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Abstract

Parkinson’s disease (PD) is a progressive neurodegenerative disorder for which no disease-
modifying treatments are currently available. PD is neuropathologically characterized by selective
degeneration of nigral dopaminergic neurons and the presence of intraneuronal inclusions
comprised primarily of a-synuclein (a-syn) in remaining cells. Mutations in several genes have
been linked to PD, including those encoding a-syn and leucine-rich repeat kinase 2 (LRRK2). a.-
Syn pathology is present in the majority of patients with LRRK2 mutations, and a synergistic
pathology has been proposed. A model of a-synucleinopathy was recently developed in which
pathogenic a-syn pre-formed fibrils (PFFs) are used to seed aggregation of endogenous a-syn. To
probe the role of LRRK?2 and the influence of the p.G2019S mutation in induced a-syn pathology,
differences in the response of wild-type (WT), LRRK2 knock-out (KO), and p.G2019S LRRK2
knock-in (KI) primary neuronal cultures to PFF treatment were examined. Further, behavioural
consequences of intrastriatal PFF injection in WT and p.G2019S LRRK2 KI mice were compared.
LRRK2 KO cultures appeared to be protected from PFF treatment, possibly due to a reduction in
PFF uptake, more efficient degradation of pathogenic a-syn in neurites, and/or less neuron-to-
neuron spread of pathogenic a-syn. Alternatively, p.G2019S LRRK?2 KI cultures appeared to be
more susceptible to PFF treatment, perhaps due to impaired handling of pathogenic a-syn by after
fibril uptake. Behaviourally, WT and p.G2019S LRRK2 KI mice appear similarly vulnerable to
motor deficits, but p.G2019S LRRK2 KI mice may be more susceptible to PFF-induced anxiety
and cognitive deficits. Overall, this research points towards multiple roles for LRRK2 in a-syn

pathogenic processes that may be altered by the p.G2019S mutation.
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1. Introduction

1.1 Parkinson’s disease

First described by James Parkinson in 1817 in ‘An Essay on the Shaking Palsy’ (Parkinson,
1817), Parkinson’s disease (PD) is a progressive neurodegenerative disorder that affects up to 2%
of people over age 80 (Pringsheim et al., 2014). It has been traditionally characterized as a
movement disorder, and is clinically diagnosed after the presentation of motor symptoms including
rigidity, tremor, bradykinesia, and postural instability. However, PD is also accompanied by non-
motor symptoms that can present decades before the onset of motor symptoms; these include
hyposmia, autonomic dysfunction, sleep disturbances, and mood disorders (Stern et al., 2012; Berg
et al., 2015). Although the majority of PD cases are idiopathic, several genetic mutations have
been linked to familial parkinsonism and/or associated with risk for sporadic PD.

Neuropathologically, PD is characterized post-mortem by a) selective degeneration of
dopaminergic neurons of the substantia nigra pars compacta (SNc¢) that project to the striatum, and
b) the presence of Lewy bodies (LBs) and neurites (LNs), intraneuronal inclusions comprised
primarily of a-synuclein (a-syn), in the soma and processes of surviving neurons (Dickson, 2012).
These inclusions are present throughout the brainstem and midbrain, and more sparsely in cortical
and limbic regions (Arnold et al., 2013).

No common disease mechanism has been elucidated for sporadic or familial parkinsonism
as of yet. Dopamine (DA) replacement therapy (levodopa) is the most common therapeutic
strategy and can provide temporary relief from cardinal motor symptoms; however, it does not
have sustaining positive effects, often causes dyskinesia, and does nothing to address debilitating
non-motor symptoms (Smith et al., 2012). Currently, no therapeutic agents slow disease

progression or prevent onset.



1.2 The genetics of Parkinson’s disease

The discovery of mutations linked to familial parkinsonism and genetic variability
associated with sporadic PD risk has recently begun to provide some understanding of disease
etiology. Firstly, longitudinal observation of individuals carrying mutations linked to familial PD
has led to the discovery of predictive clinical traits that can present several years before motor
symptom onset, such as rapid eye movement sleep behaviour disorder, olfactory loss, constipation,
and/or hypotension (Berg et al., 2015). These traits implicate a subtle disease process that may
develop over decades, hinting at the possibility of early interventions for familial and idiopathic
PD that could slow or halt progression. Furthermore, in vitro and in vivo studies of normal and
mutant functions of relevant proteins have suggested alterations to vesicular dynamics and
synaptic function are central to PD pathogenesis, bringing the field closer to a mechanistic
understanding of the disease and the ability to design novel therapeutic approaches (Volta et al.,
2015b). Finally, uncovering causal mutations has led to the development of animal models
expressing mutant proteins, enabling long-term studies that characterize the temporal
neurobiological consequences of their expression. As of yet, no transgenic model of PD has
replicated all cardinal features of the disease, likely due to intrinsic differences between rodents
and humans as well as the relatively short lifespans of model systems. However, this avenue of
study has the potential to reveal early and subtle changes caused by these mutations, to identify
predictive biomarkers for late-stage disease, and to test efficacy of therapeutic agents aimed at

neuroprotection for PD and related diseases.



1.2.1 SNCA mutations

The first genetic link to PD was discovered in 1997 by Polymeropoulos et al., who found
the p.A53T missense mutation of the gene encoding a-syn (SNCA) was linked to early-onset
familial parkinsonism in an Italian family (Polymeropoulos et al., 1997). Subsequent studies have
identified the p.A30P, p.E46K, p.H50Q, and p.G51D missense mutations in the SNCA locus are
also linked to autosomal-dominant PD (Lin and Farrer, 2014). These patients appear clinically and
histopathologically indistinguishable from patients with idiopathic PD, displaying levodopa-
responsive parkinsonism with diffuse Lewy pathology (Trinh and Farrer, 2013).

Multiplication mutations in SNCA that increase a-syn load have also been linked to familial
PD, suggesting that increased a-syn protein levels are sufficient to cause disease (Singleton et al.,
2003; Miller et al., 2004). These patients also display levodopa-responsive parkinsonism, but with
greater instance of autonomic dysfunction, cognitive decline, and dementia (Nishioka et al., 2009).
Interestingly, SNCA multiplication mutations display dose-dependency, where triplication is
associated with earlier disease onset and faster disease progression than duplication (Fuchs et al.,
2007). a-Syn multiplication results in diffuse Lewy pathology with both nigral and hippocampal
CAZ2-3 neuronal loss (Trinh and Farrer, 2013).

Finally, genome wide association studies (GWAS) have highlighted several
polymorphisms that contribute to sporadic PD risk; in fact, variability in the SNCA locus confers
the highest risk for idiopathic PD (Nalls et al., 2014). SNCA is one of only two genes both linked
to familial PD and associated with sporadic PD. Mutations in the SNCA gene are also of particular
interest given that a-syn is the primary component of Lewy inclusions, one of the defining

histopathological features of PD.



1.2.1.1 The a-synuclein protein

Unfortunately, the field only has a vague understanding of the normal function of a-syn
and how genetic changes linked to/associated with PD affect its structure and function. The 140-
amino acid protein has a lipid-binding N-terminal region (residues 1-60), a central hydrophobic
NAC region (61-95) that confers the protein’s propensity to form B-sheets and that is necessary
for a-syn aggregation, and a negatively charged C-terminal region (96-140). It has a natively
unfolded structure in aqueous solution, but may associate with other a.-syn proteins in a tetramer
conformation upon lipid binding (Bartels et al., 2011). Highly expressed throughout the brain, a-
syn preferentially localizes to presynaptic terminals and is thought to contribute to membrane
curvature (Westphal and Chandra, 2013), SNARE complex formation (Burré et al., 2010), and
vesicle storage and recycling (Nemani et al., 2010; Siidhof et al., 2011).

There is little consensus with regards to the functional significance of a-syn mutations,
although gene-dose dependency of SNCA suggests gain-of-function toxicity. All linked missense
mutations reside in the lipid-binding motif of a-syn, but do not seem to influence lipid-binding
capabilities. The two leading theories of pathogenic processes initiated by a-syn mutations are 1)
alterations at the synapse resulting in excess Ca’" influx or neurotransmitter leakage through
membrane pore formation (Danzer et al., 2007; Mosharov et al., 2009), and 2) induced
impairments in protein degradation and sorting systems, resulting in disrupted cellular homeostasis
(Martinez-Vicente and Vila, 2013). The p.A53T and p.A30P mutations increase the rate of a.-syn
oligomer formation, which is toxic to neurons (Conway et al., 2000). This may be due to the
disruption of membrane integrity (Volles and Lansbury, 2002), an aberrant influence on
proteasomes or lysosomes impairing protein degradation (Xilouri et al., 2009; Emmanouilidou et

al., 2010), and/or seeding aggregation and spreading of non-toxic a-syn (Wood et al., 1999;
4



Peelaerts et al., 2015). However, the p.E46K mutation actually reduces the rate of a-syn oligomer
formation relative to the WT protein (Fredenburg et al., 2007); therefore, this theory does not
explain the negative effects of all PD-linked o-syn missense mutations. Regarding duplication and
triplication mutations, overexpression (OE) of WT a-syn is generally considered to be analogous
to SNCA multiplication and has also been observed to increase neuronal susceptibility to insult,
likely also by disrupting synaptic function (Garcia-Reitbock et al., 2010) and imposing undue

stress on protein degradation pathways (Anandhan et al., 2015).

1.2.1.2 Modeling SNCA mutations

Many transgenic rodent models have been developed based on a-syn missense and
multiplication mutations, and have generally relied on OFE of WT, p.A30P, and/or p.A53T a-syn
under various promoters. Most of these models only partially recapitulate the key features of
disease and often do not involve dopaminergic dysfunction (Chesselet and Richter, 2011). Further,
while OE of the WT protein may mimic the effects of a-syn gene multiplication in humans,
overexpressing mutant variants confounds interpretation of induced consequences that cannot be
specifically attributed to the mutation or OE. Nigral cell death, depletion of nigrostriatal dopamine
markers, and o-syn aggregation are not typically observed together in any single mouse model,
and are generally limited to models that overexpress very high levels of mutant a-syn (Chesselet
and Richter, 2011). Further, while virtually all genetic a-syn models display a motor phenotype,
only some have been shown to exhibit non-motor behavioural alterations such as sensory,
autonomic, cognitive or anxiety phenotypes (Chesselet and Richter, 2011).

Most rat models of genetic PD focus on viral-driven expression of WT or mutant a-syn in

the nigra, likely due to the fact that genomic editing, breeding, and maintenance of rat colonies is

5



comparatively more difficult, time consuming, and costly (Welchko et al., 2012; Volpicelli-Daley
et al., 2016b). Though many of these models produce rapid, robust nigral cell death and a-syn
pathology, as soon as 3 weeks post-injection (Kirik et al., 2002; Lo Bianco et al., 2002; Yamada
et al., 2004; Koprich et al., 2011), this somewhat severe approach is not amenable to understanding
early or progressive disease processes.

In summary, although mutations in the SNCA gene have provided important clues
regarding the etiology of PD, our understanding of how altered a-syn levels and mutations result

in disease pathogenesis is limited.

1.2.2 LRRK?2 mutations

Mutations in the LRRK?2 gene, which encodes the leucine-rich repeat kinase 2 (LRRK2)
protein, were first linked to dominantly inherited parkinsonism in 2004 (Paisan-Ruiz et al., 2004;
Zimprich et al., 2004). Shortly after, the LRRK2 p.G2019S mutation was found in several
European families (Kachergus et al., 2005), and identified as the primary cause of assumed
sporadic PD in Ashkenazi Jews, Norwegians, and North-African Berbers (Clark et al., 2006;
Ozelius et al., 2006; Hentati et al., 2014). The p.G2019S mutation is now known to be the most
common cause of genetic Parkinson’s disease worldwide, assumed to be responsible for 1-2% of
familial and sporadic PD (Lin and Farrer, 2014). Linkage analyses have similarly identified several
other PD-causing LRRK2 mutations, including p.R1437H, p.R1441H/G/C, p.Y1699C, and
p.12020T (Lin and Farrer, 2014). LRRK?2 parkinsonism appears clinically indistinguishable from
sporadic PD, but post-mortem analyses have revealed heterogeneity in pathological features.
Though most individuals have diffuse LB pathology (Ross et al., 2006), others present with

tauopathy, TDP43 and ubiquitin-positive aggregates, or nigral degeneration without aggregate



pathology, likely reflecting the presence of environmental or genetic modifiers (Zimprich et al.,
2004; Rajput et al., 2006). Furthermore, pleomorphic pathology within LRRK2 parkinsonism
suggests LRRK2 dysfunction must be upstream and independent of resultant pathological
aggregation.

Genetic variability in the LRRK?2 locus has also been associated with risk of idiopathic PD
by GWAS, making it the second gene (along with SNCA) both linked to familial PD and associated

with sporadic PD.

1.2.2.1 The leucine-rich repeat kinase 2 protein

The physiological role of the LRRK?2 protein is poorly understood. LRRK2 is a large ~280
kDa protein that is ubiquitously expressed and has many functional capabilities; the protein has
GTPase and kinase domains among other functional regions, and regulates its GTPase activity via
autophosphorylation. Neuronal consequences of in vitro LRRK2 knock-out (KO)/knock-down
(KD) studies have pointed towards roles for LRRK?2 in regulation of synaptic vesicle trafficking
at the presynapse (Piccoli et al., 2011) and cytoskeletal dynamics (MacLeod et al., 2006;
Parisiadou et al., 2009; Hébig et al., 2013). However, the size of LRRK?2 has made it an extremely
difficult protein to study in vitro; development of reliable antibodies has been challenging (Davies
etal., 2013), and thus there has been little insight into it subcellular localization and protein-protein
interactions until recently. Schreij et al. engineered a cell line expressing HA-tagged LRRK?2 and
showed that the protein predominantly localizes to endosomes and interacts with clathrin-light
chains, an interesting finding in light of the field’s current mechanistic understanding of PD
(Schreij et al., 2015). Recent phosphoproteomics work has also pointed to members of the Rab-

GTPase protein family as downstream phosphorylation targets for LRRK2 (Steger et al., 2016).



Rab-GTPases are known to be intimately involved in the regulation of vesicular dynamics,
including pathways responsible for protein sorting/degradation and synaptic transmission.

Most PD-related LRRK2 mutations lie within the GTPase or kinase domains of the protein.
The gain-of-function p.G2019S mutation is located within the kinase domain and increases the
protein’s kinase activity by at least three-fold, altering its autophosphorylation and substrate
phosphorylation activity (West et al., 2005). In light of this, many groups have recently focused
on development of LRRK2 kinase inhibitors (Leveridge et al., 2016) or antisense oligonucleotides
(ASOs) (Volta et al., 2015a) targeting mRNA for therapeutic purposes. The mutation has been
observed to cause neuronal abnormalities in vitro including neurite abnormalities, Ca®"
dysfunction, and synaptic alterations (Lin et al., 2010; Beccano-Kelly et al., 2014; Schwab and
Ebert, 2015). In addition, the p.G2019S mutation has been observed to augment autophagy (Su
and Qi, 2013), an intracellular protein degradation mechanism in which waste is targeted and
delivered to lysosomes for breakdown. However, no clear mechanism with regards to how the

p-G2019S mutation specifically causes downstream dysfunction has been elucidated.

1.2.2.2 Modeling LRRK?2 mutations

There are fewer genetic rodent models of PD based on LRRK?2 than SNCA, reflecting the
fact that SNCA was linked to PD six years prior to LRRK?2. Several groups, including ours, have
examined bacterial artificial chromosome (BAC) OE or tetracycline-controlled expression of
human WT, p.G2019S, or p.R1441G/C LRRK2 in mice and rats (Melrose et al., 2010; Sloan et
al., 2012, 2016; Xu et al., 2012; Beccano-Kelly et al., 2014, 2015; Volta et al., 2015a). Many of
these lines do not display a motor phenotype or nigral loss, though some show altered striatal

dopamine neurotransmission with age (Lin et al., 2009; Li et al., 2010; Melrose et al., 2010).



There are many inherent caveats to BAC OE, including random gene insertion, variable
expression patterns, parallel exogenous and endogenous expression, and inability to interpret if
effects are mutation-specific. Thus, a LRRK2 p.G2019S knock-in (KI) mouse line was developed
by Dr. Matthew Farrer at the Mayo Clinic by insertion of a floxed PGK-neomycin cassette between
LRRK?2 exons 41 and 42. LRRK2 p.G2019S KI mice express endogenous levels of mutant LRRK?2
and thus inevitable OE confounds are eliminated. Mice from the LRRK2 p.G2019S KI line do not
develop cardinal PD histopathological end-points (i.e. nigral cell loss and a-syn aggregation),
likely due to their relatively short life span. However, the model shows great promise for studying
early changes that this subtle genetic alteration induces in patients. KI effects have been partially
characterized in vitro and in vivo; physiologically, LRRK2 p.G2019S KI primary cortical neurons
have an increased probability of glutamate release (Beccano-Kelly et al., 2014) and mice have
reduced basal and drug-evoked extracellular dopamine in the striatum (Yue et al., 2015). As
glutamatergic inputs from the cortex and dopaminergic inputs from the nigra converge at the
striatum, these data suggest that altered vesicular dynamics and synaptic dysfunction in the
striatum are early changes caused by the p.G2019S mutation. Reflecting these changes at the
behavioural level, LRRK2 p.G2019S KI mice were observed to be hyperactive and resistant to
age-related hypoactivity beginning after six months of age, an effect eliminated by LRRK?2 kinase
inhibition (Longo et al., 2014). Our own group has also observed subtle hyperactivity in LRRK2
p-G2019S KI mice that normalizes to WT levels around six months of age (unpublished data).

Discoveries regarding LRRK2 mutations have been critical in advancing the field’s
understanding of PD, but a more in-depth characterization of its normal role as well as the cellular
and systemic consequences of PD-causing LRRK?2 mutations is still very much needed in order to

develop disease modifying therapies.



1.3 a-Synuclein and leucine-rich repeat kinase 2

The genetic linkage between a-syn, LRRK2, and PD is unequivocal. Several reports have
suggested a synergistic pathological process between a-syn and LRRK2; unfortunately, there is a
lack of consensus in the current literature. In 2009, LRRK2 was suggested to directly
phosphorylate a-syn at residue serine 129 (Ser129) (Qing et al., 2009), an extremely intriguing
finding in light of the knowledge that a) the p.G2019S mutation increases LRRK2 kinase activity,
and b) a-syn is typically phosphorylated at this residue in Lewy inclusions (Fujiwara et al., 2002).
However, this finding is considered controversial as it could not replicated by other groups. OE of
LRRK?2 in cells has been reported to induce expression of a-syn through the extracellular signal-
related kinase (ERK) pathway; however, the observed effect is modest and the p.G2019S mutation
does not cause further pathway activation, suggesting this may not be a primary causal mechanism
(Carballo-Carbajal et al., 2010). A direct interaction between a-syn and LRRK?2 was more recently
observed by immunofluorescence and co-immunoprecipitation (Guerreiro et al., 2013), although
these findings also must be viewed through a critical lens given the non-specificity of many
LRRK?2 antibodies. Interestingly, this group also observed that LRRK2 KO cells show altered
response to inducible a-syn pathology, suggesting LRRK2 may play a role in a-syn aggregate
formation (Guerreiro et al., 2013).

The notion that LRRK?2 is involved in response to pathogenic o-syn processes has been
supported by several papers. p.A5S3T a-syn OE mice that are null for LRRK2 have been reported
to show reduced pathology, neurodegeneration, and immune response relative to p.A53T a-syn
OE mice with normal LRRK2 expression (Lin et al., 2009; Daher et al., 2012). In addition, LRRK?2
KO rats and WT rats administered LRRK2 kinase inhibitors are protected from virally-expressed

o-syn-mediated inflammation and nigral degeneration (Daher et al., 2014, 2015). With regards to
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the specific influence of the LRRK2 p.G2019S mutation, OF of p.A53T a-syn with p.G2019S
LRRK?2 has been reported to exacerbate immune response and to non-significantly increase
neurodegeneration relative to OE of p.A53T a-syn with WT LRRK2 (Lin et al., 2009). Further,
OE of p.G2019S LRRK?2 may exacerbate inducible a-syn pathology in vitro (Volpicelli-Daley et
al. 2016, in press). Though intriguing, OE and viral expression have inherent caveats as previously
discussed; thus, these findings require confirmation using more physiologically relevant methods.

Investigation into the underlying mechanisms behind protection or vulnerability is also required.

1.4 a-Synucleinopathies

Interest in pathogenic a-syn lies not only in PD, but also in related disorders termed a-
synucleinopathies. Similar inclusions have been found in these disorders including Parkinson’s
disease with dementia (PDD), dementia with Lewy bodies (DLB), and multiple system atrophy
(MSA). The clinical and histopathological features of PDD and DLB are nearly identical to PD,
but dementia presents as a key symptom after one year of PD diagnosis in the case of PDD or
within one year in the case of DLB. Both PDD and DLB individuals tend to have greater Lewy
pathology in cortical regions post-mortem. In MSA, clinical symptoms are severe, progress
rapidly, and prominently feature autonomic dysfunction. MSA pathology also differs from other
o-synucleinopathies: o-syn aggregates form in oligodendrocytes rather than neurons, and are
present in relatively greater quantities within the cerebellum, midbrain, and cortex; and
oligodendroglial death is observed in addition to neuronal death in the nigra. While these primary
o-synucleinopathies show slight heterogeneity in presentation, there is much overlap between
them in both clinical and histopathological features, suggesting a common underlying disease

mechanism.
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1.4.1 Progression of a-synuclein pathology

o-Syn pathology has been proposed to ascend in a progressive manner from the olfactory
bulb and dorsal vagal nucleus to the midbrain and eventually the cortex (Braak et al., 2003). The
legitimacy of ‘Braak staging’ is debated; the initial report’s methodology has been criticized for
small sample sizes (Burke et al., 2008) and others have reported no correlation between LB
pathology and clinical symptoms as assumed in the development of the staging scheme (Parkkinen
et al., 2005). In fact, Lewy pathology has been discovered in post-mortem brains of healthy
individuals (Parkkinen et al., 2005), and not all patients who display clinical signs of PD or
Parkinson-like disorders show a-syn pathology post-mortem (Zimprich et al., 2004). The trend
does appear to be valid in a large portion of Lewy pathology cases (Dickson et al., 2010), but its
predictive ability and thus clinical utility is not entirely reliable.

However, a clinical study testing the efficacy of fetal graft transplantation to the striatum
of PD patients initiated an important vein of research into a-syn pathology progression that is
consistent with the notion of Braak staging. The brain of an individual who died several years after
receiving a transplant was found to have a-syn pathology in grafted neurons, suggesting either
direct transmission of a-syn species from host to graft or induced pathology due to external factors
(Kordower et al., 2008). It was later shown using OE of myc-tagged o-syn that o-syn can be
directly transmitted from cell-to cell via endocytic pathways, promoting inclusion formation
(Desplats et al., 2009). Together, this clinical and experimental evidence informed a prionogenic
hypothesis of a-syn (Olanow and Prusiner, 2009). According to this theory, pathogenic conditions
induce the ‘misfolding’ of soluble a-syn into higher order, B-sheet rich oligomers and fibrils that
go on to form aggregates. This toxic, misfolded a-syn can be transmitted between cells and seed

the aggregation of non-toxic a-syn, causing a downstream cascade of pathology (Irwin et al.,
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2013). More recent evidence that intracerebral injection of brain homogenate from symptomatic
transgenic mice expressing the p.A53T mutation (M83 line) into young, asymptomatic M83 mice
can accelerate development of o-syn pathology and symptom onset lent additional support to this

hypothesis (Luk et al., 2012b).

1.4.2 The pathological a-synuclein protein

The exact nature of the toxic ‘species’ of a-syn has been hotly debated. It has been known
for over 15 years that a-syn associates into higher order oligomers and fibrils in a nucleation-
dependent process (Wood et al., 1999); however, if a-syn oligomers, fibrils, and/or aggregates
cause or result from toxicity is still unclear. The consensus seems to point towards oligomers as
the relevant toxic species in a.-synucleinopathies: as previously mentioned, the SNCA p.A30P and
p-AS53T mutations both increase the rate of oligomer formation (Conway et al., 2000), and presence
of oligomers is generally observed to correlate best with neurotoxicity (Gosavi et al., 2002).
Indeed, a-syn variants that promote oligomer formation cause reduced mitochondrial activity and
survival in vitro relative to variants with normal aggregation potential (Karpinar et al., 2009).
Oligomer-forming variants also cause greater loss of nigral neurons when virally expressed in vivo
relative to variants that promote fibril formation (Winner et al., 2011). Finally, DA and its
metabolites have been suggested to inhibit conversion of proto-fibrillar species of a.-syn to mature
fibrils (Mazzulli et al., 2006). As DA and DA metabolites are present in high quantities in the SNc,
the ratio of oligomeric to fibrillar a-syn may be increased in nigral neurons; if oligomers are toxic,

the selective vulnerability of this region to degeneration in a-synucleinopathies may be explained.
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1.4.3 Modeling a-synuclein pathology

Many attempts have been made to model a-syn pathology in rodents using transgenic
approaches. As previously discussed, overexpressing a-syn often does not induce o-syn
pathology, or does induce pathology that cannot be specifically attributable to OE or mutant
effects. On the other hand, viral expression methods are limited in their ability to provide
mechanistic insight into the relatively slow etiology of a-synucleinopathies since they produce
rapid recapitulation of end-stage nigral cell loss. In light of the field’s knowledge about the nature
of pathological a-syn and its propagation, a different approach to modeling a-synucleinopathy
was recently developed by Volpicelli-Daley et al. utilizing pre-formed fibrils (PFFs) of
recombinant o-syn protein (Volpicelli-Daley et al., 2011). Upon powerful pulse sonication, PFFs
break up into smaller, oligomeric seeds that induce development of LB-like aggregates both in
vitro and in vivo (Volpicelli-Daley et al., 2011; Luk et al., 2012b). Indeed, the a-syn aggregates
that are induced by PFF treatments closely resemble the LBs and LNs found in post-mortem human
brains; they are insoluble, proteinase K resistant, phosphorylated at Ser129, ubiquitinated,
thioflavin positive, and filamentous in ultrastructure (Volpicelli-Daley et al., 2011; Paumier et al.,
2015).

In primary neuronal culture, PFFs are likely taken up by terminals via endocytosis
(Volpicelli-Daley et al., 2011), and propagated from neuron-to-neuron by anterograde transport
(Freundt et al., 2012). Within four days, PFFs induce formation of punctate a-syn phosphorylated
at Ser129 (p-syn) in axons and defects in neuronal synchronization. By ten days, p-syn aggregates
become longer and are present in ~25% of cell bodies, with defects in culture excitability and

connectivity observed. An increase in autophagy markers is also observed, indicative of the burden
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PFFs incur on protein degradation. Fourteen days post-treatment, neurons display reduced
presynaptic markers and ~25% neuron death (Volpicelli-Daley et al., 2014).

Several groups have also injected sonicated PFFs into rodent striatum or nigra to examine
the utility of the model in vivo. Luk et al. (2012) first demonstrated that a unilateral injection of
sonicated PFFs into young mice overexpressing p.A53T o-syn under the murine prion promoter
(M83 line) is sufficient to accelerate onset of motor symptoms, a-syn pathology in multiple brain
regions, and death typically observed at much later time points (Luk et al., 2012b). Soon after, the
same group published that unilateral PFF injection in WT mice initiates formation of ipsilateral o-
syn pathology in multiple brain regions as soon as 1m post-injection, ipsilateral nigral TH loss at
3m post-injection, and a motor deficit at 3m post-injection (Luk et al., 2012a). Others have since
demonstrated that unilateral intrastriatal PFF injection in rats induces ipsilateral a-syn pathology
in the striatum and innervating regions at Im post-injection, bilateral TH loss and striatal
innervation at 2m post-injection, bilateral nigral cell loss at 6m post-injection, ipsilateral
reductions in striatal DA at 6m post-injection, and ultrasonic vocalization disruption at 6m post-
injection (Paumier et al., 2015). Of note, monomer injection also induced disruptions in ultrasonic
vocalizations, albeit less severe, suggesting this may be an a-syn protein- and not PFF-induced
effect (Paumier et al., 2015). Together, this data suggests that PFF injection can induce a
progressive form of o-synucleinopathy in both mice and rats reflected by biochemical,
histopathological, and behavioural alterations.

Others have questioned these results and the utility of this acute model. At 4m following
unilateral PFF injection into the hippocampus or cortex of mice, Sacino et al. (2014) observed a-
syn aggregates surrounding the injection site, but only sparse pathology in interconnected brain
regions (Sacino et al., 2014). In addition, they observed that a-syn pathology actually began to
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subside at 4m post-cortical injection (Sacino et al., 2014). This finding may be attributable to a
smaller PFF injection (2ug relative to the previously published 5ug in mice) or the use of bath
sonication to prepare the PFFs, which may not have sufficiently broken up fibrils into oligomeric
seeds. Our own group has electron microscopy data to support this notion (unpublished data), and
others have documented that different a-syn strains (i.e. oligomers, fibrils, and ribbons) induce
differential behavioural and histopathological consequences when injected into rats (Peelaerts et
al., 2015). Dr. Benoit Giasson’s group has also repeatedly challenged the use of p-syn as a
pathology read-out, as the most commonly used antibody for a-syn phosphorylated at Ser129
(81A) non-specifically binds neurofilament (Sacino et al., 2013, 2014). However, using a suitable
co-stain to validate pathology is an acceptable solution to this issue while the field develops a more
appropriate pathology read-out. Despite these limitations, the PFF model may have great potential

to study progressive and relatively subtle a-synucleinopathy disease processes.

1.5 Rationale for present experiments

The burden of PD to individuals, families, and the greater healthcare system is profound
and will escalate with the aging of the Baby Boomer generation. Therefore, the need to develop
preventative or therapeutic interventions is of tremendous importance. Attempts to develop
treatments for symptomatic patients suffering from neurodegenerative disease have been
historically ineffectual, likely due to the progression of pathogenic processes to a point beyond
which they can be reversed. A mechanistic understanding of disease etiology appears necessary to
identify therapeutic targets before reaching this stage.

Currently, research investigating the relationship between a-syn and LRRK?2 is somewhat

limited; however, interest appears to be growing within the field. It has been observed that
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induction of a-syn pathogenic processes is reduced with LRRK2 KO or kinase inhibition (Lin et
al., 2009; Daher et al., 2014, 2015), although these results are based on either extremely aggressive
o-syn viral expression or mutant OE of a-syn. Viral expression does not effectively model the
slow, progressive disease process as it occurs in patients, and is thus less likely to provide
mechanistic insight into disease etiology or a framework for therapeutic trials. Further, mutant OE
confounds interpretation of observed consequences, which cannot be definitively attributed to OE
or the mutation even with a WT OE control. The PFF model of a-synucleinopathy is a much more
suitable model to examine progressive, subtle development of a-syn pathology as it likely occurs
in humans, and importantly, provides opportunity for testing efficacy of therapeutic agents at
various disease stages. Expression of the p.G2019S mutation has been reported to augment
vulnerability to o-synucleinopathy induced by PFFs (Volpicelli-Daley et al., 2016a). With that
said, these and other data examining p.G2019S in the context of a-synucleinopathy are limited by
caveats of BAC OE of the p.G2019s LRRK2 protein including random gene insertion, parallel
exogenous and endogenous expression, and the confounded interpretation of mutant OE-induced
consequences. Alternatively, the LRRK2 p.G2019S KI mouse line is a physiologically relevant
model in which to study specific consequences of the p.G2019S LRRK2 mutation upon induction
of a.-syn pathological processes.

This research aims to fill gaps in the current literature by determining a) whether LRRK?2
is involved in response to a-syn pathology induced by the relatively subtle PFF model, and b) if
endogenous expression of p.G2019S LRRK2 alters this response. This knowledge will enhance
the field’s understanding of the function of the LRRK?2 protein, the consequences of the p.G2019S
mutation, and the functional relationship between LRRK2 and pathogenic a-syn. In addition, this

research may provide a framework within which to test preventative or therapeutic agents for PD.
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2. Methods

2.1 Subjects

Mice were bred and housed at the University of British Columbia Centre for Disease
Modeling in compliance with institutional and Canadian Federal Animal Care Committee
guidelines. LRRK?2 knock-out mice were generated by flanking LRRK?2 exon 41 with LoxP sites
for deletion with Cre recombinase and maintained on a C57BL6/J background. LRRK2 p.G2019S
knock-in mice were created using a loxed PGK-neomycin cassette inserted between LRRK?2 exons
41 and 42 and maintained on a C57BL6/J background. All mice were housed in a temperature-
controlled unit (21+1°C) on a 12-hour regular light/dark schedule (7am-7pm light). Weaning
occurred at ~23 days postnatal, and mice were housed with up to 5 same-sex littermates in clear
cages with basic enrichement (bedding material, nesting material, and a nesting dome). Animals
were provided ad libitum access to food and water. Primary neurons were acquired from embryos

of both sexes for cultures. Only male mice were used for in vivo experiments.

2.2 Primary neuronal culture and nucleofection

AtE16.5-17.5, pregnant mice heterozygous for the LRRK2 p.G2019S mutation were killed
by CO, exposure. Brains were dissected from pups and placed into 1ml Hibernate-E medium
supplemented with B-27 on ice. Tail samples from embryos were genotyped using PCR and
confirmed as being wild-type (WT), heterozygous for the LRRK2 p.G2019S mutation (Het), or
homozygous for the LRRK2 p.G2019S mutation (Homo) prior to grouping of brains by genotype.
Cortices were microdissected with Hank’s Balanced Salt Solution supplemented with 0.03% D-
glucose, 0.01% Hepes buffer, and 0.01% penicillin/streptomycin (HBSS+), and subject to trypsin

digestion using 0.05% Trypsin-0.25% EDTA for 10min at 37°C. Following addition of trypsin
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inhibitor, cells were centrifuged and resuspended with neurobasal medium supplemented with
0.02% B-27 and 0.0025% L-glutamine (NBM+) and DNase 1. Tissue was thoroughly triturated
and re-centrifuged before neurons were counted. Neurons were seeded at a density of 250 000
cells/well in ImL NBM+ on microscope cover slips in a 24-well plate or 1 000 000 cells/well in
2mL NBM+ in a 6-well plate. Plates were coated with poly-D-lysine.

To visualize individual neurons, some cultures were induced to express a GFP fill by
nucleofection at DIVO; following cell counting, cortical neurons were pelleted by centrifugation
followed by resuspension in electroporation buffer (Mirus) and 1pg/million cells pAAV-GFP-
CAG plasmid (Adgene, 37825). The suspension was placed into a cuvette and electroporated using
an Amaxa Nucleofector2b (Lonza). Nucleofected cells were added to an equal number of non-
nucleofected cortical neurons in NBM+ and plated in a 24-well plate at a density of 250 000
cells/well. All cultures were maintained at 37°C in a humidified incubator with 5% CO,. After

DIV4, an additional 10% of media was added to each well every 4-5 days.

2.3 Electron microscopy

Electron microscopy was utilized for qualification of PFFs pre- and post-sonication. Both
unsonicated and sonicated PFF dilutions were adsorbed onto carbon-coated 200-mesh grids and
subject to negative staining with 1% uranyl acetate. Images were generated using a transmission

electron microscope (TEM; FEI, Technai G2 Spirit model).

2.4 Culture pre-formed fibril treatments
o-Syn PFFs were generously donated by Dr. Laura Volpicelli-Daley, University of

Alabama at Birmingham, who qualified each batch by performing sedimentation, electron
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microscopy, thioflavin T, and endotoxin assays. Immediately before treatment at DIV7, PFFs
diluted in phosphate-buffered saline (PBS) were subject to sonication with a probe tip sonic
dismembrator (Fischer Scientific, model 120) for 30s (Is on, 1s off) at 50% maximum power.
Treatment was performed by depositing 0.5mL of media from each well into a 15mL Falcon tube
corresponding to its condition (WT PBS, WT PFF, mutant PBS, or mutant PFF), adding PBS or

PFFs to the removed media (final PFF concentration of 2pg/mL), and re-adding the media.

2.5 Lactate dehydrogenase assay

Cell integrity was assessed using a lactate dehydrogenase (LDH)-based colorimetric
toxicity assay (Sigma) at DIV9 (2d post-treatment), DIV12 (5d post-treatment), and DIV17 (10d
post-treatment). Media from wells of each condition was deposited into separate Eppendorf tubes.
Positive (media from a well exposed to 8% TritonX-100) and negative (serum-free media) controls
were included. Tubes underwent brief centrifugation to sediment any cell debris. Supernatant was
removed and mixed thoroughly with one part NAD" substrate, one part reduction co-factor, and
one part NADH-interacting probe (Amax=450nm). Solution from each condition was added to a 96-
well plate in triplicate and left to incubate for 30min. A microplate reader detected the optical
density of each well. Condition triplicates were averaged and the serum free media value was

subtracted.

2.6 Immunocytochemistry
At DIV17, neurons were fixed in 4% paraformaldehyde (PFA) and 4% sucrose for 15min
followed by three 10min PBS washes. Neurons were blocked for 1h using 5% normal goat serum

(NGS; Gibco, 16210-072) in PBS. Primary antibodies were diluted in an antibody solution of 2%
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NGS in PBST (0.2% Tween-20). After overnight incubation at 4°C, neurons were washed with
blocker for an additional hour. Secondary antibodies (Alexa-488 and Alexa-568 conjugated -
rabbit and a-mouse, Molecular Probes) were diluted in antibody solution (1:1000) and incubated
in the dark for 30min followed by three 10min PBS washes. Coverslips were mounted with
fluoromount (Southern Biotech).

Primary antibodies included: rabbit anti-GFP (1:1000; Abcam, ab6556), chicken anti-GFP
(1:1000; Abcam, ab13970), rabbit anti-GFAP (1:1000; Abcam, ab7260), goat anti-Ibal (1:1000;
Novus Biologicals, NB100-1028), rabbit anti-p62 (1:500; Abcam, ab91526), rabbit anti-LAMP1

(1:250; Abcam, ab24170), and mouse anti-p-syn (1:1000; Abcam, ab184674).

2.7 Fluorescence imaging and analysis

Images taken for DAPI and field p-syn quantification were obtained with an EVOS FL
Auto Imaging System and acquired at 40x magnification. Images taken for field p62 and LAMP1
quantification, cell body stain quantification, and co-localization were obtained with an Olympus
Fluoview 1000 confocal microscope and acquired as 1um z-stacks at 60x magnification. For DAPI
quantification, images were binarized using ImageJ and a CellProfiler pipeline designed to
recognize circular objects was used to count nuclei. Manual scoring was used to count condensed
nuclei. For field stain quantification, images were thresholded using Photoshop (Adobe), the mean
gray value for each image was quantified using ImagelJ, and values were normalized to average
density of healthy nuclei within that condition. Affected cell bodies in each condition were counted
manually and normalized to the average density of healthy nuclei within that condition. Affected
cell bodies were masked out of all images for neuritic p-syn quantification, and subsequently

performed in the same way as field quantification. For cell body p-syn, p62, and LAMPI
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quantification, images were thresholded using Photoshop, regions of interest (ROIs) were drawn
by hand using ImagelJ, and mean gray value was quantified. For protein co-localization analysis,
images were thresholded using Photoshop and Pearson’s R coefficient was calculated using Fiji.

Acquisition and analysis parameters were constrained within each culture.

2.8 Behavioural testing
2.8.1 Apparatus

For the cylinder test, 11 glass beakers were placed in front of a Webcam for trial recording
and post-hoc scoring.

For the open field and novel object location (NOL) tests, a 48cm x 48cm (L x W) Plexiglas
compartment (TSE Systems) was decorated with simple cues on each wall and placed under a
Webcam for trial recording and post-hoc tracking. The objects utilized for NOL included a green
mug and blue bottle, each of similar size (15x8.5cm and 17.5x6c¢m) and texture.

The puzzle box text was performed in the dark so that an aversive light stimulus would
motivate the mice to enter a dark chamber. A 57cm x 27cm (L x W) white Plexiglas compartment
(Stoelting) with a small entrance to a dark chamber was placed under a bright light as well as a
Webcam for trial recording and post-hoc tracking. One simple cue was placed above the chamber
entrance. Nesting material was placed in the dark chamber to provide additional motivation for the
mouse to enter in subsequent trials. A number of additive changes to the apparatus were made to
increase the difficulty of chamber entry following the first trial: 1) the dark chamber entry hole
was made smaller by placing a Plexiglas panel insert in front of the entry, 2) a pile of bedding
material was placed at either end of the compartment to obstruct entry, and 3) the compartment

was rotated 180° and the cue was moved to the opposite wall.
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2.8.2 Testing paradigms

Mice were handled for 3 days prior to behavioural testing so that they would become
accustomed to the experimenter’s touch. For the cylinder test, a mouse was placed into a glass
beaker and allowed to move about freely for S5min before being returned to its home cage.
Cylinders were thoroughly washed with water between trials.

For the open field test, a mouse was placed into the open field/NOL Plexiglas compartment
and allowed to explore for 15min before being returned to its home cage for a period of 5-20min.
Two objects were placed into the compartment, and the mouse was allowed to explore freely for
Smin for trial 1 (T1) of NOL. Following a 24h delay, one of the objects was moved to a new
location and the mouse was allowed to explore for Smin for trial 2 (T2) of NOL. Compartments
and objects were thoroughly washed with 70% ethanol and water between trials.

For the puzzle box test, the mice completed a total of nine trials over three days (three
trials/day). For each trial, a mouse was placed into the puzzle box Plexiglas compartment facing
west and allowed to search for the dark chamber. The mouse was left in the dark chamber for
1.5min after entry to provide motivation for entry in subsequent trials, and then returned to its
home cage for a period of 1h between trials occurring on the same day. No changes were made to
the behavioural apparatus for T1. For T2 and T3, the panel insert was utilized to make the dark
chamber entry smaller. After a 24h delay period, the mouse completed T4 using the same
conditions as T2/T3. For T5 and T6, bedding material was introduced such that the mouse had to
dig its way through to reach the dark chamber. After a 24h delay period, the mouse completed T7
using the same conditions as T5/T6. For T8 and T9, the apparatus was rotated 180° and the cue
was moved to the opposite side of the compartment. The compartment and insert were thoroughly

washed with 70% ethanol and water between trials.
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2.8.3 Scoring and analysis

For the cylinder test, the following measures were acquired by manual scoring: rearing
number, number of forepaw uses, number of grooming events, and time spent grooming. For the
open field and NOL tests, videos were scored using ANY-maze tracking software (Stoelting).
Acquired data included distance travelled, time mobile, entries to centre, time spent in centre,
distance travelled in centre, and time mobile in centre for open field. For the NOL test, time spent
investigating the familiar object and novel object was also acquired, where investigation was
defined as nose entry to the region immediately surrounding the object. For the puzzle box test,

time taken to enter the dark chamber was acquired manually.

2.9 Stereotaxic surgery

Mice were weighed prior to surgery for a post-surgical monitoring reference.
Anesthetization was achieved by administration of 5% vaporized isoflurane and medical grade
oxygen in an induction chamber, and confirmed by performing the rear foot reflex test. Each mouse
was secured in stereotaxic ear bars (David Kopf Instruments) over a heating pad, and received 2-
2.5% isoflurane routed to the incisor adaptor to maintain a surgical plane of anesthesia. Throughout
the surgery, each mouse’s level of anesthesia was monitored by observing breathing rate and
temperature, and isoflurane administration was adjusted accordingly. Lubricating ointment
(Refresh Lacri-Lube) was applied to the mouse’s eyes prior to shaving and sterilization of the scalp
with 70% ethanol and iodine. Local analgesic (Metacam) was administered between the ears at a
concentration of 0.5ul/g. A small incision was made through the skin along the midline to expose
the skull. A micromotor drill (Stoelting) with a 0.5mm drill bit was positioned above the bregma

using optical guidance, and steered by Stereodrive software (Neurostar) to the x (+0.5mm AP) and
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y (+2.1mm ML) coordinates of the right dorsolateral striatum (Paxinos and Franklin, 2004). Under
optical guidance, a hole was drilled to the inner surface of the skull, with care taken to not damage
the dura mater. A needle pre-constructed from silica capillary tubing (outer diameter 150um,
Polymicro Technologies) stabilized by a guide cannula (Bilany) was slowly lowered into the brain
to reach the y coordinate (-2.8mm DV) of the dorsolateral striatum. The injection material (2ul of
2.5pg/ul PFFs or 2ul PBS) was infused at a rate of 1ug/min through fine bore tubing (Smiths
Medical) from a gas-tight 500ul syringe (Hamilton Company) using a syringe pump (CMA,
Harvard Apparatus). A subcutaneous injection of 0.5mL saline (0.9%) was administered for fluid
loss prevention. After the injection was complete, the needle was slowly retracted and the injection
site was cleaned with PBS. The skin was sutured with Monocryl 4-0 (Ethicon) and secured with
tissue adhesive (Vetbond). The mouse was placed in a warm recovery cage until awake and motile,
then returned to its home cage. The weight, appearance, and behaviour of each mouse was
monitored for at least 5 days following surgery. Analgesic was administered if any animal

appeared to display signs of pain.

2.10 Statistics

Following software analysis or manual scoring, data was imported into GraphPad Prism.
Two-tailed t-tests were run for comparison of two groups, and ANOVA tests followed by
Bonferroni’s post-hoc test were run for comparisons of over two groups (a=0.05). Power analyses

were conducted using GraphPad Statmate (a=0.05).
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3. Results

3.1 Induced a-synucleinopathy in primary neurons by pre-formed fibril treatment

PFFs were examined by TEM pre- and post-sonication to confirm presumed ultrastructure
(Figure 1). Primary cortical neurons from WT, LRRK2 KO (herein referred to as KO), or Homo
LRRK2 p.G2019S KI (herein referred to as KI) embryos were treated with PBS, 1ug/ml a-syn
monomer, or 1pug/ml sonicated PFFs at DIV7 and fixed at DIV17 after 10d treatment. The LDH
assay was performed using media from each condition to examine cell membrane integrity. Fixed
neurons were subject to immunocytochemistry to examine levels of p-syn, co-localization of p-
syn with cellular markers, and neuronal density. Any differences in induced a-synucleinopathy
between genotypes were shown to be purely neuronal as demonstrated by the absence of Ibal and

GFAP staining in cultures (data not shown).

3.1.1 Monomeric a-synuclein does not induce a-synucleinopathy

Primary cortical neurons from WT embryos were treated with a PBS vehicle control or
Ipg/ml a-syn monomer at DIV7, fixed at DIV17, and subject to immunocytochemistry. p-Syn
staining (evident in PFF-treated cultures, see 3.1.2) was found to be negligible in both PBS-treated

neurons and a-syn monomer-treated neurons in two separate cultures (Figure 2).

3.1.2 Leucine-rich repeat kinase 2 knock-out neurons are protected from pre-formed fibril-
induced a-synucleinopathy
Primary cortical neurons from WT and KO embryos were treated with PBS or 1ug/ml

sonicated PFFs at DIV7, fixed at DIV17, and subject to immunocytochemistry. In agreement
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Figure 1. Transmission electron microscopy of a-synuclein pre-formed fibrils pre- and post-sonication.

Prior to mechanical disruption with a probe tip sonicator, PFFs were observed to have a fibrillar ultrastructure (a-b).
After sonication, PFFs appeared non-fibrillar, although oligomeric forms clearly remain (¢). Images a and ¢ were
taken at 16 500x; b was taken at 24 500x. PFF=a-synuclein pre-formed fibril.

were observed in PFF treatment conditions compared to PBS treatment conditions (p<0.0001) in
WT neurons. p-Syn staining was found to be present mostly in axons, but also appeared
pronounced in a small percentage (~5%) of cell bodies (Figure 3). Further demonstrating this, p-
syn was observed to co-localize with tau-positive axonal compartments as previously reported
(Volpicelli-Daley et al., 2016a), but not MAP2-positive dendritic compartments as expected
following 10d of treatment (Volpicelli-Daley et al., 2014) (data not shown).

Interestingly, there was significantly less p-syn staining in PFF-treated KO neurons relative
to WT neurons in five separate cultures (p=0.01) (Figure 4a). To examine whether differences in
PFF-induced cell death contributed to genotypic differences in p-syn staining, general culture
health was assessed by performing the LDH assay on culture media at DIV17 and manual
condensed nuclei counts. A non-significant increase in cell death was observed in PFF-treated
relative to PBS-treated conditions by the LDH assay, with a potential reduction in basal KO cell
death (Figure 4b). LDH assay results were also similar between genotypes at DIV9 and DIV12
(data not shown). In agreement with the LDH assay, the density of condensed/pyknotic nuclei,
which indicate the beginning of cell death processes (Kroemer et al., 2009), showed no significant

differences between genotypes or treatments (Figure 4¢). Together, these data suggest that
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Figure 2. Treatment with a-synuclein monomer does not induce a-synucleinopathy.

Primary cortical cultures containing a sub-population of GFP-expressing neurons for visualization of cell morphology
were treated with PBS (vehicle control) or a-syn monomer (synuclein control) at DIV7, neurons showed negligible p-
syn staining at DIV17. Representative images shown are stained for DAPI (nuclei), GFP (cell fill) and p-syn
(pathological synuclein). Experimental ‘n’ indicates number of image fields with number of independent cultures in
brackets. Error bars represent standard errors of the mean. GFP=green fluorescent protein, mono=o-synuclein
monomer, PBS=phosphate buffered saline, p-syn=a-synuclein phosphorylated at serine 129, WT=wild-type.

reduced p-syn staining in KO cultures cannot be accounted for by increased neuronal death.

To further probe the mechanism of this protection, cell bodies in which p-syn-positive
aggregates were present (affected cell bodies, ACBs) were compared between genotypes. The
number of ACBs was less in PFF-treated KO neurons relative to WT neurons, but this strong trend
failed to reach statistical significance (p=0.054) (Figure 4d). Individual ACBs had similar levels
of p-syn staining between genotypes (Figure 4e). Excluding ACBs from images prior to p-syn
quantification revealed KO neurons also had a strong trend towards reduced p-syn staining in
neurites (Figure 4f), but again, this was just below the level of statistical significance (p=0.092).
Together, these data suggest that p-syn reduction in KO neurons is a compound effect of less p-
syn in neurites and fewer cells with somatic inclusions, although similar staining is present within
ACBs when they do contain aggregates. It may be that KO cultures exhibit protection against PFFs

by a) less efficient fibril uptake, b) more effective neuritic degradation of pathogenic a-syn, or c)

less efficient neuron-to- neuron spread of pathogenic a-syn.
The autosome-lysosome system is one of the two primary degradation mechanisms of the

cell, and has been proposed to be the predominant pathway by which a-syn degradation occurs.
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Figure 3. Basic characterization of pre-formed fibril treatment in primary neurons.

Primary cortical cultures containing a sub-set of cells expressing GFP for visualisation of cell morphology were
administered PBS or PFFs at DIV7. Cells were fixed for analysis of PFF-induced a-synucleinopathy by
immunofluorescence at DIV17. A small percentage of neurons had pronounced p-syn accumulation in the cell body,
(left). However, the vast majority of staining was within axonal processes of both GFP-filled and unfilled cells,
suggestive of retrograde pathology beginning in axon terminals and progressing towards the cell body (right, arrows).
DIV=days in vitro, GFP=green fluorescent protein, PBS=phosphate buffered saline, PFF=pre-formed fibril, p-syn=a.-
synuclein phosphorylated at serine 129, WT=wild-type.

Its dysfunction has been implicated in PD and specifically in accumulation of a-syn (Desplats et
al., 2009). To examine potential genotypic differences in autophagy and lysosomal markers,
staining of p62 (which is proposed to recognize ubiquitinated proteins and inclusions destined for
autophagy; Bjorkoy et al., 2005; Pankiv et al., 2007) and LAMP1 in ACB-containing fields was
conducted in a respective total of three and two KO cultures (Figure 5, 6). p62 appeared slightly
increased in WT and KO PFF-treated neurons relative to PBS controls (Figure 5a), but the effect
was not significant. Further, p-syn appeared to co-localize with p62 to a comparable extent in PFF-
treated WT (Pearson’s R=0.24) and KO (Pearson’s R=0.32) neurons (Figure 5b). KO PBS-treated
neurons showed a strong trend towards increased LAMP1 signal relative to WT PBS-treated
neurons, suggesting there may be intrinsically higher levels of LAMP1 clustering in KO cultures

(p=0.08) (Figure 6). Consistent with this observation, WT PFF-treated neurons showed a
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Figure 4. Pre-formed fibril treatment of leucine-rich repeat kinase 2 knock-out primary neurons.

Following treatment with PBS or PFFs at DIV7, PFF-treated neurons showed significantly higher p-syn staining than
PBS-treated neurons by DIV17 (a). Further, PFF-treated KO neurons showed significantly lower p-syn staining than
PFF-treated WT neurons (a). No significant differences in toxicity were observed between conditions as measured by
the LDH assay (b) or the percentage of pyknotic nuclei (¢). The number of ACBs was lower in PFF-treated KO
neurons relative to WT, but not significantly (d). While the area of p-syn staining in ACBs was similar in WT and KO
ACBs (e), KO neurites trended towards less p-syn in neurites (p=0.092). p-Syn field and neuritic values are reported
as mean gray value normalized to nuclear density of each condition. Pyknotic nuclei values are reported as the number
of pyknotic nuclei as a percent of the total number of nuclei in each condition normalized to PBS control. ACBs are
reported as the number of cell bodies with clear p-syn staining normalized to nuclear density of each condition.
Experimental ‘n’ indicates number of image fields with number of independent cultures in brackets. Error bars
represent standard errors of the mean. ACB=affected cell body, GFP=green fluorescent protein, KO=leucine-rich
repeat kinase 2 knock-out, LDH=lactate dehydrogenase, p-syn=a-synuclein phosphorylated at serine 129,
PBS=phosphate buffered saline, PFF=pre-formed fibril, WT=wild-type. *p<0.05, ****p<0.0001 by one-way
ANOVA and Bonferroni’s post-hoc test in a; *p<0.05 by two-tailed t-test in d and f.
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Figure 5. The autophagy marker p62 in pre-formed fibril-treated leucine-rich repeat kinase 2 knock-out
primary neurons.

Following treatment with PBS or PFFs at DIV7, PFF-treated neurons showed a trend towards higher p62 staining
relative to PBS-treated neurons (a). p62 levels in fields and in ACBs were not significantly different between WT and
KO neurons (a, ¢). p-Syn co-localized with p62 modestly in WT (Pearson’s R=0.24) and KO (Pearson’s R=0.32)
fields and highly in WT (Pearson’s R=0.67) and KO (Pearson’s R=0.70) ACBs (b, d). p62 field values are reported
as mean gray value normalized to nuclear density of each condition. Experimental ‘n’ indicates number of image fields
with number of independent cultures in brackets. Error bars represent standard errors of the mean. ACB=affected cell
body, KO= leucine-rich repeat kinase 2 knock-out, p62=sequestosome 1, p-syn=a-synuclein phosphorylated at serine
129, PBS=phosphate buffered saline, PFF=pre-formed fibril, WT=wild-type.
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Significant increase in LAMP1 relative to PBS-treated neurons (p=0.02), whereas KO PFF-treated
neurons did not (Figure 5a). p-Syn co-localized with LAMPI to some extent in PFF-treated WT
(Pearson’s R=0.09) and KO (Pearson’s R=0.10) neurons with no genotypic difference (Figure 6b).

Both p62 and LAMP1 appeared to primarily localize to ACBs in PFF-treated neurons.
Therefore, p62 and LAMP1 levels as well as each protein’s co-localization with p-syn were
examined in ACBs specifically. p62 and LAMP1 levels as well as each protein’s co-localization
with p-syn were increased in KO ACBs relative to WT, albeit non-significantly (Figure 5c, 6c¢).
p62 was highly co-localized with p-syn in ACBs of both WT (Pearson’s R=0.67) and KO
(Pearson’s R=0.70) neurons (Figure 5d). LAMP1 appeared to co-localize with p-syn somewhat
less in WT (Pearson’s R=0.31) and KO (Pearson’s R=0.30) fields, also with no significant

difference between genotypes (Figure 6d).

3.1.3 p.G2019S leucine-rich repeat kinase 2 knock-in neurons are more susceptible to pre-
formed fibril treatment-induced a-synucleinopathy

Primary cortical neurons from WT and KI neurons were treated with PBS or 1ug/ml
sonicated PFFs at DIV7, fixed at DIV17, and subject to immunocytochemistry. As previously
reported, p-syn staining was significantly higher in WT PFF relative to PBS conditions in five
separate cultures (p<0.0001) (Figure 7a). In addition, the level of p-syn staining was significantly
higher in KI neurons relative to WT neurons treated with PFFs in four separate cultures (p=0.005)
with comparable death observed across conditions of the same culture (Figure 7a, b).

To further probe the mechanism of KI susceptibility, ACBs were compared between
genotypes. The number of ACBs was comparable in PFF-treated WT and KI neurons (Figure 7c),

suggesting that WT and KI neurons uptake PFFs and spread pathogenic a-syn from neurites to the
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Figure 6. The lysosomal marker LAMP1 in pre-formed fibril-treated leucine-rich repeat kinase 2 knock-out
primary neurons.

Following treatment with PBS or PFFs at DIV7, KO PBS-treated neurons showed a strong trend towards higher
LAMPI1 levels relative to WT PBS-treated neurons (a). WT PFF-treated neurons had significantly higher LAMP1
levels relative to PBS where KO PFF-treated neurons did not (a). LAMP1 levels did not differ significantly between
WT and KO PFF-treated neurons in fields or ACBs (a, ¢). In PFF-treated conditions, p-syn co-localized with LAMP1
to some degree in WT (Pearson’s R=0.09) and KO (Pearson’s R=0.10) fields, and to a slightly higher degree in WT
(Pearson’s R=0.31) and KO (Pearson’s R=0.30) ACBs (b, d). LAMPI1 field values are reported as mean gray value
normalized to nuclear density of each condition. Experimental ‘n’ indicates number of image fields with number of
independent cultures in brackets. Error bars represent standard errors of the mean. ACB=affected cell body, KO=
leucine-rich repeat kinase 2 knock-out, LAMPIl=lysosomal membrane-associated protein 1, p-syn=o-synuclein
phosphorylated at serine 129, PBS=phosphate buffered saline, PFF=pre-formed fibril, WT=wild-type. *p<0.05 by
one-way ANOVA and Bonferroni’s post-hoc test.
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Figure 7. Pre-formed fibril treatment of leucine-rich repeat kinase 2 p.G2019S knock-in primary neurons.
Following treatment with PBS or PFFs at DIV7, PFF-treated neurons showed profoundly higher p-syn staining than
PBS-treated neurons by DIV17 (a). In addition, PFF-treated KI neurons showed significantly higher p-syn staining
than PFF-treated WT neurons (a). No differences in the percentage of pyknotic nuclei between conditions were
observed (b). While the number of ACBs was similar between PFF-treated WT and KI neurons (¢), the amount of p-
syn staining in KI ACBs (d) and neurites (e) appeared greater, albeit not significantly (p=0.093, 0.102). p-Syn field
and neuritic values are reported as mean gray value normalized to nuclear density of each condition. Pyknotic nuclei
values are reported as the number of pyknotic nuclei as a percent of the total number of nuclei in each condition
normalized to PBS control. ACBs are reported as the number of cell bodies with marked p-syn staining normalized to
nuclear density of each condition. Experimental ‘n’ indicates number of image fields with number of independent
cultures in brackets. Error bars represent standard errors of the mean. ACB=affected cell body, GFP=green fluorescent
protein, KI=leucine-rich repeat kinase 2 p.G2019S knock-in, p-syn=ca-synuclein phosphorylated at serine 129,
PBS=phosphate buffered saline, PFF=pre-formed fibril, WT=wild-type. **p<0.01, ****p<0.0001 by one-way
ANOVA and Bonferroni’s post-hoc test; ¥*p<0.05 by two-tailed t-test in d and e.
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cell body with similar efficiency. However, p-syn staining in ACBs (p=0.093) and neurites
(p=0.102) appeared higher in KI neurons relative to WT, cumulatively contributing towards the
significant overall p-syn stain increase in KI neurons (Figure 7d, e). This suggests that KI cultures
might be generally more susceptible to induced a-synucleinopathy within each cell by intrinsically
less effective handling of pathogenic a-syn.

p62 staining was examined in one full culture and one partial culture to investigate potential
differences in this marker of autophagy (Figure 8). Intriguingly, p62 appeared to be intrinsically
upregulated in PBS-treated KI neurons relative to PBS-treated WT neurons (p=0.003); however,
small sample size must be taken into consideration when interpreting these results (Figure 6a). p62
staining was significantly increased in PFF-treated WT neurons relative to PBS-treated WT
neurons (p=0.03), but not different between PBS- and PFF-treated KI neurons (Figure 6a). There
was no significant difference in p62 levels of PFF-treated WT and KI neurons (Figure 6a). This
may suggest that KI neurons have inherently altered degradation processes, and are already subject
to increased autophagic activation. In addition, p62 co-localized with p-syn to a significantly
greater extent in PFF-treated KI neurons (Pearson’s R=0.43) relative to PFF-treated WT neurons
(Pearson’s R=0.19) (p=0.001) (Figure 6¢). Though this may be a result of increased levels of p-
syn and p62 levels in KI neurons, it may also reflect differential handling of pathogenic a-syn
following treatment with PFFs.

As in KO cultures, p62 levels and co-localization with p-syn specifically in ACBs were
examined. p62 levels appeared to be similar in both genotypes (Figure 6b). The protein appeared
to co-localize well with p-syn in WT (Pearson’s R=0.48) and KI (Pearson’s R=0.60) ACBs, though

this difference was not significant (Figure 6d).
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Figure 8. The autophagy marker p62 in pre-formed fibril-treated leucine-rich repeat kinase 2 p.G2019S knock-
in primary neurons.

Following treatment with PBS or PFFs at DIV7, KI PBS-treated neurons showed significantly higher p62 staining
relative to WT PBS-treated neurons (a). WT PFF-treated neurons showed significantly higher p62 staining relative to
PBS-treated neurons, while KI PFF-treated did not (a). p62 levels in ACBs were comparable in WT and KI neurons
(b). In fields, p-syn co-localized with p62 to a significantly greater extent in KI (Pearson’s R=0.43) than in WT
(Pearson’s R=0.19) PFF-treated neurons (¢). In ACBs, co-localization of p-syn and p62 co-localization was not
significantly different between PFF-treated WT (Pearson’s R=0.48) and KI (Pearson’s R=0.60) neurons (d). p62 field
values are reported as mean gray value normalized to nuclear density of each condition. Experimental ‘n’ indicates
number of image fields with number of independent cultures in brackets. Error bars represent standard errors of the
mean. ACB=affected cell body, KI=leucine-rich repeat kinase 2 p.G2019S knock-in, p62=sequestosome 1, p-syn=a.-
synuclein phosphorylated at serine 129, PBS=phosphate buffered saline, PFF=pre-formed fibril, WT=wild-type.
*p<0.05, **p<0.01 by one-way ANOVA and Bonferroni’s post-hoc test.
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3.2 Induced behavioural deficits in mice by intrastriatal pre-formed fibril injection

To gain a holistic behavioural characterization against which to test the effects of PFF
injections, mice underwent behavioural testing designed to quantify motor, anxiety, and cognitive
performance over the course of this experiment. The data presented here contribute to a pilot
experiment, and power analyses were conducted to calculate by power analyses the sample size
required for subsequent in vivo PFF experiments. Although this cohort only provides preliminary
data, the results appear to be quite promising.

Animals were subject to the cylinder test to examine vertical motor exploration and
anxiety-like behaviours, where rearing and forelimb contacts against the cylinder wall indicated
motor activity, and grooming behaviours indicated anxiety levels. The open field test also provided
motor and anxiety measures; specifically, distance travelled assays general locomotor function,
whereas the centre path ratio (i.e. percentage of total distance travelled that was in the centre area)
indicates anxiety-like behaviours by providing a measure of relative thigmotaxis. Mice were also
tested in the NOL and puzzle box paradigms to examine cognitive abilities. In the NOL test,
cognitive ability was assumed to be intact if mice spent more time investigating an object moved
to a novel location than with an object that did not move location following a 24h delay period. As
rodents are known to prefer novelty, failure to discriminate between objects in a novel vs. familiar
location likely indicates a deficit in memory and/or motivation, both required to demonstrate
‘learning’ in this task. The puzzle box demonstrated ability to a) learn increasingly difficult dark
chamber entry strategies in T2 (introduction of a small entry), TS (introduction of a bedding
obstruction), and T8 (implementation of a cue change) requiring working memory; b) to acquire
these strategies and re-use them in same-day subsequent trials T3, T6, and T9 requiring working

and short-term memory ability between trials; and c) to remember and implement these strategies
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AP: 0.5mm Injection

Figure 9. Injection site of a-synuclein pre-formed fibrils.

Following pre-surgery behaviour, mice were administered an injection of PBS or PFFs in the dorsolateral striatum
using standardized injection coordinates (+0.5mm AP, +2.1mm ML, and -2.8mm DV). Shown is a brain slice from a
mouse that underwent microdialysis probe insertion using the aforementioned stereotaxic coordinates; the needle used
for PBS/PFF injections in this experiment is too small to leave a noticeable tract. AP = anteroposterior, DV =
dorsoventral, GFAP = glial fibrillary acidic protein, ML = mediolateral, PBS=phosphate buffered saline, PFF=pre-
formed fibril.

following a 24h delay in T4 and T7, requiring longer-term memory and intact motivation to
perform the task (Figure 12a).

Mice underwent pre-surgery behavioural testing, were administered a unilateral injection
of PBS or 5ug sonicated PFFs into the right striatum, and were re-tested at 1 and 3 months post-
injection. It was not possible to assess injection coordinates by physical damage post mortem in
these mice; the size of the injection needle was intentionally very small to reduce the potential of
tissue damage. However, dye injections and microdialysis probe insertion conducted with the same
stereotaxic coordinates and equipment have previously confirmed correct placement of these

coordinates within the dorsolateral striatum (Figure 9).

3.2.1 p.G2019S leucine-rich repeat kinase 2 knock-in mice may be more vulnerable to pre-formed
fibril-induced motor deficits
Six-month old WT and KI mice underwent cylinder and open field testing immediately

prior to injection to establish baseline motor behaviour. WT and KI mice showed comparable
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Figure 10. Motor testing of pre-formed fibril-injected leucine-rich repeat kinase 2 p.G2019S knock-in mice.
Prior to surgery (six months of age), WT and KI mice demonstrated similar rearing events in the cylinder test (a) and
distance travelled in the open field test (f). At both one and three months post-injection, PFF-injected mice of both
genotypes trended towards reduced rearing (b, ¢) but demonstrated no forelimb preference (d, e). Furthermore, at both
one and three months post-injection, PFF-injected mice of both genotypes appeared to travel less in the open field (g,
h). Forelimb use values are reported as number of wall contacts made with the contralateral forelimb as a percent of
the total number of wall contacts made with both forelimbs. Experimental n indicates number of animals. Error bars
represent standard errors of the mean. KI=leucine-rich repeat kinase 2 p.G2019S knock-in, m=metres, mo=months,
PBS=phosphate-buffered saline, PFF=pre-formed fibril, WT=wild-type.

motor ability as indicated by rearing in the cylinder test (Figure 10a) and distance travelled in the
open field arena (Figure 10f). At both one and three months post-injection, all mice exhibited a
reduction in general motor activity irrespective of PBS or PFF treatment. This could be due to
surgery-induced alterations in performance and/or desensitisation with repeated test exposures.
Both WT and KI PFF-injected mice showed similar rearing in the cylinder test relative to PBS-
injected controls, and no forelimb preference was observed as might be expected after a unilateral
noxious insult (Figure 10d-e). However, a trend towards reduced distance travelled by KI PFF-
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injected animals relative to PBS-injected animals in the open field test was noted at both time
points (Figure 10g-h). This trend did not reach significance, with 50-60% power at one month
post-injection and 30-40% power at three months post-injection. At this stage, these data suggest
that KI mice may be more vulnerable to a PFF-induced motor deficit; however, this must be

confirmed in future experiments with at least 25 mice per group to achieve 95% power.

3.2.2 p.G2019S leucine-rich repeat kinase 2 knock-in mice are more susceptible to pre-formed
fibril-induced anxiety

Baseline anxiety-like behaviours were tested by performance in the cylinder and open field
tests in mice prior to injection. WT and KI mice showed similar levels of anxiety as demonstrated
by comparable grooming behaviour in the cylinder test (Figure 11a, d) and centre path ratio in the
open field test (Figure 10g). At both one and three months post-injection, WT and KI PFF-injected
mice showed comparable grooming behaviour relative to PBS-injected mice of the same genotype
(Figure 11b-c, e-f). A non-significant trend towards reduced grooming time at three months post-
injection in WT PFF-injected was seen (p=0.15) (Figure 11f). Of greater interest, PFF-injected KI
mice showed a significant reduction in centre path ratio relative to PBS-injected KI mice at one
and three months post-injection (p=0.004, 0.02), whereas PBS- and PFF-injected WT mice were
comparable (Figure 11h, 1). Thus, KI mice may be more susceptible to a PFF-induced anxiety
phenotype. The power for these data is between 80-85% at one month post-injection and 50-60%
at three months post-injection; therefore, the results must be confirmed in future experiments with

a sample size of at least 20 mice for 95% power.
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Figure 11. Anxiety testing of pre-formed fibril-injected leucine-rich repeat kinase 2 p.G2019S knock-in mice.

Prior to surgery, WT and KI mice demonstrated similar grooming activity in the cylinder test (a, ¢) and centre path
ratio in the open field test (g). At one and three months post-injection, mice from all conditions demonstrated no
significant differences in grooming activity (b, ¢, e, f). However, PFF-injected KI mice demonstrated a significant
reduction in centre path ratio at both time points (h, i). Centre path ratio values are reported as distance travelled in
the centre area as a percent of total distance travelled. Experimental n indicates number of animals. Error bars represent
standard errors of the mean. CPR=centre path ratio, KI=leucine-rich repeat kinase 2 p.G2019S knock-in, m=metres,

mo=months, PBS=phosphate-buffered saline, PFF=pre-formed fibril, WT=wild-type. *p<0.05, **p<0.01 by one-way
ANOVA and Bonferroni’s post-hoc test.
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3.2.3 p.G2019S leucine-rich repeat kinase 2 knock-in mice may be more susceptible to pre-
formed fibril-induced cognitive deficits

Performance in the NOL and puzzle box tests was used to assess cognitive ability prior to
injection. Whereas WT mice demonstrated learning in NOL with 90-95% power by spending more
time with an object moved to a novel location (p=0.01), KI mice did not demonstrate the same
learning trend (Figure 12a). This observation indicated an intrinsic deficit in spatial recognition
and/or memory performance in six month-old KI mice. In contrast, WT and KI mice performed
similarly in the puzzle box test, which involves an aversive stimulus and behaviourally relevant
goal (Figure 13c).

At one and three months post-injection, WT PBS-injected mice only exhibited a learning
trend in the NOL test (Figure 12b, ¢). This may represent a surgery effect, but is likely due to
intrinsic variability in mice and small sample sizes. Indeed, the power for this result is only 20-
30% at one month post-injection and 30-40% at three months post-injection. Interestingly, WT
PFF-injected mice displayed a clear transient learning deficit in NOL at one month post-injection
from which they appeared to recover at three months post-injection (Figure 12b, c¢). As KI mice
were already cognitively impaired prior to surgery, it was expected that both PBS- and PFF-
injected KI mice would show deficits at one and three months post-injection (Figure 12b, ¢). It
might be argued that PFF injections induce a cognitive deficit in WT mice similar to the intrinsic
deficit observed in six month-old KI animals. PBS- and PFF-injected WT and KI mice performed
similarly in all trials of the puzzle box at one month post injection (Figure 13d). However, at three
months post-injection, PFF-injected KI mice appeared to be uniquely impaired in trial 6 (repeat of
small entry and bedding obstruction) with 60-70% power, in trial 7 (repeat of small entry and

bedding obstruction after 24h delay) with 10-20% power, and in trial 9 (repeat of small entry,
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Figure 12. Cognitive testing of pre-formed fibril-injected leucine-rich repeat kinase 2 p.G2019S knock-in mice
using the novel object location test.

Prior to surgery, WT mice appeared to be cognitively intact by assessment in the NOL test. However, KI mice appeared
to have a cognitive deficit, as they spent a similar amount of time investigating an object moved to a novel location
and an object in a familiar location (a). At one month post-injection, PBS-injected WT mice showed a learning trend,
but PFF-injected WT mice did not (b). At three months post-injection. PBS-injected WT mice demonstrated
significant learning, while PFF-injected WT mice appeared to show a learning trend (c). Similar to pre-injection, KI
mice of both conditions did not learn in NOL at one and three months post-injection (b, ¢). NOL values are reported
as time spent investigating each object as a percent of the total time spent investigating both objects. Experimental n
indicates number of animals. Error bars represent standard errors of the mean. F=familiar location object, KI=leucine-
rich repeat kinase 2 p.G2019S knock-in, mo=months, N=novel location object, PBS=phosphate-buffered saline,
PFF=pre-formed fibril, WT=wild-type. **p<0.01 by one-way ANOVA and Bonferroni’s post-hoc test.

bedding obstruction, and cue change) with 30-40% power (Figure 13e). Future experiments should
include at least 25 animals to elucidate if these results indicate a real effect, but these data suggest
a PFF-induced cognitive deficit may exist in KI mice only.

Together, these pilot study data suggest that LRRK2 is involved in neuronal response to

induced a-synucleinopathy, and the p.G2019S mutation may exacerbate PFF-induced effects in

Vvivo.
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Figure 13. Cognitive testing of pre-formed fibril-injected leucine-rich repeat kinase 2 p.G2019S knock-in mice
using the puzzle box test.

Trial conditions are listed in a. Comparison between the first round of testing (pre-surgery) and second round of testing
(1mo post-surgery) revealed reduced latency to entry with repeated testing (b). Prior to surgery, WT and KI mice
performed comparably in all trials (¢). At one month post-injection, PBS- and PFF-injected mice of both genotypes
showed similar latencies to entry (d). At three months post-injection, WT mice of both treatment conditions performed
comparably in all trials (e). KI mice of both treatment conditions were similar in most trials, but KI PFF-injected
appeared to show increased latency to entry in trials 6 (p>1), 7 (p=0.32), and 9 (p=0.23) (e). Latency to entry values
are reported as raw values in b and as a percent of their initial entry latency in trial 1 in c-e. Experimental n indicates
number of animals. Error bars represent standard errors of the mean. KI=leucine-rich repeat kinase 2 p.G2019S knock-
in, mo=months, PBS=phosphate-buffered saline, PFF=pre-formed fibril, T=trial, WT=wild-type.
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4. Discussion

o-Syn and LRRK?2 are the most heavily implicated protein candidates in the etiology of
PD. Despite this, primary literature examining pathological interactions between these two central
proteins is sparse and lacks consensus. Thus, this project aimed to determine whether a) LRRK2
is involved in neuronal and systemic response to induced a-syn pathology, and b) if the p.G2019S
mutation alters these responses using optimal models of a-syn aggregation and PD genetic
susceptibility. PFFs induce a-syn aggregation that resembles Lewy pathology in vitro, and cause
diffuse p-syn pathology as well as behavioural phenotypes in vivo. As PFF-induced pathogenesis
is delayed, progressive, and precedes eventual cell death, this model provides an opportunity to
investigate potential disease-modifying therapies. Furthermore, the genetically faithful LRRK2
p-G2019S KI mouse model was used to examine mutant LRRK?2 effects on PFF-induced a-syn
pathology under endogenous levels and regulation. The KI model avoids confounds of random

insertion, underlying endogenous WT expression, and artificial expression patterns.

4.1 Initial characterization of pre-formed fibril treatment

As PFFs were generated in an external facility, TEM was utilized to examine their
ultrastructure pre- and post-sonication. The integrity of PFF fibrillar ultrastructure pre-sonication
was intact, and the sonication protocol was observed to effectively break up the fibrils into
oligomeric seeds as required according to published standardised protocols (Volpicelli-Daley et
al., 2014).

Primary cultures were treated with PBS, monomeric a-syn, or sonicated PFFs at DIV7;
treatment is recommended following DIVS as endogenous a-syn is not expressed until this time,

and prior to DIV10 as neurons become affected at a much quicker rate in older cultures (Volpicelli-
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Daley et al., 2014). Cultures were maintained for 10 days post treatment to allow ample time for
seeding and propagation of pathogenic a-syn without inducing excessive toxicity before fixation.
While this timeline was suitable for our aims, ongoing experiments are testing whether genotype-
dependent vulnerability is maintained, diminished, or exaggerated when treatment occurs in older
cells (DIV21-31) or over a longer period (DIV7-22). The 81A anti-p-syn antibody, which is
regarded as standard within the field, was used to evaluate induced aggregation of a-syn between
PBS- and PFF-treated neurons of both genotypes. To evaluate levels of p-syn staining between
genotypes in an unbiased fashion, all p-syn images within a culture were subject to the same
thresholding, and mean gray values were normalized to the average field nuclei of their respective
conditions to account for cell density differences.

After 10d of treatment, PFF-treated cultures developed punctate and serpentine p-syn-
positive aggregates, which appeared to be most numerous in axons and present in ~5% of cell
soma. We predict that this is a reflection of pathology propagating from synaptic terminals towards
cell bodies; assessment of the number of ACBs over time would be enlightening. As previously
observed, we found that the majority of neuritic aggregates were axonal, forming predominantly
in MAP2-negative processes (data not shown) (Volpicelli-Daley et al., 2014). To confirm that
observed effects were induced by treatment with PFFs specifically and not simply by addition of
o-syn, treatment with monomeric a-syn was also performed. Monomeric a-syn did not induce a-
synucleinopathy in cultures as indicated by negligible p-syn staining, again confirming previous

reports of this model (Volpicelli-Daley et al., 2011).
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4.2 The role of leucine-rich repeat kinase 2 in neuronal response to induced o-
synucleinopathy by pre-formed fibril treatment

Previously, p.A53T a-syn OE mice that are null for LRRK2 have been reported to show
reduced pathology, neurodegeneration, and immune response relative to p.A5S3T a-syn OE mice
with normal LRRK2 expression (Lin et al., 2009). In addition, LRRK2 KO rats and WT rats
administered a LRRK?2 kinase inhibitor were reported to show protection from virally-expressed
a-syn-induced inflammation and nigral degeneration (Daher et al., 2014, 2015). Though
promising, these results are limited by use of mutant OE or viral expression of a-syn. Further,
aspects of these studies were not replicated when examined by others (Daher et al., 2012; Herzig
etal., 2012). To examine the role of LRRK2 in responses to pathogenic a-syn insult using a subtler
model of a-synucleinopathy, primary cortical neurons from WT and KO embryos were treated
with sonicated PFFs. In a total of five separate cultures, PFF-treated KO neurons displayed
significantly reduced p-syn staining relative to PFF-treated WT neurons.

One explanation for this observed reduction may be that LRRK2 neurons are more
susceptible to PFF-induced toxicity, but die prior to fixation. To examine this possibility, the LDH-
based colorimetric assay was performed using media from each condition at three separate time
points over the course of treatment (DIV9, DIV12, and DIV17). At each time point, this assay
suggested that PFFs induce a slight reduction in membrane integrity, but no genotypic difference
was observed. While useful, the LDH assay is somewhat crude; it is more accurately a measure of
cell membrane integrity and media conditions that alter enzymatic activity rather than toxicity per
se. Therefore, nuclei that were pyknotic, i.e. small, irregular, and containing condensed chromatin
(Kroemer et al., 2009), relative to total nuclei in each condition were counted as an additional
measure of toxicity. The results supported those of the LDH assay. Together, these data suggest
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that the genotypic difference in p-syn staining is not a by-product of increased toxicity in KO
cultures; rather, it may indicate a role for LRRK2 in the process of fibril uptake, intracellular
handling of fibrils, degradation of pathogenic a-syn, and/or spread of pathogenic o-syn.

To further probe the underlying mechanism of KO protection from PFF-induced a-
synucleinopathy, cell bodies that contained pronounced p-syn-positive aggregates (termed affected
cell bodies, ACBs) relative to the total number cells were compared between WT and KO neurons.
Interestingly, KO neurons displayed a strong trend towards a reduction in the percentage of ACBs
relative to WT neurons. However, p-syn staining within ACBs was comparable between WT and
KO neurons. These observations suggest that overall p-syn reductions in KO neurons may be due
to a) fewer cell bodies being positively stained, and/or b) less p-syn stain in neurites. Indeed,
masking out ACBs and re-quantifying mean gray values of p-syn within neurites revealed reduced
p-syn staining in neurites. In summary, the cell bodies that succumb to PFF-induced pathogenic
effects are equally affected in WT and KO neurons, but fewer KO cell bodies ultimately succumb
to these effects, and neurites are less affected. This data suggests that KO protection from PFF
treatment may be due to less neurons initially taking up fibrils, more effective degradation of
pathogenic a-syn within neurites, or less efficient neuron-to-neuron spread of pathogenic a-syn.
These hypotheses should be directly addressed in future experiments.

To investigate potential genotypic differences in markers of autophagy contributing to
reduced KO p-syn staining, levels of and p-syn co-localization with p62 and LAMP1 were
examined. p62 recognizes and targets toxic intracellular material for autophagy, but the
significance of its presence is a subject of current debate. Increased p62 may signify an
upregulation of the protein in response to a heightened demand for intracellular degradation; on

the other hand, it may indicate a build-up of p62 due to impaired autophagy within the cell (Rusten
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and Stenmark, 2010). In contrast, LAMPI1 is a transmembrane protein present across lysosomal
membranes. We observed that both p62 and LAMP1 tended to predominantly localize to the cell
body, which was not surprising given that this is the primary location of protein degradation.
Therefore, whole image fields surrounding ACBs were examined in addition to isolated ACBs
specifically.

In ACB-containing image fields of three KO cultures, a genotype-independent trend
towards increased p62 was observed in PFF-treated neurons relative to PBS-treated neurons, likely
reflecting PFF-induced stress on the autophagy pathway. Though others have reported increases
in p62 upon LRRK?2 inhibition (Manzoni et al., 2013), we observed no significant difference in
p62 levels of WT and KO fields or ACBs. Thus, the observed reduction in KO p-syn staining does
not appear to correlate with differences in p62 levels. Co-localization with p-syn was quite high in
isolated ACBs and relatively less in whole image fields, but no genotypic difference was observed.
As KO neurons displayed an overall reduction in total p-syn stain, but similar p-syn and p62 co-
localization to WT, KO neurons may be more effective at targeting p-syn for degradation by
autophagy with p62.

Interestingly, WT PFF-treated neurons displayed a significant increase in LAMP1 relative
to WT PBS-treated neurons, whereas KO PFF-treated neurons only showed a slight, trending
increase in LAMP1 relative to KO PBS-treated neurons in two independent cultures. Further, KO
PBS-treated neurons showed a very strong trend towards increased LAMP1 relative to WT PBS-
treated neurons, whereas WT and KO PFF-treated neurons showed no difference in LAMP1 levels.
These data indicate that KO neurons may have intrinsically higher levels of LAMP1, which has
been reported in KO kidneys of mice (Tong et al., 2012) and young rats (Baptista et al., 2013). In

culture, these neurons may be more prepared to utilise the lysosomal system to effectively deal
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with the initial PFF insult. In fact, others have reported that PFFs are immediately surrounded by
LAMPI after neuronal uptake, indicating it is one of the first response mechanisms of the cell to
PFF treatment (Tsujimura et al., 2014). As WT neurons appear have intrinsically less LAMPI,
they may attempt to respond to PFFs with a strong upregulation of the protein, which might a) not
occur swiftly enough to prevent early seeding of endogenous a-syn, and/or b) disrupt homeostasis
of degradation pathways and result in less efficient handling of pathogenic a-syn. Alternatively,
LRRK2 may promote recycling rather than degradation of vesicle cargoes, reducing both demand
for LAMP1-positive lysosomes and degradation of toxic cellular waste. Indeed, silencing LRRK?2
has been reported to alter vesicle recycling dynamics, distribution, and motility (Piccoli et al.,
2011).

An examination of LAMP1 co-localization with p-syn in ACB-containing fields and
isolated ACBs revealed low co-localization that was comparable across genotypes of the same
condition. As mentioned, WT and KO cell bodies that ultimately succumb to PFF-treatment appear
similarly affected. It is possible that differences in p-syn and LAMPI1 co-localization would be
seen in regions of the coverslip without ACBs, or if examined at earlier time points before
pathogenic a-syn ultimately reaches the cell body. In addition, searching for differences in
LAMPI1 and p-syn co-localization may be futile; initiation of the degradation process within
lysosomes may result in the protein becoming unrecognizable. Indeed, other groups have not
observed co-localization with p-syn and LAMP1 (Tanik et al., 2013).

It 1s important to note that the absence of glial cells was confirmed by absence of staining
with anti-Ibal and anti-GFAP antibodies in primary cortical cultures. Daher et al. have suggested

that glial response mediates protection of KO rats from nigral degeneration induced by virally-
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expressed a-syn (Daher et al., 2014); however, a purely neuronal protection mechanism is

demonstrated by these experiments.

4.3 p.G2019S-induced alterations in neuronal response to induced a-synucleinopathy by pre-
formed fibril treatment

Given that LRRK2 appears to play a role in neuronal response to induced o-
synucleinopathy by pre-formed fibril treatment, alterations to this response induced by the LRRK?2
p.G2019S mutation were examined. Primary cortical neurons from WT and KI embryos were
treated with sonicated PFFs in a total of four separate cultures, in which PFF-treated KI neurons
displayed significantly elevated p-syn staining relative to PFF-treated WT neurons.

The possibility that differential p-syn staining was a consequence of differences in PFF-
induced toxicity was examined solely using condensed nuclei counts given that they were shown
to reflect LDH assay results in KO cultures. No differences in the percentage of pyknotic nuclei
were observed between treatment conditions or genotypes, suggesting that increased p-syn staining
is not a by-product of reduced toxicity in KI cultures. Rather, it may indicate that the p.G2019S
mutation influences fibril uptake, intracellular handling of fibrils, degradation of pathogenic a-
syn, and/or spread of pathogenic a-syn.

To further probe the mechanism by which KI neurons were more susceptible to PFF-
induced a-synucleinopathy, ACBs were compared between WT and KI neurons. The number of
ACBs was not different in WT and KI neurons. However, p-syn staining within isolated ACBs
was increased in KI neurons relative to WT neurons. Masking out ACBs and re-quantifying mean
gray values revealed that p-syn was also increased in KI neurites compared to WT neurites. In
summary, these data suggest that fibrils are initially taken up and/or spread from neuron-to-neuron
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with similar efficacy in WT and KI neurons, but KI cell bodies and neurites that succumb to PFF-
induced pathogenic effects are affected to a greater extent. This data suggests that p.G2019S
LRRK2 impairs intracellular handling and/or protein degradation of pathogenic a-syn.

To probe the underlying mechanism of p.G2019S KI vulnerability to PFF treatment, levels
of the autophagy marker p62 and its co-localization with p-syn were examined in ACB-containing
image fields and isolated ACBs. In ACB-containing image fields from two WT cultures and one
KI culture, a non-significant increase in p62 was observed in WT PFF-treated neurons relative to
WT PBS-treated neurons, likely reflecting PFF-induced stress on the autophagy pathway (as
previously observed in WT and KO neurons). While no significant difference in p62 levels was
observed between PBS- and PFF-treated KI neurons, PBS-treated KI neurons appeared to have
significantly increased levels of p62 relative to PBS-treated WT neurons. This might indicate an
intrinsic increase in the level of this protein in KI neurons, which could be related to a heightened
demand for degradation and/or impaired autophagy within the cell. Indeed, others have reported
that autophagy is augmented with expression of p.G2019S LRRK2 (Su and Qi, 2013), and p62
specifically has been implicated in p.G2019S-induced increases in depolarization and autophagy
of mitochondria (Su et al., 2015). Further, it has been reported that p.G2019S LRRK2 is poorly
degraded by chaperone-mediated autophagy (CMA), resulting in compromised integrity of cellular
degradation systems (Orenstein et al., 2013).

Furthermore, co-localization of p62 and p-syn was significantly higher in KI than WT
neurons. Although increased p-syn staining in PFF-treated KI neurons may have contributed to
this observation, p62 levels were not different between PFF-treated neurons of either genotype,
suggesting that increased co-localization is not simply a consequence of increased protein levels.

This provides further evidence towards intrinsically impaired degradation processes in KI neurons
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that may increase susceptibility to pathogenic a-syn insult. While p-syn and p62 co-localization
was significantly higher in KI image fields relative to WT, it was not in KI ACBs relative to WT.
This may indicate that p62 is effectively targeting p-syn in KI neurites specifically, but impaired
autophagy is preventing its degradation.

It is important to note that while vulnerability of p.G2019S KI neurons to PFF treatment
could be the result a direct relationship between LRRK2 and a-syn, it may also be due to non-
specific susceptibility to insult conferred by the mutation. Assays testing susceptibility to other
inducible insults such as glutamate excitotoxicity should be pursued to examine this possibility.
However, if p.G2019S KI neurons are generally more vulnerable, this would not negate the
importance of an increased susceptibility to PD-like pathological processes; indeed, it has been
suggested for many years that PD may be a form of accelerated aging (Kish et al., 1992) to which

mutant-induced neuronal vulnerability might generally contribute.

4.4 p.G2019S-induced alterations in behavioural deficits caused by intrastriatal pre-formed
fibril injection

Given that a) intracerebral PFF injection has been previously reported to induce motor
deficits in WT mice (Luk et al., 2012a), and b) KI neurons were more vulnerable to PFF-treatment
in vitro, behavioural consequences of PFF injection in WT and KI mice were compared to examine
if the p.G2019S mutation conferred increased susceptibility to PFFs in vivo in a pilot study. To
holistically characterize the behaviour of WT and KI mice pre-and post-injection, performance
was examined in the cylinder, open field, NOL, and puzzle box tests. The same array of
behavioural tests was performed at one and three months post-injection to examine potential

genotypic differences PFF-induced behavioural alterations, and results were evaluated in the
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context of pre-injection behaviour. Motor ability was determined by rearing in the cylinder test
and distance traveled in the open field test. Anxiety behaviours were observed in the cylinder test
by grooming activity and the open field test by centre path ratio (i.e. percentage of total distance
travelled that was in the centre area). Cognitive ability was tested in the NOL and puzzle box
spatial-based learning tests. NOL results were reported as percentage of time investigating an
object in a novel location relative to one in a familiar location, and puzzle box results were reported
as either raw latency to entry or as a percentage of T1 latency to chamber to account for intrinsic
motivation of each mouse to enter the dark chamber.

Baseline behavioural differences in six-month-old WT and KI mice were examined prior
to injection. Our own group has observed no difference between WT and KI mice in motor and
anxiety behaviours at this age (unpublished data). This was reflected in the results of pre-surgery
testing, which showed no motor differences between WT and KI mice in cylinder and open field
testing. However, previously unreported differences in cognitive performance emerged. Mice
typically prefer novelty, and will spend more time investigating an object in a novel location
relative to one in a familiar location after initial object exposure; this forms the basis of the NOL
test. While six month-old WT mice demonstrated ‘learning’ in this testing paradigm by spending
more time with an object in a novel location relative to one in a familiar location, KI mice showed
a cognitive deficit. Given that LRRK2 and the p.G2019S mutation alter synaptic function in vitro
and in the striatum (Beccano-Kelly et al., 2014; Yue et al., 2015), a multi-input integrative structure
that influences habitual, goal-directed and spatiotemporal behaviours (Jahanshahi et al., 2015), this
cognitive deficit is predictable. However, in the puzzle box paradigm, which presents mice with a
more aversive test that has a behaviourally relevant end-point (i.e. dark chamber entry to avoid

bright light and potential threat), WT and KI mice were comparable in performance.
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Intrastriatal injection of PFFs in WT mice induces motor deficits in the wire hang test at
three months post-injection and in the rotorod test at six months post-injection, which paralleled
observed a-syn pathology in motor behaviour-related regions of the brain (Luk et al., 2012a). In
the experiments here, PFF-injected WT and KI mice showed similar rearing in the cylinder test
when compared to PBS-injected mice at one and three months post-injection. Neither PBS- nor
PFF-injected mice demonstrated a preference for the ipsilateral forelimb at either time point,
suggesting there was no PFF-induced deficit specific to the contralateral forelimb. In the open field
test, KI PFF-injected mice demonstrated a trend to reduced distance traveled at both time points
relative to PBS-injected mice, but the small sample size of this demi-cohort prevented this trend
from reaching significance. These results suggest KI mice may be more susceptible to PFF-
induced motor deficits, but this hypothesis must be tested in future large-scale experiments with
at least 25 animals per condition.

No groups have reported anxiety or cognitive phenotypes in PFF-injected mice as of yet.
At one and three months post-injection, PBS- and PFF-injected mice of both genotypes exhibited
normal behaviour in cylinder test grooming activity. PFF-injected WT mice did not display
alterations to centre path ratio in the open field test relative to PBS-injected WT mice; however,
KI mice displayed a significant reduction in centre path ratio at both time points with relatively
high power. These data indicate a genotype-specific PFF-induced anxiety phenotype that should
be confirmed by future experiments. While the mechanistic underpinnings of this phenotype are
likely complicated, it is worth noting that anxiety is a known pre-clinical, non-motor symptom in
PD patients (Berg et al., 2015).

With regards to cognitive behavioural assessments, it should be noted that PBS-injected

WT control mice did not significantly discriminate between objects in a familiar vs. novel location
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post-injection in the NOL test, though a learning trend existed with low power. Though this could
represent a surgery-induced effect, it is likely due to small sample size and would conceivably
become significant with future large-scale testing. Interestingly, a clear but transient NOL deficit
in WT PFF-injected mice emerged at one month post-injection and disappeared at three months
post-injection. This could be a surgery effect, or it may be a PFF-induced disruption in cognitive
ability that is overcome with compensatory learning strategies acquired over time. PBS- and PFF-
injected KI mice did not display learning at any time point in the NOL test, consistent with
observed performance of these mice pre-surgery.

Performance on all trials of the puzzle box test appeared similar in PBS- and PFF-injected
mice of both genotypes at one month post-injection. However, by three months post injection,
PFF-injected KI mice uniquely displayed an increased latency to entry on strategy acquisition and
memory trials. While PFF-injected KI mice appear capable of finding the dark chamber entrance
when the task becomes more challenging, they appear less capable of acquiring and remembering
the strategy necessary to do so in subsequent trials. As previously discussed, the striatum is a multi-
input integration structure that affects goal-directed behaviours (Jahanshahi et al., 2015). The
presence of the p.G2019S LRRK2 mutation alone has been reported to induce striatal synaptic
dysfunction (Beccano-Kelly et al., 2014, 2015); thus, it is conceivable that an additional
intrastriatal PFF insult would exacerbate any basal deficit and perhaps impair the goal-directed
spatiotemporal function required to enter the dark chamber. Whether a genotype-specific treatment

effect truly exists must be elucidated in future experiments with at least 25 animals per condition.
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4.5 Limitations and future directions
4.5.1 Markers of a-synucleinopathy in vitro

As previously noted, the use of the 81A anti-p-syn antibody as a marker of aggregated o.-
syn is somewhat standard in the field, but not without controversy as it has been observed to non-
specifically bind neurofilament (Sacino et al., 2014). In agreement with Sacino et al., we observed
some non-specific staining primarily in white matter tracts. Consistently, the occasional axon was
observed to be p-syn-positive in PBS-treated in vitro conditions. However, this staining was much
dimmer than presumed a-syn aggregate staining, and was mostly eliminated by equal thresholding
applied to all images. Therefore, it may be reasonable to assume that antibody non-specificity did
not significantly influence the results of these experiments. Though the 81A antibody was utilized
in these experiments for the sake of consistency with both the field and previously conducted
experiments in the lab, replication using a more specific antibody has been conducted (ab59264)

and very similar results obtained (data not shown).

4.5.2 Mechanisms of genotypic differences in vitro

While the underlying mechanisms of KO protection and KI susceptibility were examined
to an extent in the experiments presented here, additional cultures as well as protein analyses
should be added to solidify observed trends. In addition, the hypotheses outlined regarding
underlying mechanisms of genotypic differences should be tested in future experiments. Though
differences in LAMPI1 levels were observed in KO cultures, LAMP1 was not examined in KI
cultures due to unforeseen technical issues. This is obviously lacking in this set of experiments

and should be examined.
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4.5.3 Immunohistochemistry staining in vivo

Unfortunately, due to the longitudinal nature of behavioural characterization experiments,
confirmation of pathology in PFF-injected mice has yet to be observed. A small subset of mice

from these experiments were perfused, and analysis of PFF-induced pathology is ongoing. As PFF-
induced pathology has been repeatedly observed by others (Luk et al., 2012a, 2012b; Sacino et al.,
2014; Paumier et al., 2015; Peelaerts et al., 2015), and our protocol did not substantively differ

from these other groups, we expect to observe p-syn staining.
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5. Conclusion

Taken together, these experiments implicate LRRK2 and the p.G2019S mutation in
multiple aspects of a-syn pathogenic processes. In vitro, knocking out LRRK?2 results in protection
from PFF-induced a-synucleinopathy. This is apparently due to reduced initial uptake of PFFs,
more effective degradation of pathogenic a-syn in neurites, or less efficient neuron-to-neuron
spread of pathogenic a-syn. In contrast, the LRRK2 p.G2019S mutation increases susceptibility
to PFF treatment, likely due to impaired handling or degradation of pathogenic a-syn. Following
a unilateral instrastriatal PFF injection, onset of PFF-induced motor deficits appears to be
accelerated in KI mice. Furthermore, PFF-injected KI mice display unique anxiety and cognitive
deficits, potentially reflecting increased susceptibility to striatal synaptic deficits. Further
experiments are required to confirm observed trends and to elucidate mechanisms underlying
genotypic differences, but these initial findings prove promising in their contribution to the field’s

understanding of LRRK2 in a-synuclein pathobiology.
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