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Abstract

The objective of this thesis was tMald: first, to develop and characterize anowelPk i nsonds
disease (PD)nouse model, and second, to assesshfepeutic potential of a metabotropic
glutamate receptor 5 (MGIuR5) negative allosteric modulator (NAMING viral overexpression
of-sYnuclein in combination wi tdsynucléirgrefarthedi t i on
fibrils (PFFs)we demonstrate that the doulhii virus-fibril model can consistently indueeotor
i mpai r mesynuceinapredd irdmale mideemarkably, we observed motor impairment in
the absence of degeneration, suggesting that perhsihuclein induces biochemical changes in
the motor cortexhat translate to behavioural impairme8econdly, we also demonstrate that
treatment withthe mGIuR5 NAM,(2-chloro-4-[2[2,5-dimethy}1-[4-(trifluoromethoxy) phenyl]
imidazot4-yl] ethynyl] pyridine (CTEP) prevenéd the onset of andmproved existing motor
impairmentsJ-synuclein burderalong withalteing S6 ribosomal (rS6) protein activitiginally,
we observed a robust sex differenitat clearly favored motor pathology in males. In faxgles
displayed motor impairmentafter 816-weeks whereasfemales show no motor impairment
whatsoever (even after many month&t, it was surprising that there were clear patholadgal
differences between the sexes thabuld possiblyexplain the differences observed in motor
behaviourTaken toget her, the data presented i n tt
synuclein in the development of Rihd offers support for mGIuR5 NAMs as eotial disease
altering therapeutic for PDwith the obvious caveat being that dramatic-diéferences were

evident for the behavioral outcomes.
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Chapter 1. General Introduction



11. Parkinsonds Disease

Parkinsonbés Disease (PD) i's a progressive
variety of motor and nemotor symptoms. Globally, it is anticipated that the prevalence will more
than double from 6.2 million cases in 2015 to 12.9 million casedlidtZised on historical growth
patternsthe agng population, changes in environmental factors,iaakagdlongevity (Dorsey
& Bloem, 2018) Prevalence of PD differs between the sexes, with approximatetf #% male
population effected, while the female prevalence peaks at approximatelyTriB#oet al., 2014;

Wong et al., 2014)Wooten et al(2004)believe that tts differene in prevalence may ladtributed

to increasedoxicantexposure and head trauma in nure tohistorical lifestyle differencesas

well asneuroprotective properties of estrogen that femalesheagfitfrom.Be hi nd Al zhei m
Disease (AD), PD is the second most prevalent neurodegenerative daedsel & Breteler,

2006; Mill er & a@Gdha@sssublstaniaheaamgmic 2rdl #ndojional burddiiler

& Ob6Call aghan, 2 0.1The lackroh avalable treatménts to sl@nOtte @ikease
progression, as well as the rise in the aging population suggests that the burden easeevdis

continue to increase.

PD is characterized by the loss of dopaminergic neurons dafignestriatalpathway and
presence of Lewy body (LB) pathologyMi | | er & O6 CHEhesk tavg pathalogical2 0 1 5 )
hallmarks lead to a variety of motor and rrantorsymptoms like tremors, rigidity, bradykinesia,
postural instability, as well as even depression, anxiety, and some degree of cognitive impairment
(Jankovic, 2008; Mosley et al., 201 Barly research has suggested that by the time motor
impairments are identified in a patient, the patient has likely already 1680%00f their
nigrostiatal dopamine neurons and fibre projectigRgederer & Wuketich, 1976More recent

research has suggested that loss at clinical presentation is betw@@%d0Bur ke & OO6 Mal |



2013; Cheng et al., 2010)he underlying mechanism as to how neurodegeneration occurs in PD
is unknown, although is hypothesized that a combination of genetic, environmental, and aging
factors is responsible for disease or{(S&tdasivan et al., 2017; Sulzer, 20@&Yidence suggests
approximatey 10% of cases to be linked to genetics (familial PD), while the remaining 90% of
cases are considered to have sporadic onset (sporadicé3Bgye & Brice, 2012)

Currently, there is no formal method of diagnosing PD with full certainty. While there are
diagnostic tools that evaluate clinical symptome ltke Hoehn and Yahr scale or the Unified
Parkinsonds Di seas gJanRait, i2008)these dsanio diomarkeP thaR &h
diagnose PD with full accuragyMi | | er & OO0 Challscan ¢ hraapproved naghng
diagnostic tool for PD. However, imaging alone is not sufficient for diag(®sigijn et al., 2015)
Given the above, it is necessary to identify better biomarkers for the disease that can help inform

therapeutics that cantat disease progression.

1.1.1 Pathological Hallmarks: Dopaminergic Cell Loss

Dopaminergic neurons are found in abundance in the mesencephalic dopaminergic system,
which houses approxi mat el y 9 QChinta& Andersen,2b05)ai n 6 s
This system can be further broken down into three smaller syst¢mgrostriatal dopaminergic
system (essential for voluntary motor mment) ,2) mesolimbic dopaminergic system (primarily
emotion basetbehaviour including motivation and reward), a)dmesocortical dopaminergic
system (involved with motor skill learning and has crossover with mesolimbic funcfems}a
& Andersen, 2005; Heijtz & Forssberg, 201Bgspite representing less than 1% of neurons in the
brain, dgpamine isanessentiamodulatory neurotransmitter that impacts virtually all CNS systems

(Chinta & Andersen, 200%)nd as such, degeneration of dopamine involved pathways contributes



to a number of movement and psychiatric disorders including®D | | er & O6Cal |l agt
epilepsy(Cavarec et al., 2019; Chen, 2006; Rocha et al., 2@EpressioriDailly et al, 2004)
anxiety(Liu et al., 2019)and schizophrea (Howes et al., 2015)

PD iswell characterized by the loss of dopaminergic neurons in thedrigtal pathwaybut
the mechanism by whidhis occurs is still not entirely clear, but undoubtedly involved oxidative
stress and prdeath pathways, some of which might beoagsted with pathologicdlFsynuclein
inclusions But the exactontribuion of Usynucleinis not well understood (although it is thought
t h asynudlkin aggregation precedes dopaminergic neuron lasss.of dopaminergic neurons
in the substantia nigra pars compac&N(E), and consequential lack of dopamine availability in
the striatum, leadt® a reduction in the ability to perform voluntary motor movemg@akeng et
al., 2010; Tysnes & Storstein, 201 These motor impairments (tremors, rigidity, bradykinesia,
postural instability, etc.) are the clinical hallmark of the disease and often the main clinical
diagnostic criteriglJankovic, 2008) While PD is considered a progressive neurodegenerative
disease, it is thought that aekhold of dopamine availability in the striatum and dopaminergic
neuron loss in the SNc must be passed before motor symptoms will present the\saives
Linstow et al., 2020)The current consensus is that no one pathway is responsible for the loss of
dopaminergic neurabutinstead, deficiencies/alterations in several cellular functions are thought

to contributgfRamanan & Saykin, 2013)

1.1.1.1Multiple Hit Hypothesis
It has been known for some tirtteat exposure to multiple risk factasstypically necessary
to induce progressive neurodegeneration of dopaminergic neurbisshas been calleché

Multiple Hit Hypothesisand itsupports the notion that a combination of genetic and environmental



factors contributes to the onset of the dsCarvey et al., 20Q@Patrick et al., 2009 which is

unlike other forms of parkinsonisrike Segawa disease and DO®P&sponsive dystonia, which

can both be induced from only a single O6hito
(Sulzer, 2007)Carvey et al. (2006urther 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 facBegond genetic risk facto(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)

112 Pat hol ogi cal Hal | mar k s:Synuicekwy Body Pathol og

PD is a member of theysucleinopatly family - a family of diseases characterized by the
accumulation of ubiquitous-synuclein contributing to the formation @fither LBs(Spillantini et
al., 1997)or U-synucleincontaining glial cytoplasmic inclusiorfu et al., 1998)Along with PD,
these diseases include Dementia with Lewy Bodies (DLB), and Multiple Systems Atrophy (MSA)
(Galpern & Lang, 2006)_Bs are the primary protein rich inclusions that were first described in
1912 by Fritz Heinrich LewylLewy, 1912) Lewy later described Lewy neurites (DNsut had
minimal success with staining methods at the titdere recently a shift occurred wheein
sensitive detection methods were developed that revealed that both LBs and LNs mainly consisted
o f -syflclein(Spillantini et al., 1997)LNs have since been reported to not only occur in greater
abundance than LBs, but also precede the formation ofBBsk etal., 1999 2003.

Due to its central role in LB and LN inclusio(Braak et al., 1999much attention has been

f



devoted to t h-synualansire BDs Aseitncurrentlyf stands, the funcsiai the
synuclein family of proteinareunclear An abundance of research has suggested that this protein
family is somehow involved in a variety of essential pathways and cellular funcéioets,as
SNARE complex assembl{Burré et al., 201Q)binding to phospholipid membranes the
presynaptic nerveerminal(Chandra eal., 2003) regulation of Rab3a recycling machinéGhen
et al., 2013)inhibition of phospholipase D2 (PLD2Forbatyuk et al., 2010jand formation of

intracellular inclusiongRibeiro et al., 2002)

1.1.2.10verview and Role ofU-Synuclein

USynuclein was first identified in 1988 when researchers isolated this protein from synaptic
vesicles ofTorpedo californicgBurré et al., 2010)Followingi t s d i ssgnaocleia(Nakajo b
et al., 1990; Tobe et al., 199 do-synuclein(Tobe et al., 1992)ere also identified as localized
proteins found on pr-esly a&ytcieic arensmallyvseluble gratems nal s
ranging from 127140 amino ads (Jsynucleinas t h e -dyracleineas the smallest)
(Clayton & George, 1998)urthermore, synucleins can be identified by their ataristic 11
residue sequence (consensus XKTKEGVXXXX) , whi
(Georgeet al., 1995)In physiologicalconditions, onlyJ- a n dsynacleincan formfibrils, while
b-synuclein can only form Iirils in low fH conditions (Jain et al., 2018)Additionally, it is
important to note that neithbr nor o-synucleincontributeto LBs, nor cantheir preformed seed
fibrils affect fibrillation of U-synuclein(Jain et al., 2018)

Wh i I-sgnudlkin has been extensively studied in relation to its role in the pathogenesis of
neurodegenerative diseases such asRIB, and AD, little is understood regarding the normal

physiological role(s) of this protein in the hedty b r ai n. -Symuelanihasi beemal | vy,



conceptualizeas a vesicle bound protein involved in synaptic develop(iéitters et al., 1997)
regulation of presynaptic vesicle pool®urphy et al., 20009r as a part of the SNAR&mMplex
assemblyBurré et al., 2010)More recently, a number of groups have explored the idedJthat
synuclein is a curvatusgensing and stabilizing protein (amphipathic helxtaining protein)
(Middleton & Rhoades, 2010; Shen et al., 2012; Varkey et al., 2010; Westphal & Chandra, 2013)
Discouragingly, there is still much debate regardingypeal functiors of this protén.

Some evidence has s h eynuacleibh dreadeperidéneon ftsustmuctairal o n s
state(i.e. monomer, oligomer, or fibril\Diégenes et al., 2012; Fusco et al.,, 201M)hen
investigating ités potent idsynudeddligomdrsdecréasedg t er
the magnitudeof LTP, butno such effect was evident foronomer or fibril fornsof the protein
(Dibgenes et al., 2012A separate study demonstragegsimilar result when investigating changes
inrecti ve oxygen species (ROS) and mitoehondri
synucl ein ol i-gymuaenrnmonomdswot fibrilspiicreaded intracellular ROS and
decreased mitochondrial activ{fyusco et al., 20173%uggesting a particularly neurotoxic potential
of the oligomeric form antikely a particular importance of the structure of the protein.

USynuclein monomers are approximately 14kDa in sizehawd a highly conserved-N
terminus and divergent-@rminus(Thakur et al., 2017)As described earlier, at the N terminus,
the U variation contains 7 repeats of the cha
(Davidson et al., 1998; Fujiwara et al., 200&ile the acidic C terminus has multiple prolines
(Thakur et al., 2017)The monomer is most widetudiedr egar di ng Anor mal cel
means to better understand the many roles the protgiplay (Burré et al., 2010Chandra 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)



USynuclein oligomers are precursors to LBs and have haggested as the toxic species
responsible for PD pathogene@aughey et al., 2009; Diégenes et al., 2012; Fusco et al.,.2017)
Interestingly,even though -&ynucleinoligomersare smaller than some othaclusions,such as
Ussynucleirfibrils, thee is some, albeit sparse evidence, that they beevenmore bioactive and
cytotoxic(Outeiro et al., 2007)et, it is important to note that not all oligomers necessarily exhibit
cytotoxic activity.In fact, Fusco et a[2017) not only explored how oligomers induce cytotoxicity
r el at ksynacleih mondihers and fibrils, but also how two different oligomeric forms of
similar size and morphology can disrupt fteospholipid bilayer. The oligomeric species with
g r e a-sheet corfient generally had an increased ability to disrupt the lipid bilayer, which was
also found to strongly correlate to the ability to induce cellular tox{Eixsco et al., 2017)

USynuclein fibrils are the major component of LBs and LNs that occur i(Spiantini et
al., 1997)and these have been widely thought to be related to the fundamental progression of the
disecaseThey mi ght even first manifesti ngot $shdeufghe
CNS toeventuallyimpact the nigrostriatal dopaminergic systerhese fibrils occur naturally
w h e ssynlitlein misfolds, leading to aggregation of the prof€irakur et al., 2017)Although
the mechanism for the spread of these fibrils is still widely unknown, the useogénously
appliedU-synuclein fibrils has beconiecreasinglyused in rodent® modelaspects oPD. Indeed,
exogenoud}synuclein fbrils 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., 2012Thakur et al., 2017; Zhang et al., 2012)

1.1.2.2Mechanisms of SpreadBraak Hypothesisand Prion Hypothesis

Although he mechanism for the spread and development of synucleinopathies is yaslear



already alluded to, the pattern of spread appear to be quite unigisedasdribed byto popular
hypotheses 1) the Braak hypothesis proposes a criterion by which these inclusions spread
throughout the brain based on the stage of the digBaaak et al., 2003; Braak & Del Tredici,

2017) and2) the prion hypothesis aims to explain how these inclusions are progpgeting
signalling apparatus with some (Becuodnratoah 808;i t y wi
Li et al., 2008; Recasens & Dehay, 2Q1Although both hypotheses attempt to identify the
underlying mechanism of the disease, neither have been embraced by e{(mnyondm & Melki,

2017)

Braak et al(2003)proposed six stages of PD that were associated with the severity and spread
of the disease, witlstagel representing the earliest stage &tdge6 representing the most
advanced. There wergwo potential siteposited as tavhere lesions would first gear in the
earliest stages of the disease, the olfactory bulb, and the dorsal motor nucleus of the vagus nerve;
however, Braakkavouredthe dorsal motor nucleuss themost likely the starting point of the
process. The pathway from the dorsal motor nigdelikely an ascending pathway with spriegd
movingup the brain stem, throughout the midbrain, and into the c(Btaxak et al., 2002, 2003)

Brain stem and cortical neurons @mdeedparticularly susceptible to-synucleinpathology and,

at the time of his seminal worBraak et al(2003)hypothesized that this was due to two shared
properties between these neurahsan inherentulneralility owing to belongng to thecertain

class of projeddon neurons, an@)t hese neurons axonsd are either
myelinatedBraak et al., 1998; Braak et al., 2@)Braak & Braak, 2000)Around this time, others
highlighted other aminergic neurons, the CA2 neurons of the hippocampus, and layeVIV

cortical neurons aalsobeing susceptible to Lewy patholo@alliday et al., 2005; Mori et al.,

2002)



Although there was some support for the hypoth@iiskson et al., 2010; Dijkstra et al., 2014;
Halliday et al., 2012; Jenner et al., 2013; van de Berg et al., 22 were also bstantial
criticisms of the staging criteri@raak & Del Tredici, 2017)Some of these includetl) staging
was only performed on sporadic PD and did not consider )Bhe staging criteria is not
applicable to cases with pathology in the amygda)a;linical symptoms and course do not
correlate well with the proposed pathophysiological stages,4aiidis not admissible to stage
based on Lewy pathologBeach et al(2009)further demonstrated that the Braak staging criteria
only applies to a subset of patients, with 50%Jsfnucleiropatty 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 olfacto8tdmgeb,

Il could take two predominant forms: lla representing brainstem predominance, and llb
representing limbic predominance. This revised criteria is now a more widely acfidptednn

et al., 2016) Following these criticisms and inconsistencRsgakand 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 naigral sites, such as the olfactory bulb and pogdité

enteric nervous system (ENS), as opposed to the dorsal motor nucleus as previously reported
(Braak et al., 2008. Despite the controversy surrounditinge 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 pratérena
selfpropagate as oligomers of the misfolded protein, effectively making #wrakin to an
finfectiousa g e (Mc@ann et al., 2016; Morinet, 2014t has been suggested that proteins

generallyinvolved in neurodegenerative disease pathology, sutksgauclein  t -amyloid, b
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TAR DNA-binding protein 43 (TDR3), and huntingtiroften have such arbdity to seed and
spread via cell to cell transfer, sharing features that are intrinsic to (ibiopskaerts tal., 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{Junlike
synuclein(Devine et al., 2011)an increased expressi of nhormal prion proteinRfF) is not
considered to cause neurodegenerdtitalliday et al., 2014)Similarly, thereis evidence thahe
spread ofU-synucleincan occur in the absence of neurodegenerghtasudaSuzukake et al.,
2013) So perhaps animal models that demonstrgtsynuclein spread in the absence of
neuralegeneration are modelling earlier disease staggswsucleinaccumulation is thought to
begin early on in the diseagRoberts et al., 2015Further support for the hypothesis tht
synuclen precedes neurodegeneration are findings that demonghksteuclein propagation
requires intact neural networks, and degeneration of these networks limits the ability for
synucleinto spreadUlusoy et al., 2015)

Consistent with a priofike seeding phenomenon, grafo host experiments in 2008
demonstrated thatsynucleincould propagate from the host to graft tisgGerdower, et al., 2008;
Li et al., 2008) Accordingly, Brundin et al.(2008, 2010)suggested thai-synucleinaggregates
from the host brain seeded endogenous hebkyyucleinin graft tissue, causing aggregation in
what would otherwise be healthy tissue. Further supporting this hypothesis, animal studies have
demonstrated the transssion of experimental synucleinopathi€sasson et al., 2002uk, et al.,
2012; MasudaSuzukake et al.,®.3; Mougenot et al., 2012; Recasens et al., 2014; Watts et al.,
2013; Woerman et al., 2019)his was first observed using a transgenic mouse line expressing the
A53T mut at ed v asynucleim@gM83)Giassoned al., 2002:uk et al., 2018;

Mougenot et al., 2012; Watts et al., 20I3)pically, homozygous micggM83"*) develop motor
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deficitsando h 0 s p h o fsynliclein iectisiobbetween 8.6 months of age. Considering this,
one group inoculated brain homogenates from affected TgM&3mals into otherwise healthy,
2-monthold TgM83"’* animals to evaluaterion like propagation. These animals demonstrated a
substantial reduction in survival time relative to anintfads did not receivihebrainhomogenates
(Mougenot et al., 2012Y his phenomenon has been demonstrated in both homozygous TgM83
and heterozygous TgM8&3mice(Luk, et al., 201B; Mougenot et al., 2012; Watts et al., 2013;
Woerman et al.,, 2015)ut notin wild-type (WT) animals(MasudaSuzukake et al., 2013;
Recasens et al., 2014)

These observations have raised several questions, particularly around the mechanism by
which U-synucleinpropagatethrough the brairEvidence suggestisatU-synucleinoligomers and
fibrils induce conformational changes id-synucleinmo no mer s , promoti-ng the
sheet conformation, as opposed tddrelix conformatio (Luk et al., 2009; Nonaket al., 2010;
Peng et al., 2018; Volpicelbaley et al., 2011)t has further been proposed that for this to occur,
propagation of}synucleinaggregates occurs via connected nutigugh synaptitransmission
(Beach et al., 2009; Kosalkat al., 1984; Lee et al., 2014; Luk & Lee, 2Q1Hpwever, an
experiment using cultured neurons demonstrttatbi-directional propagation (anterograde and
retrograde)can occurthrough the axons angoma, but that thisloes not rely on synaptic
tramrsmission(Freundt et al., 2012)

Onefurtherproposed mechanisiathat U-synucleinmay bind to cell surface heparan sulfate
proteoglycans (HBGs), an extracellular matrix protein, resulting in uptake through
micropinocytosigHolmes et al., 2013)nfectious prion proteins have also been shown to bind to
HSPGs(Horonchik et al., 2005; Schonberger et al., 2088pgestingan additional similarity

between prion diseases adgynucleiropathies. However, further research demonstratedkhat
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synucleinbinding to HSPGs is nespecific and varies based on the overall sulfation of HSPGs
andthatno specific level of sulfation was required for bindingéke to occu(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 descrilbeé asichJ-synuclein
receptorbut itscontribution to cellular binding and uptakey be quitdow (Mao d al., 2016)
Additionally, in the same studi¥ao et al(2016)identified bothamyloidb p r e-like proseim r

1 (APLP1) a nad potergialksymucleimreceptbrsPr can also partially mediaté
synucleininternalization but srapie prions PrP*) are unable to replicate in the presencé}of
synuclein( Au |l i | e t, whieh suggest2pfloh éfflects are limited to a role during
internalization. Finally, transmission through extracellular vesicles and tunnelling nanotubes have
also been explored as potential mechani@taspowicz et al., 2019)n the first scenariosesicles

merge with the plasma membrane and either inject their contents directly into the cytosol or enter
via endocytosis for further traffickinproughout the cellMinakaki et al., 2018)The tunnelling
nanotube mechanisfwhich is controversial) involvesa potentiadirect cell to cell transmission

mechanisn{Karpowicz et al., 2019)
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Figure 1.1: Two proposed uptakenechanisms ofksynuclen. (A) U-Synucleinfibrils bind to cell surface heparan
sulfate proteoglycans (HSPGs), an extracellular matrix protein, resulting in uptake through micropina8)ttkis
Synucleinfibrils bind tolymphocyteactivation gene 3 (Lag3gsulting in uptake through endocytosiseated with

BioRender.com
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It remainsunknown howU-synucleincan initiate recruitment once side the cell. One
hypot hesi s s-symudenintersalizédhfrarh the ebidocytic pathw disrupts the
lysosomal membrane, which enablesirescapand potentialtda nt er act asynuclein sol ub
monomerdnside the cel(Karpowicz et al., 2019; ¥toria & Zurzolo, 2017)This hypothesiss
supported by previous evidence thabgphorylated préormed fibrils (PFFs)particularlythose
phosphorylated at sd29,can directly disrupt lysosomal membrane integi@gmuel et al., 2016)
AlthoughU-synucleincanalsobephosphorylated ayrosine 25, 133,and 136as well as undergo
other msttranslational modications such asubiquitination, nitration, truncation, ar@
GIcNAcylation (Zhang et al., 2019phogphorylation at setl29appears to bmostrelevanto this
medianism. Additionally, studies assessing galectin 3 (GdiBjher s upports the not
synuclein exposure can contributdytsosomal membrane disruptiaasin cells exposed to a high
concent r-synuclainnGal8 fs redlistributed to lysosomes of o@iteeman et al., 2013;
Jiang et al., 2017)5al3 isa protein that is recruited from the cytosol that binds to the luminal side
of lysosomes when they have been disrugiéal et al., 2020)so these findings suggest thiat
synuclein exposure contributes to lysosodiatuption.However, heexact mechanism by which
Usynuclein escapes from the lysosome is still undetermaned t i's also wuwncl ear
synuclein escape from the endocytic pathway is necessary for within cell transrarsi§iother

mechanismsare involved Karpowicz et al., 2019)
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Figure 1.2: Potential internalization and recruitmenéchanisms dftsynuclen .  ¢Spnucleidfibrils enter the cell
throughan uptake mechanisrtB) U-Synucleinfibrils undergo endocytic trafficking. (@&}Synucleinfibrils disrupt

the lysosome, resulting in tlecruitment of galectin 3 (Gal3jD) Endogenous}synucleinmonomers are recruited
and interact with the escaped fibrils. (BSynucleinmonomers and fibrils interact to form larger aggregates and

escape theell by unknown mechanism€reated 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-lik@rion
disorder, and finally, a third camp that does not believe the priootlggis explains the spread
of aggregates throughout the bré8rundin & 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 rapEms.

1.1.3 Neuroinflammation
In addition to protein markers and degeneratioriyally all neurodegenerative diseases
have beeshown to exhibitvell characterizedigns ofsustained neuroinflammati¢@hen et al.,

2016; Tomé et al., 2013The innate neuroinflamntaty responsgenerally revolves arourttie
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immunocompetent microglial cell andrisgulated by several secreted factstgeh as cytokines,
chemokines, ROS, compliment and acute phase proteins, and arachidonate met@imdsest

al., 2010; Lucin & Wys<Coray, 2009)Numerous studies have shown that microgiiha the aid

of astrocytescomprisethe immuneaesponsavithin the brainandareincreasd in density and/or
change their morphology in PD braifi3amier 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, alteratits in genes related to immune function like leugiob repeat kinas@
(LRRK2) and DJ1 are known risk factors for P3chapira, 2006 )suggesting that dysfunction in

theimmune system may play a role in the development and/or progression of the. disease

1.1.3.1Neuroinflammation and U-Synuclein Pathology

While the exact relationship between neuroinflammation and PD has yet to be established,
one hypothesis is that neur oi nf yauderapathomgy c ont i
(Brundin et al., 2008)Neuroinflammatory processes ght impact phosphorylation sitas U
synucleinis differentiallyphosphorylateth LBs (Ser87 and Ser129compared thealthycontrols
(phosphorylate@t Ser129 less than 5% of the tinf@&nderson et al., 2006; Fujiwara et al., 2002;
Paleologou et al., 2010)o exploretheretai onshi p bet ween microeglia a
synuclein Klegeris et al. (2008xposed human microgliaand THP c el | s -gymuclemo r ma |
and its mutations (A30P, E46K, and A53T) and evaluated inflammatory responses and cytotoxicity.
They found t ksgntcleipalomestisiuateda microglidesponsand wherfurther
combinedwith interferon gammallfN-o )neurdoxicity wasevident Klegeris et al. (20083lso
observedthat exposure toU-synucleinstimulated theupregulation of three mitogesctivated

protein (MAP) pathwaysl) p38 MAP kinasep) extracellular regulated proteiserine kinase
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(ERK) 1/2, and3) c-JuntN-terminal kinase (JNK). Several other groups have also been able to
demonstrate microglial activation in the presence of misfoléieghuclein(AlvarezErviti 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)
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Figure 1.3: U-Synuclen exposurestimulatesthe upregulation of threenitogenactivated protein (MAP) pathways
Following exposureto U-synuclein MEK1 and possibly MEK2phosghorylationcan be observedvhich directly
phosphorylate ERK1/2 U-Synuclein exposurealso stimulatesthe phosphorylabn of PAK1, which directly

phosphorylates both JNK and p38MABreated with BioRender.com

To further support the hypothesis tm&uroinflammation contributes to the development of
Usynuclein pathologyBrundin et al., 2008) ot her s h a v eynscleiggmrbitesd t h a
to the vulnerability of dopaminergic neurotws inflammatory stimuli (Gao et al., 2008and
furthermore,that the microglid releasedfactors promote damagingxidative stress, protein
misfolding, and aggregatidiGao et al., 2011; Venda et al., 20109 evaluat the vulnerability

of dopaminergic neuron§ao et al(2008)used transgenic mouse lines expregsimtantversion
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of Usynucleinand ari}synucleirknockout line. Animals werafusedwith a relatively large dose

of lipopolysaccharidéLPS) in the right SN to induca local neuroinflammatory reactiormhe
LPStreatmentontributed t@asubstantial loss of dopaminergic neurons in the animals with mutant
Usynuclein whereas thé)}synucleinknockout mice were protected fromeurona loss. This

finding suggest that the presence ditsynuclein modulatesthe selective vulnerability of
dopamiergic neurongo inflammatory challengeGao et al.(2008) alsoidentified U-synuclein
aggregates only on the right side of the brain where they injected LPS, not on the left where saline
was injeted as a control. This finding supports lasardiesthat demonstrated factors released

from microglia contribute to aggregation@bynuclein(Gao et al., 2011; Venda et al., 2010)

1.1.3.2Microglial Response

The process of microglial activation in the central nervous system (CNS) is common in
neurodegenerative diseases like AD and(B&3hi & Singh, 2018; Yang et al., 202B)icroglia
normally respond to gjnalsreleased frondamagd and dysfunctional neurons, whictapidly
promote microglial activation and engagement in phagocytic ac{Bittovsky & Weiner, 2018;
Sierra & Denes, 2019While Usynucleinhas been well studied in relai to aggregation within
neuronsemergingresearch haalsoidentified U-synucleinwithin microglia(Yang et al., 2020)
Similar to Usynucleinuptake in neurons discussed previously, it appears that multiple receptor
systems are involved in the uptake @synuclen and Toll-like receptor 2 (TLR2) has been
identified as apotential receptor forUssynucleinthat facilitates transport into thmicroglial
cytoplasm(Kim et al., 2013)However,U-synucleinuptake can still occur when TLR2 is deficient,
suggesting it is not the sole receptor invol@duin-Ouellet et al., 2015; Fellner et al., 2018)

fact, Fellner et al.(2013) built on previous findinggStefanova et al., 2011hat suggest}
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synucleinuptake is dependent on tdike receptor4 ( TLR4) and further d
fundamental roll inJsynucleindependent activation of microglia.

Microglial activation has been association with the exacerbation of neurodegenerative
pathology in numerus animal models throughrilease otoluble inflammatory cytokines and
oxidative stresgactors(Gao et al., 2011; Venda et al., 2010; Yang et al., 2020¢lear factor
kappa B (NF-o B is a particularly fundamentaltranscription factor that regulates
neuronflammatory processes of glial cells that have been linked to the pathology in
neurodegenerative diseag8fabab et al., 201L7Activation of NF-a Bn glial cellsincreaseshe
production of inducible nitric oxide synthase (INOS), cyclooxygei2as€COX-2),
proinflammatory cytokines, and chemokinétyden & Ghosh, 2008However,NF-a Bseems
to play differential roles as it promotes survival and plasticity in neuferakes et al., 2014)
Other inflammatory pathways are also of importance, including/SAKT pathway which has
been shown to be act i vgnudehantl 5 Ibéing wansidgredeax g o0s ur
therapeutic targefQin 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.

1.1.3.3Astrocytic Dysfunction

Astrocytes arabundantlyfound in both the white and grey matter, with fibrous astrocytes
primarily in the former and protoplasmic astrocytes jrity in thelatter(Hofmann et al., 2017,
Lietal., 2019Vasile et al., 2017) ike 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 neurodegenefldtionin et

al., 2020) the mechanisms by which it contributegpoorly characterized'Yang et al., 2020)

Astrocyic involvementin neurodegenerative diases is complefliddelow & Barres, 2017,

Rivetti Di Val Cervo et al., 2017nd some suggest thggin a toxic functiorover the course of

illness progressio(Liddelow et al., 2017; Liddelow & Barres, 201 They maytransition from a

supporive to a toxic rolein part due to interactions with microglia, whidan promote changes

in astrocytic conformationthat subsequently favor thexpressiongenes that disrupt synapses
(Liddelow et al., 2017)Previously,Zamanian et al(2012) observed that neuroinflammation
induced two distinct types of reactive astroc
Albd astr oc ptoxe functioasytlesd M2edu r a sptoduoeneyrbtphic factorand

cantake on a protective rol€Zamanian et al., 2012)iddelow et al.(2017)furtherdemonstrated

that OA1l6 astrocytes were induced by activate
oligodendrocytes.

Astrocyte reactivity in the SN of PD patients has been previously des¢Hbedh & Hunot,
2009)with PD brains demonstrating increased expression of both astrocytes and glial fibrillary
acid protein (GFAP]Ciesielska et al., 2009Fvidence suggests that interaction viskeynuclein
plays a role in astrogliosis with numerous groups repoltthsgnucleindependent orrelated
findings (Barcia et al., 2011; Gu et al., 2010; Halliday & Stevens, 20Qh¢ study found that
accumulation of}synucleinin astrocytes leads to recruitment of phagocytic microgiiachthen
attack selective neurons and contribute to PD symptomo{bigdiday & Stevens, 2011)
Additionally, intracellularU-synucleinaggregates also disrupt glutamate transporters and vital
functions of astrocys, such as their ability to regulate the blbodin barrier (BBBYGu et al.,

2010) Others have found thiksynucleincould activate and accumulate with astrocytes in early
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stages of PDwhen nosfibrillized U-synucleinis more widespread thaLB pathology(Barcia et
al., 2011; Gu et al., 2010)

Two key pathways have been associated with astrocyte reactivity ih) Bignal transducer
and activator of transcription 3 (STAT3) signaling pathway, 2nftizzled-1(Fzd1 ) -tafenin
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 8 TAT3, reduces STAT3 phosphorylation, GFAP expression, and
astrocyte reactivitySriram et al., 2004 Meanwhile, the Fzd/ b-catenin signaling pathway has
traditionally been associated with neuroprotection; however, in toxicant models of PD, it appears
that this pathway is impairddL 6 Epi s c op oP hear madc o | o290ilcladtenimct i v a
has been shown to prevent astrocyte reactivity and promote dopaminergic neuron survival,
suggesting that the FZd b-catenin signaling pathway plays a role in the interaction between

astrocytes and neuronsinPDL 6 Epi scopo et al ., 2011)

1.2 Bi ochemi cal Pat hways I nfluencing Etiology o
1.2.1 Necroptosis

Necroptosis is a mode of regulated cell death that mimics features of apoptosis and necrosis
and is thought to be associatedhwthe degeneration of dopaminergic neurons in(Biiuriya &
Sharma, 2018; Wu et al., 2015) Whi | e autophagy angrapgpopmmsds$
mechani sms of cel |l deat h, necrosi s is typical
occurs during periods of dysregulated actiyhuriya & Sharma, 2018 Necroptosis was later
discovered as a novel cell death pathway that proceeds when thetiagmgatovay is inhibited

but still results in cells withmorphological features related to both apoptosis and necrosis

22



(Degterev et al., 2005Ynlike necrosis, necroptosis does appear to be a regulated pathway as it is
inhibited by Necrostatid (Necl), which furthe inhibits the activity of receptanteracting
protein kinase 1 (RIPKYPegteev et al., 2008)RIPK1 forms a complex with receptmteracting
protein kinase 3 (RIPK3), which is essential for the necroptosis pathway to p{dteed/a &
Sharma, 2018)

Necroptosis is stimulated by the secretion of cytokines and chemokines, leading to
inflammation(Degterev et al., 200&nd is thusmorphologically characterized by cell swelling
(Dhuriya & Sharma, 2018)nflammation alone however is not sufficient to activate necroptosis
over a more traditional apoptotic pathway. In addition to an inflammpatsponse, caspa8e
must be inhibited to shift from an apoptesigdiated cell death to a necresigdiated cell death,
resulting in the activation of RIPK3 and its substrate, mixed lineage kinase ditkes(klLKL)

(Cho et al., 2009; Holler et al., 2000;/¢ammen 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., 199%0 enable MLKL to translocate into the inner leaflet of
the plasma membrane, ultimately disturbing cell membrane intg@rdgdelinger et al., 2014;

Hildebrard et al., 2014; Wang et al., 2014)
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Figure 14: Necroptosis is stimulated by the secretion of cytokines and chemphihieh leads to inflammation.
To shift from a traditional apoptotic pathway to a necroptotic pathwdwhition of caspas® must also occur in
addition to inflammation. When casp&®és inhibited, Fas, TNF, and LR3n activatewhich activate RIPK3finally

activaing MLKL to stimulate necroptosireated with BioRender.com

Necroptosis has shown involvement in the pathogenesis ¢iWRIet al., 2015)ALS (Ito et
al., 2016; Politi & Przedborski, 201,6nd MS(Ofengeim et al., 2015Because Ned can inhibit
necroptosigDegterev et al., 2005 number of studies have investigated llexs a potential
protective therapeutic for PD and related disor@armielli et al., 2018; Oliveira et al., 2021; Wu
et al., 2015) Models of PD, such a8-hydroxydopamie (6-OHDA) (Wu et al., 2015) have
demonstrated elevated expression of RIPK @mverselytreatment with Ned had protective
effects by stabilizing the mitochondrial membrafhannielli et al., 2018; Wu et al., 2015)
Although in its infancy, research into the inhibition of necroptosis shows promise, particularly to

investigate medi#gon of mitochondrial dysfunction as necroptosis has been linked to dysfunction
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of the mitochondria and production of excessive R@&hderova & Park, 2012)

1.2.2 Degradation Pathways

Much interestin PD proedeath mechanisms have focused dysfunction of degradation
pathways in PD (i.e. Autophagy and Chaperone Mediated Autophthagy)xan essentially result
in pathological protein aggregates and associated oxidative(#tregade, 1997; Chu et al., 2009;
Cuervo & Wong, 2014; Michel et al., 201&everal genes linked to PD have also lsesswociated
with dysfunction of the autophagy process. For example, the overexpressiksymicleinhas
been linked tdheinhibition of autophagyWinslow et al., 2010andLRRK2 overexpressiowas
linked tovariationsin the number of autophagosomes &wbsomal pH({GémezSuaga et al.,
2012) Furthemore, deficiency inAutophagyRelated 7 Atg7), an enzyme required for the
formation of an autophagosome, led to the increase in presyhkptiwicleinaccumulatiorand
formation ofaggregates containing K4idiked polyubiquitin and p62 (ubiquitin bindirprotein)
in neurons(Ahmed et al., 2012)These datasuggest that the proteasomal pathway and the
autophagylysosome pathwagnay cooperate to reduce the burden of protein aggregafius is
consistent withthe finding byEbrahmi-Fakhari et al(2011) that demonstratemnpairment of

oneof thesegpathway can lead to compensation, in this case upregulation, of the other.

1.2.2.1Autophagy

Autophagy is a normal physiological process involved with destruction and recycling of
damaged cells and cellular fragmefiNsxon, 2013) This highly conserved process is essential for
the maintenance of homeostasis and involves a mechanism bydennayed/defectivportions

of the cytosol and organelles aequesterenhto an autophagosome and delivered to a lysosome
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for breakdown(Yang & Kilonsky, 2009) Activation of autophagy process accelerate the
elimination of harmful diseasassociated protein aggregaf@gtanabe et al., 2020)hichraises
the possibility thata failure of autophag can give rise to harmful inclusionBespite many
diseasesnvolving 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 e sequestration of substrates and the formation of autophagosomes. However, the
specific defect in HD is suspected to involve bedliormammalian target of rapamydimTOR)
(Ravikumar et al., 2004; Shibata et al., 2008)ereas in PD, this defect is hypothesized to involve
Rab 1AmediatedAutophagyRelated 9 Atg9) (Winslow et al., 2010)

Interestingly PD and ALS aréboth thought to have autophagy defects acnogmerous
broader functionatategories, whereas HD, AD, and FaPpear to have defects that fall within
one broad functional categoryor example, as described earlier, HD has been associated with
autophagy defects relatingttee sequestration of substrates and the formationtophagosomes
(MartinezVicente et al., 2010; Ravikumar et al., 2004; Shibata et al., 20@6)AD has been
associated with autophagy defects relating to lysosomal dige®imya & 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., 201 Wolfe et al., 2013)PD has not only been associated with
autophagy defects in both of these functional categ¢bebay 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., 2@08)alsowith those related to
selective autophagy and substrate recogni(®rarezErviti et al., 2010; Corti et al., 2011;
Orenstein et al.,, 2013; Yang et al., 2Q0Bhis considered, targetinautophagy for potential

therapeutic intervention for PD may behighly complex process as there could be defects in
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numerous functional categories and targeting one may not alleviate issues related toghe other
As mentioned,PD autophagy defects have been identified relating to sequestration of
substrates and the formation of autophagosdivesslow et al., 201Q)recognition of substrates
(AlvarezErviti et al., 2010; Corti et al., 2011; Orenstein et al., 2013; Yang et al., ,2808)
lysosomal digestiofCuervo et al., 2004; Dehay et al., 2010, 2012; EbraRekhari et al., 2011,
Singleton et al., 2003; Spencer et al., 2009; Stefanis et al., 2001; Yu et al, v2ti6R)suggests
several different autophagic mechanisms in disease progre$sidallow up on our previous
work (Farmer et al., 2020)ne focus othe presenthesis will be to investiga therole of
phosphoinositide -Binase/AktimnTOR (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 mMTOR activityBlenis et al., 1991; Chung et al., 1992; {lgaman et al., 1999;
Magnuson et al., 2012)nd thought to be particularly critical for protein transla{iBoux et al.,
2007) We believe that mTORiediated autogyy processemight play an important role in the
r e s p o nsynecleinseedibg/pathologgnd 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 PIBKAKT/mTOR signaling pathway is a complex pathway that regulates a number of
biological functionghat contribute to neurodegenerative dise@gast al., 2020)Briefly, AKT,
also referred to as protein kse B (PKB), is downstream of PI3K and is comprised of three
subtypes (AKT1 = PKBU; P (Sdy@onewicPek dB. (2018; Kikaigk =
Zhang, 2019)When AKT is phosphorylate(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 ImMTORC®)im & Guan, 2019; Murugan, 2019hosphorylated
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MTORCL1, promotes protein synthesis and inhibits autoplaagy signals to S6K1 to activate rS6
to engage in translatigqiNa et al., 2017)However, when mTORCL1 is inhibited, protein synthesis
is also inhibited and autophagy processes can prdqdaad et al., 2010; Song et al., 2005; Xu et
al., 2020) making this pathway of particular interest to explore hypotheses surrounding gytopha

and toxic protein aggregate clearance.
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Figure 15: PIBK/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, activatirlg S6K
and rS6, ultimately stimulating protein translation. Activation of mTOR also inhibits autoph@gated with

BioRender.con.
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1.2.2.2Chaperone MediatedAutophagy

Chaperone Mediated Autophagy (CMi&)a process by which a chaperone, HSPA8/HSC70
(Chiang et al., 1989¥irectly delivers cytosolic proteins to lysosomes for degradétianshik &
Cuervo, 2018) Although it is now widely accepted that lysosomes can selectively degrade
intracellular componentdRoberts 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, 2018Jor this process tmove forwargrecognition of the cytosolic proteins
containing the CMAtargeting pentapeptide motif (KFER@Ilated sequenceby the chaperone
(Chiang et al., 1989¥ollowed by docking of the chaperone/substrate complex at the lysosomal
membranemust ocar (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
membrandgLescat et al., 2020)CMA is typically activated in response to stressors that damage
protens such as protein denaturat{@uervo et al., 1999mild oxidative(Kiffin et al., 2004)and
hypoxic stresgDohi et al., 2012; Ferreira et al., 2013pwever, CMA cannot degrade aggregates,
so it is thought to be mostly involved in earlier lines of defense, targeting damageah pr

monomers instea(Cuervo et al., 2004; MartinéZicente et al., 2008)
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Figure 1.6: HSPA8 /HSC70 chaperone binds to the KFERQ motifiemodifiedU-synucleinto deliver the protein
to from the cytosol to the lysosoniEhe chaperone binds to LAMP2A at the lysosoarad U-synucleinis shuttled

into the lysosome where it will be degrad€deated with BioRender.oo.

The relationship between neurodegeneration and CMA was first identified (@@rDvo et
al., 2004) although there have since beherneurodegenerative diseast¢so implicatedCMA
has been shown t esynacfein(@uervoevae,2604rd is gonsiderex orig of
the primary p asynuckem isdegraded imAiCuecvh et &l., 2004; Vogiatzi et al.,
2008) Due to the selective nature of CMA, only a select subset of neurodegeneration proteins
have been validated assynGMiA(Cueruobesd. r2a0d;Mslkus & nc | uc
Ischiropoulos, @12; MartinezVicente et al., 2008; Vogiatzi et al., 2008J1 (PARK7)(Wang
et al.,, 2016) LRRK2 (Orenstein et al., 2013)au(Wang et al., 2009)TDP-43 (Huang et al.,

2014) and huntingtir{Bauer et al., 2010; Koga et al., 2011; Qi et al., 204PH)ough upregulation
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of CMA has been associ aynactkinandnelropwtection,ghtssdyond | e v ¢

applicabl e f o rsynucleinbecdusdhenedifiedigathogeniéorm of U-synuclein

is unable toproperly engage in the CMA, resulting impairment of the proceg&aushik &
Cuervo, 2018)Impairment in this process occushen pathogenicCMA targetedU-synuclein
binds to HSC70but is unable to properly interact with the CMA compongihisreby impairing
lysosomal membrane degradati@uervo et al., 2004; MartineZicente et al., 2008; Xilouri et

al., 2009)P a t h o gsgnudled thed accumulates at the membrane, forming oligomers, which
further impacts CMA processes and disrupts neuronal proteo&asie/o et al., 2004; Huang et
al., 2014; Martine/icente et al., 2008; Vogiatzi et al., 2008; Xilouri et al., 20T®)is process
describedfor Ussynucleinalso occurs with pathogenic LRRK®renstein et al., 2013nd
ubiquitin carboxylterminal hydrolase isozyme L1 (UCHL{ANndersson et al., 2011; Kabuta et
al., 2008) Similarly, pathogenic accumulation of other proteins involved in PD such as pathogenic
VPS35(Tang et al., 2015¢an 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 neureglenerative disease@dHetz & Saxena, 2017)The
endoplasmic reticulufER) is vital to proteitranslocation antblding and as suctany alterations
or disruptions in ER homeostasis can result in the accumulation of misfolded p¢bteins! et
al., 2016) From a pathological standpoint, neurodegenerative diseases allh&d@mmon trait
of abnormal aggregation of misfolded prote(nA g u z z i & Oo6Connor , 2010;

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, 20040iggering an integrated
adaptive responfs$el Eedwpr at e it(Water @ Kmp20lsld@ile ( UPR)
role of the UPR is to restore proteostasis within the secretory pa{i@aayatMiranda& Hetz,
2018; Seguraiguilar, 2019) If this response is ineffective in initiating cryoprotective mechanisms
to alleviate ER stresspoptoticprogrammed cell death processes are indyced& Howell,
2010) The UPR is thought to ksesimple 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 path\{@iew et al., 2015)

The UPR involves several branches in multicellular organisms, with the main branch mediated
by the ERassociated kinase and ribonuclease ines#tquiring protein 1 (IRE1jAragon et al.,
2009; Deng et al., 2011; lwata et al., 2008; Sidra&sWalter, 1997) anda 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 prqtaset al., 2007; Walter
& Ron, 2011) Within the primary branch, following oligomerization and &an
autophosphorylation, IRE1 is selttivated 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 nuclensadulate the expression of genes involved
in the UPR to restore ER proteosta#isagon 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 tfattscription factor
domain from the transmembrane anchor. Following this step, MTTFs are transported to the nucleus
and regulate transcription of the UPR related géneset al., 2007; Ye et al., 20Q0nterestingly,

atertiary process involving protein kinase RNiRe ER kinase (PERK) is emerg as a potential
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therapeutic target in neurodegenerative dise@$etz & Saxena, 2017PERK is activated by ER

stress and directly phosphorylates eukaryotic initiation fe@itor ( e |l F2U) , whi ch i n|
synthesis to mitigate accumulation of proteins at the ER IyiVatter & Ron, 2011)In addition

to the inhibition of protein synthesi s, phosp
of activating transgption factor 4 (ATF4), which upregulates genes involved in redox control,

amino acid metabolism, protein folding and synthesis, and autoW&dier & Ron, 2011)

Studies on PD, have observed signs of ER sf@sha, Jense, et al., 2012; Conn et al., 2004;
Hoozemans et al., 2007; Selvaraj et al., 2@ 2) dsynuclein has been shown to disrupt several
processes essential for pyuckeinocdR atthe BRumenp n. A
hypothetically due to aimrmal interactions with ER chaperones, leading to ER dfBedisicci et
al., 2011) -Suhuclein also affects protein maturation by inhibiting the trafficking of proteins from
the ER to the Golgi apparat(€ooper et al., 2006) Fi nal | vy, it has- al so
synuclein inhibits the activation of ATF6, directly impairing the URedle et al., 2015From
a genetic standpoint, PD associated mutations in parkin and PARK9 both contribute to ER stress,
with mutations in parkin altering proteosome mediated degradgiia 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 lunfidgolino et al., 2011)
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Figure 1.7: Three branches of the UPR pathwigllowing ER stres§A) PERK is activated directly phosphorylates

el F2U, which inhibits protein synt hlanseii @) ATFGtranslocateg at e ac
to the Golgi apparatus where there is cleavage of the transcription factor domain from the transmembrane anchor.
Following this stepATF6 is transported to the nucleus and reguddtanscription of the UPR related genég)

Following oligomerization and trarsutophosphorylation, IRE1 is selttivated 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 fact@r translocated to the nucleus to modulate the expression of genes involved in the UPR to

restore ER proteostasi¥eated with BioRender.oo.
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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 widelycresgacross a
variety of protein misfolding related diseases, includié& (Das et al., 2015; Jiang et al., 2014;

Matus et al., 2013; Saxena et al., 2009; Vieira et al., 2015; Wahg 2011; Wangt al.,2014g;

Wang, et al., 2018), 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 2046) HD (Vidal et

al., 2012) prion-related diseasg@Halliday et al., 20152017; Morencet al., 2012, 2013and PD

(Colla, Coune, et al., 2012; Silva et al., 200=rgeting this pathway in PD has generally shown
neuroprotective effectsvith one study targeting the UPR by knocking out C/EBP homologous
protein (CHOP), a prapoptotic transcription factor, in a toxicant induced md8édva et al.,

2005) while the other used a tramsg i-cy WJuc | ei n ani mal model to ex
(Colla et al., 2012)While both studies showed neuroprotective effects, neither were able to impact
dopaminergicneuronalsurvival. Although targetip PERK generally results in neuroprotection

and extended lifespan across diseases, there have been some instances where opposite effects have
been observed. For i nstance, in a scrapie pr
salubrinal exacerbalethe disease as opposed to alleviatin@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 i@dbllaet al., 2012)ALS (Matus et al., 2013; Saxena

et al., 2009)and CharceMarie-Tooth diseasé€Sidoli et al., 2016py either indirectly inhibiting

ATF4 through el F2U i nkouy ATF4. Additionalyr in a transgeoi¢ | y k-
model of Pelizaeuberzbacher disease, knocking out CHOP exacerbated the diSeasewood

et al., 2002) while in PD(Silva et al., 2005and CharceMarie-Tooth diseaséPennuto et al.,
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2008)neurgrotective 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 Phas been widely observed since the mid to late 1980s with
seminal research involving brain tissue samptesmfPD patients, nchuman primates, and
rodents demonstrating deficiencies in mitochondrial comp(earigston et al., 1984; Przedborski
et al., 2004; Schapira et al., 1990; Swerdlow et al., 199@&se works were furthesupported by
animal studies involving the mitochondrial toxintmethyt4-phenytl,2,3,6tetrahydropyridine
(MPTP), that blocks complex, Iresulting in a breakdown of mitochondrial respiration and
subsequent oxidative stress accumulaiipeciale, 2002) Other toxins including rotenone,
pyridaben, trichloroethylene, and fenpyroximate also inhibit complex | and induce dopaminergic
neuron losgChaturvedi & Beal, 2008)Complex | is thought to play a critical role ing@ninergic
neuron loss as deficiencies in complex | make dopaminergic neurons more sensitive to neurotoxins
(Perier et al., 2010)it has been hypothesized that mitochondrial dysfunction and disruption in
cellular bioenergetarise due to alterations in mitochondrial biogenesis caused by dysregulation
of transcription factoréBose & Beal 2016) Peroxisome proliferateaictivated receptegamma
coactivatorl U (-PG)C has gained interest as a potent.
coactivator of many transcription factors andrasrgortant regulator of mitochondrial biogenesis
(Bose & Beal 2016) It was foundthat therewasa reduction of PGA U | ev e-merteni n pos
brain tissue of PD patienZheng et al., 201@nd knocking out PGQ U I chdoparaireryie

neuronalsensitivity to MPTP(StPierre et al., 2006)in the same studygt-Pierre et al(2006
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demonstrated that overexpression of PGO p edagamst MPTP induced neurotoxicity and
Eschbach et al. (2018emonstrated thiso v e r e x p r e s ssynadein leveld and affers U
neuroprotection. However, this result appears to be dose dependent as one group demonstrated
that overexpression of approximately 140ld induced a sudden degeneration of dopaminergic
neurongCiron et al., 2012)while another group reported that ovem@gsion caused a depletion

of dopamine and increased susceptibility to MPTP neurotoXiClark et al., 2012)Alternatively,

both activation(Mudo et al., 2012)and stabilization(Hasegawa et al., 2016f PGG1 U h av e
induced neuroprotective effects, while deficienciesin PIGGh cir ease t he ol i gomer
synuclein(Eschbachteal., 2015)

Accumulatingevidence suggests that genetic vulnerabilities in mitochondrial functioning
might give rise to PD when sufficient environmental insults are encourn(ess et al., 2011;
Gautier et al., 2008; Nardra et al., 2010; Palacino et al., 2004lthough 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, 2Q0B)NK1
and Parkin, might be especially important in this regishatations in both PINK1 and Parkin are
related to autosomal recessive forms for early onset and juvenile PD, respéBiog\& Beal
2016;Thomas & Beal2007) Mutations and knockdowns of PINK1 have been shown to decrease
cellular respiration and therefore, synthesis of ADB et al., 2009) Additionally, this also leads
to incr eas e d-syauwlgnaadircteased susaetibility to toxic effects of oxidative
stresqGautier et al., 2008; Gispert et al., 2009; Liu et al., 20@8)kin knockouts have reduced
complex | and complex IV activitydecreased cellular respiration, increased susceptibility to
rotenone, a complex | inhibitor, and decreased mitochondrial intg@égarejos et al., 2006;

Palacino et al., 2004; Thomas & Beal, 20850 of importance, both genappear to play central
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roles in mitochondriall) quality control and dynamidq®Narendra et al., 20102) functional and
morphological maintenandg&autier et al., 2008; Palacino et al., 2Q0dnd 3) mitophagy of

dysfunctional mitochondriéDeas et al., 2011)

1.2.4.1Mitochondrial Quality Control and Dynamics

Much evidence suggests that PINK1 and Parkin work collectively to maintain mitochondrial
integrity and functior(Clark et al., 2006; Exner et aRp07; Gautier et al., 2008; Greene et al.,
2003; Mortiboys et al., 2008; Miftlioglu et al., 2004; Palacino et al., 2004; Park et al., 2006;
Whitworth et al., 2005; Yang et al., 200B)pth proteins have been deemed essential for the proper
functioning ofmitochondriawith aloss of either proteiresultingin similar phenotype&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 @IBlKla b s enc e,
buttheinverse is not possible, indicating that in this pathway PINKikaedy upstream(Narendra
et al., 2010)Importantly, it has been demonstrated that Parkin is selecte@lyited to damaged
mitochondria to promote autophagic degradafidarendra etl., 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 corstiibtibe
mitochondrial dysfunction lsserved in Parkin knockoytss impaired mitochondrial quality
control. Further supporting this proposed mechanistic functiarendra et al.(2010)
demonstrated that PINK1 selectively accumulamgth dysfunctional mitochondria, which
prompts Parkin to mitigate mitochondrial damage. Combined, these findings suggest signaling
between P&in and PINK1 occurs in response to mitochondrial damage to form a pathway that

senses and eliminates damaged mitochondria from the nefaotkermore, these findings offer
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some preliminary explanations around previous observations indicating that RINéUnd on
mitochondria as well as in the cyto¢Bkilina 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 sifidasendra et al., 2010)

1.2.4.2Mitochondrial Functional and Morphological Maintenance

As described previously, Parkin and PINK1 édween linked to familial inheritance of PD
and have been associated with various mitochondrial mechanisms. To investigate the role of Parkin
in mitochondrial function and maintenanc@alacino 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 ¢hgwoteins, eight were linked to
mitochondrial respiration or detoxification of 4pyoducts, four were linked to mitochondrial
oxidative phosphorylation, four were linked to ROS st(kees et al., 2003; Neumann et al., 2003;
Wang et al., 2003)and one was linked to methylgkal 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 involretbchondrial respiration,
resulting in reduced ETC capacity, which has been previously reported in mitochondria isolated
from PD patientgSherer et al., 2001)Reductions in proteins assdeid 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 patidints et al., 2003; Serra et al., 2001)

Overexpression of Parkin has been linked to increases in oxidative(biyesset al., 2002and
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decreases in these proteins likely make Parkin knockouts more susceptible ‘odd@gd
damaggPalacino et al., 2004)

Gautier et al(2008)demonstrated that loss of PINK1 was associaddtdboth 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 unsurjmg 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., 2888)reviously shown
by Palacino et al(2004)with Parkin knockoutsPINK1 knockouts also demonstrated impaired
mitochondrial respiration, which appeared in a brain region specific manner in young mice but not
older animalgGautier efal., 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 pobkaédtyoung
mice, oxidative stress from dopamine metabolism in the striatum may serverasahhit, that
exacerbats mitochondrial dysfunction, while in older mice, the aging process may serve as the

second hitthat triggers disease processes

1.2.4.3Mitophagy of Dysfunctional Mitochondria

PINK1 and Parkin engage in a specific type of mitochondrial autopfi2eps et al., 2009;
Fitzgerald & PluaFavreau, 2008)known as ntbphagy(Lemasters, 2005)Mitophagy is of
particular interest for PD as defects in this process can result in the accumulation of protein
aggregategHara et al., 2006; Komatsu et al., 2006peed, mitochondriave been recognized
as specific targets of increased autophagic degradation iiMeieira et al., 2007)It was

demonstrated that mitophagwas dependent on themitogen activated protein kinases
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(MAPK)/ERK signaling pathwayChu et al., 2007)a pathway also known to be influenced by
PD mutations, such a52019S LRRK2(Plowey et al.,, 2008) Furthermore, localizatiorf
phosphorylated ERK on mitochondria and autophagosomes in diseases with LBs has been
previously taracterizedZhu et al., 2003xnd mitochondridbcalisation of ERK2 is necessary to
upregulate toxin induced mitophafyagda et al., 2008)

Although evidencehas been limitechs tohow PINK1 and Parkin interact initaphagy,
several studies have provided essential pieces of the molecular (Ragta & Chu, 2009; Deas
et al., 2009; Ding et al., 201@eisler et al., 2010; Lin & Kang, 2008; Matsuda et al., 2010;
McBride, 2008; Narendra et al., 2008, 20P910; Piccoli et al., 2008; Rakovic et al., 2010; Suen
et al., 2010; VivedBauza et al., 2010)n this regardParkinis emerging as a key protemvolved
in mitophagy(Narendra et al., 200&ndis possible thait appeas to engage in mitophagy by
recruiting ubiquitin and p64dGeisler et al., 2010)mediating uptake of mitochondria by
autophagosomefMcBride, 2008; Narendra et al., 200&nd/or cooperating with PINK1 to
maintain mitobiondrial homeostasiagda & Chu, 2009)Previous works have demonstrated
that Parkin localization tthe mitochondria is dependent on PINK1 expression and mutations in
either inhibit mitochondrial traffickingVives-Bauzaet al., 2010)Additionally, PINK1 cleavage
is inhibited when mitochondria are damaged and have decreased membrane fidte&tieang,
2008) and as prawusly discussed, accumulation of the figlhgth form recruits Parkin for
initiation of mitophagy(Narendra et al., 2010)mportantly, PINKtdependent mitochondrial
localization is essentidl o r Parkinds wubi qui t(Matsudaetgla 8040) act i v
However, others have found that accumulation of PINK1 was not necessary to recruit Parkin to
damaged mitochondrigakovic et al., 2010and instead suggested that NIX, a pmotnvolved

in mitophagy, was the critical protein for this process to ofl@ung et al., 2010Q)
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13 Model ling Parkinsonbés Disease

PD is a complex disease and as such, developing an animal model that best exemplifies all its
aspects has yet to be accomplistizalvé 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 symptomol{®giari & Bagheri, 2019) Currently
available mouse models fall into several broad categories, such as genetic, toxicant, and
combination model&lagmag et al., 20168Fenetic models typically investigate the role of specific
mutations observed in familial P(@orti et al., 2011)and can be investigated through transgenic
ani mals and i ndu eyniclkieinjentouse There aresalsocalvarietysof inducible
toxin based models available for research use beyond genetic mo(iedliag & Bagheri, 2019)
and combinatory models which utilize both approaches are sometimes used with the hope of

getting a more accurate representation of disease etiology.

1.3.1.1Transgenic Mouse Models

PD is primarily a sporadic diase, with only about-50% of cases linked to mutations in
genes and familial inheritan¢8alari & Bagheri, 2019)here are at led46 loci (PARK1 through
PARK 16) and 11 genes thought to contribute to the denedapof the diseag€orti 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,
DJ1, Parkin) genegSchapira, 2006)Nevertheless, transgenic mouse models provide valuable
insightinto how genetic variations contribute to certain aspects of the disease. There have been
s e v e-syaucleinliransgenic mice that displarain pathologyFeany & Bender, 2000; Kahle

et al., 2000; Masliah et al., 2000; Rield et al., 2002; Van Der Putten et al., 200)wever, it
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can be difficult to achieve specific neurodegeneration of the dopaminergic neurons and motor
impairment with some of these mod@élswuwers et al., 2007)

Due to its role in LB and LN pathology, mutations of thgynucleincoding gene, SNCA, are
of particular interest when maelling PD preclinically. To date there have been several mutations
identified including A53T(Spira et al., 2001)A30P (Conway et al., 2000; Kruger et al., 1998)
E46K (Conway et al., 2000and duplications and triplications of the SNCA gene that saebe
implicated inboththe incidence rad severity of PO¥ChartierHarlin et al., 2004; Singleton et al.,
2003) On the whole, it seems thattBrminal mutations otlsynuclein such as A30P, A53T,
E46K, G51D, and H50@Lima et al., 2019) typically generate modelghere symptoms of the
disease are displayed the absence of neuronal |q&alari & Bagheri, 2019)Based on these
mutations, a variety of models were created to help better understand disease mechanism
associated with}synucleinspecifically. AnU-synucleinknockout mouse modé¢Abeliovich et
al., 2000)generated a reduced level of dopamine in the strigdmliovich et al., 2000)and
electrophysiological changésthe hippocampuiCabin et al., 2002but the authora/ere unable
to identify major motor impairments with these animals. Aaptknockout model generated
animals that were resistant to both acute and chronic administration of MPTP, but cultured cells
were more sensitive to rotenofigauer et al., 2002)

In addition to knockout models, models overexpresghsgnucleinwere also generated to
study the effects in both wild type and mutaitgiéctiors of U-synuclein(Fernagut & Chesselet,
2004) The first model to overexpress human wild tysynucleinwas driven by the PDGB
promoter and demonstrated both biochemical and motor chaiMgsliah et al., 2000)
Biochemical changes included intraneuronal inclusions, reduction in TH positive terraioats,

with a reduction ostriatal dopaminéHashimoto et al., 2003; Masliah et al., 2000)e inclusions
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observed did not have fibrillar components like you would typically see in(MBsliah et al
2000)and dthough motor behaviour was observed with this model, it only appeareehadriths

of age(Masliah et al., 2000) Animak expressing A53T mutations have shown mixed results
depending on the promoter used to generate the model. A53T transgenic animals generated with
the Thyl promoter have been shown to genefaynucleininclusions that more closely
replicated those seen in synucleinopathiesugh in this model they were primarily observed in

the spinal cordVan Der Putten et al., 20Q0This model was also able to generate motor
impairment; however, there was no observed degeneration in the nagedsggion(Sommer et

al., 2000; Van Der Putten et al., 200Bpth A53T and A30P mutation models using the &t r
promoter have been shown to generate accumulation subistantia nigravith nodegeneration

was observedMatsuoka 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 usg the TH rat promoter. One aggressive A53T model used the mouse prion promoter
and was able to generate fatal motor impairmentrabBths of ag€Giasson et al., 2002T his

model was also able to generate widespr&aynuclein pathology, although no substantial
neuronal loss was observedimebasal ganglia.

Another dominantly inherited gene mutation of interest ingtbat of LRRK2. TheLRRK?2
protein is large and complex member of R@CO family (Bosgraaf& Van Haastert, 2003,
PaisarRuiz et al., 2004; Zimprich et al., 20G#4athas both GTPase and kinase activities, both of
which have shown alterations in instances where LRRK2 is muiatedckner et al., 2006; Guo
etal., 2007; Ito et al., 200 et al., 2007; Smith et al., 2006; West et al., 2006 most common
familial mutation of LRRK2 is the G2019S mutation, which has been associated with neurotoxicity

and enhanced kinase activ{i@reggio et al., 2006; Greggio & Cookson, 2009; MacLeod et al.,
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2006; Smith et al., 2005, 2006 urthermore, multiple studies\yedemonstrated that LRRK2
G2019S mutation can promote numerous PD related changes, including indieysertiein
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., 2086dels using the
G2019S mutation have shown an increased kinase activitgt al., 2007, 2010)but findings
related to neurodegeneration and motor impairment have been mixed, with most models failing to
exhibit agedependent dopaminergic degeneration in the nigrostriatal r@giong et al., 2017)
Li et al.(2010)did not observe motor impairment through 12 months, nor substantial degeneration
in the nigrostriatal region through -B® months when using LRRK2 G2019S mi€wo groups
using the PDGH pr omot er d e rmdegansrationaof 28006 occoriing at varying
timepoints withRamonet et al2011)reporting a loss of 20% at 20 months of age@hdn et al.
(2012)reporting a loss of 50% at 16 mostbf age.

Of the autosomal recessively inherited gene mutations involved ir@aét PD, mutations
in PINK1 are the second most frequently occurriBgnifati et al., 2005; Hatano et al., 2004;
Ibafez et al., 2006; Rogaeva et al., 2004; Rohé et al., 2004; Tan et al. P2BBd) is thought to
normally prevent mitochondrial dysfunctioGandhi et al., 2006)but is also thought to be
involved in protecting against oxidative stress when it works cooperatively with(Dang et al.,
2006)and other studies have shown that PINK1 may function through simifexggg as Parkin
(Clark et al., 2006; Park et al., 200&)et, knockingdown 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 generhby deleting exons4 (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 neundihese animaléitada et al., 1998)

DJ1 is involved in autosomal recessive patterns of inheritance and seVé@samnutatiors
have been associated with early onset of(RBou-Sleiman et al., 2003; Annesi et al., 2005;
Bonifati et al., 2003; Hague et al., 2003; Hedrich et al., 20041 is involwed in a variety of
cellular processes and is notably involved in oxidative s{tesset al., 2006)A point mutation
of DJ1 (L166P) was identified in an Italian fami{8onifati et al., 2003)which prompted the
creation of a transgenic model where the first 5 exons and part of the promotef of/édd
removed Chen et al., 2005)his model did not generate dopaminergic neuron loss in thblEN
it did prompt an increase in striatal dopamine and evoked dopamine oviZhew et al., 2005)
suggesting it modified turnover of the neurotransmi@other modeltargeting exon 2, and like
the previos casedemonstrated an increase in dopamine overflow in the striattime absence
of degeneation, but with some degree lwfcomotor impairmentGoldberg et al., 2005; Kim et al.,
2005)

Parkin is also involved in autosomal recesgpatterns of inheritanceith more than 100
mutationsbeingidentified (Abbas et al., 199%edrich et al. 2001, 2004; Kitada et al., 1998;
Klein et al., 2007; Licking et al., 2000; Oliveira et al., 2003; Periquet et al., .2008n
functioning properly, Parkin targets proteins for degraddtioai et al., 2001Chunget al., 2001,
Zhang et al., 200(9nd has E3 ubiquitiprotein activity(Shimura etl., 2000) There have been a
variety Parkin models generated to date, targeting different éxdaosling 2, 3 and7 (Goldberg
et al., 2003; ltier et al., 2003; Palacino et al., 2004; Perez & Palmiter, 2005; Sato et al., 2006; Von
Coelln et al., 2004Xnockouts of exon 3 induced increased striatal dopamine I&Seldberg et
al., 2003; ltier et al., 2003nd causedoxidative damagé€Palacino et al., 2004but decreased

synaptic excitability in spiny neurons, DAT legelDA releaseand mitochondrial respiration
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(Goldberg et al., 2003; ltier et al., 2Q@3alacino et al., 20Q4Curiously, thismodel does generate
behavioural deficitdbut with loss of dopaminergic neurons for up to two yeé®oldberg et al.,
2003; ltier et al., 2003Xnocking out exon 7 decreastet number off H-producing cells in the
locus coeruleus; however, like the exon 3 knockoutndidjenerate degeneration of dopaminergic
neurongVon Coelln et al., 2004)Finally, knockouts of exon 2 does not generate a behavioural

phenotypenor any abnormalities of dopaminergic neuronghe SN(Sato et al., 2006)

1.3.1.2Toxicant Induced Models

Toxicant models include both direct toxicants such #@3HE®A and MPTP and indirect
toxicants such as LPS, paratund rotenon¢Jagmag et al., 2016Direct toxicantssuch as 6
OHDA and MPTP are taken up directlpy dopaminergigroducing neurons and have a rapid,
pathological impadncluding markedheuroinflammation andopaminergiceuronloss but fails
to replicate synucleopathiesor the progressive nature of the dise@®evé et al., 2005; Jagmag
et al., 2016)6-OHDA is thought ¢ bedirectlytaken up by dopamine transporter (DA®rhober,
2004) whereasMPTP isfirst metabolizedcaind oxidize in astrocytes MPP+, whichcan then enter
dopamine neuronéSpeciale, 2002)Unlike 66OHDA, MPP+ requires carriers to enter adjacent
neurons and once inside, disrupts mitochondrial funstimy blocking complex | and inhibiting
complexes Ill and IV of the electron transport chain (E{®peciale, 2002)Additionally, MPTP
induced toxicity also involves several cofactors including iron, neuromelamsicular
monoamine transporter (VMAT?2) levetsorder to producROS and apoptos{Blum et al., 2001,
Lotharius & OO6Mal | eyedith2200®)0Bpth FObHAL andth KIPTR ca&k Me r
promote neurdegeneration of dopaminergic neurons in a relatively short period of time but do not

g e n e rsgnuckein pathologyHisahara & Shimohama, 2010; Langston et al., 1999)
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In contrast, indirect toxicantsuch as LPS, paraai and rotenongypically require multiple
treatments and can lead to systemic efféddsvever, they allow more selective neurodegeneration
over time andcan be usethvestigate mechanisms externaldimpaminergicmeurongSalama &
Arias-Carrion, 2011)Similarly, to MPTP, both paraquat and rotenone can cross the BBB iand ca
therefore be delivered systemicalBrooks et al., 1999; Hisahara & Shimohama, 20P@yaquat
was first considered as a potential PD inducing toxin because of its structural resemblance to MPP+
(McCormack et al., 2@), buthastoxicodynamic and toxicokinetic differencekem MPTP/MPP+
(Prasad et al., 2009paraquat exposure has been associated with both degeneration of nigrostriatal
dopaminer gi c neur on s-syaunlen(McCoenack et aly20@R] Partg etaln o f
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 | of the ETC in the
mitochondria(Betarbet et al., 2000; Hisahara & Shimohama, 20R0jenone exposure albas
the potential tgenerate intracellular inclusions like LBs that show immunoreactivity for ubiquitin
a n dsynuclein(Betarbet et al., 2000; Sherer et al., 20@3houghindirectmodels more closely
replicate human PD conditions, they take more time andregedntly more variablwith less
neuron losghanthe moredirectacting toxicant§Bové et al., 2005Jagmag et al., 2016; Salama

& Arias-Carrion, 2011)

1.3.1.30-Synuclein Viral Induced Models

Viral vector modelshave beemeveloped with an aim weards theoverexpreseon of either
wild type ( Wpiuclemin thesi {Bemmcao et &)., 2002; Kirik et al., 2002, 2003;
Klein et al., 2002; Lauwers et al., 2007; Stefanis et al., 208ih)gy delivery methods such as

adenoviruses (AVs), recombinant adeassociated viruses (rAAVS), adeassociated viruses
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(AAVs), and lentiviruses (LVS)AVs arelinear double stranded DNA viruses, areAA Vs, and
vedorsthat are derived from ¥s cantransduce many celypesvia episomaexpressiorfHendrie

& Russell, 2005)Currently, AAVs are considerethe superior technologyelativeto AVs for
examplewith higher targeting rates irormal human cells relative to othéral, transfection, or
electroporation mechanisnidendrie & Russell, 2005}t is important to notehat editing gene
expression with a viral mechanism such as an AV or AAV does induce a host immune response
with a notable response immediately attee injection(Zhao et al., 2007)To ensure efficient
reproductionthe virus must not only combat the host immune response, but alsotfert®st
cell into Sphasesothatideal conditions are mé¢Ehao et al., 2007)Following DNA replication
viral transcription traridons from early to late modewhile cellular gene expression is
concurrently changeto redirect cellular synthesis machineryvewd virus production in later
stages of infectiofZhao et al., 2007)

Viral vectormediated overexpressio o-$ynudlein has been able to produce a robust
degeneration of dopaminergic neurdBmekelandt et al., 2002; Kirik et al., 200&)d reduce
dopamine releagflatt et al., 2012But thesefeatures 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 reproducibiigyy difficult. More recently, more effient
viral vectors have been created that offer more robust neurodegenerative, behavioural and
inflammatory response®arkholt et al., 2012; Decressac et al., 2012; SanGuegardo et al.,

2010; Van der Peen et al., 2015Despite 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 offera usefulalternative method of transgenic dadling. 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 muitiit hypothesigThakur et al., 2017)

1.3.1.40-Synuclein Fibril Based Models of Spread

Experiments using traditional PiPprion modelgButler et al., 1988; Mahal et al., 2007; Race
et al., 1987)hand newer, no#rP prion modis (Sarders et al., 2014; Woerman et al., 20bh&ye
provided novel -synudeingdnforsiersrandgesultant sprgad. Wsing MSA and
PD patient brain homogenat&¥perman et al. (2015)ere able to demonstrate key differences
betweenJ-synuclein inclusions in MSA relative to those found in Rihile aggregates formed
in cultured cell models that were transfected with the MSA patient brain homogenates, the same
method was unsuccesshigingPD patient samples. This suggests thatksgnuclein containing
glial cytoplasmic inclusiongound in MSA differin key featuregpossibly owing todistinct
structural conformatics) relative tothosefound in PD(Woerman et al., 2015Expanding on
these findingsl.au et al. (2020yvere able to further demonstrate thigynuclein fibrilinjection
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 diffgesions
o f -sykuclein fibrils, some of which were generated synthigtiehile others were generated
from either mouse or human diseased brains. Their findings demonstrated that diiffecéots
propagate at different rates, affect different brain regions to varying degrees, and have different
morphology that could bertadly categorized as MSA inclusitike or LB-like. One broad
finding was that relative stability of the fibrihjection seemed to impact propagation and
morphology, with less stablajectiors showing faster propagation and shorter fibril length and
more stableinjectiors showing slower propagation and longer fibril len@ithu et al., 2020Q)

Although this study used transgenic mice to assess propagation and other characteristics, previous
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wor k has de meynglein fiortlsecah propagate in btransgenic micéLuk, et al.,
20127). Additionall vy, previous wor k hasyndtigipot hes
expression level conbute to selective vulnerability of aggregates and that propagation efficiency
may depend on t hsnutleénsestra@una ehal.,2018)ab | e U

All this considered, the use of PFFs has gained in popularity over the years to investigate the
Braak and prion hypothes¢Rey et al., 2016)The Braak hypothesis was discussed at length
ear |l i er an d-synelsin patiologymaytbegi Bithddside the brain or at the lower
brainstem regions and progress forward towards the basal ganglia and motor cortex over time
(Braak et al., 2003)rhe prion hypthess was also discussed at length earlier and was popularized
following hostto-g r a f t experi ment synucleimmay spteadgreaspridilied t h a't
manner(Brundin et al., 2008, 2010Jsing PFFs has tremendous appeal because this allows for
one to f urt hessynicleivimlssins spraad ehrolgloowt the brain based on where
the PFFs were first delivered. Synthetic PFFs provide the advantage of accelerating the formation
of propagation of inclusi@(Luk, et al., 201B) and can be made relatively easily in a lab setting.
Several groups have demonstrated that both naturally derived and synthetic PFFs can trigger a
progressi ve -symgeinarg aelectice mopanfinergic neurodegeneration, suggesting
that these maels have clinical relevan¢@bdelmotilib et al., 2017L.uk, et al., 201B; Osterberg

et al., 2015; Tapias et al., 2017)

1.3.1.5Combinatory and Current Model
Combinatory models have been used by numerous groups and support the exploration of the
multiple hit hypthesis that was described earlier. This hypothesis &tdewing 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 §€arvay

et al., 2006)This hypothesis is in support of theewpoint that genetic and environmental factors
contributes to the onset of the dise@atrick etal., 2019) Combi nat or ywynatkeid el s U ¢
fibrils have been used recently in eff-orts t
synuclein propagatdtau et al., 2020; Thakur et al., 201While Lau et al.(2020)used TgM83

mice to leverage overexpression of the A53T mutationTdradkur et al(2017)used awild type

(WT) Usynuclein AAV in WT mice, both sought to investigate hewk o genousl-y app]l
synuclein fibrils impacte n d o g e-symudenantd may provoke pathologin theoryjncreased

endogen u ssynUcleincaninteractwith administered PFEpossiblyresuling in ther conversion

into the pathological form thabuldact locally, or spread throughout the basal ganglia and cortex
(Volpicelli-Daley et al., 2011)Of course, theres also the second possibility of the exogenous
synthetic PFFs themselvésdependent of any endogenous changesg¢ading throughout the

brain and cause neurochemical or neurodegeneration changes.

1.4 Sex Differences
1.4.1 Genetic Differences
Investigation intdhe various mechanisms involved in these sex differeincE® is still in
its infancy because females have historically been underrepresgmgeid.all the more surprising
sincegene expression profiles of dopaminergic neurons in the SNc aspseiic, asmay be
some othe underlying adaptive processes in surviving dopaminergic ne{@antutiCastelvetri
et al., 2007; Simunovic et al., 201Q)sing microarray analysi§antutiCastelvetri 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 thstlarggnitude 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, whileggenpregulated in malésnded to bénvolved 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 gengcally driven disruptions in PD (such as mutationsHsynuclein and PINK1).

Figure 1.8: Sexually dimorphic genes involved in PD are involved in a variety of funci{i@hfunctional categories
of genes upregulated in female PD patients relative dte r®D patients and (B) functional categories of genes

upregulated in male PD patients relative to female PD patiérgated with BioRender.com
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