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Abstract 

 

The objective of this thesis was two-fold: first, to develop and characterize a novel Parkinsonôs 

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 Ŭ-synuclein in combination with the addition of exogenous synthetic Ŭ-synuclein pre-formed 

fibrils (PFFs), we demonstrate that the double-hit virus-fibril model can consistently induce motor 

impairments and Ŭ-synuclein spread in male mice. Remarkably, we observed motor impairment in 

the absence of degeneration, suggesting that perhaps Ŭ-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, Ŭ-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 Ŭ-

synuclein 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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1.1. Parkinsonôs Disease 

Parkinsonôs 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 Alzheimerôs 

Disease (AD), PD is the second most prevalent neurodegenerative disease (de Lau & Breteler, 

2006; Miller & OôCallaghan, 2015) and has a substantial economic and emotional burden (Miller 

& OôCallaghan, 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 & OôCallaghan, 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 & OôMalley, 
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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 

Parkinsonôs Disease Rating scale (UPDRS) (Jankovic, 2008), there is no biomarker that can 

diagnose PD with full accuracy (Miller & OôCallaghan, 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 brainôs 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 & OôCallaghan, 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 Ŭ-synuclein 

inclusions. But the exact contribution of Ŭ-synuclein is not well understood (although it is thought 

that Ŭ-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 óhitô 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 & Ŭ-Synuclein 

PD is a member of the synucleinopathy family - a family of diseases characterized by the 

accumulation of ubiquitous Ŭ-synuclein, contributing to the formation of either LBs (Spillantini et 

al., 1997) or Ŭ-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 Ŭ-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 Ŭ-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 Ŭ-Synuclein 

Ŭ-Synuclein was first identified in 1988 when researchers isolated this protein from synaptic 

vesicles of Torpedo californica (Burré et al., 2010). Following its discovery, ɓ-synuclein (Nakajo 

et al., 1990; Tobe et al., 1992) and ɔ-synuclein (Tobe et al., 1992) were also identified as localized 

proteins found on presynaptic nerve terminals. Ŭ-, ɓ-, and ɔ-Synuclein are small, soluble proteins 

ranging from 127-140 amino acids (Ŭ-synuclein as the largest, ɔ-synuclein as the smallest) 

(Clayton & George, 1998). Furthermore, synucleins can be identified by their characteristic 11 

residue sequence (consensus XKTKEGVXXXX), which is repeated 6 (ɓ) to 7 (Ŭ and ɔ) times 

(George et al., 1995). In physiological conditions, only Ŭ- and ɔ-synuclein can form fibrils, while 

ɓ-synuclein can only form fibrils in low pH conditions (Jain et al., 2018). Additionally, it is 

important to note that neither ɓ- nor ɔ-synuclein contribute to LBs, nor can their preformed seed 

fibrils affect fibrillation of Ŭ-synuclein (Jain et al., 2018). 

While Ŭ-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, Ŭ-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 Ŭ-

synuclein 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 Ŭ-synuclein are dependent on its structural 

state (i.e. monomer, oligomer, or fibril) (Diógenes et al., 2012; Fusco et al., 2017). When 

investigating itôs potential role in long term potentiation (LTP), Ŭ-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, Ŭ-

synuclein oligomers, but not Ŭ-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.   

Ŭ-Synuclein monomers are approximately 14kDa in size and have a highly conserved N-

terminus and divergent C-terminus (Thakur et al., 2017). As described earlier, at the N terminus, 

the Ŭ 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 ñnormal cell functionò 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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Ŭ-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 

Ŭ-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 Ŭ-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 ɓ-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).  

Ŭ-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 ñseedingò through the 

CNS to eventually impact the nigrostriatal dopaminergic system. These fibrils occur naturally 

when Ŭ-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 Ŭ-synuclein fibrils has become increasingly used in rodents to model aspects of PD. Indeed, 

exogenous Ŭ-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 ñseedingò  (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 Ŭ-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 axonsô 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 Ŭ-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 

ñinfectious agentò (McCann et al., 2016; Morinet, 2014). It has been suggested that proteins 

generally involved in neurodegenerative disease pathology, such as Ŭ-synuclein, tau, ɓ-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 Ŭ-

synuclein (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 Ŭ-synuclein can occur in the absence of neurodegeneration (Masuda-Suzukake et al., 

2013). So perhaps animal models that demonstrate Ŭ-synuclein spread in the absence of 

neurodegeneration are modelling earlier disease stages as Ŭ-synuclein accumulation is thought to 

begin early on in the disease (Roberts et al., 2015). Further support for the hypothesis that Ŭ-

synuclein precedes neurodegeneration are findings that demonstrate Ŭ-synuclein propagation 

requires intact neural networks, and degeneration of these networks limits the ability for Ŭ-

synuclein to spread (Ulusoy et al., 2015).   

Consistent with a prion-like seeding phenomenon, graft to host experiments in 2008 

demonstrated that Ŭ-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 Ŭ-synuclein aggregates 

from the host brain seeded endogenous healthy Ŭ-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 Ŭ-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 Ŭ-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 Ŭ-synuclein propagates through the brain. Evidence suggests that Ŭ-synuclein oligomers and 

fibrils induce conformational changes in Ŭ-synuclein monomers, promoting the adoption of ɓ-

sheet conformation, as opposed to an Ŭ-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 Ŭ-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 Ŭ-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 Ŭ-synucleinopathies. However, further research demonstrated that Ŭ-
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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 Ŭ-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-ɓ precursor-like protein 

1 (APLP1) and neurexin 1ɓ as potential Ŭ-synuclein receptors. PrPc can also partially mediate Ŭ-

synuclein internalization, but scrapie prions (PrPSc) are unable to replicate in the presence of Ŭ-

synuclein (Auliĺ 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 Ŭ-synuclein. (A) Ŭ-Synuclein fibrils bind to cell surface heparan 

sulfate proteoglycans (HSPGs), an extracellular matrix protein, resulting in uptake through micropinocytosis. (B) Ŭ-

Synuclein 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 Ŭ-synuclein can initiate recruitment once inside the cell. One 

hypothesis suggests that  Ŭ-synuclein internalized from the endocytic pathway disrupts the 

lysosomal membrane, which enables their escape and  potential to interact with soluble Ŭ-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 Ŭ-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 O-

GlcNAcylation (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 Ŭ-

synuclein exposure can contribute to lysosomal membrane disruption, as in cells exposed to a high 

concentration of Ŭ-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  Ŭ-

synuclein exposure contributes to lysosomal disruption. However, the exact mechanism by which 

Ŭ-synuclein escapes from the lysosome is still undetermined and it is also unclear whether Ŭ-

synuclein 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 Ŭ-synuclein. (A) Ŭ-Synuclein fibrils enter the cell 

through an uptake mechanism. (B) Ŭ-Synuclein fibrils undergo endocytic trafficking. (C) Ŭ-Synuclein fibrils disrupt 

the lysosome, resulting in the recruitment of galectin 3 (Gal3). (D) Endogenous Ŭ-synuclein monomers are recruited 

and interact with the escaped fibrils. (E) Ŭ-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 Ŭ-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 Ŭ-synuclein pathology 

(Brundin et al., 2008). Neuroinflammatory processes might impact phosphorylation site, as  Ŭ-

synuclein 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 Ŭ-

synuclein, Klegeris et al. (2008) exposed human microglia and THP-1 cells to normal Ŭ-synuclein 

and its mutations (A30P, E46K, and A53T) and evaluated inflammatory responses and cytotoxicity. 

They found that exposure to Ŭ-synuclein alone stimulated a microglial response and when further 

combined with interferon gamma (IFN-ɔ), neurotoxicity was evident. Klegeris et al. (2008) also 

observed that exposure to Ŭ-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 Ŭ-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: Ŭ-Synuclein exposure stimulates the upregulation of three mitogen-activated protein (MAP) pathways. 

Following exposure to Ŭ-synuclein, MEK1 and possibly MEK2 phosphorylation can be observed, which directly 

phosphorylate ERK1/2.  Ŭ-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 

Ŭ-synuclein pathology (Brundin et al., 2008), others have suggested that Ŭ-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 Ŭ-synuclein and an Ŭ-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 

Ŭ-synuclein, whereas the Ŭ-synuclein knockout mice were protected from neuronal loss. This 

finding suggests that the presence of Ŭ-synuclein modulates the selective vulnerability of 

dopaminergic neurons to inflammatory challenge. Gao et al. (2008) also identified Ŭ-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 Ŭ-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 Ŭ-synuclein has been well studied in relation to aggregation within 

neurons, emerging research has also identified Ŭ-synuclein within microglia (Yang et al., 2020). 

Similar to Ŭ-synuclein uptake in neurons discussed previously, it appears that multiple receptor 

systems are involved in the uptake of Ŭ-synuclein and Toll-like receptor 2 (TLR2) has been 

identified as a potential receptor for Ŭ-synuclein that facilitates transport into the microglial 

cytoplasm (Kim et al., 2013). However, Ŭ-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 Ŭ-
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synuclein uptake is dependent on toll-like receptor 4 (TLR4) and further described TLR4ôs 

fundamental roll in Ŭ-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-əB) 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-əB 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-əB 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 Ŭ-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 óA1ô and óA2ô. While 

óA1ô astrocytes have neurotoxic functions, the óA2ô astrocytes produce neurotrophic factors and 

can take on a protective role (Zamanian et al., 2012). Liddelow et al. (2017) further demonstrated 

that óA1ô 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 Ŭ-synuclein 

plays a role in astrogliosis with numerous groups reporting Ŭ-synuclein-dependent or -related 

findings (Barcia et al., 2011; Gu et al., 2010; Halliday & Stevens, 2011). One study found that 

accumulation of Ŭ-synuclein in astrocytes leads to recruitment of phagocytic microglia, which then 

attack selective neurons and contribute to PD symptomology (Halliday & Stevens, 2011). 

Additionally, intracellular Ŭ-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 Ŭ-synuclein could activate and accumulate with astrocytes in early 
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stages of PD, when non-fibrillized Ŭ-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)/ɓ-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/ ɓ-catenin signaling pathway has 

traditionally been associated with neuroprotection; however, in toxicant models of PD, it appears 

that  this pathway is impaired (LôEpiscopo et al., 2011). Pharmacological activation of ɓ-catenin 

has been shown to prevent astrocyte reactivity and promote dopaminergic neuron survival, 

suggesting that the Fzd-1/ ɓ-catenin signaling pathway plays a role in the interaction between 

astrocytes and neurons in PD (LôEpiscopo et al., 2011). 

 

1.2 Biochemical Pathways Influencing Etiology of Parkinsonôs 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 óprogrammedô 

mechanisms of cell death, necrosis is typically considered an óunprogrammedô 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 Ŭ-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 Ŭ-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; Ebrahimi-

Fakhari 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 Ŭ-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 = PKBŬ; PKT2 = PKBɓ; AKT3 = PKBɔ) (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 Ŭ-synuclein to deliver the protein 

to from the cytosol to the lysosome. The chaperone binds to LAMP2A at the lysosomal and Ŭ-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 Ŭ-synuclein (Cuervo et al., 2004) and is considered one of 

the primary pathways by which Ŭ-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 Ŭ-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  Ŭ-synuclein and neuroprotection, this is only 

applicable for unmodified/WT Ŭ-synuclein because the modified/pathogenic form of Ŭ-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 Ŭ-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 Ŭ-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 Ŭ-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 & OôConnor, 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 óunfolded protein responseô (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 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 (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-2Ŭ (eIF2Ŭ), 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 eIF2Ŭ 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 Ŭ-synuclein has been shown to disrupt several 

processes essential for proper ER function. Accumulation of Ŭ-synuclein occurs at the ER lumen, 

hypothetically due to abnormal interactions with ER chaperones, leading to ER stress (Bellucci et 

al., 2011). Ŭ-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 Ŭ-

synuclein 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 

eIF2Ŭ, 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 Ŭ-synuclein animal model to explore inhibition of eIF2Ŭ 

(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  eIF2Ŭ 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 eIF2Ŭ 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-1Ŭ (PGC-1Ŭ) 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-1Ŭ levels in post-mortem 

brain tissue of PD patients (Zheng et al., 2010) and knocking out PGC-1Ŭ  increased dopaminergic 

neuronal sensitivity to MPTP (St-Pierre et al., 2006). In the same study, St-Pierre et al. (2006) 
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demonstrated that overexpression of PGC-1Ŭ protected against MPTP induced neurotoxicity and 

Eschbach et al. (2015) demonstrated that its overexpression reduces Ŭ-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-1Ŭ have 

induced neuroprotective effects, while deficiencies in PGC-1Ŭ increase the oligomerization of Ŭ-

synuclein (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). Al though 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 Ŭ-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 PINK1ôs 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 



40 

 

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 Mi tophagy 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 Parkinôs 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 Parkinsonôs 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 Ŭ-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 Ŭ-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 Ŭ-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 Ŭ-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 Ŭ-synuclein specifically. An Ŭ-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 Ŭ-synuclein were also generated to 

study the effects in both wild type and mutated injections of Ŭ-synuclein (Fernagut & Chesselet, 

2004). The first model to overexpress human wild type Ŭ-synuclein was driven by the PDGF-ɓ 

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 Ŭ-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 Ŭ-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 LRRK2-

G2019S mutation can promote numerous PD related changes, including increased Ŭ-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-ɓ 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 6-

OHDA 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 & OôMalley, 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 Ŭ-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 Ŭ-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 Ŭ-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 Ŭ-Synuclein Viral Induced Models 

Viral vector models have been developed with an aim towards the over-expression of either 

wild type (WT) or mutant Ŭ-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 Ŭ-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 Ŭ-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 Ŭ-synuclein conformers and resultant spread. Using MSA and 

PD patient brain homogenates, Woerman et al. (2015) were able to demonstrate key differences 

between Ŭ-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 Ŭ-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 Ŭ-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 Ŭ-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 Ŭ-synuclein fibrils can propagate in non-transgenic mice (Luk, et al., 

2012a). Additionally, previous work has hypothesized that varying levels of cellular Ŭ-synuclein 

expression level contribute to selective vulnerability of aggregates and that propagation efficiency 

may depend on the level of available Ŭ-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 Ŭ-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 Ŭ-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 Ŭ-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 Ŭ-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 Ŭ-synuclein 

fibrils have been used recently in efforts to better model PD and further understand how Ŭ-

synuclein 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) Ŭ-synuclein AAV in WT mice, both sought to investigate how exogenously applied Ŭ-

synuclein fibrils impacts endogenous Ŭ-synuclein and may provoke pathology. In theory, increased 

endogenous Ŭ-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 Ŭ-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 

  






















































































































































































































































































