiple comparisons. **p < 0.01 different from respective GFP controls.
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Figure 24: Increase of pSer129 a-syn levels following ha-syn overexpression in 12-month-old mice. AAV2/9-ha-syn or
AAV2/9 GFP (as a control) were injected bilaterally in the SNc of G2019S KI and WT mice, and pSer129 a-syn or total
a-syn levels evaluated after 12 weeks. Representative images of total a-syn signal in SNc and striatum, or pSer129 o-syn
signal in SNc and striatum, and relative quantifications (A, B, C, D, respectively), data are expressed as mean
percentage + SEM of immunopositive surface of the structure of interest of 9 mice per group. Statistical analysis was
performed by one-way ANOVA followed by the Bonferroni test for multiple comparisons. **p <0.01 different from
respective GFP controls; #p < 0.01 different from LRRK2 WT GFP; °°p < 0.01 different from LRRK2 WT A53T.
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o-synuclein neuropathology in 12-month-old mice

Similar to 3-month-old mice, AAV2/9-ha-syn injection caused comparable expression of ha-syn
(Fig. 23) in SNc (Fig. 23A) and striatum (Fig. 23B) of G29019S KI and WT mice, suggesting
comparable transduction efficiencies. Likewise, as in the 3-month-old cohort, total a-syn load (Fig.
24) was ~2-fold elevated in the SN¢ (Fig. 24A) and striatum (Fig. 24B) of AAV2/9-ha-syn injected
mice compared to GFP-injected mice. However, different from 3-month-old mice, significant
changes in the levels of pSerl129 a-syn in SNc (treatment F3,32=1393 p<0.0001) and striatum
(treatment F3,32=524.8, p<0.0001) were found. In particular, GFP-treated G2019S KI mice had
~3-fold higher levels of pSer129 a-syn in SNc (Fig. 24C) and striatum (Fig. 24D) compared to
GFP-treated WT mice. Moreover, G2019S KI mice injected with AAV2/9-ha-syn showed a ~2-
fold larger area of signal in both areas with respect to WT mice injected with the same construct.
The area occupied by PK-resistant pSer129 o-syn aggregates was then analyzed (Fig. 25).
Interestingly, upon PK treatment no difference in pSer129 a-syn load between G2019S KI and WT
could be observed anymore, both in SNc (Fig. 25A) and striatum (Fig. 25B). However, there was
still a doubling of pSer129 a-syn levels detectable in G2019S KI versus WT mice injected with
AAV2/9-ha-syn. Finally, we investigated the microglial response in this cohort of 12-month-old
mice (Fig. 26). No changes in the number and area occupied by Iba-1+ microglial cells in SNc
(Fig. 26A-B) or striatum (Fig. 26C-D), were detected between AAV2/9-ha-syn injected and AAV

GFP injected mice, again suggesting no active microglial response at 12 weeks after viral injection.
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Fig. 25: pSeri29 a-syn aggregates following ho-syn overexpression in 12-month-old mice. AAV2/9-ho-syn or AAV2/9

GFP (as a control) were injected bilaterally in the SNc of G2019S KI and WT mice, and pSer129 a-syn signal following
Proteinase K (PK) digestion evaluated after 12 weeks. Representative images of SNc and striatum, and relative
quantifications of pSerl29 a-syn signal (A, B, respectively). Data are expressed as mean percentage+SEM of
immunopositive surface of the structure of interest of 9 mice per group. Statistical analysis was performed by one-way
ANOVA followed by the Bonferroni test for multiple comparisons. **p < 0.01 different from respective GFP controls;
°°p < 0.01 different from LRRK2 WT A53T.
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Fig. 26: Lack of microglial activation following ha-syn overexpression in 12-month-old mice. AAV2/9-ha-syn or AAV2/9
GFP (as a control) were injected bilaterally in the SNc of G2019S KI and WT mice and microglia analysed after 12
weeks. Representative images of SNc and striatum at low (10X) and High magnification (63X), and relative
quantifications of the number (4, C) and the area occupied (B, D) by iba-1 positive microglial cells. Data are expressed
as mean £ SEM of 9 mice per group.
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Study III: impact of LRRK2 G2019S mutation on MPTP susceptibility

Experiment I: Comparison between WT, LRRK2, KO and G2019S KI mice

In the attempt to prove the enhanced susceptibility of G2019S KI mice to MPTP, MPTP was
administered subacutely to WT, KO, KD and G2019S KI mice, and the integrity of the nigrostriatal
pathway was investigated (Fig. 27). These genotypes had similar amount of DA neurons in SNc
(5473 £315, 5086 + 256, 5663 + 354 and 5182 + 97 respectively; Fig. 27A), and were all sensitive
to MPTP (F760 = 63,99, p<0,0001). The loss of DA neurons was similar in WT, KO and KD mice
(50%) but significantly greater in G2019S KI mice (75%). Consistently, MPTP reduced the density
of striatal TH+ terminals in all genotypes (F7,5:=56,43; p<0.0001; Fig. 27B). However, G2019S KI

mice showed a larger reduction compared to WT, KO and KD mice.
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Fig. 27: MPTP-induced nigrostriatal degeneration in 3-month-old G2019S KI, LRRK2 KO, KD and WT mice.
Representative images of SNc and Striatum are also given. Data are expressed as number of TH+ neurons (A) and
striatal optical density (grey scale arbitrary units, B) and are mean £ SEM of n =4 (LRRK2 KO + Saline), 5 (KD +
Saline), 8 (LRRK2 KO and KD + MPTP) and 13 (G2019S KI and WT + Saline and G2019S KI and WT + MPTP) mice
per group. Statistical analysis was performed by one-way ANOVA followed by the Bonferroni test for multiple
comparisons. ¥**p<0.01 different from respective Saline controls; °p<0.05 and °°p < 0.01 different from G2019S KI +
MPTP.
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Experiment II: neuroprotective potential of LRRK2 kinase inhibitor

Neuroprotective effect of PF-06447475

We first attempted to demonstrate the neuroprotective potential of PF-06447475 (10 mg/Kg) by
pretreating G2019S KI mice with PF-06447475, i.e. by mice. administering the compound 3 days
before, and simultaneously with MPTP. Behavioral analysis did not highlight any impact of
treatments on motor activity in all tests employed (Fig. 28A-C). Nevertheless, MPTP caused a 72%
loss of nigral DA neurons (F3,24=33.89 p<0.0001; Fig. 28D) and a similar 75% loss of striatal TH
terminals (F3,28=33.24 p<0.0001; Fig. 28E). PF-06447475 prevented the MPTP-induced loss of
nigral DA neurons but was unable to attenuate the degeneration of striatal TH+ terminals

associated with it.
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Fig. 28: motor activity and nigrostriatal degeneration in 3-month-old G2019S KI mice pre-treated with PF-06447475
and then with subacute MPTP. Representative images of SNc and Striatum are also given. Motor activity was assessed
using the bar (4), drag (B) and rotarod (C) tests, before (baseline) and after (post-treatment) drug administration. Data
are expressed as time on bar (in sec; A), number of steps (B), time on rod (in sec; C), number of TH+ neurons (D) and
striatal optical density (grey scale arbitrary units, E) and are mean = SEM of n=7 mice per group. Statistical analysis
was performed by two-way or one-way ANOVA followed by the Bonferroni test for multiple comparisons. **p<0.01
different from G2019S KI+SAL; *p < 0.01 different from G2019S KI +MPTP+PF.
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Experiment III: Comparison of LRRK2 Kkinase inhibitors as disease-modifiers drugs

PF-06447475 protects/rescues from MPTP-induced neurotoxicity

To further prove the neuroprotective/neurorescue potential of PF-06447475, in a second
experiment PF-06447475 was given subacutely for 10 days, to both WT and G2019S KI mice
treated with MPTP or saline (Fig. 29). In this “clinically driven” protocol, treatment with PF-
06447475 was delayed with respect to MPTP, specifically starting the 4™ day after the onset of
MPTP and ending 6 days after MPTP withdrawal. Once again, behavioral analysis did not show
any significant effect after treatments (Fig. 29A-C). Stereology (Fig. 29D) revealed that MPTP
caused a larger DA neuron degeneration in G2019S KI mice (70%) than WT mice (43%) (genotype
X toxin Fi,=7.27 p=0.0100). PF-06447475 did not affect the MPTP-induced loss of nigral DA
neurons in WT mice but attenuated that in G2019S KI mice (genotype X treatment F;;=11.86
p=0.0013) bringing the number of spared neurons close to that observed in WT animals. Different
from that observed in SNc¢c, PF-06447475 was unable to affect the MPTP-induced striatal TH+
terminal degeneration in both genotypes (Fig. 29E).
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Fig. 29: motor activity and nigrostriatal degeneration in 3-month-old G2019S KI mice treated subactutely with MPTP
and PF-06447475. Representative images of SNc and Striatum are also given. Motor activity was assessed using the bar
(4), drag (B) and rotarod (C) tests, before (baseline) and after (post-treatment) drug administration. Data are expressed
as time on bar (in sec; A), number of steps (B), time on rod (in sec; C), number of TH+ neurons (D) and striatal optical
density (grey scale arbitrary units, E) and are mean + SEM of n = 8 mice per group. Statistical analysis was performed
by two-way or one-way ANOVA followed by the Bonferroni test for multiple comparisons. **p < 0.01 different from
Saline controls; *p < 0.01 different from WT+MPTP; °°p<0.01 different from G2019S KI MPTP+PF.
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MLi-2 protects/rescues from MPTP-induced neurotoxicity
To confirm the neuroprotective potential of LRRK2 inhibitors, MLi-2 was tested under a

“clinically-driven” protocol in MPTP-treated WT and G2019S KI mice (Fig. 30). Also in this set of
experiments, MPTP caused a larger degeneration of DA neurons (Fig. 30A) in G201S KI mice
(66%) than WT mice (35%) (genotype X toxin Fi,;,=6.61 p=0.0124). MLi-2, ineffective on its own,
attenuated the loss of DA neurons in G2019S KI but not WT mice (genotype X treatment F; ;=7.24
p=0.00911;). Consistent with what found in SNc¢ (Fig. 30B), MPTP caused a more profound loss of
TH+ terminals in the striatum of G2019S KI mice with respect to WT controls (genotype X toxin
F1,=3.61 p=0.0618). Surprisingly, however, MLi-2 rescued this effect in both genotypes.
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Figure 30: motor activity and nigrostriatal degeneration in 3-month-old G2019S KI mice treated subactutely with MPTP
and MLi-2. Representative images of SNc and Striatum are also given. Data are expressed as number of TH+ neurons
(4) and striatal optical density (grey scale arbitrary units, B) and are mean + SEM of n = 9 mice per group. Statistical
analysis was performed by one-way ANOVA followed by the Bonferroni test for multiple comparisons. **p <0.01
different from Saline controls; ##p < 0.01 different from WT+MPTP; °°p<0.01 different from G2019S KI MPTP+MLi-2.
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LRRK? targeting in vivo
To confirm that LRRK2 inhibitors were really targeting LRRK2, PF-06447475 and MLi-2 were

administered to G29019S KI mice at the single dose of 10 mg/kg and striatal levels of pSer1292
LRRK2, a readout of LRRK2 kinase inhibition, were measured by Western blot (Fig. 31). PF-
06447475 reduced pSer1292 levels by 35% (Fig. 31A) whereas the inhibition induced by MLi-2
was two-fold greater (72%; Fig. 31C). Neither antagonist reduced total LRRK?2 levels (Fig. 31B,
D).
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Fig. 31: Striatal phosphorylation levels of LRRK2 at Ser1292 (pSer1292) and total LRRK?2 levels in G2019S KI mice
treated with either vehicle, PF-06447475 or MLi-2. Representative blots and quantification are shown. Data are
expressed as pSer1292 LRRK2/total LRRK2 and are means =SEM of 5 mice per group. Statistical analysis was
performed with the Student t-test, two tailed for unpaired data. **p < 0.01, different from vehicle.

PF-06447475 and microglial response
Preliminary investigation on the role of inflammation in the response to MPTP and the LRRK2

inhibitors was made via Iba-1 immunohistochemistry (Fig. 32A-B). Morphological analysis
revealed that MPTP induces a profound microglial response in the striatum of WT animals when

compared to the control group treated with saline (Fig. 32A), as shown by the 165% increase in the




number of IBA-1+ cells. Microglial recruitment by MPTP was however greater in G2019S KI mice
which showed a 484% increase relative to the control group (genotype X MPTP F, ;= 32.11,
p<0.0001). Treatment with the LRRK?2 kinase inhibitor PF-06447475 did not alter the microglial
response to MPTP in WT micebut quenched by 39.5% the microglial proliferation in G2019S KI
mice (genotype X treatment F;;=15.07 p=0.0004). Similar results were obtained by analyzing the
area occupied by IBA-1+ cells (Fig. 32B): no genotype difference was observed in saline-treated
animals displaying similar values between the two genotypes (54 + 8 vs 57 + 5 pixel® for WT and
(G2019S KI mice respectively) whereas G2019S KI mice showed a more marked (16-fold) response
to MPTP compared to WT mice (8-fold; F1,,=24.65 p<0.0001). Even in this case, PF-064447475
normalized the response in G2019S KI mice, being ineffective in WT mice (F1,;=18.89 p<0.0001).

MLi-2 and microglial response

The degree of microglial activation was also evaluated in MLi-2-treated mice (Fig. 32C, D). Once
again, MPTP-treatment induced a more profound increase in number (Fi,;=38.41 p<0.0001) and
area occupied (Fi,=34.36 p<0.0001) by IBA-1+ cells in G2019S KI animals compared to WT
controls. Different from what observed with PF-06447475, MLi-2 increased the number of IBA-1+
cells in WT mice but did not impact this microglial response in G2019S KI mice. In addition, MLi-
2 did not change the area occupied by IBA-1 positive cells in both genotypes.
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Fig. 32: Microglial response in MPTP, PF-06447475 and MLi-2-treated WT and G2019S KI animals. Representative
images of striatum and relative quantifications of the number (4, C) and the area occupied (B, D) by IBA-1 positive
microglial cells. Data are expressed as number of IBA-1 positive cells and area occupied (pixel’) and are mean = SEM of
8 (PF-06447475 cohort) or 9 (MLi-2 cohort) mice per group. Statistical analysis was performed by one-way ANOVA
followed by the Bonferroni test for multiple comparisons. **p < 0.01 different from respective saline controls; °°p<0.01
different from WT MPTP.
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DISCUSSION

Study I

We previously reported that G2019S KI mice have a hyperkinetic phenotype relying on elevated
kinase activity (Longo et al., 2014). In this follow-up, we show that 12-month-old G2019S KI and
WT mice bear similar numbers of nigral DA neurons and striatal DA terminals, in keeping with
previous studies in the same genotype (Herzig et al., 2011, Yue et al., 2015) or in BAC G2019S
overexpressing mice (Li et al., 2010a, Melrose et al., 2010) and rats (Zhou et al., 2011, Lee et al.,
2015, Sloan et al., 2016), as well as similar extracellular DA levels and depolarization-evoked
striatal DA release, in line with that found in 22-month old R1441G KI mice (Tong et al., 2009).
Since the LRRK2 kinase inhibitor Nov-LRRK2-11 (Longo et al., 2014) also failed to affect striatal
DA release in vivo in any genotypes, we conclude that the nigro-striatal DA system is
morphologically intact and the exocytotic properties of DA neurons are functionally preserved in
(G2019S LRRK2 carriers. The lack of changes of striatal DA release is at striking variance with the
60% reduction in basal striatal extracellular DA levels reported, in the absence of motor phenotype
change, in 12-month-old G2019S KI mice (Yue et al., 2015). We cannot easily explain this
difference since both strains of G2019S KI mice are backcrossed on C57BL and bear similar
kinase-enhancing mutations on exon 41 (Herzig et al., 2011, Yue et al., 2015). Indeed, kinase
activity appears to be elevated in both strains, as evaluated by in vitro kinase assays on synthetic
substrates (Herzig et al., 2011, Yue et al., 2015). We confirmed this finding in vivo, showing that,
in good agreement with previous work on brain lysates of BAC G2019S mice (Sheng et al., 2012),
pSer1292 levels were ~8-fold higher in the striatum of G2019S KI mice compared to WT controls.
pSer1292 appears a more reliable marker of kinase activity with respect to ATP y-phosphate
incorporation measured in in vitro assays. Indeed, Ser1292 LRRK2 is an autophosphorylation site,
and pSer1292 levels correlate with in vivo kinase activity (Sheng et al., 2012). pSer1292 levels are
a more reliable readout of in vivo LRRK2 kinase activity even compared to pSer935 levels, since
LRRK?2 is phosphorylated at Ser935 by other kinases (Dzamko et al., 2010, Chia et al., 2014,
Reynolds et al., 2014). The discrepancies between these two strains of G2019S KI mice might be
explained by quantitative differences in kinase activity along with inter-individual genomic
variability, motor tests used, or environmental conditions. Despite the lack of changes of DA
release, the levels and functions of proteins involved in DA synaptic load (DAT) and vesicular
storage (VMAT?2) were altered in 12-month-old G2019S KI mice. Strikingly, these changes were
age-dependent, since they were not observed in 3-month-old animals, indicating these changes are
elements of an orchestrated, progressive response relying on the interaction between a genetic
factor (the G2019S mutation) and aging, i.e. the main risk factor in PD. DAT was upregulated in
G2019S KI mice, which might represent a vulnerability factors for DA neurons (Miller et al.,
1999b). Indeed, DAT overexpression has been associated with an increase of oxidative stress and

neuronal degeneration (Masoud et al., 2015) likely because cytosolic DA accumulation causes the
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buildup of reactive oxygen species and quinones, generated by DA autoxidation (Stokes et al.,
1999, Sulzer and Zecca, 2000, Goldstein et al., 2012). Moreover, cytosolic DA is metabolized by
monoamine oxidase A to DOPAL, which causes synaptic dysfunction and terminal loss acting via
different mechanisms, including cross-linking with a-syn (Burke et al., 2008). Finally,
environmental toxins causing PD, such as the toxic metabolite of MPTP, MPP", are taken up by
DA neurons through DAT. In fact, the greater susceptibility of BAC hG2019S overexpressing mice
to the parkinsonian toxin MPTP can be explained by DAT upregulation (Karuppagounder et al.,
2016). Quite paradoxically, the increase of DAT activity was associated with a blunted
neurochemical and behavioral response to GBR-12783. This is consistent with microdialysis works
reporting a 35-50% reduction of nomifensine-induced DA release in the striatum of KI mice
constitutively expressing R1441G LRRK2 (Li et al., 2009) or temporally expressing G2019S
LRRK?2 (Zhou et al., 2011). Previous studies in cells have shown that DAT expression levels
inversely correlate with the potency of DAT blockers (Chen and Reith, 2007), a phenomenon also
observed for the serotonin transporter (Ramsey and DeFelice, 2002). Membrane DAT is in
equilibrium between oligomeric and monomeric forms, and it has been hypothesized that higher
DAT expression leads to higher DAT oligomerization, and DAT oligomers have lower affinity for
DAT blockers with respect to monomers (Li et al., 2010b). In line with that found in G2019S
overexpressing mice (Liu et al., 2015), G2019S KI mice showed reduced striatal VMAT?2 levels.
This reduction was robust and consistent with the two different antibodies, one of which validated
in VMAT2"" mice (Cliburn et al., 2016). Reduction of VMAT?2 is observed also in PD patients
(Miller et al., 1999a) and is pathogenic in PD. In fact, filling synaptic vesicles via VMAT2 is a way
to keep cytosolic DA levels in a nontoxic range; accordingly, VMAT?2 deletion induces
neurodegeneration (Taylor et al., 2011) whereas VMAT?2 overexpression protects DA neurons
(Caudle et al., 2007, Lohr et al., 2014). However, despite VMAT?2 reduction further enhanced the
already higher DAT/VMAT?2 ratio in nigro-striatal DA neurons, thus increasing their vulnerability
(Miller et al., 1999b), G2019S KI mice did not show overt neurodegeneration (up to 19-months at
least) or even significantly enhanced levels of DOPAL-bound a-syn, a marker of DA cytotoxicity.
This questions the physiological meaning of the 50% reduction of VMAT2 observed in the striatal
homogenate of G2019S KI mice. Indeed, contrary to that expected from the Western blot data, an
increase in tetrabenazine-sensitive vesicular DA uptake was measured in G2019S KI mice in vitro.
Although we cannot rule out the possibility that such increase is compensatory in nature, the
possibility that this discrepancy relies on technical reasons should be considered. In fact, the
reduction of VMAT?2 levels measured in striatal homogenate might not faithfully reflect a
reduction of active VMAT?2 expressed on mature, release-prone synaptic vesicles. In fact, VMAT?2
levels measured by Western blot encompass also VMAT2 contained in immature secretory vesicles
trafficking from the soma to presynaptic vesicle membrane, or recycling from the plasma

membrane (Hogan et al., 2000). Interestingly, Sonsalla and collaborators (Hogan et al., 2000)
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proved a disparity between tetrabenazine binding measured in striatal homogenate and striatal
synaptic vesicles at 24 hrs after MPTP, showing that, under certain conditions, tetrabenazine
binding measured in striatal homogenate may not be representative of vesicular VMAT2. On the
other hand, the major limitation of a whole-brain preparation of synaptic vesicles is heterogeneity.
VMAT?2 is present not only in striatal dopaminergic terminals but also in noradrenergic,
serotoninergic and histaminergic terminals in striatal and extrastriatal areas. Since there is no
possibility to dissect out the contribution of the different populations of VMAT2-positive synaptic
vesicles in this whole-brain preparation, we cannot prove that the observed increase of vesicle
uptake is really due to VMAT?2 expressed on striatal vesicles or is the net result of all changes of
VMAT2 activity in different nerve terminals and brain areas. Nonetheless, in favor of the
hypothesis that vesicular DA uptake might be increased rather than reduced in G2019S KI mice,
G2019S KI mice were relatively more resistant than WT controls to the hypolocomotive action of 1
mg/Kg reserpine in vivo, which is opposite from that expected from DA depleted vesicles. We can
speculate that the greater resistance to reserpine might be due to a greater competition for VMAT2
of reserpine and cytosolic DA (the increase in DAT activity and the reduced DA turnover might
overwhelm the buffering capacity of VMAT2, thus causing an increase in cytosolic DA).
Alternatively, we might speculate that synaptic vesicles in G2019S KI mice are more enriched in
DA, although only a trend to an increase in extracellular DA levels or in the K*-induced DA release
was observed in the G2019S LRRK2 carriers. It is therefore plausible that VMAT2 uptake
elevation compensates for the loss of VMAT?2 protein and protects from cytosolic DA toxicity,
even in the presence of upregulated DAT. Whether this adaptive change will be effective
throughout the life-span of G2019S KI mice is unknown, since we have investigated G2019S KI
mice up to 19 months. However, it is also possible that other compensatory mechanisms will come
into play to preserve DA homeostasis and DA neuron integrity. In this respect, one important
finding of the present study is that pSer129 a-syn levels are elevated in the striatum of G2019S KI
mice. Since this was not paralleled by an elevation of total a-syn levels, we concluded that G2019S
LRRK?2 facilitates this posttranslational modification of a-syn. This is in line with a recent study
showing that the formation of pSer129 a-syn-positive inclusions in nigral DA neurons in response
to intranigral a-syn fibrils injection is accelerated in BAC hG2019S rats (Volpicelli-Daley et al.,
2016). pSer129 a-syn (Fujiwara et al., 2002) is the predominant form of syn in Lewy bodies
(Anderson et al., 2006), and for this reason it has been hypothesized to favor a-syn aggregation,
thus contributing to PD (Oueslati, 2016). However, the role of pSer129 a-syn phosphorylation in a-
syn toxicity in vivo is still under debate (Tenreiro et al., 2014a, Oueslati, 2016). In fact, from the
published literature it appears that depending on which kinase is involved in Serl29 o-syn
phosphorylation, either neurotoxicity (G protein receptor kinases) (Chen and Feany, 2005, Sato et
al., 2011) or neuroprotection (Polo-like kinase 2) (Oueslati et al., 2013) can ensue. Moreover,

LRRK?2, and more intensely G2019S LRRK?2, can directly Ser129-phosphorylate a-syn in vitro
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(Qing et al., 2009). Pinning down the pathway underlying Ser129 a-syn phosphorylation might

help understand whether this modification is protective or pathogenic for DA neurons.

Study II

Major finding of the present study is that G2019S KI mice are more susceptible than WT
controls to develop nigral DA neuron degeneration and synucleinopathy after injection of ha-
syn delivered via AAV2/9 vector. The G2019S effect emerges at 12-months of age, further
strengthening the role of aging in G2019S-induced synucleinopathy. Viral vectors are an
efficient way to allow overexpression of native or mutant a-syn in nigral DA neurons of rats,
mice and nonhuman primates (for reviews see (Ulusoy et al., 2010, Low and Aebischer, 2012,
Van der Perren et al., 2015). Consistent with previous studies (Lauwers et al., 2003, Bourdenx
et al., 2015, Song et al., 2015, Thome et al., 2015, Svarcbahs et al., 2016, Ip et al., 2017),
AAV2/9-ha-syn injection resulted in efficient expression of the human transgene in SN and,
after diffusion, in striatum. Accordingly, degeneration of nigral DA neurons (Lauwers et al.,
2003, Bourdenx et al., 2015, Song et al., 2015, Thome et al., 2015, Svarcbahs et al., 2016, Ip et
al., 2017) and a-syn pathology (increased pSer129 a-syn levels and PK-resistant a-syn
aggregates) appeared. Different from studies where unilateral injection was performed (Lauwers
et al., 2003, Bourdenx et al., 2015, Thome et al., 2015, Svarcbahs et al., 2016, Ip et al., 2017),
the bilateral AAV2/9 injection caused a larger reduction of nigral DA neurons (50% vs 20-30%)
(also see (Song et al., 2015). Consistent with such higher levels of neurodegeneration, deficits in
stepping (drag test) and global motor (rotarod test) activity were observed both in 3-month-old
and 12-month-old mice, with the difference that in older mice motor deficits appeared earlier,
i.e. already at 4 weeks after intranigral AAV?2/9 injection, perhaps suggesting an acceleration of
the neurotoxic process associated with aging. The finding that 12-month-old G2019S KI mice
were more prone to o-syn toxicity cannot be attributed to different efficiencies of transgene
expression (or other surgery variables) since ho-syn expression and diffusion were similar
among the different cohorts of mice. Thus, the neuropathological changes between 12-month-
old G2019S KI and WT mice are likely due to LRRK2 mutation. This corroborates previous
reports that WT LRRK2/A53T a-syn and G2019S LRRK2/A53T a-syn double TG mice (Lin et
al., 2009) or BAC G2019S KI rats injected with a AAV2 a-syn (Daher et al., 2015) display
greater loss of nigral DA neurons compared to controls. Greater nigral degeneration in 12-
month-old G2019S KI mice was associated with greater load of PK-resistant, insoluble pSer129
a-syn aggregates. This is in line with the finding that a-syn fibrils injection in BAC G2019S
overexpressors favours pSer129 a-syn inclusions in DA neurons (Volpicelli-Daley et al., 2016),
although in this model of synucleinopathy no overt nigro-striatal degeneration was observed (at
4 weeks after injection). Therefore, since the AAV ha-syn model is a model for a-syn

aggregation but not fibrillization, our study would suggest that in aged G2019S KI mice,
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excessive deposition of pSer129 a-syn aggregates in SNc accelerates DA neuron loss. In fact,
expression of G2019S LRRK?2 in C. elegans caused age-dependent accumulation of a-syn and
degeneration of DA neurons (Saha et al., 2015). a-syn aggregates per se can disrupt cellular
homeostasis, altering cellular trafficking (Giasson and Lee, 2003, Stefanis, 2012). Among the
possible mechanisms through which G2019S LRRK2 accelerates a-syn synucleinopathy, we
investigated microglial activation. In fact, it is established that LRRK2 promotes microglial
activation and the release of pro-inflammatory cytokines (Gillardon et al., 2012, Moehle et al.,
2012, Russo et al., 2015) and that G2019S mutation amplifies this response (Kim et al., 2012,
Mocehle et al., 2015). Another mechanisms has been recently proposed by a study showing that
G2019S LRRK2 increases phagocytic activity of microglia and macrophages through
stabilization of WAVE2 complex, which is directly linked to DA cell death (Kim et al., 2018).
Consistent with those reports, microgliosis was associated with the greater loss of DA neurons
observed in G2019S LRRK2/A53T a-syn double TG mice (Lin et al., 2009) or BAC G2019S
rats injected with AAV a-syn (Daher et al., 2015). Different from these reports, however, we
failed to detect an increased number of Iba-1+ cells in both the SN and striatum of WT and
G2019S KI mice injected with AAV-ha-syn, regardless of the age examined. Lack of microglial
activation (Litteljohn et al., 2018) or even inhibition of microglial motility (Choi et al., 2015)
have been reported in G2019S LRRK?2 models. However, we should consider that in the AAV
model of synucleinopathy, the number of microglia cells appears to be transiently elevated only
at 4-8 weeks after injection (Chung et al., 2009, Sanchez-Guajardo et al., 2010, Daher et al.,
2015), consistent with a role of microglia in early stages of AAV a-syn toxicity. Since we
performed the microglia analysis at 12 or 20 weeks after AAV injection, we might have missed
the initial microglial response. We should also consider that in previous studies a sustained
microglial activation was observed in the presence of elevated levels of G2019S LRRK?2 (either
genetically- or virus-induced) which might have further amplified such response. The lack of a
sustained microglial response and the age-dependence of the G2019S KI pattern of response
would suggest other mechanisms underlying the G2019S effect. In particular, G2019S LRRK?2
can potently regulate cellular proteostasis through autophagy pathways. In fact, a-syn is
degraded mainly via chaperone-mediated autophagy (Cuervo et al., 2004, Lee et al., 2004) and
G2019S LRRK2 impairs a-syn clearance (Orenstein et al., 2013, Saha et al., 2015) by
promoting a-syn oligomerization at the lysosomal membrane (Orenstein et al., 2013). Indeed,
G2019S LRRK2 has been shown to impair lysosomal a-syn degradation and cause endogenous
a-syn accumulation, an effect reversed by LRRK?2 kinase inhibitors, in primary cortical neurons
(Schapansky et al., 2018). Interestingly, aging is accompanied by impairment of chaperone-
mediated autophagy and proteasome clearance (Mattson and Magnus, 2006, Xilouri and
Stefanis, 2016), which leads to the accumulation of a-syn aggregates, at least in primates (Chu

and Kordower, 2007). Thus, the increased deposition of a-syn aggregates in aged G2019S KI
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mice might be due to a detrimental effect of G2019S LRRK?2 combined with the reduced brain
capability to handle a-syn overload of the aged brain. The fact that we did not observe a
genotype effect in young G2019S KI mice, might thus depend on a greater capability of young
mice to cope with changes of a-syn overload. In support of the role of aging in G2019S LRRK?2
pathology, a recent study reported nigral DA loss and prolonged microgliosis in 19-month-old
but not 2-3-month-old WT mice intrastriatally-injected with an adenoviral vector carrying
human G2019S LRRK2 (Kritzinger et al., 2018). G2019S KI mice, therefore, might represent a
model recapitulating the effect of aging (the major risk factor in PD) over the interaction
between a pathogenic genetic component (the G2019S mutation) and a PD-relevant trigger (ha-
syn). Nonetheless, there seems to be a dissociation between neurodegeneration and
synucleinopathy in striatum where, different from SNc, no greater loss of DA terminals was
detected in G2019S KI mice compared to controls. It is possible that, consistent with the
anterograde nature of the AAV2/9-ha-syn toxicity process, the greater loss of nigral DA cell
bodies in G2019S KI mice needs more time to translate into a significant change at the striatal
terminal level. Alternatively, we could speculate that the toxic effect exerted by G2019S

LRRK2 at the terminal levels is compensated.

Study III

The present study shows that G2019S KI mice are more susceptible to MPTP-induced nigrostriatal
neurodegeneration than WT mice, mice lacking LRRK2 or carrying a LRRK2 kinase-dead
mutation. This suggests that an increase in LRRK2 kinase activity makes G2019S KI mice more
susceptible to MPTP-induced parkinsonism, confirming that LRRK?2 kinase activity is instrumental
for LRRK2 G2019S-mediated toxicity (West et al., 2005, Greggio et al., 2006, Yao et al., 2010).
This finding corroborates the results of a study showing greater susceptibility of hG2019S
overexpressing mice to acute MPTP in comparison with WT mice (Karuppagounder et al., 2016).
Remarkable similarities in the degrees of MPTP-induced nigral dopamine neurodegeneration were
observed between the two studies (75% in transgenic mice vs 50% in WT mice), despite the
different protocol of MPTP administration (acute vs subacute). The higher sensitivity of G2019S
KI mice to MPTP is also consistent with the larger reduction of field potential amplitude, an index
of deranged neurotransmission, in striatal slices of G2019S KI mice exposed to the complex I
inhibitor rotenone in comparison with striatal slices from LRRK2 KO or KD mice (Tozzi et al.,
2018). This higher sensitivity to mitochondrial complex I inhibition likely relies on the evident
mitochondrial dysfunctions observed in G2019S KI mice (Yue et al., 2015), fibroblasts (Mortiboys
et al., 2010) or iPSC (Cooper et al., 2012, Sanders et al., 2014) from LRRK?2 G2019S patients, and
even cells overexpressing G2019S (Tozzi et al., 2018). The role of LRRK2 kinase activity in
MPTP-induced toxicity is further strengthened by the fact that pharmacological inhibition of
LRRK2 rescues the enhanced sensitivity of G2019S KI mice to MPTP. Indeed, in the presence of
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either PF-06447475 or MLi-2 the number of DA neurons spared in the SNc of G2019S KI mice
approximated that observed in WT mice. This adds to the neuroprotective effect of PF-06447475 in
a rat model of a-syn-induced toxicity (Daher et al., 2015), and is the first in vivo evidence that
MLi-2 can counteract nigrostriatal neurodegeneration in vivo, since this compound failed to alter
PD-like neurochemical and functional changes the in MitoPark mouse model of PD (Fell et al.,
2015). Despite their consistent neuroprotective effects in SNc, PF-06447475 and MLi-2 exerted
different effects on striatal DA terminal density: PF-06447474 did not attenuate the nerve terminal
loss induced by MPTP whereas MLi-2 prevented it. PF-06447475 and MLi-2 are structurally-
unrelated, brain penetrant, LRRK2 inhibitors showing high LRRK2 selectivity and different
potencies in inhibiting LRRK?2 in vitro. In fact, MLi-2 is ~4-fold more potent than PF-06447475 in
inhibiting purified LRRK2 (ICso 0.76 nM and 3 nM, respectively) and ~18-fold more potent than
PF-06447475 in inhibiting pSer935 (ICso 1.4 nM and 24 nM, respectively) (Fell et al., 2015,
Henderson et al., 2015). This difference in potency (along with a different brain penetrability)
might ensue in a different degree of LRRK2 inhibition in vivo, thus explaining the different
neuroprotective profiles in striatum. In fact, MLi-2 induced a twice greater inhibition of striatal
pSer1292 levels than PF-06447475 (72% vs 36% respectively). The fact that both inhibitors were
equally effective in SN is in line with the lower levels of endogenous LRRK2 in this region. Thus,
full neuroprotection in SN can be achieved also with the less potent inhibitor. It is also relevant that
neither LRRK?2 inhibitor reduced total LRRK2 levels, in agreement with the original
characterization studies of the inhibitors (Fell et al., 2015, Henderson et al., 2015). One intriguing
finding is that MLi-2 prevented MPTP-induced toxicity not only in G2019S KI mice but also in
WT controls. The specificity of this effect awaits further confirmation in LRRK2 KO mice.
Nonetheless, MLi-2 is reported to be highly selective for LRRK2 (Fell et al., 2015), possibly ruling
out any off target effects. Consistent with this view, also a LRRK2 inhibitor structurally unrelated
to MLi-2, PF-06447475, prevented a-syn-induced neurodegeneration in both LRRK2 G2019S
transgenic and WT rats (Daher et al., 2015), overall suggesting that LRRK2 kinase activity
contributes to MPTP-induced parkinsonism in WT animals. This is quite is puzzling because we
confirm that LRRK2 KO mice are not resistant to MPTP (Andres-Mateos et al., 2009). The
discrepancy might be explained taking into account a developmental compensation phenomenon.
In particular, the LRRK2 homologue, LRRK1 might compensate for the loss of LRRK2, since their
tissue expression, particularly during development, is coordinated (Biskup et al., 2007).
Consistently, it has been shown that mice lacking both LRRK?2 and LRRK1, but not mice lacking
either protein, show early parkinsonian phenotype and loss of nigral DA neurons (Giaime et al.,
2017). In adult mice, however, only LRRK2 is expressed in nigrostriatal neurons, thus acute
blockade of LRRK2 might leave cellular function regulated by LRRK2 uncompensated.
Modulation of microgliosis might be a possible mechanism underlying the neuroprotection exerted

by LRRK2 inhibitors in the MPTP model of PD. MPTP caused an increase of the number of iba-1
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positive cells in striatum as well as of the area occupied by these cells in both WT and G2019S KI
mice, suggesting a correlation between MPTP toxicity and microglial activation. In fact, the
increases of both parameters were significantly higher in G2019S KI mice than in WT mice, which
positively correlated with the larger neurodegeneration associated with LRRK2 G2019S. Although
the role played by microglia in MPTP-induced toxicity is complex (Smeyne et al., 2005, Barnum
and Tansey, 2010, Joers et al., 2017), acute MPTP is known to upregulate inducible nitric oxide
synthase (iNOS) in microglial cells, which is responsible for nigral DA cell death (Liberatore et al.,
1999), through the release of radical species (NO, superoxide radicals) and oxidative stress. Thus,
acute MPTP-activated microglia has a dominant proinflammatory phenotype, releasing cytokines
that harm DA neurons (Teismann et al., 2003). It is not clear however whether the same microglia
phenotype is also replicated in a subacute MPTP model. In fact, a dissociation between microglial
activation and neuroprotection of striatal dopaminergic terminals was observed. PF-06447475
prevented the MPTP-induced increase in microglia recruitment whereas MLi-2 did not.
Conversely, PF-06447475 did not prevent the MPTP-induced striatal terminals degeneration
whereas MLi-2 prevented it. Moreover, MLi-2 further enhanced the MPTP-induced microglia
number in WT mice, simultaneously preventing the MPTP-induced striatal terminal loss. These
data would be rather in favor of a recruitment of antinflammatory microglia in WT mice. This
paradox might rely on the different protocol of MPTP administration and the time the
morphological analysis was conducted, i.e. 6 days after MPTP withdrawal. Microglia analysis at
earlier time-points should address this discrepancy with the acute MPTP model. Anyway,
morphological analysis alone cannot clarify the pro- or antinflammatory profile of microglia, and
functional analysis (cytokine release, membrane receptor or inflammatory gene expression) should
be conducted in parallel. In conclusion, this study shows that LRRK2 G2019S confers greater
susceptibility to the parkinsonian neurotoxin, complex I inhibitor, MPTP. This relies on LRRK2
kinase activity since both kinase dead mutation or pharmacological inhibitors of LRRK2 kinase
activity prevent or attenuate the enhanced sensitivity of nigral DA neurons to the toxin. Since
different environmental toxins (e.g. pesticides) are inhibitors of the mitochondrial electron
transport chain, this study might offer a mechanistic basis to explain why LRRK2 G2019S carriers

are more susceptible to develop PD.

Concluding remarks

The present thesis provides novel information on the role of G2019S LRRK2 in experimental
parkinsonism and possibly, PD etiopathogenesis, in particular replicating in a genetic model of PD
out the positive interaction of LRRK2 G2019S mutation with genetic (a-syn), physiological (aging)
or environmental (MPTP) risk factors in PD. This study confirms the neuroprotective potential of
LRRK2 inhibitors, strengthening the view that the increased kinase activity associated with the

LRRK?2 G2019S mutation is instrumental for LRRK2 toxicity. Finally, the present work supports
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the view that G2019S KI mice represent a model for presymptomatic/premotor PD, useful to study
the interaction between genetic, intrinsic and environmental factors, or in other words, between

“triggers, facilitators and aggravators” in the pathogenesis of PD (Johnson et al., 2018)
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ABBREVIATIONS

PD: Parkinson’s Disease

a-syn: a-synuclein

EOPD: early-onset PD

NAC: non-Amyloid-f§ component
LB: Lewy bodies

HSPs: heat shock proteins

DA: Dopamine

DAT: Dopamine active transporter
ER: endoplasmic reticulum

WT: wild type

SNc: substantia nigra pars compacta
CNS: central nervous system

MAM: mitochondria-associated ER membrane
CMA: chaperone mediated autophagy
GCase: glucocerebrosidase

BBB: blood-brain barrier

DLB: Dementia with Lewy Bodies
MSA: multiple system atrophy
Ser129: Serine-129

PS129: phosphorylation at serine residue 129
UPS: ubiquitin-proteasome system
ALP: autophagic-lysosomal pathway
PLK2: Polo-like kinase 2

PFF: a-synuclein pre-formed fibrils
LRRK2: leucine-rich repeat kinase 2
ARM: armadillo repeats

ANK: ankyrin repeats

LRR: leucine-rich repeats

COR: C-terminal of Roc

ROC: Ras-of-complex

DAPKI1: death-associated protein kinases-1
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MASL: malignant fibrous histiocytoma amplified sequences with leucine-rich tandem repeats 1
MAP: microtubules-associated proteins
ERM: ezrin/radixin/moesin

VPS35: vacuolar protein sorting 35 ortholog
TLR: Toll-like receptors

DLP1: Dynamin-like protein 1

PBMC: peripheral blood mononuclear cells
LPS: Lipopolysaccharides

VMAT?2: Vesicular monoamine transporter 2
KI: Knock-in

KD: Kinase Dead

KO: Knock out
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