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Abstract
The objective of this thesis was two-fold: first, to develop and characterize a novel Parkinson’s
disease (PD) mouse model, and second, to assess the therapeutic potential of a metabotropic
glutamate receptor 5 (mGluR5) negative allosteric modulator (NAM). Using viral overexpression
of α-synuclein in combination with the addition of exogenous synthetic α-synuclein pre-formed
fibrils (PFFs), we demonstrate that the double-hit virus-fibril model can consistently induce motor
impairments and α-synuclein spread in male mice. Remarkably, we observed motor impairment in
the absence of degeneration, suggesting that perhaps α-synuclein induces biochemical changes in
the motor cortex that translate to behavioural impairment. Secondly, we also demonstrate that
treatment with the mGluR5 NAM, (2-chloro-4-[2[2,5-dimethyl-1-[4-(trifluoromethoxy) phenyl]
imidazol-4-yl] ethynyl] pyridine (CTEP), prevented the onset of and improved existing motor
impairments, α-synuclein burden, along with altering S6 ribosomal (rS6) protein activity. Finally,
we observed a robust sex difference, that clearly favored motor pathology in males. In fact, males
displayed motor impairment after 8-16-weeks, whereas females show no motor impairment
whatsoever (even after many months). Yet, it was surprising that there were no clear pathological
differences between the sexes that could possibly explain the differences observed in motor
behaviour. Taken together, the data presented in this thesis offers insight into the role of αsynuclein in the development of PD and offers support for mGluR5 NAMs as potential disease
altering therapeutic for PD, with the obvious caveat being that dramatic sex-differences were
evident for the behavioral outcomes.
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Chapter 1: General Introduction

1.1. Parkinson’s Disease
Parkinson’s Disease (PD) is a progressive neurodegenerative disease characterized by a
variety of motor and non-motor symptoms. Globally, it is anticipated that the prevalence will more
than double from 6.2 million cases in 2015 to 12.9 million cases in 2040 based on historical growth
patterns, the aging population, changes in environmental factors, and increased longevity (Dorsey
& Bloem, 2018). Prevalence of PD differs between the sexes, with approximately 4% of the male
population effected, while the female prevalence peaks at approximately 1.5% (Trinh et al., 2014;
Wong et al., 2014). Wooten et al. (2004) believe that this difference in prevalence may be attributed
to increased toxicant exposure and head trauma in men due to historical lifestyle differences, as
well as neuroprotective properties of estrogen that females may benefit from. Behind Alzheimer’s
Disease (AD), PD is the second most prevalent neurodegenerative disease (de Lau & Breteler,
2006; Miller & O’Callaghan, 2015) and has a substantial economic and emotional burden (Miller
& O’Callaghan, 2015; Yang et al., 2020). The lack of available treatments to slow the disease
progression, as well as the rise in the aging population suggests that the burden of the disease will
continue to increase.
PD is characterized by the loss of dopaminergic neurons of the nigrostriatal pathway and
presence of Lewy body (LB) pathology (Miller & O’Callaghan, 2015). These two pathological
hallmarks lead to a variety of motor and non-motor symptoms like tremors, rigidity, bradykinesia,
postural instability, as well as even depression, anxiety, and some degree of cognitive impairment
(Jankovic, 2008; Mosley et al., 2017). Early research has suggested that by the time motor
impairments are identified in a patient, the patient has likely already lost 60-80% of their
nigrostriatal dopamine neurons and fibre projections (Riederer & Wuketich, 1976). More recent
research has suggested that loss at clinical presentation is between 40-60% (Burke & O’Malley,
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2013; Cheng et al., 2010). The underlying mechanism as to how neurodegeneration occurs in PD
is unknown, although it is hypothesized that a combination of genetic, environmental, and aging
factors is responsible for disease onset (Sadasivan et al., 2017; Sulzer, 2007). Evidence suggests
approximately 10% of cases to be linked to genetics (familial PD), while the remaining 90% of
cases are considered to have sporadic onset (sporadic PD) (Lesage & Brice, 2012).
Currently, there is no formal method of diagnosing PD with full certainty. While there are
diagnostic tools that evaluate clinical symptoms like the Hoehn and Yahr scale or the Unified
Parkinson’s Disease Rating scale (UPDRS) (Jankovic, 2008), there is no biomarker that can
diagnose PD with full accuracy (Miller & O’Callaghan, 2015). DaTscan is an approved imaging
diagnostic tool for PD. However, imaging alone is not sufficient for diagnosis (Suwijn et al., 2015).
Given the above, it is necessary to identify better biomarkers for the disease that can help inform
therapeutics that can alter disease progression.

1.1.1 Pathological Hallmarks: Dopaminergic Cell Loss
Dopaminergic neurons are found in abundance in the mesencephalic dopaminergic system,
which houses approximately 90% of the brain’s dopaminergic neurons (Chinta & Andersen, 2005).
This system can be further broken down into three smaller systems: 1) nigrostriatal dopaminergic
system (essential for voluntary motor movement) , 2) mesolimbic dopaminergic system (primarily
emotion based-behaviour including motivation and reward), and 3) mesocortical dopaminergic
system (involved with motor skill learning and has crossover with mesolimbic functions) (Chinta
& Andersen, 2005; Heijtz & Forssberg, 2015). Despite representing less than 1% of neurons in the
brain, dopamine is an essential modulatory neurotransmitter that impacts virtually all CNS systems
(Chinta & Andersen, 2005) and as such, degeneration of dopamine involved pathways contributes
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to a number of movement and psychiatric disorders including PD (Miller & O’Callaghan, 2015),
epilepsy (Cavarec et al., 2019; Chen, 2006; Rocha et al., 2012), depression (Dailly et al., 2004),
anxiety (Liu et al., 2019), and schizophrenia (Howes et al., 2015).
PD is well characterized by the loss of dopaminergic neurons in the nigrostriatal pathway but
the mechanism by which this occurs is still not entirely clear, but undoubtedly involved oxidative
stress and pro-death pathways, some of which might be associated with pathological α-synuclein
inclusions. But the exact contribution of α-synuclein is not well understood (although it is thought
that α-synuclein aggregation precedes dopaminergic neuron loss). Loss of dopaminergic neurons
in the substantia nigra pars compacta (SNc), and consequential lack of dopamine availability in
the striatum, leads to a reduction in the ability to perform voluntary motor movements (Cheng et
al., 2010; Tysnes & Storstein, 2017). These motor impairments (tremors, rigidity, bradykinesia,
postural instability, etc.) are the clinical hallmark of the disease and often the main clinical
diagnostic criteria (Jankovic, 2008). While PD is considered a progressive neurodegenerative
disease, it is thought that a threshold of dopamine availability in the striatum and dopaminergic
neuron loss in the SNc must be passed before motor symptoms will present themselves (Von
Linstow et al., 2020). The current consensus is that no one pathway is responsible for the loss of
dopaminergic neurons, but instead, deficiencies/alterations in several cellular functions are thought
to contribute (Ramanan & Saykin, 2013).

1.1.1.1 Multiple Hit Hypothesis
It has been known for some time that exposure to multiple risk factors is typically necessary
to induce progressive neurodegeneration of dopaminergic neurons. This has been called the
Multiple Hit Hypothesis and it supports the notion that a combination of genetic and environmental
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factors contributes to the onset of the disease (Carvey et al., 2006; Patrick et al., 2019), which is
unlike other forms of parkinsonism, like Segawa disease and DOPA-responsive dystonia, which
can both be induced from only a single ‘hit’ from low level dopamine synthesis to cause disruption
(Sulzer, 2007). Carvey et al. (2006) further argued that exploring just one risk factor in relation to
disease progression would likely not embody the etiology of the disease, prompting the rise of
research into the interaction between multiple risk factors. Beyond genetic risk factors (Billingsley
et al., 2018), environmental factors such as infection, dysregulation of the gut microbiome, and
exposure to toxins have been linked to the development of PD and degeneration of dopaminergic
neurons (Cabezudo et al., 2020; Chinta et al., 2018; Matheoud et al., 2019; Park et al., 2019;
Smeyne et al., 2021; Wan et al., 2020).

1.1.2 Pathological Hallmarks: Lewy Body Pathology & α-Synuclein
PD is a member of the synucleinopathy family - a family of diseases characterized by the
accumulation of ubiquitous α-synuclein, contributing to the formation of either LBs (Spillantini et
al., 1997) or α-synuclein containing glial cytoplasmic inclusions (Tu et al., 1998). Along with PD,
these diseases include Dementia with Lewy Bodies (DLB), and Multiple Systems Atrophy (MSA)
(Galpern & Lang, 2006). LBs are the primary protein rich inclusions that were first described in
1912 by Fritz Heinrich Lewy (Lewy, 1912). Lewy later described Lewy neurites (LNs) but had
minimal success with staining methods at the time. More recently, a shift occurred wherein
sensitive detection methods were developed that revealed that both LBs and LNs mainly consisted
of α-synuclein (Spillantini et al., 1997). LNs have since been reported to not only occur in greater
abundance than LBs, but also precede the formation of LBs (Braak et al., 1999, 2003).
Due to its central role in LB and LN inclusions (Braak et al., 1999), much attention has been
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devoted to the assessment of α-synuclein in PD. As it currently stands, the functions of the
synuclein family of proteins are unclear. An abundance of research has suggested that this protein
family is somehow involved in a variety of essential pathways and cellular functions, such as
SNARE complex assembly (Burré et al., 2010), binding to phospholipid membranes on the
presynaptic nerve terminal (Chandra et al., 2003), regulation of Rab3a recycling machinery (Chen
et al., 2013), inhibition of phospholipase D2 (PLD2) (Gorbatyuk et al., 2010), and formation of
intracellular inclusions (Ribeiro et al., 2002).

1.1.2.1 Overview and Role of α-Synuclein
α-Synuclein was first identified in 1988 when researchers isolated this protein from synaptic
vesicles of Torpedo californica (Burré et al., 2010). Following its discovery, β-synuclein (Nakajo
et al., 1990; Tobe et al., 1992) and γ-synuclein (Tobe et al., 1992) were also identified as localized
proteins found on presynaptic nerve terminals. α-, β-, and γ-Synuclein are small, soluble proteins
ranging from 127-140 amino acids (α-synuclein as the largest, γ-synuclein as the smallest)
(Clayton & George, 1998). Furthermore, synucleins can be identified by their characteristic 11
residue sequence (consensus XKTKEGVXXXX), which is repeated 6 (β) to 7 (α and γ) times
(George et al., 1995). In physiological conditions, only α- and γ-synuclein can form fibrils, while
β-synuclein can only form fibrils in low pH conditions (Jain et al., 2018). Additionally, it is
important to note that neither β- nor γ-synuclein contribute to LBs, nor can their preformed seed
fibrils affect fibrillation of α-synuclein (Jain et al., 2018).
While α-synuclein has been extensively studied in relation to its role in the pathogenesis of
neurodegenerative diseases such as PD, DLB, and AD, little is understood regarding the normal
physiological role(s) of this protein in the healthy brain. Traditionally, α-synuclein has been
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conceptualized as a vesicle bound protein involved in synaptic development (Withers et al., 1997),
regulation of pre-synaptic vesicle pools (Murphy et al., 2000) or as a part of the SNARE-complex
assembly (Burré et al., 2010). More recently, a number of groups have explored the idea that αsynuclein is a curvature-sensing and stabilizing protein (amphipathic helix-containing protein)
(Middleton & Rhoades, 2010; Shen et al., 2012; Varkey et al., 2010; Westphal & Chandra, 2013).
Discouragingly, there is still much debate regarding the typical functions of this protein.
Some evidence has shown that the functions of α-synuclein are dependent on its structural
state (i.e. monomer, oligomer, or fibril) (Diógenes et al., 2012; Fusco et al., 2017). When
investigating it’s potential role in long term potentiation (LTP), α-synuclein oligomers decreased
the magnitude of LTP, but no such effect was evident for monomer or fibril forms of the protein
(Diógenes et al., 2012). A separate study demonstrated a similar result when investigating changes
in reactive oxygen species (ROS) and mitochondrial activity in neuronal cells. Namely, αsynuclein oligomers, but not α-synuclein monomers or fibrils, increased intracellular ROS and
decreased mitochondrial activity (Fusco et al., 2017), suggesting a particularly neurotoxic potential
of the oligomeric form and likely a particular importance of the structure of the protein.
α-Synuclein monomers are approximately 14kDa in size and have a highly conserved Nterminus and divergent C-terminus (Thakur et al., 2017). As described earlier, at the N terminus,
the α variation contains 7 repeats of the characteristic 11 residue sequence (XKTKEGVXXXX)
(Davidson et al., 1998; Fujiwara et al., 2002), while the acidic C terminus has multiple prolines
(Thakur et al., 2017). The monomer is most widely studied regarding “normal cell function” as a
means to better understand the many roles the protein may play (Burré et al., 2010; Chandra et al.,
2003; Chen et al., 2013; Gorbatyuk et al., 2010; Lee et al., 2006; Maroteaux et al., 1988; Qureshi
& Paudel, 2011; Ribeiro et al., 2002; Yu et al., 2004; Zondler et al., 2014).
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α-Synuclein oligomers are precursors to LBs and have been suggested as the toxic species
responsible for PD pathogenesis (Caughey et al., 2009; Diógenes et al., 2012; Fusco et al., 2017).
Interestingly, even though a-synuclein oligomers are smaller than some other inclusions, such as
α-synuclein fibrils, there is some, albeit sparse evidence, that they may be even more bioactive and
cytotoxic (Outeiro et al., 2007). Yet, it is important to note that not all oligomers necessarily exhibit
cytotoxic activity. In fact, Fusco et al. (2017), not only explored how oligomers induce cytotoxicity
relative to α-synuclein monomers and fibrils, but also how two different oligomeric forms of
similar size and morphology can disrupt the phospholipid bilayer. The oligomeric species with
greater β-sheet content generally had an increased ability to disrupt the lipid bilayer, which was
also found to strongly correlate to the ability to induce cellular toxicity (Fusco et al., 2017).
α-Synuclein fibrils are the major component of LBs and LNs that occur in PD (Spillantini et
al., 1997) and these have been widely thought to be related to the fundamental progression of the
disease. They might even first manifest outside the brain, before eventually “seeding” through the
CNS to eventually impact the nigrostriatal dopaminergic system. These fibrils occur naturally
when α-synuclein misfolds, leading to aggregation of the protein (Thakur et al., 2017). Although
the mechanism for the spread of these fibrils is still widely unknown, the use of exogenously
applied α-synuclein fibrils has become increasingly used in rodents to model aspects of PD. Indeed,
exogenous α-synuclein fibrils have been used both independently and in combination with other
factors (i.e. viruses, transgenic lines, etc.) in attempts to produce improved animal models of PD
(Luk et al., 2012; Thakur et al., 2017; Zhang et al., 2012).

1.1.2.2 Mechanisms of Spread: Braak Hypothesis and Prion Hypothesis
Although the mechanism for the spread and development of synucleinopathies is unclear, as
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already alluded to, the pattern of spread appear to be quite unique and is described by two popular
hypotheses: 1) the Braak hypothesis proposes a criterion by which these inclusions spread
throughout the brain based on the stage of the disease (Braak et al., 2003; Braak & Del Tredici,
2017), and 2) the prion hypothesis aims to explain how these inclusions are propagating, using
signalling apparatus with some commonality with that of prion “seeding” (Brundin et al., 2008;
Li et al., 2008; Recasens & Dehay, 2014). Although both hypotheses attempt to identify the
underlying mechanism of the disease, neither have been embraced by everyone (Brundin & Melki,
2017).
Braak et al. (2003) proposed six stages of PD that were associated with the severity and spread
of the disease, with Stage 1 representing the earliest stage and Stage 6 representing the most
advanced. There were two potential sites posited as to where lesions would first appear in the
earliest stages of the disease, the olfactory bulb, and the dorsal motor nucleus of the vagus nerve;
however, Braak favoured the dorsal motor nucleus as the most likely the starting point of the
process. The pathway from the dorsal motor nucleus is likely an ascending pathway with spreading
moving up the brain stem, throughout the midbrain, and into the cortex (Braak et al., 2002, 2003).
Brain stem and cortical neurons are indeed particularly susceptible to α-synuclein pathology and,
at the time of his seminal work, Braak et al. (2003) hypothesized that this was due to two shared
properties between these neurons: 1) an inherent vulnerability owing to belonging to the certain
class of projection neurons, and 2) these neurons axons’ are either unmyelinated or only partially
myelinated (Braak et al., 1998; Braak et al., 2003a; Braak & Braak, 2000). Around this time, others
highlighted other aminergic neurons, the CA2-3 neurons of the hippocampus, and layer V-VI
cortical neurons as also being susceptible to Lewy pathology (Halliday et al., 2005; Mori et al.,
2002).
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Although there was some support for the hypothesis (Dickson et al., 2010; Dijkstra et al., 2014;
Halliday et al., 2012; Jenner et al., 2013; van de Berg et al., 2012), there were also substantial
criticisms of the staging criteria (Braak & Del Tredici, 2017). Some of these included: 1) staging
was only performed on sporadic PD and did not consider DLB, 2) the staging criteria is not
applicable to cases with pathology in the amygdala, 3) clinical symptoms and course do not
correlate well with the proposed pathophysiological stages, and 4) it is not admissible to stage
based on Lewy pathology. Beach et al. (2009) further demonstrated that the Braak staging criteria
only applies to a subset of patients, with 50% of α-synucleinopathy cases not represented by the
previously published staging criteria. Beach and colleagues modified the staging criteria in
response to their observations, indicating that in cases that begin only in the olfactory bulb, Stage
II could take two predominant forms: IIa representing brainstem predominance, and IIb
representing limbic predominance. This revised criteria is now a more widely accepted (McCann
et al., 2016). Following these criticisms and inconsistencies, Braak and Del Tredici (2017) not
only responded to the four main criticisms, but they also acknowledged that the most likely first
site of inclusions could develop in non-nigral sites, such as the olfactory bulb and possibly the
enteric nervous system (ENS), as opposed to the dorsal motor nucleus as previously reported
(Braak et al., 2003a). Despite the controversy surrounding the initial publication of the staging
criterion, it provided substantial impact to PD research and generated substantial research
investigating the prion hypothesis.
Prions are a class of proteins that can trigger misfolding in otherwise normal proteins and can
self-propagate as oligomers of the misfolded protein, effectively making them act akin to an
“infectious agent” (McCann et al., 2016; Morinet, 2014). It has been suggested that proteins
generally involved in neurodegenerative disease pathology, such as α-synuclein, tau, β-amyloid,
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TAR DNA-binding protein 43 (TDP-43), and huntingtin often have such an ability to seed and
spread via cell to cell transfer, sharing features that are intrinsic to prions (Duyckaerts et al., 2018;
Herrera et al., 2011; Jaunmuktane et al., 2015; Kurowska et al., 2011; Smethurst et al., 2016).
Prions consist of protease resistant misfolded isoforms of host prion protein; however, unlike αsynuclein (Devine et al., 2011), an increased expression of normal prion protein (PrPc) is not
considered to cause neurodegeneration (Halliday et al., 2014). Similarly, there is evidence that the
spread of α-synuclein can occur in the absence of neurodegeneration (Masuda-Suzukake et al.,
2013). So perhaps animal models that demonstrate α-synuclein spread in the absence of
neurodegeneration are modelling earlier disease stages as α-synuclein accumulation is thought to
begin early on in the disease (Roberts et al., 2015). Further support for the hypothesis that αsynuclein precedes neurodegeneration are findings that demonstrate α-synuclein propagation
requires intact neural networks, and degeneration of these networks limits the ability for αsynuclein to spread (Ulusoy et al., 2015).
Consistent with a prion-like seeding phenomenon, graft to host experiments in 2008
demonstrated that α-synuclein could propagate from the host to graft tissue (Kordower, et al., 2008;
Li et al., 2008). Accordingly, Brundin et al. (2008, 2010), suggested that α-synuclein aggregates
from the host brain seeded endogenous healthy α-synuclein in graft tissue, causing aggregation in
what would otherwise be healthy tissue. Further supporting this hypothesis, animal studies have
demonstrated the transmission of experimental synucleinopathies (Giasson et al., 2002; Luk, et al.,
2012b; Masuda-Suzukake et al., 2013; Mougenot et al., 2012; Recasens et al., 2014; Watts et al.,
2013; Woerman et al., 2015). This was first observed using a transgenic mouse line expressing the
A53T mutated variant of human α-synuclein (TgM83) (Giasson et al., 2002; Luk et al., 2012b;
Mougenot et al., 2012; Watts et al., 2013). Typically, homozygous mice (TgM83+/+) develop motor
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deficits and phosphorylated α-synuclein inclusions between 8-16 months of age. Considering this,
one group inoculated brain homogenates from affected TgM83+/+ animals into otherwise healthy,
2-month-old TgM83+/+ animals to evaluate prion like propagation. These animals demonstrated a
substantial reduction in survival time relative to animals that did not receive the brain homogenates
(Mougenot et al., 2012). This phenomenon has been demonstrated in both homozygous TgM83+/+
and heterozygous TgM83+/- mice (Luk, et al., 2012b; Mougenot et al., 2012; Watts et al., 2013;
Woerman et al., 2015), but not in wild-type (WT) animals (Masuda-Suzukake et al., 2013;
Recasens et al., 2014).
These observations have raised several questions, particularly around the mechanism by
which α-synuclein propagates through the brain. Evidence suggests that α-synuclein oligomers and
fibrils induce conformational changes in α-synuclein monomers, promoting the adoption of βsheet conformation, as opposed to an α-helix conformation (Luk et al., 2009; Nonaka et al., 2010;
Peng et al., 2018; Volpicelli-Daley et al., 2011). It has further been proposed that for this to occur,
propagation of α-synuclein aggregates occurs via connected nuclei through synaptic transmission
(Beach et al., 2009; Kosaka et al., 1984; Lee et al., 2014; Luk & Lee, 2014). However, an
experiment using cultured neurons demonstrated that bi-directional propagation (anterograde and
retrograde) can occur through the axons and soma, but that this does not rely on synaptic
transmission (Freundt et al., 2012).
One further proposed mechanism is that α-synuclein may bind to cell surface heparan sulfate
proteoglycans (HSPGs), an extracellular matrix protein, resulting in uptake through
micropinocytosis (Holmes et al., 2013). Infectious prion proteins have also been shown to bind to
HSPGs (Horonchik et al., 2005; Schonberger et al., 2003), suggesting an additional similarity
between prion diseases and α-synucleinopathies. However, further research demonstrated that α-
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synuclein binding to HSPGs is non-specific and varies based on the overall sulfation of HSPGs
and that no specific level of sulfation was required for binding/uptake to occur (Stopschinski et al.,
2018). As such, additional receptors have been identified as potentially contributing to the uptake
mechanism. Lymphocyte activation gene 3 (Lag3) has been described as one such α-synuclein
receptor, but its contribution to cellular binding and uptake may be quite low (Mao et al., 2016).
Additionally, in the same study, Mao et al. (2016) identified both amyloid-β precursor-like protein
1 (APLP1) and neurexin 1β as potential α-synuclein receptors. PrPc can also partially mediate αsynuclein internalization, but scrapie prions (PrPSc) are unable to replicate in the presence of αsynuclein (Aulić et al., 2017), which suggests prion effects are limited to a role during
internalization. Finally, transmission through extracellular vesicles and tunnelling nanotubes have
also been explored as potential mechanisms (Karpowicz et al., 2019). In the first scenario, vesicles
merge with the plasma membrane and either inject their contents directly into the cytosol or enter
via endocytosis for further trafficking throughout the cell (Minakaki et al., 2018). The tunnelling
nanotube mechanism (which is controversial) involves a potential direct cell to cell transmission
mechanism (Karpowicz et al., 2019).
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Figure 1.1: Two proposed uptake mechanisms of α-synuclein. (A) α-Synuclein fibrils bind to cell surface heparan
sulfate proteoglycans (HSPGs), an extracellular matrix protein, resulting in uptake through micropinocytosis. (B) αSynuclein fibrils bind to lymphocyte activation gene 3 (Lag3) resulting in uptake through endocytosis. Created with
BioRender.com
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It remains unknown how α-synuclein can initiate recruitment once inside the cell. One
hypothesis suggests that

α-synuclein internalized from the endocytic pathway disrupts the

lysosomal membrane, which enables their escape and potential to interact with soluble α-synuclein
monomers inside the cell (Karpowicz et al., 2019; Victoria & Zurzolo, 2017). This hypothesis is
supported by previous evidence that phosphorylated pre-formed fibrils (PFFs), particularly those
phosphorylated at ser-129, can directly disrupt lysosomal membrane integrity (Samuel et al., 2016).
Although α-synuclein can also be phosphorylated at tyrosine 125, 133, and 136, as well as undergo
other post-translational modifications such as ubiquitination, nitration, truncation, and OGlcNAcylation (Zhang et al., 2019), phosphorylation at ser-129 appears to be most relevant to this
mechanism. Additionally, studies assessing galectin 3 (Gal3) further supports the notion that αsynuclein exposure can contribute to lysosomal membrane disruption, as in cells exposed to a high
concentration of α-synuclein, Gal3 is redistributed to lysosomes of cells (Freeman et al., 2013;
Jiang et al., 2017). Gal3 is a protein that is recruited from the cytosol that binds to the luminal side
of lysosomes when they have been disrupted (Jia et al., 2020), so these findings suggest that αsynuclein exposure contributes to lysosomal disruption. However, the exact mechanism by which
α-synuclein escapes from the lysosome is still undetermined and it is also unclear whether αsynuclein escape from the endocytic pathway is necessary for within cell transmission or if other
mechanisms are involved (Karpowicz et al., 2019).
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Figure 1.2: Potential internalization and recruitment mechanisms of α-synuclein. (A) α-Synuclein fibrils enter the cell
through an uptake mechanism. (B) α-Synuclein fibrils undergo endocytic trafficking. (C) α-Synuclein fibrils disrupt
the lysosome, resulting in the recruitment of galectin 3 (Gal3). (D) Endogenous α-synuclein monomers are recruited
and interact with the escaped fibrils. (E) α-Synuclein monomers and fibrils interact to form larger aggregates and
escape the cell by unknown mechanisms. Created with BioRender.com

Like the Braak hypothesis, the prion hypothesis has also been considered quite controversial
with some groups proposing that PD is a prion disorder, others proposing PD as a prion-like
disorder, and finally, a third camp that does not believe the prion hypothesis explains the spread
of aggregates throughout the brain (Brundin & Melki, 2017). Nonetheless, investigation into the
similarities between prions and propagation in neurodegenerative diseases has offered a wide
range of new insights on potential disease mechanisms.

1.1.3 Neuroinflammation
In addition to protein markers and degeneration, virtually all neurodegenerative diseases
have been shown to exhibit well characterized signs of sustained neuroinflammation (Chen et al.,
2016; Tomé et al., 2013). The innate neuroinflammatory response generally revolves around the
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immunocompetent microglial cell and is regulated by several secreted factors, such as cytokines,
chemokines, ROS, compliment and acute phase proteins, and arachidonate metabolites (Glass et
al., 2010; Lucin & Wyss-Coray, 2009). Numerous studies have shown that microglia with the aid
of astrocytes, comprise the immune response within the brain, and are increased in density and/or
change their morphology in PD brains (Damier et al., 1993; Gerhard et al., 2006; Imamura et al.,
2003; McGeer, Itagaki, & McGeer, 1988; McGeer, Itagaki, Boyes, et al., 1988; Ouchi et al., 2009).
Furthermore, alterations in genes related to immune function like leucine-rich repeat kinase-2
(LRRK2) and DJ-1 are known risk factors for PD (Schapira, 2006), suggesting that dysfunction in
the immune system may play a role in the development and/or progression of the disease.

1.1.3.1 Neuroinflammation and α-Synuclein Pathology
While the exact relationship between neuroinflammation and PD has yet to be established,
one hypothesis is that neuroinflammation contributes to the development of α-synuclein pathology
(Brundin et al., 2008). Neuroinflammatory processes might impact phosphorylation site, as αsynuclein is differentially phosphorylated in LBs (Ser87 and Ser129), compared to healthy controls
(phosphorylated at Ser129 less than 5% of the time) (Anderson et al., 2006; Fujiwara et al., 2002;
Paleologou et al., 2010). To explore the relationship between microglia and phosphorylation of αsynuclein, Klegeris et al. (2008) exposed human microglia and THP-1 cells to normal α-synuclein
and its mutations (A30P, E46K, and A53T) and evaluated inflammatory responses and cytotoxicity.
They found that exposure to α-synuclein alone stimulated a microglial response and when further
combined with interferon gamma (IFN-γ), neurotoxicity was evident. Klegeris et al. (2008) also
observed that exposure to α-synuclein stimulated the upregulation of three mitogen-activated
protein (MAP) pathways: 1) p38 MAP kinase, 2) extracellular regulated protein-serine kinase
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(ERK) 1/2, and 3) c-Jun-N-terminal kinase (JNK). Several other groups have also been able to
demonstrate microglial activation in the presence of misfolded α-synuclein (Alvarez-Erviti et al.,
2011; Béraud et al., 2011; Lee et al., 2010; Reynolds, Glanzer, et al., 2008; Reynolds, Kadiu, et
al., 2008; Zhang et al., 2005).

Figure 1.3: α-Synuclein exposure stimulates the upregulation of three mitogen-activated protein (MAP) pathways.
Following exposure to α-synuclein, MEK1 and possibly MEK2 phosphorylation can be observed, which directly
phosphorylate ERK1/2.

α-Synuclein exposure also stimulates the phosphorylation of PAK1, which directly

phosphorylates both JNK and p38MAP. Created with BioRender.com

To further support the hypothesis that neuroinflammation contributes to the development of
α-synuclein pathology (Brundin et al., 2008), others have suggested that α-synuclein contributes
to the vulnerability of dopaminergic neurons to inflammatory stimuli (Gao et al., 2008) and
furthermore, that the microglial released factors promote damaging oxidative stress, protein
misfolding, and aggregation (Gao et al., 2011; Venda et al., 2010). To evaluate the vulnerability
of dopaminergic neurons, Gao et al. (2008) used transgenic mouse lines expressing mutant version
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of α-synuclein and an α-synuclein knockout line. Animals were infused with a relatively large dose
of lipopolysaccharide (LPS) in the right SN to induce a local neuroinflammatory reaction. The
LPS treatment contributed to a substantial loss of dopaminergic neurons in the animals with mutant
α-synuclein, whereas the α-synuclein knockout mice were protected from neuronal loss. This
finding suggests that the presence of α-synuclein modulates the selective vulnerability of
dopaminergic neurons to inflammatory challenge. Gao et al. (2008) also identified α-synuclein
aggregates only on the right side of the brain where they injected LPS, not on the left where saline
was injected as a control. This finding supports later studies that demonstrated factors released
from microglia contribute to aggregation of α-synuclein (Gao et al., 2011; Venda et al., 2010).

1.1.3.2 Microglial Response
The process of microglial activation in the central nervous system (CNS) is common in
neurodegenerative diseases like AD and PD (Joshi & Singh, 2018; Yang et al., 2020). Microglia
normally respond to signals released from damaged and dysfunctional neurons, which rapidly
promote microglial activation and engagement in phagocytic activity (Butovsky & Weiner, 2018;
Sierra & Denes, 2019). While α-synuclein has been well studied in relation to aggregation within
neurons, emerging research has also identified α-synuclein within microglia (Yang et al., 2020).
Similar to α-synuclein uptake in neurons discussed previously, it appears that multiple receptor
systems are involved in the uptake of α-synuclein and Toll-like receptor 2 (TLR2) has been
identified as a potential receptor for α-synuclein that facilitates transport into the microglial
cytoplasm (Kim et al., 2013). However, α-synuclein uptake can still occur when TLR2 is deficient,
suggesting it is not the sole receptor involved (Drouin-Ouellet et al., 2015; Fellner et al., 2013). In
fact, Fellner et al. (2013) built on previous findings (Stefanova et al., 2011) that suggest α-
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synuclein uptake is dependent on toll-like receptor 4 (TLR4) and further described TLR4’s
fundamental roll in α-synuclein dependent activation of microglia.
Microglial activation has been association with the exacerbation of neurodegenerative
pathology in numerus animal models through the release of soluble inflammatory cytokines and
oxidative stress factors (Gao et al., 2011; Venda et al., 2010; Yang et al., 2020). Nuclear factor
kappa B (NF-κB) is a particularly fundamental transcription factor that regulates
neuroinflammatory processes of glial cells that have been linked to the pathology in
neurodegenerative diseases (Shabab et al., 2017). Activation of NF-κB in glial cells increases the
production

of

inducible

nitric

oxide

synthase

(iNOS),

cyclooxygenase-2

(COX-2),

proinflammatory cytokines, and chemokines (Hayden & Ghosh, 2008). However, NF-κB seems
to play differential roles as it promotes survival and plasticity in neurons (Frakes et al., 2014).
Other inflammatory pathways are also of importance, including JAK/STAT pathway, which has
been shown to be activated following exposure to α-synuclein and is being considered as a
therapeutic target (Qin et al., 2016; Sriram et al., 2004). In effect, CNS neuroinflammatory
signaling involves a balance between threat detection and elimination and the promotion of
recovery responses. It is likely that only when chronic, hyperactive microglial driven
neuroinflammation ensues that otherwise healthy tissue become a pathological target.

1.1.3.3 Astrocytic Dysfunction
Astrocytes are abundantly found in both the white and grey matter, with fibrous astrocytes
primarily in the former and protoplasmic astrocytes primarily in the latter (Hofmann et al., 2017;
Li et al., 2019; Vasile et al., 2017). Like microglia, astrocytes regulate several inflammatory factors,
such as cytokines, chemokines, ROS, reactive nitrogen species (RNS), and complement proteins
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(Phillips et al., 2014). While astrogliosis has been associated with neurodegeneration (Udovin et
al., 2020), the mechanisms by which it contributes are poorly characterized (Yang et al., 2020).
Astrocytic involvement in neurodegenerative diseases is complex (Liddelow & Barres, 2017;
Rivetti Di Val Cervo et al., 2017) and some suggest they gain a toxic function over the course of
illness progression (Liddelow et al., 2017; Liddelow & Barres, 2017). They may transition from a
supportive to a toxic role, in part, due to interactions with microglia, which can promote changes
in astrocytic conformation that subsequently favor the expression genes that disrupt synapses
(Liddelow et al., 2017). Previously, Zamanian et al. (2012) observed that neuroinflammation
induced two distinct types of reactive astrocytes, which were labelled as ‘A1’ and ‘A2’. While
‘A1’ astrocytes have neurotoxic functions, the ‘A2’ astrocytes produce neurotrophic factors and
can take on a protective role (Zamanian et al., 2012). Liddelow et al. (2017) further demonstrated
that ‘A1’ astrocytes were induced by activated microglia and went on to rapidly kill neurons and
oligodendrocytes.
Astrocyte reactivity in the SN of PD patients has been previously described (Hirsch & Hunot,
2009) with PD brains demonstrating increased expression of both astrocytes and glial fibrillary
acid protein (GFAP) (Ciesielska et al., 2009). Evidence suggests that interaction with α-synuclein
plays a role in astrogliosis with numerous groups reporting α-synuclein-dependent or -related
findings (Barcia et al., 2011; Gu et al., 2010; Halliday & Stevens, 2011). One study found that
accumulation of α-synuclein in astrocytes leads to recruitment of phagocytic microglia, which then
attack selective neurons and contribute to PD symptomology (Halliday & Stevens, 2011).
Additionally, intracellular α-synuclein aggregates also disrupt glutamate transporters and vital
functions of astrocytes, such as their ability to regulate the blood-brain barrier (BBB) (Gu et al.,
2010). Others have found that α-synuclein could activate and accumulate with astrocytes in early

21

stages of PD, when non-fibrillized α-synuclein is more widespread than LB pathology (Barcia et
al., 2011; Gu et al., 2010).
Two key pathways have been associated with astrocyte reactivity in PD: 1) signal transducer
and activator of transcription 3 (STAT3) signaling pathway, and 2) frizzled-1(Fzd-1)/β-catenin
signaling pathway (Li et al., 2019). Activation of the STAT3 signaling pathway appears to be
consistent across PD cases and inhibition of Janus kinase 2 (JAK2), a protein that enables the
phosphorylation and binding of STAT3, reduces STAT3 phosphorylation, GFAP expression, and
astrocyte reactivity (Sriram et al., 2004). Meanwhile, the Fzd-1/ β-catenin signaling pathway has
traditionally been associated with neuroprotection; however, in toxicant models of PD, it appears
that this pathway is impaired (L’Episcopo et al., 2011). Pharmacological activation of β-catenin
has been shown to prevent astrocyte reactivity and promote dopaminergic neuron survival,
suggesting that the Fzd-1/ β-catenin signaling pathway plays a role in the interaction between
astrocytes and neurons in PD (L’Episcopo et al., 2011).

1.2 Biochemical Pathways Influencing Etiology of Parkinson’s Disease
1.2.1 Necroptosis
Necroptosis is a mode of regulated cell death that mimics features of apoptosis and necrosis
and is thought to be associated with the degeneration of dopaminergic neurons in PD (Dhuriya &
Sharma, 2018; Wu et al., 2015). While autophagy and apoptosis are considered ‘programmed’
mechanisms of cell death, necrosis is typically considered an ‘unprogrammed’ mechanism that
occurs during periods of dysregulated activity (Dhuriya & Sharma, 2018). Necroptosis was later
discovered as a novel cell death pathway that proceeds when the apoptotic pathway is inhibited,
but still results in cells with morphological features related to both apoptosis and necrosis
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(Degterev et al., 2005). Unlike necrosis, necroptosis does appear to be a regulated pathway as it is
inhibited by Necrostatin-1 (Nec-1), which further inhibits the activity of receptor-interacting
protein kinase 1 (RIPK1) (Degterev et al., 2008). RIPK1 forms a complex with receptor-interacting
protein kinase 3 (RIPK3), which is essential for the necroptosis pathway to proceed (Dhuriya &
Sharma, 2018).
Necroptosis is stimulated by the secretion of cytokines and chemokines, leading to
inflammation (Degterev et al., 2008) and is thus, morphologically characterized by cell swelling
(Dhuriya & Sharma, 2018). Inflammation alone however is not sufficient to activate necroptosis
over a more traditional apoptotic pathway. In addition to an inflammatory response, caspase-8
must be inhibited to shift from an apoptosis-mediated cell death to a necrosis-mediated cell death,
resulting in the activation of RIPK3 and its substrate, mixed lineage kinase domain-like (MLKL)
(Cho et al., 2009; Holler et al., 2000; Vercammen et al., 1998; Sun et al., 1999; Zhang et al., 2009).
RIPK3 is activated by immune ligands Fas, tumor necrosis factor (TNF), and LPS, which then
phosphorylates MLKL (Sun et al., 1999) to enable MLKL to translocate into the inner leaflet of
the plasma membrane, ultimately disturbing cell membrane integrity (Dondelinger et al., 2014;
Hildebrand et al., 2014; Wang et al., 2014).
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Figure 1.4: Necroptosis is stimulated by the secretion of cytokines and chemokines, which leads to inflammation.
To shift from a traditional apoptotic pathway to a necroptotic pathway, inhibition of caspase-8 must also occur in
addition to inflammation. When caspase-8 is inhibited, Fas, TNF, and LPS can activate, which activate RIPK3, finally
activating MLKL to stimulate necroptosis. Created with BioRender.com

Necroptosis has shown involvement in the pathogenesis of PD (Wu et al., 2015), ALS (Ito et
al., 2016; Politi & Przedborski, 2016), and MS (Ofengeim et al., 2015). Because Nec-1 can inhibit
necroptosis (Degterev et al., 2005), a number of studies have investigated Nec-1 as a potential
protective therapeutic for PD and related disorders (Iannielli et al., 2018; Oliveira et al., 2021; Wu
et al., 2015). Models of PD, such as 6-hydroxydopamine (6-OHDA) (Wu et al., 2015), have
demonstrated elevated expression of RIPK and conversely, treatment with Nec-1 had protective
effects by stabilizing the mitochondrial membrane (Iannielli et al., 2018; Wu et al., 2015).
Although in its infancy, research into the inhibition of necroptosis shows promise, particularly to
investigate mediation of mitochondrial dysfunction as necroptosis has been linked to dysfunction
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of the mitochondria and production of excessive ROS (Venderova & Park, 2012).

1.2.2 Degradation Pathways
Much interest in PD pro-death mechanisms have focused on dysfunction of degradation
pathways in PD (i.e. Autophagy and Chaperone Mediated Autophagy), that can essentially result
in pathological protein aggregates and associated oxidative stress (Anglade, 1997; Chu et al., 2009;
Cuervo & Wong, 2014; Michel et al., 2016). Several genes linked to PD have also been associated
with dysfunction of the autophagy process. For example, the overexpression of α-synuclein has
been linked to the inhibition of autophagy (Winslow et al., 2010) and LRRK2 overexpression was
linked to variations in the number of autophagosomes and lysosomal pH (Gómez-Suaga et al.,
2012). Furthermore, deficiency in Autophagy-Related 7 (Atg7), an enzyme required for the
formation of an autophagosome, led to the increase in presynaptic α-synuclein accumulation and
formation of aggregates containing K48-linked polyubiquitin and p62 (ubiquitin binding protein)
in neurons (Ahmed et al., 2012). These data suggest that the proteasomal pathway and the
autophagy-lysosome pathway may cooperate to reduce the burden of protein aggregation. This is
consistent with the finding by Ebrahimi-Fakhari et al. (2011), that demonstrated impairment of
one of these pathways can lead to compensation, in this case upregulation, of the other.

1.2.2.1 Autophagy
Autophagy is a normal physiological process involved with destruction and recycling of
damaged cells and cellular fragments (Nixon, 2013). This highly conserved process is essential for
the maintenance of homeostasis and involves a mechanism by which damaged/defective portions
of the cytosol and organelles are sequestered into an autophagosome and delivered to a lysosome
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for breakdown (Yang & Kilonsky, 2009). Activation of autophagy processes accelerate the
elimination of harmful disease-associated protein aggregates (Watanabe et al., 2020), which raises
the possibility that a failure of autophagy can give rise to harmful inclusions. Despite many
diseases involving defects in autophagy, not all have the same defects which means not all drug
targets will be equally as effective. For example, both HD and PD are suspected to have defects
related to the sequestration of substrates and the formation of autophagosomes. However, the
specific defect in HD is suspected to involve beclin-1 or mammalian target of rapamycin (mTOR)
(Ravikumar et al., 2004; Shibata et al., 2006), whereas in PD, this defect is hypothesized to involve
Rab 1A-mediated Autophagy-Related 9 (Atg9) (Winslow et al., 2010).
Interestingly, PD and ALS are both thought to have autophagy defects across numerous
broader functional categories, whereas HD, AD, and FTD appear to have defects that fall within
one broad functional category. For example, as described earlier, HD has been associated with
autophagy defects relating to the sequestration of substrates and the formation of autophagosomes
(Martinez-Vicente et al., 2010; Ravikumar et al., 2004; Shibata et al., 2006) and AD has been
associated with autophagy defects relating to lysosomal digestion (Boya & Kroemer, 2008;
Cataldo et al., 2000, 2004, 2008; Glabe, 2001; Keilani et al., 2012; Lee et al., 2010; Nixon & Yang,
2011, 2012; Tamboli et al., 2011; Wolfe et al., 2013). PD has not only been associated with
autophagy defects in both of these functional categories (Dehay et al., 2010, 2012; EbrahimiFakhari et al., 2011; Sardi et al., 2011; Shaid et al., 2013; Singleton et al., 2003; Spencer et al.,
2009; Stefanis et al., 2001; Winslow et al., 2010; Yu et al., 2009), but also with those related to
selective autophagy and substrate recognition (Alvarez-Erviti et al., 2010; Corti et al., 2011;
Orenstein et al., 2013; Yang et al., 2009). This considered, targeting autophagy for potential
therapeutic intervention for PD may be a highly complex process as there could be defects in
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numerous functional categories and targeting one may not alleviate issues related to the others.
As mentioned, PD autophagy defects have been identified relating to sequestration of
substrates and the formation of autophagosomes (Winslow et al., 2010), recognition of substrates
(Alvarez-Erviti et al., 2010; Corti et al., 2011; Orenstein et al., 2013; Yang et al., 2009), and
lysosomal digestion (Cuervo et al., 2004; Dehay et al., 2010, 2012; Ebrahimi-Fakhari et al., 2011;
Singleton et al., 2003; Spencer et al., 2009; Stefanis et al., 2001; Yu et al., 2009), which suggests
several different autophagic mechanisms in disease progression. To follow up on our previous
work (Farmer et al., 2020), one focus of the present thesis will be to investigate the role of
phosphoinositide 3-kinase/Akt/mTOR (PI3K/AKT/mTOR) signaling pathway

in PD-like

pathology (Xu et al., 2020). We are specifically interested in mTOR complex 1 regulation,
involving phosphorylation of the downstream protein, ribosomal protein S6 (rS6). Indeed, rS6 is
sensitive to mTOR activity (Blenis et al., 1991; Chung et al., 1992; Lee-Fruman et al., 1999;
Magnuson et al., 2012) and thought to be particularly critical for protein translation (Roux et al.,
2007). We believe that mTOR mediated autophagy processes might play an important role in the
response to α-synuclein seeding/pathology and we selected rS6 as a proxy for mTOR activity based
on previous literature and superior performance of the rS6 antibody relative to the mTOR antibody.
The PI3K/AKT/mTOR signaling pathway is a complex pathway that regulates a number of
biological functions that contribute to neurodegenerative diseases (Xu et al., 2020). Briefly, AKT,
also referred to as protein kinase B (PKB), is downstream of PI3K and is comprised of three
subtypes (AKT1 = PKBα; PKT2 = PKBβ; AKT3 = PKBγ) (Szymonowicz et al., 2018; Zhang &
Zhang, 2019). When AKT is phosphorylated (Khan et al., 2019), it activates mTOR, a protein
responsible for cell growth and energy metabolism (mTORC1) and reconstruction of the
cytoskeleton and cell survival (mTORC2) (Kim & Guan, 2019; Murugan, 2019). Phosphorylated
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mTORC1, promotes protein synthesis and inhibits autophagy, as it signals to S6K1 to activate rS6
to engage in translation (Na et al., 2017). However, when mTORC1 is inhibited, protein synthesis
is also inhibited and autophagy processes can proceed (Jung et al., 2010; Song et al., 2005; Xu et
al., 2020), making this pathway of particular interest to explore hypotheses surrounding autophagy
and toxic protein aggregate clearance.

Figure 1.5: PI3K/AKT/mTOR pathway. Phosphorylation of PI3K contributes to the formation of PIP3 from PIP2,
which activates PDK1, AKT, and mTORC2. PDK1 can also activate AKT, which activates mTOR, activating S6K-1
and rS6, ultimately stimulating protein translation. Activation of mTOR also inhibits autophagy. Created with
BioRender.com.
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1.2.2.2 Chaperone Mediated Autophagy
Chaperone Mediated Autophagy (CMA) is a process by which a chaperone, HSPA8/HSC70
(Chiang et al., 1989), directly delivers cytosolic proteins to lysosomes for degradation (Kaushik &
Cuervo, 2018). Although it is now widely accepted that lysosomes can selectively degrade
intracellular components (Roberts et al., 2003; Sahu et al., 2011; Sakai et al., 1998; Stolz et al.,
2014), CMA was the first process extensively studied that demonstrated this phenomenon
(Kaushik & Cuervo, 2018). For this process to move forward, recognition of the cytosolic proteins
containing the CMA-targeting pentapeptide motif (KFERQ-related sequences) by the chaperone
(Chiang et al., 1989), followed by docking of the chaperone/substrate complex at the lysosomal
membrane, must occur (Cuervo & Dice, 1996). This proceeds via specific binding of the lysosomal
membrane associated membrane protein 2A (LAMP2A) to the chaperone/substrate complex
(Cuervo & Dice, 1996), followed by the degradation of substrates as they cross the lysosomal
membrane (Lescat et al., 2020). CMA is typically activated in response to stressors that damage
proteins such as protein denaturation (Cuervo et al., 1999), mild oxidative (Kiffin et al., 2004) and
hypoxic stress (Dohi et al., 2012; Ferreira et al., 2013). However, CMA cannot degrade aggregates,
so it is thought to be mostly involved in earlier lines of defense, targeting damaged protein
monomers instead (Cuervo et al., 2004; Martinez-Vicente et al., 2008).
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Figure 1.6: HSPA8 /HSC70 chaperone binds to the KFERQ motif on unmodified α-synuclein to deliver the protein
to from the cytosol to the lysosome. The chaperone binds to LAMP2A at the lysosomal and α-synuclein is shuttled
into the lysosome where it will be degraded. Created with BioRender.com.

The relationship between neurodegeneration and CMA was first identified in PD (Cuervo et
al., 2004), although there have since been other neurodegenerative diseases also implicated. CMA
has been shown to effectively degrade α-synuclein (Cuervo et al., 2004) and is considered one of
the primary pathways by which α-synuclein is degraded in PD (Cuervo et al., 2004; Vogiatzi et al.,
2008). Due to the selective nature of CMA, only a select subset of neurodegeneration proteins
have been validated as CMA substrates, including α-synuclein (Cuervo et al., 2004; Malkus &
Ischiropoulos, 2012; Martinez-Vicente et al., 2008; Vogiatzi et al., 2008), DJ-1 (PARK7) (Wang
et al., 2016), LRRK2 (Orenstein et al., 2013), tau (Wang et al., 2009), TDP-43 (Huang et al.,
2014), and huntingtin (Bauer et al., 2010; Koga et al., 2011; Qi et al., 2012). Although upregulation
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of CMA has been associated with decreased levels of α-synuclein and neuroprotection, this is only
applicable for unmodified/WT α-synuclein because the modified/pathogenic form of α-synuclein
is unable to properly engage in the CMA, resulting in impairment of the process (Kaushik &
Cuervo, 2018). Impairment in this process occurs when pathogenic CMA targeted α-synuclein
binds to HSC70, but is unable to properly interact with the CMA components, thereby impairing
lysosomal membrane degradation (Cuervo et al., 2004; Martinez-Vicente et al., 2008; Xilouri et
al., 2009). Pathogenic α-synuclein then accumulates at the membrane, forming oligomers, which
further impacts CMA processes and disrupts neuronal proteostasis (Cuervo et al., 2004; Huang et
al., 2014; Martinez-Vicente et al., 2008; Vogiatzi et al., 2008; Xilouri et al., 2016). This process
described for α-synuclein also occurs with pathogenic LRRK2 (Orenstein et al., 2013) and
ubiquitin carboxyl-terminal hydrolase isozyme L1 (UCHL1) (Andersson et al., 2011; Kabuta et
al., 2008). Similarly, pathogenic accumulation of other proteins involved in PD such as pathogenic
VPS35 (Tang et al., 2015) can also impair CMA processes by impacting lysosomal biogenesis,
reducing CMA activity.

1.2.3 Endoplasmic Reticulum Stress
Evidence suggests that ER stress may play an essential role in the pathophysiology of protein
misfolding disorders, including neurodegenerative diseases (Hetz & Saxena, 2017). The
endoplasmic reticulum (ER) is vital to protein translocation and folding and as such, any alterations
or disruptions in ER homeostasis can result in the accumulation of misfolded proteins (Michel et
al., 2016). From a pathological standpoint, neurodegenerative diseases all share the common trait
of abnormal aggregation of misfolded proteins (Aguzzi & O’Connor, 2010; Bertram & Tanzi,
2005; Soto, 2003). In instances of ER stress, misfolded and/or unfolded proteins in the lumen
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accumulate (Kaufman et al., 2002; Rutkowski & Kaufman, 2004), triggering an integrated
adaptive response known as the ‘unfolded protein response’ (UPR) (Walter & Ron, 2011). The
role of the UPR is to restore proteostasis within the secretory pathway (Cabral-Miranda & Hetz,
2018; Segura-Aguilar, 2019). If this response is ineffective in initiating cryoprotective mechanisms
to alleviate ER stress, apoptotic programmed cell death processes are induced (Liu & Howell,
2010). The UPR is thought to be a simple transduction pathway that includes stress sensors at the
ER membrane and downstream transcription factors involved in reprogramming gene expression
to either mitigate stress or induce proapoptotic pathways (Chow et al., 2015).
The UPR involves several branches in multicellular organisms, with the main branch mediated
by the ER-associated kinase and ribonuclease inositol-requiring protein 1 (IRE1) (Aragón et al.,
2009; Deng et al., 2011; Iwata et al., 2008; Sidrauski & Walter, 1997), and a secondary branch is
mediated by ER membrane tethered transcription factors (MTTFs), with activating transcription
factor 6 (ATF6) as a notable transcription factor involved in this process (Liu et al., 2007; Walter
& Ron, 2011). Within the primary branch, following oligomerization and transautophosphorylation, IRE1 is self-activated and splices the mRNA of a basic leucine zipper (bZIP)
transcription factor to remove the coding region for a transmembrane domain. Following this step,
the transcription factor is translocated to the nucleus to modulate the expression of genes involved
in the UPR to restore ER proteostasis (Aragón et al., 2009; Deng et al., 2011; Iwata et al., 2008;
Sidrauski & Walter, 1997). Alternatively, within the secondary branch, following ER stress,
MTTFs translocate to the Golgi apparatus where there is cleavage of the transcription factor
domain from the transmembrane anchor. Following this step, MTTFs are transported to the nucleus
and regulate transcription of the UPR related genes (Liu et al., 2007; Ye et al., 2000). Interestingly,
a tertiary process involving protein kinase RNA-like ER kinase (PERK) is emerging as a potential
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therapeutic target in neurodegenerative diseases (Hetz & Saxena, 2017). PERK is activated by ER
stress and directly phosphorylates eukaryotic initiation factor-2α (eIF2α), which inhibits protein
synthesis to mitigate accumulation of proteins at the ER lumen (Walter & Ron, 2011). In addition
to the inhibition of protein synthesis, phosphorylation of eIF2α also initiates selective translation
of activating transcription factor 4 (ATF4), which upregulates genes involved in redox control,
amino acid metabolism, protein folding and synthesis, and autophagy (Walter & Ron, 2011).
Studies on PD, have observed signs of ER stress (Colla, Jensen, et al., 2012; Conn et al., 2004;
Hoozemans et al., 2007; Selvaraj et al., 2012) and α-synuclein has been shown to disrupt several
processes essential for proper ER function. Accumulation of α-synuclein occurs at the ER lumen,
hypothetically due to abnormal interactions with ER chaperones, leading to ER stress (Bellucci et
al., 2011). α-Synuclein also affects protein maturation by inhibiting the trafficking of proteins from
the ER to the Golgi apparatus (Cooper et al., 2006). Finally, it has also been proposed that αsynuclein inhibits the activation of ATF6, directly impairing the UPR (Credle et al., 2015). From
a genetic standpoint, PD associated mutations in parkin and PARK9 both contribute to ER stress,
with mutations in parkin altering proteosome mediated degradation (Imai et al., 2001; Takahashi,
2004) and mutations in PARK9 contributing to chronic activation of the UPR due to misfolding
and accumulation of proteins at the ER lumen (Ugolino et al., 2011).
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Figure 1.7: Three branches of the UPR pathway. Following ER stress: (A) PERK is activated directly phosphorylates
eIF2α, which inhibits protein synthesis to mitigate accumulation of proteins at the ER lumen; (B) ATF6 translocates
to the Golgi apparatus where there is cleavage of the transcription factor domain from the transmembrane anchor.
Following this step, ATF6 is transported to the nucleus and regulates transcription of the UPR related genes. (C)
Following oligomerization and trans-autophosphorylation, IRE1 is self-activated and splices the mRNA of a basic
leucine zipper (bZIP) transcription factor to remove the coding region for a transmembrane domain. Following this
step, the transcription factor is translocated to the nucleus to modulate the expression of genes involved in the UPR to
restore ER proteostasis Created with BioRender.com.
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Unsurprisingly, targeting different signaling pathways involved in the UPR has been of
interest within neurodegenerative disease research, particularly as a potential mechanism for
neuroprotection. Targeting the PERK signaling pathway has been widely researched across a
variety of protein misfolding related diseases, including ALS (Das et al., 2015; Jiang et al., 2014;
Matus et al., 2013; Saxena et al., 2009; Vieira et al., 2015; Wang et al., 2011; Wang et al., 2014a;
Wang, et al., 2014b), AD (Baleriola et al., 2014; Bruch et al., 2017; Halliday et al., 2017; Johnson
& Kang, 2016; Ma et al., 2013; Radford et al., 2015; Wenzhong Yang et al., 2016), HD (Vidal et
al., 2012), prion-related disease (Halliday et al., 2015, 2017; Moreno et al., 2012, 2013), and PD
(Colla, Coune, et al., 2012; Silva et al., 2005). Targeting this pathway in PD has generally shown
neuroprotective effects, with one study targeting the UPR by knocking out C/EBP homologous
protein (CHOP), a pro-apoptotic transcription factor, in a toxicant induced model (Silva et al.,
2005), while the other used a transgenic α-synuclein animal model to explore inhibition of eIF2α
(Colla et al., 2012). While both studies showed neuroprotective effects, neither were able to impact
dopaminergic neuronal survival. Although targeting PERK generally results in neuroprotection
and extended lifespan across diseases, there have been some instances where opposite effects have
been observed. For instance, in a scrapie prion infected mouse model, inhibiting eIF2α with
salubrinal exacerbated the disease as opposed to alleviating it (Halliday et al., 2017), and in a
transgenic HD mouse model knocking out ATF4 had no effect on mutant huntingtin aggregation
even though positive results were seen in PD (Colla et al., 2012), ALS (Matus et al., 2013; Saxena
et al., 2009), and Charcot-Marie-Tooth disease (Sidoli et al., 2016) by either indirectly inhibiting
ATF4 through eIF2α inhibition, or directly knocking out ATF4. Additionally, in a transgenic
model of Pelizaeus-Merzbacher disease, knocking out CHOP exacerbated the disease (Southwood
et al., 2002), while in PD (Silva et al., 2005) and Charcot-Marie-Tooth disease (Pennuto et al.,
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2008) neuroprotective effects were observed. All this to say, while it seems clear that the UPR is
involved across diseases, there is no single manipulation of the UPR that improves all diseases
equally.

1.2.4 Mitochondrial Dysfunction
Mitochondrial dysfunction in PD has been widely observed since the mid to late 1980s with
seminal research involving brain tissue samples from PD patients, non-human primates, and
rodents demonstrating deficiencies in mitochondrial complex I (Langston et al., 1984; Przedborski
et al., 2004; Schapira et al., 1990; Swerdlow et al., 1996). These works were further supported by
animal studies involving the mitochondrial toxin, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP), that blocks complex I, resulting in a breakdown of mitochondrial respiration and
subsequent oxidative stress accumulation (Speciale, 2002). Other toxins including rotenone,
pyridaben, trichloroethylene, and fenpyroximate also inhibit complex I and induce dopaminergic
neuron loss (Chaturvedi & Beal, 2008). Complex I is thought to play a critical role in dopaminergic
neuron loss as deficiencies in complex I make dopaminergic neurons more sensitive to neurotoxins
(Perier et al., 2010). It has been hypothesized that mitochondrial dysfunction and disruption in
cellular bioenergetics arise due to alterations in mitochondrial biogenesis caused by dysregulation
of transcription factors (Bose & Beal, 2016). Peroxisome proliferator-activated receptor-gamma
coactivator-1α (PGC-1α) has gained interest as a potential therapeutic target due to its role as a
coactivator of many transcription factors and as an important regulator of mitochondrial biogenesis
(Bose & Beal, 2016). It was found that there was a reduction of PGC-1α levels in post-mortem
brain tissue of PD patients (Zheng et al., 2010) and knocking out PGC-1α increased dopaminergic
neuronal sensitivity to MPTP (St-Pierre et al., 2006). In the same study, St-Pierre et al. (2006)

36

demonstrated that overexpression of PGC-1α protected against MPTP induced neurotoxicity and
Eschbach et al. (2015) demonstrated that its overexpression reduces α-synuclein levels and offers
neuroprotection. However, this result appears to be dose dependent as one group demonstrated
that over-expression of approximately 160-fold induced a sudden degeneration of dopaminergic
neurons (Ciron et al., 2012), while another group reported that overexpression caused a depletion
of dopamine and increased susceptibility to MPTP neurotoxicity (Clark et al., 2012). Alternatively,
both activation (Mudo et al., 2012) and stabilization (Hasegawa et al., 2016) of PGC-1α have
induced neuroprotective effects, while deficiencies in PGC-1α increase the oligomerization of αsynuclein (Eschbach et al., 2015).
Accumulating evidence suggests that genetic vulnerabilities in mitochondrial functioning
might give rise to PD when sufficient environmental insults are encountered (Deas et al., 2011;
Gautier et al., 2008; Narendra et al., 2010; Palacino et al., 2004). Although many gene mutations
involved in the development of PD can directly or indirectly support the role of mitochondrial
dysfunction (Thomas & Beal, 2007, 2010; Chaturvedi & Beal, 2008; Lin & Beal, 2006), PINK1
and Parkin, might be especially important in this regard. Mutations in both PINK1 and Parkin are
related to autosomal recessive forms for early onset and juvenile PD, respectively (Bose & Beal,
2016; Thomas & Beal, 2007). Mutations and knockdowns of PINK1 have been shown to decrease
cellular respiration and therefore, synthesis of ATP (Liu et al., 2009). Additionally, this also leads
to increased aggregation of α-synuclein and increased susceptibility to toxic effects of oxidative
stress (Gautier et al., 2008; Gispert et al., 2009; Liu et al., 2009). Parkin knockouts have reduced
complex I and complex IV activity, decreased cellular respiration, increased susceptibility to
rotenone, a complex I inhibitor, and decreased mitochondrial integrity (Casarejos et al., 2006;
Palacino et al., 2004; Thomas & Beal, 2007) Also of importance, both genes appear to play central
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roles in mitochondrial: 1) quality control and dynamics (Narendra et al., 2010), 2) functional and
morphological maintenance (Gautier et al., 2008; Palacino et al., 2004), and 3) mitophagy of
dysfunctional mitochondria (Deas et al., 2011).

1.2.4.1 Mitochondrial Quality Control and Dynamics
Much evidence suggests that PINK1 and Parkin work collectively to maintain mitochondrial
integrity and function (Clark et al., 2006; Exner et al., 2007; Gautier et al., 2008; Greene et al.,
2003; Mortiboys et al., 2008; Müftüoglu et al., 2004; Palacino et al., 2004; Park et al., 2006;
Whitworth et al., 2005; Yang et al., 2006). Both proteins have been deemed essential for the proper
functioning of mitochondria, with a loss of either protein resulting in similar phenotypes (Clark et
al., 2006; Greene et al., 2003; Park et al., 2006; Whitworth et al., 2005; Yang et al., 2006).
Importantly, partial compensation can occur when Parkin is overexpressed in PINK1’s absence,
but the inverse is not possible, indicating that in this pathway PINK1 is likely upstream (Narendra
et al., 2010). Importantly, it has been demonstrated that Parkin is selectively recruited to damaged
mitochondria to promote autophagic degradation (Narendra et al., 2008), indicating that Parkin
may be involved in a pathway that specifically identifies and removes damaged mitochondria from
the network. Additionally, this suggests that the underlying mechanism that contributes to the
mitochondrial dysfunction observed in Parkin knockouts, is impaired mitochondrial quality
control. Further supporting this proposed mechanistic function, Narendra et al. (2010)
demonstrated that PINK1 selectively accumulates with dysfunctional mitochondria, which
prompts Parkin to mitigate mitochondrial damage. Combined, these findings suggest signaling
between Parkin and PINK1 occurs in response to mitochondrial damage to form a pathway that
senses and eliminates damaged mitochondria from the network. Furthermore, these findings offer
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some preliminary explanations around previous observations indicating that PINK1 is found on
mitochondria as well as in the cytosol (Beilina et al., 2005; Lin & Kang, 2008; Xiong et al., 2009;
Zhou et al., 2008). Finally, these findings indicated that inherited mutations disrupt the
PINK1/Parkin mitochondrial turnover pathway described above, impairing the ability to remove
damaged mitochondria from the network, increasing oxidative stress (Narendra et al., 2010).

1.2.4.2 Mitochondrial Functional and Morphological Maintenance
As described previously, Parkin and PINK1 have been linked to familial inheritance of PD
and have been associated with various mitochondrial mechanisms. To investigate the role of Parkin
in mitochondrial function and maintenance, Palacino et al. (2004) conducted experiments
comparing the proteome of the ventral midbrain in Parkin knockouts and wildtype mice. The
results showed that there were decreases in thirteen proteins and one additional protein
demonstrated altered electrophoretic mobility. Of these proteins, eight were linked to
mitochondrial respiration or detoxification of by-products, four were linked to mitochondrial
oxidative phosphorylation, four were linked to ROS stress (Lee et al., 2003; Neumann et al., 2003;
Wang et al., 2003), and one was linked to methylglyoxal metabolism (Choudhary et al., 1997;
Cordeiro & Freire, 1996). In Parkin knockout animals, there were measurable physiological
changes that accompanied the reduction in levels of proteins involved in mitochondrial respiration,
resulting in reduced ETC capacity, which has been previously reported in mitochondria isolated
from PD patients (Sherer et al., 2001). Reductions in proteins associated with ROS stress were
linked to an overall reduction in serum antioxidant capacity in Parkin knockouts, which has also
been previously reported experimentally and in PD patients (Itier et al., 2003; Serra et al., 2001).
Overexpression of Parkin has been linked to increases in oxidative stress (Hyun et al., 2002) and
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decreases in these proteins likely make Parkin knockouts more susceptible to ROS-mediated
damage (Palacino et al., 2004).
Gautier et al. (2008) demonstrated that loss of PINK1 was associated with both functional and
morphological changes of mitochondria. Their findings suggested that although loss of PINK1 left
mitochondria structurally intact, knockout animals had selectively increased amounts of larger
mitochondria. This result was unsurprising as PINK1 is known to be involved in mitochondrial
fission (Han et al., 2020; Liu et al., 2011; Niu et al., 2019; Yang et al., 2008). As previously shown
by Palacino et al. (2004) with Parkin knockouts, PINK1 knockouts also demonstrated impaired
mitochondrial respiration, which appeared in a brain region specific manner in young mice but not
older animals (Gautier et al., 2008). In young mice, the authors demonstrated loss of PINK1 was
associated with impaired mitochondrial respiration in the striatum, but not in the cortex; however,
in older mice mitochondrial respiration was impaired in the cortex. They posited that in young
mice, oxidative stress from dopamine metabolism in the striatum may serve as the initial hit, that
exacerbates mitochondrial dysfunction, while in older mice, the aging process may serve as the
second hit, that triggers disease processes.

1.2.4.3 Mitophagy of Dysfunctional Mitochondria
PINK1 and Parkin engage in a specific type of mitochondrial autophagy (Deas et al., 2009;
Fitzgerald & Plun-Favreau, 2008), known as mitophagy (Lemasters, 2005). Mitophagy is of
particular interest for PD as defects in this process can result in the accumulation of protein
aggregates (Hara et al., 2006; Komatsu et al., 2006). Indeed, mitochondria have been recognized
as specific targets of increased autophagic degradation in PD (Moreira et al., 2007). It was
demonstrated that mitophagy was dependent on the mitogen activated protein kinases
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(MAPK)/ERK signaling pathway (Chu et al., 2007), a pathway also known to be influenced by
PD mutations, such as G2019S LRRK2 (Plowey et al., 2008). Furthermore, localization of
phosphorylated ERK on mitochondria and autophagosomes in diseases with LBs has been
previously characterized (Zhu et al., 2003) and mitochondrial localisation of ERK2 is necessary to
upregulate toxin induced mitophagy (Dagda et al., 2008).
Although evidence has been limited as to how PINK1 and Parkin interact in mitophagy,
several studies have provided essential pieces of the molecular puzzle (Dagda & Chu, 2009; Deas
et al., 2009; Ding et al., 2010; Geisler et al., 2010; Lin & Kang, 2008; Matsuda et al., 2010;
McBride, 2008; Narendra et al., 2008, 2009, 2010; Piccoli et al., 2008; Rakovic et al., 2010; Suen
et al., 2010; Vives-Bauza et al., 2010). In this regard, Parkin is emerging as a key protein involved
in mitophagy (Narendra et al., 2008) and is possible that it appears to engage in mitophagy by
recruiting ubiquitin and p62 (Geisler et al., 2010), mediating uptake of mitochondria by
autophagosomes (McBride, 2008; Narendra et al., 2008), and/or cooperating with PINK1 to
maintain mitochondrial homeostasis (Dagda & Chu, 2009). Previous works have demonstrated
that Parkin localization to the mitochondria is dependent on PINK1 expression and mutations in
either inhibit mitochondrial trafficking (Vives-Bauza et al., 2010). Additionally, PINK1 cleavage
is inhibited when mitochondria are damaged and have decreased membrane potential (Lin & Kang,
2008), and as previously discussed, accumulation of the full-length form recruits Parkin for
initiation of mitophagy (Narendra et al., 2010). Importantly, PINK1-dependent mitochondrial
localization is essential for Parkin’s ubiquitin ligase activity to proceed (Matsuda et al., 2010).
However, others have found that accumulation of PINK1 was not necessary to recruit Parkin to
damaged mitochondria (Rakovic et al., 2010) and instead suggested that NIX, a protein involved
in mitophagy, was the critical protein for this process to occur (Ding et al., 2010).
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1.3 Modelling Parkinson’s Disease
PD is a complex disease and as such, developing an animal model that best exemplifies all its
aspects has yet to be accomplished (Bové et al., 2005; Jagmag et al., 2016; Salama & Arias Carrion,
2011). Despite this challenge, numerous mouse models have been developed to date that reproduce
certain aspects of PD pathology and/or symptomology (Salari & Bagheri, 2019). Currently
available mouse models fall into several broad categories, such as genetic, toxicant, and
combination models (Jagmag et al., 2016). Genetic models typically investigate the role of specific
mutations observed in familial PD (Corti et al., 2011), and can be investigated through transgenic
animals and inducible models (such as α-synuclein injections). There are also a variety of inducible
toxin based models available for research use beyond genetic modelling (Salari & Bagheri, 2019),
and combinatory models which utilize both approaches are sometimes used with the hope of
getting a more accurate representation of disease etiology.

1.3.1.1 Transgenic Mouse Models
PD is primarily a sporadic disease, with only about 5-10% of cases linked to mutations in
genes and familial inheritance (Salari & Bagheri, 2019). There are at least 16 loci (PARK1 through
PARK 16) and 11 genes thought to contribute to the development of the disease (Corti et al., 2011).
The majority of patients presenting with familial PD have genetic mutations of a relatively small
gene pool that includes both autosomal dominant (SNCA, LRRK2, VPS35) and recessive (PINK1,
DJ-1, Parkin) genes (Schapira, 2006). Nevertheless, transgenic mouse models provide valuable
insight into how genetic variations contribute to certain aspects of the disease. There have been
several α-synuclein transgenic mice that display brain pathology (Feany & Bender, 2000; Kahle
et al., 2000; Masliah et al., 2000; Richfield et al., 2002; Van Der Putten et al., 2000). However, it
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can be difficult to achieve specific neurodegeneration of the dopaminergic neurons and motor
impairment with some of these models (Lauwers et al., 2007).
Due to its role in LB and LN pathology, mutations of the α-synuclein coding gene, SNCA, are
of particular interest when modelling PD preclinically. To date there have been several mutations
identified including A53T (Spira et al., 2001), A30P (Conway et al., 2000; Krüger et al., 1998),
E46K (Conway et al., 2000), and duplications and triplications of the SNCA gene that seems to be
implicated in both the incidence and severity of PD (Chartier-Harlin et al., 2004; Singleton et al.,
2003). On the whole, it seems that N-terminal mutations of α-synuclein, such as A30P, A53T,
E46K, G51D, and H50Q (Lima et al., 2019), typically generate models where symptoms of the
disease are displayed in the absence of neuronal loss (Salari & Bagheri, 2019). Based on these
mutations, a variety of models were created to help better understand disease mechanism
associated with α-synuclein specifically. An α-synuclein knockout mouse model (Abeliovich et
al., 2000) generated a reduced level of dopamine in the striatum (Abeliovich et al., 2000) and
electrophysiological changes in the hippocampus (Cabin et al., 2002), but the authors were unable
to identify major motor impairments with these animals. Another knockout model generated
animals that were resistant to both acute and chronic administration of MPTP, but cultured cells
were more sensitive to rotenone (Dauer et al., 2002).
In addition to knockout models, models overexpressing α-synuclein were also generated to
study the effects in both wild type and mutated injections of α-synuclein (Fernagut & Chesselet,
2004). The first model to overexpress human wild type α-synuclein was driven by the PDGF-β
promoter and demonstrated both biochemical and motor changes (Masliah et al., 2000).
Biochemical changes included intraneuronal inclusions, reduction in TH positive terminals, along
with a reduction of striatal dopamine (Hashimoto et al., 2003; Masliah et al., 2000). The inclusions
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observed did not have fibrillar components like you would typically see in LBs (Masliah et al.,
2000) and although motor behaviour was observed with this model, it only appeared at 12-months
of age (Masliah et al., 2000). Animals expressing A53T mutations have shown mixed results
depending on the promoter used to generate the model. A53T transgenic animals generated with
the Thy-1 promoter have been shown to generate α-synuclein inclusions that more closely
replicated those seen in synucleinopathies, though in this model they were primarily observed in
the spinal cord (Van Der Putten et al., 2000). This model was also able to generate motor
impairment; however, there was no observed degeneration in the nigrostriatal region (Sommer et
al., 2000; Van Der Putten et al., 2000). Both A53T and A30P mutation models using the TH rat
promoter have been shown to generate accumulation in the substantia nigra with no degeneration
was observed (Matsuoka et al., 2001). Additionally, Richfield et al. (2002) were able to observe
motor impairment and reduced levels of dopamine in the striatum with the double A53T/A30P
mutation using the TH rat promoter. One aggressive A53T model used the mouse prion promoter
and was able to generate fatal motor impairment at 8-months of age (Giasson et al., 2002). This
model was also able to generate widespread α-synuclein pathology, although no substantial
neuronal loss was observed in the basal ganglia.
Another dominantly inherited gene mutation of interest in PD is that of LRRK2. The LRRK2
protein is large and complex member of the ROCO family (Bosgraaf & Van Haastert, 2003;
Paisán-Ruíz et al., 2004; Zimprich et al., 2004) that has both GTPase and kinase activities, both of
which have shown alterations in instances where LRRK2 is mutated (Gloeckner et al., 2006; Guo
et al., 2007; Ito et al., 2007; Li et al., 2007; Smith et al., 2006; West et al., 2005). The most common
familial mutation of LRRK2 is the G2019S mutation, which has been associated with neurotoxicity
and enhanced kinase activity (Greggio et al., 2006; Greggio & Cookson, 2009; MacLeod et al.,
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2006; Smith et al., 2005, 2006). Furthermore, multiple studies have demonstrated that LRRK2G2019S mutation can promote numerous PD related changes, including increased α-synuclein
aggregation, mitochondrial dysfunction, synaptic vesicle transport disorder, and hyperautophagy
(Bieri et al., 2019; Howlett et al., 2017; Karuppagounder et al., 2016; Kim et al., 2017; Kim et al.,
2018; Litteljohn et al., 2018; Vermilyea & Emborg, 2018; Xiao et al., 2015). Models using the
G2019S mutation have shown an increased kinase activity (Li et al., 2007, 2010), but findings
related to neurodegeneration and motor impairment have been mixed, with most models failing to
exhibit age-dependent dopaminergic degeneration in the nigrostriatal region (Xiong et al., 2017).
Li et al. (2010) did not observe motor impairment through 12 months, nor substantial degeneration
in the nigrostriatal region through 18-20 months when using LRRK2 G2019S mice. Two groups
using the PDGF-β promoter demonstrated robust degeneration of 20-50% occurring at varying
timepoints with Ramonet et al. (2011) reporting a loss of 20% at 20 months of age and Chen et al.
(2012) reporting a loss of 50% at 16 months of age.
Of the autosomal recessively inherited gene mutations involved in early-onset PD, mutations
in PINK1 are the second most frequently occurring (Bonifati et al., 2005; Hatano et al., 2004;
Ibáñez et al., 2006; Rogaeva et al., 2004; Rohé et al., 2004; Tan et al., 2006). PINK1 is thought to
normally prevent mitochondrial dysfunction (Gandhi et al., 2006), but is also thought to be
involved in protecting against oxidative stress when it works cooperatively with DJ-1 (Tang et al.,
2006) and other studies have shown that PINK1 may function through similar pathways as Parkin
(Clark et al., 2006; Park et al., 2006). Yet, knocking down PINK1 did not generate changes in
striatal dopamine levels, degeneration of dopaminergic neurons in the SN, or motor impairment
(Zhou et al., 2007). PINK1 knockouts have been generated by deleting exons 4-7 (kinase domain)
and inserting a nonsense mutation at exon 8; however, like the knockdowns, there was no loss of
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striatal dopamine or degeneration of dopaminergic neurons in these animals (Kitada et al., 1998).
DJ-1 is involved in autosomal recessive patterns of inheritance and several of its mutations
have been associated with early onset of PD (Abou-Sleiman et al., 2003; Annesi et al., 2005;
Bonifati et al., 2003; Hague et al., 2003; Hedrich et al., 2004). DJ-1 is involved in a variety of
cellular processes and is notably involved in oxidative stress (Lev et al., 2006). A point mutation
of DJ-1 (L166P) was identified in an Italian family (Bonifati et al., 2003), which prompted the
creation of a transgenic model where the first 5 exons and part of the promoter of DJ-1 were
removed (Chen et al., 2005). This model did not generate dopaminergic neuron loss in the SN, but
it did prompt an increase in striatal dopamine and evoked dopamine overflow (Chen et al., 2005),
suggesting it modified turnover of the neurotransmitter. Another model, targeting exon 2, and like
the previous case, demonstrated an increase in dopamine overflow in the striatum in the absence
of degeneration, but with some degree of locomotor impairment (Goldberg et al., 2005; Kim et al.,
2005).
Parkin is also involved in autosomal recessive patterns of inheritance with more than 100
mutations being identified (Abbas et al., 1999; Hedrich et al., 2001, 2004; Kitada et al., 1998;
Klein et al., 2007; Lücking et al., 2000; Oliveira et al., 2003; Periquet et al., 2003). When
functioning properly, Parkin targets proteins for degradation (Imai et al., 2001; Chung et al., 2001;
Zhang et al., 2000) and has E3 ubiquitin protein activity (Shimura et al., 2000). There have been a
variety Parkin models generated to date, targeting different exons including 2, 3 and 7 (Goldberg
et al., 2003; Itier et al., 2003; Palacino et al., 2004; Perez & Palmiter, 2005; Sato et al., 2006; Von
Coelln et al., 2004). Knockouts of exon 3 induced increased striatal dopamine levels (Goldberg et
al., 2003; Itier et al., 2003) and caused oxidative damage (Palacino et al., 2004), but decreased
synaptic excitability in spiny neurons, DAT levels, DA release and mitochondrial respiration
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(Goldberg et al., 2003; Itier et al., 2003; Palacino et al., 2004). Curiously, this model does generate
behavioural deficits but with loss of dopaminergic neurons for up to two years (Goldberg et al.,
2003; Itier et al., 2003). Knocking out exon 7 decreased the number of TH-producing cells in the
locus coeruleus; however, like the exon 3 knockout, did not generate degeneration of dopaminergic
neurons (Von Coelln et al., 2004). Finally, knockouts of exon 2 does not generate a behavioural
phenotype nor any abnormalities of dopaminergic neurons in the SN (Sato et al., 2006).

1.3.1.2 Toxicant Induced Models
Toxicant models include both direct toxicants such as 6-OHDA and MPTP and indirect
toxicants such as LPS, paraquat, and rotenone (Jagmag et al., 2016). Direct toxicants, such as 6OHDA and MPTP, are taken up directly by dopaminergic producing neurons and have a rapid,
pathological impact including marked neuroinflammation and dopaminergic neuron loss, but fails
to replicate synucleinopathies or the progressive nature of the disease (Bové et al., 2005; Jagmag
et al., 2016). 6-OHDA is thought to be directly taken up by dopamine transporter (DAT) (Schober,
2004), whereas MPTP is first metabolized and oxidize in astrocytes to MPP+, which can then enter
dopamine neurons (Speciale, 2002). Unlike 6-OHDA, MPP+ requires carriers to enter adjacent
neurons and once inside, disrupts mitochondrial functions by blocking complex I and inhibiting
complexes III and IV of the electron transport chain (ETC) (Speciale, 2002). Additionally, MPTP
induced toxicity also involves several cofactors including iron, neuromelanin, vesicular
monoamine transporter (VMAT2) levels in order to produce ROS and apoptosis (Blum et al., 2001;
Lotharius & O’Malley, 2000; Potashkin & Meredith, 2006). Both 6-ODHA and MPTP can
promote neurodegeneration of dopaminergic neurons in a relatively short period of time but do not
generate α-synuclein pathology (Hisahara & Shimohama, 2010; Langston et al., 1999).
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In contrast, indirect toxicants, such as LPS, paraquat, and rotenone typically require multiple
treatments and can lead to systemic effects. However, they allow more selective neurodegeneration
over time and can be used investigate mechanisms external to dopaminergic neurons (Salama &
Arias-Carrión, 2011). Similarly, to MPTP, both paraquat and rotenone can cross the BBB and can
therefore be delivered systemically (Brooks et al., 1999; Hisahara & Shimohama, 2010). Paraquat
was first considered as a potential PD inducing toxin because of its structural resemblance to MPP+
(McCormack et al., 2002), but has toxicodynamic and toxicokinetic differences from MPTP/MPP+
(Prasad et al., 2009). Paraquat exposure has been associated with both degeneration of nigrostriatal
dopaminergic neurons and the accumulation of α-synuclein (McCormack et al., 2002; Peng et al.,
2005), which makes it more generalizable to PD than a direct toxicant model. Rotenone can also
promote degeneration of dopaminergic neurons and acts by inhibiting complex I of the ETC in the
mitochondria (Betarbet et al., 2000; Hisahara & Shimohama, 2010). Rotenone exposure also has
the potential to generate intracellular inclusions like LBs that show immunoreactivity for ubiquitin
and α-synuclein (Betarbet et al., 2000; Sherer et al., 2003). Although indirect models more closely
replicate human PD conditions, they take more time and are frequently more variable with less
neuron loss than the more direct acting toxicants (Bové et al., 2005; Jagmag et al., 2016; Salama
& Arias-Carrión, 2011).

1.3.1.3 α-Synuclein Viral Induced Models
Viral vector models have been developed with an aim towards the over-expression of either
wild type (WT) or mutant α-synuclein in the SN (Bianco et al., 2002; Kirik et al., 2002, 2003;
Klein et al., 2002; Lauwers et al., 2007; Stefanis et al., 2001) using delivery methods such as
adenoviruses (AVs), recombinant adeno-associated viruses (rAAVs), adeno-associated viruses
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(AAVs), and lentiviruses (LVs). AVs are linear double stranded DNA viruses, as are AAVs, and
vectors that are derived from AVs can transduce many cell types via episomal expression (Hendrie
& Russell, 2005). Currently, AAVs are considered the superior technology, relative to AVs for
example, with higher targeting rates in normal human cells relative to other viral, transfection, or
electroporation mechanisms (Hendrie & Russell, 2005). It is important to note that editing gene
expression with a viral mechanism such as an AV or AAV does induce a host immune response,
with a notable response immediately after the injection (Zhao et al., 2007). To ensure efficient
reproduction, the virus must not only combat the host immune response, but also force the host
cell into S-phase so that ideal conditions are met (Zhao et al., 2007). Following DNA replication,
viral transcription transitions from early to late mode, while cellular gene expression is
concurrently changes to redirect cellular synthesis machinery toward virus production in later
stages of infection (Zhao et al., 2007).
Viral vector-mediated overexpression of α-synuclein has been able to produce a robust
degeneration of dopaminergic neurons (Baekelandt et al., 2002; Kirik et al., 2002) and reduce
dopamine release (Platt et al., 2012). But these features are not always achieved at consistent rates
or timelines (Kirik et al., 2002; Klein et al., 2002; St Martin et al., 2007; Theodore et al., 2008),
which may make study design and reproducibility very difficult. More recently, more efficient
viral vectors have been created that offer more robust neurodegenerative, behavioural and
inflammatory responses (Barkholt et al., 2012; Decressac et al., 2012; Sanchez-Guajardo et al.,
2010; Van der Perren et al., 2015). Despite the inconsistencies with this type of model and a limited
ability to generate spread to regions beyond the injection region or target pathway, the use of viral
overexpression offers a useful alternative method of transgenic modelling. Additionally, viral
approaches offer the ability to combine transgenic modelling with other models, such as pre-
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formed fibrils, to explore the multi-hit hypothesis (Thakur et al., 2017).

1.3.1.4 α-Synuclein Fibril Based Models of Spread
Experiments using traditional PrPSC prion models (Butler et al., 1988; Mahal et al., 2007; Race
et al., 1987) and newer, non-PrP prion models (Sanders et al., 2014; Woerman et al., 2015) have
provided novel insights regarding α-synuclein conformers and resultant spread. Using MSA and
PD patient brain homogenates, Woerman et al. (2015) were able to demonstrate key differences
between α-synuclein inclusions in MSA relative to those found in PD. While aggregates formed
in cultured cell models that were transfected with the MSA patient brain homogenates, the same
method was unsuccessful using PD patient samples. This suggests that the α-synuclein containing
glial cytoplasmic inclusions found in MSA differ in key features (possibly owing to distinct
structural conformations) relative to those found in PD (Woerman et al., 2015). Expanding on
these findings, Lau et al. (2020) were able to further demonstrate that α-synuclein fibril injection
plays a substantial role in how propagation occurs and what the morphology of aggregates look
like. Using TgM83 mice, the authors compared the characteristics of multiple different injections
of α-synuclein fibrils, some of which were generated synthetically while others were generated
from either mouse or human diseased brains. Their findings demonstrated that different injections
propagate at different rates, affect different brain regions to varying degrees, and have different
morphology that could be broadly categorized as MSA inclusion-like or LB-like. One broad
finding was that relative stability of the fibril injection seemed to impact propagation and
morphology, with less stable injections showing faster propagation and shorter fibril length and
more stable injections showing slower propagation and longer fibril length (Lau et al., 2020).
Although this study used transgenic mice to assess propagation and other characteristics, previous
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work has demonstrated that α-synuclein fibrils can propagate in non-transgenic mice (Luk, et al.,
2012a). Additionally, previous work has hypothesized that varying levels of cellular α-synuclein
expression level contribute to selective vulnerability of aggregates and that propagation efficiency
may depend on the level of available α-synuclein substrate (Luna et al., 2018).
All this considered, the use of PFFs has gained in popularity over the years to investigate the
Braak and prion hypotheses (Rey et al., 2016). The Braak hypothesis was discussed at length
earlier and posits that PD α-synuclein pathology may begin either outside the brain or at the lower
brainstem regions and progress forward towards the basal ganglia and motor cortex over time
(Braak et al., 2003). The prion hypothesis was also discussed at length earlier and was popularized
following host-to-graft experiments that suggested that α-synuclein may spread in a prion-like
manner (Brundin et al., 2008, 2010). Using PFFs has tremendous appeal because this allows for
one to further investigate how α-synuclein inclusions spread throughout the brain based on where
the PFFs were first delivered. Synthetic PFFs provide the advantage of accelerating the formation
of propagation of inclusions (Luk, et al., 2012b) and can be made relatively easily in a lab setting.
Several groups have demonstrated that both naturally derived and synthetic PFFs can trigger a
progressive aggregation of α-synuclein and selective dopaminergic neurodegeneration, suggesting
that these models have clinical relevance (Abdelmotilib et al., 2017; Luk, et al., 2012b; Osterberg
et al., 2015; Tapias et al., 2017).

1.3.1.5 Combinatory and Current Model
Combinatory models have been used by numerous groups and support the exploration of the
multiple hit hypothesis that was described earlier. This hypothesis arose following observations
multiple exposures, whether it be multiple different exposures or the same exposure multiple times,
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is typically necessary to induce progressive neurodegeneration of dopaminergic neurons (Carvey
et al., 2006). This hypothesis is in support of the viewpoint that genetic and environmental factors
contributes to the onset of the disease (Patrick et al., 2019). Combinatory models using α-synuclein
fibrils have been used recently in efforts to better model PD and further understand how αsynuclein propagates (Lau et al., 2020; Thakur et al., 2017). While Lau et al. (2020) used TgM83
mice to leverage overexpression of the A53T mutation and Thakur et al. (2017) used a wild type
(WT) α-synuclein AAV in WT mice, both sought to investigate how exogenously applied αsynuclein fibrils impacts endogenous α-synuclein and may provoke pathology. In theory, increased
endogenous α-synuclein can interact with administered PFFs, possibly resulting in their conversion
into the pathological form that could act locally, or spread throughout the basal ganglia and cortex
(Volpicelli-Daley et al., 2011). Of course, there is also the second possibility of the exogenous
synthetic PFFs themselves (independent of any endogenous changes) spreading throughout the
brain and cause neurochemical or neurodegeneration changes.

1.4 Sex Differences
1.4.1 Genetic Differences
Investigation into the various mechanisms involved in these sex differences in PD is still in
its infancy because females have historically been underrepresented. This is all the more surprising
since gene expression profiles of dopaminergic neurons in the SNc are sex-specific, as may be
some of the underlying adaptive processes in surviving dopaminergic neurons (Cantuti-Castelvetri
et al., 2007; Simunovic et al., 2010). Using microarray analysis, Cantuti-Castelvetri et al. (2007)
analyzed human PD brain tissue from the Harvard Brain Tissue Resource Center and found
approximately 120 genes upregulated in females relative to males and approximately 2000 genes
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upregulated in males relative to females. Although the genes with the largest magnitude difference
of expression were found on sex chromosomes (X or Y), most of these genes identified were not
linked to sex chromosomes. Generally, genes upregulated in females were involved in signal
transduction and neuronal maturation, while genes upregulated in males tended to be involved in
a wide range of pathways. In males, the genes of interest to the authors were those previously
associated with mechanisms of PD, those involved in oxidative phosphorylation and transcripts
involved with genetically driven disruptions in PD (such as mutations in α-synuclein and PINK1).

Figure 1.8: Sexually dimorphic genes involved in PD are involved in a variety of functions. (A) functional categories
of genes upregulated in female PD patients relative to male PD patients and (B) functional categories of genes
upregulated in male PD patients relative to female PD patients. Created with BioRender.com
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Additionally, Cantuti-Castelvetri et al. (2007) also looked for genetic differences within
groups, for example in genetic differences between female PD patients and female controls, to
identify potential within sex changes that occur with PD development. Overwhelmingly, females
demonstrated differences in genes associated with proteolysis, kinase and protein kinase activity,
and particularly those involved in the Wingless-relation integrated site (Wnt) signaling pathway,
which regulates the previously described, Fzd-1/ β-catenin signaling pathway. In contrast, males
demonstrated differences in genes involved in protein-binding, copper-binding, and a small
proportion were involved in vesicle mediated transport.

Figure 1.9: Gene differences in control patients vs. those with PD. (A) functional categories of genes upregulated in
female PD patients relative to female controls and (B) functional categories of genes upregulated in male PD patients
relative to controls.
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1.4.2 Pathophysiological Differences
Although the underlying reasons behind the sex differences are yet to be identified, there has
been increased research concerning the role of estrogen on the pathophysiology of PD. Particular
pathophysiological mechanisms of interest that have shown sex differences include 1) dopamine
neurodegeneration, 2) neuroinflammation, and 3) oxidative stress. Interestingly, female
dopaminergic neurons have been shown to be less vulnerable relative to males, which may
contribute to the differing rates of neurodegeneration between sexes (Bispo et al., 2019; Costa et
al., 2018; Costa et al., 2019; Seyfried et al., 2018). One study found that male PD subjects showed
reduced ganglioside content in addition to dopaminergic degeneration in the SNc, while there were
no significant changes in female PD patients (Seyfried et al., 2018). Another set of studies found
that female mice were much more resistant to dopaminergic neuron degeneration than males
(Costa et al., 2018; Costa et al., 2019) and that females display dopamine receptor 1 (D1)
dominance in several brain regions with a greater D1:D2 ratio in these areas relative to males
(Cullity et al., 2019).
Neuroinflammation was discussed earlier and it has been hypothesized that sex differences
may be partially due to anti-inflammatory properties of estrogen (Cerri et al., 2019; Villa et al.,
2018). Indeed, estrogen priming of male microglia increases the ability to react to inflammatory
stimuli, suggesting that estrogen priming may have a protective affect; yet, microglia are sexually
differentiated, and this differentiation was expressed independent of circulating sex hormones
(Villa et 2018). This research supports previous work by Hanamsagar et al. (2017) who also
identified dissociable differences between male and female immune reactivity. Additionally,
numerous studies have shown that there are sex differences in both number and morphology of
microglia across a variety of brain regions (i.e. hippocampus, cortex, amygdala) (Lenz et al., 2013;
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Schwarz et al., 2012) and PD studies specifically have shown that estrogens exert a neuroprotective
effect by attenuating microglial activation (Guan et al., 2017; Mendes-Oliveira et al., 2017; Siani
et al., 2017).
Similar to what has been observed with microglia, astrocytes also show physiological and
pathological sex differences. When exposed to LPS, male and female astrocytes reacted differently,
male astrocytes showed enhanced expression of interleukin 6 (IL6), interleukin 1β (IL1β), and
TNFα, while females showed enhanced expression of interferon-inducible protein 10 (IP-10)
(Santos-Galindo et al., 2011). Male astrocytes have also been shown to have a higher maximal
respiration relative to female astrocytes (Jaber et al., 2018). Finally, astrocytes and estrogens have
been studied for their roles in cognition especially, with research demonstrating that astrocytes
participate in protective actions of estrogenic compounds (Martin-Jiménez et al., 2019).
Although oxidative stress will be discussed at length later in the chapter, it bears mention here
that differences in oxidative stress have been related to sex. Animal and post-mortem human
studies have observed that female neurons have both greater ETC activity and functional capacities
than male neurons (Escames et al., 2013; Gaignard et al., 2015; Harish et al., 2013) and therefore,
lower oxidative stress and this was related to limited neuronal damage (Gaignard et al., 2015;
Guevara et al., 2011). Despite such positive outcomes, females also had a lower mitochondrial
uptake capacity, which can create a negative impact on calcium buffering and homeostasis (Kim
et al., 2012). G protein-coupled estrogen receptors (GPERs) have been investigated as potential
therapeutic targets for estrogen deficiencies as increasing estradiol has been shown to counteract
the loss of mitochondria (Waters et al., 2019) and increase mitochondrial membrane potential
(Wang et al., 2019; Yazğan & Nazıroğlu, 2017).
Few studies have specifically investigated sex differences related to mitochondria and
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oxidative stress in PD. One interesting imaging study did assess sex differences in neuromelanin
(NM) levels in PD patients and found that in the SN of females there was a greater normalized
NM-rich volume (Xing et al., 2018). NM has paramagnetic properties and is able to remove
potentially toxic substances through either binding redox-active metal ions (i.e. iron) or
autooxidation of catecholamines and some reports suggest that males are more susceptible to iron
accumulation (Wang et al., 2015).

1.4.3 Clinical Differences
Numerous epidemiological studies have indicated that male sex may be a risk factor for
developing PD, regardless of age or nationality, with incidence rate ratios (male to female) ranging
from 1.37 to 3.7 (Baldereschi et al., 2000; Shulman & Bhat, 2006; Swerdlow et al., 2001; Taylor
et al., 2007; Van Den Eeden et al., 2003; Wooten et al., 2004). Clinically, there have been
discrepancies regarding the average age of onset of PD across sexes (Gillies et al., 2014), which is
hypothesized to be due to reported differences in disease presentation across sexes. It has been
reported that females may present with a milder PD phenotype (Haaxma et al., 2007; Miller &
Cronin-Golomb, 2010; Shulman & Bhat, 2006), which may result in symptoms not being
diagnosed as early as more severe presentations in males. Additionally, there are several symptoms
that seem to be more commonly reported in one sex over the other. For example, Haaxma et al.
(2007) females report tremor more often, which has been associated with later age of onset and a
slower decline in motor impairment. Others have also reported that females more commonly
present with neuropsychiatric symptoms, such as nervousness and depression, while men present
more with daytime sleepiness, rapid-eye movement behaviour, and cognitive behavioural
symptoms (Martinez-Martin et al., 2012; Miller & Cronin-Golomb, 2010).
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1.4.4 Treatment Response Differences
Shulman & Bhat (2006) reported sex differences in the efficacy, tolerability, and
pharmacokinetics of PD treatments. Females usually present with greater levodopa bioavailability
and lower levodopa clearance levels (Kompoliti et al., 2002; Kumagai et al., 2014; Martinelli et
al., 2003) and have been reported as having a greater risk of complications (Sharma et al., 2008;
Sharma et al., 2006; Umeh et al., 2014). In a subset of patients, there has been what has been
described as a ‘brittle response’ to levodopa treatment, which is more common in females and
characterized as disabling dyskinesia following doses of 100 mg or less (Martinez-Ramirez et al.,
2014). Additionally, in studies that further explored levodopa bioavailability found that males
with the monoamine oxidase-B G (MAO-B G) allele had a 2.84-fold increased risk of developing
complications from levodopa treatment, while females with the MAO-B G allele did not (Sampaio
et al., 2018). Despite the growing amounts of literature that supports the role of sex as a
determinant of motor and non-motor symptoms, as well as dyskinesia (Bjornestad et al., 2016;
Colombo et al., 2015; Hassin-Baer et al., 2011; Picillo et al., 2016; Sato et al., 2006; Sharma et al.,
2010; Zappia et al., 2005), there is no formal advice regarding therapeutic recommendations on
the basis of sex (Ferreira et al., 2013; Lang & Lees, 2002).

1.4.5 Modelling Differences
Much pre-clinical evidence has demonstrated sex differences based on inducible models of
PD (Gillies et al., 2014). In the 6-OHDA model, males have been consistently shown to experience
greater depletion of dopamine in the striatum and greater dopaminergic neuron loss the SNc as
well as a greater progressive loss (Gillies et al., 2004; McArthur, Murray, et al., 2007; Moroz et
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al., 2003; Murray et al., 2003). Similar trends were observed in the MPTP inducible model as
striatal and SNc lesions were greater in males than females (Dluzen, 2000; Gillies et al., 2004;
Gillies & McArthur, 2010; Liu & Dluzen, 2007; Miller et al., 1998; Yu & Liao, 2000); however,
when lesions exceeded 70-80% the sex differences were abolished (Gillies et al., 2004; Gillies &
McArthur, 2010).

1.5 Therapeutic Options for Parkinson’s Disease
Current PD treatment options fail to offer any disease-modifying or neuroprotective
therapeutic options (AlDakheel et al., 2014); and rather provide very good treatments for at least
temporarily improving the quality of life (Connolly & Lang, 2014). Levodopa and dopamine
agonists are two pharmacological options most widely used (Connolly & Lang, 2014), with clinical
trials continuing to demonstrate Levodopa, the “gold standard” for managing PD motor symptoms
(Ferreira et al., 2013). Levodopa also decreased the risk of freezing, somnolence, edema,
hallucinations, and impulse control disorders and was superior to dopamine agonists (Connolly &
Lang, 2014). On the other hand, dopamine agonists are less likely to cause dyskinesia and other
dopaminergic-motor complications when compared to Levodopa (Holloway, 2004; Rascol et al.,
2000). Ultimately, there is a need for therapeutic options with less severe side effects and that
target disease mechanisms with potential to slow progression.

1.5.1 Levodopa
Levodopa is a precursor to dopamine and can cross the BBB, making it an attractive
therapeutic option (Cedarbaum, 1987; Koller & Rueda, 1998). Levodopa was first introduced as a
treatment for Parkinson’s in the late 1960’s by George C. Cotzias (Cotzias et al., 1967, 1969) and
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is still considered the most effective treatment on the market for the disease (Cedarbaum, 1987;
Kempster, Frankel, et al., 1989; Kempster, Gibb, et al., 1989; Sage & Mark, 1994; Seeman &
Grigoriadis, 1987; Wachtel, 1991). Oral administration of levodopa results in rapid
decarboxylation in extracerebral tissues, limiting the amount of dopamine that actually gets to the
necessary brain targets (Salat & Tolosa, 2013). For this reason, beginning in the 1960s, levodopa
was administered in conjunction with dopa-decarboxylase inhibitors (DDCIs) such as carbidopa
(Papavasiliou et al., 1972) and benserazide (Birkmayer & Mentasti 1967) with the goal to increase
the availability in the brain, increasing the half-life of the drug (Huebert et al., 1983). A few
decades later, controlled release levodopa was brought to market with the goal of promoting more
sustained plasma levodopa levels (Cedarbaum, 1987; MacMahon et al., 1990).

1.5.1.1 Limitations of Levodopa
Levodopa dosing is quite variable and side effects, such as dyskinesia, changes in mood, and
potentially worsening parkinsonism, are common (Salat & Tolosa, 2013). While levodopa
treatment often works well initially, over time the response to the drug diminishes and the
symptomatic effects have shorter durations (Salat & Tolosa, 2013). Additionally, as plasma levels
of levodopa fluctuate, motor symptoms also fluctuate (Muenter & Tyce, 1971; Tolosa et al., 1975),
which requires constant dosing adjustment. Chronic treatment has been associated with the
development of motor complications, which vary in severity (Bjornestad et al., 2016; Fox & Lang,
2014; Lewitt, 2010; Marsden, 1994), and has been associated with the wearing-off effect as well
as unpredictable switches between “on” and “off” states (Rascol et al., 2011). Risk of developing
dyskinesias and motor fluctuations following 4-6 years of levodopa treatment has been reported
around 40% (Ahlskog & Muenter, 2001), although further research is needed to better understand
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how the plasma concentration impacts motor function (Contin et al., 1993, 1994; Harder et al.,
1995; Nelson et al., 1989).

1.5.1.2 Overcoming Levodopa Dyskinesia
Dyskinesia occurs for a variety of reasons; however, fluctuating pulsatile stimulation of
dopaminergic receptors by levodopa (Bezard et al., 2001; Boyce et al., 1990; Gerfen et al., 2002)
and the degree of dopaminergic denervation in the striatum are major contributing factors (Boyce
et al., 1990). Dyskinesia occurs because of ongoing neurodegeneration and associated changes in
medium spiny neurons (MSNs), that become hyper-responsive to dopaminergic treatment (Santini
et al., 2008). Several non-dopaminergic targets have also been shown to play a role in the
development of dyskinesia including adenosine, serotonin, glutamate, endocannabinoids, and
cyclic nucleotide phosphodiesterases (PDEs) (Sharma et al., 2015). However, of particular interest
to us are the glutamate receptors, particularly the Group I metabotropic glutamate receptors
(mGluRs). mGluRs have been shown to play a role in the pathogenesis of levodopa induced
dyskinesias (Mela et al., 2007) and metabotropic glutamate receptor 5 (mGluR5) specifically
decreases activation of downstream pathways through interactions with D1/D5 dopamine
receptors (Conn et al., 2005).
In attempts to find ways to overcome levodopa induced dyskinesia, pharmacological studies
have explored how modulation of mGluR5 can alter the development and onset of symptoms
(Dekundy et al., 2006, 2010; Grégoire et al., 2011; Johnston et al., 2010; Levandis et al., 2008;
Mela et al., 2007; Morin et al., 2010; Rylander et al., 2010; Yamamoto & Soghomonian, 2009).
Preclinical work has demonstrated that levodopa induced dyskinesia can be treated with mGluR5
antagonists and negative allosteric modulators (NAMs) (Dekundy et al., 2006, 2010; Grégoire et
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al., 2011; Johnston et al., 2010; Levandis et al., 2008; Mela et al., 2007; Morin et al., 2010;
Rylander et al., 2010; Yamamoto & Soghomonian, 2009). These NAMs including MRZ-8676,
AFQ056, fenobam, 2-methyl-6-(phenylethynl)-pyridine (MPEP), and 3-[(2-methyl-1,3-thiazol-4yl) ethynyl] pyridine (MTEP) have shown positive results (Dekundy et al., 2006; Grégoire et al.,
2011; Rylander et al., 2010; Morin et al., 2010 Morin et al., 2010; Johnston et al., 2010). Clinical
trials however have been less successful, although this is likely due to several reasons. mGluR5
NAMs mavoglurant (Stocchi et al., 2013; Trenkwalder et al., 2016) and dipraglurant (Tison et al.,
2016) have both been assessed in clinical trials with mixed results. In one trial with mavoglurant,
treatment with the compound reduced the severity of levodopa induced dyskinesia and improved
scores on a modified Abnormal Involuntary Movement Scale (Stocchi et al., 2013). In another trial,
there was no significant improvements assessed following treatment (Trenkwalder et al., 2016).
Dipraglurant also demonstrated some clinical benefit for levodopa induced dyskinesia (Tison et
al., 2016). None of these studies were of long duration and many areas still need to be assessed to
determine the efficacy of the compounds.

1.6 Potential Pharmacological Targets for Parkinson’s Disease
Although there is still much work to be done to identify all the target genes and proteins
involved in the degeneration of dopaminergic neurons, to date there are a number of promising
therapeutic targets in various stages of clinical testing (More & Choi, 2016). Among these, notable
emerging targets include AAv-hAADC gene therapy, potassium channels, acetylcholinesterase,
MAO-B, dopamine, phosphodiesterase-4, myeloperoxidase, adenosine A2A, mGlu5, and
serotonin1A/1B (5-HT-1A/1B) receptors (More & Choi, 2016). Of particular interest for this thesis, is
the role of G protein-coupled receptors (GPCRs) as an emerging target for PD disease altering
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therapeutics.

1.7 G Protein-Coupled Receptors
GPCRs constitute the largest class of membrane receptors with over 800 encoded in the
human genome (Gloriam et al., 2007; Gutierrez & McDonald, 2018; Schülein et al., 2012). These
proteins are characterized by seven membrane spanning α-helices and mediate numerous cellular
functions (Gutierrez & McDonald, 2018). This class of receptors have become one of the most
important pharmacological targets for modern drug discovery (Belmonte & Blaxall, 2011; Du &
Xie, 2012; Ghanemi, 2015; Lappano & Maggiolini, 2011). Approximately 34% of marketed drugs
target GPCRs (Azam et al., 2020) and there is substantial evidence that GPCRs contribute to the
pathogenesis of neurodegenerative diseases such as AD, HD, PD, and MS (Guerram et al., 2016;
Huang et al., 2017; Ribeiro et al., 2017). Several GPCR classes have been of particular interest as
targets for neurodegenerative disease therapies, including adenosine, dopamine, acetylcholine,
cannabinoid, serotonin, and metabotropic glutamate receptors (Guerram et al., 2016).
Therefore, there has been substantial research on the structure and mechanistic roles of
GPCRs. Once stimulated, GPCRs couple to intracellular heterotrimeric G-proteins to mediate GDP
for GTP, activating the Gα subunit (Hamm, 1998). This activation leads to dissociation of the Gα
subunit from both the GPCR and the Gβγ subunits, which can now regulate downstream signaling
by binding to downstream effectors (Hamm, 1998). This signaling pathway is terminated when
GPCR kinase (GRK) phosphorylates the GPCR, which enables binding to arrestin, leading to
either recycling, degradation, or signaling through arresting-mediated pathways (Ferguson, 2001;
Gurevich & Gurevich, 2006; Zhou et al., 2019).
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Figure 1.10: Once stimulated, GPCRs couple to intracellular heterotrimeric G-proteins to mediate (A) GDP for (B)
GTP, activating the Gα subunit, leading to the dissociation of the Gα subunit from both the GPCR and the Gβγ subunits.
These subunits can now regulate downstream signaling by binding to downstream effectors. Created with
BioRender.com.

GPCRs can be further divided into ionotropic and metabotropic glutamate receptors. The
former are ligand-gated ion channels that promote rapid excitatory neurotransmission (Dingledine
et al., 1999), while the later are C GPCRs that promote the Gα-βγ uncoupling described above
(Conn & Pin, 1997; Gerber et al., 2007; Hamm, 1998; Pin et al., 2003; Ribeiro et al., 2011).
Uncoupling Gα-βγ subunits leads to several downstream effects including regulation of ion
channels, increased intracellular second messenger levels and stimulation of G proteinindependent pathways (Conn & Pin, 1997; Gerber et al., 2007; Pin et al., 2003; Ribeiro et al.,
2011). Importantly, in all cases, mGluRs form dimers (with the subunits linked by a disulphide
bridge), which is essential for proper functioning (Kniazeff et al., 2011).
Eight subtypes of mGluRs have been identified (Conn & Pin, 1997; Gerber et al., 2007; Pin
& Duvoisin, 1995), with mGlu4 (mainly presynaptic) and mGlu5 (mainly postsynaptic) being
heavily investigated as potential targets for various diseases and disorders (Bogenpohl et al., 2013;
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Bradley et al., 1999; Conn & Pin, 1997; Jenkins et al., 2016; Niswender & Conn, 2010; Sheffler
et al., 2011). For this thesis, we chose to focus upon the metabotropic glutamate receptors, in
particular, mGluR5. This decision was based upon an abundance of previous pre-clinical PD, AD,
and HD research done in our labs which found that targeting mGluR5 can improve behavioural
deficits, clear protein aggregates, regulate autophagy processes, decrease inflammatory responses,
and promote re-innervation (Abd-Elrahman et al., 2017, 2018, 2019, 2020a, 2020b; Abd-Elrahman
& Ferguson, 2019; Farmer et al., 2020; Hamilton et al., 2014, 2016).

1.7.1 Metabotropic Glutamate Receptors (mGluRs) & Neurodegeneration
mGluRs are predominantly expressed in neuronal cells (Biber et al., 1999; Condorelli et al.,
1997; Makoff et al., 1996; Mineff & Valtschanoff, 1999; Ohishi et al., 1993, 1994; Petralia et al.,
1996; Schools & Kimelberg, 1999; Tanabe et al., 1993; Testa et al., 1994), with Group I mGluRs
(mGluR1, mGluR5) mostly located post-synaptically surrounding ionotropic receptors, and Group
II (mGluR2, mGluR3) and III (mGluR4, mGluR6, mGluR7, mGluR8) mostly located presynaptically (Abdul-Ghani et al., 1996; Baude et al., 1993; Dhami & Ferguson, 2006; Luján et al.,
1996; Schoepp, 2001; Shigemoto et al., 1993, 1997). mGluR3 and mGlur5 are also widely
described as being expressed in glial cells (Biber et al., 1999; Condorelli et al., 1997; Makoff et
al., 1996; Mineff & Valtschanoff, 1999; Ohishi et al., 1993, 1994; Petralia et al., 1996; Schools &
Kimelberg, 1999; Tanabe et al., 1993; Testa et al., 1994) and are upregulated in reactive astrocytes
(Eleonora Aronica et al., 2000; Dolan et al., 2003; Ferraguti et al., 2001). There have also been
reports of mGluR1 (Silva et al., 1999) mGluR4 (Besong et al., 2002) in cultured astrocytes,
although this result is controversial as other groups have reported the opposite that mGluR4 was
not in cultured astrocytes (Biber et al., 1999; Ciccarelli et al., 1997). Additionally, cultured
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microglia have shown expression of mGluR2, mGluR3, mGluR4, mGluR5, mGluR6 and mGluR8
(Biber et al., 1999; Taylor et al., 2002, 2003, 2005).
Due to the modulatory role of mGluRs in neuronal and glial cells (Niswender & Conn, 2010),
it is not surprising that alterations in their signaling have been associated with many
neurodegenerative disease such as AD (Hsieh et al., 2006; Renner et al., 2010; Shankar et al., 2007;
Snyder et al., 2005), HD (Anborgh et al., 2005; Baskys et al., 2005; Calabresi et al., 1999; Reiner
et al., 2012; Ribeiro et al., 2010; Ribeiro et al., 2014; Schiefer et al., 2004; Tang et al., 2003) ALS
(Anneser et al., 1999; Aronica et al., 2001; Brownell et al., 2015; Milanese et al., 2021; Valerio et
al., 2002), and PD (Agari et al., 2008; Amalric et al., 2013; Beurrier et al., 2009; Farmer et al.,
2020; Lopez et al., 2007; Ossowska et al., 2005; Sibille et al., 2007; Turle-Lorenzo et al., 2005).
In the case of AD, mGluR5 may act as an extracellular scaffold for Aβ oligomers, promoting the
clustering of mGluR5, upregulating intracellular Ca2+ release, and inhibit autophagy, leading to
cognitive dysfunction (Abd-Elrahman et al., 2018; Hamilton et al., 2016; Renner et al., 2010;
Sokol et al., 2011; Um et al., 2013). In HD, Group I mGluRs have been shown to work together
with NMDARs to increase intracellular Ca2+ concentration (Ribeiro et al., 2010; Tang et al., 2003),
as well as interact with huntingtin (Anborgh et al., 2005; Ribeiro et al., 2010). Additionally,
depending on the neuronal type and paradigm, Group I mGluRs can contribute to either
neuroprotection or exacerbate neuronal death (Bruno et al., 2001). On the other hand, Group II/III
have been shown to mediate negative feedback for glutamate release (Calabresi et al., 1999). In
ALS, Group I mGluRs have been reported as overexpressed in the spinal cord of ALS patients
(Anneser et al., 1999; Aronica et al., 2001; Brownell et al., 2015; Valerio et al., 2002) and are
abnormally sensitive to mGluR1/5 treatment in SOD1G93A mice (Milanese et al., 2021).
Evidence that mGluRs may be good drug targets for PD comes from a variety of different
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animal models and human trials (Agari et al., 2008; Amalric et al., 2013; Beurrier et al., 2009;
Farmer et al., 2020; Lopez et al., 2007; Ossowska et al., 2005; Sibille et al., 2007; Turle-Lorenzo
et al., 2005). First, is the fact that the loss of dopaminergic neurons in PD is associated with
excessive glutamatergic neuron activity in affected nigrostriatal and motor cortical regions (Chase
et al., 2003; Greenamyre, 2001; Gubellini et al., 2002, 2004). These observations have prompted
studies that further refined a focus on mGluR4 and mGluR5. In this regard, selective mGluR4
agonists have been tested for the treatment of PD with primary aims to delay degeneration of the
SNc and improve motor symptoms (Agari et al., 2008; Amalric et al., 2013; Beurrier et al., 2009;
Lopez et al., 2007; Sibille et al., 2007). Additionally, allosteric modulators of mGluR5 including
MPEP, MTEP, and (2-chloro-4-[2[2,5-dimethyl-1-[4-(trifluoromethoxy) phenyl] imidazol-4-yl]
ethynyl] pyridine (CTEP) have been shown to positively affect outcomes in 6-OHDA lesion rodent
models of PD (Farmer et al., 2020; Ossowska et al., 2005; Turle-Lorenzo et al., 2005).

1.7.2 Functional Regulation and Potential Signaling Pathways Activated by mGluR5
As a Group I mGluR, mGluR5 is predominantly expressed post-synaptically in excitatory
terminals of neurons (Bogenpohl et al., 2013; Bradley et al., 1999; Conn & Pin, 1997; Jenkins et
al., 2016; Niswender & Conn, 2010; Sheffler et al., 2011) where it modulates neuronal excitability
(Baude et al., 1993; Luján et al., 1996; Shigemoto et al., 1993, 1997). mGluR5 is widely expressed
in both the cortex and basal ganglia structures, such as the striatum (Ribeiro et al., 2012; Shigemoto
et al., 1993), both of which are affected in PD. mGluR5 couples to Gαq heterotrimeric G proteins
to activate phospholipase Cβ (PLCβ) resulting in the hydrolysis of membrane phospholipids to
diacylglycerol (DAG) and inositol 1,4,5 trisphosphate (IP3), which stimulates the release of Ca2+
from intracellular stores (Conn & Pin, 1997; Ferguson, 2007). In the plasma membrane, DAG and
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Ca2+ activate protein kinase C (PKC), which is thought to further activate phospholipase A2 (PLA2),
phospholipase D (PLD), and MAPKs (Hermans & Challiss, 2001). mGluR1 and 5 also interact
with Homer proteins to activate several signaling pathways as binds to IP3, Shank proteins (part
of the NMDAR complex), and ryanodine receptors (Husi et al., 2000; Tu et al., 1998, 1999).
Importantly, the coupling of Group 1 mGluRs to Akt activation via Homer promotes
neuroprotection through PI3K and phosphoinositide-dependent kinase (PDK1) signaling (Hou &
Klann, 2004; Rong et al., 2003). Group 1 mGluRs can also promote neuroprotection by promoting
ERK signaling, facilitated by IP3-stimulated Ca2+ release, proline-rich tyrosine kinase 2 ( Pyk2),
and Homer proteins (Mao et al., 2005; Nicodemo et al., 2010).
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Figure 1.11: mGluR5 couples to Gαq heterotrimeric G proteins to activate phospholipase Cβ (PLCβ) resulting in the
hydrolysis of membrane phospholipids to diacylglycerol (DAG) and inositol 1,4,5 trisphosphate (IP3), which
stimulates the release of Ca2+ from intracellular stores. In the plasma membrane, DAG and Ca2+ activate protein kinase
C (PKC), which activates ERK 1/2. Created with BioRender.com.
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In astrocytes, mGluR5 signaling triggers IP3 formation, leading to an upregulation of
intracellular Ca2+and apoptosis (Biber et al., 1999; Miller et al., 1995; Paquet et al., 2013; Pasti et
al., 1997) as well as activation of MAPK pathways and PLD signaling (Peavy & Conn, 1998;
Servitja et al., 1999). Paquet et al. (2013) investigated the role of mGluR5 and apoptosis by
observing the response of primary cortical astrocytes following oxygen glucose deprivation (OGD).
The authors were able to show that following OGD, mGluR5 turnover or protein translation was
altered and the increase in expression of mGluR5 was correlated to an increase in IP formation.
Interestingly, they also found that upregulation of ERK1/2 that followed OGD was likely
independent of the changes in mGluR5 expression. Alternatively, in microglia, mGluR5 signaling
can inhibit inflammation and neurotoxicity as described by Byrnes et al. (2009). Here the authors
found that mGlur5 can inhibit several inflammatory markers such as nitric oxide (NO), TNFα,
ROS production and Galextin-3.

1.7.2.1 mGluR5 Orthosteric and Allosteric Binding and Signaling
mGluR5 has two main binding pockets, the orthosteric binding pocket found in the Venus
flytrap domain (VFTD) and the allosteric binding pocket found within the 7 trans-membrane
domains (7TMD) (Mølck et al., 2014). Finding orthosteric ligands that are subtype-selective has
been difficult due to highly conserved sequences within the mGluR groups (Brauner-Osborne et
al., 2006; Wellendorph & Bräuner-Osborne, 2009). For Group I mGluRs, this is especially difficult
as the residues in the orthosteric binding site of mGluR1 and mGluR5 are 100% conserved (Mølck
et al., 2014). Despite the difficulties surrounding finding ligands that are selective for mGluR5, it
has been proposed that it may be possible to identify a selective orthosteric antagonist to prevent
closure of the VFTD (Topiol et al., 2011). 3-dihydroxyphenylglycine (DHPG) was one of the
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earlier orthosteric agonists developed for Group I mGluRs, acting on both mGluR1 and mGluR5
(Schoepp et al., 1994). CHPG is another orthosteric agonist for mGluR5; however, CHPG has
been shown to have weaker efficacy than DHPG (Schoepp et al., 1999).
Alternatively, allosteric ligand binding has been quite successful and provided a way to
develop ligands with subtype selectivity (Brauner-Osborne et al., 2006) and less sensitization
relative to orthosteric modulators (Flor & Acher, 2012; Gao & Jacobson, 2013; Lu et al., 2014).
In 1999, negative allosteric modulators were first identified for mGluR5 (Gasparini et al., 1999;
Varney et al., 1999) and the discovery and development of other allosteric ligands such as silent
allosteric modulators (SAMs) and positive allosteric modulators (PAMs) soon followed
(Hammond et al., 2010; Kinney et al., 2005; O’Brien et al., 2003, 2004; Porter et al., 2005; Ritzén
et al., 2009; Rodriguez et al., 2005, 2012). NAMs inhibit ligand binding/activity in a noncompetitive manner, SAMs are compounds that bind but do not modulate activity, and finally,
PAMs enhance ligand binding/activity (Gregory et al., 2013).
Although there are many attractive qualities that suggest allosteric modulators are good drug
targets, there are also a few issues that make these ligands problematic as drug targets. For example,
several mGluR5 PAMs show NAM activity on other subtypes such as mGluR3, 4, and 8 (O’Brien
et al., 2004; Rodriguez et al., 2010) and some mGluR5 NAMs show PAM activity on mGluR4
(Mathiesen et al., 2003), demonstrating the complexity of cross-group activity for some of these
ligands. Additionally, it has been previously shown that single point mutations can alter the mode
of pharmacology by converting a PAM to a NAM, for example (O’Brien et al., 2003; Rodriguez
et al., 2005; Wood et al., 2011). Fukuda et al. (2009) showed that the F801A point mutation in
trans-membrane 6 converted an antagonist YM-298198, into a PAM, while Gregory et al. (2013)
showed that the T780A mutation in trans-membrane 6 and S808A in trans-membrane 7 induced a
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molecular switch, turning VU0405398 and VU041505, mGluR5 PAMs, into a robust NAM and a
neutral ligand, respectively. This is particularly important to consider because as drugs are
metabolised similar alterations in the chemical structure of compounds can occur (Mølck et al.,
2014).
1.7.2.2 mGluR5 Positive and Negative Allosteric Modulators (PAMs & NAMs)
PAMs have been tested pre-clinically with relative success, particularly to improve cognition
and reduce psychotic-like effects in animal models (Xiang et al., 2019). Biochemically, a key area
of focus for PAMs has been on the impact of modulation of NMDAR upon hippocampal longterm potentiation and cognitive functioning (Collingridge et al., 2013; Morris et al., 1986; Tang et
al., 1999). Treatment with mGluR PAMs have also been explored as potential therapeutics for
schizophrenia, by targeting NMDAR hypofunction (Conn et al., 2009; Hammond et al., 2010; Liu
et al., 2008; Nickols & Conn, 2014; Menniti et al., 2013). As such, mGluR5 PAMs including as
VU0092273 (Rook et al., 2015; Noetzel et al., 2013) and VU-29 (Ayala et al., 2009; Chen et al.,
2007) have received attention for their abilities to induce long-term potentiation at Schaffer
collateral CA1 cells in the hippocampus. While VU0092273 can also potentiate LTP at CA1
pyramidal cells (Rook et al., 2015), VU-29 is unable to stimulate coupling to NMDAR in CA1
pyramidal cells (Xiang et al., 2019). Studies on schizophrenia have also demonstrated behavioural
improvements following treatment with PAMs, including improved performance on Morris water
maze (Ayala et al., 2009), novel object recognition (Uslaner et al., 2009), and T-maze (Darrah et
al., 2008; LaCrosse et al., 2015; Stefani & Moghaddam, 2010).
The discovery of the mGluR5 NAMs, MPEP (Gasparini et al., 1999), MTEP (Cosford et al.,
2003) and fenobam (Porter et al., 2005) contributed to the push for research to investigate the
therapeutic potential of mGluR5 (Spooren et al., 2001). On the whole, mGluR5 NAMs have been
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promising for brain-based diseases as glutamatergic hyperfunction in several brain areas including
the neocortex (Berry-Kravis et al., 2009; Dölen et al., 2010; Gomez-Mancilla et al., 2014; Gregory
et al., 2011; Nickols & Conn, 2014), basal ganglia (Gregory et al., 2011; Johnson et al., 2012;
Nickols & Conn, 2014), and limbic system (Palucha & Pilc, 2007; Pecknold et al., 1982; Swanson
et al., 2005). Preclinically, these compounds showed promise for a variety of conditions including
anxiety, depression, PD, HD, pain, addiction, and fragile X syndrome (Gasparini et al., 2008;
Jaeschke et al., 2008). But it is important to note that these compounds have also demonstrated
low metabolic stability and short half-lives, which translates to increased dosing frequency
(Lindemann et al., 2011).

1.7.2.3 CTEP as a Promising Negative Allosteric Modulator
CTEP is an orally bioavailable selective mGluR5 NAM with an 18-hour half-life in mice,
which translates into dosing every 48 hours (Lindemann et al., 2011). Importantly, Lindemann et
al. (2011), reported that CTEP has a 30-100 fold high in vivo potency relative to MPEP and
fenobam, is greater than 1000 fold selective for mGluR5, and has around 100% oral bioavailability.
For this reason, CTEP is an attractive compound for preclinical use as it can be administered orally
and on alternating days, reducing the stress that could be placed on animals with more frequent
handling or more invasive administration methods like injections. Administration of CTEP has
been shown to alter autophagy processes in previous studies using toxin based mouse models of
PD (Farmer et al., 2020), and transgenic models of HD (Abd-Elrahman et al., 2017; Abd-Elrahman
& Ferguson, 2019), and AD (Abd-Elrahman, et al., 2020a; Abd-Elrahman, et al., 2020b).
Lindemann et al. (2011) conducted a variety of experiments to characterize CTEP as a
novel NAM for mGluR5. These experiments demonstrated that CTEP binds to mGluR5 with high
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affinity and low species difference (Kd = 1.7, 1.8, and 1.5nM; human, mouse, and rat, respectively)
and alters receptor configuration thereby inhibiting overall activity. As just mentioned, CTEP is
more potent than MPEP and the authors were able demonstrate that CTEP fully displaces MPEP
in competition binding experiments. CTEP is also able to displace MTEP, fenobam, and ABP688,
which suggests that it acts on the same binding pocket as these other compounds. Furthermore, in
the same study the authors demonstrated that orthosteric ligands, glutamate, quisqualate, S4C3HPG, and S-DHPG are unable to displace CTEP from mGluR5.
Treatment with CTEP in animal models has been consistently able to reduce the
phosphorylation of PDK1, AKT, and mTOR, resulting in increased autophagy processes through
a variety of mechanisms (Abd-Elrahman et al., 2017, 2018, 2019, 2020a, 2020b; Abd-Elrahman
& Ferguson, 2019). These studies have generally shown increased clearance of toxic protein
aggregates following chronic CTEP administration. Recently, Abd-Elrahman & Ferguson (2019)
characterized a proposed mechanism by which autophagy can be initiated in a zQ175 mouse model
of HD. They demonstrated that in zQ175 animals, Unc-51 Like Autophagy Activating Kinase 1
(ULK1) is inhibited, which is likely due to increased PDK1/Akt/mTOR signaling. This in turn,
inhibits autophagy processes from proceeding, enabling the aggregation of mutant huntingtin.
Following chronic treatment with CTEP, altered PDK1/Akt/mTOR signaling was brought back to
WT levels, decreasing the inhibitory phosphorylation of ULK1 at S757, and autophagy was
initiated. Previously, Abd-Elrahman et al. (2017), characterized both the Zinc Finger And BTB
Domain Containing 16- (ZBTB16) and ULK1-dependent mechanisms of autophagy. Here, the
authors found that autophagy was inhibited in zQ175 animals due to the phosphorylation of
glycogen synthase kinase-3β (GSK-3β), thereby stabilizing ZBTB16 and prompting the
degradation of autophagy related 14 (ATG14). Following chronic CTEP treatment,
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phosphorylation of GSK-3β was reduced, activating GSK-3β and reducing ZBTB16 expression.
Accordingly, Atg14 was able to accumulate, which, together with a reduction in p62, suggests that
autophagy was initiated and cleared the huntingtin aggregates.

Figure 1.12: mGluR5 negative allosteric modulation with CTEP promotes autophagy. (A) Chronic treatment with
CTEP decreases PDK1/AKT/mTOR signaling, which decreases the inhibitory phosphorylation of ULK1 at S757,
initiating autophagy. (B). Chronic treatment with CTEP reduces phosphorylation of GSK-3β, activating GSK-3β and
reducing ZBTB16 expression. Atg14 accumulates initiating autophagy, which is further supported by a reduction in
p62. Created with BioRender.com.
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Additionally, several groups have demonstrated reduced motor and cognitive impairment
following chronic CTEP administration, which suggests mGluR5 inhibition can potentially
translate to an observable change in phenotype in HD (Abd-Elrahman et al., 2017), PD (Farmer et
al., 2020), AD (Abd-Elrahman et al., 2019), and ALS (Milanese et al., 2021). Abd-Elrahman et al.
(2017), Farmer et al. (2020), and Milanese et al. (2021) all observed motor improvements
following CTEP treatment. However, there have been differential results depending the sex of the
animal and the dose. Milanese et al. (2021) found that in motor coordination tasks including
rotarod and balance beam, females receiving both low (2mg/kg) and high (4mg/kg) doses of CTEP
showed significant improvement relative to vehicle treated animals, whereas males only showed
significant improvement following the high dose. A similar trend was observed on extension reflex,
gait, and hindlimb and forelimb muscle strength tests. Sex differences were also observed by AbdElrahman et al. (2019), demonstrating that treatment with CTEP improved male APPswe/PS1ΔE9
mice cognitive function, but showed no such improvement in females. Together these findings are
interesting, as they demonstrate the complexities of allosteric modulation of mGluRs across
different diseases. While females do not appear to benefit from CTEP treatment in AD transgenic
mice, ALS female transgenic mice did respond better to CTEP than their male counterparts.
Considering the above, our goal is to further explore mGluR5 as a potential therapeutic target
in a novel mouse model of PD via negative allosteric modulation with CTEP, particularly as we
investigate the autophagy hypothesis.
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1.8 Hypothetical Statement and Specific Aims
1.8.1 Hypothesis
We hypothesize that pairing α-synuclein over-expression using an adeno virus (a-Syn WT
AV) with human α-synuclein pre-formed fibrils (PFFs), will induce motor impairment and
pathological hallmarks of PD, yielding a preclinical model that can be used to test the efficacy
of mGluR5 NAM treatment. We propose that treatment with CTEP, a mGluR5 NAM, will prevent
the onset of disease phenotype and reduce pathological features in the virus-fibril mouse model by
promoting functional motor recovery following pathology. Any potential sex-specific differences
in disease progression and response to drug treatment will also be assessed.

1.8.2 Specific Aims
This thesis will explore the following specific aims across the next four chapters:
Specific Aim 1: Characterize a Novel Virus-Fibril Inducible Mouse Model of PD
The aim of Study 1 was to characterize a novel mouse model of PD to evaluate its efficacy in
capturing both the motor and pathological features of the disease. This model involved pairing
viral infusion with a-synuclein fibril injection in an effort to illicit progressive motor deficits.

Specific Aim 2: Pilot CTEP as a Protective Therapeutic in a Novel Virus-Fibril Inducible
Mouse Model of PD
The aim of Study 2 was to assess the therapeutic potential of a mGluR5 NAM, CTEP, in the context
of the virus-fibril inducible model. For this study, we aimed to assess the protective abilities of
CTEP by using CTEP administration prior to any observed motor impairment and then assessing
disease progression.
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Specific Aim 3: Assess CTEP as a Recovery Therapeutic in a Novel Virus-Fibril Inducible
Mouse Model of PD
The aim of Study 3 was to again assess the therapeutic potential of CTEP, but, for this particular
study we aimed to assess the recovery abilities of CTEP on the disease. Hence, CTEP treatment
commenced after motor impairment has already occurred and we then sought to assess whether
chronic administration of CTEP can promote motor recovery and ameliorate pathological asynuclein induced outcomes.

Specific Aim 4: Sex Differences in a Novel Virus-Fibril Inducible Mouse Model of PD
The aim of Study 4 was to assess any sex related differences in disease progression and or response
to CTEP. We aimed to characterize any sex-dependent differences between disease progression
and if chronic CTEP administration could induce recovery from behavioral pathology.
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Chapter 2: General Methods
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2.1 Materials
2.1.1 Reagents
CTEP was purchased from Axon Medchem (1972). Horseradish peroxidase (HRP)conjugated antirabbit IgG secondary and rabbit anti-rS6 (pS240/244, 5364) antibodies were from
Cell Signaling Technology. Rabbit anti-α-synuclein (pS129, 51253), -α-synuclein (52168), synaptophysin (32127), and -IBA1 (178847) antibodies were from Abcam. Rabbit anti-TH
(AB152) antibody was from Sigma-Aldrich.
2.1.2 Animals
Male and female WT Charles River C57BL6 mice, aged 10-12 weeks old, served as the
experimental subjects for this thesis. All animals were single housed in standard mouse cages with
unrestricted access to food and water for the duration of the study. Animals were housed in a
reverse light cycle behaviour room and a level 2 containment facility (for a one-week duration
around each surgical procedure to minimize stress during pre-operative, operative, and postoperative periods) for the duration of the study. The reverse light cycle consisted of a lights off
period from 6am – 6pm (during standard time) or 7am – 7pm (during daylight savings time). Both
the behaviour housing and CL2 facilities were temperature and humidity-controlled rooms.
Animal use and all procedures were approved by the University of Ottawa Animal Care Committee
and followed the guidelines of the Canadian Council on Animal Care.

2.2 Virus and Fibril Preparation
2.2.1 Virus Preparation
The Park lab generated both adenoviruses (AVs) used for this experimental protocol in
accordance with the methods described by Stefanis et al. (2001). The enhanced green fluorescent
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protein (EGFP) AV was prepared at 7.5 x 1010 genome copies (denoted as IVP) and the α-Syn WT
AV was prepared at 2.8 x 1011 IVP. Both viruses were diluted to 8.8x108 IVP/mL for model
consistency with titre dilutions described by Thakur et al. (2017)
2.2.2 Fibril Preparation
1 mg aliquots of Human α-synuclein Monomer Protein for Making Pre-Formed Fibrils were
purchased from Proteos (cat. RP003) and generated over a seven-day period. Aliquots were thawed
on ice for approximately 3 hours. Once thawed, aliquots were centrifuged at 4°C and 14.8k RPM.
The supernatant was obtained and transferred into an autoclaved 1.5 mL microcentrifuge tube.
Protein concentration of each aliquot was determined by a NanoDrop 2000 Spectrophotometer
using the A280 protein method. 2μL of 10x DPBS was used as a blank, followed by 2μL of sample.
Beer’s law was used to measure concentration (ε = 5960; kDa = 14.6). PFFs were diluted into 10x
DPBS for a final concentration of 5mg/mL. Tubes were vortexed for 3 seconds and lids were
locked to prevent opening during the shaking process. Tubes were placed in an Eppendorf
Thermomixer R at 37°C. PFFs were shaken for 7 days (168 hours) at 1000 RPM. Following
shaking period, PFFs were aliquoted into 25μL samples using gel loading pipet tips. Aliquots were
frozen on dry ice and stored at -80°C until use in experiments.

2.3 Stereotaxic Surgery
Animals were anesthetized with 5% isoflourane then administered 1mL of saline and 7mg/kg
carprofen subcutaneously. Animals were shaved, and prepped using 70% isopropanol, surgical
soap, and chlorhexidine. Animals were maintained under 1.5-2% isoflourane for ~20 minutes.
Animals were secured in the Kopf Instruments Model 900LS Small Animal Stereotaxic Instrument
using xylocaine (2% lidocaine hydrochloride topical solution, AstraZeneca) coated ear bars. A
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~1cm incision was made along the center of the head to expose the skull, where a 1.5mm diameter
hole was drilled at x=-1.2mm and y=-3.2mm relative to bregma on the right hemisphere, marking
the site of a unilateral injection into the right substantia nigra. A 10μL 22s-guage Hamilton
Gastight syringe (series 1700) was used to infuse 2μL of either saline, EGFP adenovirus (8.8 x108
IVP/mL), α-Syn WT adenovirus (8.8 x108 IVP/mL), or α-syn preformed fibrils (5mg/mL) into the
SNc (4.6mm below the skull surface). A Harvard Apparatus picopump 11 single syringe was used
to ensure constant infusion over 2 minutes (rate 1μL/minute). Following the injection, the injection
was left in place for 5 minutes to allow for the solution to be absorbed and was then slowly removed.
The incision was closed with 3M Vetabond tissue adhesive and 1mL of 5% bupivacaine (topical
anesthetic) was administered over the incision site at the time of closure and again 4-6 hours
following surgery. Animals were removed from the stereotaxic frame and placed in recovery cages
with fresh bedding, half-on half-off a 37°C circulating water heating pad until they resumed regular
activity. Animals were monitored 2x daily for 3 days for signs of distress and weight loss, followed
by 1x daily for 4 days. The majority of animals were back to or exceeding their starting weight
within 2 days of the procedure.

2.4 Drug Preparation and Administration
CTEP was purchased from Axon Medchem. No name chocolate fudge pudding (100 mL) was
mixed with 400μL 10% DMSO (vehicle) or 25mg of CTEP dissolved in 400μL of 10% DMSO.
No name chocolate fudge pudding was used to remain consistent with previous experiments using
this vehicle of administration and previous work in our lab that indicated a preference for chocolate
over vanilla pudding. Animals were weighed weekly in the morning to calculate appropriate dose
(2mg/kg), which typically ranged from 0.20mL to 0.35mL. Vehicle and CTEP pudding were
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administered every 48 hours and the pudding was fully consumed within 30 seconds of
administration on average.

2.5 Behaviour Testing
All testing was performed beginning 2 hours after the beginning of the animals’ dark cycle.
Animals were housed in a reverse light cycle room so that all behaviour tests were done during the
awake cycle instead of the sleep cycle because we were primarily assessing motor behaviour. We
elected to make this housing accommodation to minimize any confounds that may arise from
testing motor behaviour and locomotion during a period where animals are typically inactive.
Animals were habituated in the testing room for 30 minutes before testing.
2.5.1 Open Field
Mice were placed in the corner of an opaque, illuminated (~300 lux), white box (45 cm x 45
cm x 45 cm) and allowed to explore for 10 min. Activity was monitored using an overhead camera
fed to a computer in a separate room and analyzed using the Noldus EthoVision 10 software. The
distance traveled and velocity of each mouse in the open box were determined.
2.5.2 Rotarod
Mice were introduced to the rotarod apparatus (IITC) by habituating them on the still rotarod
for 3 min on the first day. Mice were then tested for a maximum of 5 min in four trials daily at an
accelerating speed (from 4 to 45 rpm in 300 seconds) for 2 consecutive days, with 10-min breaks
between each trial. If the mice fell in the first 10 seconds of training, then they were placed back
on the apparatus immediately, up to three times. The latency to fall, revolutions per minute of
falling, and distance traveled on the rod were recorded, and the average value obtained from the
four trials of the second day was used for analysis.
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2.5.3 Grip Strength
Mice were held over the triangular grid of the Chatillon DFE II (Columbus Instruments) grip
strength meter until it had a firm grip on the bar. The mouse was then pulled horizontally away
from the bar at a speed of ~2.5 cm/s until it released the bar. The value of the maximal peak force
was recorded. Each mouse underwent six trials, with an intertrial interval of 5 to 10 s (AbdElrahman et al., 2017).
2.5.4 Horizontal Ladder
A horizontal ladder is used to assess forelimb and hindlimb placement and coordination. Mice
were trained (one trial) and tested (three trials) to walk on a horizontal ladder (composed of two
clear Plexiglas walls (69.5 cm x 15 cm) containing 121 metal rungs (0.15 cm in diameter and 2 cm
from the bottom of the wall) and spaced regularly (1 cm apart) or irregularly (0.5 to 2.5 cm apart).
Test trials were video- recorded, and the number of successful and slips or missed steps, as well
as the latency to complete the task, was quantified. Data were interpreted as percent error, which
represents the percentage of slips or missed steps of the total number of steps required to cross the
ladder.

2.6 Euthanasia
Animals were randomly assigned to perfusion or cervical dislocation methods of euthanasia.
2.6.1 Cervical Dislocation
Whole brains were collected from animals sacrificed by cervical dislocation and further
dissected on ice (right and left cortex, right and left striatum). Brain tissue was flash frozen on dry
ice and stored at -80°C.
2.6.2 Perfusion
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Animals were administered 130mg/kg weight sodium pentobarbital as an anesthetic prior to
opening the chest cavity and exposing the heart for perfusion protocol. The initial incision (~ 0.5cm)
was made just below the sternum with secondary incisions made from the sternum to the neck on
either side of the body, cutting through the rib cage on both sides. The exposed diaphragm was cut
horizontally, without cutting the heart or lungs. The sternum was clipped with hemostats to keep
the heart exposed throughout the procedure. The needle (25G) at the end of the pump line was
inserted into the left ventricle and the right ventricle was cut with surgical scissors. Blood was
flushed with ~28mL of 1x PBS, followed by ~50mL of 4% PFA to fix the tissue. Brains were
either post fixed in 4% PFA for 24 hours, transferred to 10% sucrose and then transferred to 30%
sucrose 48 hours after euthanasia or brains were post-fixed in 4% PFA for at least 48 hours before
being transferred to 70% ethanol for paraffin embedding.

2.7 Immunohistochemistry
Formalin fixed paraffin embedded brain tissue was sliced into 5μm thick sections and mounted
on slides. Every seventh slice was selected for each stain (i.e. slice 1: phosphorylated α-synuclein,
slice 2: α-synuclein, slice 3: TH, etc. see Table 2.1). This pattern was repeated until there were six
slices per stain per animal mounted for analysis (6 x 6 x n). IHC staining was performed using the
Leica BondTM system using a modification of protocol F that eliminates the post primary step when
using rabbit antibodies on mouse tissue. Sections stained with antibodies (Table 2.2) were pretreated using either heat mediated antigen retrieval with EDTA buffer (pH 9.0, epitope retrieval
solution 2) or sodium citrate buffer (pH 6.0, epitope retrieval solution 1) for 20 minutes. The
sections were then incubated using a 1:1000 dilution for 30 minutes at room temperature and
detected using an HRP conjugated compact polymer system. Slides were then stained using DAB
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as the chromogen, counterstained with Hematoxylin, mounted and cover slipped. Whole slides
were imaged using a Zeiss Axio Scan.Z1 scanner. Zen 3.2 Blue was used to select three random
300x300µm2 areas were per brain region of interest. This was repeated on both sides of the brain.
Selected images were quantified with ImageJ.

2.8 Statistical Analysis
Means ± SEM are shown for each of independent experiments are shown in the various figure
legends. Graph- Pad Prism software was used to analyze data for statistical significance. Statistical
significance was determined by a series of one-way ANOVAs (Chapter 3) or 2-way (2 [injection]
x 2 [drug treatment]) ANOVAs (Chapters 4-6), followed by Tukey’s multiple comparisons for the
significant main effects or interactions.

2.9 Experimental Timelines
2.9.1 Chapter 3 Experimental Timeline
Male WT (n=48) C57BL6 mice were split into four groups (Table 2.3). Animals were subject
to two IC injections, four weeks apart. Injection type was indicated by group allocation, with the
first injection consisting of either an empty vector adeno virus (EGFP), a wildtype α-synuclein
over expressor adeno virus (α-Syn AV), or α-synuclein pre-formed fibrils (FIB). The first injection
was administered at 10-12 weeks of age and signified the start of the study. The second injection
was administered 28 days following IC Injection 1 and consisted of either saline (groups 1-3) or
FIB. Animals were subject to a battery of behaviour tests in 4-week intervals, beginning just prior
to IC Injection 2 (BL timepoint) and ending 16 weeks following IC Injection 2 (W16 timepoint).
Following W16 behaviour testing, animals were euthanized via cervical dislocation (n=24) or by
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perfusion (n=24) with PBS and 4% PFA. Brain tissue was collected for biochemical analysis and
animals were discarded in accordance with the University of Ottawa Animal Care Committee
policies (Figure 2.1).
2.9.2 Chapter 4 Experimental Timeline
Animals were split into two groups: EGFP/Saline (n=25), or α-syn AV/FIB (n=25). Animals
were subject to two IC injections, four weeks apart. Injection type was indicated by group
allocation, with the first injection consisting of either an empty vector adeno virus (EGFP), or a
wildtype α-synuclein over expressor adeno virus (α-Syn AV). The first injection (IC Injection 1)
was administered at 10-12 weeks of age and signified the start of the study. The second injection
(IC Injection 2) was administered 28 days following IC Injection 1 and consisted of either saline
(n=25) or α-synuclein pre-formed fibrils (FIB) (n=25). Animals were subject to a battery of
behaviour tests 3 weeks following IC Injection 1. During this time, animals were also trained to
eat no name brand chocolate pudding. To do so animals were given 0.20mL of pudding for three
consecutive days, then every second day for the remainder of the week. Pudding was administered
at 2-3 hours after any behaviour testing. Drug treatment began the week of IC Injection 2 - animals
were further split into 4 groups (Table 2.4) and administered 2mg/kg of regular (vehicle treatment)
or CTEP (CTEP treatment) pudding, every 48 hours at a for the duration of the study. Behaviour
testing occurred in 6-week intervals (BL, 6 weeks Treatment, 12 weeks Treatment, and 18 weeks
Treatment). Following W18 behaviour testing, animals were euthanized via cervical dislocation
(n=25) or by perfusion (n=25) with PBS and 4% PFA. Brain tissue was collected for biochemical
analysis and animals were discarded in accordance with the University of Ottawa Animal Care
Committee policies (Figure 2.2).
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2.9.3 Chapter 5 Experimental Timeline
Male WT (n=60) C57BL6 mice were split into two groups: EGFP/Saline (n=30), or α-syn
AV/FIB (n=30). Animals were subject to two IC injections, four weeks apart. Injection type was
indicated by group allocation, with the first injection consisting of either an empty vector adeno
virus (EGFP), or a wildtype α-synuclein over expressor adeno virus (α-Syn AV). The first injection
(IC Injection 1) was administered at 10-12 weeks of age and signified the start of the study. The
second injection (IC Injection 2) was administered 28 days following IC Injection 1 and consisted
of either saline (n=30) or α-synuclein pre-formed fibrils (FIB) (n=30). Animals were subject to a
battery of behaviour tests 16 weeks following IC Injection 2 to assess the baseline motor phenotype.
During this time, animals were also trained to eat no name brand chocolate pudding. To do so
animals were given 0.20mL of pudding for three consecutive days, then every second day for the
remainder of the week. Pudding was administered at 2-3 hours after any behaviour testing. Drug
treatment began 16 weeks following IC Injection 2 - animals were further split into 4 groups (Table
2.5) and administered 2mg/kg of regular (vehicle treatment) or CTEP (CTEP treatment) pudding,
every 48 hours at a for 8 weeks. Behaviour testing occurred in 4-week intervals (BL,4 weeks
Treatment, 8 weeks Treatment). Following W8 behaviour testing, animals were euthanized via
cervical dislocation (n=20) or by perfusion (n=40) with PBS and 4% PFA. Brain tissue was
collected for biochemical analysis and animals were discarded in accordance with the University
of Ottawa Animal Care Committee policies (Figure 2.3).
2.9.4 Chapter 6 Experimental Timeline
Female animals were split into two groups: EGFP/Saline (n=30), or a-syn AV/FIB (n=30),
while male animals (n=30) participating in a simultaneous CTEP treatment study were split into
two groups: EGFP/Saline (n=15), or α-syn AB/FIB (n=15) for direct comparison (Table 2.6).
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Animals were subject to two IC injections, four weeks apart. Injection type was indicated by group
allocation, with the first injection consisting of either an empty vector adenovirus (EGFP), or a
wildtype α-synuclein over expressor adenovirus (α-Syn AV). The first injection (IC Injection 1)
was administered at 10-12 weeks of age and signified the start of the study. The second injection
(IC Injection 2) was administered 28 days following IC Injection 1 and consisted of either saline
or α-synuclein pre-formed fibrils (FIB). Animals were subject to a battery of behaviour tests in 4week intervals (i.e. W8, W12, W16) to assess the progression of the motor phenotype starting 8
weeks post IC Injection 2. After the 16-week timepoint, animals were subject to behaviour tests in
8-week intervals (i.e. W24, W32, etc.). Following W24 behaviour testing, 20 female animals (n=10
EGFP/Saline, n=10 α-Syn AV/FIB) were euthanized via cervical dislocation (n=10) or perfusion
(n=10) with PBS and 4% PFA to be compared against the age-matched untreated male animals
participating in the CTEP study described in Chapter 5. Brain tissue was collected for biochemical
analysis and animals were discarded in accordance with the University of Ottawa Animal Care
Committee policies (Figure 2.4).
Animals continued to be tested on various behaviour tests through week 38; however, week 32
was the last timepoint where a complete behaviour battery could be performed. In March 2020,
the University of Ottawa scaled back research operations in accordance with the global pandemic
and provincial stay at home order. This study was unable to be completed as intended as all
remaining animals needed to be euthanized per University of Ottawa directive at the time of the
shutdown. For this reason, the CTEP treatment component of the study was abandoned. Due to
limited resources, animals were euthanized via cervical dislocation (n=40) and whole brain tissue
was collected for biochemical analysis. Brain tissue was drop fixed in 4% PFA and animals were
discarded in accordance with the University of Ottawa Animal Care Committee policies.
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Slices

Stain

1, 8, 15, 22, 29, 36
2, 9, 16, 23, 20, 37
3, 10, 17, 24, 31, 38
4, 11, 18, 25, 32, 39
5, 12, 19, 26, 33, 40
6, 13, 20, 27, 34, 41
7, 14, 21, 28, 35, 42

p-α-synuclein (Ser 129)
α-synuclein
Tyrosine Hydroxylase
Synaptophysin
IBA1
p-rS6
N/A

Table 2.1: Slice distribution for IHC analyses. Every 7th slice was selected for each protein of interest (stain) to control
for potential regional bias and to enable analyses across a broader area of distribution in the region of interest. Analyses
done on each protein of interest included slices that were selected from the beginning, middle, and end of a region,
which was particularly important for smaller regions such as the substantia nigra.

Antibody
p-α-synuclein (Ser 129)
α-synuclein
Tyrosine Hydroxylase
Synaptophysin
IBA1
p-rS6

Manufacturer
Abcam
Abcam
Millipore/Sigma
Abcam
Abcam
Cell Signaling

Catalogue #
ab51253
ab52168
AB152
ab32127
ab178847
#5364

Dilution pH
1:1000 6.0
1:1000 9.0
1:1000 6.0
1:1000 6.0
1:8000 9.0
1:1000 9.0

Table 2.2: Dilution and pH of each antibody used for IHC analyses. Antibodies pre-treated at a pH of 6.0 used the
EDTA buffer with epitope retrieval solution 2, while antibodies pre-treated at a pH of 9.0 used the sodium citrate
buffer with epitope retrieval solution 1.
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Table 2.3: Experimental design. Animals were divided into four equal groups based on injection and treatment. The
sample of 48 was divided into four groups of 12 where animals were put through a course of either EGFP, α-Synuclein
AV, or α-Synuclein fibrils injections. A second injection was given four-weeks after the first, with animals three
groups receiving saline injections, and one group receiving α-Synuclein fibrils.

91

Figure 2.1: Experimental timeline. Animals (n=48) were divided into four equal groups and given either an EGFP
adeno virus, a WT α-Synuclein adeno virus, or α-Synuclein pre-formed fibril injection into the right SNc. Three
weeks following the injection, animals were run through a battery of baseline behaviour tests. Four weeks following
the first injection, animals were given the second injection with three groups (those who previously received the EGFP
virus, α-Synuclein virus, or α-Synuclein pre-formed fibrils) receiving saline, and the combination group who
previously received the α-Synuclein virus receiving α-Synuclein pre-formed fibrils. Following the second surgery,
animals were assessed on a battery of behaviour tests in four-week increments until four months had passed. Following
the last battery of behaviour tests, animals were euthanized, and tissue was processed for immunohistochemistry and
biochemistry. Created with BioRender.com.
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Table 2.4: Experimental design. Animals were divided into four equal groups based on injection and treatment. First,
the sample of 50 was divided into two groups of 25 where animals were put through a course of either EGFP and
saline injections or α-Synuclein AV and α-Synuclein fibril injections. Following the first injection (either EGFP or αSynuclein AV), animals were divided into treatment groups, with 13 of each injection receiving the vehicle and the
remaining 12 receiving CTEP.

93

Figure 2.2: Experimental timeline. Animals (n=50) were divided into two equal groups and given either an EGFP
adeno virus or a WT α-Synuclein adeno virus injection into the right SNc. Two and a half weeks following the injection,
animals were run through a battery of baseline behaviour tests and trained to eat chocolate pudding so that the
following week animals could begin treatment with either the vehicle or CTEP. Four weeks following the first
injection, animals were given the second injection with those who previously received the EGFP virus receiving saline,
and those who previously received the α-Synuclein virus receiving α-Synuclein pre-formed fibrils (PFFs). Animals
were assessed behaviourally in six-week increments (BL through week-18). Following the last battery of behaviour
tests, animals were euthanized, and tissue was processed for immunohistochemistry and biochemistry. Created with
BioRender.com

94

Table 2.5: Experimental design. Animals were divided into four equal groups based on injection and treatment. First,
the sample of 60 was divided into two groups of 30 where animals were put through a course of either EGFP and
saline injections or α-Synuclein AV and α-Synuclein fibril injections. Following the second injection (either EGFP or
α-Synuclein AV), animals were divided into treatment groups, with 15 of each injection receiving the vehicle and the
remaining 15 receiving CTEP.
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Figure 2.3: Experimental timeline (A) and baseline motor function (B). Animals (n=60) were divided into two equal
groups and given either an EGFP adeno virus or a WT α-Synuclein adeno virus injection into the right SNc. Four
weeks following the injection, animals were given the second injection with those who previously received the EGFP
virus receiving saline, and those who previously received the α-Synuclein virus receiving α-Synuclein pre-formed
fibrils (PFFs). Sixteen-weeks following the second surgery, a subset of animals was run through a battery of baseline
behaviour tests to determine if there were significant deficits in motor activity (n=18 per group). Results of the
horizontal ladder test showed that α-synuclein virus-fibril animals took significantly longer to cross the ladder when
compared to EGFP saline animals. Meanwhile, all animals were trained to eat chocolate pudding so that following the
testing period animals could begin treatment with either the vehicle or CTEP. Animals were assessed behaviourally
in four-week increments during the eight-week treatment course. Following the last battery of behaviour tests, animals
were euthanized, and tissue was processed for immunohistochemistry and biochemistry. Created with BioRender.com
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Table 2.6: Experimental design. Animals were divided into four groups based on injection and sex. First, the sample
of 60 females were divided into two groups of 30 where animals were put through a course of either EGFP and saline
injections or α-Synuclein AV and α-Synuclein fibril injections. Males that were participating in a concurrent study
were used here for direct comparison against age matched females and were split into groups of 15.
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Figure 2.4: Experimental timeline (A). Animals (n=90) were divided into four groups: two equal groups of 30 females
and two equal groups of 15 males. Animals were given either an EGFP adeno virus or a WT α-Synuclein adeno virus
injection into the right SNc. Four weeks following the injection, animals were given the second injection with those
who previously received the EGFP virus receiving saline, and those who previously received the α-Synuclein virus
receiving α-Synuclein pre-formed fibrils (PFFs). Behaviour testing in the female group occurred at baseline (following
the second surgery), 8-weeks, 12-weeks, 16-weeks, 24-weeks, 32-weeks, and 38-weeks following the second surgery.
Male animals participated in behaviour testing 16-weeks and 24-weeks following the second surgery. At the 24-week
timepoint, male animals were euthanized, and a subset of female animals (n=20) were euthanized, and tissue was
processed for immunohistochemistry and biochemistry. The remaining females (n=40) were euthanized following the
last battery of behaviour tests (week 38), and tissue was processed for immunohistochemistry and biochemistry.
Created with BioRender.com
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Chapter 3: Development and Characterization of a Novel Inducible
Double-Hit Virus-Fibril Mouse Model

99

3.1 Experimental Summary
In the present study, we assessed the potential of a combinatory preclinical PD model we are
calling the ‘double-hit virus-fibril model’. Given the evidence that suggests synthetic PFFs can
promote the misfolding of endogenous α-synuclein and further propagate (Volpicelli-Daley et al.,
2011), we hypothesized that priming the brain with an α-synuclein AV would increase endogenous
α-synuclein that interacts with administered PFFs. Consequently, this could potentially trigger
propagation, neurodegeneration, and motor impairments. At the time of the study, there was only
the one previously reported rat model (Thakur et al., 2017). Despite this model only describing the
effects in rats, we hypothesized that the model could be translated to mice to be used to investigate
PD disease mechanisms and spread. Additionally, our goal was to characterize the model so it
could be used in future pharmacology experiments, testing an mGluR5 NAM as a potential disease
modifying therapeutic.
3.2 Results
3.2.1 The Combined Model Induces Motor Impairment
The horizontal ladder test has previously been used in our lab to detect progressive motor and
limb coordination impairment in HD cohorts (Abd-Elrahman et al., 2017). As such, this test was
used here to discern whether the combined model demonstrated motor impairments before their
counterparts (Figure 3.1). At both 8-(F(3, 41) = 9.531, p<0.0001) and 16-weeks (F(3, 40) = 3.254,
p=0.0315) following the second injection, significant differences in time taken to cross the
horizontal ladder apparatus were detected; although there were no significant differences in the
percentage of errors made when crossing the ladder at either time point. Tukey’s multiple
comparisons indicated that 8-weeks following the second injection, virus-fibril (α-SYN AV/FIB)
animals crossed the ladder significantly slower than the control (EGFP/Saline: p=0.0003), virus100

only (α-SYN AV: p=0.0002), and fibril-only (FIB: p=0.023) groups; by 16-weeks the virus-fibril
(α-SYN AV/FIB) animals were only significantly slower than the fibril-only group (FIB:
p=0.0243).

Figure 3.1: Time taken to cross the horizontal ladder apparatus at 8-weeks (A) and 16-weeks (B) following the second
surgery (n=9-12) and percent error while crossing the ladder at 8-weeks (C) and 16-weeks (B). Animals receiving
injections of an α-synuclein WT adeno virus followed by an α-synuclein pre-formed fibril injection (α-SYN AV/FIB)
were significantly slower than all other groups at week 8. At week 16, a-SYN AV/FIB animals were significantly
slower than FIB/Saline animals.
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3.2.2 The Combined Model Generates Spread of α-synuclein Aggregates
As hypothesized, we observed an increase in α-synuclein aggregation, although
aggregates/inclusions were not defined by protease K resistance, which limits our findings.
Additionally, these results also include murine α-synuclein as we cannot be certain that our
antibody only detected signal from human α-synuclein. However, this result was region dependent
which we had not previously anticipated. Numerous groups have demonstrated aggregate spread
following injections with PFFs (Abdelmotilib et al., 2017; Luk, et al., 2012b; Osterberg et al., 2015;
Tapias et al., 2017). However, we sought to investigate if combining a viral injection and a PFF
injection in the same model could decrease the time taken to observe a motor phenotype and
pathological features, while still modelling a progressive disease. We observed significant
differences in number of phosphorylated α-synuclein (Ser129) aggregates in the cortex (F(3, 18) =
21.06, p<0.0001) (Figure 3.2) with additional analyses indicating specific differences in the cortex
of virus-fibril (α-SYN AV/FIB) animals relative to control (EGFP/Saline: p<0.0001), virus-only
(α-SYN AV: p<0.0001), and fibril only (FIB: p<0.0001) groups. However, this finding was not
consistent in the SN as although we found significant differences in this region (F(3, 18) = 3.461,
p=0.0382) (Figure 3.3), we specifically found an increase in phosphorylated α-synuclein (Ser129)
in the SN of the virus-only (α-SYN AV) group relative to the control group (EGFP/Saline:
p=0.0349), as opposed to an increase in the virus-fibril group like we had reported in the cortex.
The virus-only group displayed a greater quantity of smaller aggregates outside of the cell body,
while the fibril and virus-fibril group primarily displayed large inclusions near the cell body.
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Figure 3.2: (A) Representative full slice and 300x300 µm2 cortex section images accompanied by (B) mean ± SEM
of phosphorylated α-synuclein (Ser129) aggregates per 300x300 µm2 section (n=5-6). Phosphorylated α-synuclein
(Ser129) aggregates were elevated in the cortex of α-synuclein adeno virus/fibril animals relative to all other groups
16-weeks following the second injection.

103

Figure 3.3: (A) Representative full slice and 300x300 µm2 substantia nigra section images accompanied by (B) mean
± SEM of phosphorylated α-synuclein (Ser129) aggregates per 300x300 µm2 section (n=5-6). Phosphorylated αsynuclein (Ser129) aggregates were elevated in the substantia nigra of α-synuclein adeno virus animals relative to the
EGFP/saline group 16-weeks following the second injection.
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To better understand how α-synuclein aggregates and spreads following injections into the
region, we conducted additional sub-regional analyses. This analysis was conducted to estimate
the spread of the aggregates across different areas of the SN (Figure 3.4) by selecting slices from
the medial, middle, and lateral parts of the SN (main effect of injection: F(3, 52) = 8.907, p<0.0001;
post-hoc tests indicated no differences).

Figure 3.4: Mean ± SEM of phosphorylated α-synuclein (Ser129) aggregates per 300x300 µm2 section (n=5-6),
analyzed based on the level of the substantia nigra. Phosphorylated α-synuclein (Ser129) aggregates were distributed
evenly across the medial, middle, and lateral slices of the substantia nigra 16-weeks following the second injection.
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Similarly, to what was observed with phosphorylated α-synuclein (Ser129) aggregates, αsynuclein aggregates were elevated in the cortex (F(3, 19) = 8.843, p=0.0007) of the virus-fibril
group (α-SYN AV/FIB) relative to control (EGFP/Saline: p=0.0017), virus-only (α-SYN AV:
p=0.0104), and fibril-only (FIB: p=0.0018) groups (Figure 3.5); however, there were no significant
differences in the SN (Figure 3.6).

Figure 3.5: (A) Representative full slice and 300x300 µm2 cortex section images accompanied by (B) mean ± SEM
of α-synuclein aggregates per 300x300 µm2 section (n=5-6). α-Synuclein aggregates were elevated in the cortex of αsynuclein adeno virus/fibril animals relative to all other groups 16-weeks following the second injection.
.
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Figure 3.6: (A) Representative full slice and 300x300 µm2 substantia nigra section images accompanied by (B) mean
± SEM of α-synuclein aggregates per 300x300 µm2 2 section (n=5-6). There were no statistically significant differences
16-weeks following the second injection.
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Aggregates were observed across a variety of brain regions in the virus-fibril animals,
suggesting the model can induce spread beyond the target area or pathway. It is thought by many
that α-synuclein aggregates start from two primary sites. For example, when the aggregation starts
within the brain stem, aggregates move forward towards the midbrain and cortex (Braak et al.,
2003). We have previously semi-quantified spread within the cortex of α-synuclein virus-fibril
animals and here we qualitatively demonstrate spread across multiple other brain regions (Figure
3.7). Here we demonstrate spread to the fiber tracts of the cerebellum, medulla, pons, midbrain,
hypothalamus, thalamus, motor cortex, and the olfactory bulb, where the aggregates are
particularly noticeable. Notably, we do not see spread to the striatum.

Figure 3.7: (A) Representative slice from an α-synuclein virus-fibril animal accompanied by representative
300x300µ2 sections in the (B) cerebellum, (C) medulla, (D) pons, (E) midbrain, (F) hypothalamus, (G) thalamus, (H)
striatum, (I) motor cortex, and (J) olfactory bulb. Aggregates were most prominent in the olfactory bulb, followed by
the motor cortex. Aggregates were not present in the striatum.
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3.2.3 No Degeneration of Dopaminergic Neurons in the Substantia Nigra
Loss of dopaminergic neurons of the nigrostriatal pathway is the most important hallmark
feature of PD (Miller & O’Callaghan, 2015). Surprisingly, we found no degeneration of TH+
dopaminergic neurons in the SN (F(3, 19) = 0.1750, p=0.9120), nor did we find any changes in
terminal fiber density the striatum, although we did find an elevated differences in TH+ stain
density (F(3, 19) = 6.708, p=0.0028) (Figures 3.8 & 3.9). However, it is important to note that our
sampling method provides only a rough estimate of a cell count based on larger subregional
analysis, and we did not set a predetermined threshold to measure against. Alternative methods,
such as stereotaxic approaches may have also offered better estimation of the potential
degeneration (or lack thereof). Follow up analyses indicated that TH+ stain density was elevated
in the fibril only group (FIB) relative to control (EGFP/Saline: p=0.0475), virus-only (α-SYN AV:
p=0.0018), and virus-fibril (α-SYN AV/FIB: p=0.0380) groups. This finding is therefore not
consistent with previous studies have reported selective degeneration of dopaminergic neurons
with virus and fibril-based models (Abdelmotilib et al., 2017; Luk, et al., 2012b; Osterberg et al.,
2015; Tapias et al., 2017).
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Figure 3.8: (A) Representative full slice and 300x300 µm2 striatum section images accompanied by (B) mean ± SEM
of TH+ stain intensity per 300x300 µm2 section (n=5-6). Fibril only animals had significantly greater TH+ stain
intensity relative to the other groups 16-weeks following the second injection. No group demonstrated widespread
dopaminergic degeneration.
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Figure 3.9: (A) Representative full slice and 300x300 µm2 substantia nigra section images accompanied by (B) mean
± SEM of TH+ cells per 300x300 µm2 section (n=5-6). There were no significant difference between groups 16-weeks
following the second injection and no group demonstrated widespread dopaminergic degeneration.
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To determine if degeneration may be occurring in subregions of the SN as opposed to globally
across the SN, we analyzed tissue from the medial, middle, and lateral ends of the SN (Figure
3.10). This was done to encompass the distribution of potential degeneration across different areas
of the SN. Similarly, to what was found with the global analysis, we observed no differences based
on the level of the SN.

Figure 3.10: Mean ± SEM of TH+ cells per 300x300 µm2 section (n=5-6), analyzed based on the level of the substantia
nigra. TH+ cells were distributed evenly across the medial, middle, and lateral slices of the substantia nigra 16-weeks
following the second injection.
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3.2.4 Fibril and Combined Models May Drive Changes in Microglial Immunostaining
To investigate whether our model generated changes in number of microglia, brain tissue was
collected 16-weeks following the second injection was stained for IBA1, a microglial marker. We
found a marginal change in microglial IBA1 immunostaining in both the cortex (F(3, 18) = 6.167,
p=0.0045) and the striatum (F(3, 18) = 6.945, p=0.0027). In particular, the virus-fibril treated animals
displayed significantly more IBA+ cells in the cortex relative to the control (EGFP/Saline:
p=0.0328) and virus-only (α-SYN AV: p=0.0086) groups (Figure 3.11). In the striatum both the
fibril only group (FIB: p=0.0022) and the virus-fibril group (α-SYN AV/FIB: p=0.0168) displayed
significantly more IBA1+ cells relative to the virus only group (Figure 3.12). The morphology of
the IBA1+ cells in the virus-fibril animals also appear to be different than the control (EGFP/Saline)
group based on representative images, although no formal analysis was conducted.

113

Figure 3.11: (A) Representative full slice and 300x300 µm2 cortex section images accompanied by (B) mean ± SEM
of IBA1+ cells per 300x300 µm2 section (n=5-6). α-Synuclein virus-fibril animals had significantly more IBA1+ cells
than EGFP/saline and α-synuclein virus animals 16-weeks following the second injection.
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Figure 3.12: (A) Representative full slice and 300x300 µm2 striatum section images accompanied by (B) mean ±
SEM of IBA1+ cells per 3300x300 µm2 section (n=5-6). α-Synuclein virus-fibril and α-synuclein fibril animals had
significantly more IBA1+ cells than α-synuclein virus animals 16-weeks following the second injection.
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3.2.5 Fibril and Combined Models Induce Increased rS6 Activation
Ribosomal protein S6 (rS6), is a protein downstream of mTOR, whose activation has been
used previously as a proxy for mTOR complex I activity (Blenis et al., 1991; Chung et al., 1992;
Lee-Fruman et al., 1999; Magnuson et al., 2012) and believed to be critical for protein translation
(Roux et al., 2007). To preliminarily evaluate autophagy processes, we stained tissue collected 16weeks following the second injection for phosphorylated rS6 for semi-quantification. Because the
previously published rat model using a virus-fibril combination did not assess mTOR activation,
we sought to investigate this feature in our model. We found significant differences in both the
cortex (F(3, 19) = 8.523, p=0.0009) and striatum (F(3, 19) = 9.945, p=0.0004). Specifically, we show
increased rS6 activation in both the cortex (Figure 3.13) of fibril-only (FIB: p=0.0008) and virusfibril (α-SYN AV/FIB: p=0.0275) groups relative to the control group. In the striatum the virusfibril group had elevated rS6 activation relative to control (EGFP/Saline: p=0.0005) and virus-only
(α-SYN AV: p=0.0015) groups (Figure 3.14)
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Figure 3.13: (A) Representative full slice and 300x300 µm2 cortex section images accompanied by (B) mean ± SEM
of phosphorylated ribosomal S6 (rS6) positive cells per 300x300 µm2 section (n=5-6). α-Synuclein virus-fibril and αsynuclein fibril animals had significantly more phosphorylated rS6 cells EGFP/saline 16-weeks following the second
injection.
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Figure 3.14: (A) Representative full slice and 3300x300 µm2 striatum section images accompanied by (B) mean ±
SEM of phosphorylated ribosomal S6 (rS6) positive cells per 300x300 µm2 section (n=5-6). α-Synuclein virus-fibril
animals had significantly more IBA1+ cells than EGFP/saline and α-synuclein virus animals 16-weeks following the
second injection.
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Chapter 4: mGluR5 Antagonism Improves Motor Deficits in a
Virus-Fibril Inducible Mouse Model of Parkinson’s Disease
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4.1 Experimental Summary
Based on the previous success with CTEP treatment in preclinical neurodegenerative disease
models (Abd-Elrahman et al., 2017; 2020b; Farmer et al., 2020; Milanese et al., 2021), we
hypothesized that chronic treatment with CTEP would protect against the development of motor
impairments in a double-hit a-synuclein virus-fibril model. Therefore, in the current study we
sought to assess the efficacy of a novel mouse model in generating progressive motor impairment,
while simultaneously investigating the therapeutic potential of CTEP. Our intention for this study
was to test if treatment with CTEP could either delay or prevent the onset of a motor deficits.

4.2 Results
4.2.1 CTEP Treatment Prevents the Onset of Motor Impairment
Treatment with CTEP has been previously been shown to improve motor impairment in a 6OHDA mouse model of PD (Farmer et al., 2020) and transgenic mouse models of HD (AbdElrahman et al., 2017) and ALS (Milanese et al., 2021). CTEP has also improved cognitive
impairments in various AD mouse models (Hamilton et al., 2016; Abd-Elrahman et al., 2018, 2019;
2020a). To test whether CTEP treatment could prevent the onset of motor impairment in the
double-hit virus-fibril model, we treated animals for eighteen weeks, beginning one week prior to
the second surgery. Animals were assessed in six-week increments across a battery of motor and
non-motor tests. After twelve-weeks of treatment, there were significant differences observed,
with a main effect for treatment: F(1,41) = 5.499, p=0.0239. Post-hoc analyses indicated that vehicle
treated α-synuclein virus-fibril animals performed significantly worse on the rotarod apparatus
than their CTEP treated counterparts (p=0.0468). This difference was increased at 18-weeks of
treatment, suggesting a progressive decline in motor function in the vehicle treated group (F(1, 40)
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= 5.451, p=0.0247), with post-hoc analyses indicating significant differences between vehicle
treated α-synuclein virus-fibril animals and their CTEP treated counterparts (p<0.0001) (Figure
4.1).

Figure 4.1: Mean and ± SEM latency to fall on the rotarod apparatus at 12 (A) and 18 (B) weeks of treatment (n=1013). Following twelve weeks of treatment, α-synuclein virus-fibril vehicle treated animals fell off the rotarod apparatus
significantly sooner than their CTEP treatment counterparts. This difference was augmented following 18-weeks of
treatment, with α-synuclein virus-fibril vehicle treated animals progressively declining in performance relative to the
earlier timepoint.

121

Animals were also assessed on the horizontal ladder test (Figure 4.2), wherein significant
differences were detected twelve weeks following 12-weeks of either CTEP or vehicle treatment,
(F(1, 42) = 13.92, p=0.0006). Post-hoc analyses demonstrated that vehicle treated α-synuclein virusfibril mice take significantly longer to cross the ladder relative to vehicle treated control
(p<0.0001), CTEP treated control (p=0.0023), and CTEP treated virus-fibril (p=0.0055) groups.
Notably, at the 12-week timepoint, motor impairment was first detected in vehicle treated virusfibril animals, indicating both that motor impairment is progressive and that CTEP treatment can
prevent the onset of motor impairment as demonstrated by time taken to cross the horizontal ladder.

Figure 4.2: Mean and ± SEM of time spent crossing the horizontal ladder apparatus following (A) 6-weeks or (B) 12weeks of treatment (n=11-12). At the six-week time point all groups were performing similarly on the horizontal
ladder test; however, by the twelve-week timepoint, α-synuclein virus-fibril vehicle treated animals were crossing the
ladder significantly slower than all other groups. α-synuclein virus-fibril vehicle treated animals show a progressive
decline in performance relative to their CTEP treated counterparts.
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4.2.2 CTEP Treatment Induces Hyperactivity
The literature is mixed results regarding how mGluR5 modulation might promote
hyperactivity. Some groups have indicated that treatment with mGluR5 PAMs can induce
hyperactive behaviors, while treatment with mGluR5 NAMs reduced this phenotype (Kelly et al.,
2018). Yet, others have reported the opposite, in which increased hyperactivity followed mGluR5
NAM treatment (Mehta et al., 2011; Montana et al., 2009; Thomas et al., 2012). To assess whether
this was occurring in this cohort, animals were subjected to weekly behaviour testing in an open
field arena. Although open field is generally used to assess an anxiety phenotype, it can also be
used to assess general locomotion by assessing velocity (cm/sec). At both twelve (main effect of
treatment: F(1,40) = 33.58, p<0.0001) and eighteen-weeks of treatment (main effect of treatment:
F(1,41) = 22.33, p<0.0001), all CTEP treated animals (irrespective of injection i.e. EGFP/Saline vs.
α-synuclein virus-fibril) demonstrated significantly higher velocity during the testing period
relative to their vehicle treated counterparts (Figure 4.3). This finding of course, confirms the
ability of the mGluR5 NAM to increase general locomotor activity state (in support of a
hyperactive phenotype) and needs to be kept in mind for the interpretation of any motor test
outcomes.
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Figure 4.3: Mean and ± SEM of velocity during the open field test following (A) 12-week treatment or (B) 18-week
treatment (n=10-12). At the twelve-week timepoint, regardless of injection, animals treated with CTEP moved
significantly more than their vehicle treated counterparts. This difference was sustained at the eighteen-week timepoint
across both injections.
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4.2.3 CTEP Treatment does not Prevent the Onset of Grip Strength Impairment
Grip strength has been previously used to assess forearm strength and muscle force for both
ALS (Milanese et al., 2021) and HD (Abd-Elrahman et al., 2017). To assess whether forearm
strength was impaired with the α-synuclein virus-fibril model, and if CTEP could protect against
impaired forearm strength, animals were tested on the grip strength apparatus beginning at 6-weeks
of treatment. A main effect for injection was found at both 12- (F(1,39) = 14.87, p<0.001) and 18weeks (F(1,39) = 14.11, p<0.001) of treatment. CTEP treated α-synuclein virus-fibril animals
demonstrated reduced grip strength relative to EGFP-saline animals beginning at 12-weeks of
treatment (p=0.0010). At 18-weeks of treatment both vehicle (p=0.0234) and CTEP (p=0.0017)
treated α-synuclein animals demonstrated reduced grip strength relative to vehicle treated EGFPsaline animals, with CTEP treatment having no effect on grip strength measures (Figure 4.4).
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Figure 4.4: Mean and ± SEM of grip strength following (A) 12-week treatment or (B) 18-week treatment (n=9-12).
Following twelve-weeks of treatment, the α-synuclein virus-fibril CTEP treated animals demonstrated significantly
weaker forelimb strength than the EGFP saline animals, but there were no significant differences between α-synuclein
virus-fibril animals. Following eighteen-weeks of treatment, both the α-synuclein virus-fibril vehicle and CTEP
treated animals had significantly less forelimb strength than EGFP saline animals.
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Chapter 5: mGluR5 Antagonism Recovers Motor Deficits and
Clears α-Synuclein Aggregates in a Virus-Fibril Inducible Mouse
Model of Parkinson’s Disease
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5.1 Experimental Summary
Our previous work has focused heavily on characterizing a novel model and piloting the use
of CTEP as a preventative treatment option. For this treatment option to be more clinically relevant,
a recovery dosing paradigm should be considered and characterized both behaviourally and
biochemically. We presently hypothesized that treatment with CTEP could induce a recovery from
motor deficits and clear α-synuclein aggregates. In short, we sought to investigate the efficacy of
a novel mouse model in generating pathological hallmarks of PD and the ability of CTEP as a
recovery agent when administered following the onset of behavioral motor impairment.
5.2 Results
5.2.1 Treatment with CTEP Recovers Motor Impairment
In Chapter 4 we demonstrated that chronic treatment with CTEP prevented the onset of motor
impairment in α-synuclein virus-fibril animals. To assess whether CTEP treatment could recover
motor symptoms after impairment had already occurred, we waited to start the CTEP treatment
regimen until the α-synuclein virus-fibril animals were already showing motor impairment relative
to EGFP-saline control animals. Half-way through the treatment course we detected significant
differences in performance on the rotarod apparatus (F(1,

46)

= 5.062, p=0.0293), which was

sustained through the full treatment course (main effects of injection and treatment: F(1, 44) = 6.210,
p=0.0165) & F(1, 44) = 10.70, p=0.0021, respectively). Following 4-weeks of treatment, CTEP
treated α-synuclein virus-fibril animals were performing significantly better on the rotarod
apparatus than their vehicle treated counterparts (p=0.0002). Following 8-weeks of treatment
CTEP treated α-synuclein virus-fibril animals continued to perform significantly better than their
vehicle treated counterparts (p=0.0154) (Figure 5.1).
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Figure: 5.1: Mean and ± SEM of latency to fall on the rotarod apparatus at following (A) 4-week and (B) 8-week
treatment (n=12-13). Following four-weeks of treatment α-synuclein virus-fibril vehicle treated animals fell off the
rotarod apparatus significantly sooner than all other groups. Following eight-weeks of treatment, this result was
sustained relative to α-synuclein virus-fibril CTEP treated animals; however, α-synuclein virus-fibril vehicle treated
animals were no longer significantly different than EGFP saline animals, although the trend was still maintained.
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Following 4-weeks of treatment, on the horizontal ladder test, there were significant
differences in performance detected (main effect of injection: F(1,34) = 8.916, p=0.0052). Post hoc
analyses indicated that vehicle treated α-synuclein virus-fibril animals were performing
significantly worse than both vehicle (p=0.0117) and CTEP (p=0.0171) treated EGFP/Saline
treated animals but were not significantly different than CTEP treated α-synuclein virus-fibril
animals (p=0.1624). By 8-weeks of treatment, this difference was expanded (F(1,50) = 10.90,
p=0.0018) and CTEP treated α-synuclein virus-fibril animals were performing significantly better
than their vehicle treated counterparts (p=0.0023), indicating a progressive improvement of motor
symptoms (Figure 5.2).

Figure 5.2: Mean and ± SEM of time spent crossing the horizontal ladder apparatus at (A) 4-weeks (n=9-10) and (B)
8-weeks treatment (n=12-13). Following four-weeks of treatment α-synuclein virus-fibril vehicle treated animals were
significantly slower than both the vehicle and CTEP treated EGFP/saline animals. Following eight-weeks of treatment,
this result was enhanced and α-synuclein virus-fibril vehicle treated animals were significantly slower than all other
groups, demonstrating a progressive impairment.
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5.2.2 Treatment with CTEP Induces Hyperactivity
Consistent with Chapter 4, we found that CTEP treated animals (regardless of injection) had
increased velocity in the open field test (Figure 5.3) at 4-weeks (main effect of treatment: F(1,47) =
58.56, p<0.0001). At 8-weeks of treatment (F(1,43) = 6.260, p=0.0162), only CTEP treated αsynuclein virus-fibril animals were significantly faster than their vehicle treated counterparts
(p<0.0001) as there were no significant differences between EGFP/Saline animals (p=0.1640)

Figure 5.3: Mean and ± SEM of velocity during the open field test following (A) 4-week treatment (n=12-14) or (B)
8-week treatment (n=11-13). At the four-week timepoint, regardless of injection, animals treated with CTEP moved
significantly more than their vehicle treated counterparts. This difference was sustained at the eight-week timepoint
across both injections.
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5.2.3 Treatment with CTEP Reduces α-synuclein Aggregation in the Cortex and SN
A primary benefit of a fibril based inducible model is the ability to investigate the spread of αsynuclein aggregates beyond the injection site and target pathway (Koprich et al., 2017). In
Chapter 3 we characterized robust spread of phosphorylated α-synuclein aggregates beyond the
injection site, with the most intense staining in the olfactory bulb, despite injecting into the right
SNc. Presently, we similarly found a spread of α-synuclein beyond the injection site, with notable
differences in aggregation level in the cortex, although aggregates/inclusions were not defined by
protease K resistance, which limits our findings. As mentioned previously, these results also
include murine α-synuclein as we cannot be certain that our antibody only detected signal from
human α-synuclein. We had hypothesized that treatment with CTEP would alleviate such spread
and general α-synuclein aggregation and this was assessed by immunohistochemical analysis using
a phosphorylated-α-synuclein (Ser129) primary antibody. Our analysis did indeed demonstrate
that treatment with CTEP reduced phosphorylated α-synuclein (Ser129) aggregates in both the
cortex (main effect of treatment: F(1, 16) = 7.773, p=0.0132) and SN (main effect of treatment: F(1,16)
= 5.495, p=0.0323). Follow up analyses demonstrated that in α-synuclein virus-fibril animals,
treatment with CTEP reduced the number of aggregates in the cortex relative to vehicle treated αsynuclein virus-fibril animals (p=0.0393) indicating its potential to aid in the clearance of
aggregates in this region. Follow up tests on sections from the striatum indicated no significant
differences between vehicle or CTEP treated α-synuclein virus-fibril animals (p=0.1532) (Figures
5.4-5.7).
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Figure 5.4: (A) Vehicle treated EGFP/Saline representative 300x300 µm2 sections of the left (contralateral) and right
(ipsilateral) cortex. (B) Vehicle treated α-SYN/AV FIB representative slice and 300x300 µm2 sections of the left
(contralateral) and right (ipsilateral) cortex. (C) CTEP treated α-SYN/AV FIB representative slice and 300x300 µm2
sections of the left (contralateral) and right (ipsilateral) cortex. (D) Mean and ± SEM of number of phosphorylated αsynuclein (Ser129) aggregates per 300x300 µm2 section of the left (contralateral) and right (ipsilateral) cortex (n=5).
Scale bars on full brain images are 200 µm, while scale bars on the 300x300 µm2 sections are 50 µm.

133

Figure 5.5: Control panel for phosphorylated α-synuclein (Ser129) aggregates. (A) Vehicle treated EGFP/Saline
representative slice and 300x300 µm2 sections of the left (contralateral) and right (ipsilateral) cortex. (B) CTEP treated
EGFP/Saline representative slice and 300x300 µm2 sections of the left (contralateral) and right (ipsilateral) cortex.
Scale bars on full brain images are 200 µm, while scale bars on the 300x300 µm2 sections are 50 µm.
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Figure 5.6: (A) Vehicle treated EGFP/Saline representative 300x300 µm2 sections of the left (contralateral) and right
(ipsilateral) substantia nigra. (B) Vehicle treated α-SYN/AV FIB representative slice and 300x300 µm2 sections of the
left (contralateral) and right (ipsilateral) substantia nigra. (C) CTEP treated α-SYN/AV FIB representative slice and
300x300 µm2 sections of the left (contralateral) and right (ipsilateral) substantia nigra. (D) Mean and ± SEM of number
of phosphorylated α-synuclein (Ser129) aggregates per 300x300 µm2 section of the left (contralateral) and right
(ipsilateral) substantia nigra (n=5). Scale bars on full brain images are 200 µm, while scale bars on the 300x300 µm2
sections are 50 µm.
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Figure 5.7: Control panel for phosphorylated α-synuclein (Ser129) aggregates. (A) Vehicle treated EGFP/Saline
representative slice and 300x300 µm2 sections of the left (contralateral) and right (ipsilateral) substantia nigra. (B)
CTEP treated EGFP/Saline representative slice and 300x300 µm2 sections of the left (contralateral) and right
(ipsilateral) substantia nigra. Scale bars on full brain images are 200 µm, while scale bars on the 300x300 µm2 sections
are 50 µm.
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In Chapter 3, we sought to describe the distribution of aggregates throughout the SN by
working our way from the medial side of the SN to the lateral side. Here, we sought to describe
the distribution of phosphorylated α-synuclein aggregates (Figure 5.8) across sections from the
front, middle, and back of the SN.

Figure 5.8: Mean and ± SEM of number of phosphorylated α-synuclein (Ser129) aggregates per 300x300 µm2 section
based on the level of the substantia nigra (n=5).
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In Chapter 3 we described robustly increased levels of α-synuclein aggregates in the cortex of
α-synuclein virus-fibril animals. Based on these results, we had hypothesized that we would also
see a sustained increase in α-synuclein in vehicle treated α-synuclein virus-fibril animals. Instead,
however, we observed no significant differences whatsoever among the treatment groups in either
the cortex (Figure 5.9 & 5.10) or the substantia nigra (Figure 5.11 & 5.12).

Figure 5.9: (A) Vehicle treated EGFP/Saline representative 300x300 µm2 sections of the left (contralateral) and right
(ipsilateral) cortex. (B) Vehicle treated α-SYN/AV FIB representative slice and 300x300 µm2 sections of the left
(contralateral) and right (ipsilateral) cortex. (C) CTEP treated α-SYN/AV FIB representative slice and 300x300 µm2
sections of the left (contralateral) and right (ipsilateral) cortex. (D) Mean and ± SEM of number of α-synuclein
aggregates per 300x300 µm2 section of the left (contralateral) and right (ipsilateral) sides of the cortex (n=5). Scale
bars on full brain images are 200 µm, while scale bars on the 300x300 µm2 sections are 50 µm.
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Figure 5.10: Control panel for α-synuclein aggregates. (A) Vehicle treated EGFP/Saline representative slice and
300x300 µm2 sections of the left (contralateral) and right (ipsilateral) cortex. (B) CTEP treated EGFP/Saline
representative slice and 300x300 µm2 cortex sections of the left (contralateral) and right (ipsilateral) cortex. Scale
bars on full brain images are 200 µm, while scale bars on the 300x300 µm2 sections are 50 µm.
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Figure 5.11: (A) Vehicle treated EGFP/Saline representative 300x300 µm2 sections of the left (contralateral) and right
(ipsilateral) substantia nigra. (B) Vehicle treated α-SYN/AV FIB representative slice and 3300x300 µm2 sections of
the left (contralateral) and right (ipsilateral) substantia nigra. (C) CTEP treated α-SYN/AV FIB representative slice
and 3300x300 µm2 sections of the left (contralateral) and right (ipsilateral) substantia nigra. (D) Mean and ± SEM of
number of α-synuclein aggregates 300x300 µm2 sections of the left (contralateral) and right (ipsilateral) substantia
nigra (n=5). Scale bars on full brain images are 200 µm, while scale bars on the 300x300 µm2 sections are 50 µm.
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Figure 5.12: Control panel for α-synuclein aggregates. (A) Vehicle treated EGFP/Saline representative slice and
300x300 µm2 sections of the left (contralateral) and right (ipsilateral) substantia nigra. (B) CTEP treated EGFP/Saline
representative slice and 300x300 µm2 sections of the left (contralateral) and right (ipsilateral) substantia nigra. Scale
bars on full brain images are 200 µm, while scale bars on the 300x300 µm2 sections are 50 µm.
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5.2.4 The α-synuclein Virus-Fibril Model Did Not Induce Degeneration of
Dopaminergic Neurons or a Microglial Response
Loss of dopaminergic neurons in the SNc, in addition to lack of dopamine availability in the
striatum, contributes to difficulties or inability to perform voluntary motor movements (Cheng et
al., 2010; Tysnes & Storstein, 2017). In Chapter 3 we characterized a model that generated motor
impairment in the absence of dopaminergic degeneration, and subsequently hypothesized that our
model might represent early onset of PD, as aggregation of α-synuclein is thought to precede
dopaminergic neuron loss. The current study was performed on an extended timepoint to
accommodate an additional 8-weeks of treatment following the detection of motor impairment. As
such, we sought to investigate if two more months of incubation could generate dopaminergic
degeneration in the nigrostriatal pathway. However, despite an additional two months of
incubation time, this model demonstrated no degeneration of dopaminergic neurons or fibers in
SN of the α-synuclein virus-fibril animals relative to the EGFP-saline animals (Figure 5.13).
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Figure 5.13: (A) Representative slice images of the substantia nigra. (B) Mean and ± SEM of number of TH positive
cells per 300x300 µm2 section of the left (contralateral) and right (ipsilateral) substantia nigra (n=5). Scale bars images
are 200 µm.
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Consistent with what we have previously done, we utilized sections from the front, middle,
and back of the SN to encompass the distribution of potential degeneration across different areas
of the SN (Figure 5.14). We did so to better understand how these neurons were distributed and to
confirm that our global analysis of the SN did not mask potential subregion degeneration.

Figure 5.14: Mean and ± SEM of number of TH positive cells per 300x300 µm2 section based on the level of the
substantia nigra (n=5).
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In Chapter 3, we observed a modest increase in IBA1+ microglia, which was reminiscent of
the previous literature (Thakur et al., 2017), the prolonged response we observed was modest and
required further analysis. However, we presently observed no change in number of IBA1 positive
cells in the cortex (F(1,16) = 0.8963, p=0.3579) or striatum (main effect of treatment: (F(1,16) = 6.773,
p=0.0192), nor were there any clear morphological differences (Figures 5.15-5.18).

Figure 5.15: (A) Vehicle treated EGFP/Saline representative 300x300 µm2 sections of the left (contralateral) and right
(ipsilateral) cortex. (B) Vehicle treated α-SYN/AV FIB representative slice and 300x300 µm2 sections of the left
(contralateral) and right (ipsilateral) cortex. (C) CTEP treated α-SYN/AV FIB representative slice and 300x300 µm2
sections of the left (contralateral) and right (ipsilateral) cortex. (D) Mean and ± SEM of number of IBA1 positive cells
per 300x300 µm2 section of the left (contralateral) and right (ipsilateral) cortex (n=5). Scale bars on full brain images
are 200 µm, while scale bars on the 300x300 µm2 2 sections are 50 µm.
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Figure 5.16: Control panel for IBA1+ cells. (A) Vehicle treated EGFP/Saline representative slice and 300x300 µm2
sections of the left (contralateral) and right (ipsilateral) cortex. (B) CTEP treated EGFP/Saline representative slice and
300x300 µm2 sections of the left (contralateral) and right (ipsilateral) cortex. Scale bars on full brain images are 200
µm, while scale bars on the 300x300 µm2 sections are 50 µm.
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Figure 5.17: (A) Vehicle treated EGFP/Saline representative 300x300 µm2 sections of the left (contralateral) and right
(ipsilateral) striatum. (B) Vehicle treated α-SYN/AV FIB representative slice and 300x300 µm2 sections of the left
(contralateral) and right (ipsilateral) striatum. (C) CTEP treated a-SYN/AV FIB representative slice and 300x300 µm2
sections of the left (contralateral) and right (ipsilateral) striatum. (D) Mean and ± SEM of number of IBA1 positive
cells per 300x300 µm2 section of the left (contralateral) and right (ipsilateral) striatum (n=5). Scale bars on full brain
images are 200 µm, while scale bars on the 300x300 µm2 sections are 50 µm.
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Figure 5.18: Control panel for IBA1+ cells. (A) Vehicle treated EGFP/Saline representative slice and 300x300 µm2
sections of the left (contralateral) and right (ipsilateral) striatum. (B) CTEP treated EGFP/Saline representative slice
and 300x300 µm2 sections of the left (contralateral) and right (ipsilateral) striatum. Scale bars on full brain images are
200 µm, while scale bars on the 300x300 µm2 sections are 50 µm.
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5.2.5 Treatment with CTEP Decreases rS6 Activation in the Striatum
We have shown both increases (Farmer et al., 2020) and decreases (Abd-Elrahman & Ferguson,
2019) in mTOR activity following treatment with CTEP, which were not surprisingly, dependent
upon the model used. We presently hypothesized that treatment with CTEP would promote mTOR
related autophagy for the clearance of toxic protein aggregates. To investigate autophagy, we
conducted immunohistochemical analysis using phosphorylated rS6 to infer activation levels of
mTOR (Figures 5.19-5.22). While there was a significant difference in phosphorylated rS6 levels
in the cortex of α-synuclein virus-fibril animals (main effect for injection: F(1,

16)

= 5.419,

p=0.0334), further post-hoc analyses indicated there were no significant differences between any
of the groups. In the striatum there was also a significant difference in phosphorylated rS6 levels
(main effect injection: F(1, 16) = 9.974, p=0.0061), with post-hoc analyses indicating significantly
less phosphorylated rS6 positive cells in CTEP treated α-synuclein virus-fibril animals relative to
vehicle treated EGFP-saline animals (p=0.0153). Importantly, in the absence of pathology, CTEP
alone did not impact rS6 levels.
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Figure 5.19: (A) Vehicle treated EGFP/Saline representative 300x300 µm2 sections of the left (contralateral) and right
(ipsilateral) cortex. (B) Vehicle treated α-SYN/AV FIB representative slice and 300x300 µm2 sections of the left
(contralateral) and right (ipsilateral) cortex. (C) CTEP treated α-SYN/AV FIB representative slice and 300x300 µm2
sections of the left (contralateral) and right (ipsilateral) cortex. (D) Mean and ± SEM of number of phosphorylated
rS6 positive cells per 300x300 µm2 section of the left (contralateral) and right (ipsilateral) cortex (n=5). Scale bars on
full brain images are 200 µm, while scale bars on the 300x300 µm2 sections are 50 µm.
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Figure 5.20: Control panel for phosphorylated rS6 positive cells. (A) Vehicle treated EGFP/Saline representative slice
and 300x300 µm2 sections of the left (contralateral) and right (ipsilateral) cortex. (B) CTEP treated EGFP/Saline
representative slice and 300x300 µm2 sections of the left (contralateral) and right (ipsilateral) cortex. Scale bars on
full brain images are 200 µm, while scale bars on the 300x300 µm2 sections are 50 µm.
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Figure 5.21: (A) Vehicle treated EGFP/Saline representative 300x300 µm2 sections of the left (contralateral) and right
(ipsilateral) striatum. (B) Vehicle treated α-SYN/AV FIB representative slice and 300x300 µm2 sections of the left
(contralateral) and right (ipsilateral) striatum. (C) CTEP treated α-SYN/AV FIB representative slice and 300x300 µm2
sections of the left (contralateral) and right (ipsilateral) striatum. (D) Mean and ± SEM of number of phosphorylated
rS6 positive cells per 300x300 µm2 section of the left (contralateral) and right (ipsilateral) striatum (n=5). Scale bars
on full brain images are 200 µm, while scale bars on the 300x300 µm2 sections are 50 µm.
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Figure 5.22: Control panel for phosphorylated rS6 positive cells. (A) Vehicle treated EGFP/Saline representative slice
and 300x300 µm2 sections of the left (contralateral) and right (ipsilateral) striatum. (B) CTEP treated EGFP/Saline
representative slice and 300x300 µm2 sections of the left (contralateral) and right (ipsilateral) striatum. Scale bars on
full brain images are 20 0µm, while scale bars on the 300x300 µm2 sections are 50 µm.
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Chapter 6: Motor Impairment and Biochemical Changes in the
Double-Hit Virus-Fibril Inducible Mouse Model of Parkinson’s
Disease are Partially Sex Dependent
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6.1 Experimental Summary
We have thus far focused heavily on developing and characterizing a novel mouse model, the
double-hit virus-fibril model, in male mice. Therefore, the primary aim of this study was to
characterize the double-hit virus-fibril mouse model in female mice to assess its relevance in both
sexes. Based on the literature, it would not be surprising if females developed disease
characteristics at a different rate than males (Cerri et al., 2019). Alternatively, if disease
progression occurs at the same rate, we anticipated that females would display milder signs of the
disease, based on the situation in actual PD patients (Haaxma et al., 2007; Miller & Cronin-Golomb,
2010; Shulman & Bhat, 2006).

6.2 Results
6.2.1 Female α-synuclein Virus-Fibril Animals are Resilient to Motor Impairment
To assess motor impairment, both males and females completed rotarod and horizontal ladder
behavioral trials. Twenty-four weeks following α-synuclein virus-fibril injections, there were
significant differences in rotarod performance (main effect of sex: F(1, 78) = 16.52, p=0.0001) and
further analysis indicated that α-synuclein virus-fibril females showed no impairment relative to
the EGFP/Saline female controls (p=0.9998) (Figure 6.1). Additionally, post hoc analysis
indicated that α-synuclein virus-fibril females (p=0.0008) significantly outperformed α-synuclein
virus-fibril males on the rotarod test. Interestingly, while we also observed significant differences
on the horizontal ladder test (F(1, 83) = 14.49, p=0.0003), females continued to show no impairment
within group (p=0.8502), but they generally took longer to cross the ladder than males with EGFPsaline females performing significantly worse than EGFP-saline males (p=0.0017) (Figure 6.2).
As anticipated, virus-fibril males took significantly longer to cross the ladder than their control
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counterparts (p=0.0006). Most interesting was that females did not exhibit motor impairment
through 38-weeks post injection 2 (Figure 6.3), as demonstrated by routine testing on the rotarod
apparatus.

Figure 6.1: Mean and ± SEM of latency to fall on the rotarod apparatus at 24-weeks post surgery 2 (n=12 males;
n=29-30 females). 24-weeks post surgery 2 male αSYN AV/FIB animals performed significantly worse than female
αSYN AV/FIB animals. There were no significant differences between female EGFP/Saline and female αSYN
AV/FIB animals.
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Figure 6.2: Mean and ± SEM of time spent crossing the horizontal ladder apparatus at 24-weeks post surgery 2 (n=1315 males; n=29-30 females). 24-weeks post surgery 2, EGFP/Saline males performed significantly better than all other
groups, crossing the ladder faster than the other male or female mice. There were no differences in time taken to cross
the horizontal ladder apparatus between EGFP/Saline and αSYN AV/FIB females.
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Figure 6.3: Mean and ± SEM of latency to fall on the rotarod apparatus at 8-, 12-, 16-, 24-, 32-, and 38-weeks post
surgery 2 (n=29-30 weeks 8 through 24; n=19-20 weeks 32 and 38). At no time point do EGFP/Saline and αSYN
AV/FIB females perform significantly differently than one another.
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6.2.2 There are no Sex Differences in any PD Pathological Hallmarks
In Chapters 3 and 5 we described the PD pathological hallmarks in male mice that were
represented with the virus-fibril double-hit model and the impact of CTEP treatment on these
hallmarks, respectively. Surprisingly however, despite showing sex differences on motor
impairment, here we observed no clear differences in p-α-synuclein pathology (Figures 6.4 & 6.5).
While we did observe statistically significant differences in number of phosphorylated α-synuclein
(Ser129) aggregates in the cortex (F(1, 16) = 4.686, p=0.0459), post hoc analyses indicated that there
were no significant differences between any of the groups. We did not see any significant
differences in number of phosphorylated α-synuclein (Ser129) aggregates in the SN (F(1, 16) =
0.4071, p=0.5325).

Figure 6.4: (A) Male and Female EGFP/Saline and αSYN AV/FIB representative slices and 300x300 µm2 sections of
the left (contralateral) and right (ipsilateral) cortex. (B) Mean and ± SEM of number of phosphorylated α-synuclein
(Ser129) aggregates per 300x300 µm2 section of the left (contralateral) and right (ipsilateral) cortex (n=5). Scale bars
on full brain images are 200 µm, while scale bars on the 300x300 µm2 sections are 50 µm.
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Figure 6.5: (A) Male and Female EGFP/Saline and αSYN AV/FIB representative slices and 300x300 µm2 sections of
the left (contralateral) and right (ipsilateral) substantia nigra. (B) Mean and ± SEM of number of phosphorylated αsynuclein (Ser129) aggregates per 300x300 µm2 section of the left (contralateral) and right (ipsilateral) substantia
nigra (n=5). Scale bars on full brain images are 200 µm, while scale bars on the 300x300 µm2 sections are 50 µm.
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To confirm that the global analysis was representative of aggregation throughout the substantia
nigra, we selected sections from the front, middle, and back of the SN to encompass the distribution
of phosphorylated α-synuclein aggregates (Figure 6.6). Although there were no significant
differences between levels of the SN, there was a main effect for sex (F(1, 24) = 7.628, p=0.0108).
However, post-hoc analyses indicated that there were no differences between any of the groups.

Figure 6.6: Mean and ± SEM of number of α-synuclein aggregates per 300x300 µm2 section of the left (contralateral)
and right (ipsilateral) cortex based on the level of the substantia nigra (n=5).
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In Chapter 3, we observed a robust increase in α-synuclein aggregates in the cortex of α-SYN
AV/FIB male mice, relative to the other groups. However, in Chapter 5 we saw no significant
differences between groups, suggesting this measure is quite variable. Here, we also show no
significant differences in the cortex or substantia nigra (Figure 6.7 & 6.8), with α-SYN AV/FIB
females trending below αSYN AV/FIB males in the cortex (Figure 6.7), but again with substantial
variability in the male group.

Figure 6.7: (A) Male and Female EGFP/Saline and αSYN AV/FIB representative slices and 300x300 µm2 sections of
the left (contralateral) and right (ipsilateral) cortex. (B) Mean and ± SEM of number of α-synuclein aggregates per
300x300 µm2 section of the left (contralateral) and right (ipsilateral) cortex (n=5). Scale bars on full brain images are
200 µm, while scale bars on the 300x300 µm2 sections are 50 µm.

162

Figure 6.8: (A) Male and Female EGFP/Saline and αSYN AV/FIB representative slices and 300x300 µm2 sections of
the left (contralateral) and right (ipsilateral) substantia nigra. (B) Mean and ± SEM of number of α-synuclein
aggregates per 300x300 µm2 section of the left (contralateral) and right (ipsilateral) substantia nigra (n=5). Scale bars
on full brain images are 200 µm, while scale bars on the 300x300 µm2 sections are 50 µm.
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Consistent with what we have reported in Chapters 3 and 5, the model was unable to generate
any neurodegeneration in the nigrostriatal pathway (F(1, 16) = 9.858x10-5, p=0.9922). Again, this is
inconsistent with what has been reported previously with a similar model (Thakur et al., 2017).
However, previous similar model was in rats and involved infusions in both the SN and the VTA,
while our current mouse model features injections in just the SN.

Figure 6.9: (A) Male and Female EGFP/Saline and αSYN AV/FIB representative slices of the left (contralateral) and
right (ipsilateral) substantia nigra. (B) Mean and ± SEM of number of TH positive cells per 300x300 µm2 section of
the left (contralateral) and right (ipsilateral) substantia nigra (n=5). Scale bars on full brain images are 200 µm.
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Additional analysis was conducted to investigate dopaminergic neurons throughout the SN by
selecting slices from the front, middle, and back of the SN to encompass the distribution of
potential degeneration across different areas of the SN. Once again, there were no significant
differences evident throughout the SN.

Figure 6.10: Mean and ± SEM of number of TH positive cells per 300x300 µm2 section of the left (contralateral) and
right (ipsilateral) cortex based on the level of the substantia nigra (n=5).
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To explore sex differences in a potential microglial response, sections were stained with IBA1,
but this analysis showed no differences in the number of IBA1+ cells in the cortex (F(1, 16) = 0.5692,
p=0.4615) or striatum (F(1, 16) = 0.2714, p=0.6095), nor were there clear morphological differences
(Figures 6.11 & 6.12).

Figure 6.11: (A) Male and Female EGFP/Saline and αSYN AV/FIB representative slices of the left (contralateral)
and right (ipsilateral) cortex. (B) Mean and ± SEM of number of IBA1 positive cells per 300x300 µm2 section of the
left (contralateral) and right (ipsilateral) cortex (n=5). Scale bars on full brain images are 200 µm, while scale bars on
the 300x300 µm2 sections are 50 µm.
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Figure 6.12: (A) Male and Female EGFP/Saline and αSYN AV/FIB representative slices of the left (contralateral)
and right (ipsilateral) striatum. (B) Mean and ± SEM of number of IBA1 positive cells per 300x300 µm2 section of
the left (contralateral) and right (ipsilateral) striatum (n=5). Scale bars on full brain images are 200 µm, while scale
bars on the 300x300 µm2 sections are 50µm.
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6.2.3 rS6 Activation Differs Based on Sex in the Cortex and on Injection in the
Striatum
We previously demonstrated differences in rS6 activation in male mice, but this is our first
time characterizing this model in females. In light of the evidence described in AD (Abd-Elrahman
et al., 2020a), we sought to preliminarily investigate sex differences in autophagy by quantifying
rS6 activation (Figures 6.13 & 6.14), a protein that is activated by mTOR. In the cortex, we found
that regardless of injection, females display lower levels of phosphorylated rS6 relative to EGFPsaline males (main effects of injection and sex: F(1,

16)

= 8.443, p=0.0103 & F(1,

16)

= 14.91,

p=0.0014, respectively). In the striatum however, we found that regardless of sex, α-synuclein
virus-fibril animals displayed lower levels of phosphorylated rS6 (main effect of injection: F(1, 16)
= 4.124, p=0.0358). In both cases, this indicates that mTOR activation is decreased, which suggests
that more autophagy processes are occurring in these groups. Female EGFP/Saline animals also
seem to display decreased rS6 activation relative to their male counterparts in the striatum;
however, this trend is approaching significance (p=0.0592).
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Figure 6.13: (A) Male and Female EGFP/Saline and αSYN AV/FIB representative slices of the left (contralateral)
and right (ipsilateral) cortex. (B) Mean and ± SEM of number of phosphorylated rS6 positive cells per 300x300 µm2
section of the left (contralateral) and right (ipsilateral) cortex (n=5). Scale bars on full brain images are 200 µm, while
scale bars on the 300x300 µn2 sections are 50 µm.
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Figure 6.14: (A) Male and Female EGFP/Saline and αSYN AV/FIB representative slices of the left (contralateral)
and right (ipsilateral) striatum. (B) Mean and ± SEM of number of phosphorylated rS6 positive cells per 300x300 µm2
section of the left (contralateral) and right (ipsilateral) striatum (n=5). Scale bars on full brain images are 200 µm,
while scale bars on the 300x300 µm2 sections are 50 µm.
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Chapter 7: General Discussion
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7.1 Summary
The overall aim of this thesis was two-fold: 1) to develop and characterize a novel mouse
model of PD and 2) to investigate mGluR5 NAM as a potential therapeutic option. The goal of
this thesis was to investigate these aims by answering the following four specific questions:
1) Does pairing an α-synuclein AV with α-synuclein PFFs efficiently recapitulate motor
symptoms and pathological hallmarks?
2) Can chronic treatment with CTEP, an mGluR5 NAM, prevent the onset of motor
impairment using the novel double-hit virus-fibril mouse model?
3) Can chronic treatment with CTEP, an mGluR5 NAM promote recovery from motor
impairment and alleviate protein aggregation?
4) Does the double-hit virus-fibril mouse model differently impact females than it does
in males?

The data presented in Chapters 3 through 6 summarized the research conducted to investigate
the specific aims and research questions listed above. In Chapter 3, we developed and described a
novel PD mouse model, which we have termed the ‘double-hit virus-fibril’ model. This model was
used throughout the thesis work and effectively induced a motor phenotype and widespread αsynuclein aggregate spread in male mice. Surprisingly, the motor phenotype observed was in the
absence of neurodegeneration, which suggests that biochemical changes induced by α-synuclein
drove the motor phenotype; however, our analyses did not yield insight into what pathway(s) may
be involved in this phenomenon. We also observed upregulation of rS6, a protein involved in
protein synthesis that has been used to proxy mTOR Complex I activity. This finding supports
previous work in the neurodegenerative diseases, which suggests autophagy processes may be
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impaired. In Chapter 4, we described how chronic negative allosteric modulation of mGluR5, with
CTEP, can prevent the onset of motor impairment that would otherwise occur. This study provided
us with evidence that CTEP may be a potential therapeutic candidate for PD and that the doublehit virus-fibril model may be leveraged for therapeutic assessments based on behavioural data. In
Chapter 5, we described how chronic negative allosteric modulation of mGluR5, with CTEP, can
induce a recovery from motor impairment and possibly clear α-synuclein aggregates in the cortex.
This study also demonstrated that the α-synuclein treated groups had progressive motor
impairment which gradually improved with CTEP treatment. Finally, in Chapter 6 we described
substantial sex differences using the double-hit virus-fibril model. Despite consistently eliciting a
motor phenotype in male animals, females were resilient to motor impairment. Interestingly,
females did not show significant differences in any protein or biochemical pathway except rS6
activation. Taken together, we have provided substantial evidence that α-synuclein contributes to
motor dysfunction in PD, which can be alleviated by targeting mGluR5, although only in male
mice, not females.

7.2 Contributions to the Field of PD Research
7.2.1 Modelling PD Pre-Clinically
Prior to the work of this thesis, there were no mouse models, to our knowledge, that combined
an α-synuclein AV with α-synuclein PFFs model PD pre-clinically; however, there was one rat
model that used an α-synuclein AAV in combination with α-synuclein PFFs that does not appear
to have since used or optimized (Thakur et al., 2017). Modelling PD has been difficult because
many of the underlying mechanisms of the disease are still yet to be fully characterized. As such,
there is no one preclinical model that perfectly represents all components of the disease (Bové et
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al., 2005; Jagmag et al., 2016; Salama & Arias Carrion, 2011), although there are many models
that represent some components of the disease well (Salari & Bagheri, 2019). While our aim was
to develop a model that better represents the disease than those currently available, we were unable
to definitively determine if that was accomplished. As it stands, we are currently unable to elicit
neurodegeneration in the nigrostriatal pathway, which is a key characteristic of PD (Miller &
O’Callaghan, 2015). We are currently uncertain if the model has potential to induce degeneration
with either time, further optimization, or possibly both. We had hypothesized that this model may
represents an earlier stage in PD, where α-synuclein aggregates precede degeneration; however,
this theory is unlikely as motor impairment is generally not observed in humans in the absence of
neurodegeneration. Further use of the model is required to confirm or deny this theory, particularly
by adjusting the timeline of the study to investigate if degeneration can be achieved with the model
and how α-synuclein contributes.
Both fibril and viral based models of PD have gained in popularity, primarily to investigate
the role of α-synuclein in PD (Salari & Bagheri, 2019). While it is known that α-synuclein is a
primary component of LBs and LNs (Spillantini et al., 1997), how α-synuclein contributes to PD
mechanisms and disease progression is less widely known. Several mechanisms have been
identified as potential uptake avenues, including direct binding of α-synuclein to HSPGs, an
extracellular matrix protein, resulting in uptake through micropinocytosis (Holmes et al., 2013),
direct binding to Lag3, or transmission through extracellular vesicles and tunnelling nanotubes
(Karpowicz et al., 2019). It is unknown how recruitment proceeds once inside the cell, but it has
been hypothesized that seeds internalized from the endocytic pathway escape and interact with
soluble α-synuclein monomers (Karpowicz et al., 2019; Victoria & Zurzolo, 2017). Gal3 may play
a role in this process as cells that are exposed to a high concentration of α-synuclein see Gal3
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redistributed to lysosomes (Freeman et al., 2013; Jiang et al., 2017), where phosphorylated PFFs
can directly disrupt lysosomal membrane integrity as phosphorylation at Ser-129 increases the
degree of membrane disruption (Samuel et al., 2016). This work has provided a model that may
be effective in investigating these mechanisms as we have been able to consistently characterize
α-synuclein spread but did not investigate the mechanism driving the spread we observed. It is also
unclear how α-synuclein contributes to ‘normal’ function in the CNS. There has been evidence to
date to suggest that α-synuclein is a vesicle bound protein involved in synaptic development
(Withers et al., 1997), regulation of pre-synaptic vesicle pools (Murphy et al., 2000) and part of
the SNARE-complex assembly (Burré et al., 2010). Others have also explored the idea that αsynuclein is a curvature-sensing and stabilizing protein (amphipathic helix-containing protein)
(Middleton & Rhoades, 2010; Shen et al., 2012; Varkey et al., 2010; Westphal & Chandra, 2013).
We have presently demonstrated that α-synuclein aggregation can induce motor impairment
in the absence of degeneration. We have hypothesized that α-synuclein drives biochemical changes
in the motor cortex that translate into a motor phenotype; however, we are unsure by what
mechanisms these changes occur. In Chapter 3 we observed an increase in rS6 activation, which
we attributed to defects in autophagy, yet, the opposite occurs in Chapters 5 and 6, where we
observed a decrease in rS6 activation. A more thorough investigation into autophagy mechanisms,
including the PI3K/Akt/mTOR and GSK3β/ZBTB16 pathways are required to better understand
what the implications of our findings on rS6 activation have in the context of α-synucleinopathies.
It is important to note that in Chapter 3 we analyzed the tissue after 16 weeks , but after 24 weeks
in the latter two chapters. Such timing differences might be relevant to the disparate outcomes
since Abd-Elrahman et al. (2020b), described a shift in AD disease mechanism, in the context of
CTEP treatment, that was observed at 15-months of age.
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7.2.2 Disease Altering Therapeutics
Levodopa and dopamine agonists continue to be the most widely used therapeutic options on
PD patients (Connolly & Lang, 2014); however, there continue to be new targets and mechanisms
identified that may provide disease altering potential, including mGluR5 and the PI3K/Akt
signaling pathway (Jha et al., 2015; More & Choi, 2016; Qin et al., 2011). mGluR5 negative
allosteric modulation with CTEP has been described previously in a 6-OHDA model of PD
(Farmer et al., 2020); however, α-synuclein aggregation is not induced in 6-OHDA models of PD.
As such, it was previously unknown how CTEP might mitigate α-synuclein pathology, although it
did provide evidence that mGluR5 negative allosteric modulation could alter mTOR signaling and
improve motor impairment. Based on previous findings that described altered autophagy processes
and/or aggregate clearance following CTEP treatment in models of AD and HD (Abd-Elrahman
et al., 2017, 2018, 2019, 2020a, 2020b; Abd-Elrahman & Ferguson, 2019), we hypothesized that
CTEP would clear α-synuclein aggregates, in addition to alleviating motor symptoms, in the
double-hit virus-fibril model. In Chapters 4 and 5 we observed robust protection of and
improvements in motor behaviour, while in Chapter 5 we observed aggregate clearance and
alterations in rS6 activation, indicating a decrease in mTOR activity.
Despite observing positive results following CTEP treatment, it is still unknown what
mechanisms are responsible for the improvements. While we did see changes in rS6 activation
following CTEP treatment in Chapter 5, significant differences were observed in the striatum
where we did not find any α-synuclein aggregates. Conversely, we saw a robust increase in number
of aggregates in the cortex that was cleared following CTEP treatment; however, we saw no
significant differences in rS6 activation in this area. This finding is not supported by previous
literature that have shown regional differences in autophagy mechanism signaling that
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corresponded to aggregate clearance (Abd-Elrahman et al., 2017, 2018, 2020a, 2020b). We also
observed a motor phonotype in the absence of neurodegeneration, which indicates that loss of
dopaminergic neurons was not driving motor impairment in this model. As it stands, we are
uncertain how α-synuclein is contributing to motor impairment, particularly as our findings did
not consistently show clear relationships between aggregation and impairment. While we have
shown that CTEP treatment prompted aggregate clearance in the cortex; we were unable to connect
changes in rS6 activation in this same region, so we are unsure how aggregates are cleared
following treatment. In Chapter 6, we also failed to attribute any pathological changes to the
observed motor phenotype in males, which further complicates the relationship between αsynuclein and motor impairment. Further research into the potential mechanisms driving these
changes is warranted moving forward to better understand α-synuclein contributes to PD and other
synucleinopathies.
It is also important to consider that although we generally saw positive results across multiple
motor behaviour tests, we were concerned that the hyperactivity phenotype in the locomotor tests
may confound performance in other tests. This phenotype seemed to only obviously present with
locomotion testing, particularly the open field test. The rotarod, horizontal ladder, and grip strength
tests showed no statistically significant treatment effect, as CTEP treated EGFP/Saline animals did
not show significantly elevated performance relative to their vehicle treated counterparts, while in
α-synuclein virus-fibril animals, CTEP treatment improved motor performance in both the
horizontal ladder and rotarod tests. Based on these findings, we cannot be certain to what extend
hyperactivity is driving our results as there is only a clear hyperactivity phenotype in our locomotor
test when considering the performance of our control (EGFP/Saline) animals. Previously, Ribeiro
et al. (2014) investigated hyperactivity following MTEP administration via injection. The authors

177

found that animals treated with MTEP, regardless of strain, exhibited hyperactivity immediately
following the injection, which they determined to be a result of mGluR5 blockage. It is important
to note that in our paradigm, animals are under constant CTEP treatment, whereas in this study the
effects were analyzed immediately following a targeted dose of MTEP. Others have also
investigated hyperactivity following administration of CTEP, finding that CTEP administration
does seem to consistently induce locomotor hyperactivity, particularly in the open field test (Mehta
et al., 2011; Montana et al., 2009; Thomas et al., 2012). Further research needs to dig deeper into
whether such “hyperactivity” could be deemed either “deleterious” or possibly “beneficial” in
certain states, particularly with regards to PD. Maybe increased overall activity could be useful
within the context of bradykinesia etc. and implications for things like On-off syndrome, that often
appears following levodopa treatment, to mitigate against periods where movement is slowed or
difficult.

7.2.3 Sex Differences
Sex differences were widely characterized in both clinical and pre-clinical PD populations
(Gillies & McArthur, 2010; Hasbi et al., 2020; Lavalaye et al., 2000; McArthur, McHale, et al.,
2007; Munro et al., 2006; Riccardi et al., 2011; Rivest et al., 1995). Substantial focus has been
placed on circulating sex hormones, estrogen in particular (Bourque et al., 2019); however, also of
importance are other structural and biochemical differences that may not be driven by circulating
sex hormones (Giatti et al., 2019; Gillies et al., 2014). To our knowledge no other group has
characterized sex differences in a combinatory virus-fibril model. Based on our findings in
Chapters 3, 4, and 5, we had anticipated that females may develop disease characteristics at a
different pace than their male counterparts; however, we did not anticipate females being
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completely resistant to motor impairment altogether. Recently, Buck et al. (2021) described a
similar phenomenon in a Drosophila model where females were resistant to age related motor
impairment; however, their findings attributed this resilience to increased VGLUT expression in
female dopaminergic neurons. This finding was also consistent across both mouse and human
tissue and further experiments demonstrated when VGLUT expression is diminished, females lose
their resiliency dopaminergic neuron loss that occurs with age. However, our model did not induce
loss of dopaminergic neurons in either males or females, so increased dopaminergic neuron
resiliency unlikely to be the mechanism driving motor resiliency in the females.

7.3 α-Synuclein Contribution to Parkinson’s Disease
One of the primary aims of this thesis work was to develop a novel model where aggregation
and spread of α-synuclein could be investigated. There have been several groups interested in
mechanisms of spread, especially as it appears that α-synuclein moves in a distinct pattern through
the brain (Braak et al., 2003; Braak & Del Tredici, 2017; Brundin et al., 2008; Li et al., 2008;
Recasens & Dehay, 2014), suggesting that specific neural networks may be more vulnerable to αsynuclein aggregates. While we generally limited our focus to specific regions of interest
throughout this work (SN, cortex, and striatum) in Chapter 3 we observed widespread aggregation,
with notable accumulation in the cortex and olfactory bulb. Based on the location of the injections,
we believe the aggregates moved both forward (toward the olfactory bulb) and backward from the
infusion site. In the olfactory bulb, the aggregates (i.e. any cluster of α-synuclein that are detectable
via immunostaining) exhibited substantial accumulation in both the cell body and axons of the
neurons, whereas in other brain regions they only appeared to accumulate in the cell body. LBs
typically present in the cell body, whereas LNs present in the axons and a combination of the two
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are required for the classification of Lewy pathology (Hubbard et al., 2007), which makes this
observation interesting as at the time point of our sampling no other region exhibited robust
immunostaining in both axons and cell bodies. This finding is of particular importance as the
olfactory bulb has been cited as one of the first areas to exhibit pathology in PD, which typically
occurs before symptoms occur or before pathology is affecting the SN (Braak, et al., 2003b; Braak
et al., 2004; Del Tredici et al., 2002). Additionally, pathology in the olfactory bulb is associated
with pathology in the brain stem (Del Tredici et al., 2002), despite their lack of physical proximity
in the brain. Possibly, the neurons in the olfactory bulb are more susceptible to disruption caused
by α-synuclein (Hubbard et al., 2007) and/or perhaps these neurons were exposed to α-synuclein
fibrils for a greater period, enabling more robust immunostaining and accumulation.
Moreover, the aggregates did not appear to stay in the SN, as we did not see increases in
number of aggregates in the virus-fibril animals in the way we did the cortex. Recently, Izco et al.
(2021) reported that the number α-synuclein aggregates in the SN peaked at 30 days post injection
in their fibril study, as the number of aggregates was significantly less 90 days post injection. This
supported previous findings that described aggregation peaking in certain brain regions anywhere
from 2-4 months depending on the brain region and declining at the 6-month time point. It is
possible therefore that number of aggregates peak earlier on in the model and begin to decline with
time, but we would need to repeat the model and investigate earlier timepoints to verify.
Furthermore, to confirm whether time contributed to the stain intensity in other regions, further
research where immunostaining is conducted across numerous time points is also required. Based
on this theory, it is reasonable to hypothesize that other brain regions were still in early stages of
exposure to α-synuclein fibrils and that in time we would observe similar pathology as we did in
the olfactory bulb. The noticeably darker and larger inclusions in the cortex prompted us consider
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the possibility that the neurons in this region may have had a longer exposure time than those in
other regions with lighter staining, but not as much exposure as those in the olfactory bulb.
It is also important to consider how this spread was occurring to better understand how the
disease progresses, which can be tracked in the future by tagging the fibrils to better assess the
pattern of spread and attribute what pathology is driven by endogenous and exogenous α-synuclein.
One potential caveat of this research is that we used antibodies that were specific to the human αsynuclein protein (though human and mouse α-synuclein is highly conserved) (Touchman et al.,
2001), so without a tag on the fibrils or AV, we cannot be 100% certain that the spread we are
observing is solely from endogenous α-synuclein aggregates or from injected fibrils or a
combination of the two. It has been previously theorized that the increased endogenous α-synuclein
from viral overexpression would interact with increased exogenous α-synuclein from the PFFs,
converting endogenous α-synuclein into the pathological form that acts locally and beyond the
injection site, throughout the basal ganglia and cortex (Volpicelli-Daley et al., 2011). We believe
we observed this phenomenon in our work, which provides more support for further investigation
of how this mechanism of spread proceeds.
Although much remains unknown about the role of α-synuclein in the development of PD, here
we have been able to show that α-synuclein can, at least, influence motor behaviour in the absence
of dopaminergic degeneration. Of course, there is the possibility that although SN dopamine
neurons are intact in the present series of experiments, their signalling capacity might have been
disturbed. As we did not directly assess neurochemical functioning of these neurons, we cannot
rule out the possibility that α-synuclein pathology altered dopaminergic release, utilization and
turnover. This does seem unlikely however, given the fact that α-synuclein accumulation in the
SN was relatively modest compared to other regions (cortex, olfactory bulbs), but this might
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simply be an issue of timing. It is also worth mentioning that other studies have highlighted the
importance of other neurotransmitter systems, most notably noradrenergic functioning and motor
impairment in PD models (Paredes-Rodriguez et al., 2020). Indeed, the locus coeruleus
noradrenergic nuclei degenerates to a considerable degree in PD patients (McMillan et al., 2011;
Zarow et al., 2003) and some studies have began to explore the relationship between
monoaminergic brainstem nuclei and modulation of basal ganglia functioning (Hikosaka et al.,
2008). Our future work will assess this alternate monoaminergic circuits and their role in governing
motor behavior in the face of α-synuclein spread. We believe that time-dependent dysregulation
of multiple such wide-acting circuits might be disrupted with the spread of α-synuclein.
The above discussion is of particular interest as it has been traditionally hypothesized that in
humans, motor impairments present only when there has already been a substantial loss of
dopaminergic neurons in the nigrostriatal pathway (Burke & O’Malley, 2013; Cheng et al., 2010).
Early estimates suggested a loss of 60-80% of nigrostriatal dopamine neurons and fibre projections
(Riederer & Wuketich, 1976); however, more recent it has been suggested that this loss is closer
to 40-60% (Burke & O’Malley, 2013; Cheng et al., 2010). Therefore, there has been substantial
focus placed on how α-synuclein directly and indirectly contributes to dysfunction in dopaminergic
neurons (Minakaki et al., 2020). While others have described motor impairment early on in disease
progression with other pre-clinical PD models (Ekmark-Lewén et al., 2018), tissue was not
analyzed until months after impairment was first detected so it is difficult to discern whether the
dopaminergic neuron loss described at 8- and 11- months was present at 2-months when
impairment was first detected. Elabi et al. (2021) investigated PD disease characteristics with a
transgenic model and were also unable to elicit differences in number of TH positive cells in the
SN, although they did report differences in both TH and dopamine transporter (DAT) optical
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density in the striatum. In that study, the authors still observed age-dependent motor impairment,
which suggests that motor impairment can occur in the absence of degeneration in the SN.
Conversely, the work done by Thakur et al. (2017) described a very similar model to the doublehit virus-fibril model and they observed dopaminergic neuron loss as early as 3-weeks following
the fibril injection, so it is possible to generate dopaminergic neuron loss early in disease
progression.
Substantial work has described how α-synuclein impacts many of the proposed PD
mechanisms, including neuroinflammation, mitochondrial dysfunction, ER stress, and lysosomal
degradation (Minakaki et al., 2020). Here, we elected to perform a very limited assessment of
neuroinflammation, by essentially only doing a rough estimate of number of microglial cells and
general visual assessment of their morphology. Future work is needed in order to actually attempt
to characterize the microglial phenotype (e.g. M1 vs M2-like) and also address the possibility of
infiltrating immune cells (e.g, T and B lymphocytes, neutrophils or macrophages) being recruited,
as has been observed in PD (Garretti et al., 2019; Yan et al., 2021). The present IBA1+ microglial
measures do not speak at all to the possibility that α-synuclein might have recruited an actual
peripheral immune response, and only at the most basic level, speaks to the possibility of a
microglial-driven neuroinflammatory response being engendered by the treatments. Although the
literature demonstrates a relationship between α-synuclein and inflammation, we did not observe
reliable changes in IBA1+ microglia. This is surprising since others have also observed microglial
activation in the presence of misfolded α-synuclein (Alvarez-Erviti et al., 2011; Béraud et al., 2011;
Lee et al., 2010; Reynolds, Glanzer, et al., 2008; Reynolds, Kadiu, et al., 2008; Zhang et al., 2005)
and α-synuclein has been shown to contribute to the inflammatory vulnerability of dopaminergic
neurons (Gao et al., 2008). This is hypothesized to occur due to the factors released from microglia,
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which contribute to oxidative stress, protein misfolding, and aggregation (Gao et al., 2011; Venda
et al., 2010).
Overall, the impact of α-synuclein on inflammation in viral and/or fibril based models of PD
have been mixed, with some able to elicit a sustained microglial response (Zhang et al., 2020),
while others described a more robust microglial response soon after the injections, while the
sustained response was more modest (Thakur et al., 2017). The modest changes we did observe in
microglia in the cortex did not correlate with the robust α-synuclein accumulation in that same
area. Furthermore, we also observed modest microglial changes in the striatum in the absence of
any detected α-synuclein aggregates.

7.4 Targeting Autophagy as a Neurodegenerative Disease Therapeutic Target
Another primary aim of this thesis work was to investigate how mGluR5 negative allosteric
modulation with CTEP impacts motor phenotype, pathology, and biochemistry in our model. This
focused was inspired by work in our lab and others that demonstrated that treatment with CTEP
can improve animal behaviour, clear toxic protein aggregates, and alter biochemical mechanisms,
particularly autophagy (Abd-Elrahman et al., 2017, 2018, 2019, 2020a, 2020b; Abd-Elrahman &
Ferguson, 2019; Farmer et al., 2020; Milanese et al., 2021). Autophagy has been widely discussed
in the literature and impairments in autophagy processes have been hypothesized to contribute to
the accumulation of misfolded proteins in the brain and ultimately the development of
neurodegenerative diseases stress (Anglade, 1997; Chu et al., 2009; Cuervo & Wong, 2014; Michel
et al., 2016). Importantly, several genes linked to PD have also been associated with dysfunction
of the autophagy process, such as the overexpression of α-synuclein (Winslow et al., 2010) and
LRRK2 (Gómez-Suaga et al., 2012). Furthermore, deficiencies in Atg7 contributes to the increase
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in presynaptic α-synuclein accumulation and formation of aggregates containing K48-linked
polyubiquitin and p62 in neurons (Ahmed et al., 2012). Importantly, Ebrahimi-Fakhari et al. (2011),
suggest that impairment of one of these pathways can lead to compensation, in this case
upregulation, of the other, further exacerbating dysfunction and the disease. Targeting autophagy
mechanisms to alleviate protein aggregate was appealing to us, particularly as we sought to
investigate a model driven by α-synuclein. Additionally, others have been successful in targeting
autophagy mechanisms in several pre-clinical studies and alleviating toxic aggregate burden (AbdElrahman et al., 2017, 2018, 2019, 2020a, 2020b; Abd-Elrahman & Ferguson, 2019), which further
reinforces the importance of investigation into autophagy mechanisms as disease altering
therapeutic targets.
While we sought to target autophagy through mGluR5 signaling pathways, a large focus of
PD research has been on the roles of PINK1 and parkin on mitophagy (Lemasters, 2005), or
mitochondrial autophagy (Deas et al., 2009; Fitzgerald & Plun-Favreau, 2008). Impairments in
mitophagy can result in several prominent PD motor symptoms and features, including tremor,
impaired motor coordination, and the accumulation of protein aggregates, which makes it
particularly interesting to investigate (Hara et al., 2006; Komatsu et al., 2006). The literature has
shown that mitophagy occurs independently of the PI3K/Beclin1 pathway and is instead dependent
on the MAPK/ERK signaling pathway (Chu et al., 2007), which has been observed in G2019S
LRRK2 mice (Plowey et al., 2008). To date there are limited conclusions on how PINK1 and
Parkin interact with one another in mitophagy processes, although there has been substantial
investigation into their relationship (Dagda & Chu, 2009; Deas et al., 2009; Ding et al., 2010;
Geisler et al., 2010; Lin & Kang, 2008; Matsuda et al., 2010; McBride, 2008; Narendra et al., 2008,
2009, 2010; Piccoli et al., 2008; Rakovic et al., 2010; Suen et al., 2010; Vives-Bauza et al., 2010).
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Nonetheless, mitophagy may be a niche form of autophagy that warrants targeting in PD based on
the influence genetics and α-synuclein seem to have on its proper function.

7.5 Future Directions
This thesis has generated several questions and further lines of inquiry to be pursued. First and
foremost, how do α-synuclein aggregates spread from the injection site throughout the brain?
While we have developed a model that allows us to explore questions regarding the mechanism of
spread, we have not yet characterized by which mechanism(s) this spread occurs. We have
hypothesized that α-synuclein first propagates throughout the brain, notably impacting the
olfactory bulb and then the cortex, in a prion-like manner based on previous work investigating
the Braak and Prion hypotheses (Braak et al., 2003; Braak & Del Tredici, 2017; Brundin et al.,
2008; Li et al., 2008; Rey et al., 2016; Steiner et al., 2018). We were unable to confirm whether
endogenous α-synuclein, exogenous α-synuclein, or both were responsible for the spread we
observed. Previous work posits that α-synuclein oligomers and fibrils promote conformational
changes in α-synuclein monomers, which then promote the adoption of β-sheet conformation,
enabling the formation of fibrils (Luk et al., 2009; Nonaka et al., 2010; Peng et al., 2018;
Volpicelli-Daley et al., 2011). Further, it has been proposed that propagation of α-synuclein
aggregates occurs via connected nuclei and transmission occurs via synapses (Beach et al., 2009;
Kosaka et al., 1984; Lee et al., 2014; Luk & Lee, 2014). A future direction may be to observe the
movement of fibrils across synapses and between connected nuclei; a line of inquiry we did not
pursue for this work. Because this work represented our first time using PFFs to induce aggregate
spread we were uncomfortable modifying the PFFs to include a tag. Now that we have shown that
the model can effectively induce spread, the next iteration would be to better track α-synuclein
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movement throughout the brain. Future research should therefore design tags for both the virus
and the fibrils to better assess how they are spreading from the injection site.
Next, does α-synuclein spread and aggregation precede degeneration? And if so, what
mechanisms are altered by α-synuclein to elicit a motor phenotype? These questions have been
discussed throughout this work as there has been little to no focus on how α-synuclein can
contribute to motor impairment in the absence of neurodegeneration. Much of the research
describing α-synuclein’s impact on motor function has been around dopaminergic neuron
vulnerability (Sulzer & Surmeier, 2013). Despite neurodegeneration in the nigrostriatal pathway
being a hallmark of PD (Miller & O’Callaghan, 2015), there is evidence that spread of α-synuclein
can occur in the absence of neurodegeneration (Masuda-Suzukake et al., 2013). It has been
suggested that models demonstrating spread in the absence of neurodegeneration either do not best
model PD or represent early disease stages (Roberts et al., 2015). Although we cannot definitively
be sure, we do believe that our model most closely falls into the category of the former as a robust
motor phenotype in the absence of neurodegeneration is uncharacteristic of PD. Despite this belief,
it is important to consider that in time, degeneration could be induced based on previous work that
demonstrates degeneration with a similar model (Thakur et al., 2017) and an abundance of work
demonstrates the viral and fibril components of the model on their own can induce degeneration
(Abdelmotilib et al., 2017; Luk, et al., 2012b; Osterberg et al., 2015; Tapias et al., 2017).
Interestingly, there are findings that demonstrate α-synuclein propagation requires intact neural
networks, and degeneration of these networks limits the ability for α-synuclein to spread (Ulusoy
et al., 2015), which could support the hypothesis that α-synuclein aggregation and spread precedes
neurodegeneration. Had we not elicited such robust and consistent motor impairment in male mice,
we would be more inclined to believe that our model represents early stages of PD; however, at
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best we believe this model could serve a purpose investigating α-synuclein spread and biochemical
implications. Future work with this model should therefore focus on investigating mechanisms
involved in α-synuclein uptake, recruitment, and spread throughout neural networks, as well as
investigating how α-synuclein may specifically drive motor impairment.
Another area of focus for the future with this model is to better characterize and describe the
other biochemical changes routinely described in PD. While we did some preliminary investigation
into inflammation and autophagy, more work is needed to better understand how α-synuclein
impacts these processes. Microglial activation has been association with the exacerbation of
neurodegenerative diseases, including PD, with others suggesting that the release of factors from
microglia contribute to oxidative stress and protein aggregation (Gao et al., 2011; Venda et al.,
2010; Yang et al., 2020). While we were unable to definitively characterize a neuroinflammatory
response in our model, it would be interesting to better track this response over time. Additionally,
although α-synuclein is well studied in regards to aggregation within neurons, research has shown
that α-synuclein can also enter microglia (Yang et al., 2020), which is another line of inquiry we
did not investigate. To further investigate inflammatory response, analyses on astrocytes and in
particular, their interaction with microglia may be important to consider. The literature suggests
that as neurodegenerative diseases progress, astrocytes gain a toxic function (Liddelow et al., 2017;
Liddelow & Barres, 2017) and it has been further hypothesized that astrocytes transition from a
support role to a toxic role in part due to interactions with microglia (Liddelow et al., 2017).
Liddelow et al. (2017) posited that these interactions promote an astrocytic conformation that is
responsible for upregulating genes that disrupt synapses, which contributes to the development of
neurodegenerative diseases.
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Autophagy is another area that has received a lot of attention in the literature and while we
made some preliminary observations, much more can be done to investigate both the relationship
between α-synuclein and autophagy. For this work, we were only able to semi-quantify rS6
activation to proxy mTOR activity. We had tried to characterize mTOR, ULK1, and GSK3β
signaling pathways with Western blotting; however, we were unable to get consistent results owing
to technical reasons. After conducting immunohistochemical analysis and observing the variability
of α-synuclein spread, we believe that our approach to dissect regions of the brain for protein
quantification may have contributed to the inconsistencies in our analysis. In the future we
recommend processing half or whole brains as opposed to regions and subregions to better control
for the variability of spread within regions and subregions.
Mitochondrial dysfunction and its association with ER stress, and calcium homeostasis may
be important to understand how our model represents these characteristics of PD. Mitochondrial
dysfunction has been well characterized in PD since the mid to late 1980s with seminal research
involving brain tissue samples from patients, non-human primates, and rodents all demonstrating
deficiencies in mitochondrial complex I (Langston et al., 1984; Przedborski et al., 2004; Schapira
et al., 1990; Swerdlow et al., 1996). Moreover, several genetic links to PD are also related to
mitochondrial dysfunction, with PINK1 and Parkin, especially important in this regard PD
(Thomas & Beal, 2007, 2010; Chaturvedi & Beal, 2008; Lin & Beal, 2006). Accumulating
evidence suggests that when sufficient environmental insults are encountered, genetic
vulnerabilities in mitochondrial functioning might give rise to PD (Deas et al., 2011; Gautier et al.,
2008; Narendra et al., 2010; Palacino et al., 2004). As such, it would have been interesting to
observe how upregulation of endogenous and introduction of exogenous α-synuclein may impact
mitochondrial function.
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Our last experimental chapter provides evidence that suggests females are resistant to motor
impairment was exciting and consistent with what has been recently described (Buck et al., 2021).
We had initially hypothesized that females would not respond robustly to CTEP based on previous
work in our lab that demonstrated CTEP treatment did not improve motor or pathological features
in an AD mouse model (Abd-Elrahman et al., 2019). However, with recent work demonstrating
that females in an ALS model respond better to CTEP than males (Milanese et al., 2021), we are
now uncertain if our original hypothesis is correct. We are therefore anxious to see how mGluR5
negative allosteric modulation may impact females in the future and if we will continue to support
further investigation into the use of CTEP as a disease modifying therapeutic for PD patients.

7.6 Conclusions
This thesis resulted in the development of a novel double-hit virus-fibril model has provided
additional methods of exploring the role of α-synuclein in PD progression, the efficacy of disease
modifying therapeutic and potential sex differences associated with α-synuclein accumulation. We
were also able to show that CTEP might be considered as a potential disease altering therapeutic
for PD, based on its ability to counter α-syncuelien associated motor deficits. This work supports
previous work that brings attention to substantial sex differences that are present in the
development and presentation of neurodegenerative diseases. Ultimately, this thesis work provides
support for the use of combinatory α-synuclein based models in the context of assesing therepeutic
NAMs tageting glutamatergic functioning.
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