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                                                        Advisor: 
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Parkinson’s disease (PD) is associated with oxidative stress, a genetic susceptibility to 

agrochemical exposure, and impaired proteostasis which primarily affect dopaminergic neurons 

that populate the substantia nigra pars compacta, the region of the PD brain that most prominently 

degenerates. The discovery that mutations in alpha-synuclein (aSyn) causes inherited forms of 

PD has dramatically improved our understanding of PD at a cellular level. Herein, we use human 

stem-cell derived-dopaminergic neurons harboring the A53T or E46K aSyn mutation and isogenic 

controls to assess PD-related pathologies. We show that early accumulation of aSyn in PD-

neurons results in impairments to the antioxidant response and mitochondrial dynamics. We 

determined that these impairments can be attributed to mutant aSyn’s inability to associate with 

PKC, resulting in decreased Nrf2 phosphorylation and activation, consequently reducing the 

antioxidant response. We demonstrate that forced activation of Nrf2 by pharmaceutical 

modulation with dimethyl fumarate (DMF) rescues antioxidant enzyme expression in PD neurons. 

Further, our findings highlight the importance of genetic vulnerability to toxin exposure, including 

the agrochemicals paraquat, maneb and rotenone. Using these toxins below the reported EPA-

lowest observable effects levels we demonstrate that anterograde mitochondrial transport was 

impaired in mutant aSyn neurons, but not in control neurons. We determined that this was due to 

the nitration of alpha-tubulin which inhibited the association of aSyn and kinesin 5B with 

microtubules. We showed that we could rescue mitochondrial anterograde trafficking by using the 

nitric oxide synthetase inhibitor L-NAME. In addition, we demonstrate that aSyn accumulates on 

multi-vesicular bodies and lysosomes in PD neurons. As such, aSyn is secreted by exosomes 

which promotes the spread of disease from cell-to-cell. We demonstrate that constitutive 

expression of LC3B reduces the accumulation of aSyn (PS129) as well as the amount of secreted 

aSyn in exosomes. Since transmission of aSyn is coincident with mitochondrial pathology and 

oxidative stress in previously healthy cells, our findings suggest that targeting aSyn or exosomes 

might slow disease progression. Altogether this research offers mechanistic insight as to the 

development and spread of PD-pathology. 



iii 

 

 

DEDICATION 

In dedication to my mom, Linda Mitchell, who has provided continuous support and 

encouragement throughout this doctorate program. I am truly blessed to be loved by someone so 

unconditionally. Thank you. 

 

 

 

 

 

  



iv 

 

 

ACKNOWLEDGEMENTS 

 First and foremost, I would like to acknowledge my advisor Dr. Scott Ryan who is an 

extraordinary person. As a supervisor, you have exceeded expectation: sending me to workshops 

and conferences, helping me apply for funding opportunities, creating collaborations, and always 

giving me the tools necessary for high-quality research. As a mentor, you have continued to 

consider my personal growth and career goals: encouraging me to give patient-talks, mentor 

students, comment on grant applications, review manuscripts, develop new techniques and 

sharing your scientific connections with me. Your enthusiasm for research is contagious and has 

inspired me to maintain focus throughout this process. I cannot thank you enough for the training 

and support you have given me. I look forward to maintaining our relationship and collaborating 

in the future. 

I would like to acknowledge professors and collaborators: Dick Mosser, George Harauz, 

Vladimir Bamm and Tammy Ryan, thank you for providing technical expertise and helping with 

experiments. 

I would like to acknowledge past and present Ryan lab members – Kayla, Chris, Keith, 

Jenn, Matt, Tinya, Sarah, Shalandra, Dana, Evelyne, Ryan, Phineas, Natalie, Brodie, Justin, and 

Shehani. I would also like to acknowledge Abdalla from the Perreault lab, Hayley from the Vessy 

lab, Tristen, Ally and Begum from the Lalonde lab. Thank you all for helping with experiments and 

for being amazing individuals who made the lab such a joyous space. I also want to thank the 

Ryan lab manager Carla for continually putting up with my spontaneous requests, even if that 

meant double checking my math, rearranging the order of samples, or putting in a last-minute 

order. Brodie and Carla: thank you for being great friends who I could always count on for a laugh 

or for encouragement. 

 Thank you to my friends and family who always supported me and understood that 

research was my number one priority. Especially, thank you Adam for keeping me balanced and 

sensible, putting up with my erratic schedule and always making me smile.  

 Finally, I am deeply indebted to several funding sources that supported me and the 

projects I have been involved in. These include Parkinson’s Canada, the Canadian Institute of 

Health Research, the Natural Sciences and Engineering Research Council of Canada, the Ontario 

Institute for Regenerative Medicine, Ontario Graduate Scholarships, Sir. Donald Robert Phillips 

Scholarship, and the Vanier Canadian Graduate Scholarship.  



v 

 

 

TABLE OF CONTENTS 

Chapter One: Introduction  

1.1 Parkinson’s Disease…………………………………………………………………….. 1 

1.2 Synucleinopathy…………………………………………………………………………. 3 

1.2.1 Monomeric alpha-synuclein……………………………………………………………. 3 

1.2.2 Oligomeric alpha-synuclein…………………………………………………………….. 4 

1.2.3 Lewy bodies……………………………………………………………………………… 7 

1.3 Mitochondrial Dysfunction in Parkinson’s Disease……………………………….. 9 

1.4 Oxidative Stress and Parkinson’s Disease………………………………….………. 12 

1.5 The Antioxidant Defence System……………………………………………………... 14 

1.6 Proteostasis in Parkinson’s Disease…………………………………………........... 16 

1.6.1 The proteosome…………………………………………………………………………. 16 

1.6.2 Chaperone-Mediated Autophagy……………………………………………………… 17 

1.6.3 Macroautophagy………………………………………………………………………… 18 

1.6.4 Multi-vesicular Bodies…………………………………………………………………... 20 

1.7 Using Stem Cell to model Parkinson’s Disease……………………………………. 20 

Chapter Two: Human A53T and E46K alpha-synuclein mutations lead to 
mitochondrial dysfunction in A9-type dopaminergic neurons  

2.1 Introduction………………………………………………………………………............. 30 

2.2 Results……………………………………………………………………………………... 31 

2.2.1 Terminal differentiation of hPSC-derived human neurons………………………….. 31 

2.2.2 Identifying common biological processes between hPSC-derived neurons and 

post mortem SNpc brain samples from PD patients ………………………………………. 31 

2.2.3 SNCA-A53T hNs Exhibit Deficits in ARE Activity Coupled to Increased Oxidative 

Stress……………………………………………………………………………………………. 32 

2.2.4 The Phosphorylation and Subcellular Localization of Nrf2 is Disrupted in SNCA-

A53T hNs………………….……………………………………………………………………. 33 

2.2.5 aSyn mutant hNs exhibit signs of mitochondrial dysfunction………………………. 34 

2.3 

Discussion…………………………………………………………………………………...... 35 

Chapter Three: Nitration of microtubules blocks axonal mitochondrial transport 
in a human pluripotent stem cell model of Parkinson’s disease  

3.1 Abstract …………………………………………………………………………………… 45 

3.2 Introduction ………………………………………………………………………............ 45 

3.3 Results……………………………………………………………………………………... 47 

3.3.1 Agrochemical exposure impairs anterograde transport of mitochondria in 

PD neurons…………………………………………………………………………………….. 47 

3.3.2 Agrochemical exposure inhibits KIF5B binding to the microtubules in SNCA-A53T 

neurons…………………………………………………………………………………………. 48 

3.3.3 3-NT modification of C-terminal tubulin regulates α-syn interaction with the 

microtubules. ………………………………………………………………………………….. 51 

3.3.4 Blocking NO synthesis rescues agrochemical-mediated arrest of mitochondrial 

transport in PD neurons……………………………………………………………………….. 53 

3.4 Discussion……………………………………………………………...…………………. 53 



vi 

 

 

Chapter Four: a-synuclein mutation impairs processing of endomembrane 
compartments and promotes exocytosis and seeding   

4.1 Abstract…………………………………………………………………………............... 70 

4.2 Introduction ………………………………………………………………………............ 70 

4.3 Results………………………………………………………………….………………….. 72 

4.3.1 a-syn pathology correlates with the production and accumulation of MVBs in 

hPSC-derived A53T-hNs……………………………………………………………………… 72 

4.3.2 a-syn microaggregates directly interact with LC3B sequestering the protein into 

oligomeric aggregates……………………………………………………….………………… 73 

4.3.3 a-syn forms microaggregates with LC3B on MVBs………………………………..... 75 

4.3.4 a-syn secretion causes seeding of a-syn pathology into previously healthy 

neurons…………………………………………………………………………………………. 76 

4.3.5 LC3B constitutive activation clears a-syn PS129 and inhibits a-syn secretion via 

exosomes……………………………………………………………………………………..... 76 

4.4 Discussion………………………………………………………………………………... 77 

Chapter 5: Summary & Discussion  

5.1 Summary of Findings…………………….…………………………………………….. 96 

5.2 Cystolic and Membrane-bound Function of aSyn…………………………………. 98 

5.3 A Proposed Theory for Parkinson’s Disease Development……………………… 102 

5.4 Alternative Considerations and Future Directions………………………………… 103 

5.5 Parkinson’s Disease Therapies……………………………………………………….. 107 

5.6 Conclusions………………………………………………………………………………. 110 

Chapter 6: Materials and Methods  

6.1 hPSC Cultures…………………………………………………………………………….. 116 

6.2 A9-type Dopaminergic Differentiation…………………………………………………... 116 

6.3 Reverse Transcription and Quantitative PCR…………………………….................... 117 

6.4 Immunocytochemistry and Fluorescence Analysis……………………………………. 117 

6.5 Western Blot Analysis…………………………………………………………………….. 118 

6.6 Fractionation of Soluble, Insoluble and Heat Stable protein………………………… 118 

6.7 Gene Expression Analysis……………………………………………………………….. 118 

6.8 Mitochondrial Analysis……………………………………………………………………. 120 

6.9 Immunoprecipitation and Protein Analysis ……………………………….................... 121 

6.10 Detection of NO by DAF-FM Fluorescence Intensity  ………………………………. 121 

6.11 Synthesis of Recombinant Proteins…………………………………………………… 122 

6.12 Influence of 3-nitrotyrosine (3-NT) modification on Protein Interaction……………. 123 

6.13 Ultrastructure analysis…………………………………………………………………... 123 

6.14 Immunogold Labeling…………………………………………………………………… 124 

6.15 a-Synuclein Purification and PFF Formation…………………………………………. 124 

6.16 Gel mobility shift assays………………………………………………………………… 125 

6.17 CD Spectroscopy……………………………………………………………………… 126 

6.18 SHSY5Y culture and differentiation………………………………………................... 126 

6.19 RAB5QL Transfection…………………………………………………………………… 126 

6.20 Endosomal Fractionation……………………………………………………………….. 126 

6.21 Exosome Isolation……………………………………………………………………….. 127 

6.22 Lentiviral Production and Transduction……………………………………………….. 127 

6.23 Statistical Analysis………………………………………………………………………. 127 

REFERENCES…………………………………………………………….. 132 



vii 

 

 

  List of Figures 

Chapter One: Introduction  

1.1 Multi-hit hypothesis of Parkinson’s Disease……………………………………………… 22 

1.2 The basal ganglia in Parkinson’s disease………………………………………………… 23 

1.3: Alpha-synuclein misfolding………………………………………………………………… 24 

1.4: Altered Mitochondrial Dynamics in Parkinson’s Disease………………………………. 25 

1.5: Autophagy Pathways……………………………………………………...……………….. 27 

Chapter Two: Human A53T and E46K alpha-synuclein mutations lead to 
mitochondrial dysfunction in A9-type dopaminergic neurons  

2.1: Terminal differentiation of hPSC-derive human neurons……………………………… 36 

2.2: Human SNpc Tissue from PD Patients and SNCA-A53T hNs Share Common 

Transcriptional Deficits in the Antioxidant Response Pathway……………………………... 38 

2.3: In mutant neurons, oxidative stress is coupled to impairments in ARE activity……… 39 

2.4: α-syn inhibits activation of the antioxidant response by disrupting α-syn interaction 

with PKC……………………………………………………………………………………...…... 40 

2.5: aSyn mutant hNs exhibit signs of mitochondrial dysfunction…………………….……. 42 

Chapter Three: Nitration of microtubules blocks axonal mitochondrial transport in 
a human pluripotent stem cell model of Parkinson’s disease  

3.1: Characterization of hiPSC and hESC derived human neurons (hNs). ………………. 57 

3.2: Agrochemical exposure inhibits anterograde transport of mitochondria in A53T 

hNs…................................................................................................................................. 59 

3.3: Agrochemical exposure results in the selective loss of KIF5B association in SNCA-

A53T neurons………………………………………………………………………...………….. 60 

3.4: Accumulation of NO following agrochemical exposure results in 

excess tubulin nitration in A53T-hNs………………...………………………………………... 62 

3.5: Nitration of the α-tubulin-C-terminus impairs binding of a-syn and KIF5B to the 

microtubules……………………………………………………………………………………. 64 

3.6: L-NAME treatment rescues anterograde mitochondrial transport in agrochemical 

exposed A53T hNs………………………………………………………………………………. 65 

3.S1: The mitochondrial toxin MPP+ impairs anterograde transport in hiPSC-

derived and hESC-derived SNCA-A53T neurons……………………………………………. 67 

3.S2: Agrochemical exposure results in the selective loss of KIF5B association in SNCA-

A53T neurons…………………………………………………………… 68 

Chapter Four: a-synuclein mutation impairs processing of endomembrane 
compartments and promotes exocytosis and seeding of a-synuclein pathology  

4.1: SNCA mutant-hNs show accumulation of PS129 a-syn……………..………………… 81 

4.2: SNCA mutant-hNs show increased Golgi dilation coupled with the accumulation of 

multivesicular bodies (MVBs)…………………………………………………………………... 82 

4.3: PS129-modified a-syn accumulation coincides with LC3B turnover…………………. 83 

4.4: A35T and E46K α-syn binds LC3 and sequesters it into detergent insoluble 

microaggregates…………………………………………………………………………………. 85 

4.5: a-syn and LC3B microaggregates form on the surface of MVBs……………………... 87 

4.6: SNCA-mutant hNs seed α-syn pathology to WT-hNs………………………..………… 88 

  

 

 



viii 

 

 

4.7: Constitutive LC3B activation clears a-syn-PS129 and prevents exosomal release of 

a-syn…………………………………………………………………………………………….... 

 

90 

4.S1. Related to Figure 1………………………………………..……………………………… 92 

4.S2. Related to Figure 2…………………………………………..…………………………… 93 

4.S3. Related to Figure 4……………………………………………..………………………… 94 

4.S4. Related to Figure 7………………………………………………..………………………. 95 

Chapter 5: Summary & Discussion  

5.1: Diagram depicting how aSyn promotes Nrf2 activity……………………………………. 111 

5.2: Graphical Abstract………………………………………..………………………………… 112 

5.3: Dopamine Synthesis and Metabolism…………………..………………………………... 113 

5.4: Dopamine Oxidation………………………………………..………………………………. 114 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



ix 

 

 

LIST OF TABLES 

Chapter 6: Materials and Methods   

qRT-PCR Primer Information…………………………………………………………………. 129 

Immuno Antibody Information……………………………………………………………….... 130 

Western Blot Antibody Details………………………………………………………………... 131 

 

  



x 

 

 

GLOSSARY OF ABBREVIATIONS 

3-NT 

 

Nitrotyrosine 

6OHDA 6-hydroxydopamine 

aKGHD Alpha-ketoglutarate dehydrogenase 

ALDH Aldehyde dehydrogenase 

ARE Antioxidant response element 

aSyn alpha-synuclein 

ATG Autophagy related gene 

ATP Adenosine triphosphate 

BDNF Brain derived neurotrophic factor 

cAMP Cyclic adenosine monophosphate 

cGMP Cyclic guanosine monophosphate 

CHCHD2 Coiled-coil-helix-coiled-coil-helix domain containing 2 

CHIPs Co-chaperone HSP interacting proteins 

CK2 Casein kinase 2 

CMA Chaperone mediated autophagy 

CoQ Ubiquinone 

CoQ / Q coenzyme Q10/ Ubiquinone 

CREB cAMP response selement-binding protein 

Cryo-EM Cryogenic electron microscopy 

DA dopamine 

DA Dopaminergic 

DAT Dopamine transporter 

DAT Dopamine transporter 

DJ-1 Parkinson’s disease protein 7 

DLB Dementia with Lewy bodies 

DMF Dimethylformamide 

DOPAC 3,4-dihydroxyphenylacetic acid 

DOPAL 3,4-dihydroxyphenylacetaldehyde 

Drp1 Dynamin related protein 1 

EE Early endosomes 

eNOS Endothelial NOS 

EPA Environmental protection act 

ER Endoplasmic reticulum 

ERAD Endoplasmic reticulum-associated protein degradation 

ESCRT Endosomal sorting complexes required for transport 

ESCs Embryonic stem cells 

FAD Flavin adenine dinucleotide 

FCCP Carbonyl cyanide-p-trifluoromethoxyphenylhydrazone  

FMN Flavin mononucleotide 

GABA Gamma-aminobutyric acid 

GBA1 Glycocerebrosidase 1 

GDNF Glial derived neurotrophic factor 

GLCL Glutamate-cysteine ligase, catalytic subunit 

GSK3 Glycogen synthase kinase-3 

H+ Hydrogen 



xi 

 

 

H2O2 Hydrogen peroxide 

hNs Human neurons 

HO-1 Heme-oxygenase 1 

hPSC Human pluripotent stem cell 

hPSCs human pluripotent stem cells 

HSP Heat shock protein 

iNOS Inducible NOS 

iPSCs induced pluripotent stem cells 

KEAP1 Kelch-like ECH-associated protein 1 

KIF5B Kinesin family member 5B 

l-Name N-nitro-L-Arginine methyl Ester 

Lamp2A Lysosomal membrane protein 2A 

LC3 Microtubule-associated protein 1A/1B light chain 3 

LE Late endosomes 

LOEL Lowest observable effects level 

LRRK2 Leucine Rich Repeat Kinase 2 

MA Macroautophagy 

MAO-B Monoamine oxidase B 

MAP Microtubule associated protein 

MB Maneb 

MPP+ 1-methyl-4-phenylpryridinium 

MPTP 1-methyl-4-phenyl-1,2,5,6-tetrahydropyridine 

mTORC1 Mammalian target of rapamycin complex 1 

MVB Multi-vesicular body 

NAC Non-amyloid beta component 

NAD Nicotinamide adenin dinucleotide 

NADH Nicotinamine adenine dinucleotide (NAD) + hydrogen (H) 

nNOS Neuronal NOS 

NO Nitrogen oxide 

NO2 Nitrogen dioxide 

NOS Nitric oxide synthetase 

NOS Nitric oxide synthetase 

NQO1 Nicotinamide adenine dinucleotide phosphate:quinon e 

oxidoreductase 1 

Nrf Nuclear factor erythroid-related (protein family) 

NSF N-ethylmaleimide sensitive factor 

O2 Oxygen 

O2
- Superoxide 

O2
2- Peroxide 

OH Hydroxyl radical 

OH- Hydroxyl ion 

ONOO- Peroxinitrite 

PD Parkinson’s disease 

PFF Pre-formed fibrils 

PI3K Phosphoinositide-3-kinase 

PINK1 PTEN-induced kinase 1 

PKA Protein kinase A 

PLK2 Polo-like kinase 2 



xii 

 

 

PMT Post-translational modification 

PQ Paraquat 

PQ+ Paraquat radical cation 

PS129 Phosphorylation of aSyn at serine 129  

Q- Semiquinone 

Q2 / QH2) Ubiquinol 

qPCR Quantitative polymerase chain reaction 

Ret Reverse electron transport 

RNS Reactive nitrogen species 

ROS Reactive oxygen species 

Rot Rotenone 

SDS Sodium dodecyl sulfate 

SHH Sonic hedge-hog 

SIAH Seven-in-absentia-homolog (protein) 

SNAP Soluble NSF attachement protein 

SNARE SNAP-receptor 

SNCA Alpha-synuclein encoding gene 

SNpc Substantia nigra pars compacta 

SOD Superoxide dismutase 

SUMO Snall ubiquitin-like modifier (protein family) 

SYN1 Synaphphysin 1 

TFEB Transcription factor EB 

TH Tyrosine Hydroxylase 

TOM Mitochondrial import receptor subunit 

ULK1 Unc-51 like autophagy activating kinase 

UPS Ubiquitin protease system 

USP9X Ubiquitin specific peptidase 9 X-linked 

VDAC Voltage-dependent anion-selective channel 

VMAT Vesicular monoamine transporter 

WT Wild-type 

  



   

1 

 

Chapter One: Introduction 

1.1 Parkinson’s Disease  
Parkinson’s disease (PD) is the most common movement disorder affecting over 10 million 

individuals worldwide [1]. PD is characterized by the degeneration of brain cell populations, most 

notably the dopaminergic neurons emanating from the substantia nigra pars compacta (SNpc). 

Nigrostriatal degeneration correlates with a decline in motor control generally resulting in 

bradykinesia, rigidity or tremors. In addition, many non-motor symptoms such as constipation, 

fatigue or dementia may be concomitant [2]. The neuronal loss in PD is associated with 

proteostatic stress, aberrant mitochondrial function as well as excess reactive oxygen and 

nitrogen species (Fig 1.1). These cellular stresses are common to all forms of PD, yet the 

underlying cause of this stress remains poorly understood.  

At the time of PD diagnosis, typically when motor-symptoms become overt, nearly 70% of 

A9-type dopaminergic neurons of the SNpc have already degenerated. This degeneration causes 

patients significant impairments in motor function. It is well-established that dopaminergic neurons 

play a key role in regulating basal ganglia circuitry. In a healthy human, dopamine from the SNpc 

activates D1-receptors in the striatum (putamen) to directly stimulate GABAergic release from the 

striatum to the Globus pallidus internal and substantia nigra pars reticula (i.e. the direct pathway; 

Fig 1.2a). This inhibits the disinhibition of the GABAergic neurons from the Globus pallidus to the 

thalamus, thereby activating glutamatergic outputs from the thalamus to the motor cortex. The 

direct pathway results in excitation of the motor cortex. In addition, dopamine from the SNpc 

activates D2-receptors in the striatum, resulting in the inhibition of GABA release from the striatum 

to the Globus pallidus external, causing the disinhibition from GABAergic projections to the 

subthalamic nucleus, ultimately exciting the Globus pallidus internal and substantia nigra pars 

reticula by glutamatergic projections. Thus, thalamic nuclei are inhibited and glutamate is not 

released to the motor cortex (i.e. the indirect pathway; Fig 1.2b). The indirect pathway is 

responsible for suppression of movement. In PD, loss of substantia nigral dopaminergic neurons 

fails to activate D1-receptors while simultaneously preventing inhibition from D2-receptors, thus 

mis-regulating the Globus pallidus internal and substantia nigra pars reticula outputs to the 

thalamus. Consequently, loss of dopamine input to the striatum reduces the activity of the direct 

pathway while hyperactivating the indirect pathway and is responsible for the motor dysfunction 

in PD. 
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An outstanding question in the PD-research field remains: why are A9-type dopaminergic 

neurons specifically susceptible to disease? While many factors such as genetics likely contribute 

to A9-type dopaminergic neuron susceptibility they are quite a unique neuronal population. As a 

result of their complex arborization it is estimated that each dopaminergic neuron is about 4.5 

meters long and has between 1- and 2.4-million synapses [3] requiring much more energy than 

the average cortical neuron which are less complex and have only about seven thousand 

synapses [4]. In addition, dopaminergic neurons are unmyelinated so their ability to transmit 

signals requires a strict regulation of their energy expenditure. Moreover, many speculate that the 

pace-making activity of dopaminergic neurons further contributes to excessive oxidative stress. 

Also, dopaminergic neurons have sustained calcium firing (slow-oscillary potential) in order to 

maintain tonic spiking, dopamine- and ATP-production [5]. However, the production of ATP 

through oxidative phosphorylation generates oxidative by-products such as superoxide anion 

which is lethal at high concentrations. In sum, these dopaminergic neuron features demand 

excessive energy supply which needs to be tightly regulated, else oxidative stress will accumulate 

and eventually cause cell death.  

Non-motor dysfunctions are also observed in PD patients. Indeed, the subthalamic nucleus 

(a component of the basal ganglia and the niagrostriatal pathway) makes connections to the 

prefrontal cortex, implicating the basal ganglia in cognitive processes such as attention, decision-

making and emotion [6]. Additionally, it is argued that cortical changes might occur to compensate 

for the lack of dopamine [7]. As such, the degeneration of dopaminergic neurons most likely 

contributes to non-motor defects such as cognitive decline in PD patients.   

It is important to recognize that PD is a progressive disease and pre-motor, or prodromal, 

symptoms appear long before dopaminergic neurons begin to degenerate. Prodromal PD 

symptoms include decreased sense of smell, problems sleeping, constipation and depression. 

According to Braak, motor symptoms only begin in PD-stage 3, once midbrain neurons 

degenerate. This is preceded by stage 1 which is associated with lesions to the medulla oblongata 

and stage 2 which is associated with lesions to the pontine tegmentum. Braak posits that PD 

continues to progress until eventually the neocortex is affected (stage 5/6) [8,9]. Indeed, PD is a 

multi-faceted disease with varying symptoms and neuropatholgies. Braak characterized PD 

progression by assessing Lewy bodies pathology. Lewy bodies are named after Fritz Heinrich 

Lewy, the doctor who first identified them in patient brain samples in 1912 [10]. They present as 

intra-cytoplasmic inclusions that comprise many mis-folded proteins, the most abundant being 
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alpha-synuclein (aSyn). Since Lewy bodies are particularly profuse in surviving dopaminergic 

neurons (Fig 1.2c), they are used as a diagnosis of disease which can only be confirmed post-

mortem.  

1.2 Synucleinopathy 
Given its accumulation within Lewy bodies, aSyn has become a protein of interest in the 

study of PD. Discovery of the G209A point mutation in SNCA gene resulting in an alanine to 

threonine substitution at amino acid 53 (A53T) of the aSyn protein in PD patients of Greek 

ancestry was the first indication that a-syn mutations cause familial PD [11]. Since then, many 

other causal aSyn mutations have been identified (A30P, E46K, G51D, duplication and 

triplication) in PD patients. While familial forms of PD only account for about 10% of cases [12], 

the presence of aggregated aSyn in Lewy-bodies of sporadic PD cases [13] highlights its 

importance to multiple disease stratifications. 

1.2.1 Monomeric synuclein. aSyn is encoded by the SNCA gene, and is named for its 

localization at synapses and in nuclei of neurons (syn-nuclein) [14]. aSyn is a 14 kDa protein 

made of three domains: the amino-terminus, the non-amyloid b-component (NAC) and the 

carboxyl-terminal domain. The amino-terminus is responsible for membrane binding, the NAC 

plays a key role in aSyn aggregation, while the C-terminal is implicated in protein interactions and 

nuclear localization. In solution, aSyn exists as a soluble random-coil which is intrinsically 

disordered. However, the amino-terminus is amphipathic, consisting of seven KTKEGV repeat 

sequences which facilitates aSyn arrangement into an a-helix when bound to anionic membranes. 

In this way, aSyn is believed to exist in an equilibrium between a soluble and membrane-bound 

state. Although the function of a-syn remains largely uncharacterized, evidence from aSyn 

depletion studies indicates that aSyn plays an important role at the synapse where it regulates 

vesicle storage, dopamine synthesis and neurotransmission [15–17]. 

aSyn interacts with acidic phospholipids on membranes through lysine residues on aSyn’s 

amino-terminus [18]. aSyn binds lipid membranes in one of two ways (Fig 1.3). Firstly, aSyn can 

form two alpha-helical segments that are separated by a hook region, creating a bend [19]. 

Alternatively, aSyn can form an elongated and continuous alpha-helix that stretches across lipids 

[20]. It seems as though aSyn might have a higher tendency to bind smaller vesicles (<100nm) 

like exosomes or synaptosomes which have higher curvatures, compared to larger vesicles like 

mitochondria and autophagosomes with lower curvatures [21,22]. Likewise, the size of the vesicle 

might influence the manner that aSyn binds said membrane; as it has been suggested that aSyn 
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binds small vesicles in a hooked form and larger vesicles in a continuous form [18,23,24]. While 

the role of aSyn binding membranes is not fully understood, studies have shown that membrane-

bound aSyn may prompt oligomer formation [25,26], but whether this shift in conformation is 

pathological is contentious. Indeed, while some studies posit that oligomeric aSyn is an important 

part of vesicle clustering and recycling [25,26], this is in opposition to other studies that posit that 

vesicles themselves inhibit oligomer formation [27]. More recent findings suggest that the 

protein:lipid ratio might influence whether membrane-bound aSyn aggregates or not. For 

example, Galvagnion et al. showed that a high aSyn:lipid ratio (1:2-15) enhanced the seeding of 

aSyn aggregation in a concentration-dependent manner, while increasing the number of vesicles 

(reducing the aSyn:lipid ratio; 1:100) decreased the number of oligomers. What’s more, using low 

aSyn:lipid ratios the lipids pulled monomers out from aggregates which then allowed for the a-

helical association of aSyn on vesicles [28]. These findings highlight the importance of protein:lipid 

ratios for maintaining aSyn in its membrane-bound state, whilst decreasing this association likely 

enhances oligomer formation. 

1.2.2 Oligomeric synuclein. Oligomers (protofibrils) are the intermediate between monomeric 

aSyn and fibrillar aSyn  (Fig 1.3). Briefly, oligomeric aSyn is composed of two or more aSyn 

molecules, generating what is referred to as an aggregate. Oligomers have various molecular 

weights as a result of their heterogeneous conformation. The 35-residue NAC-domain is 

necessary for aSyn oligomer formation [29], and is important for the transition of aSyn into a beta-

sheet secondary structure [30]. Indeed, deletion of NAC-residues impairs the ability of aSyn to 

polymerize [31]. As well, molecules that bind the NAC-domain have been shown to impair 

oligomer formation by significantly increasing the lag phase from monomeric to oligomer form 

[32]. The NAC domain is hydrophobic which contributes to its tendency to aggregate and resist 

detergent degradation [33]. Smaller oligomers have pore-forming capabilities which penetrate 

membranes and may lead to cell death [34]. On the other hand, large oligomers impede vesicle 

docking [35] and have an increased ability to seed further cellular inclusions [34,36].  

There are two leading theories that describe how oligomers promote elongation. Both 

theories first require nucleation: where monomeric aSyn misfolds and self-associates with other 

aSyn molecules. The nucleation-polymerization theory posits that once this oligomer exceeds a 

certain size the kinetics favor the addition of monomers or additional oligomers into the aggregate 

itself [37]. In addition, the nucleation-conversion-polymerization theory posits that oligomers can 

further seed a secondary nucleation which promotes either the elongation of a proto-fibril or the 
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conversion into a parallel (off-pathway) oligomer. The latter theory considers that fibrils can 

fragment which further seeds pathology [38–41]. Oliverira et al. demonstrate that WT aSyn 

favours the nucleation-conversion-polymerization model of fibril-genesis, while mutant aSyn 

(A53T) favours the nucleation-polymerization theory, promoting fibril formation faster and in a 

more direct way [42]. Indeed, A53T and E46K aSyn misfolds uniquely compared to wild-type aSyn 

resulting in a reduced lag-phase of on-pathway oligomers which accelerates beta-sheet formation  

[43,44]. This is one way in which mutant aSyn oligomers might be considered more cytotoxic than 

wild-type oligomers [45].   

Oligomeric aSyn can be classified as either “on-pathway” or “off-pathway” depending on 

the propensity to form fibrils (on) or not (off). Off-pathway oligomers (type II) are loosely packed, 

do not elongate or support fibril formation [46]. Instead, they exist as worm-like structures [47]. It 

is possible that off-pathway oligomers are actually a pre-nucleation aSyn octamer which has not 

yet collapsed onto itself and become resistant to proteases [40]. The Selkoe lab is at the forefront 

of the argument that aSyn exists natively as a helical tetramer [48,49], suggesting that the healthy-

state of aSyn may be off-pathway oligomers. They found that in human pluripotent stem cells 

(hPSCs) expressing the PD-causing E46K or A53T aSyn mutation had more monomers than 

tetramers, suggesting that monomeric aSyn is the pathological form [50]. They describe detection 

of oligomeric aSyn by careful application of non-denaturing molecular techniques in lysates or by 

first cross-linking in cells [48,49]. However, these findings have been heavily debated since 

circular dichroism spectroscopy, size-exclusion chromatography, and aSyn oligomer-specific 

ELISAs maintain that aSyn is predominantly monomeric in non-diseased systems [51,52].   

On the other hand, on-pathway oligomers (type I) form straight anti-parallel B-sheet 

structures that are tightly packed and contribute to fibril formation [46,47,53]. Interestingly 

oligomers give rise to fibrils with unique structural properties depending on the disease they are 

associated with. For example, in PD aSyn oligomers generate flat and twisted (ribbon-like) fibrils, 

whereas in dementia with Lewy bodies aSyn oligomers generate straight cylindrical fibrils. When 

rodents are injected with either fibril strain it was observed that each strain also has a unique 

seeding ability, propagating in manner that recapitulates the transmissibility of disease. In 

addition, when exposed to proteinase-K fibrils harbored a unique degradation profile. As such, 

isolated oligomers maintain their strain properties and can be distinguished from other strains 

[54–58]. On-pathway oligomers can seed aggregation, promoting the assembly of more 

aggregates [59].  The larger the oligomer, the more stable and higher the seeding capacity [60]. 
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On-pathway oligomers also promote cross-seeding, which is the sequestering of proteins like 

amyloid-beta and tau into the aSyn-enriched aggregate [61].  

It has also been demonstrated that dopamine itself can promote the formation of soluble 

and SDS-resistant oligomers [62–64] and that dopamine promotes the release of oligomers 

(seeding) from cells [64]. The ability of dopamine to promote oligomer formation has been 

theorized to be a result of the oxidation of aSyn-Met residues (M1, M5, M116, M127) and 

subsequent crosslinking with dopamine-oxidants [65]. Yet, other research demonstrates that 

oxidation of aSyn-Met residues is not required for aSyn-dopamine complex, and that the binding 

of dopamine to aSyn sufficiently promotes oligomer formation [66]. In addition to dopamine, the 

rate-limiting enzyme involved in dopamine synthesis: tyrosine hydroxylase (TH) [67] and the 

dopamine-metabolites: DOPAL [68,69], DOPAC have also been shown to enhance aSyn 

oligomerization. However,  whether these oligomers are on- or off-pathway is contentious 

especially considering these dopamine-induced aSyn oligomers are known to drastically slow the 

formation of aSyn-fibrils [62–64]. Indeed, the formation of dopamine-adducts is believed to 

prevent B-sheet structure [63,65,67]. What’s more, binding of aSyn to vesicles appears to protect 

from aSyn-dopamine-adducts, while aSyn-dopamine-adducts impairs the ability to bind 

membranes [62,68]. The role that dopamine plays in promoting or preventing aSyn oligomers may 

help to explain why dopaminergic neurons are the most vulnerable cell population in PD.   

Notably, on-and off- pathway oligomers are not necessarily exclusive. The oligomeric form 

of aSyn is fluid; off-pathway oligomers are capable of transitioning into on-pathway oligomers and 

vice-versa [38,47,59]. Moreover, treatment with the antibiotic doxycycline, which contains anti-

inflammatory properties, has been shown to force on-pathway oligomers to off-pathway [53]. 

Indeed, the treatment of SHSY5Y cells with off-pathway oligomers displayed similar viability and 

exhibited nearly no membrane leakage. In contrast, treatment with on-pathway oligomers reduced 

cell viability, and caused membrane permeability (as measured by LDH); these effects were 

somewhat mitigated when on-pathway oligomers were pre-incubated with doxycycline [53]. these 

findings suggest that future therapeutics might target the conversion of aSyn from on-pathway 

into off-pathway, or non-toxic, forms. 

aSyn is often compared to prion-proteins. Just like prion proteins, aSyn is present in many 

organisms. Moreover, research from our lab and others demonstrates that oligomers propagate 

between synapsing cells, seeding aSyn pathology and spreading disease [59,70–72]. Further 

evidence of aSyn seeding comes from PD-patients who received fetal grafts to repopulate 
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dopamine-producing cells. Over time grafted cells presented with Lewy-body pathology, 

suggesting aSyn transmitted from disease brain tissue into grafted cells [73–75]. A detailed 

assessment of transmitted aSyn found that seeded aSyn forms the core of an inclusion where it 

recruits the cell’s endogenous aSyn into the aggregate [76,77]. aSyn undoubtedly transmits 

through inter-connected brain regions, propagating disease pathology in a progressive manner. 

Oligomeric aSyn has been shown to seed through exo-endocytosis [78], tunnelling nanotubes 

[79] and even receptor mediation (Lag3) [80].  

aSyn oligomers are considered the toxic form since they impede many cellular processes. 

These oligomers disrupt cellular proteostasis by impairing proteases [81], chaperone mediated 

autophagy [82,83] and macro-autophagy systems [84,85]. Further, they destabilize lipid 

membranes which leads to lipid and protein oxidation, mitochondrial dysfunction, and pore-

formation resulting in leaky-membranes [86]. In addition, oligomers have been shown to disrupt 

axonal transport and cause synaptic degeneration [87]. aSyn-oligomers might exert toxicity as a 

result of impairments due to a (1) loss of function since monomeric aSyn is sequestered into 

oligomers (2) gain of function as the intracellular concentration of aSyn accumulate or (3) the 

aberrant interactions of oligomers themselves, but the primary mechanism remains unknown.  

 Yet, increasing research suggests that oligomeric aSyn might actually have a biological 

role in neurons for promoting SNARE-complex assembly through association with membrane 

proteins: SNAP25, VAMP2, or synaptobrevin [25,51,88]. While this does not rule out the notion 

that aSyn’s native state is a monomer, it is possible that upon interacting with membranes aSyn 

oligomerization is necessary for at least one of its functions. Since 2000, it was understood that 

aSyn functions at the synapse, negatively regulating dopamine release [16]. Since then, a more 

specific role for aSyn at the synapse has been described.  At the synapse, aSyn is oligomeric and 

membrane-bound to soluble NSF attachment protein receptor (SNARE) -complexes [25] in order 

to restrict synaptic vesicle motility and cluster vesicles [89], regulating the size of vesicle pools 

[90]. Combined, these findings further support the notion that aSyn, specifically oligomeric aSyn, 

regulates neurotransmitter release.  

1.2.3 Lewy Bodies. Cryo-EM analysis has determined that at least two protofibrils arrange in a 

parallel (polar) fashion, forming B-sheets which comprises fibrillar aSyn. aSyn fibrils are densely 

packed and appear zipper-like, containing a hydrophobic center that is surrounded by a 

hydrophilic “mesh” composed of the disordered c-terminus [91]. Notably, fibrils may be even more 

effective at seeding aSyn than oligomers, exacerbating synucleinopathy [39]. aSyn fibrils primarily 
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contribute to Lewy bodies and/or Lewy neurites. Lewy bodies are characterized by eosin staining 

where they appear as a sphere with a dense core and halo (radiating filaments). In addition to 

aSyn fibrils, Lewy bodies typically contain p62, ubiquitin, and membranous organelles. Further, 

Lewy body inclusions sequester other proteins such as tau and heat shock proteins (HSPs) which 

contribute to its aggregate [92,93]. The distribution of Lewy body pathology correlates with neuro-

degeneration and clinical symptoms [94]. Given the duration of time (years) required for Lewy 

bodies to form, it has been difficult to model Lewy body formation in cell and animal systems.   

There is a notion that Lewy bodies might not necessarily be toxic and they arise in order 

to manage aSyn accumulation. Indeed, most neurons will die before forming Lewy bodies [95], 

suggesting that neurons are not equipped to deal with aSyn accumulation. Regardless, Lewy 

bodies undoubtably crowd the cell which results in impairments in cellular trafficking [96]. To date, 

there is no evidence that Lewy bodies can be cleared from human neurons [97].  

aSyn containing post-translational modifications (PMT) are found in Lewy bodies, the 

primary aSyn modification being phosphorylation of serine 129 (PS129). PS129 is induced by 

kinases: casein kinases, g-protein coupled receptor kinases, and the polo-like kinases in order to 

regulate protein- or metal-interactions, cellular localization to synapses or nuclei, and targets aSyn 

for degradation [98]. While levels of PS129 are relatively low in healthy brains, PS129 is highly 

abundant in synucleinopathies such as PD, multiple systems atrophy, and dementia with Lewy 

bodies [99,100]. Additionally, PS129 can be detected in the peripheral nerves [101], cerebral 

spinal fluid as well as plasma of PD patients [102], suggesting its use as a potential biomarker for 

synucleinopathies. However, PS129 may also regulate turnover of soluble aSyn. Indeed, Oueslati 

et al. showed that PS129 is recognized by the polo-like kinase 2 (PLK2) which targets aSyn for 

autophagy. Overexpression of PLK2 reduces PD-like pathologies by reducing aSyn levels and 

preventing motor deficits [103]. 

Post-mortem PD-patient brain samples also exhibit high levels of nitrated proteins in the 

substantia nigra as evidenced by increased nitrotyrosine (3-NT) staining, while healthy brain 

samples displayed no 3-NT immunoreactivity [104]. aSyn itself is at least one target of nitration 

and nitrated-aSyn has been detected within Lewy-body-like and insoluble inclusions [105]. Of 

note, higher levels of nitrated aSyn in PD-patient serum correlates with worsened PD-related 

outcomes [106,107]. Despite the fact that very few proteins undergo nitration, increased levels of 

nitrated-aSyn in PD patients suggests that nitration might be linked to PD-pathology. aSyn has 

four tyrosines, the amino acid susceptible to nitration; Y39, Y125, Y133, and Y136. Many studies 
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have shown that nitration of aSyn promotes oligomers and dimers [108–111]. In this way, it has 

been suggested that nitration of aSyn might occur post-fibril-formation and function to stabilize 

aSyn in the aggregate. However, it has also been demonstrated that exposure of aSyn to nitrating 

agents can encourage o,o’-dityrosine crosslinking between the N-domain tyrosine (Y39) to 

generate aSyn-dimers which actually promotes protofibril formation capable of seeding 

unmodified aSyn into mature fibrils [108,112,113]. It has also been shown that nitration of aSyn-

Y39 is important for fibrillization [108,111] and that nitration of aSyn-Y133 impairs aSyn clearance 

[114]. Taken together, these studies suggest that aSyn tyrosine nitration may enhance fibril 

formation by promoting dityrosine crosslinking capable of seeding pathology or may represent a 

post-fibril modification which functions to stabilize fibrils.    

Another PTM found abundantly in Lewy Bodies is ubiquitination. The primary role of 

ubiquitin is to target proteins for degradation through the autophagy systems. In the case of aSyn, 

several lysines (K12, K21, and K23) can be ubiquitinated, a process which is facilitated by the 

E3- enzyme SIAH [115]. While the ubiquitination of aSyn can be reversed (de-ubiquitination) by 

SUMOylation or USP9X, this has been shown to promote the accumulation of aSyn and 

promoting the degradation of aSyn through non-proteasomal autophagy pathways [116,117]. 

Taken together, aSyn PTMs may play complementary or opposing roles, promoting or decreasing 

synucleinopathy.  

1.3 Mitochondrial Dysfunction in Parkinson’s Disease 
While the precise pathophysiology of PD remains elusive, mitochondria are increasingly 

being considered as having a prominent role. Mitochondria are often called the “powerhouses of 

the cell” given that they produce the majority of a cell’s ATP through oxidative phosphorylation. 

Besides producing energy, mitochondria also regulate apoptosis by releasing cytochrome C into 

the cytoplasm to signal apoptosis, serve as calcium reservoirs, and synthesize amino- and fatty- 

acids. In 1982, an important observation that injections of 1-methyl-4-phenyl-1,2,5,6-

tetrahydropyridine (MPTP) caused fast and severe PD-like symptoms [118] has led to the 

discovery that mitochondrial dysfunction might be driving PD, since mitochondria are the target 

of MPTP’s mode of action. MPTP readily crosses the blood-brain barrier where astrocytes use 

monoamine oxidases (MAO-B) to convert MPTP to 1-methyl-4-phenylpyridinium (MPP+). 

Subsequently, MPP+ is transported into dopaminergic neurons via the dopamine transporter 

(DAT; a protein that forms a pump on the plasma membrane that is primarily understood to take 

up dopamine from the extracellular space clearing it from the synapse) and then it crosses into 
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the inner mitochondrial membrane (driven by the membrane potential) where it inhibits complex I 

leading to the uncoupling of mitochondrial respiration and consequently a reduction in ATP as 

well as increased oxidative stress [119]. Since this discovery, it has been demonstrated that 

complex I activity is decreased in PD patient-brain samples relative to age and time of death 

matched control brain samples [120]  and that other toxicants which impair mitochondrial complex 

I cause PD-like pathologies, such as: 6-hydroxydopamine (6OHDA) [121], and rotenone [122]. 

Complex I inhibition is detrimental to neurons since it leads to excess ROS production, decreases 

ATP production and promotes the opening of the mitochondrial permeability pore transition, which 

in turn causes mitochondrial depolarization, calcium overload, and if sustained facilitates 

autophagy and apoptosis (via cytochrome c release). Other mitochondrial toxicants such as the 

herbicide paraquat [123] also induce PD-like pathologies, yet through different mechanisms. 

Paraquat enters the mitochondria through mitochondrial transporters/carrier and accepts 

electrons from mitochondrial complex I for redox cycling where paraquat is reduced (PQ+) and 

then reacts with oxygen (O2) to generate superoxide (O2
-). Consequentially, paraquat decreases 

ATP production while at the same time generating oxidative stress [124]. Another mechanism of 

paraquat toxicity has been demonstrated: paraquat also enters the neurons through DAT. After 

entering the neuron, paraquat  (indirectly) stimulates nitric oxide synthetase (NOS), leading to 

reactive nitrogen species (RNS) [125]. How RNS contributes to PD is discussed later in this 

review. Taken together, it is not surprising that the aforementioned mitochondrial toxins are used 

to generate cellular and animal models of PD. 

In addition to mitochondrial toxins, several mitochondrial-related mutations are associated 

with Parkinson’s disease. These include mutations to PINK1, Parkin, DJ-1, LRRK2, CHCHD2 and 

others. These mutations have been reported to impair mitochondrial dynamics by either 

depolarizing the mitochondrial membrane, inhibiting complex I, increasing ROS, impairing fission-

fusion, impairing mitochondrial biogenesis, increasing mitophagy or inhibiting mitochondrial 

trafficking (reviewed in [126]). Given that mitochondrial dysfunction plays a key role in PD 

pathogenesis, I next discuss how aberrant aSyn relates to mitochondrial dysfunction. 
As mentioned, mitochondrial toxins have been shown to promote synucleinopathy. 

Treatment of animals with MPTP [127], 6OHDA [128], the pesticide rotenone [129], or paraquat 

[130] increased aSyn levels and may also elicit the formation of aSyn inclusions. In addition, 

exposure to toxins, like rotenone and paraquat, correlates with incidences of PD [131]. Many 

postulate that oxidative stress, a by-product of many mitochondrial toxins, triggers the 
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accumulation and aggregation of aSyn. However, these toxins might have multiple mechanisms 

of action. Indeed, recent findings demonstrate that rotenone directly binds the NAC-domain of 

aSyn, eliciting conformational changes towards oligomer formation. Rotenone-induced oligomers 

were shown to seed pathology, triggering oxidative stress, apoptosis, and depolarizing 

mitochondria [132]. 

Several studies have also shown that aberrant aSyn causes mitochondrial dysfunction. 

Specifically, SNCA mutations or overexpression of aSyn causes mitochondrial fragmentation, 

mitophagy, impaired respiration, trafficking and decreased mitochondrial potential [87,133–138] 

(Fig 1.4). Given that aSyn localizes to mitochondria, it is not unexpected that aberrant activity of 

mitochondria or aSyn aggregation on mitochondrial membranes might affect each other. This 

localization may be facilitated by aSyn’s putative mitochondrial targeting signal located in its N-

terminus [139] or by its attraction to anionic lipids within mitochondria [140,141]. Indeed, aSyn 

oligomer interaction with the anionic lipid cardiolipin has been shown to enhance  pore formation 

[142,143] and hyperactivity of  respiration [144]. It has also been demonstrated that aSyn enters 

into mitochondria through import channels, such as Tom40 [145].  Interestingly, overexpression 

of aSyn correlates with decreased Tom40 expression [145,146]. This suggests that aSyn might 

negatively regulate the expression of Tom40, or that the decrease in Tom40 is a compensatory 

mechanism to decrease the amount of aSyn imported into mitochondria. In contrast, aSyn has 

been shown to accumulate and co-localize with the mitochondrial import protein Tom20. There, 

aSyn seemingly functions to block the import channel, specifically when aSyn is oligomeric or 

post-translationally modified [145,147]. Regardless of how aSyn enters or blocks entry into 

mitochondria, these papers collectively posit that the accumulation of aSyn at or within 

mitochondria brings about complex I impairment and increased ROS [145–147].  In summary, 

aSyn might be localized to mitochondrial as a consequence of binding mitochondrial membranes 

or by association with the mitochondrial import proteins.  
While little is known about the function of aSyn at mitochondria, a recent study by Faustini 

et al. demonstrated that aSyn may help to regulate mitochondrial respiration. The researchers 

found that aSyn null primary cortical neurons had a reduced oxygen consumption rate and were 

more sensitive to rotenone treatment than wild-type (WT) cortical neurons [148] suggesting that 

aSyn might regulate mitochondria respiration. By contrast, aSyn oligomers might facilitate 

complex I inhibition since overexpression of aSyn worsens the effects [149,150], while knocking 

out aSyn protects from said effects [151,152]. Notably, aSyn oligomers have a stronger 
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association with mitochondria membranes compared to monomeric aSyn [153]. The different 

forms of aSyn might have disparate activity at mitochondria in multiple respects. For example, 

monomeric aSyn increases ATP synthase efficiency [154] but oligomeric aSyn impairs ATP 

synthase causing the opening of the permeability transition pore which, when prolonged, can lead 

to cell death. 

The use of hPSCs enables researchers to examine endogenous impairments in 

mitochondria as it pertains to idiopathic or genetic PD. For a list of studies conducted (prior to 

2019), refer to Grunewald et al. [155]. As you will see, few studies examine the endogenous 

effects of SNCA-mutations in hPSC-derived neurons and there are many areas of mitochondrial 

function that remain to be explored. Arias-Fuenzalida et al.  demonstrated that the SNCA-G209A 

(aSyn-A53T) and G88C (aSyn-A30P) had defects in mitochondrial respiration. However, they 

differentiated hPSCs into neuroepithelial stem cells which do not reflect the complex arborization, 

calcium transients, or dopamine presence that a more mature A9-type dopaminergic neuron 

would have. In addition, how endogenous SNCA mutations alter mitochondrial morphology, 

mitophagy and mobility remains to be explored. This is, in part, explored in Chapter 2 of this 

thesis. 
1.4 Oxidative Stress and Parkinson’s Disease 

There is evidence to support a correlative relationship between PD and oxidative stress. 

Oxidative stress is an imbalance of reactive species including reactive oxygen species (ROS) and 

reactive nitrogen species (RNS). PD-patients serum and post-mortem brain samples have 

elevated levels of malondialdehyde levels, an indirect measure of ROS [156,157]. Furthermore, 

PD patients have elevated RNS measured by increased levels of nitrite/nitrate in cerebral spinal 

fluid [158,159] and serum [106,160,161]. Indeed, there is overwhelming evidence that PD is 

multifactorial and oxidative stress is at least one factor involved. 

Common ROS include: superoxide (O2
-), peroxide (O2

2-), hydrogen peroxide (H2O2), 

hydroxyl radical (OH) and hydroxyl ion (OH-).  The primary source for ROS from the mitochondria 

occurs from the operations of complex I, complex III, or alpha-ketoglutarate dehydrogenase [162]. 

Binding to the ubiquinone (CoQ) site on mitochondrial complex I impairs mitochondrial complex I 

(e.g. rotenone’s mechanism of action) which causes the build-up of NADH in the inter membrane 

space thus altering the NADH/NAD+ ratio. The NADH/NAD+ ratio determines FMN reduction 

which leads to a back-log of electrons into the FMN. Reduced FMN reacts with O2 to form O2
-. 

Alternatively, O2
- is produced by mitochondrial complex I through reverse electron transport 
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(RET). In RET, excess electrons reduce ubiquinone CoQ (to CoQH2) coupled with high 

mitochondrial potential forces electrons back into complex I and reversing NAD+ to NADH, again 

leading to a back-log of electrons into the FMN which, once reduced, reacts with O2 to form O2
-. 

In addition, complex III is also a major source of O2
-. Here, the Q-cycle oxidizes ubiquinol (Q2) to 

CoQ in order to transport electrons through complex III into cytochrome c. Parts of this transport 

is facilitated by cytochrome b (part of complex III), and generates the stable Q-intermediate, 

semiquinone (Q-). In a physiological state, Q- reacts with another Q- and 2H+ to produce ubiquinole 

(QH2). However, when Q- is not stabilized by Q- and 2H+, it will react with O2 and produce O2
-, 

thus increasing oxidative stress [162]. Further, alpha-ketoglutarate dehydrogenase (aKGDH), a 

component of the Krebs cycle as well as a precursor to glutamate, glutamine and GABA (SNpc 

neurons are GABA-ergic) may also produce ROS in neurons. In short, aKGDH converts alpha-

ketogutarate, coenzyme A and NAD+ to succinyl-CoA and NADH for mitochondrial respiration. 

Yet, when NAD+ is unavailable, the E3 subunit lipoate and NADH can be reduced to dihydrolipoate 

and NAD+
. This conversion primarily generates H2O2 but also generates O2

- [163]. These findings 

further highlight the importance of the NADH/NAD+ ratio. aKGDH activity may be inhibited by 

increases in calcium, ROS or RNS, furthering oxidative stress. While I have highlighted the major 

sites of mitochondrial-produced ROS, there exist several other sites that might also contribute to 

superoxide production [164].  

As mentioned, oxidative stress also results from the over-production of RNS which includes: 

nitric oxide (NO-) and its derivatives nitrogen dioxide (NO2
-), peroxynitrite (ONOO-), dinitrogen 

dioxide (N2O2) and nitrous acid (HNO2). Similar to how O2
- is the primary ROS, NO is the primary 

RNS. In 1998, Furchgott, Ignarro and Murad won the Nobel Prize in Physiology and Medicine for 

their discovery that NO is a signaling molecule. NO has been shown to regulate cGMP and 

synaptic signaling [165–168]. Indeed, at physiological levels (10-150nM), NO is essential to 

aerobic life, but when NO is in excess (>300nM) it becomes cytotoxic [169] leading to neuronal 

dysfunction, increasing in severity and area of affliction in a time dependent manner [170–172].  

There are three enzymes involved in nitric oxide synthetase (NOS): neuronal (nNOS), induced 

(iNOS) and epithelial (eNOS). Here I discuss nNOS and iNOS since they directly influence 

dopaminergic neuronal NO levels. nNOS is constitutively expressed in neurons while iNOS is 

stimulated in response to inflammatory cues in glial cells such as astrocytes and macrophage. 

iNOS generated NO readily diffuses through membranes crossing into neighboring cells and can 

have many effects despite its short half life (<1 second) due to its fast molecular velocity (400m/s) 



   

14 

 

[173]. Each NOS has an oxygenase and reductase domain connected by a linker that is 

responsible for calmodulin binding. The generation of NO occurs in two-steps, both requiring 

oxygen, NADPH, and a NOS dimer (zinc facilitates the dimerization of nNOS, enabling nNOS 

activity). First, intracellular Ca2+
 catalyzes the binding of NOS to calmodulin and, in the presence 

of heme, hyroxylates L-arginine to N-hydroxy-L-arginine. In this step, co-factors FAD and FMN 

aid the electron transfer from the NADPH by the NOS to the heme. Notably, compared to nNOS, 

iNOS binds to calmodulin in a much lower concentration of calcium making NO production from 

iNOS 10-fold that of nNOS [174]. Secondly, with the aid of L-arginine and co-factor BH4, N-

hydroxy-L-arginine is oxidized to L-citrulline and NO. In excess, NO leads to NO-induced PTMs 

(e.g. nitration, s-nitrosylation or transnitrosylation) impairing synaptic activity [175–177], 

intracellular trafficking [178–180], and leading to cell death [181–184]. Surprisingly, the nNOS 

inhibitor 7-nitroindazole protects against dopaminergic neuron depletion in animals treated with 

mitochondrial toxins that produce oxidative stress: 6OHDA [185,186] or MPTP [187–191], even 

preventing motor impairments like apomorphine induced contralateral rotations [186] and 

catalepsy [189]. In addition, mice  lacking nNOS are somewhat resistant to mitochondrial toxins 

[192,193]. Together, these findings suggests that NO itself plays a role in PD pathology. 

Moreover, NO can react with O2
- to produce the highly toxic ONOO-. Peroxynitrite is the main 

suspect for mitochondria dysfunction since it has been shown to impair mitochondrial complexes, 

ATP synthase, mitochondrial membrane proteins, and opens the mitochondrial permeability 

transition pore [194–196]. What’s more, prolonged exposure to ONOO- results in irreversible 

inhibition of mitochondria [197]. It is evident that ROS and RNS are a central theme in PD 

pathogenesis. Identifying which proteins are modified by ROS or RNS in PD will likely enhance 

future therapeutics. 
1.5 The Antioxidant Defense System 

Oxidative species are removed from cells by antioxidants. Antioxidants are a group of 

enzymatic and non-enzymatic agents that function to keep levels of free radicals in balance. 

Maintaining this balance is important since free radicals have physiological roles and are 

necessary for proper cellular functions. Yet, excess ROS and RNS can lead to irreversible 

damage and cell death. There are three “phase” classifications for antioxidants. Phase I enzymes 

belong to the cytochrome P450 family which breaks down toxins into less harmful metabolites for 

phase II enzymes to neutralize. Phase I enzymes include cofactors, minerals, vitamins, 

carotenoids, and phenolic acids.  Phase II enzymes actively decrease the reactivity of metabolites 
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to a less harmful form. Lastly, phase III enzymes are responsible for transporting unwanted 

metabolites out of the body, typically using ATO-binding cassette (ABC) transporters. With 

respect to PD, there has been a particular focus on phase II enzymes given that they are reported 

to be decreased in PD patients as well as in in vitro and in vivo models of PD [198] . Moreover, 

phase II enzymes are essential for mitigating excessive ROS and RNS.  

The nuclear factor erythroid – related (Nrf) transcription factors play a critical role in 

regulating the phase II response in order to maintain oxidative homeostasis. Nrfs target 

antioxidant response elements (AREs) to upregulate over 800 genes involved in alleviating 

oxidative stress [198]. Three Nrfs: Nrf1, Nrf2 and Nrf3 are negatively regulated by its N-terminal 

domain, Keap1/GSK-3 and glycosylation respectively [199]. Given that Nrf1 and Nrf3 are localized 

to the endoplasmic reticulum, Nrf2 preserves regulation of phase II detoxifying enzymes in 

response to endogenous signals (e.g. NO and H2O2) or exogenous signals (e.g. pharmaceuticals 

or microorganisms)  [199].  

Under physiological conditions Nrf2 is cytoplasmic and its activity is repressed. Keap1 (and 

its complex containing Rbx1 and Cullin3) prevents Nrf2 from translocating into the nucleus [200] 

and promotes ubiquitination to target Nrf2 for proteasomal degradation [201,202]. However, in 

the presence of oxidative stress, Keap1 cysteine(s) gets oxidized causing a conformational shift 

in the Keap1-Nrf2 complex which prevents Nrf2 ubiquitination and subsequent degradation. 

Ongoing research demonstrates that Keap1 cysteines uniquely respond to different stressors 

[203]. For example, the oxidation of Keap1-C151, but not C288 or C273, responds to electrophile-

stressors [204]. Alternatively, phosphorylation of Nrf2 serine-40 by PKC has been shown to 

promote the release of Nrf2 from the Keap1-complex, enabling Nrf2s transcriptional activity [205]. 

In a similar manner, p62 can out-compete Nrf2 binding to Keap1, promoting both the degradation 

of Keap1 and the activity of Nrf2 [206–208]. While it was originally understood that the release of 

Nrf2 from the Keap1-Nrf2 complex promotes Nrf2 activity, recent findings suggest that oxidized 

Keap1 maintains its binding to Nrf2, so that newly translated Nrf2 is free to translocate to the 

nucleus and activate the ARE [203]. In support of this idea it was found that the MAP-kinase p38, 

which is upregulated in response to oxidative stress, can phosphorylate Nrf2 in order to maintain 

the Keap1-Nrf2 association [209]. Thus, regulation of the Keap1-Nrf2 complex involves many 

disparate pathways. There is also evidence of Keap1-independent repression of Nrf2 activity 

where GSK-3 phosphorylates Nrf2 marking it for proteosomal degradation specifically by 

recruitment of the E3 ligase adaptor B-transducin repeat-containing protein [210,211]. Regardless 
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of how Nrf2 is repressed, once Nrf2 is activated it translocates to the nucleus, possibly by the 

assist of phosphorylating kinases such as CK2, enabling Nrf2 to bind AREs and regulate the 

transcription of phase II detoxifying enzymes [198,212]. ARE target genes include thioredoxins, 

peroxiredoxins, sulfiredoxins, glutathione families as well as HO-1, NQO1, GCLC, and SOD 

enzymes, for example.  

With respect to ROS, most of a cell’s O2
- is reduced by cytochrome c which functions to 

feed electrons into complex IV, and the majority of the remaining O2
- is converted by SODs to 

hydrogen peroxide which is subsequently converted by glutathione peroxidase/catalase to water. 

However, this balance can easily be perturbed resulting in an accumulation of O2
-  and H2O2 which 

can react with other electron acceptors such as nitrogen oxide (NO) or use the fenton reaction to 

generate reactive hydroxyl ions leading to the formation of the toxic ONOO-. Fortunately, dietary 

antioxidants such as vitamin B, C, E, alpha-Lipoic acid, polyphenols and uric acid can scavenge 

toxic oxidative species (H2O2 and ONOO-) [213–220]. While many of these exogenous 

antioxidants have been shown to be somewhat neuroprotective, whether levels of antioxidants 

can reliably provide diagnostic or therapeutic relevance for PD is still not clear.   
1.6 Proteostasis in Parkinson’s Disease 

Protein homeostasis is process of maintaining healthy functional proteins and clearing 

misfolded, damaged, or obsolete proteins. There are two major degradation systems: the 

proteasome and autophagy-lysosomal systems (Fig 1.5). The autophagy systems can be further 

broken down into four pathways: chaperone-mediated autophagy, macroautophagy/amphisomes 

and microautophagy. How PD alters these systems is discussed here:   

1.6.1 The Proteosome. The ubiquitin-proteasome system (UPS) degrades greater than 80% of 

the superfluous proteins [221]. It is composed of 2 alpha-rings which recognize and bind 

substrates and 2-beta rings which harbors proteolytic abilities. These four rings stack together to 

form the 20S proteosome. The 20S proteosome interacts with one or two 19S proteasome(s) 

which functions to recognize polyubiquitin signals and shuttle proteins into the 20S core. At least 

four ubiquitin-molecules are required to target a protein for UPS-degradation. The process of 

ubiquitinating proteins involves three unique ligases. First the E1-ligase which forms a thioester 

link to ubiquitin. Second, the E2 ligase which forms another thioester intermediate. Finally, the E3 

ligase binds the E2-ubiquitin to a protein, facilitating the transfer of ubiquitin onto the protein at a 

lysine residue. An E4 ligase may also be required to help extend the ubiquitin chain in order to 

polyubiquitinate proteins. The UPS can also function in a ubiquitin-independent manner, but less 



   

17 

 

is understood about this pathway. The UPS is ineffective at degrading most oxidized proteins, 

which is not surprising since most oxidized proteins cannot be ubiquitinated [222,223]. 

Alternatively, in response to oxidative stress induction of what is called the immuno-proteasome 

can occur. The immunoproteasome is believed to be more effective in degrading oxidized proteins 

[221].  

PD-patient substantia nigra have reduced levels of proteasome units and activity [224]. 

Many researchers have demonstrated that aSyn oligomers bind UPS subunits which is believed 

to physically block the core thus inhibiting UPS activity [225–227]. On the other hand, inhibition 

of the UPS can lead to accumulation of aSyn in neurons that resemble Lewy bodies [228–230] 

and leads to degeneration of dopaminergic neurons and locomotor deficits [231]. However, other 

studies have been unable to replicate these findings suggesting that proteasome inhibition does 

not lead to PD-like pathology [232]. Taken together, the UPS is at least somewhat involved in 

maintaining aSyn homeostasis. Moreover, in PD patients and rodent models of PD using rotenone 

or 6OHDA, the immuno-proteasome is induced [233–235]. However, while the immuno-

proteasome is capable of degrading aSyn and aSyn-oligomers, this degradation is still not 

sufficient and aSyn accumulation persists [234,235]. 

1.6.2 Chaperone-Mediated Autophagy. Arguably, the primary means of aSyn degradation is 

chaperone-mediated autophagy (CMA). In this degradation system, heat shock cognate 70 and 

co-chaperones (CHIPs: co-chaperone HSP interacting proteins) recognize and bind to the 

KFEROQ motif which is present in nearly 30% of proteins, including aSyn (recognition sequence 

95VKKDQ99). This complex then binds Lamp2A facilitating the translocation of proteins into the 

lysososme for degradation. Interestingly, it has been suggested that oxidative modifications lead 

to the conversion of a KFEROQ-like motif, which is why CMA is believed to be the preferential 

methods for degrading oxidized proteins. Moreover, mutations to glucocerebrosidase (GBA1), a 

lysosomal protein, increases risk of PD by 30-fold [236], further implicating CMA as a player in 

PD pathogenesis. 

aSyn has been shown to have a high affinity for Lamp2A and their gene expressions 

negatively correlate. This means that high aSyn levels are associated with decreased Lamp2A 

levels, while low aSyn levels are associated with increased Lamp2A levels [237]. Overexpression 

of Lamp1A reduces aSyn accumulation and dopaminergic neuron death [238]. Taken together, 

these findings support the notion that CMA plays an early role in preventing aSyn accumulation. 

However, once aSyn begins to oligomerize or harbors PTMs (such as nitration, oxidation or 
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phosphorylation) CMA is no longer an effective means of mitigating synucleinopathy [239]. In 

addition, while mutant aSyn has an even higher affinity for Lamp2A, Cuervo et al. showed that 

mutant aSyn actually prevents the binding of other proteins targeted for CMA [83], furthering 

pathologies.  

1.6.3 Macroautophagy. It is believed that aSyn oligomer and fibril degradation is driven by 

macroautophagy (MA). MA involves three fundamental periods: initiation, elongation and 

maturation  [221,240,241]. Initiation is signaled by the de-phosphorylation of Ulk1 by protein 

phosphatase 2A which causes Ulk1 to transfer onto pre-autophagosomal membranes where it 

forms a complex (ATG1 complex containing ATG1, ATG13 and ATG17 associates to the PI3K 

complex composed of Beclin-1, VSPs, ATG14 and ATG6/PI3K). These pre-autophagosome 

membranes are supplied from many cellular sites such as mitochondria, plasma membranes and 

the endoplasmic reticulum. Together, these proteins form omegasomes: the basis of 

membranous-nucleation in which cargo is engulfed in a non-selective manner. Next, elongation 

happens when ATG4 cleaves the C-terminal of pro-LC3 to form LC3-I. Then, ATG7 activates and 

binds LC3-I at glycine 116 which facilitates the transfer of LC3-I from ATG7 to ATG3. 

Subsequently, ATG16 is recruited to facilitate the ATG12-ATG5 conjugate to help lipidate LC3I 

onto PE, this complex is hereafter referred to as LC3-II. The closure of pre-autophagosomes to 

form autophagosomes is aided by the endosomal sorting complex containing ESCRT and ATG8 

proteins. Finally, maturation occurs where autophagosomes fuse with endosomes or multi-

vesicular bodies to form amphisomes, else they fuse with lysosomes to form a double-membrane 

vesicles called the autolysosome, a process mediated by LAMPs, SNAREs and tethering proteins 

(e.g. Rabs) [221,240,241]. Alternatively, autolysosomes and amphisomes can excrete their 

vesicle contents into lysosomes for degradation in a process referred to as “kiss and run” 

[241,242].    

Lysosome synthesis requires the transcriptions of lysosomal-encoding genes which are 

identified by the transcription factor EB (TFEB) whose activity is triggered by its dephosphorylation 

as a result of autophagy cues such as starvation [242,243]. TFEB activity is negatively regulated 

by the master kinase complex: mTORC1. mTORC1 dissociates from lysosomes triggering 

autophagy in response to cues such as starvation. Lysosomal-proteins insert into the endoplasmic 

reticulum and then get trafficked to the Golgi where they are recruited into endosomes via MPRs 

(mannose-phosphate receptors). The most abundant lysosomal protein which composes greater 

than 50% of the lysosomal membrane are LAMP1/2 proteins. While there is growing evidence 
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that lysosomes can secrete their contents outside of the cell by associating with the plasma 

membrane, the most understood mechanism of lysosomal protein degradation is by lysosomal 

hydrolases (e.g. cathepsin-D which selectively degrades aSyn [244]). Lysosomal hydrolase 

activity is mediated by the V-ATPase which is responsible for maintaining the lysosome’s acidic 

lumen. Subsequently, the contents are recycled back into the cytosol, and the reformation of the 

lysosome can occur. The reformation of the lysosome is not well described but involves the 

reactivation of mTORC1 (which phosphorylates ULK1) as well as the dissociation of the 

autophagolysosomal protein Rab7 [242,243].     

Analysis of PD patient brain tissue showed an accumulation of autophagosomes, 

indicating of defects in autophagy systems/pathways [245]. Similar findings were seen in rodent 

models of PD where researchers observed increases in autophagy in response to MPTP [246]. 

Likewise, Ahmed et al. demonstrated that inhibition of macroautophagy results in PD-like 

pathologies. The researchers knocked-out ATG7 which they showed caused the progressive loss 

of dopaminergic neurons accompanied by aSyn accumulation [247]. These findings are 

particularly interesting because it was also recently shown that autophagosomes can also be 

generated in an ATG5-, ATG7- and LC3-independent manner. In the alternative MA system, 

initiation occurs in the same way as the conventional MA system but the elongation period 

remains a mystery. With this system, Rab9 facilitates the fusion of these membranes with late 

endosomes during maturation. The conventional and alternative MA systems respond to different 

autophagy cues. For example, starvation recruits conventional MA sytsems and mitophagy 

recruits the alternative MA system [240]. Regardless, the findings from Ahmen et al. suggest that 

the conventional MA system is critical for dopaminergic neuronal survival and keeping aSyn levels 

in check. Taken together, these findings suggest there exists a relationship between aSyn and 

autophagy in PD.     

On the other hand, aSyn accumulation itself inhibits autophagy. Indeed, in cell models of 

PD the overexpression of aSyn increases autophagic vesicles [248]. In addition, Winslow et al. 

demonstrated that in both in vitro and in vivo systems the expression of aSyn impaired 

macroautophagy in a dose-dependent manner as indicated by reduced levels of LC3B-II and 

omegasome formation [85]. They further showed that this was due to defects in Rab1a/ATG9, a 

component of autophagosome synthesis. Notably, when overexpressed, Rab1a rescued aSyn-

induced-MA defects [85]. In a similar way, another study demonstrated that the overexpression 

of Beclin-1 mitigated aSyn accumulation and rescued autophagic defects in cells and mice 



   

20 

 

overexpressing aSyn [248]. Together, these findings suggest that aSyn impairs MA in the initiation 

period of autophaogome formation.  

1.6.4 Multi-vesicular bodies. As opposed to fusing with lysosomes, autophagosomes 

may fuse with multi-vesicular bodies (MVBs) containing late endosomes to form amphisomes 

[249]. Therefore, amphisomes contain both autophagic and endocytic materials. While MVBs, 

autophagosomes, autolysosomes and amphisomes are all types of autophagic vesicles, only 

autolysosomes have an acidic lumen that function to degrade its contents. In contrast, the other 

vesicles may fuse with lysosomes or the plasma membrane to degrade or discharge materials 

outside the cell, respectively. Secretion is believed to be aided by proteins such as SNAREs, 

Rabs and Ras GTPases. MVBs (endosomes) are not well characterized, but it is believed that 

proteins such as ALIX and ESCRTs play a role in endosome biogenesis. Still, how endosomes 

mature and are transported within a cell remains unknown [249].  

In 2011, Alvarez-Erviti et al. showed that the conditioned media obtained from cells 

overexpressing aSyn could provoked synucleinopathy in previously normal cells. In addition, they 

demonstrated that stimulating exosome release (by inhibiting lysosomal activity with 

Balfilomycine-A1 or ammonium chloride) would increase the toxicity of conditioned media from 

aSyn overexpressing cells [250]. Similar findings have been reported by others [251]. More 

recently, PD patient serum has been reported to be  enriched for exosomes that contain aSyn 

which was more abundant, oligomeric and PS129-positive relative to controls [252,253]. After 

isolating exosomes from PD patient or control serum, Han et al. (2019) found that exposing the 

PD-exosomes to cells or injecting them into mice elicited PD-like pathologies such as an increase 

in total aSyn, PS129 and ubiquitin. Moreover, mice that had PD-exosomes injected into their 

striatum showed neurodegeneration of the substantia nigra and performed worse on behavioral 

tests [253]. Taken together, this research is evidence that the pathological form of aSyn might 

transmit from cell-to-cell to spread pathology. In chapter 4, I examine whether aSyn from A53T-

neurons is secreted in exosomes, whether this is capable of transmitting pathology, and explore 

the mechanism driving exosome secretion.   

1.7 Using Stem Cells to Model PD 
There are a number of reasons why hPSCs are an attractive model system for studying disease. 

Not only can hPSCs be differentiated into many different cell types but the ability of hPSCs to 

self-renew means an unlimited source of material. Indeed, many research groups are 

investigating the use of differentiated hPSCs to repopulate degenerated tissues, including for PD 
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[254].  There are two types of hPSCs: 1. embryonic-derived (ESCs) and 2. induced (iPSCs). ESCs 

are obtained by harvest from the inner cell mass of a blastocyst [255] whereas iPSCs are typically 

obtained from blood or skin biopsy donations and reprogrammed to a stem cell state using the 

Yamanaka factors (Sox-2, Oct3/4, Klf4, c-Myc) [256–258]. The Yamanaka factors play key roles 

in inducing chromatin reorganization, de-methylating DNA, upregulating pluripotent genes and 

down-regulating somatic genes. iPSCs can be derived from patients in order to study disease and 

test therapeutic agents. Moreover, genome editing allows researchers the ability to generate 

isogenic controls from patient-derived iPSCs to investigate pathologies that are due to a specific 

mutation. Throughout this work we employ the use of ESCs in which SNCA-mutations were 

introduced (aSyn-A53T and aSyn-E46K) as well as PD-patient iPSCs harbouring the SNCA-

G209A mutation (aSyn-A53T) and its genetically corrected isogenic control (Corr) [259]. Using 

iPSC-derived dopaminergic neurons it has been previously been demonstrated that PD neurons 

present with lysosomal impairment and trafficking deficits [260], endoplasmic reticulum-stress 

[261], increased oxidative stress [262–264] , mitochondrial dysfunction [263,264] and are more 

vulnerable to mitochondrial toxins which triggers oxidative and nitrosative stress [264]. These cell 

systems allow us to assess PD pathologies at a cellular level. 

  

  



 22 

 
 

Figure 1.1: Multi-hit hypothesis of Parkinson’s Disease. In this thesis we discuss how 

mitochondrial dysfunction, impaired proteostasis, oxidative stress and synuclein cooperate to 

induce PD-related pathologies. Alterations to any one of these components affects the other 

components within a cell. Created with BioRender.com. 

 

 
 



 23 

 
 

Figure 1.2: The basal ganglia in Parkinson’s disease. A cartoon showing the direct (A) and 

indirect (B) pathway which incites or inhibits voluntary movement, respectively.  In PD, the 

substantia nigra progressively degenerates (C), and the surviving neurons present with Lewy-

bodies/Lewy-neurites. This degeneration alters the activity of both the direct and indirect pathway, 

accounting for many of the motor symptoms observed in PD patients.  Blue arrows, Glutamate; 

Red arrow, GABA. Adapted from  “Coronal Brain – cut at nucleus basalis” and “Coronal Brain – 

at rostral thalamus”, and “Parkinson’s disease substantia nigra (midbrain)” by BioRender.com 

(2021) Retrieved from https://app.biorender.com/biorender-icons. 
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Figure 1.3: Alpha-synuclein misfolding. The native form of aSyn is monomeric and intrinsically 

disordered, but when aSyn binds vesicles it can form an alpha-helix with a hooked shape (on 

small vesicles; SV) or as an elongated and continuous helix (on larger vesicles; LV). The 

accumulation of aSyn is coincident with the self-templating of the protein, forming the toxic 

oligomers/protofibrils. The nucleation-conversion theory posits in that oligomers can seed further 

oligomers but also can convert to off-pathway oligomers. Although it has proven difficult to 

recapitulate in cell and animals, oligomers are believed to be the precursor to fibrils which 

sequester proteins into a heterogenous-protein aggregates known as Lewy bodies. The 

physiological function of aSyn has been shown to play a role in i. clustering vesicles through 

interactions with aSyn itself, anionic phospholipids, synaptobrevin (yellow) or VAMP2  ii. promote 

membrane curvature and iii. aid in SNARE-complex assembly. Recent findings suggest that 

anionic lipids are able to pull monomers from oligomers. Created with BioRender.com 
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Figure 1.4: Altered Mitochondrial Dynamics in Parkinson’s Disease. (A) Changes in the 

activity of mitochondrial fission proteins (Drp1, Fis1, Mff, PINK1/Parkin and LRRK) as well as 

fusion proteins (Mfn1/2, OPA1, VSP35) are implicated in PD. Typically aged or damaged 

mitochondria undergo fission, whereas fusion helps facilitate the exchange of mitochondrial 

proteins and DNA, restoring mitochondrial function and decreasing the likelihood of mitophagy. 

(B) Genes implicated in mitophagy, the clearance of unwanted mitochondria from the cell, are 

also altered in PD. Those include the loss of PINK1/Parkin or FBX07 activity which has been 

shown to reduce mitochondrial fusion and mitophagy. In addition, PD is also associated with 

changes in autophagic proteins such as LC3, ATP13A2 and p62 as well as lipids like cardolipin 

whose role is to recognize and target mitochondria for mitophagy. (C) Impaired mitochondrial 

biogenesis in PD can be a consequence of many pathways which reduce the activity of PGC1a; 

a master regulator of mitochondrial gene synthesis. (D) The reduction of activity within the Krebs 

cycle is associated with PD. In PD patients specifically, reduced PDH, which is necessary the 

generation of acetyl-coA, as well as reduced aKGDH, which catalyzes alpha-ketoglutarate to 

succinyl-coA (green boxes) are reported to be perturbed. (E) Also, decreased activity from the 

electron transport chain are also observed in PD. In patients reduced activity of complex I, 

cytochrome c reductase and decreased ATP production have been reported (green boxes). (D-

E) In addition, the production of oxidative stress in mitochondria has been primarily attributed to 

the conversion of citric acid to isocitrate acid and alpha-ketogultarate in the Krebs cycle as well 

as from complex I and III of the electron transport chain (red stars). (F) Finally, the anterograde 

trafficking of mitochondria, a process necessary for transporting mitochondria to axon terminals 

where energy is in high demand, is impaired in PD. This impairment may be due to 1. aSyn 

oligomers  2. nitration of alpha-tubulin and 3. L-dopa-modified alpha-tubulin which blocks kinesin-

mediated anterograde transport of mitochondria. Adapted from  “Electron Transport Chain” and 

“Krebs cycle” by BioRender.com (2021) Retrieved from https://app.biorender.com/biorender-

template. 
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Figure 1.5: Autophagy Pathways. The ubiquitin-protease system (UPS) primarily degrades 

ubiquitinated proteins through trypsin-like, caspase-like or chymotrypsin-like cleavage to cleave 

acidic, basic or hydrophobic amino acid residues, respectively. Thereafter, cellular peptidases 

degrade the oligopeptides into amino acids which may be recycled into other proteins. Of note, 

nuclear/free Nrfs are known to initiate the transcription of proteasomal-genes. In chaperone 

mediated autophagy (CMA), recognition and binding of the KFERO motif on proteins by 

chaperones (such as heat shock chaperone 70; HSC70) targets proteins to the lysosome via 

binding lysosomal-membrane proteins (i.e.  LAMPs). This initiates the internalization of said 

protein into the lysosome for degradation by acidic enzymes known as hydrolases, including 

cathepsins. Hydrolases are delivered into lysozomes via MPRs (mannose-6-phosphate 

receptors). Lysosomal pH gradients (the lysosomal lumen is acidic) are maintained via the V-

ATPase. TFEB is the factor responsible for initiation of lysosome-biogenesis, and its activity is 

regulated by mTORC1 signalling. In macroautophagy (MA), autophagosome generation occurs 

in three-fundamental periods involving 1. Initiation – the formation of the phagophore from various 

membranes that begins to encapsulate cargo destined for degradation 2. Elongation – 

characterized by the cleavage of pro-LC3 to LC3-I and 3. Maturation – characterized by the 

conjugation of LC3-I by phosphatidylethanolamine and closure of the autophagosome. In MA, 

autophagosomes fuse with lysosomes (a process promoted by ATG8, GTPases, and tethering 

proteins such as HOPS), resulting in the formation of the autophagolysosome where hydrolases 

degrade cargo. Alternatively, autophagosomes can fuse with endosomes to form amphisomes 

which then either fuses with lysosomes to degrade contents or secrete contents from the cell. 

Also, autophaogomes can undergo non-conventional autophagy which involves the secretion of 

their contents outside the cell (secretory autophagy). Amphisome formation can also come about 

from the fusion of lysosomes and endosomes. MVBs and amphisomes secrete their contents 

from the cell. UPS, ubiquitin protease system; Ub, ubiquitin; TGN, trans-golgi network; Lz; 

lysosome; MA, macroautophagy; ER, endoplasmic reticulum; A, autophagosome; PE, 

phosphatidylethanolamine; MVB, multi-vesicular body; LE, late endosome; EE, early endosome. 

Created with BioRender.com. 
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Chapter Two: Human A53T and E46K alpha-synuclein mutations lead 
to mitochondrial dysfunction in A9-type dopaminergic neurons  

 

This chapter highlights my contributions to the following works:  

Ryan T, Bamm VV, Stykel MG, Coackley CL, Humphries KM, Jamieson-Williams R, 

Ambasudhan R, Mosser DD, Lipton SA, Harauz G, Ryan SD. Cardiolipin exposure on the outer 

mitochondrial membrane modulates α-synuclein. Nat Commun. 2018 Feb 26;9(1):817. doi: 

10.1038/s41467-018-03241-9. PMID: 29483518; PMCID: PMC5827019. 

Author Contributions: S.D.R. was responsible for project oversight and design; T.R. conducted 

cell culture, microscopy and mitochondrial function experiments with assistance from R.J.-W., 

D.D.M. and M.G.S.; T.R. and C.L.C. performed subcellular protein fractionation; V.V.B., C.L.C. 

and K.M.H. performed recombinant protein purification and reconstitution, while V.V.B., K.M. H., 

and G.H. performed CD spectroscopy and analysis; T.R., V.V.B., S.A.L., R.A., G.H. and S.D.R. 

prepared and edited the manuscript. 

and 

Czaniecki C, Ryan T, Stykel MG, Drolet J, Heide J, Hallam R, Wood S, Coackley C, Sherriff K, 

Bailey CDC, Ryan SD. Axonal pathology in hPSC-based models of Parkinson's disease results 

from loss of Nrf2 transcriptional activity at the Map1b gene locus. Proc Natl Acad Sci U S A. 2019 

Jul 9;116(28):14280-14289. doi: 10.1073/pnas.1900576116. Epub 2019 Jun 24. PMID: 

31235589; PMCID: PMC6628831. 

Author Contributions: S.D.R. designed research; C.C., T.R., M.G.S., J.D., J.H., R.H., and C.C. 

performed research; C.D.C.B. contributed new reagents/analytic tools; C.C., T.R., M.G.S., J.D., 

R.H., S.W., C.C., K.S., and S.D.R. analyzed data; and T.R., S.W., and S.D.R. wrote the paper. 

 

  



   

30 

 

2.1 Introduction 
PD is characterized by a progressive decline in voluntary motor function that is caused by 

the death of A9-type dopaminergic neurons in the substantia nigra. The loss of these neurons is 

preceded by the accumulation of intracellular proteinaceous aggregates, known as Lewy bodies 

and Lewy neurites, that contain an array of mis-folded protein, primarily composed of  aSyn [265]. 

Accumulation of oligomeric species of aSyn has been implicated in both sporadic and familial 

cases of PD, including the A53T (G209A) mutation in the aSyn gene (SNCA-A53T), which is 

associated with early disease onset [266]. Experimental models support a role for aSyn 

aggregation in degeneration of DA and other neuronal cell types. Transgenic overexpression of 

A53T-mutant aSyn in mice leads to neuronal dysfunction and behavioral impairments that parallel 

the formation of aSyn immune-reactive deposits in neurites of both cortical and midbrain neurons 

[267,268]. Ectopic exposure to aSyn preformed fibrils (PFFs) similarly induces widespread axonal 

neuropathology and subsequent neuronal death [269,270]. While SNCA mutations are causal in 

rare familial forms of PD and dramatically increase the risk of both motor and nonmotor disease 

symptoms (including dementia) [266,271]  the prevalence of aSyn aggregates in brains of 

idiopathic disease cases emphasizes the need to understand the effects of  aSyn accumulation 

in PD pathogenesis. 

To study the impact of aSyn accumulation in human DA neurons (hNs), we performed gene 

expression profiling on PD patient and control SNpc post mortem brain samples. We contrasted 

these findings to gene expression profiling from 1) isogenic hESC-derived neurons that were 

either wild type (WT) in origin or that had the SNCA-G209A mutation (A53T amino acid 

substitution) introduced through genome editing, as well as 2) isogenic human iPSC-derived 

neurons that either harbored an endogenous SNCA-G209A mutation or had this mutation 

reversed (corrected: corr) through genome editing [259,264]. With these systems, we were able 

to determine commonly differentially expressed genes from PD patient SNpc and aSyn-A53T 

hNs. We found PD-patient and A53T hNs were enriched for binding sites for antioxidant response 

element (ARE) regulatory motifs. Given that Nrf2 is the primary effector of the antioxidant 

response, we examined this pathway and found that in A53T hNs Nrf2 was not being 

phosphorylated or translocated to the nucleus. We show that WT aSyn binds protein kinase C 

(PKC) and that aSyn mutation disrupts this binding in both hESC-derived and hiPSC-derived 

aSyn-A53T hNs, resulting in decreased Nrf2 phosphorylation and decreased nuclear 

translocation, leading to loss of ARE activation. We then sought to assess the consequences of 
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the loss of ARE activation and showed that aSyn-A53T hNs had increased levels of superoxide 

anion production, a marker of oxidative stress. In addition, we show that forced activation of Nrf2 

by pharmaceutical modulation with dimethyl fumarate (DMF) rescues antioxidant enzyme 

expression. Given that oxidative stress is tied closely with mitochondrial dysfunction, we assessed 

mitochondrial dynamics in hESC-derived neurons harboring the SNCA-G209A and SNCA-G188A 

(E46K amino acid substitution) mutations. We determined that the early accumulation of aSyn in 

SNCA-A53T and SNCA-E46K hNs results in mitochondrial dysfunction, consistent with PD 

pathogenesis. 
2.2 Results 
2.2.1 Terminal differentiation of hPSC-derived human neurons 
 Using a differentiation protocol that mimics floor-plate patterning, stem cells were 

differentiated into A9-type dopaminergic neurons. By 5 days into differentiation cells expressed 

early neuronal markers: Otx2 and FoxA2 (Fi. 2.1a). By 8 days into differentiation, cells expressed 

ventral midbrain markers FoxA2 and LmxA1 (Fig 2.1a). As neurons matured into A9-type 

dopaminergic neurons cells expressed TH, the rate limiting enzyme in dopamine synthesis, Map2, 

and dopamine cyclic-AMP regulated phosphoprotein (DARRP32) (Fig 2.1a) [272]. qPCR revealed 

that by day 60 into differentiation cells upregulated mature dopaminergic neuron markers: DAT 

and DARRP32, and down regulated early expressing genes: Sox2, Otx2, and Oct4 (Fig 2.1b). At 

this age (D60D), cells also fired tonic calcium transients (Fig 2.1c). Indicative of disease, mutant 

neurons (A53T and E46K) express more total aSyn (Fig 2.1d) and aSyn phosphorylation at serine 

129 (PS129) (Fig. 2.1e-k), predominantly present in the detergent Triton-X 100 insoluble and 

heat-stable fractions (Fig 2.1g-i). These findings are consistent with observed PD-patient brain 

pathologies in surviving DA-neuron populations. 

2.2.1 Identifying common biological processes between hPSC-derived neurons and post 
mortem SNpc brain samples from PD patients. To determine common characteristics between 

our cell lines and human samples, we contrasted differentially expressed gene sets from hESC- 

and hiPSC-derived neurons with the gene expression profiles of post mortem human SN tissue 

from PD patients, contrasted against clinically normal control tissue. We did this with the view of 

identifying molecular events that were altered early in disease progression (hPSC-derived hNs) 

and that remained altered throughout the disease (post mortem SNpc). Interestingly, the strongest 

correlation existed between genes down-regulated in both SNCA-A53T hNs and PD SN relative 

to their respective controls (not shown). We found a total of 6,798 genes that were significantly 
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changed between SNCA-A53T and control hNs, and 2,544 of these corresponded to genes that 

were differentially expressed between normal and PD SN tissue (Fig 2.2a). To group genes into 

functional categories, we first filtered differentially expressed gene sets based on regulatory 

motifs. Using the Molecular Signatures Database, we correlated differentially expressed genes 

with transcription factor binding motifs and identified several enriched response elements that 

clustered to down-regulated gene targets. We next performed an enrichment analysis for 

canonical pathways using the GeneMania network prediction tool. Pathway analysis based on 

genes with binding motifs clustered to the above noted transcription factors highlighted the 

antioxidant response pathway as a central hub for the regulation of the genes whose expression 

was lost in our dataset, with Nrf2 identified as the central modulator of down-regulated genes in 

this pathway (Fig 2.2b).  

qPCR analysis confirmed that expression of genes clustered to the antioxidant pathway 

was lost in SNCA-A53T hNs of both hESC and hiPSC origin. Expression of phase i enzymes 

involved in the metabolic detoxification pathway and phase ii conjugation enzymes that 

metabolize functional groups (collectively referred to as phase i/ii detoxification enzymes) with 

putative or known Nrf2 binding motifs is decreased in SNCA-A53T hNs (Fig 2.2c-d). These data 

suggest that transcriptional activation of the antioxidant pathway is lost early in PD progression  

2.2.3 SNCA-A53T hNs Exhibit Deficits in ARE Activity Coupled to Increased Oxidative 
Stress. We next sought to assess the consequences of loss of phase i/ii detoxifying enzyme 

expression in SNCA-A53T hNs and to determine whether the loss of ARE activation was the 

reason for this deficit. We first labeled hiPSC-derived SNCA- A53T and corrected hNs with 

MitoSOX to measure superoxide anion production. We found SNCA-A53T hNs displayed 

increased superoxide anion production (Fig 2.3a-b). Co-transformation with both ARE-driven 

luciferase and a constitutively active Renilla permitted normalization of luminescence between 

lines and showed that basal ARE activation in SNCA-A53T hNs is significantly lower than in 

control neurons (Fig 2.3c). To determine whether pharmacological activation of Nrf2 activation 

could rescue phase i/ii detoxifying enzyme expression in PD neurons, we treated SNCA-WT and 

SNCA-A53T hNs with DMF, a known activator of Nrf2 [273]. DMF treatment results in S-alkylation 

of Keap1, which destabilizes the Keap1/Nrf2 complex, preventing Nrf2 degradation and permitting 

Nrf2 nuclear translocation, thereby activating the antioxidant response [273]. Interestingly, we 

found that DMF induced ARE activity in both SNCA-WT and SNCA-A53T hNs (Fig 2.3d-g). Having 

validated DMF as an effective pharmacological agent for activation of Nrf2 in SNCA-A53T hNs, 
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we assessed the effect of Nrf2 activation on phase i/ii detoxifying enzymes. DMF treatment 

rescued expression of multiple phase i/ii detoxifying enzymes in both hiPSC- derived and hESC- 

derived A53T hNs (Fig 2.3d-g). This effect was most prominent for the enzymes NAD(P)H quinone 

dehydrogenase 1, a major quinone reductase in neurons and glutamate–cysteine ligase catalytic 

subunit (GCLC), the first and a rate-limiting step in the synthesis of glutathione, which are critical 

components of the antioxidant response [274].  

2.2.4. The Phosphorylation and Subcellular Localization of Nrf2 is Disrupted in SNCA-A53T 
hNs. To better understand the reason for the deficit in Nrf2 activation on SNCA-A53T hNs, we 

next assessed Nrf2 phosphorylation and localization. In addition to redox-mediated dissociation 

of Nrf2 from Keap1, phosphorylation of Nrf2 at serine 40 by PKC has been reported to directly 

inhibit Keap1/Nrf2 binding [205,275]. There was a significant decrease in the levels of Nrf2-

PSer40 in SNCA-A53T hNs relative to isogenic control lines (Fig 2.4a-b).  

We next performed subcellular fractionations of hESC-derived SNCA-WT and SNCA-

A53T hNs to assess the localization of Nrf2. Western blots of input, cytoplasmic, and nuclear 

fractions using βIII-tubulin and histone H3 as markers of the cytoplasmic and nuclear fractions, 

respectively (Fig 2.4c). Consistent with the decreased levels of Nrf2-PSer40, there was 

significantly less Nrf2 in nuclear fractions isolated from SNCA-A53T hNs relative to SNCA-WT 

nuclei.  

PKC is reported to phosphorylate Nrf2 at Ser40, leading to dissociation of the Nrf2/Keap1 

complex and nuclear translocation of Nrf2 [205]. Given previously published reports that have 

suggested aSyn can interact with PKC by acting as a 14-3- 3–like adaptor protein, bringing PKC 

into close proximity with its substrates [276], we hypothesized that aSyn mutation and subsequent 

deposition into insoluble aggregates might disrupt this interaction leading to the loss of Nrf2 

phosphorylation. We thus performed aSyn immunoprecipitation from hESC-derived hNs (Fig 

2.4d) in order to assess the levels of bound PKC relative to controls. Indeed, both PKC and Nrf2 

were detected on immunoprecipitation of aSyn from control hNs, but binding to both proteins was 

dramatically reduced in SNCA-A53T neurons. These data suggest that aSyn does indeed act as 

an adaptor protein, bridging PKC and Nrf2, thereby facilitating Nrf2 activation. To test this 

hypothesis, we used the PKC activator bryostatin to drive PKC activity in both control and SNCA-

A53T hNs. If mutant aSyn disrupts a functionally relevant interaction between PKC and Nrf2, then 

PKC activation by bryostatin would not induce Nrf2 phosphorylation and subsequent ARE 

activation. As predicted, we found that bryostatin induces Nrf2 phosphorylation (Fig 2.4e-f) and 
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ARE reporter activation (Fig 2.4g) in SNCA-WT hNs but not in SNCA-A53T hNs. Collectively, this 

suggests that mutation of aSyn inhibits activation of the antioxidant response by disrupting aSyn 

interaction with PKC, resulting in impaired phosphorylation of Nrf2 and inhibition of Nrf2 nuclear 

translocation.  

2.2.5. aSyn mutant hNs exhibit signs of mitochondrial dysfunction. Oxidative stress 

occurring as a result of mitochondrial dysfunction has been implicated in the death of DA neurons 

in PD [277]. As such, we were interested to see if there was a relationship between aSyn and 

mitochondrial dysfunction including fragmentation, decreased mitochondrial potential and 

increases in mitophagy. To assess these features in a PD setting, hNs expressing mitochondrial 

targeted red fluorescing proteins (mitoDSRed) were analyzed using structured illumination-based 

microscopy. While control hNs exhibited uniform ribbon-like mitochondrial morphology 

characteristic of healthy neurons, mutant hNs contained highly fragmented mitochondria (Fig 

2.5a-c). Increases in mitochondrial fission is considered an early sign of mitochondrial death and 

leads to excess ROS production [278]. In addition, mutant hNs have impaired mitochondrial 

potential as evidence by tetramethylrhodamine ethyl ester (TMRE) performed using the dequench 

method and analyzed by flow cytometry (Fig 2.5d-e). In this method, an increase is cytoplasmic 

fluorescence indicates reduced mitochondrial membrane potential. Since the mitochondrial 

potential is used to generate ATP, a decrease in potential likely reflect a reduction in energy 

production. We also measured mitochondrial morphology using transmission electron microscopy 

(TEM) and found that mitochondria in A53T hNs had a significantly reduced diameter when 

compared to isogenically corrected controls, as did A53T and E46K hNs relative to WT hNs (Fig 

2.5f). In addition, we measured mitophagic flux in our hNs using the mitochondrial targeted-

mKeima  (mt-mKeima) assay (Fig 2.5g). In this assay, mKeima tagged mitochondria that are 

shuttled to the acidic lysosomal compartment for clearance display a shift in fluorescence 

excitation from 438nm (red) to 651nm (white; Fig 2.5g). Mutant hNs had a higher ratio of 561nm 

to 438nm than their controls (Fig 2.5h), signifying an increase in mitophagy as early as 60 days 

into differentiation (D60D). Given that mitochondrial dynamics reflect on the health of a cell, these 

findings support the notion that the accumulation of aSyn oligomers promotes mitochondrial 

dysfunction in combination or in parallel to the impaired antioxidant response which contributes 

to disease. 
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2.3 Discussion 
Our gene expression analysis of post mortem SN from PD patient tissue and neurons 

derived from PD patient hiPSCs has identified the antioxidant response pathway as a key hub of 

differential gene expression between healthy and diseased cells. We show here that activation of 

the antioxidant response is directly inhibited by mutation of aSyn, specifically by disrupting its 

interaction with PKC, which, in turn, prevents phosphorylation and nuclear translocation of Nrf2. 

Moreover, our findings indicate that aberrant accumulation of aSyn exacerbates the sensitivity of 

DA neurons to oxidative stress, not only by promoting mitochondrial dysfunction but, in parallel, 

by interfering with the Nrf2-mediated antioxidant response. We find this loss of function to 

correlate highly with accumulation of aSyn into insoluble aggregates. As such, we would predict 

that other synucleinopathy-related genome alterations such as SNCA-A30P, SNCA-E46K, and 

gene duplication or triplication would also result in loss of Nrf2 activity, as those mutations similarly 

promote aSyn deposition into insoluble aggregates [279,280]. 

DMF is a Nrf2-activating compound with a history of safe use in the treatment of multiple 

sclerosis and psoriasis under the trade name Tecfidera [281]. DMF treatment results in S-

alkylation of Keap1, which destabilizes the Keap1/Nrf2 complex [281]. DMF also promotes 

nuclear export of the Nrf2 antagonist Bach1 [282]. These two parallel processes result in 

increased Nrf2-mediated transcription of genes required for the antioxidant response. Given the 

contribution of oxidative stress to the pathogenesis of PD, there has been recent interest in the 

repurposing of DMF as a therapeutic agent for PD. Indeed, preclinical data indicate that it may 

hold promise in this role. Recent studies have shown that DMF protects against 1-methyl-4-

phenyl-1,2,3,6-tetrahydropyridine, 6-hydroxydopamine, and aSyn toxicities in mice [282–285]. 

Importantly, all of these studies demonstrated that Nrf2 was required for the therapeutic effects 

of DMF. Our study shows that treatment with DMF rescues axonal pathologies associated with 

PD in patient-derived hNs. Our work, in addition to that of other groups, highlights the therapeutic 

potential for DMF in PD. Given that this drug has a track record of safety in the treatment of 

multiple sclerosis and psoriasis, it is a strong candidate for drug repurposing in the treatment of 

PD. 
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Figure 1: Terminal differentiation of hPSC-derived human neurons. (a) Floor plate induction 

protocol patterns Sox2/Oct4 positive hPSCs through Sox1/Otx2/FoxA2 positive neural ectoderm 

to FoxA2/LMX1A neural precursor cells (hNPCs) and subsequently, to TH/DAT/DARP32 positive 

DA neurons (hNs). (b) SNCA-A53T and SNCA- control neurons show comparable gene 

expression patterns by qRT-PCR over the course of differentiation. (c) Calcium imaging of hN 

cultures by Fluo-4 shows tonic calcium transients by DIV 60. (d-e) hiPSC-derived and hESC-

derived hNs harboring the SNCA-A53T show increased α-syn-PS129 staining in neurites as 

quantified in (f). Scale bar: 10μm. Data represent mean + SEM, **p<0.01 by Mann-Whitney. 

Protein fractionation based on detergent solubility (f, i) and heat stability (g) in hiPSC and hESC-

derived hNs as quantified in (j-k). Data represent mean + SEM, **p<0.01 by Mann-Whitney, ND 

= not detected. 
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Figure 2.2: Human SNpc Tissue from PD Patients and SNCA-A53T hNs Share Common 

Transcriptional Deficits in the Antioxidant Response Pathway. (a) Expression profiles of 

genes significantly altered in SNCA-A53T hNs relative to SNCA-corrected hNs were compared 

against the gene expression profile of SN from 8 PD patients (Braak α-syn stages 5 through 6) 

relative to 8 clinically normal controls (Braak α-syn stage 0) harvested post mortem to identify 

differentially expressed genes present in both PD hNs and PD SN. (b) Common cellular pathway 

analysis was performed in GeneMania using the identified transcription factors as the query, and 

the resulting network was weighted based on molecular function. (c-d) qPCR analysis of 

expression of genes with putative Nrf2 binding motifs that function in either phase i/ii enzyme 

detoxification in both hiPSC- and hESC-derived hNs is illustrated. FC, fold change; mRNA, 

messenger RNA. Data represent mean ± SEM. *P < 0.05; **P < 0.01 by multiple analysis of 

variance (MANOVA) and post hoc Tukey test (n = 3 independent differentiations).  
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Figure 3: In mutant neurons, oxidative stress is coupled to impairments in ARE activity.  

(a) MitoSOX labeled SNCA-A53T hNs show increased superoxide anion levels that are rescued 

by DMF treatment. (Scale bars: 10 μm). **P < 0.01 by multiple analysis of variance (MANOVA) 

and post hoc Tukey test (n = 24 coverslips). Corr, corrected; FC, fold change; Veh, vehicle. (b) 

Nrf2 transcriptional activity was assessed in SNCA-A53T and control hNs by luciferase assay 

using an ARE-Luc reporter construct in the presence and absence of DMF. **P < 0.01 by 

MANOVA and post hoc Tukey test (n = 6 coverslips). n.s., not significant. (d-e) Western blot 

analysis of Nrf2 target expression in hiPSC-derived and (f-g) hESC-derived hNs in the presence 

and absence of DMF is illustrated. Data represent mean ± SEM. **P < 0.01 by MANOVA and post 

hoc Tukey test (n = 3 independent differentiations).  
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Figure 2.4: α-syn inhibits activation of the antioxidant response by disrupting α-syn 

interaction with PKC. (a-b) Western blot analysis of lysates from hiPSC- and hESC-derived 

neurons probed for total α-syn, Nrf2, Nrf2-Phospho-serine 40, or glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) shows that SNCA-A53T hNs have lower levels of Nrf2-Phospho-serine 

40. Data represent mean ± SEM. **P < 0.01 by t test (n = 3 independent differentiations). Corr, 

corrected; FC, fold change; n.s., not significant. (c) hNs were subjected to nuclear versus cytosolic 

fractionation, and protein was analyzed by Western blot. βIII-tubulin (βIII-Tub) and histone H3 

were used as markers of cytoplasmic and nuclear fractions, respectively. A53T hNs exhibit lower 

levels of nuclear Nrf2 relative to WT hNs. C, cytoplasmic, I; input; N, nuclear. (d) α-Syn or IgG 

was immunoprecipitated from SNCA-A53T and WT lysates. Subsequent Western blot analysis 

for α-syn, Nrf2, and PKC shows that in WT neurons, α-syn binds Nrf2 and PKC, while in SNCA-

A53T neurons, binding to α-syn is inhibited. (e-f) Western blot analysis of lysates from hESC-

derived neurons probed for total Nrf2, Nrf2- Phospho-serine 40, or GAPDH following treatment 

with the PKC agonist bryostatin (Bryo). Data represent mean ± SEM. **P < 0.01 by t test (n = 3 

independent differentiations). (g) Nrf2 transcriptional activity was assessed in SNCA-A53T and 

control hNs by luciferase assay using an ARE-Luc reporter construct in the presence and absence 

of bryostatin. **P < 0.01 by ANOVA and post hoc Dunnett test against respective 0 nM controls 

(n = 6 in- dependent differentiations).  
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Figure 2.5: aSyn mutant hNs exhibit signs of mitochondrial dysfunction. (a-b) hiPSC-

derived A53T hNs and hESC-derived A53T and E46K hNs have more fragmented mitochondria 

compared to corrected hNs and WT hNs respectively as shown by mitoDSRed expression; scale 

bar: 10 μm. (c) Percentage of total hNs that have fragmented mitochondria. (d) A53T and 

corrected hNs were labeled with 200 nM TMRE, and mitochondrial potential (ΔΨm) was 

measured by flow cytometry using the dequench method. Representative plot showing forward 

scatter and TMRE fluorescence as a measure of cell size and ΔΨm, respectively, (e) as well as 

the percent depolarized cells illustrate that A53T hNs have lower mitochondrial potential than 

corrected hNs. **P = 0.0039 by t-test, n = 3 coverslips from 3 independent differentiations, DIV: 

60. (f) Quantification from transmission electron micrographs (not shown) show that mutant cells 

contain smaller mitochondria, with a lower average diameter (f), **P < 0.01 by ANOVA followed 

by Tukey’s post hoc test, n = 6 independent cultures from 3 independent differentiations. (g) 

Autophagic flux was measured by mt-mKeima targeted to the autolysosome. Targeting of mKeima 

to the lysosomal compartment results in a florescence shift in excitation from 438 nm (red) to 561 

nm (white). (h) hiPSC-derived A53T hNs and hESC-derived A53T and E46K hNs had a higher 

ratio of 561 nm to 438 nm fluorescence than their corrected or WT counterparts, respectively. **P 

< 0.01 ANOVA followed by Tukey’s post hoc test, for hiPSC n = 12, for hESCs, n = 8 coverslips 

from 3 independent differentiations, DIV: 60. 
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Chapter Three: Nitration of microtubules blocks axonal 
mitochondrial transport in a human pluripotent stem cell 

model of Parkinson’s disease 
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3.1 Abstract  
Neuronal loss in PD is associated with aberrant mitochondrial function in dopaminergic 

neurons of the substantia nigra pars compacta. An association has been reported between 

PD onset and exposure to mitochondrial toxins, including the agrochemicals 

paraquat, maneb/mancozeb, and rotenone. Here, using a patient-derived stem cell model of PD 

allowing comparison of DA neurons harboring a mutation in the aSyn gene (SNCA-A53T) against 

isogenic, mutation-corrected controls, we describe a novel mechanism whereby nitric 

oxide generated from SNCA-A53T mutant neurons exposed to rotenone or paraquat/maneb, 

inhibits anterograde mitochondrial transport though nitration of alpha-tubulin.  Nitration of a-

tubulin inhibited the association of both aSyn and the mitochondrial motor protein Kinesin 5B with 

the microtubules, arresting anterograde transport.  This was, in part, due to nitration of a-

tubulin in the C-terminal domain. These effects were rescued by inhibiting nitric 

oxide synthesis with the NOS inhibitor L-NAME.  Collectively, our results are the first to 

demonstrate a gene by environment interaction in PD whereby agrochemical exposure 

selectively triggers a deficit in mitochondrial transport by nitrating the microtubules in neurons 

harboring the SNCA-A53T mutation. 

3.2 Introduction  
PD is characterized by the degeneration of dopaminergic (DA) neurons of the substantia 

nigra pars compacta (SNpc). The loss of neurons in PD is preceded by the accumulation of 

intracellular proteinaceous aggregates, known as Lewy bodies and Lewy neurites, that contain 

an array of misfolded protein, the primary constituent of which is  aSyn [286].  Accumulation of 

oligomeric species of aSyn has been implicated in both sporadic and familial cases of PD, 

including the A53T (G209A) mutation in the aSyn gene (SNCA-A53T), which is associated with 

early disease onset [266,287,288]. While SNCA mutations are causal in rare familial forms of PD 

and dramatically increase the risk of both motor and non-motor disease symptoms, the 

prevalence of aSyn aggregates in Lewy-neurites found in the brains of idiopathic disease 

cases [289,290] emphasizes the need to understand how aSyn accumulation leads to 

neuropathology.  

In addition to PD cases arising from familial mutation, there is a growing body of evidence 

to suggest that agrochemical exposure is linked to PD etiology [129,131,291–295]. Indeed, 

exposure to the agrochemicals paraquat (PQ) and maneb/mancozeb (MB) is associated with 

a 200% increase in risk [292,295]. In fact, the highest correlation is observed following combined 
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PQ/MB exposure [296]. Moreover, in those with causal familial mutations, such as the SNCA-

A53T mutation, agrochemical exposure correlates with disease onset at an earlier age 

[292]. While the underlying reason for this association remains unclear, there is strong evidence 

linking pesticide exposure with mitochondrial stress [297]. Indeed, whereas the epidemiological 

association between pesticide exposure and PD onset is controversial, there is definitive 

causality with regard to pesticides and mitochondrial dysfunction [293]. Impairments in 

mitochondrial function result in excess production of reactive oxygen and nitrogen species 

(ROS/RNS), such as superoxide anion (O2
-) and nitric oxide (NO). NO is a soluble gas 

that diffuses throughout the cell and reacts with tyrosine residues on neighboring proteins, 

thereby altering protein structure and stability through an oxidation process known as nitration 

[298]. In addition, O2
-, reacts rapidly with NO to yield a highly toxic RNS 

product, peroxynitrite (ONOO-), which can in turn promote further protein nitration [298]. Emerging 

evidence suggests redox-based modification may be of critical importance to loss of function 

observed in PD. Indeed, several recent reports have implicated aberrant post-translational 

modification of transport machinery with defective mitochondrial trafficking in PD [299–301].  

Neurons are particularly vulnerable to deficits in mitochondrial transport, 

which functions to deliver ATP to the synapse and maintain neurotransmission. The distribution 

of mitochondria at the nerve terminal can modulate both synaptic transmission and neuronal 

architecture  [302,303] . Overexpression of the human SNCA-A53T disease variant in human 

neurons and transgenic animals is associated with multiple aspects of mitochondrial dysfunction, 

including abnormal distribution of mitochondria and impaired mitochondrial dynamics 

[138,304] as well as impaired mitochondrial complex I function [135,139,305]. As 

a result, the SNCA-A53T mutation also leads to excess production of ROS/RNS [306,307]. How 

this in-turn impacts aspects of mitochondrial dynamics such as mitochondrial transport, however, 

is not well understood. The two are nonetheless critically linked, as impairments in mitochondrial 

trafficking in and of itself can lead to abnormal distribution of fragmented mitochondria, decreased 

ATP synthesis and increased oxidative stress, exacerbating cellular pathology [308,309].   

Here, we test whether exposure to the agrochemicals PQ/MB or rotenone, at levels below 

the EPA reported Lowest Observed Effect Level, impact on mitochondrial transport in pre-

degenerative neurons harboring the SNCA-A53T mutation. Recently, the generation of human 

isogenic induced pluripotent stem cell (hPSC) models of familial PD has facilitated the analysis of 

PD pathology in human neurons, at the cellular level. We are now able to generate and contrast 
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A9-type DA neurons of PD patient origin, harboring the SNCA-A53T mutation with 

isogenic, genome-corrected controls [306,310]. Using this system in combination with human 

embryonic stem cell (hESC) derived neurons where the SNCA-A53T mutation has been 

introduced by genome editing, we describe a novel mechanism whereby NO 

generated from SNCA-A53T mutant neurons exposed to the agrochemicals PQ/MB or rotenone, 

inhibit anterograde mitochondrial transport. This occurred, in part, though nitration of a-

tubulin on in C-terminal domain, which inhibited the association of both the mitochondrial motor 

protein Kinesin 5B (KIF5B) and aSyn with the microtubules. The effect of SNCA-mutation and 

pesticide exposure on both tubulin nitration and KIF5B/aSyn/tubulin binding was additive, and 

only combinatorial stress arrested mitochondrial transport. These effects were rescued by 

inhibiting NO synthesis with the nitric oxide synthase (NOS) inhibitor L-NAME.  Collectively, our 

results demonstrate a gene by environment interaction in PD whereby neurons harboring 

the SNCA-A53T mutation are sensitive to agrochemical induced oxidative stress and deficits in 

mitochondrial transport.   

3.3 Results 
3.3.1 Agrochemical exposure impairs anterograde transport of mitochondria in 
PD neurons.  In order to evaluate the relationship between agrochemical exposure and PD 

causal mutations, we generated a homogeneous population of DA 

neurons of both hiPSCs and hESCs origin. Employing a floor-plate induction protocol [311], we 

characterized the lineage progression of these cells from Oct4/Sox2 positive stem 

cells, to Nurr1/LMX1/FoxA2 positive floor plate progenitors, to TH/MAP2 

positive DA neurons by immunofluorescence (Fig 3.1B-D). We subsequently characterized the 

effect of the SNCA-A53T mutation on aSyn pathology in these neurons by contrasting PD 

patient hiPSC-derived neurons, harbouring the SNCA-A53T mutation, with isogenic mutation-

corrected controls [306,312] (Fig 3.1E). We also characterized aSyn pathology in hESC-derived 

neurons, in which the SNCA-A53T mutant was introduced by genome editing against isogenic 

WT controls [306,312] (Fig 3.1F).  Immunolabeling for both aSyn phophoserine 129 (PS129) and 

ubiquitin showed increased aSyn PS129 abundance and increased co-labeling for ubiquitin in 

both hiPSC-derived and hESC-derived SNCA-A53T neurons relative to their respective isogenic 

controls (Fig 3.1E-F), suggesting early deposition of aSyn pathology. 

 To determine the effect of pesticide exposure on mitochondrial transport, we  transduced  

neurons with mitochondrial-targeted DsRed (mitoDSRed) which allowed stable expression of  
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DsRed within mitochondria (Fig 3.2A-F and Fig 3.S1A-D). Neurons were then 

exposed to agrochemicals and analyzed by high-speed live-cell imaging (Fig 3.2A-F). We have 

previously determined that agrochemical exposure triggers apoptosis within 24 hours in human 

DA neurons at concentrations of 28 mM PQ, 50 mM MB and 1 mM rotenone [306]. We therefore 

treated neurons with agrochemicals at concentrations 10-50-fold lower than those that result in 

toxicity (2.8 mM PQ, 1 mM MB and 200 nM rotenone). These concentrations are below the EPA-

reported LOEL [http://www.epa.gov/iris/subst/0183.htm] for these toxicants. Prior to 

agrochemical exposure, we found no significant difference in the percent time mitochondria spent 

in motion in either the anterograde or retrograde direction between either hiPSC-derived (Fig 

3.2G-H) or hESC-derived (Fig 3.S1A-B) SNCA-A53T neurons and their respective 

isogenic controls, suggesting no pre-existing impairment in mitochondrial 

transport. Nonetheless, exposure to either rotenone (Fig 3.2C-D and Fig 3.2G) or PQ/MB (Fig 

3.2E-G and Fig 3.S1A) significantly impaired anterograde transport in SNCA-A53T neurons, but 

not isogenic control neurons. This was consistent with the effect of exposure to the mitochondrial 

complex I inhibitor MPP+ (Fi. 3.S1A and Fig 3.S1C), suggesting that this was due, at least in part, 

to an effect on mitochondrial function. The percent time in motion in the retrograde direction was, 

however, unaltered by chemical exposure (Fig 3.2H, Fig 3.S1B and Fig 3.S1D). These findings 

demonstrate an additive effect of agrochemical exposure and impaired aSyn proteostatis on 

mitochondrial transport in PD patient neurons.      
3.3.2. Agrochemical exposure inhibits KIF5B binding to the microtubules in SNCA-A53T 
neurons. In a healthy neuron, mitochondria are transported along microtubules in an anterograde 

fashion via the miro/milton/KIF5B motor complex [313,314]. When KIF5B is tubulin bound, 

mitochondria are generally in motion. Inhibition of KIF5B/tubulin interaction arrests 

mitochondrial motility [308]. Since rotenone and PQ/MB impaired anterograde transport of 

mitochondria, we next sought to determine whether agrochemical exposure altered KIF5B 

association with the microtubules.  To assess this, we immunoprecipitated KIF5B from 

both SNCA-A53T neurons and SNCA-Corr neurons, with and without exposure to agrochemicals 

(Fig 3.3A-C).  We found no difference in the baseline level of KIF5B bound to tubulin 

between SNCA-A53T neurons and SNCA-Corr neurons (Fig 3.3A).  Moreover, we found no 

evidence of synaptophysin I (SYN1) positive synaptic vesicle in association with KIF5B (Fig 

3.3A). While KIF5B immunoprecipitation in SNCA-Corr neurons also showed no change in a-

tubulin association following exposure to agrochemicals (Fig 3.3B), in SNCA-A53T 
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neurons exposure to PQ/MB or rotenone resulted in a dramatic reduction in a-tubulin/KIF5B 

association (Fig 3.3C).   

We subsequently performed the reciprocal experiment and immunoprecipitated βIII-

tubulin from SNCA-A53T neurons and SNCA-Corr neurons and probed for co-

immunoprecipitated KIF5B in both hESC-derived (Fig 3.3D) and hiPSC-derived (Fig 3.3E-

G) human neurons. These experiments corroborated our findings. While no difference in KIF5B 

binding to tubulin was observed in either SNCA-A53T neurons or their respective isogenic 

controls (Fig 3.3D-E), agrochemical exposure dramatically inhibited KIF5B binding 

to microtubules in SNCA-A53T neurons (Fig 3.3G), but not in isogenic control neurons 

(Fig 3.3F).  To confirm this result in an intact cellular context, we next performed a proximity 

ligation assay (PLA) on a-tubulin and KIF5B (Fig 3.3H) using the Duolink® in-cell interaction 

system Assays. PLAs generate an immunoreactive signal only if two antigens (target proteins) 

are localized within 40 nm of each other [315]. Using antibodies against KIF5B and a-tubulin, we 

performed PLAs in SNCA-A53T and SNCA-Corr neurons exposed to 

agrochemicals. Both SNCA-A53T and SNCA-Corr showed robust fluorescent Duolink signal 

under basal conditions (Fig 3.3H, top), indicating that KIF5B and α-tubulin proteins are in close 

proximity. Indeed, the Duolink signals formed clusters in neurites rather than in cell bodies in 

keeping with transport of mitochondria along microtubules. Exposure to either PQ/MB or 

rotenone resulted a selective loss in Duolink signal in SNCA-A53T neurons, further supporting 

the notion that agrochemical exposure impairs KIF5B association with tubulin. Taken together, 

these data suggest that agrochemical exposure impairs mitochondrial transport in SNCA-

A53T neurons by inhibiting the association of the KIF5B mitochondrial motor complex with the 

microtubules.  

The association of KIF5B with the microtubules is governed in part by post-translational 

modifications to a-tubulin, whereby acetylation of a-tubulin increases KIF5B binding [316], while 

tyrosinated a-tubulin has a lower affinity for KIF5B, and directs mitochondria to more stable 

axonal microtubules [317,318]. These modifications generally govern microtubule stability, 

with acetylated and de-tyrosinated microtubules being less dynamic than 

tyrosinated [319].  Furthermore, multiple studies have shown that neuronal a-tubulin is a 

substrate of protein nitration, through oxidative modification of tyrosine residues to 3-nitrotyrosine 

residues [320–322]. We have previously reported that mitochondrial stress resulting 

from agrochemical exposure, exacerbates NO synthesis in DA neurons [306]. Elevated NO 
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reacts rapidly with O2
- to form ONOO-, leading to nitration of tyrosine residues. We therefore 

sought to determine whether increased NO synthesis in SNCA-A53T neurons exposed to 

agrochemicals resulted in the nitration of tubulin that may alter KIF5B interaction with the 

microtubules. Using the NO-sensitive dye DAF-FM, we first confirmed that a selective increase in 

NO synthesis in SNCA-A53T neurons occurs upon agrochemical exposure (Fig 3.4A). We 

observed an increase in DAF-FM fluorescence in SNCA-A53T neurons when exposed to 

either rotenone or PQ/MB while agrochemical exposure at this concentration has no effect on NO 

levels in isogenic control neurons. The agrochemical-induced increase in NO was blocked by 

treatment with L-NAME, an inhibitor of NOS (Fig 3.4A). Indeed, L-NAME treatment 

returned SNCA-A35T neurons to NO levels comparable to SNCA-Corr control neurons. We next 

assessed whether this increase in NO led to increased 3-NT modified tubulin levels in SNCA-

A53T neurons, by first confirming that agrochemical exposure increased the global level of 3-NT 

modified proteins, specifically in SNCA-A53T neurons (Fig 3.4B), followed by a direct assessment 

of 3-NT modified tubulin. As no antibody is available to measure 3-NT-Tub directly we used 

fluorescent resonance energy transfer (FRET) to determine whether tubulin was among the 

proteins undergoing nitration. Both SNCA-A53T and SNCA-Corr neurons were labeled with a 

tubulin antibody targeted against the C-terminal domain of a-Tubulin as the FRET donor and with 

anti-3-NT antibody as the FRET acceptor (Fig 3.4C). We then assessed energy transfer between 

donor and acceptor upon donor excitation (488 nm), by monitoring emission in the acceptor 

channel (594 nm). If the microtubules are nitrated in response to agrochemical exposure, the 

acceptor emission intensity should increase. We found that exposure of SNCA-A53T neurons to 

either PQ/MB or rotenone resulted in a significant increase in FRET intensity relative to SNCA-

Corr neurons (Fig 3.4C-F). Maximal FRET intensities clustered to neurites rather than in cell 

bodies consistent with the loss of localization of KIF5B.   

To confirm that tubulin had been nitrated, we performed a series 

of tubulin immunoprecipitation experiments and measured the relative levels of 3-NT-modified 

tubulin in both SNCA-A53T and control neurons, with and without exposure to PQ/MB (Fig 3.4G-

L). Analysis of densitometry performed on western blots of 3-NT levels following tubulin 

immunoprecipitation showed a modest elevation in 3-NT-tub in SNCA-A53T neurons relative 

to SNCA-Corr neurons (Fig 3.4G-H).  While exposure of SNCA-Corr control neurons to PQ/MB 

did not result in an increase in 3-NT modified tubulin (Fig 3.4I-J), an increase in 3-NT-Tub was 

detectable in SNCA-A53T neurons exposed to PQ/MB relative to vehicle treated neurons (Fig 
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3.4K-L).  Immunoprecipitation experiments confirm that exposure of aSyn mutant neurons to 

agrochemicals results in nitration of the microtubules. Collectively, these data argue that elevated 

NO levels arrests anterograde mitochondrial transport through oxidative modification of tubulin, 

resulting in chronic elevation of 3-NT levels thereby impairing binding of the KIF5B mitochondrial 

motor complex.    

3.3.3. 3-NT modification of C-terminal tubulin regulates aSyn interaction with the 
microtubules. To gain mechanistic insight into how mutation in aSyn acts in combination with 

environmental exposures that promote microtubule nitration to arrest mitochondrial transport, we 

turned to a cell free system. Using microtubules isolated from brain through repeated rounds of 

polymerization and depolymerization, we assessed the ability of both native microtubules and 

nitrated microtubules to bind to recombinant WT or A53T aSyn in an affinity capture 

assay, subsequently analyzed by immunoblot. Tubulin isolated from microtubules was 

incubated with 1mM ONOO- for 1-hour to mediate tubulin nitration and the fold change in 3-

NT modification was measured by immuno-labeling for anti-3-NT (Fig 

3.5A).  ONOO- treatment led to a 15-fold increase in 3-NT tubulin showing that microtubules 

isolated from brain are highly sensitive to protein nitration (Fig 3.5A). We next assessed binding 3-

NT-tub and unmodified tubulin to aSyn.  We found that tubulin nitration caused a significant 

decrease in WT aSyn binding relative to vehicle treated (Fig 3.5B). This decrease in binding was 

approximately equivalent to the decrease in binding to tubulin observed in A53T mutant aSyn, 

relative to WT (Fig 3.5B). Interestingly, the effects of tubulin nitration and aSyn mutation were 

synergistic, with A53T aSyn having almost no affinity for nitrated microtubules.  

Tyrosinated a-tubulin refers to the presence of a tyrosine residue at the C-terminus of de 

novo synthesized a-tubulin. Post-translational removal and re-addition of this C-terminal tyrosine 

governs microtubule stability [319]. This C-terminal tyrosine has been previously reported to be 

important for KIF5B interaction with microtubules [317,318]. We therefore sought to assess 

whether the a-tubulin C-terminal tyrosine was sensitive to nitration and whether this site regulates 

aSyn interaction with the microtubules in a similar manner to KIF5B.  We therefore synthesized a 

recombinant peptide consisting of the 38 C-terminal amino acids of de novo synthesized α-tubulin 

(CTT-Y). The C-terminal tyrosine is the only tyrosine present in this peptide and therefore the only 

available site for 3-NT incorporation. Using the CTT-Y peptide we repeated the aSyn binding 

experiments outlined above. Incubation of CTT-Y with 1mM ONOO- for 1-hour led to a 50% 

increase in 3-NT incorporation, confirming that the tubulin C-terminal tyrosine residue is indeed 
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sensitive to nitration (Fig 3.5C). We next assessed binding of either native or 3-NT modified CTT-

Y to WT and A53T aSyn.  We found that the CTT-Y-peptide interacted with WT aSyn (Fig 3.5D), 

showing that this region of the tubulin protein mediates, at least in part, the interaction between 

aSyn and the microtubules. Moreover, CTT-Y nitration caused a significant decrease in WT aSyn 

binding relative to native CTT-Y, and A53T aSyn had a similar low affinity for both native and 

nitrated CTT-Y (Fig 3.5D). Collectively, these data show that C-terminal tyrosine residue of α-

tubulin may regulate binding of aSyn to microtubules in a similar manner to that which has been 

reported for KIF5B and that this interaction is sensitive to tubulin nitration.   

aSyn has been previously reported to interact with both KIF5B [323,324] and the 

microtubules [325,326], however, the exact nature of this interaction and whether aSyn mutation 

promotes or inhibits KIF5B binding to the microtubules has not been determined. We 

therefore sought to determine whether the KIF5B, aSyn and tubulin existed in complex in human 

DA neurons.  We therefore immunoprecipitated aSyn from both SNCA-A53T and SNCA-Corr 

neurons and probed the resulting lysates for KIF5B, tubulin and aSyn (Fig 3.5F-I). While we saw 

a ratiometric decrease in the level of aSyn bound to tubulin in SNCA-A53T neurons relative 

to SNCA-Corr neurons (Fig 3.5E, H) at baseline, we observed no difference in the baseline level 

of KIF5B bound to aSyn (Fig 3.5E, I). To determine whether perturbations in binding of the 

KIF5B/aSyn complex explained how mutation in aSyn acts in combination with environmental 

exposures that promote microtubule nitration to arrest mitochondrial transport, we repeated these 

immunoprecipitation experiments following exposure of neurons to agrochemicals.  Exposure to 

PQ/MB resulted in an even greater ratiometric inhibition of aSyn binding to tubulin in SNCA-A53T 

neurons (Fig 3.5G-H), while having only a modest effect on the genome 

corrected control neurons (Fig 3.5F,H). Importantly, PQ/MB exposure inhibited KIF5B binding 

to aSyn only in SNCA-A53T neurons (Fig 3.5G-I). Collectively, these results show an 

additive effect of agrochemical exposure and aSyn mutation on the ability of aSyn to interact 

with the microtubules, likely due in part to an increase in 3-NT modification of tubulin upon 

agrochemical exposure. Given our observations that KIF5B exists in complex with aSyn, 

and releases from the microtubules in SNCA-A53T neurons exposed to 

agrochemicals, coincident with a 50% reduction in microtubule associate aSyn, these data 

suggest that aSyn may facilitate the interaction of KIF5B with the microtubules and therefore play 

a direct role in regulating mitochondrial transport.  



   

53 

 

3.3.4 Blocking NO synthesis rescues agrochemical-mediated arrest of mitochondrial 
transport in PD neurons. In our final set of experiments, we sought to assess whether excess 

NO could be targeted to restore mitochondrial transport in PD.  First, we blocked NO synthesis 

with L-NAME, and assessed the effect on accumulation of 3NT-modified tubulin, by FRET-

mediated energy transfer from a C-terminal tubulin bound donor to a 3-NT bound acceptor. The 

increase in FRET intensities observed in SNCA-A53T neurons exposed to agrochemicals 

were reduced by L-NAME treatment (Fig 3.6A-B), further indicating that the nitration 

of tubulin was due to agrochemical-induced accumulation of NO.  As we had established that a-

tubulin nitration was reduced by L-NAME treatment, our last experiments evaluated whether 

normalizing these molecular perturbations rescued anterograde mitochondrial transport 

in SNCA-A53T neurons.  We therefore exposed both SNCA-A53T hNs and their isogenic 

controls to agrochemicals in the presence of L-NAME and re-assessed mitochondrial 

motility (Fig 3.6D-E). Quantification of the percent time motile in the 

anterograde direction showed that L-NAME treatment significantly rescued anterograde 

mitochondrial transport in agrochemical-exposed SNCA-A53T neurons (Fig 3.6F); while no 

difference in retrograde transport was observed when NO synthesis was inhibited. In 

summary, these data suggest that agrochemical exposure blocks mitochondrial transport to 

synaptic terminals by augmenting nitration of microtubules in PD neurons, specifically the C-

terminal tyrosine residues of a-tubulin. This reduces the affinity of the aSyn/KIF5B complex for 

the microtubules and is exacerbated by aSyn mutation, which acts synergistically to reduce syn 

binding. This culminates in the arrest of anterograde mitochondrial transport. Moreover, we 

demonstrated that targeted inhibition of NO synthesis reduces RNS levels, prevents 3-NT 

modification of microtubules, and rescues defective mitochondrial transport.  

3.4 Discussion 
Several environmental toxins are believed to be risk factors in the development of PD (53). 

Indeed, while controversy exists over the levels of exposure needed to induce disease, use of 

herbicides such as PQ/MB and rotenone is associated with >200% higher incidence rates of 

PD [292,294]. Here, we have demonstrated that exposure to the agrochemicals PQ/MB or  

rotenone at EPA accepted levels impairs anterograde mitochondrial transport in PD neurons. An 

intriguing observation in the present study is the finding that agrochemical-induced arrest of 

mitochondrial transport is restricted to human DA neurons carrying the SNCA-A53T 

mutation. This result suggests that the mutant background facilitates induction of neuronal 
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dysfunction by environmental toxins, supporting a “two-hit” hypothesis of PD 

pathogenesis [327]. In accord with our findings in human neurons, prior studies in rodents have 

suggested that aberrant expression of aSyn increases the vulnerability of SNpc neurons to the 

neurotoxic effects of PQ/MB or rotenone [328,329]. In rodents, treatment with PQ/MB or 

rotenone causes degeneration of SNpc neurons and locomotor deficits consistent with a 

Parkinsonian phenotype [130,330–332]. PQ and rotenone are believed to inhibit mitochondrial 

complex I [129,131,333] while MB is reported to inhibit mitochondrial complex I 

and III, increasing oxidative stress [334,335]. Recent data suggest that aSyn is localized to 

mammalian neuronal mitochondria and that its expression is associated with a decrease in 

complex I activity [138,304,336].  ROS/RNS generated as a result of impaired mitochondrial 

function has been reported to lead to tyrosine nitration and methionine oxidation of aSyn, thus 

contributing to aSyn aggregation and leading to formation of Lewy bodies and 

Lewy neurites [337,338].    

Mitochondrial transport has been assessed in several hiPSC models of PD. In 

WT hiPSCs, lentiviral overexpression of WT, A30P or A53T aSyn variants results in increased 

mitochondrial fragmentation but had no effect on mitochondrial transport relative to vector 

controls [138].  Only a modest shift in the proportion of mitochondria undergoing directional 

movement in the aSyn A53T overexpressing neurons is reported [138]. Park2 mutant 

lines show a similar perturbation of mitochondrial dynamics (67) but no deficits in mitochondrial 

transport have been reported to date. Similar results are also described for hiPSC-derived 

neurons harboring the LRRK2-G2019S mutation as well as in hiPSCs from sporadic PD patients, 

which both show no basal deficit in mitochondrial transport (68). In fact, the authors reported that 

these lines showed no transport deficits until challenged with antimycin A, an inhibitor of 

mitochondrial complex III, which in addition to perturbing transport led to excess 

mitophagy.  These results are highly consistent with our own finding that the combined inhibition 

of complex I and III in SNCA-A53T neurons is needed to bring about phenotypic 

changes.  Moreover, we have also noted increased mitophagic flux in PD-hiPSCs relative to 

mutation corrected controls [70], consistent with the findings in sporadic disease 

cases [339].  These data further support the notion that environmental exposure and genetic 

stress combine to trigger PD onset.  

Here we report that exposure of PD neurons to PQ/MB or rotenone altered 

microtubules via NO-mediated nitration of the tubulin.   Moreover, we provide evidence that this 
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may involve the C-teriminal tyrosine of a-tubulin. We show that SNCA-A53T neurons had 

increased levels of 3NT-Tubulin relative to isogenic controls and that this accumulation of 3-NT-

Tubulin is exacerbated by agrochemical exposure. We have previously reported that exposure to 

PQ/MB and rotenone increases NO synthesis in PD neurons [306].  Indeed, epidemiological 

studies of the effect of single nucleotide polymorphisms in the gene encoding for NOS1 have 

determined that organophosphate pesticide exposure is more strongly associated with PD among 

patients with variant genotypes in NOS1 that result in increased NO production [340].  In the 

SOD1 transgenic mouse model of ALS, mitochondria accumulate inducible NOS (iNOS) in 

response to perturbed mitochondrial dynamics and iNOS gene deletion significantly extends the 

lifespan of G93A-mSODl mice [341]. Similarly, in PD model systems, exposure of rat ventral 

midbrain DA neurons to both aSyn pre-formed fibrils and rotenone leads to increased protein 

nitration and cytotoxicity through iNOS induction [342]. Blocking the expression of iNOS results 

in a significant decline in protein nitration levels and protection against fibril-induced neuronal 

death [342]. These data in combination with our own suggest an interplay between the 

mitochondria and cytoskeleton wherein aSyn localization is central to the function of both.  Loss 

of function mutations in aSyn lead to mitochondrial stress and iNOS induction.  Excess NO 

production, then further exacerbates deficits in mitochondrial transport through 3-NT modification 

of tubulin, which in turn results in loss of KIF5B/aSyn association with the 

microtubules, culminating in neuronal dysfunction.  This mechanism may explain the association 

between environmental toxin exposure and increased risk of PD onset.   

The effect of environmental toxin exposure on mitochondrial trafficking may indeed be 

multifactorial. While the agrochemicals rotenone and PQ are potent inhibitors of mitochondrial 

complex I activity and have been linked to PD pathology in multiple rodent models, their effects 

on the cell are not restricted to complex I function. For instance, deletion of the Ndufs4 gene which 

abolishes complex I activity in midbrain mesencephalic neurons does not affect the survival of 

dopaminergic neurons in culture, following exposure to either rotenone, MPP+, or PQ [343]. 

Moreover, both rotenone and PQ have been suggested to impede cytoskeletal stability that would 

in turn promote aSyn aggregation [344,345]. Rotenone has been suggested to bind a-tubulin 

directly and perturb mitotic cell division through impaired tubulin assembly [346]. While 

the pathological consequence of rotenone/tubulin interaction in postmitotic neurons is 

unclear, most reported cellular aberrations precede detectable neuro-

pathology [347] and therefore likely contribute to Lewy body deposition. In conjunction with our 
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findings that agrochemical exposure leads to the oxidative modification of microtubules, these 

data collectively highlight a combined role for cytoskeletal destabilization and 

mitochondrial dysfunction in DA neuronal loss in PD.  

Finally, we show that NOS can be therapeutically targeted to diminish NO levels and 

rescue mitochondrial dysfunction in PD neurons. Targeted NOS inhibition has been explored for 

pharmacological intervention in various clinical trials, including trials for spinal cord injury, and 

cardiovascular disorders [348] [https://clinicaltrials.gov/show/ NCT00603720]. In rodent 

models mimicking PD, L-NAME administration was sufficient to protect against behavioural and 

physiological deficits (eg. dopamine reduction) induced by either the unilateral intracerebral 

injection of 6-OHDA or malonate to the striatum [349,350]. Here, we show L-NAME protects PD 

neurons from tubulin nitration, rescuing anterograde mitochondrial transport in SNCA-

A53T neurons exposed to PQ/MB or rotenone. While widespread inhibition of NOS would likely 

not be feasible in PD patients due to the global effect on blood pressure, it is interesting to 

speculate whether targeted inhibition of tubulin tyrosine ligase in SNpc neurons would slow the 

rate of degeneration.   

In summary, results from this study show that low doses of PQ/MB or rotenone selectively 

disrupt mitochondrial transport in PD-neurons through oxidative modification of microtubules. We 

further propose a gene by environment interaction occurs in PD whereby agrochemical exposure 

arrests mitochondrial transport specifically in PD neurons, suggesting that environmental toxin 

exposure may exacerbate neuronal dysfunction in PD patients. Moreover, therapies that target 

the effects of excess RNS in PD improve mitochondrial dysfunction and may represent a future 

therapeutic pipeline. 
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Figure 3.1: Characterization of hiPSC and hESC derived human neurons (hNs). Schematic 

representing dopaminergic neuron differentiation (A). Application of the floor plate induction 

protocol patterns human stem cells (hiPSCs or hESCs) to neural precursor cells (hNPCs) and 

subsequently, dopaminergic neurons (hNs). hNs were matured for 60 days in vitro prior to 

experimental analysis. hiPSCs expressed typical markers of pluripotency (B); Sox2 (top) and 

Oct4 (bottom) and counter stained with DAPI; scale bar: 20μm. At 9 days in vitro, cells were 

positive for midbrain neural precursor factors (C); Lmx1A/B, Nurr1 and FoxA2; scale 

bar: 100μm. At 60 days in-vitro cell expressed characteristic markers of dopaminergic 

neurons (D); Map2- and TH-positive; scale bar 50μm. hiPSC-derived (E) and hESC-

derived (F) hNs harbouring the SNCA-A53T were labeled for ubiquitin (Ubq; green) and α-syn-

phophoserine 129 (α-syn-PS129; pink) as markers of synuclein pathology and compared to 

isogenic controls (E-F). Co-localization masks show the degree of co-localization between the 

two markers. Scale bar: 10μm.  
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Figure 3.2: Agrochemical exposure inhibits retrograde transport of mitochondria in A53T 

hNs. Axonal mitochondrial transport was monitored in hiPSC-derived SNCA-Corr (A, C, E) 

and SNCA-A53T hNs (B, D, F) in both the anterograde and retrograde directions following 

exposure to DMSO (A-B) 200nM Rot (C-D) or 2.8mM PQ and 1mM MB.  Representative 

kymographs and traces resulting from particle tracking are depicted. Quantification of the percent 

time motile in the anterograde (G) and retrograde (H) directions show a reduction in anterograde 

mitochondrial transport in A53T hNs exposed to agrochemicals. Data represent mean + S.E.M. 

**P < 0.01 by MANOVA with post hoc Tukey, n = 6 replicate experiment from three independent 

differentiations. Scale bar: 10 µm.  
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Figure 3.3: Agrochemical exposure results in the selective loss of KIF5B 

association in SNCA-A53T neurons.  KIF5B was immunoprecipitated from SNCA-

Corr and SNCA-A53T neurons both at baseline (A) and following exposure to DMSO, Rot or 

PQ/MB (B-C).  Lysates were then probed for KIF5B, a-tubulin and either synaptophysin I (SYN1) 

or TH. Less a-tubulin was pulled down by KIF5B from SNCA-A53T hNs than SNCA-

Corr neurons following agrochemical exposure. Likewise, βIII-tubulin was immunoprecipitated at 

baseline from hESC-derived (D) or hiPSC-derived (E) neurons or from SNCA-Corr (F) 

and SNCA-A53T (G) hiPSC-derived neurons treated with DMSO or PQ/MB and subsequent 

immunoblot analysis for KIF5B and tubulin demonstrated that pesticide treatment reduced KIF5B 

association to microtubules.  Proximity ligation assay (PLA) using anti-KIF5B and anti-a-

tubulin antibodies confirms the change KIF5B association with the microtubules in SNCA-

A53T hNs exposed to agrochemicals; scale bar: 10 µm (H).  
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Figure 3.4: Accumulation of NO following agrochemical exposure results in 

excess tubulin nitration in A53T-hNs. DAF-FM signal intensities were quantified from SCNA-

Corr and –A53T hNs following exposure to 200nM Rot or 2.8mM PQ/ 1.0mM MB respective 

baseline levels (A). SNCA-A53T mutant hNs have a higher level of DAF-FM fluorescence 

than SNCA-Corr hNs at baseline and this is exacerbated by agrochemical exposure.  Co-

treatment with L-NAME significantly reduces NO accumulation. Data represent mean + S.E.M. 

**P < 0.01 by MANOVA with post hoc Tukey, n = 6 replicate experiment from three independent 

differentiations. Western blot of global 3-NT modified proteins show more 3-NT modied protein 

in SNCA-A53T mutant hNs than SNCA-Corr hNs following PQ/MB exposure (B). Fluorescence 

resonance energy transfer (FRET) from Alexa-488 labeled a-tubulin C-terminus to Alexa-594 

labeled 3-NT in hiPSC-derived SNCA-A53T and SNCA-Corr neurons (C) was assessed following 

exposure to 200nM Rot (B) or 2.8mM PQ and 1mM MB (D) respective to baseline levels (C) and 

mean FRET intensity was quantified (D). Data represent mean ± S.E.M. **P < 0.01 by MANOVA, 

post hoc Tukey, n = 6 coverslips over three independent differentiations. Scale bar: 10 

µm. Tubulin was immunoprecipitated from SNCA-Corr and SNCA-A53T (G) neurons and lysates 

were then probed for 3NT and a-tubulin. Quantification of the ratio of 3-NT modified tubulin 

relative to total tubulin on input was performed by densitometry (H). Tubulin was 

immunoprecipitated from SNCA-Corr (I) and SNCA-A53T (K) neurons exposed to DMSO or 

2.8mM PQ and 1mM MB. Quantification of the ratio of 3-NT modified tubulin relative to total tubulin 

on input by densitometry (J,L). Data represent mean ± S.E.M. **P < 0.01, t-test, n = 3 replicate 

experiments.  

 

 



 64 

 
 

Figure 3.5: Nitration of the α-tubulin-C-terminus impairs binding of a-syn and KIF5B to the 

microtubules. Microtubules isolated from brain were exposed to ONOO- and the level of 3-NT 

modification was quantified by immunoblot analysis (A). Data represent mean ± S.E.M. **P < 

0.01, by student t-test, n = 6 replicate experiments. Affinity capture of recombinant human WT 

and A53T α-syn by native verses nitrated microtubules (B). Data represent mean ± S.E.M. **P < 

0.01, *P < 0.05, MANOVA with post hoc Tukey, n = 6 replicate experiments. A recombinant CTT-

Y peptide consisting of the C-terminal 38 amino acids of de novo synthesized α-tubulin 

was exposed to ONOO- and the level of 3-NT modification of the C-terminal tyrosine was 

measured (C). Data represent mean ± S.E.M. **P < 0.01, by student t-test, n = 6 

replicate experiments.Affinity capture of recombinant human WT and A53T α-syn by native 

verses nitrated CTT-Y (D). Data represent mean ± S.E.M. **P < 0.01, *P < 0.05, MANOVA with 

post hoc Tukey, n = 6 replicate experiments. α-Syn was immunoprecipitated from hiPSC-

derived SNCA-A53T and SNCA-Corr neurons (E) neurons and the resulting lysates 

were subsequently immunoblotted for βIII-tubulin, KIF5B and α-syn (E). α-Syn was 

immunoprecipitated from either hiPSC-derived SNCA-Corr neurons (F) or SNCA-A53T (G) 

neurons exposed to either Vehicle (DMSO) or 2.8mM PQ and 1mM MB and the resulting lysates 

were subsequently immunoblotted for βIII-tubulin, KIF5B and α-syn. Quantification of the ratio of 

tubulin (H) and KIF5B (I) bound to immunoprecipitated α-syn. Data represent mean ± S.E.M. 

**P < 0.01, *P < 0.05, MANOVA with post hoc Tukey, n = 3 replicate experiments.  
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Figure 3.6: L-NAME treatment rescues anterograde mitochondrial transport in 

agrochemical exposed A53T hNs. Fluorescence resonance energy transfer from Alexa-488 

labeled a-tubulin C-terminus to Alexa-594 labeled 3-NT was assessed in agrochemical 

exposed SNCA-A53T neurons with and without L-NAME treatment (A) and mean FRET intensity 

was quantified (B). Axonal mitochondrial transport was monitored in L-NAME treated SNCA-

Corr (C) and -A53T hNs (D) in both the anterograde and retrograde directions following exposure 

to 200nM Rot or 2.8mM PQ and 1mM MB relative to baseline levels. Representative kymographs 

and traces resulting from particle tracking are depicted. Quantification of the percent time motile 

in the anterograde (E) and retrograde (F) directions showed that L-NAME treatment rescued 

anterograde mitochondrial transport in A53T hNs exposed to agrochemicals. Data represent 

mean ± S.E.M. **P < 0.01 by MANOVA, post hoc Tukey, n = 6 coverslips over three independent 

differentiations. Scale bar: 10 µm.  
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Figure 3.S1: The mitochondrial toxin MPP+ impairs anterograde transport in hiPSC-

derived and hESC-derived SNCA-A53T neurons.  Axonal mitochondrial transport was 

monitored in hESC-derived (A-B) and hiPSC-derived (C-D) in both the anterograde (A,C) and 

retrograde (B,D) directions following exposure to either DMSO, 2.8 mM PQ and 1mM MB or 

1 mM MPP+. Quantification of the percent time motile in the anterograde and retrograde 

directions show a reduction in anterograde mitochondrial transport in SNCA-A53T hNs exposed 

to MPP+ or PQ/MB. Data represent mean + S.E.M. **P < 0.01 by MANOVA with post hoc Tukey, 

n = 6 replicate experiment from three independent differentiations.   
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Figure 3.S2: Agrochemical exposure results in the selective loss of KIF5B 

association in SNCA-A53T neurons. KIF5B was immunoprecipitated from SNCA-Corr (A) 

and SNCA-A53T (B) neurons exposed to DMSO, Rot or PQ/MB.  Lysates were then probed for 

KIF5B, a-tubulin and TH. Less a-tubulin was pulled down by KIF5B from SNCA-

A53T hNs than SNCA-Corr neurons following agrochemical exposure.   
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Chapter Four: a-synuclein mutation impairs processing of 
endomembrane compartments and promotes exocytosis and 

seeding of a-synuclein pathology 
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4.1 Abstract  
Neuronal loss in Parkinson’s disease (PD) is associated with impaired proteostasis and 

accumulation of aSyn microaggregates in dopaminergic neurons. These microaggregates 

promote seeding of aSyn pathology between synaptically-linked neurons. However, the 

mechanism by which seeding is initiated is not clear. Using human pluripotent stem cell (hPSC) 

models of PD that allow comparison of SNCA mutant cells with isogenic controls, we determined 

that SNCA mutant-neurons accumulate aSyn deposits that cluster to multiple endomembrane 

compartments, specifically multivesicular bodies (MVBs) and lysosomes. We find that A53T and 

E46K aSyn variants bind and sequester LC3B monomers into detergent insoluble 

microaggregates on the surface of late endosomes, increasing aSyn excretion via exosomes and 

promoting seeding of aSyn from SNCA-mutant-neurons to WT isogenic controls. Finally, we show 

that constitutive inactivation of LC3B promotes aSyn accumulation and seeding while LC3B 

activation inhibits these events, offering mechanistic insight into the spread of synucleinopathy in 

PD. 

4.2 Introduction  
Parkinson’s disease (PD) is a progressive neurodegenerative disease and the most 

common movement disorder [265].  It is characterized, in part, by impaired motor function 

resulting from the deposition of protein-rich aggregates known as Lewy bodies and the loss of 

dopaminergic (DA) neurons in the substantia nigra pars compacta (SNpc) [265]. As more DA 

neurons are lost, Lewy body pathology spreads to other parts of the brain, including the 

hippocampus and the cortex, which is associated with development of non-motor symptoms. 

aSyn is a small 14 kDa protein, encoded by the SNCA gene, that is the primary constituent of 

Lewy body deposits (reviewed in [286]). The role of aSyn in PD pathogenesis is supported by the 

observation that mutations in the SNCA gene are causal in familial diseases cases. These 

mutations include amino acid substitutions such as A53T, A30P, and E46K, as well as gene 

duplication and triplication events that increase aSyn expression [351]. Mutant aSyn variants 

aggregate more readily than their wild-type counterparts, thereby increasing production of soluble 

oligomers and micro-aggregates that are generally considered to be toxic [352]. These findings 

suggest that the identification of mechanisms that promote clearance of aSyn may be of 

therapeutic interest. Indeed, whereas mutation of the SNCA gene is causal in several rare familial 

forms of PD, mutations in the SNCA locus are also consistently identified in genome-wide 

association studies (GWAS) of sporadic PD [353], and aSyn is commonly found in Lewy-neurites 
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of idiopathic disease cases. These findings emphasize the need to understand how micro-

aggregates are transported and/or cleared by DA neurons. 
In solution, recombinant aSyn is intrinsically disordered with no secondary structure when 

observed by circular dichroism spectroscopy [70,354]. It is widely believed that aSyn primarily 

adopts an intrinsically disordered conformation in the cytosol as well [33]. Monomeric aSyn can 

aggregate into short β-sheet-like oligomers, which can then further polymerize into pathogenic 

fibrils. Further post-translational modification of aSyn, such as hyper-phosphorylation, nitration 

and ubiquitylation, increases the kinetics of oligomer formation [100,105,355]. Conversely, aSyn 

can also adopt an α-helical conformation in lipid-rich cellular environments, such as in association 

with intracellular membranes [18,48]. The physiological role of aSyn is not fully understood, but 

activity appears dependent on the α-helical, lipid-associated conformation. Studies have shown 

that aSyn localizes to neuronal synapses [14], mitochondria and endomembrane components 

[70] where it is thought to play a role in vesicular transport and release of neurotransmitters.  
aSyn accumulation and subsequent toxicity has been associated with impairment of 

chaperone-mediated autophagy [83] as well as macroautophagy through lysosomal dysfunction 

[356,357]. aSyn has been shown to contribute to this pathology in a number of ways including 

impairment of trafficking between the ER and Golgi leading to increased Golgi fragmentation [358] 

and increasing autophagosome biogenesis while impairing fusion with lysosomes, culminating in 

cytotoxicity [359]. The association of aSyn between these membrane compartments, however, is 

altered by SNCA mutations [70,360], and the mechanism underlying this dysfunction remains 

obscure. 
The generation of human pluripotent stem cell (hPSC) models of familial PD has facilitated 

the analysis of PD pathology at the cellular level [299,361,362], and we are now able to generate 

and contrast A9-type DA neurons harboring the SNCA-A53T mutation with isogenic controls 

[306,310]. Using this hPSC system, we describe a novel mechanism whereby aSyn directly 

interacts with the autophagy protein LC3B, sequestering LC3B into oligomeric aggregates. This 

results in the accumulation of aSyn and LC3 into detergent insoluble deposits on the surface of 

MVBs in SNCA-mutant human neurons (hNs). MVBs accumulate in SNCA-mutant hNs. Our data 

suggest this accumulation culminates in the secretion of aSyn via exosomes in SNCA-mutant hNs 

and leads to subsequent seeding of aSyn from SNCA-mutant-hNs to healthy WT-hNs in co-

culture. Finally, we show that constitutive activation of LC3B through expression of the LC3BG120 

active form, clears aSyn and inhibits its secretion and seeding. This work suggests that direct cell-
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to-cell transmission of endogenous, mutant aSyn from diseased human neurons to non-diseased 

human neurons is triggered by the sequestration of LC3B into oligomers and subsequent 

impairment of lysosomal function. 

4.3 Results 
4.3.1. aSyn pathology correlates with the production and accumulation of MVBs in hPSC-
derived A53T-hNs. In order to understand how aSyn micro-aggregates are transported or 

cleared by DA neurons, we compared hiPSC-derived clones harboring the A53T-SNCA mutation 

(A53T) to isogenic-corrected controls (Corr) [306,310]. We also analyzed hESC-derived clones 

that allow for comparison of WT-SNCA with A53T-SNCA or E46K-SNCA mutations. In both sets 

of isogenic lines, floor-plate induction of dopaminergic neurons predictably produced precursors 

that expressed the early DA-markers FoxA2 and Lmx1A by DIV14 (Fig 4.S1A). As these neurons 

matured, MAP2 and TH were highly expressed (Fig 4.1A-B and Fig 4.S1A). Equivalent numbers 

of dopamine neurons (Fig 4.1B) and expression profiles of DA-markers (Fig 4.1C) were observed 

in all lines. Post-translational phosphorylation of aSyn at serine 129 (PS129) alters aSyn solubility, 

enhancing its tendency to form microaggregates [100,363]. Western blot analysis of PS129 

showed increased PS129 deposition in SNCA-mutant lines from both hESC and hiPSC origin (Fig 

4.1D) yielding increased ratio of phospho-aSyn relative to total aSyn (Fig 4.1E), coincident with a 

shift towards a detergent insoluble form as neurons matured (Fig 4.S1B-C). These data show that 

aSyn is aberrantly phosphorylated in differentiated A53T and E46K hNs relative to isogenic 

control-hNs, consistent with the form of aSyn associated with pathologic aggregates in human 

synucleinopathy brain. 

We next attempted to assess how hyperphosphorylated deposits of aSyn are trafficked in 

the cell by analyzing components of the endomembrane system.  Secretory vesicles that might 

target microaggregates for exocytosis, and late endosomes that shuttle the aggregates to the 

lysosome for degradation both bud from dilated Golgi vesicles. To assess if there was a shift in 

synthesis of endomembrane vesicles in A53T and E46K mutant-hNs, we measured the 

ultrastructure of the Golgi apparatus by transmission electron microscopy (TEM). TEM analysis 

of SNCA-mutant-hNs showed increased Golgi dilation (Fig 4.2A-C) relative to isogenic control 

hNs. Increased Golgi dilation is indicative of increased synthesis of Golgi-derived secretory 

vesicles, increases in cargo load, and increased trafficking of lipids/proteins to-and-from the Golgi 

[364]. We therefore screened for accumulation of secretory vesicles by TEM.  Surprisingly, we 

observed the accumulation of MVBs with clearly defined internal vesicles in SNCA-mutant-hNs 
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relative to isogenic control-hNs (Fig 4.2D-F). The observed accumulation of MVBs in A53T and 

E46K-hNs strongly suggests an attempt by these neurons to increase transport of aSyn 

microaggregates. Consistent with this notion, we performed immune-gold labeling of PS129 aSyn 

hiPSC-derived neurons and found PS129 positive deposits at the surface of intracellular vesicles 

(Fig 4.S2, yellow arrows). To address this further, we sought to determine whether aSyn 

microaggregates were interacting with lysosomal components of the endomembrane system. 

4.3.2. aSyn microaggregates directly interact with LC3B sequestering the protein into 
oligomeric aggregates. In the nervous system, the autophagy protein LC3B is found at the 

intersection between the endosomal and lysosomal pathways, having been ascribed roles in 

genesis of exosomes from MVBs as well as autolysosome formation via fusion of lysosomes and 

autophagosomes [365,366]. Indeed, perturbations of autophagic flux have been reported to result 

in accumulation of perinuclear late endosomes and altered endo-lysosomal trafficking [367]. aSyn 

has been reported to interact with multiple components of the endomembrane system including 

members of the LC3 family [368]. We therefore sought to assess whether MVB accumulation in 

SNCA-mutant hNs resulted from aSyn microaggregates clustering with LC3B and altered LC3B 

processing. Immunocytochemistry showed that expression of LC3B and PS129-aSyn are 

elevated in A53T and E46K-mutant neurons relative to isogenic controls (Fig 4.3A-B). Moreover, 

co-localization of LC3B and PS129-aSyn is significantly increased in SNCA-mutant neurons (Fig 

4.3C). These results suggested that aSyn microaggregates are being shuttled through LC3-

positive components of the endomembrane system. Conversion of LC3 from a non-lipidated to a 

lipidated form (referred to as LC3I and LC3II respectively) is canonically viewed as a critical step 

in the formation of the autophagosome [369], which occurs upstream of lysosomal fusion with 

autophagosomes and is therefore considered critical to degradation via the autolysosome. To 

determine if aSyn was associated with LC3B in a degradative capacity we used starvation to 

induce conversion of LC3BI to LC3BII and drive flux through the lysosomal degradation pathway 

and contrasted this against chloroquine treatment, which inhibits lysosomal degradation. Both 

E46K and A53T-hNs showed a higher rate of LC3B turnover and lower threshold for LC3B 

conversion than isogenic controls (Fig 4.3D-F). These findings support the notion that LC3B is 

lipidated in SNCA-mutant lines and that the lysosomal degradation system exists at a heightened 

state of activation in these cells. However, neither lysosomal activation nor inhibition had an 

impact on steady state levels of aSyn in either system (Fig 4.3D-E), suggesting that in spite of 

localizing to LC3 positive vesicles, aSyn microaggregates are not targeted to lysosomes. 
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Consequently, we sought to gain mechanistic insight into why lysosomal clearance of aSyn is 

ineffective despite increased lysosomal activity. 
With a view towards understanding if mutant aSyn impairs function of LC3B, we sought to 

determine whether LC3B and aSyn are direct binding partners. Using recombinant human 

proteins, we investigated the changes in the secondary structure of either WT-aSyn (Fig 4.4A), 

A53T-aSyn (Fig 4.4B), or E46K-aSyn (Fig 4.4C) upon interaction with LC3B by circular dichroism 

(CD) spectroscopy. We first conducted CD spectral analysis of each protein alone and compared 

the theoretical sum of their individual spectra (dotted lines) to the experimental result of the 

interaction of both proteins, with increasing molar ratios of LC3B relative to aSyn (solid line). This 

spectral analysis shows a redistribution of secondary structural components when either WT (Fig 

4.4A), A53T-aSyn (Fig 4.4B) or E46K-aSyn (Fig 4.4C) is combined with LC3B, relative to the 

theoretical sum of their individual spectra. This indicates that all aSyn variants physically interact 

with LC3B resulting in a shift of their secondary structure. To confirm that this interaction occurs 

in-cell, we immunoprecipitated LC3B from SNCA-mutant and control neurons and probed for 

aSyn (Fig 4.4D). LC3B and aSyn immunoprecipitated in all conditions, however, increased LC3BII 

(lower band) was found in association with aSyn in A53T and E46K mutant systems. This 

suggests that mutant aSyn may interact with LC3B at lipid membranes where lipidated LC3BII is 

normally localized. 
Having established that aSyn and LC3B are binding partners, we subsequently performed 

gel mobility shift assays to determine whether A53T-aSyn or E46K-aSyn could sequester LC3B 

into microaggregates, perturbing LC3B function. With increasing molar ratios of LC3B, we show 

that all aSyn variants are able to form heterodimers with LC3B (Fig 4.4E and Fig 4.S3A-C).  The 

loss of LC3B monomers and deposition into multimeric aggregates, however, was significantly 

augmented by A53T-aSyn and E46K-aSyn relative to WT-aSyn (Fig 4.4F and Fig 4.S3A-C). 

Collectively, these data suggest that A53T- and E46K-aSyn variants form multimeric aggregates 

with LC3B. To confirm this was occurring in cell, we fractionated proteins from hESC-derived (Fig 

4.4G) and hiPSC-derived (Fig 4.4H) human neurons based on detergent solubility and found that 

both aSyn and LC3B had formed significantly more TX-100 insoluble deposits in A53T- and E46K-

hNs relative to their isogenic controls (Fig 4.4I-J). Collectively, these data suggest that A53T- and 

E46K-aSyn variants may perturb lysosomal function by binding to LC3B and altering its secondary 

structure leading to deposition in detergent insoluble microaggregates. 
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4.3.3. aSyn forms microaggregates with LC3B on MVBs. While lipidated LC3BII is frequently 

associated with lysosomal degradation, more recently lipidated LC3BII has been found in 

association with MVBs, where it is involved in the dissociation of vacuolar proton pumps (V1V0-

ATPase), thereby preventing acidification of the MVB lumen and promoting budding of exosomes 

into the MVB lumen [370]. We therefore sought to determine if aSyn/LC3B microaggregates were 

associated with MVB in a similar manner and whether these aggregates were on the surface of 

these vesicles or within them. Whole cell extract from hESC-derived hNs (Fig 4.5 A-B) and hiPSC-

derived hNs (Fig 4.5 C-D) were pelleted to remove cytoskeletal and nuclear components and 

endomembrane fractions were separated by sucrose gradient to fractionate late endosome 

containing MVBs from early endosomes or Golgi and ER membranes. MVB containing fractions 

were identified as fractions enriched in the late endosome marker Rab7 relative to early 

endosome marker EEA1. MVB containing late endosome fractions were then subjected to 

proteinase K digestion (Fig 4.5B,D) to determine if PS129-labeled aSyn localization on the MVB 

surface or inside the vesicle. By performing proteinase K digestion either prior to, or following 

membrane solubilization with Triton-X-100 the localization of aSyn outside or inside the vesicle 

was resolved. We determined that while there is some aSyn inside the vesicle, the majority of 

aSyn is on the MVB surface as most aSyn is digested prior membrane permeabilization. 

Moreover, we found aSyn within the MVB fraction to be more heavily phosphorylated at serine 

129 in SNCA-mutant cells than isogenic controls. To visually confirm that aSyn microaggregates 

cluster to the surface of MVBs, we used a Rab5QL mutant construct. Rab5QL is deficient in 

GTPase activity, leading to the enlargement of endosomes such that localization of proteins inside 

or outside the endosome can be readily resolved. Furthermore, exposure of neuroblastoma cells 

to aSyn preformed fibrils (PFFs) has been shown to promote association of aSyn PS129 with late 

endosomes  [371]. We therefore expressed Rab5QL-DSRed in neuroblastoma cells exposed to 

PFFs and assessed aSyn PS129 localization relative to Rab5QL labeled endosomes (Fig 4.5E). 

This experiment confirmed that PS129 localizes to the surface of endosomes, rather than within 

the vesicles. We next fractionated proteins from hiPSC-derived human neurons based on 

detergent solubility to determine whether aSyn aggregates on the endosomal surface contained 

lipidated LC3II (Fig 4.5F). Indeed, both LC3I and LC3II accumulated in Triton-X 100 insoluble 

fractions of SNCA-mutant hNs along with aSyn. Finally, we assessed whether these combined 

events led to increased release of aSyn via exosomes.  Exosomes were isolated from hPSC 

conditioned media and the resulting lysates were probed for aSyn (Fig 4.5G).  We found 
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significantly increased aSyn secreted from SNCA-mutant hNs relative to isogenic controls.  

Collectively, these data show that aSyn deposits into microaggregates on the surface of MVBs in 

association with LC3B, leading to the secretion of aSyn via exosomes. 

4.3.4. aSyn secretion causes seeding of aSyn pathology into previously healthy neurons. 
Given our observation that aSyn is being secreted via exosomes in A53T-hNs rather than being 

degraded by lysosomes, our next set of experiments sought to determine whether this promotes 

cell-to-cell seeding of aSyn pathology. To determine whether secretion of aSyn might lead to the 

spread of disease, we performed a series of experiments to establish parameters that permit 

visualization of pathological aSyn seeding. We first contrasted levels of PS129-positive aSyn-

micro-aggregates in WT-hNs, A53T-hNs, or E46K-hNs with WT-hNs treated with either human 

aSyn PFFs or lysate from DIV60 A53T-hNs (Fig 4.6A). We found that treatment with either PFFs 

or A53T-hN lysate raised the total PS129 signal intensity in WT-hNs 2-3-fold, to levels consistent 

with those observed in A53T- and E46K hNs (Fig 4.6B). Having established a range of PS129 

signal intensities that permitted us to distinguish the low level PS129 normally observed in WT-

hNs from levels indicative of aSyn micro-aggregates, we next sought to determine whether aSyn 

micro-aggregates secreted from A53T-hNs or E46K-hNs could propagate pathology in previously 

healthy WT neurons. To do so, we developed a co-culture system in which WT cells expressing 

GFP were co-cultured with A53T (Fig 4.6C-E) or E46K-hNs (Fig 4.6F-H) cells at DIV14 and 

differentiated together. At DIV60 of differentiation, co-cultured GFP+ve-WT and GFP-ve-A53T hNs 

or GFP+ve-WT and GFP-ve-E46K hNs were fixed and aSyn-PS129 levels were measured by 

immunofluorescence. We noted similar expression of aSyn-PS129 in GFP+ve and GFP-ve hNs in 

both co-culture systems and quantification of aSyn PS129 levels in GFP+ve WT-neurons showed 

intensity levels consistent with the accumulation of micro-aggregates as observed in neurons 

exposed to both PFFs and A53T-lysate (Fig 4.6A). These data demonstrate that aSyn pathology 

spreads in a cell-to-cell manner from diseased cells to neighbouring healthy cells as a result of 

impaired lysosomal clearance and increased secretion of aSyn micro-aggregates. In our final set 

of experiments, we sought to determine if constitutive activation of LC3B could restore lysosomal 

clearance of aSyn and stop seeding of aSyn microaggregates. 

4.3.5. LC3B constitutive activation clears aSyn PS129 and inhibits aSyn secretion via 
exosomes. LC3B proprotein is cleaved at glycine 120 to a primed form. G120 is the site of 

covalent phosphoethanolamine addition that constitutes the lipidated form (LC3BII) that is active 

in the endomembrane pathway. Prior to cleavage, full length WT-LC3B (or MAP1B light chain 3) 
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is a component of the MAP1B microtubule stabilizing complex. Thus, with regard to its role as an 

autophagy protein involved in lysosomal degradation, the primed LC3G120 variant is highly prone 

to lipidation and may be considered constitutively active. By contrast, mutation of WT-LC3B at 

G120 to G120A prevents LC3B cleavage and lipidation and is therefore constitutively inactive with 

respect to lysosomal degradation [372]. Since LC3BII is associated with both lysosomal 

degradation and exosome release, we monitored both intracellular levels of aSyn PS129 and 

levels of aSyn secreted via exosomes. hESC-derived WT-hNs, A53T-hNs or E46K-hNs, were 

transduced with lentivirus expressing either GFP-LC3BG120A (Fig 4.7A) or GFP-LC3BG120 (Fig 

4.7B) and immunolabeled for PS129. Uninfected (GFP-ve) cells served as an internal control in 

these experiments. Quantification of PS129 levels in GFP+ve and GFP-ve neurons from each 

system revealed that while overexpression of LC3BG120A promoted PS129 deposition in cells, 

likely by increasing microaggregate formation, LC3BG120 overexpression reduced aSyn PS129 

staining intensities to levels that approximate WT-hN (Fig 4.7C). Consistent with these findings, 

total aSyn staining intensities were similarly reduced in SNCA-mutant neurons relative to control 

by overexpression of LC3BG120 (Fig 4.S4A-C). Reasoning that reduced intracellular aSyn PS129 

levels could be due to either lysosomal clearance of aSyn or exosomal excretion of aSyn, we 

isolated exosomes from conditioned media of GFP-LC3BG120A and GFP-LC3BG120 expressing hNs 

(Fig 4.7D-E).  We found that while LC3G120A did not prevent exosomal secretion of aSyn in SNCA-

mutant neurons, LC3BG120 expression reduced the levels of secreted aSyn in SNCA-mutant 

neurons to levels that approximate WT. Collectively, these data show that restoring LC3B function 

in SNCA-mutant neurons promotes clearance of intracellular PS129 deposits and reduces the 

level of aSyn secreted via exosomes. 

4.4 Discussion 
Although cell-to-cell seeding of aSyn has been reported in multiple model systems 

[270,373,374], the molecular events underlying this process are still poorly understood. These 

models are based almost exclusively on exposure to artificial aSyn PFFs and often involve aSyn 

overexpression in addition to PFFs treatment. In this study, we describe a novel mechanism 

whereby endogenously expressed aSyn variants (A53T and E46K) directly interact with the 

autophagy protein LC3B, sequestering LC3B into detergent-resistant aggregates both within, and 

on the surface of Rab7 positive MVBs. This is coincident with the accumulation of MVBs and 

leads to aSyn secretion via exosomes in SNCA-mutant systems and the subsequent cell-to-cell 

seeding of aSyn microaggregates. Moreover, our data show that endogenous mutant aSyn can 
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transmit between human neurons within 60 days of culture. This supports the notion that aSyn 

seeding is an early event in disease pathology. Furthermore, we show that constitutive activation 

of LC3B through overexpression of LC3BG120, but not LC3BG120A, restores lysosomal degradation 

of aSyn and prevents release via exosomes in SNCA-mutant neurons. LC3BG120A is unable to 

bind to autophagosomes and therefore does not promote autolysosome formation. These data 

therefore implicate the formation of LC3B/aSyn microaggregates on the Rab7 positive MVBs in 

the mechanism of seeding of aSyn, and suggest that an impairment in LC3B function may be 

causing accumulation of intracellular aSyn microaggregates. LC3B localizes to the MVB surface 

and helps control acidification. As LC3B becomes lipidated to LC3BII, LC3B is sorted into the 

MVB lumen as exosomes bud inward [370].  Since we show that LC3B and aSyn are binding 

partners and that they are present both at the MVB surface in detergent resistant microaggregates 

as well as within these vesicles, we reason that aSyn may bind to LC3 as exosomes bud into the 

MVB lumen, explaining how aSyn becomes incorporated into the exosomal fraction. 

Multiple alternative mechanisms have been put forth to explain the cell-to-cell seeding of 

aSyn that include lysosomal trafficking of aSyn through tunneling nanotubes [375], direct 

excretion of free aSyn following impairment of lysosomal degradation [376], as well direct exo- 

and subsequent endocytosis of aSyn via exosomes [377]. We detected aSyn in media from A53T-

hNs following isolation of the exosomal compartment, suggesting that, in human DA neurons, at 

least some aSyn is released via exosomes. We find this to be a result of impaired LC3B function 

and increased transport of aSyn bound to the surface of MVBs. Moreover, we have previously 

reported the release of free aSyn from A53T-hNs that can be captured by monoclonal antibodies 

[70]. The localization of aSyn to the surface of late endosomes in combination with the presence 

of aSyn in the secreted exosome fraction, may suggest that at least some aSyn released from 

the cell remains bound to the surface of secreted vesicles, and thus may be responsive to 

monoclonal antibody-based therapeutics. This is supported by aSyn APEX and genetic interaction 

maps that localize aSyn between endosomal membranes and the cytoskeletal elements on which 

they are trafficked [368]. Exosomes have been proposed by some as a means of increasing 

clearance of aggregates in neurodegenerative disease [378,379], but our findings suggest that 

that increased exosome biogenesis may actually accelerate spread of disease throughout the 

nervous system. Few studies have been conducted on the effect of inhibitors of exosome 

biogenesis and secretion on synucleinopathy, however, ketoconazole (an FDA approved anti-

fungal medication), which has been identified as a potent inhibitor of exosome biogenesis and 
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secretion [380], has also been shown to protect DA neurons and improve motor function in a 

drosophila model of synucleinopathy [381]. 

We report here that LC3B and aSyn are binding partners and that A53T- and E46K- aSyn 

have a much higher propensity to oligomerize with LC3B than WT-aSyn, sequestering LC3B 

monomers into detergent resistant microaggregates. The C-terminus of LC3B is cleaved to an 

active form that is lipidated to incorporate into autophagosome and late endosome membranes. 

The N-terminus binds anionic phospholipids on vesicles to facilitate fusion with other membranes, 

such as autophagosomes. In this way LC3B facilitates formation of the autolysosome. We have 

shown previously that WT aSyn competitively inhibits LC3B binding to anionic membrane, while 

α-syn mutants lose this competitive inhibition [70]. This leads us to believe that aSyn binds LC3B 

in the same domain that LC3B would normally bind anionic phospholipids (cardiolipin and 

phosphatidic acids). Hydrostatic interaction between the anionic lipids and the N-terminus of 

LC3B involve amino acids R10 and R11 [382,383]. We predict these amino acids will also prove 

to be critical for interaction with aSyn mutants. Nonetheless, multiple domains may be involved in 

microaggregate formation. Both A53T and E46K-hNs are reported to have a lower ratio of a-

helical tetramers to monomers that readily form b-sheet aggregates [384]. Indeed, a 

conformational shift in aSyn that exposes the NAC domain may explain the propensity for LC3B 

to form multimers more readily with A53T- and E46K-aSyn than with WT-aSyn. Autophagy-

independent LC3B aggregation has been reported in neurons with polyQ-induced inclusion 

bodies, where LC3B deposited within PolyQ inclusions [385]. Moreover, LC3B has been observed 

in the insoluble protein fraction of brain lysates from patients with Dementia with Lewy Bodies and 

immunohistochemistry localizes LC3B to within Lewy Bodies in both PD and DLB SNpc and 

cortex respectively [386]. It is therefore interesting to speculate as to whether multimeric 

oligomerization of LC3B represents an early step in lysosomal dysfunction in multiple 

neurodegenerative diseases. 

Herein, we report the Golgi apparati of A53T-hNs were more dilated than those of WT 

hNs. While Golgi apparati have previously been implicated in PD pathogenesis [358], there are 

conflicting reports as to the mechanism by which this occurs. Overexpression of Ypt1/Rab1, a 

protein involved in tethering vesicles between the ER and Golgi, has been reported to decrease 

aSyn toxicity in yeast, where deficits in ER-Golgi are an early event following aSyn over-

expression [387]. Indeed, A53T hNs are reported to have deficits in forward trafficking from the 

ER that leads to accumulation of ERAD substrates [307]. Others have reported that Golgi 
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fragmentation in synucleinopathy results from impairments in both Rab and SNARE complex 

function [388]. While our data suggests that Golgi are dilated to facilitate budding of secretory 

vesicles and to meet increasing endosomal trafficking demands, it is possible that as aSyn 

microaggregates accumulate, there are impairments in multiple components of the 

endomembrane system, promoting further aSyn deposition. We observe defective lysosomal 

clearance of aSyn in SNCA mutant-hNs associated with the accumulation of aSyn on MVBs. 

Accumulation of both autophagosomes and MVBs has been reported in multiple PD model 

systems [359]. Moreover, our findings are supported by reports that autophagosome fusion with 

lysosomes is impaired in cellular models of synucleinopathy [359]. In vivo targeting of aSyn to 

LAMP2 positive lysosomes has been reported in the brains of animal models of PD, where 

proteinase K digestion of membrane surface proteins demonstrated that aSyn was inside the 

lysosomes, rather than bound to their surface [389]. Although LAMP1 and LAMP2 target to 

lysosomes, more recent reports show that they are not static components of degradative 

lysosomal membranes and that they localize throughout the endomembrane system in neurons 

[390]. As such, the LAMP2 positive vesicles reported could represent multiple intracellular 

vesicles including MVBs. Consistent with this notion, PFF-induced aSyn aggregation in cells 

expressing A53T aSyn showed accumulation of aSyn aggregates near, but not in, 

autophagolysosomes, and the lysosome inhibitor chloroquine had no effect on phosphorylated 

aSyn levels in this instance [386]. Collectively, these data argue that aSyn can associate with 

multiple endomembrane components, not just degradative lysosomes, and that aSyn-mutation 

may perturb lysosomal function, trafficking and/or fusion, thus leading to its accumulation on late 

endosomes or MVBs. Furthermore, we propose that sequestration of LC3B monomers into aSyn 

micro-aggregates may represent a target for early intervention that might halt aSyn seeding via 

exosomes by restoring lysosomal degradation. 
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Figure 4.1: SNCA mutant-hNs show accumulation of PS129 a-syn. (A-B) Immunostaining of 

hESC-derived (WT, A53T, E46K) and hiPSC (Corr and A53T) derived hNs for MAP2 and TH. 

DIV: 60, scale bar: 10 µm. (B) Quantification of percent MAP2 positive. DIV: 60, data represent 

mean + s.e.m., n = 6 coverslips over three independent differentiations. anova, post hoc tukey, 

n.s. = not significant. (C) qPCR of LMX1A, DAT, TH and DAP32 expression in hESC-derived (WT, 

A53T, E46K) and hiPSC (Corr and A53T) derived hNs shows similar expression profiles in each 

line. DIV: 60, data represent mean + s.e.m., n = 6 independent differentiations. (D-E) Lysates 

from hESC-derived (WT, A53T, E46K) and hiPSC (Corr and A53T) derived hNs probed for PS129 

a-syn, total a-syn and GAPDH. (E)  Quantification of the fold change (FC) in ratio of PS129 a-

syn to total a-syn by densitometry. DIV: 60, data represent mean + s.e.m., n = 6 independent 

differentiations. **p < 0.01 by anova, post hoc Dunnett. 
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Figure 4.2: SNCA mutant-hNs show increased golgi dilation coupled with the accumulation 
of multivesicular bodies (MVBs). (A-C) Transmission electron micrographs of hESC-derived 

(A) and hiPSC-derived (B) hNs show that mutant cells contain dilated Golgi, (C) with an increased 

average diameter. DIV: 60, data represent mean ± min to max. **p < 0.01 by anova, post hoc 

tukey. 300 Golgi per condition, n = 6 independent cultures from 3 independent differentiations. 

(D-F) Transmission electron micrographs of hESC-derived (D) and hiPSC-derived (E) hNs show 

that mutant cells accumulated MVBs, (F) with an increased ratio per µm2. DIV: 60, data represent 

mean ± min to max. **p < 0.01 by anova, post hoc tukey. 60 micrographs per condition, n = 6 

independent cultures from 3 independent differentiations. 
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Figure 4.3: PS129-modified a-syn accumulation coincides with LC3B turnover. (A) 

Representative micrographs of WT, A53T and E46K hNs immunolabelled for LC3 (green) and 

PS129 (red); scale 10 μm. DIV: 60, data. (B) SNCA mutant-hNs have increased PS129 signal 

intensity relative to WT-hNs. DIV: 60, data represent mean ± min to max, **p < 0.01 by anova 

posthoc Dunnett, 60 neurons per condition, n = 6 independent cultures from 3 independent 

differentiations. (C) SNCA mutant-hNs have more PS129 colocalized with LC3 by Pearson co-

efficient. DIV: 60, data represent mean ± min to max, **p < 0.01 by anova posthoc Dunnett, 60 

neurons per condition, n = 6 independent cultures from 3 independent differentiations. (D-E) 

Steady-state levels of LC3I and LC3II and a-syn protein expression in WT and A53T-hNs (E) or 

WT and E46K-hNs (F) were monitored by lysosomal inhibition with 20µM chloroquine for 6 hrs or 

lysosomal induction with 3hrs of starvation. DIV: 45. (G) Quantitative LC3B densitometry of 

triplicate experiments in D and E were quantified relative to GAPDH expression. DIV: 45, data 

represent mean + sem. **p < 0.01 by anova posthoc Dunnett, n = 3. 
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Figure 4.4: A35T and E46K α-syn binds LC3 and sequesters it into detergent insoluble 

microaggregates.  (A-C) Representative CD spectra of the monomeric (A) WT-a-syn, (B) A53T-

a-syn or (C) E46K-a-syn were collected either alone or following a 3-hour incubation with 

increasing molar ratios of LC3B. CD spectroscopy corresponding to the theoretical sum of a-syn 

and LC3B spectra (dotted line) were compared to the experimental spectra resulting from a-syn 

and LC3B incubation. The redistribution of the secondary structural components (from primarily 

random coil to primarily a-helical structures) with increasing molar ratio of LC3B indicates that the 

two proteins are structural binding partners. (D) Immunoprecipitation of LC3B from WT, A53T and 

E46K hNs shows increased LC3B binding to a-syn in SNCA-mutant neurons coincident with 

LC3BII formation. (E-F) Gel mobility shift assay of either 4µM WT α-syn, A53T-α-syn E46K-a-syn 

with increasing concentrations of LC3B. All α-syn variants form oligomers with LC3B, as 

quantitative densitometry of monomeric α-syn variants similar loss of monomeric protein, 

indicating formation of oligomers, upon incubation with LC3B. Data represent mean ± s.e.m, n=6 

replicate experiments. (F) Quantitative densitometry of monomeric LC3B shows that binding A53T 

and E46K-α-syn variants increases the kinetics of LC3B oligomerization relative to WT-α-syn. 

Data represent mean ± s.e.m, *p < 0.05, **p < 0.01 by 2-way anova, posthoc Tukey, n=6 replicate 

experiments. (G-J) Lysates from hESC-derived hNs (G) or hiPSC-derived hNs (H) were separated 

based on TX-100 solubility (soluble) or urea solubility (insoluble). Western analysis of LC3B and 

a-syn relative to Coomassie brilliant blue (CBB) shows increased deposition of both in the 

insoluble fraction in SNCA-mutant neurons relative to control at DIV 60. Quantification of the ratio 

of insoluble/soluble (I) α-syn and (J) LC3B. DIV: 60, data represent mean ± min to max. **p < 0.01 

by anova, post hoc dunnett. n = 6 independent cultures experiments. 
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Figure 4.5: a-syn and LC3B microaggregates form on the surface of MVBs. (A-D) Whole cell 

extract (WCE) from DIV 45 hESC-derived hNs (A-B) and hiPSC-derived hNs (C-D) were pelleted 

(P) and endomembrane fractions (EM) were further fractionated into late endosome (LE), Early 

Endosomes (EE) or Golgi/ER (G/ER) by sucrose gradient. LE were defined as fractions enriched 

in Rab7 relative to EEA1 by western blot. (B,D) a-syn and PS129-labeled a-syn localization on 

the surface or inside LE fractions was determined by proteinase k (PK) digestion in the before 

(outside) or after (inside) membrane solubilization with Triton X (TX)-100. (E) Representative 

micrographs depicting PS129-labeled a-syn inside or on the surface of Rab5QL vesicles in 

SHSY5Y cells treated with either PBS or PFFs for 7 days. (F) WCE of DIV 45 hiPSC-derived hN 

was pelleted and EMs were further separated based on TX-100 solubility (soluble) or urea 

solubility (insoluble). Western analysis of LC3B and a-syn show accumulation of both in the 

insoluble fraction SNCA-mutant hNs. (G) Exosomes were isolated from 72hr conditioned media 

from DIV 60 WT and A53T hNs and lysates were probed for α-syn. A53T-hNs release more α-

syn via exosomes relative to their WT counterparts 
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Figure 4.6: SNCA-mutant hNs seed α-syn pathology to WT-hNs. (A-B) WT-hN, A53T-hNs, 

E46K-hNs or WT-hNs exposed to 1µg/ml PFFs or 1µg/ml A53T-hN-lysate for 7 days, were 

antigenically labeled for PS129; scale bar: 20 µm. A heatmap of fluorescence intensity depicts 

the intensity of PS129 labeling in each condition. (B) Quantifications of PS129 intensity from A. 

Data represent mean + s.e.m. **p < 0.01 by anova posthoc dunnett, 6-7 coverslips over 3 

independent differentiations, DIV: 60. (C-H) Co-cultured GFP+ve-WT and GFP-ve-A53T mutant hNs 

(C-E) or GFP+ve-WT and GFP-ve-E46K mutant hNs (F-G) were antigenically labeled for PS129 (D, 

G); scale bar: 20 µm. A heatmap of fluorescence intensity depicts the intensity of PS129 labeling 

in GFP+ve-WT (pseudo-colored white) and GFP-ve-A53T mutant hNs (D) or GFP-ve-E46K mutant 

hNs (E). Enlarged regions of GFP+ve and GFP-ve neurons show that both display equal PS129 

intensity. (E, H) Quantifications of PS129 intensity within the GFP+ve and GFP-ve populations. Data 

represent mean ± s.e.m. n.s.= not significant by t-test, 6-7 coverslips over 3 independent 

differentiations, DIV: 60. 
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Figure 4.7: Constitutive LC3B activation clears a-syn-PS129 and prevents exosomal 

release of a-syn. (A-B) Representative micrographs of WT-hN, A53T-hNs or E46K-hNs, 

lentivirally transduced with either GFP-LC3BG120A (A) or GFP-LC3BG120 (B) and immunolabeled 

for PS129. scale bar: 10 µm. (C) Quantifications of PS129 intensity within the GFP+ve and GFP-ve 

populations in A and B. Data represent mean + s.e.m. **p < 0.01 by anova, posthoc tukey. n = 6 

coverslips over 3 independent differentiations, DIV: 60. (D-E) Exosomes were isolated from 72hr 

conditioned media from WT-hN, A53T-hNs or E46K-hNs, lentivirally transformed with either GFP-

LC3BG120A or GFP-LC3BG120 and samples immunolabeled for a-syn or Alix. € Quantification of a-

syn normalized to Alix in exosomes of each condition. Data represent mean + s.e.m. **p < 0.01 

by anova, posthoc tukey. N = 6 independent experiments, DIV: 60. 
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Figure 4.S1. Related to Figure 1. (A) Application of the floor plate induction protocol patterns 

human pluripotent stem cells (hPSCs) to neural precursor cells (hNPCs) and subsequently, 

dopaminergic neurons (hNs). At 14 days in vitro (DIV) of differentiation, hNPCs were positive for 

midbrain neural precursor factorsL Kmx1A/B and FoxA2: scale bar 50um. At 60 DIV cells 

expressed characteristic markers of dopaminergic neurons; Map2- and TH-positive scale bar 

50um. (B-C) Lysates from WT and A53T cells separated based on TX-100 solubility (soluble) or 

urea solubility (insoluble). Western analysis of A53T cells shows elevated soluble aSyn relative 

to WT cells at 14 DIV and elevated insoluble aSyn at 60 DIV. (C) Quantification of soluble and 

insoluble aSyn leels normalized to coomassi. Data represent mean ± s.e.m. **p < 0.01 by ANOVA 

posthoc Tukey, n.d. = not detected, n=4. 
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Figure 4.S2. Related to Figure 2. Immunogold labeling of PS129 aSyn in hPSC-derived hNs 

visualized by transmission electron microscopy. Yellow arrows highlight immunogold labeling of 

intracellular vesicles while white arrows show labeling of mitochondria. 60 DIV. 
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Figure 4.S3. Related to Figure 4. (A-C) Gel mobility shift assay of either 4um WT aSyn (A), A53T 

aSyn (B) or E46K aSyn (C) with increasing concentrations of LC3B. All aSyn variants form 

oligomers with LC3B, however mutant aSyn has a greater propensity to form oligomers with LC3.  
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Figure 4.S4. Related to figure 7. (A-B) Representative micrographs of WT-hNs, A53T-hNs or 

E46K-hNs levtivirally transformed with either GFP-LC3BG120 (A) or GFP-LC3BG120A (B) and 

immunolabeled for total aSyn; scale bar: 10um. (C) Quantification of total aSyn intensity within 

the GFP+ive populations in A and B. Data represent mean ± s.e.m. ** p < 0.01 by ANOVA, posthoc 

Tukey. 6 coverslips over 3 independent differentiations, DIV: 60. 
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Chapter 5: Summary & Discussion 
5.1 Summary of Findings  

Overall, this body of work demonstrates that PD is multifaceted, involving mitochondrial 

dysfunction and impaired proteosasis. The data presented herein begin to unravel the mechanism 

underlying how aSyn relates to these impairments. More specifically, I demonstrate that aSyn 

mutations (A53T and E46K) result in the cellular accumulation of insoluble PS129+ive aSyn-

oligomers that sequesters proteins into aggregates and triggers oxidative stress in a hPSC-model 

of PD. 

In chapter two I demonstrated that PD-neurons are associated with an impaired 

antioxidant response. Specifically, we found that both hNs and patient SNpc brain tissue had 

decreased Nrf2 expression. My work discovered a mechanism underlying this defect: mutant 

aSyn fails to complex with PKC which impairs the phosphorylation of Nrf2 and hence the nuclear 

translocation and activity of Nrf2 (Fig 5.1). With this knowledge I showed that activating the ARE 

would reduce mitochondrial superoxide production and restore antioxidant enzymes. These 

findings contributed to a manuscript that also showed that activating the Nrf2 pathway would also 

rescue neuritic defect in mutant hNs by promoting the transcription of a the microtubule 

associated proteins MAP1B [391]. Thus, reinstating the antioxidant response by activating Nrf2 

might have multiple implications and rescue several PD-related pathologies.  

Increases in oxidative stress, one consequence of an impaired antioxidant response, is 

known to impair mitochondrial dynamics. In chapter two, we also show that mutant aSyn is 

associated with mitochondrial dysfunction such as fragmentation, decreased mitochondrial 

potential and increases in mitophagy. Mitochondria are continually undergoing cycles of fission 

and fusion in order to self-renew and share materials, respectively. Increases in mitochondrial 

fission is considered an early sign of mitochondrial death and leads to excess ROS production 

[278]. Indeed, we observed increased ROS in A53T hNs. Mitochondrial membrane potential is 

the driving force behind the generation of energy in the form of ATP. We found that A53T and 

E46K aSyn mutant hNs had a loss of mitochondrial membrane potential; mitochondrial 

depolarization. Mitochondrial depolarization could be due to the opening of mitochondrial 

permeability transition pore. Indeed, aSyn oligomers have been shown to induce the opening of 

the mitochondrial permeability transition pore resulting in a decrease in mitochondrial potential 

and NADH levels; these effects could be rescued by the permeability transition pore inhibitor: 

cyclosporin A [392]. The opening of the mitochondrial transition pore may result in a number of 
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deleterious effects such as the release of glutathione, cytochrome C and Ca2+ from mitochondria 

which would ultimately lead to the inability of the cell to buffer ROS, induce Ca2+ toxicity, and 

signals for apoptosis, respectively. Alternatively, depolarization could also be caused by 

cardiolipin externalization to the outer mitochondrial membrane, which promotes mitophagy, 

regulates fission/fusion, and may also be an early stage indicator of apoptosis [393,394]. 

Moreover, it has been demonstrated that cardiolipin acts as a proton trap to increase the inner 

mitochondrial membrane potential; thus, relocation of cardiolipin to the outer mitochondrial 

membrane would decrease the voltage of the electrochemical gradient [395]. Another reason for 

mitochondrial depolarization may be via aSyn penetration of the mitochondrial membrane 

[336,396]. Indeed, Nakamura et al. report that oligomeric aSyn physically deforms mitochondria 

to induce mitochondrial fragmentation in a dose-dependent manner (more aSyn, more 

fragmented mitochondria) [336]. Yet additional reasons for mitochondrial depolarization may be 

aSyn-induced mitochondrial uncoupling; the dissociation of electron and proton transport along 

the inner mitochondrial membrane. Protons can leak or be transported across the inner 

mitochondrial membrane space via uncoupling proteins, adenine nucleotide translocases, free-

fatty acids, or be induced by compounds such as FCCP or CCCP, for example [397]. When 

protons leave the intermembrane space, the electron current also dissipates and electrons are 

free to instigate ROS. Prolonged uncoupling depletes ATP production, impedes Ca2+ buffering 

and triggers mitophagy [397]. In addition, aSyn oligomers have been shown to induce the 

oxidation of ATP-synthase subunit B, which likely also contributes to a decline in ATP generation 

[392].  In 2011 it was found that glutathione regulates the activity of uncoupling proteins to prevent 

mitochondrial uncoupling. This could be reversed (de-glutathionylated) by ROS which would elicit 

proton leakage [398]. We found that there was reduced antioxidant response and GCLC gene 

expression (the rate limiting enzyme of glutathione synthesis) in mutant aSyn hNs, which could 

indicate overactive uncoupling protein activity and may further explain the observed mitochondrial 

depolarization. Finally, another explanation for mitochondrial depolarization may be the direct 

effects of aSyn binding and impairing complex I activity [145,150,399]. Indeed, prolonged 

depolarization of mitochondria in cells leads to impairments in mitochondria-protein import, ATP-

production and eventually cell death [400]. We also found that the aSyn mutant hNs had increased 

mitophagy, the elimination of mitochondria. Increases in mitophagy typically occur in response to 

mitochondrial depolarization [401]. In sum, I demonstrated that endogenous aSyn mutations 

(A53T and E46K) elicit many mitochondrial defects. 
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In chapter three I showed that in aSyn mutant hNs low levels of agrochemicals inhibit 

anterograde trafficking of mitochondria by NO-mediated nitration of alpha-tubulin. These findings 

support the idea that PD neurons are more sensitive to toxins than healthy neurons and provide 

a possible mechanism to explain PD neuron vulnerability. Furthermore, these findings add to a 

growing body of literature that suggests a gene-by-environment interaction instigates PD. Indeed, 

genome-wide association studies currently recognize more than 20 genes associated with 

increased risk for PD which include over 30 variants in the SNCA loci alone [402,403]. Future 

research ought to examine how these variants increase risk for PD and whether specific 

environmental exposures tips the scale towards the development of PD as opposed to remaining 

in a healthy state.   

Finally, in chapter four my research revealed that mutant aSyn sequesters the autophagy 

protein LC3 into aggregates which drives the accumulation of MVBs (Fig 5.2). Within MVBs, aSyn 

was found to associated with the outside of endosomes. We show that exosome secretion is at 

least one way that aSyn is transmitting from cell-to-cell, spreading disease pathology. These 

findings are particularly interesting since endogenously expressed aSyn variants seeded 

pathology early in culture, giving power to the idea that aSyn transmission occurs early in disease. 

By restoring LC3 function, we were able to reduce the amount of secreted aSyn, in theory, the 

transmissibility of aSyn.    

5.2. Cystolic and Membrane-bound Function of aSyn 
Collectively, the research presented here provides insights about the native function of 

aSyn. One recurring theme in this thesis is oxidative stress in PD. Not surprisingly, we find 

increases in oxidative stress in combination with decreases in the antioxidant defense system. In 

consequence, neurons are unable to effectively mitigate oxidative stress, ultimately exacerbating 

PD pathologies. To our knowledge, we are the first to show that native aSyn promotes the activity 

of Nrf2, suggesting that at least one of its cystolic functions is to cooperate with Nrf2 in order to 

alleviate oxidative stress (Fig 5.1). On the other hand, mutant or accumulated aSyn is unable to 

promote Nrf2 activity which exasperates oxidative stress eventually leading to mitochondrial and 

autophagic dysfunction. Indeed, a reduction in Nrf2 activity might also explain why mutant aSyn 

hNs are more sensitive to agrochemicals/mitochondrial-toxins relative to controls. In support of 

this link, recent findings have shown that activating Nrf2 pathways can rescue antioxidant enzyme 

expression, mitochondrial dysfunctions and even reduce aSyn accumulation in rodent models of 

PD [283,404–408].  
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However, there exists alternative Nrf2 pathways that have been shown to be dysfunctional 

in PD; for example, the p62, PI3K/Akt, MAPK, or NF-kB pathways. While p62 is arguably most 

recognized for its role in autophagy where it binds LC3 to regulate macroautophagy [409,410], in 

situations where autophagy is impaired, such as in PD, p62 interacts with Keap1 to impair the 

Keap1-Nrf2 complex which results in the activation of Nrf2 and subsequently the initiation of the 

antioxidant response [207,208]. However, in many diseases p62 accumulates in cytoplasmic 

inclusions which results in p62 deficiency. Indeed, p62 deficiency has been shown to exasperate 

synucleinopathy [411,412]. Given that both aSyn and p62 bind LC3, it is conceivable that aSyn 

levels might impact p62 activity through a competitive interaction with LC3, but exactly how 

aberrant aSyn might affect p62-activation of Nrf2 remains elusive. Similarly, the PI3K/Akt pathway 

also enhances Nrf2 activity and is downregulated in PD [413]. Many studies have shown that 

activating the PI3K/Akt pathway prevents the induction of PD model systems [414–418]. Chung 

et al. demonstrated that IGF-1 induced Akt activity is enhanced by aSyn, while mutant and 

overexpressed aSyn actually impedes Akt activity [419]. It is possible that a similar aSyn-Akt 

interaction is important in regulating the PI3K/Akt activation of Nrf2. Conversely, the MAPK and 

NF-kB pathways work to suppress Nrf2 activity. MAPK does so through p38-phosphorylation of 

Nrf2 which increases the Keap1-Nrf2 association. Indeed, p38 levels are increased in PD patient 

brains [420] and in PD models where aSyn is overexpressed [421] which suggests more 

suppression of Nrf2. However, Iwata et al. reported that the overexpression of aSyn impeded 

phosphorylation of MAPKs such as p38 by direct binding [422], which would theoretically 

decrease the Keap1-Nrf2 association and activate Nrf2. Although this study did not assess the 

Nrf2 pathway, the findings suggest that aSyn acts as a MAPK inhibitor which would theoretically 

activate Nrf2. Arguable however, the aSyn interaction with p38 may play a completely 

independent role than in an antioxidant response as it was shown to regulate MAPK to improve 

cell viability [422]. In addition, the NF-kB subunit p65 competes with Nrf2 to bind the CREB-

binding protein as well as recruits HDAC3, both which results in decreased Nrf2 association with 

the ARE [423]. Interestingly, it is reported that the overexpression of aSyn is associated with 

decreased NF-kB expression [424], yet the administration of rotenone (a PD-inducing toxin) was 

associated with increased aSyn as well as increased NF-kB [425] and inhibiting NF-kB subunits 

was neuroprotective against MPTP and MPP+ [426]. Given that NF-kB expression is not 

consistently altered as aSyn expression changes, it is possible that aSyn does not directly 

influence the NF-kB-Nrf2 pathway. In sum, while we have shown that aSyn facilitates PKC 
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phosphorylation of Nrf2 to promote the nuclear translocation of Nrf2 in order to activate AREs, in 

PD Nrf2 repression may be the combinatorial effect of multiple pathways that are perturbed by 

aberrant aSyn. 

We also provide insight into the function of membrane-bound aSyn. Using circular 

dichroism spectroscopy we determined that aSyn bound to cardiolipin containing LUVs and 

promoted the refolding of oligomeric aSyn to an a-helical form. The rate of refolding was greatest 

for WT compared to A53T and E46K hNs [70]. We further found that WT aSyn and LC3 compete 

for binding of cardiolipin, while mutant aSyn and LC3 can co-exist on cardiolipin outer 

mitochondrial membranes [70]. Given these findings, it is reasonable to speculate that aSyn might 

play a role in regulating the cardiolipin-based mitophagy induction pathway, as opposed to the 

ubiquitin-mediated or transmembrane-receptor mediated mitophagy induction pathways [427]. 

Here, cardiolipin is translocated from the inner-mitochondrial membrane  to the outer 

mitochondrial membrane by phospholipid scrablase-3 [383]. After this re-localization, LC3 can 

recognize and bind cardiolipin to target mitochondria for degradation through MA. The 

externalization of cardiolipin can be triggered by PD-inducing toxins such as 6OHDA and rotenone 

[383]. It may be possible that aSyn also regulates this process. In hNs we found that mutant aSyn 

has a greater propensity to form oligomers with LC3 and that mutant aSyn sequesters LC3 into 

aggregates [428]. Thus, oligomeric aSyn may physically be blocking the ability of LC3 to bind 

cardiolipin. What’s more, Ivankovic et al. demonstrated that upon induction of mitophagy Nrf2 

translocates to the nucleus and upregulates p62 [429], a protein that is important for sending 

ubiquitinated proteins to the UPS and binding LC3 to mediate MA degradation of p62/ubiquitin 

protein inclusions [409,430]. It is very possible that mutant aSyn might also impair the ability of 

p62 to regulate MA due to the aSyn-LC3 association described. Indeed, there are multiple 

avenues whereby the initiation of mitophagy could result in both mitochondrial and proteostatic 

dysfunction in PD.  

It has been postulated that the membrane-bound functions of aSyn are to 1. remodel lipids 

[431–433] or 2. promote vesicle clustering, likely through SNARE-complex assembly 

[25,26,434,435]. Evidence for the former function of aSyn is provided by studies that show that 

aSyn associations to membranes elicited the expansion of lipids and bilayer thinning which 

stabilizes membrane curvature as well as the remodeling of lipids into a tubular shape, specifically 

for larger vesicles [21,431,433,436]. Vesicular-tubule formation is suspected to take part in vesicle 

recycling and cargo sorting. As such, it is easy to postulate that aSyn might function to facilitate 
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vesicle formation and fission/fusion processes. Since aSyn has a higher propensity to bind more 

curved vesicles (like synaptic vesicles and exosomes), its interaction with large vesicular-proteins 

might help position aSyn upon membranes to support the remodeling of lipids in processes such 

as autophagosome formation and mitochondrial fusion. Our findings identify specific aSyn-

interactors (LC3 and cardiolipin) which places aSyn at these membrane sites. Interestingly, 

studies found that at higher concentrations aSyn promotes narrower tubular membranes [21,436]. 

These findings might suggest that in PD where aSyn accumulates, vesicles should theoretically 

be more curved (smaller) and possibly be less able to fuse due to its preference to maintain 

tubule-form. In pre-degenerative aSyn mutant hNs, we observe increases in Lamp2 and LC3 [70] 

suggesting an accumulation in autophagosomes and lysosomes, possibly due to aSyn’s inability 

to facilitate the fusion and formation of autophagolysosomes.  

Considering the large size of mitochondria (diameters up to 2000nm; although 

mitochondria can undergo morphological changes when challenged with spatial restrictions such 

as within an axon, shrinking to diameters as small as 20nm [437,438]), autophagosomes (140-

900nm [439]), lysosomes (50-500nm [440]), and MVBs (250-1000nm [441]), it is most likely that 

aSyn forms a single unbroken helix and associates to the surface of said vesicles [20,24]. This 

may increase self-templating at these locations due to the exposure of the hydrophobic residue 

(NAC) at the surface of the vesicle as opposed to being imbedded into the membrane. In addition, 

aSyn mutations alter the helical formation of aSyn when associating to membranes [442], further 

exposing the NAC domain which increases the propensity of aSyn to aggregate. Indeed, we 

observe an increase in aSyn in complex with insoluble LC3, suggesting that LC3 is sequestered 

into aSyn aggregates. Conversely, it was found that aSyn-remodeling of lipids might help prevent 

aSyn aggregation by increasing the lag and growth phase of oligomers [432]. Still, subtle changes 

in lipid composition or mutations in aSyn might be enough to alter this relationship between aSyn 

and large membranes and result in aSyn aggregation. 

Evidence for the latter function of aSyn in vesicle clustering comes from observations that 

multimeric aSyn is found in synaptic vesicles where its n-terminus associates with negatively 

charged phospholipids [25,434] and most likely imbeds into the membrane forming bent anti-

parallel helixes [19,443,444]. There, aSyn clusters vesicles while restricting vesicle trafficking, 

likely by aSyn c-terminus interactions with other vesicle proteins such as synaptobrevin and 

VAMP2 [88,434,435]. Given that both synaptic vesicles and exosomes are small (diameters 

ranging between 30-150nm) [445,446] and contain SNARE-complexes which promote fusion with 
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other vesicles or the plasma membrane, it is possible that aSyn interacts with exosomes in a 

similar manner as it does with synaptic vesicles. Many studies have reported that aSyn multimers 

were found to associate with synaptic vesicles [25,26,434]. However, aSyn could otherwise be 

interacting with anionic lipids such as phosphatidylserine or gangliosides which contribute to the 

lipid bilayer membrane of exosomes [447,448].  Interestingly, the lipid composition and surface 

proteins of exosomes is believed to be cell-type specific and alterations of these components may 

indicate the presence of a disease [447,449]. For example, gangliosides are a type of anionic lipid 

that is abundant in neuronal exosomes and have been shown to accelerate aSyn aggregation 

which helps to explain the neuronal vulnerability in PD [448]. Together these findings suggest that 

exosomes may be an important player in PD pathogenesis. Since aSyn regulates the synaptic 

vesicle pool it is possible that it also plays a role  in regulating the exosome pool. Yet, whether 

aSyn has a unique function when associating with synaptic vesicles or exosomes, or whether 

aSyn’s function on these small vesicles is related remains tenuous. 

Studies demonstrate that oligomeric aSyn can 1. extract lipids and incorporate them into 

aggregates and 2. disrupt lipid bilayers by permeabilizing membranes in a pore-like mechanism 

through its interaction with negatively charged phospholipid headgroups [450–454]. This 

undoubtedly would result in a loss-of-function for aSyn as it would be unable to effectively remodel 

lipids or promote vesicle clustering. Given our results might support a divergent function of aSyn 

at large vs. small membranes, future research might also examine whether the effects of 

oligomeric aSyn also depends on vesicle size. I suspect that oligomeric aSyn might more easily 

accumulate and aggregate on the outside of larger vesicles given the exposure NAC domain and 

its involvement in aSyn misfolding. Further, when oligomers form on the outside of large 

membranes I suspect these aggregates physically block the ability of vesicles to function. Indeed, 

we did observe that aSyn accumulated on the outside of MVBs, and sequestered vesicle-

associated proteins into aggregates. Overexpression of functional LC3 was able to reduce the 

amount of aSyn associated with exosomes as well as and PS129 levels, suggesting that the 

expression of LC3 was able to mitigate MA and aSyn accumulation. On the other hand, since 

native aSyn imbeds into smaller vesicles, oligomeric aSyn might more easily form pores in smaller 

vesicles.   

5.3. A Proposed Theory for Parkinson’s Disease Development 
Together these findings highlight the complex nature of PD pathogenesis. How these 

findings lead to an interpretation of PD pathogenesis is offered here. Given aSyn’s role in the 
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antioxidant response pathway, it is possible that the accumulation of aSyn begins in response to 

increases in oxidative stress which can be triggered by environmental cues. In most cases, the 

aSyn accumulation is a healthy response as it drives the antioxidant response. However, in 

severe stress scenarios (e.g. MPTP exposure) or in subsets of people who have various PD-

related SNPs, this increase in aSyn quickly reaches a tipping point which causes aSyn to misfold, 

impeding aSyn’s native function described above. As a consequence, the accumulation of aSyn 

correlates with increases in oxidative stress as well as impairments in mitochondria and 

autophagy systems. In response to this combination of stressors, cells try to expel aSyn via 

exosomes. This secretion leads to the spreading and seeding disease pathology in previously 

healthy cells which further explains the progressive nature of PD. 

5.4. Alternative Considerations and Future Directions 
Since previous research has shown that aSyn might directly associate with mitochondria, 

we wanted to understand the nature of this association and how aSyn mutations might affect this 

interaction. Our lab was able to pin-point the mitochondrial-aSyn association site to an outer-

mitochondrial membrane lipid named cardiolipin [141]. While the majority of cardiolipin is located 

within the inner mitochondrial membrane where it plays a role in mitochondrial morphology and 

the structural integrity of the respiratory chain, upon mitophagy cardiolipin translocates to the 

outer mitochondrial membrane where it interacts with mitophagy proteins beclin-1 as well as LC3-

II [455]. We found that WT aSyn competed for binding with LC3, but this competition was lost in 

mutant aSyn [141]. This finding might explain the increased autophagic flux in PD neurons, since 

mutant aSyn can bind cardiolipin at the same time as LC3, prolonging the externalization of 

cardiolipin. Furthermore, we demonstrated that cardiolipin was able to draw WT aSyn from 

oligomers, buffering synuclein-pathology. Again, this effect was lost in mutant neurons. In this 

way, the cardiolipin-aSyn interaction might be important for buffering oligomer formation [141]. 

Moreover, prolonged aSyn accumulation and cardiolipin externalization on mitochondria may 

explain many of the other mitochondrial dysfunctions we observed in mutant aSyn hNs. For 

example, a destabilized respiratory chain due to the translocation of cardiolipin to the outer-

mitochondrial-membrane would make electron transport through the respiratory chain inefficient 

and generate more oxidative stress [455]. In addition, a recent paper by Ban et al. demonstrates 

that OPA1 from one inner mitochondrial membrane binds cardiolipin on another mitochondria to 

facilitate mitochondrial fusion [456]. Taken together, we can postulate that prolonged 

externalization of cardiolipin might impair the interaction of cardiolipin with OPA1 and thus cause 
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an increase in the number of fragmented mitochondria, which we observe in mutant aSyn hNs. In 

sum, endogenous aSyn mutations provokes mitochondrial defects likely as an effect of both the 

impaired antioxidant response and the externalization of cardiolipin.   

A link between Nrf2 and mitochondrial dynamics has also been reported. Sabouny et al. 

demonstrated that the activity of Nrf2 indirectly regulates mitochondrial fission through the 

degradation of  Drp1, a mitochondrial fission protein [457]. Likewise, Hayashi et al. suggested 

that activation of Nrf2 (via DMF) induces mitochondrial biogenesis [458]. These findings were 

extrapolated from increases in mitochondria-DNA, TFAM (mitochondrial biogenesis marker), 

mitochondrial protein (VDAC and mt-ND6), as well as in genes encoding mitochondrial subunits 

[458].  In addition, Murata et al. show that Nrf2 activates the PINK1-ARE in response to oxidative 

stress [459].  PINK1 is a mitochondrial gene that plays an important role in regulating mitophagy. 

In this way, a reduction in Nrf2 activity in PD might lead to insufficient clearance of mitochondria 

paired with a decrease in mitochondrial biogenesis. As such, the finding that the loss of Nrf2 

results in a decreased mitochondrial potential, ATP production and respiration [460] is not 

surprising. In addition to these studies, our observation that aSyn mutant hNs have impaired 

mitochondria function as well as impaired Nrf2 activity warrants further investigation to explore 

how aSyn mediates effects on Nrf2 activity alters regulation of mitochondrial homeostasis (as 

opposed to how aSyn-mediates Nrf2 activity with respect to mitigation of oxidative stress).  

We found that aSyn plays a role in the antioxidant response pathways by facilitating PKC-

mediated phosphorylation of Nrf2. Other groups have also shown that aSyn associates with PKC 

and overexpression of aSyn impairs its ability to regulate the expression of pro-neuronal factors 

(e.g. BDNF via phosphorylation of GSK3B, CREB, or ERK) [461]. Besides these pathways, PKC 

plays other roles in dopaminergic neurons such as phosphorylating DAT which leads to DAT-

internalization [462]. If WT aSyn also functions to facilitate the PKC-phosphorylation of DAT it is 

likely that this process might also be impaired in mutant hNs. This impairment would result in 

increased levels of dopamine which promotes toxic aSyn-oligomer formation [463,464]. In sum, 

aSyn and PKC undoubtedly complex, but there are numerous signalling pathways this interaction 

might regulate which extends beyond the scope that was investigated here.  

It is well established that 14-3-3 proteins induce PKC activity. Recently, the Svendsen lab 

has shown that increased phosphorylation of PKC (p-PKC) causes lysosomal dysfunction in PD 

[465]. The drug PEP005 which activates lysosomal function, increased lysosomal protein LAMP1, 

induced a-syn degradation via proteasome, and even restored TH levels in young-onset idiopathic 
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iPSC-derived hNs. The authors show that other drugs that activate lysosomal function (SMER28 

and trealose) were also able to reduce aSyn accumulation, but did not restore TH levels. Given 

the convergence of these drug activities at 14-3-3 adapter proteins, the authors posit that these 

findings implicate 14-3-3 as central hub for aSyn, but that PEP005 works downstream in an 

independent and unique way where it reduces p-PKC and can restore TH levels [465]. In a similar 

manner we suggested that aSyn acts at 14-3-3 scaffolds to facilitate the activity of Nrf2, whose 

activity can even restore neuritic length and arborization [466]. Notably, Nrf2 activity plays a role 

in maintaining proteasome homeostasis [467–469], so when the Svendsen lab observed 

activation of proteosomal degradation of aSyn, this may actually be due to PEP005 activation of 

Nrf2 through its activity of 14-3-3 proteins. Taken together, the relationship between aSyn and 

how it promotes 14-3-3 induction of PKC becomes clearer. Aberrant aSyn is unable to promote 

14-3-3 activity of PKC, resulting in a reduction of Nrf2 activity and the phosphorylation of PKC 

itself, though the precise mechanism remains elusive. Alternatively, aSyn might have opposing 

actions to 14-3-3 activity, in this way negatively regulating PKC activity. Indeed, emphasizing the 

opposing activities of aSyn and 14-3-3 proteins research has shown that 14-3-3 proteins bind TH, 

promoting its phosphorylation and increasing dopamine synthesis, while aSyn binds de-

phosphorylated TH resulting in decreased dopamine synthesis [470,471]. In addition, Underwood 

et al. showed that overexpression of 14-3-3 can rescue TH levels and reduce aSyn aggregation 

in a PFF-model of PD, further highlighting the two protein’s opposing nature. However, given that 

these studies were performed using overexpression-like models, it is possible that the findings 

are actually a consequence of the loss of function of aSyn at the 14-3-3 hub and it remains 

possible that WT aSyn facilitates 14-3-3 activity.    

In this thesis we demonstrate that rotentone and PQ/MB induced the nitration of tubulin to 

impair KIF binding and anterograde mitochondrial trafficking. However, it is important to consider 

that these agrochemicals may themselves induce cytoskeletal instability. Indeed, rotenone can 

block tubulin polymerization and promote depolymerization [472]. Similarly, paraquat can induce 

the hyperphosphorylation of tau and the hyperacetylation of tubulin which leads to the 

destabilization and remodelling of the cytoskeleton, respectively [473]. Given that rotenone has 

been shown to impair synaptic vesicular transport [474], by disrupting VMAT2  [475], the 

transporter that packages dopamine into synaptic vesicles, future research might examine 

whether levels of agrochemicals below the EPA reported lowest observable effects also impair 

vesicular trafficking and, more specifically, whether mutant aSyn hNs are more sensitive to 
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vesicular transport defects. In addition, it would be interesting to test whether these effects are 

more or less a consequence of the agrochemical itself, or of aberrant aSyn imbedding into the 

small vesicle causing a rearrangement of lipids and/or pore-formation.  

In this thesis I propose that one of the main functions of aSyn is to cluster small vesicles. 

Another way that aSyn promotes vesicle clustering has been proposed in the last year: it has 

been demonstrated that aSyn drives a liquid-liquid-phase separation [476–479]. This process has 

been shown to be regulated by synapsin which recruits aSyn to liquid condensates, however 

excess aSyn decreases this condensate formation resulting in decreased vesicle clustering and 

mobility [478]. In this way, it is believed that aSyn stabilizes the liquid state of small vesicles. 

However, if the steady state of aSyn is shifted so that the aSyn concentration is increased relative 

to the number of small vesicles, the liquid state has been reported to be more gel-like, promoting 

both aSyn fibril formation and sequestering other proteins into these deposits resembling Lewy 

body aggregates [477,479]. Although we did not examine the liquid-phase of aSyn in our model 

of PD, it has been previously shown that mutant aSyn promotes liquid-liquid-phase-separation 

[479], and may be another way that mutant aSyn impairs the native function of aSyn.   

Using a co-culture of PD and control hNs, we also found that aSyn can transfer between 

cells, producing PD pathologies in previously healthy cells. While the induction of autophagy has 

been shown to mitigate aSyn accumulation[480], some groups have found that the induction of 

autophagy has little effect on secreted aSyn [480]. In our hands, constitutive expression of LC3 

reduced intracellular PS129 levels and the amount of secreted aSyn, thereby reducing the spread 

of disease. Constitutive expression of LC3 might have these effects for a number or reasons given 

that the expression of LC3 promotes autophagy activity [481] which in turn promotes aSyn 

clearance, particularly of oligomers [482]. Yet, if LC3 is promoting autophagy the effects might 

only be temporary. Indeed, chronic reduction of metabolism (via 7 days of 50nM rotenone 

exposure) induces a reduction in autophagic flux (LC3-II), suggesting that functioning metabolism 

plays an important role in autophagy [482]. When exposing cells to much higher concentrations 

of rotenone (10uM), Mader et al. observed an increase in autophagic vesicles (LC3-II) but found 

that the lysosomal degradation of autophagic vesicles was impaired. The authors posit that this 

defect was due to decreases in cellular metabolism which are required to drive the ATP-

dependent acidification of lysosomes [483]. Given that A53T hNs have a reduced maximal 

respiratory capacity when challenged with FCCP [264] as well as decreased mitochondrial 

potential [141] we might expect the positive effects of constitutive LC3 expression to be temporary 



   

107 

 

until the oxidative stress load on hNs causes a reduction in ATP levels. Future research should 

assess whether the reduction in PS129 and secreted aSyn holds at later time points. Although 

researchers have argued that MA is induced in A53T and sporadic patients [484], these findings 

are purely observational (increased immuno-positive staining for ATG8/LC3) and do not rule out 

the notion that lysosomal degradation (i.e. the autophagolysosome) may be defective. Moreover, 

given that aSyn still accumulates in patient brain tissue [484], the induction of MA is likely not 

sufficient to buffer synucleinopathy. In contrast, over-expression of LC3 could also promote 

exosome biogenesis and secretion [485]. Indeed, a link between MA and exosome biogenesis is 

becoming evident; proteins responsible for autophagosome formation (e.g. ATG12-ATG3) are 

also implicated in exosome biogenesis (via interaction with Alix) [367,486]. As such, we would 

expect to observe increased extracellular aSyn in secreted media from cells over-expressing LC3. 

Given that we observed the opposite, it is more likely that LC3 in our system is primarily promoting 

MA. This observation aligns with research by Fussi et al. who demonstrate that exosome 

biogenesis and secretion is merely a compensatory mechanism in response to defective MA for 

mitigating aSyn accumulation [378]. Thus, increasing LC3 in our system likely reduces exosome 

secretion of aSyn since there is not the immediate need to compensate for MA.  Future research 

ought to explore whether WT aSyn cooperates with LC3 to promote macroautophagy and 

decrease exosome biogenesis in order to help illuminate the divergent functions of aSyn. 

5.5. Parkinson’s Disease Therapies 
The most common treatments for PD compensate for the loss of dopamine through 

administering patients the dopamine precursor L-dopa (i.e. levodopa) or dopamine-receptor 

agonists (e.g. apomorphine). While these treatments are able to provide some relief to patients, 

over time they become ineffective (“wearing off”) and have undesirable side-effects such as 

dyskinesias and nausea [487]. Dopamine is highly susceptible to oxidation (dopamine-quinones 

and free radicals; Fig 5.4) which has been shown to lead to mitochondrial dysfunction, lysosomal 

dysfunction, and aSyn accumulation [488–491]. Moreover, dopamine adducts as well as 

dopamine metabolites (Fig 5.3) are able to stabilize aSyn oligomers [63,66–68,492,493], through 

DA-reactivity with lysine and tyrosine aSyn residues [65,66,68,494]. Vesicle-bound aSyn protects 

aSyn from DA modifications [68]. As such, there is some concern that dopamine-inducing drugs 

might cause irreparable damage and accelerate PD progression.  
Findings highlight the role of Nrf2 in regulating synucleinopathy. Indeed, the depletion of 

Nrf2 has been shown to worsen aSyn aggregation [495] while the activation of Nrf2 improves 
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aSyn clearance [496]. Our observation that treatment with DMF reduces total aSyn and PS129 

expression levels corroborate this notion. Excitingly, in MPTP-treated mice, DMF has been shown 

to upregulate antioxidant enzymes, as well as impair nNOS and NF-kB signaling (a repressor of 

Nrf2-gene targets) through and Nrf2-dependent mechanism [283]. These findings indicate that 

DMF might rescue many pathological features of PD by upregulating the antioxidant response 

while also reducing NO generation. Indeed, the mechanism which DMF activates Nrf2 was found 

to be through S-alkylation of cysteines in Keap1, which in turn frees Nrf2 to induce the antioxidant 

response. This was observed in combination with DMF-induced nuclear export of Bach1, an Nrf2 

repressor [282]; alternative modes of action remain unknown. However, a recent study 

demonstrates that in the MPTP mouse model of PD DMF initially increases oxidative stress by 

forming adducts with GSH, thereby depleting GSH [282]. The authors suggest that the DMF-

derivative drug monomethylfumarate (MMF) might be more effective for PD, despite its weaker 

ability to activate Nrf2, given that it does not initially increase oxidative stress [282].  Since 

synucleinopathy is undoubtedly tied to increased oxidative stress, it is unclear if DMF would be 

an effective treatment for PD. Activating Nrf2 with a more targeted approach where the mode(s) 

of action do not reduce GSH would likely be safer and more viable.  

A major challenge in developing PD therapies is the lack of a biomarker for the disease. 

Our research found that in a pre-degenerative model of PD, mutant aSyn hNs secreted more 

aSyn than healthy hNs. Indeed, a recent report by Dutta et al. found that exosomes isolated from 

the plasma of PD and multiple systems atrophy patients were enriched for aSyn and they 

suggested that this might represent biomarkers for disease. In order to do this, Dutta et al. isolated 

exosomes from 250uL of cleared serum or plasma using the ExoQuick Exosome Precipitation 

Solution by Systems Bioscience. Then, Dutta et al. used an L1CAM antibody to 

immunoprecipitate  exosomes that were specifically secreted from neurons and analyzed aSyn 

content [497]. While these findings require further validation using larger cohort of patients at 

various ages post diagnosis, this might one day represent a non-invasive way to identify 

synucleinopathies. What’s more, aSyn from PD, multiple systems atrophy and Lewy body 

dementia has been shown to maintain a cellular milieu, harbouring unique structural and seeding 

properties [54,498]. Therefore, aSyn could theoretically be isolated from exosomes to determine 

its structural and seeding properties in order to properly diagnose a patient. I am hopeful that 

future discoveries regarding aSyn strains might further help understand disease progression and 

determine patient-specific treatment plans.   
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Another possible biomarker for PD is cardiolipin. Other neurological disorders: Barth 

syndrome, front-temporal lobe dementia and traumatic brain injury are associated with 

abnormalities to cardiolipin [394]. In addition, Lupus disease, antiphospholipid syndrome, and 

other disorders are associated with excess cardiolipin antibody in serum. As such, probing serum 

from patients with anti-cardiolipin antibodies are commonly used to test for said diseases [499]. 

However, when serum levels for cardiolipin were examined, there were no significant differences 

between PD patients and controls [500,501]. These findings suggest that in PD, cardiolipin may 

not be released from cells, so no immune response is triggered. Perhaps this is not surprising 

given that in models of PD, using Parkin KO-mice and rats exposed to rotenone, cardiolipin-levels 

in serum and brain lysates remained unaltered [502,503]. However, in these model systems 

cardiolipin presented as oxygenated [503] as well as decreased levels of unsaturated-cardiolipin 

[502,503]. Future research ought to probe for specific cardiolipin abnormalities in PD patients vs. 

controls. A lack of cardiolipin antibodies in serum does not rule out the notion that re-localized 

cardiolipin to the outer mitochondrial membrane might have other deleterious effects such as 

ROS generation, signaling mitophagy, signaling apoptosis, or activating the NLRP3 

inflammasome [455,504]. Indeed, it has been demonstrated that NLRP3 activity is important for 

dopaminergic neuron degeneration in models of PD [505].   

Although cardiolipin may not be an optimal biomarker for PD, it may still buffer aSyn 

toxicity. In this thesis we demonstrate that cardiolipin pulls monomers from oligomers to refold 

aSyn [141]. Thus, introducing vesicles enriched in cardiolipin might be of therapeutic benefit in 

PD. Recent findings by Ghio et al. demonstrate that the presence of cardiolipin on mitochondrial 

membranes enhanced the pore-forming activity of aSyn oligomers which leads to mitochondrial 

dysfunction (e.g. depolarization and cytochome c release) [142]. As such, treatment with 

exogenous vesicles enriched with cardiolipin may be able to pull aSyn-monomers from oligomers 

and seize aSyn oligomers away from mitochondrial membranes, thereby preserving mitochondrial 

membrane integrity. In addition, vesicles can be designed to cross the blood brain barrier 

[506,507], meaning they could represent a non-invasive therapy that is capable of reaching brain 

cells. However, it can’t be ignored that cardiolipin is highly  susceptible to oxidative stress which 

leads to cardiolipin-peroxidation, mitophagy, and even apoptosis [233]. In addition, there is 

evidence that membrane-bound aSyn might actually seed aSyn aggregation [508,509]. Given 

these findings, it should be considered that introducing cardiolipin-containing vesicles could 

exacerbate PD pathologies. 
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Furthermore, we were able to block the spread of PD pathologies in vitro using a 

monoclonal antibody for aSyn. These results are exciting given that there are a number of clinical 

trials using similar approaches to block aSyn transmission 

(https://www.michaeljfox.org/news/research-roundup-new-alpha-synuclein-therapy-begins-

clinical-trial). Preliminary results from the Roche study (prasinezumab) found that aSyn antibodies 

might be somewhat effective in slowing motor-decline in patients and reducing aSyn levels in PD 

patient blood samples (https://parkinsonsnewstoday.com/2020/04/07/roche-presents-

characteristics-patients-phase-2-trial-prasinezumab-antibody-to-alpha-synuclein/). However, 

other aSyn antibody trials, such as Biogen’s cinpaemab, have already been stopped due to its 

inability to provide significant benefits to patients (https://www.biospace.com/article/biogen-

ditches-parkinson-s-disease-drug-after-phase-ii-study-fails-to-show-benefit/). Perhaps what 

would be more effective is to target misfolded aSyn. The company Neuropore is currently 

conducting clinical trials using the small molecule (NPT200-11) that has been shown to prevent 

aSyn from misfolding in mice [510]. Given that we still do not fully understand the role of 

endogenous aSyn, future therapies might aim to target specific forms or PTMs (e.g. PS129, 

nitrated) associated with aberrant aSyn activity. 

5.6 Conclusions 
To date there exists no cure for PD; this is, in part, because the cause of PD remains elusive. 

In this thesis we show novel aSyn interactions which helps provide an interpretation about aSyn’s 

native function. We demonstrate that aSyn mutations directly impact both mitochondrial and 

autophagic function. These defects are associated with impairments of aSyn in the antioxidant 

response pathway as well as its association with vesicles. Further, we identify specific aSyn 

interactors associated with large and small vesicles: via anionic lipids (e.g. cardiolipin), proteins 

(LC3) and exosomes, respectively.  While these interactions highlight the many functions of aSyn, 

future research is needed to tease apart how aSyn mediates these interactions and whether 

targeting these pathways will be therapeutically beneficial and/or plausible.  
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Figure 5.1: Diagram depicting how aSyn promotes Nrf2 activity. In a healthy cell, Nrf2 is 

repressed by the Keap1 complex. There, Nrf2 is poly-ubiquitinated and sent for proteasomal 

degradation. When reactive oxygen species (ROS) accumulates, Nrf2 dissociates from Keap1.   

We found that aSyn complexes with Nrf2 and PKC to facilitate the phosphorylation of Nrf2. 

Phosphorylated Nrf2 enables the translocation of Nrf2 into the nucleus to act on the antioxidant 

response pathway and upregulate antioxidant enzymes. aSyn mutations disrupt the 

PKC/aSyn/Nrf2 complex formation which prevents Nrf2 translocation into the nucleus. Created 

with BioRender.com.  
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Figure 5.2: Graphical Abstract. This diagram is found in Stykel, MG et al. Cell Reports, 2021. 

We found that aSyn bound to the surface of multi-vesicular bodies (MVBs) which are derived, in 

part, from endosomes. Here, aSyn binds LC3 found on autophagosomes or lysosomes. In a 

healthy (WT) cell, aSyn/LCB is drawn into the lysosomal-vesicle for degradation. However, in PD 

(aSyn mutant neurons), aSyn sequesters LC3 into aggregates on MVBs/exosomes. This loss of 

LC3 function leads to aSyn release via exosomes.  
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Figure 5.3: Dopamine Synthesis and Metabolism. Graphical representation of dopamine synthesis and metabolism. Adapted from  

“Catecholamine Neurotransmitters - Biosynthetic Pathway”, by BioRender.com (2021) Retrieved from 

https://app.biorender.com/biorender-templates.  
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Figure 5.4: Dopamine Oxidation. A flow chart depicting the various dopamine oxidation 

products. GSH, glutathione. Created with BioRender.com.  
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Chapter 6: Materials and Methods 
This writing appears, in part, in the following publications:  

Ryan T, Bamm VV, Stykel MG, Coackley CL, Humphries KM, Jamieson-Williams R, 

Ambasudhan R, Mosser DD, Lipton SA, Harauz G, Ryan SD. Cardiolipin exposure on the outer 

mitochondrial membrane modulates α-synuclein. Nat Commun. 2018 Feb 26;9(1):817. doi: 

10.1038/s41467-018-03241-9. PMID: 29483518; PMCID: PMC5827019. 

and 

Czaniecki C, Ryan T, Stykel MG, Drolet J, Heide J, Hallam R, Wood S, Coackley C, Sherriff K, 

Bailey CDC, Ryan SD. Axonal pathology in hPSC-based models of Parkinson's disease results 

from loss of Nrf2 transcriptional activity at the Map1b gene locus. Proc Natl Acad Sci U S A. 2019 

Jul 9;116(28):14280-14289. doi: 10.1073/pnas.1900576116. Epub 2019 Jun 24. PMID: 

31235589; PMCID: PMC6628831. 

and 

Stykel MG, Humphries K, Kirby MP, Czaniecki C, Wang T, Ryan T, Bamm V, Ryan SD. Nitration 

of microtubules blocks axonal mitochondrial transport in a human pluripotent stem cell model of 

Parkinson's disease. FASEB J. 2018 Oct;32(10):5350-5364. doi: 10.1096/fj.201700759RR. Epub 

2018 Apr 24. PMID: 29688812. 

and  

Stykel, MG., Humphries, KM., Kamski-Hennekam, E., Buchner-Duby, B., Porte-Trachsel, N., 

Ryan, T., Coackley, CL., Bamm, VV., Harauz, G., Ryan, SD.  a-synuclein mutation impairs 

processing of endomembrane compartments and promotes exocytosis and seeding of a-

synuclein pathology. Cell Reports. 2021. May 11. PMID: 33979611. 
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6.1 hPSC Cultures  

With the exception of the WT BGO1 hESCs, the hiPSC isogenic lines (female) and hESC 

isogenic lines (male) used in this study were generated and kindly shared by Dr. Rudolf Jaenisch 

[310]. BGO1 hESCs were derived by BresaGen Inc. Genotypes of WT/Corrected and mutant 

(A53T and E46K) cell lines were confirmed by restriction digest of genomic DNA, as previously 

described [310]. hiPSC and hESC cultures were routinely cultured and maintained in our 

laboratory using a protocol described previously [306] with slight modifications. 

Briefly, hiPSCs/hESCs were plated on Matrigel coated plates (Corning, NY, USA) and cultured 

using mTeSR (Stem Cell Technologies) and media was changed. The colonies were manually 

passaged weekly.  

6.2 A9-type Dopaminergic Differentiation  
Immediately preceding differentiation, the colonies were dissociated into a single cell 

suspension using HyQTase. hPSCs were collected and re-plated at 4x104 cells/cm2 on Matrigel 

(BD)-coated tissue culture dishes for differentiation. Floor-plate induction was carried out using 

hESC-medium containing knockout serum replacement (KSR), LDN193189 (100 nM), SB431542 

(10 μM), Sonic Hedgehog (SHH) C25II (100 ng/mL, Purmorphamine (2 μM), Fibroblast growth 

factor 8 (FGF8; 100 ng/mL), and CHIR99021 (3 μM). On day 5 of differentiation, KSR medium 

was incrementally shifted to N2 medium (25%, 50%, 75%) every 2 days. On day 11, the medium 

was changed to Neurobasal/B27/Glutamax supplemented with CHIR. On day 13, CHIR was 

replaced with Brain Derived Neurotrophic Factor (BDNF; 20 ng/mL), ascorbic acid (0.2 mM), Glial 

Derived Neurotrophic Factor (GDNF; 20 ng/mL), transforming growth factor beta 3 (TGFβ3; 1 

ng/mL), dibutyryl cAMP (dbcAMP; 0.5 mM), and DAPT (10 μM) for 9 days. On day 20, cells were 

dissociated using HyQTase and re-plated under high cell density 4x105 cells/cm2 in terminal 

differentiation medium (NB/B27 + BDNF, ascorbic acid, GDNF, dbcAMP, TGFβ3 and DAPT) also 

referred to as DA Neuron (DAN)-Medium, on dishes pre-coated with poly-ornithine(15 

μg/mL)/laminin (1 μg/mL)/fibronectin (2 μg/mL). Cell were differentiated for up to 60 DIV, with 

analysis being performed at DIV14, DIV 30-35, DIV 45 and/or DIV 60. For treatment conditions, 

cells were exposed to either DMF (10uM), Bryostatin (1nm, 5nm, 10nm, 100nm), 

PQ/MB (2.8/1 μM), Rot (200 nM), MPP+ (1mM), L-NAME (1mM) or DMSO (vehicle) for 16 hours 

prior to analysis. For LC3 turnover assays, cell medium was replaced with DAN-medium 

containing chloroquine (20uM) for 6 hours, or HBSS for 3 hours prior to harvest.  
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6.3 Reverse Transcription and Quantitative PCR 
Total RNA was extracted from various samples using the RNeasy Mini Kit (Qiagen). One 

microgram of total RNA per sample was reverse- transcribed using the QuantiTech Reverse 

Transcription Kit (Qiagen), and the cDNA was diluted 1:4 in water. Two microliters of diluted cDNA 

were used for qPCR with PerfeCTa SYBR Green FastMix (QuantaBio) in a StepOnePlus Real-

Time PCR System (ThermoFisher). All qPCR reactions were performed at least in triplicate; data 

were normalized to 18s rRNA expression and subsequently analyzed using Prism 7.0 

(GraphPad). Primer sequences are listed in Table 1.   

6.4 Immunocytochemistry and Fluorescence Analysis 
Cells were fixed with 4% PFA for 15-20 minutes, washed 3x with PBS, and then blocked 

with 3% BSA and 0.3% Triton X-100 in PBS for 1 hour. Cells were incubated with primary 

antibody overnight at 4°C. The next day, cells were washed again and and the appropriate Alexa 

Fluor (305, 488, 594, 647) conjugated secondary antibodies were used at 1:1000 (Life 

Technologies) for 1-2 hours at room temperature. Cell were again washed 3x with PBS and then 

mounted onto coverslips using Permafluor (Thermo TA-030-FM). Primary antibodies and dilutions 

are found in Table 2.   

For FRET analysis, cells were labeled with donor (Ty-Tub) and acceptor (3-

NT) fluorophores alone to establish bleed though constants prior to co-labeling and analysis. 

Analysis was performed using the FRET analysis tool of Volocity 6.3 (PerkinElmer). Proximity 

Ligation Assay (PLA) was performed using the DuoLink in situ Red detection platform (Sigma-

Aldrich, St. Louis, MO, USA) with mouse and rabbit probes. Imaging was performed using either 

an Axio-observer LSM 800 with Airyscan for super-resolution imaging by structured illumination 

(Zeiss, North York, ON, Canada) or an Axio-observer Live-cell imaging microscope with LED 

based illumination and Optical Sectioning by structured illumination (Zeiss, North York, ON, 

Canada). Objectives used were Plan-APO 40x/1.4 Oil DIC VIS-IR or Plan-APO 63x/1.4 Oil DIC 

M27.  

For counting experiments, imaging was performed using either an Axio-observer or an 

Axio-observer Live-cell imaging microscope with LED-based illumination and Optical Sectioning 

by structured illumination (Zeiss). Objectives used were Plan-APO 40x/1.4 Oil DIC (UV) VIS-IR 

or Plan-APO 63x/1.4 Oil DIC M27. Lineage analysis was performed using the object recognition 

tool of Volocity 6.3 (PerkinElmer). 
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6.5 Western Blot Analysis 
 Typically, protein samples were harvested in RIPA buffer containing protease and 

phosphatase inhibitors (NaF, PMSF, NaV, aprotinin). Western Blot Analysis. Samples were 

separated on a 4-12% gradient Bis-Tris SDS/PAGE gel and transferred onto 0.2 μm of 

nitrocellulose. Membranes were probed with primary antibodies (Table 3). When donkey anti-

mouse (1:5,000; BioRad) and anti-rabbit (1:5,000; BioRad) horseradish peroxide-conjugated 

secondary antibodies were used, clarity western enhanced chemiluminescence blotting substrate 

(Bio-Rad) was used to visualize bands on blots. When anti-mouse (800) and anti- rabbit (700) Li-

Cor infrared-conjugated secondary antibodies were used (1:5,000), bands were visualized on the 

Li-Cor Fc imaging platform. Densitometry was performed to quantify band intensity using Image 

J or the Li-Cor Fc program.  

6.6 Fractionation of Soluble, Insoluble and Heat Stable protein 
For soluble and insoluble fractionation, cells were lysed using TBS + 1% TritonX100. 

Samples were sonicated using a 2-mm probe tip sonicator (5-second pulse, 40% amp, 30 

seconds total time) and spun at 100,000 x g for 45 minutes at 4°C. Supernatant was removed 

and labelled “soluble fraction”. Pellets were washed twice in corresponding lysis buffer, and 

resuspended in 8 M urea + 8% SDS in TBS. Samples were allowed to sit at room temperature for 

30 minutes and then stored at -20oC until needed. Protease and Phosphatase inhibitors (NaF, 

PMSF, NaV, aprotinin) were added to lysis buffers just before use. Protein concentration was 

determined using the Bio-Rad DC Protein assay. Samples were then processed in the manner 

as for western blots of whole cell lysate. For heat stable fractionation, cells were collected in TBS 

pH 7.4 containing 10mM sodium fluoride, 2mM EGTA, beta-mercaptoethanol to 5% (v/v) sodium 

chloride to 2% and Protease and Phosphatase inhibitors (NaF, PMSF, NaV, aprotinin). Samples 

were heated at 100°C for 10 min and cooled on ice for 30 min prior to centrifugation. The clear 

supernatant was collected as the heat stable fraction 

6.7 Gene Expression Analysis 
 Microarray data from untreated SNCA-A53T and SNCA-corrected hNs (n = 3 experiments) 

were collected previously (15) using the Microarray Gene Expression Platform with Illumina 

beadchip human-HT-12 v4 (Design ID # #R1_15002873_B), followed by analysis with Illumina 

GenomeStudio® software to identify genes whose expression was statistically altered (p < 0.05) 

by at least 1-fold (15; data accessible at NCBI’s Gene Expression Omnibus [511]; accession 

GSE46798). Additional microarray data from both untreated hiPSC- derived SNCA-A53T and 



   

119 

 

SNCA-corrected hNs and untreated hESC-derived SNCA-A53T and SNCA-WT hNs (n = 3 

experiments) were collected using the Affymetrix GeneChip Scanner 3000 with Affymetrix 

GeneChip Human Gene 2.0 ST (Chip Lot # 4366498), followed by analysis with Transcriptome 

Analysis Console (TAC) Software (ThermoFisher) to identify genes whose expression was 

statistically altered (p < 0.05) by at least 1-fold (data accessible at NCBI’s Gene Expression 

Omnibus (51); accession GSE131597). Data were normalized by Robust Multi-Array average. To 

identify consistent changes to gene expression in PD, the hiPSC-derived and hESC- derived 

SNCA-A53T hNs differentially expressed genes were queried against curated genomic profiles 

using Illumina’s BaseSpace Correlation Engine software (previously known as NextBio Research) 

to identify highly correlated, PD-associated datasets [512]; (accessed on June 7, 2016 and May 

11, 2019). BaseSpace Correlation Engine associates two sets of differentially expressed genes 

using a Running Fisher algorithm to compute a normalized enrichment score representing the 

pairwise correlation between the datasets [512]. This analysis allows the query sequence (SNCA-

A53T hNs genes) to be compared against all profiles in the BaseSpace Engine database. With 

an enrichment score of 85 out of 100, the gene expression profile of SN from 8 sporadic PD 

patients (Braak α-syn stages 5-6) relative to 8 clinically normal controls (Braak α-syn stage 0) 

harvested post-mortem [513]; (NCBI’s Gene Expression Omnibus accession GSE49036), was 

selected for further comparison with the SNCA-A53T hNs differentially expressed genes. Briefly, 

these PD SNpc profiles were acquired using the GeneChip Human Genome U 133 Plus 2.0 array, 

followed by analysis with Partek® Genomics Suite® software to combine samples and identify 

genes whose expression was statistically altered (p < 0.05) by at least 1.2-fold [513].  

For pathway enrichment, differentially expressed genes present in both hiPSC-derived 

SNCA-A53T hNs and PD SNpc or hESC-derived SNCA-A53T hNs and PD SNpc were filtered 

based on regulatory motifs identified in the Broad Institute Molecular Signatures Database 

(BroadMSigDB) using BaseSpace Correlation Engine [512]; (accessed on June 7, 2016, and May 

12, 2019). In short, BaseSpace Correlation Engine associate’s regulatory motifs with differentially 

expressed genes using the Running Fisher algorithm to compute normalized enrichment scores 

for each motif. The resulting motif list was then manually filtered to focus on transcription factor 

binding motifs and to remove redundancy. To determine whether the identified transcriptional 

regulators are associated with a common cellular pathway, a network analysis was performed 

using GeneMania [514]; (accessed on April 5, 2017), which contrasts targets against databases 

of known pathways in Reactome and BioCyc, via PathwayCommons, and the resulting network 
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of the top 10 genes was weighted based on molecular function. To group differentially expressed 

genes associated with the identified transcriptional regulator into functional categories, the 

associated differentially expressed genes within both hiPSC-derived SNCA-A53T hNs and PD 

SNpc or hESC-derived SNCA-A53T hNs and PD SNpc were clustered for cellular component and 

biological process Gene Ontology (GO) terms using the Database for Annotation, Visualization 

and Integrated Discovery (DAVID) v6.7 [515,516]. Only level 4 and 5 terms were investigated, 

and the cut off for the level of significance over background was p < 0.05 using Fisher's exact test 

with correction for multiple hypothesis testing by the algorithm of Benjamini and Hochberg. The 

background set of genes used was the entire human genome. After clustering, differentially 

expressed genes associated with the most significant GO-term, Microtubule (GO:0005874), were 

retained and fold changes visualized using Morpheus (Broad Institute).  

6.8 Mitochondrial Analysis 
 For MitoSOX staining of superoxide anion, live cells were loaded with 1.25 μM MitoSOX 

(Thermo-Life Technologies) in media for 15 min at room temperature. Excess dye was washed 

out with PBS. Cells were then processed as per the manufacturer’s protocol for visualization of 

differential fluorescence intensities. Imaging was performed using an Axio-Observer microscope 

with light- emitting diode–based illumination and optical sectioning by structured illumination 

(Zeiss). Objectives used were plan-apochromat (APO) 40×/ 1.4 oil differential interference 

contrast (DIC) visible-infrared or plan-APO 63×/1.4 oil DIC M27. 

 For fragmentation analysis, stable MitoDSRed was achieved by lentiviral infection at DIV 

11 of differentiation (lentiviral constructs were kindly donated by Dr. Ruth Slack, University of 

Ottawa).  MitoDSRed expressing hNs were imaged using Axio-observer LSM 800 with Airyscan 

or using LED-based illumination and Optical Sectioning by structured illumination (Zeiss), and 

volumetric analysis of mitochondrial particles was performed using the measurements tool of 

Volocity 6.3 (PerkinElmer). Mitochondria were scored as fragmented if >15% of the total 

mitochondrial volume per cell existed in particles with a volume <5 μm3. Mitochondrial 

Mitochondrial potential was assessed by analyzing TMRE fluorescence levels using the dequench 

method and based on the manufacturer's protocol on a Beckman-Coulter FC500 flow cytometer.  

 For TEM, neurons were fixed with 4% PFA/2% Gluteraldehyde, counterstained with 1% 

osmium and 1% uranyl acetate in cacodylate buffer, embedded in LR White, sectioned and 

imaged on a FEI Tecnai G2 F20 Transmission Electron Microscope. 
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 Nucleofection with mt-mKeima (addgene) was performed between days 11 and 14 (hNPC) 

or days using human stem cell nucleofector kit 1 (Lonza, VPH5012) in conjunction with the Amaxa 

Nucleofector 2b system (Lonza) according to the manufacturer’s protocol. 

Mitochondrial transport was assessed by live cell imaging 

of MitoDSRed expressing human neurons using an Axio-observer Live-cell imaging microscope 

with LED based illumination equipped, piezo stage with triggering for high speed acquisition and 

with environmental control. Objectives used were Plan-APO 40x/1.4 Oil DIC VIS-IR or Plan-APO 

63x/1.4 Oil DIC M27. Images were captured every 100 ms. For live-cell imaging of axonal 

mitochondria, coverslips were transferred to phenol free medium to maintain cell viability. 

Kymographs were generated from 1-3-min-long time-lapse movies and analyzed with 

using Volocity (PerkinElmer, Guelph, ON, Canada), for percent time in motion, velocity, total 

distance traveled and direction.   

6.9 Immunoprecipitation and Protein Analysis  
Cells were washed once with phosphate buffered saline solution and resuspended into 

IP-lysis buffer (50mM Tris-HCl pH7.5, 150mM NaCl, and 0.5% v/v NP40). Cell suspensions were 

passed through a 21G needle 5 times to lyse. Lysates were incubated on ice for 15 minutes, 

followed by centrifugation (14,000g, 5 minutes, 4°C) to remove debris. The supernatant was 

collected and protein concentration was determined using the Bio-Rad detergent compatible 

protein assay (Invitrogen). For immunoprecipitation, 500µg of protein was incubated overnight 

rotating at 4°C with 2.5ug of antibody anti-a-syn (BD610878), b-Tubulin, anti-LC3B (ab192890)), 

anti-mouse IgG (sc-3877) or anti-rabbit IgG (ab172730) antibody or 5ug of KIF5B (ab167429) or 

IgG (sc-2026). Antibody-bound proteins were pulled down using magnetic Dynabeads protein G 

(Invitrogen 10004D). Briefly, beads were washed and resuspended in phosphate buffered saline 

solution and then added to protein/antibody suspensions (50µL/sample). Capture occurred over 

2 hours at 4°C, rotating. Samples were washed 3x in phosphate buffered saline solution 

containing 0.02% Tween20, discarding the supernatant each time. Finally, 25uL 50mM glycine, 

pH2.8 and SDS-protein loading dye (laemmli buffer) was used to elute the antibody-bound protein 

by heating at 70°C for ten minutes. Samples (and inputs) were immediately loaded onto 12.5% 

SDS-page gels for western-blot analysis. 

6.10 Detection of NO by DAF-FM Fluorescence Intensity   
For DAF-FM analysis of NO, cells were loaded with 2.5 µM DAF-FM (Invitrogen, 

Burlington, ON, Canada) in recording buffer: 5 mM d-glucose, 10 mM Hepes, 135 mM NaCl, and 
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5 mM KCl. Briefly, cells were loaded for 15 min at room temperature, washed and then incubated 

for 15 minutes at 37°C for de-esterification. Images were acquired using an Axio-observer Live-

cell imaging microscope with LED based illumination and Optical Sectioning by structured 

illumination. Objectives used were Plan-APO 40x/1.4 Oil DIC VIS-IR or Plan-APO 63x/1.4 Oil DIC 

M27. Quantification of fluorescent intensity was performed using Zen 2.3 (Zeiss, North York, ON, 

Canada).  

6.11 Synthesis of Recombinant Proteins  
A cDNA sequence encoding the 38 C-terminal amino acids of de novo synthesized α-

tubulin (CTT-Y), was sub-cloned from a CTT-containing, pET16b construct (Dr. Philippe Savarin, 

INSERM) [517], into ChampionTM pET SUMO Expression System (Invitrogen Life Technologies, 

Burlington, ON). The resulting plasmid was sequenced (Laboratory Services Division, University 

of Guelph), and transformed into E. coli BL21-CodonPlus (DE3)-RP cells (Stratagene, La Jolla, 

CA). The peptide was expressed and purified using the previously published method for the 

purification of myelin basic protein segments [518]. The plasmid pET21a containing human α-

syn cDNA was purchased through Addgene (Plasmid #51486) and deposited by MJFF. 

Mutagenesis was subsequently performed to generate the A53T variant using the Q5 site directed 

mutagenesis kit (NEB) with the following mutagenesis primers: for A53T 

Forward: GCATGGTGTGaCAACAGTGGC, Reverse: ACCACTCCCTCCTTGGTT. Plasmids 

with mutant and WT a-syn variants were transformed into BL21-CodonPlus (DE3)-RIPL 

competent cells (Stratagene, La Jolla, CA) and protein induction was performed in the same 

manner as for CTT-Y. Protein purification was completed via boiling according to the method 

of Livernois et al. [519] with slight modifications. Briefly, the cell pellet from 500-mL culture was 

thawed on ice, resuspended in 50 mL water, and placed in a beaker of boiling water for 20 minutes 

with shaking every 5 minutes, and then placed on ice for another 5 minutes. The lysate was 

centrifuged at 50,000xg for 30 min at 4°C. Supernatant was transferred to a new tube, Tris-HCl 

(pH 8.0) was added to a final concentration of 20 mM, and supernatant was filtered through a 0.2-

μm membrane. Anion-exchange chromatography (FPLC) was performed on a 1-mL 

Pall AcroSep DEAE column connected to a DuoLogic system (Bio-Rad). Fractions were analyzed 

using SDS–PAGE, and those fractions containing α-syn were pooled and run through a Symmetry 

300, C18, reversed-phase HPLC column on a Waters system with Millennium 32 software. 

After reversed-phase HPLC, the pure protein solution was frozen at 80°C and lyophilized until 
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dry. Samples were stored at -20°C until further use. The A53T malar mass was validated via mass 

spectrometry.  

6.12 Influence of 3-nitrotyrosine (3-NT) modification on Protein Interaction  
To evaluate the effect of tubulin nitration on α-syn binding, microtubules were isolated 

from bovine brain through multiple cycles of polymerization and depolymerization according to 

the method of Castoldi & Popov [520]. Isolated microtubules or purified CTT-Y protein was 

subsequently treated with 1mM ONOO- or NaOH (vehicle) control in 100 mL of 25 mM purified 

tubulin. Samples were then diluted 1:1000 to a final volume of 200 μl in Brinkly Buffer 80 mM 

PIPES (80 mM PIPES-KOH, 1 mM MgCl2, 1 mM EGTA, pH 6.8) and loaded into the slot blot 

apparatus (Bio-Rad). The sample was allowed to enter the apparatus by gravity for 10 minutes 

before vacuum was applied. Following sample loading, wells were washed using 400 μl PBS. 

Subsequently, the membrane was removed from the slot blot apparatus, and blocked using 5% 

milk in PBS for 1 hour. To test the binding of α-syn, membranes were incubated with 25 nM of 

either WT α-syn or A53T mutant α-syn for 1 hour at 37°C with shaking. The membrane was 

then washed 3x with PBS and incubated with primary antibody α-syn (Abcam 1:1000) or 3NT 

(Thermo Fisher, 1:1000). Licor infrared conjugated secondary antibodies (donkey-anti-rabbit or 

donkey-anti-mouse, 1:2000) were used and densitometry was preformed to quantify band 

intensity using Li-Cor Fc.    

6.13 Ultrastructure analysis 
The cells were treated with HyQTase to lift the cells from the well, then pelleted at 300xg 

for 5 minutes. The pellet was fixed in 4% paraformaldehyde (PFA) and 0.1% glutaraldehyde in 

DMEM at 4°C overnight. It was then washed with phosphate buffered saline (PBS), twice with 

MOPS (100 mM MOPS containing 1.2 mM sodium azide, pH 7.4), and once with cacodylate, 

followed by incubation in 2% osmium tetroxide in cacodylate for 2 hours at room temperature to 

stain membrane lipids. Next it was washed with cacodylate and distilled H2O before incubation in 

2% uranyl acetate for 1 hour. The pellet was then washed twice with distilled H2O, followed by 

incubation in 50%, 75% and 95% ethanol containing 0.1% sodium chloride, and twice in 100% 

ethanol, each for 10 minutes at room temperature. It was next incubated in 10%, 50% and 75% 

LR White (LRW) resin in ethanol for 15-30 minutes each, followed by an overnight incubation in 

100% LRW at room temperature. The following day, the pellet was incubated in 100% LRW for 

15-30 minutes and was then transferred to an EM capsule containing 100% LRW, which was 

sealed and placed in a 60°C oven overnight to polymerize the resin. Following polymerization, 
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the sections were cut with a diamond knife into slices 50-70 nm thick. The slices were then placed 

on copper grids, and stained with uranyl acetate and lead citrate. Images were acquired using a 

Tecnai F20 transmission electron microscope at 6000X – 10000X magnification. The images were 

analyzed using ImageJ (National Institute of Health). The diameter of each cisterna of the Golgi 

apparati was measured as an indication of Golgi dilation. Vacuoles were defined as globular 

membrane-bound regions, with identifiable internal membrane compartments suggestive of 

MVBs. For vacuole analysis, the area of cell soma and the sum of vacuolar area were measured. 

Using these data, the area of vacuoles per 100 nm2 of cell soma was calculated.  

6.14 Immunogold Labeling 
Ultrathin sections acquired and placed on nickel grids and antigen retrieval using Tris-

Buffer pH 10 was completed for 24hrs at 65C. Sections were then incubated in serum blocking 

buffer for 30mins.  Sections were rinsed for 2x5 mins with incubation buffer (PBS, 0.1-0.2% BSA, 

15 mM NaN3 pH 7.4) and incubated in primary antibody (Anti-Phosphoserine-129 (81A) 

(1:10000)) in incubation buffer overnight at 4C. Sections were washed in incubation buffer 6x5 

mins. Sections were transferred into Aurion Immuogold conjugate EM-grade 15mm Goat-anti-

Mouse at 1/20 dilution in incubation buffer and incubated for 2hrs. Sections were washed and 

then fixed in fixed in 4% paraformaldehyde (PFA) and 0.1% glutaraldehyde for 5 mins. Sections 

were counter stained with uranyl acetate and lead citrate. Images were acquired using a Tecnai 

F2028 transmission electron microscope at 6000X – 10000X magnification. 

6.15 aSyn Purification and PFF Formation 
The plasmid pET21a containing human α-syn cDNA was purchased through Addgene 

(Plasmid #51486) and deposited by the MJFF. Mutagenesis was subsequently performed to 

generate the A53T variant as previously described [70]. Mutant and non-mutant colonies from a 

freshly transformed BL21-CodonPlus (DE3)-RIPL competent cells (Agilent Tech) were used to 

inoculate a 10-mL starter culture, which was grown overnight at 37C in an incubator shaker. Cell 

culture from the over-night growth was then diluted 100-fold and induced with 250 μg/mL IPTG at 

A600= 0.6 for 3 hours. All the cultures were performed in LB media with 50 μg/mL ampicillin at 

37oC. Culture was centrifuged at 6000 rpm for 10 minutes at 4°C and pellets were frozen at -80°C 

until they were ready to be used. Protein purification was completed via boiling according to  with 

slight modifications made to adjust for the anionic properties of α-synuclein.  Briefly, the cell pellet 

from 500-mL culture was thawed on ice for 20 minutes, resuspended in 50 mL water, and placed 

in a waterbath with boiling water for 20 minutes with shaking every 5 minutes, and then placed on 
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ice for another 5 minutes. The lysate was centrifuged at 70,000xg for 30 min at 4°C. Supernatant 

was transferred to a new tube, Tris-HCl (pH 8.0) was added to a final concentration of 20 mM, 

and supernatant was run through a 0.2-μM filter. Anion-exchange chromatography (FPLC) was 

performed on a 1-mL Pall AcroSep column connected to a DuoLogic system (Bio-Rad). Fractions 

were analyzed using SDS–PAGE, and those fractions containing α-syn were pooled and run 

through a Symmetry 300, C18, reversed-phase HPLC column on a Waters system with 

Millennium 32 software. After reversed-phase HPLC, the pure protein solution was frozen at 80°C 

and lyophilized until dry. Samples were stored at 20°C until further use. The A53T sequence was 

validated via mass spectrometry. Preparation of Pre Formed Fibrils (PFFs) was completed as per 

[374] with minor changes. The starting 30 mg/mL monomeric stock solution was made fresh from 

lyophilized protein powder and not a frozen stock solution. The stock solution was then spun at 

100,000xg at 4°C for 60 minutes, and the supernatant was removed to produce PFFs. The 

supernatant was diluted in sterile PBS to a final volume of 500 μL and a final concentration of 5 

mg/mL. Samples were put on a Vibromixer placed inside a 37°C warm room and shaken for 7 

days at 1000 RPM.  A sedimentation assay was completed to confirm PFF formation, and PFFs 

were aliquoted (10 μL) and stored at −80oC until needed. The plasmid (pET15b) containing human 

LC3B was purchased through Addgene (plasmid #73949) and deposited by Dr. Dieter Willbold’s 

lab. The plasmid was transformed and expression induced in the same manner as α-syn. LC3B 

was purified as per the Willbold lab protocol [521]. 

6.16 Gel mobility shift assays 
LC3B and either WT, A53T, or E46K-α-syn were incubated with 0.0035% glutaraldehyde 

at 37 ⁰C for 3 hours, at which point they were mixed with 10 µL of Tris-HCl pH 8 and 27.5 µL of 

5X Reducing Sample Buffer before being separated on 16% Bis-Tris SDS-PAGE gels and 

transferred onto 0.2 µm nitrocellulose membranes. Membranes were then probed with total α-syn 

anti-mouse monoclonal [BD Trans, 1:1000, Cat. no. 610787] and LC3B anti-rabbit polyclonal 

[Abcam, 1:1000, Cat. no. ab48394] primary antibodies. Donkey anti-rabbit-800 Li-Cor secondary 

antibodies and donkey anti-mouse-700 Li-Cor infrared conjugated secondary antibodies were 

then used at 1:5000 dilutions. Bands were visualized on blots using the Li-Cor Fc imaging platform 

and Clarity Western ECL Blotting Substrate [Bio-Rad] in succession. Densitometry was then 

performed on the Li-Cor Fc imaging to quantify the ratio of monomeric α-syn or LC3B relative to 

the total lane intensity.  
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6.17 CD Spectroscopy 
All CD data was collected using a Jasco J-815 spectropolarimeter (Japan Spectroscopic, 

Tokyo, Japan) using a quartz cuvette with a 1-mm path length (Hellma, Concord, ON, Canada), 

with thermostating at 37°C using a Jasco PTC-424S/15 Peltier temperature controller (Japan 

Spectroscopic, Tokyo, Japan). The samples contained 4 μM of protein (WT or A53T α-synuclein) 

in 10 mM potassium phosphate buffer (pH 7.4) and various concentrations of LC3B. Each 

spectrum was collected at a scan rate of 100 nm min−1 and represents an average of 3 scans. 

Corresponding buffer scans were subtracted from sample scans before analysis and presentation 

of the data. Secondary structure was analyzed using the CONTIN-LL algorithm [522] at 

Dichroweb [523].  

6.18 SHSY5Y culture and differentiation 
SHSY5Y-cells (Female) were maintained in growth media [1% MEM-non essential amino 

acids (HyClone SH30238.01), 1% pen/strep (Gibco, 15140122), 1% sodium pyruvate (Gibco 

11360-070) containing 5% fetal-bovine serum (Atlanta Biologicals, S12450)]. Cells were plated 

onto gelatin-coated coverslips in a 24-well plate and neuronal-differentiation was conducted once 

cells were approximately 70% confluent. To do so, cells underwent a complete media change 

every other day in reduced serum growth media (1% fetal-bovine serum) supplemented with 1mM 

Retinoic Acid (Acros Organoics, 207341000). On the first day of differentiation cells were treated 

with PBS or synuclein pre-formed fibrils (PFFs, 1ug/mL) to induce a-syn aggregation. Cells were 

fixed for analysis on the seventh day of differentiation. 

6.19 RAB5QL Transfection 
On day 4 of differentiation, SHSY5Y cells were transfected with DsRed-Rab5QL plasmid 

sourced from addgene (Plasmid #29688). Transfection was carried out using Lippofectamine 

3000 reagent, P3000 (L3000008), and Rab5QL (2ug/mL) diluted in Opti-MEM (Thermofisher) as 

per the manufacturers guidelines (Thermofisher) and added drop-wise to 500µl of cell 

differentiation media. An additional 500µl of media was added after 5 hours. The next day, a 

complete media-change was performed, removing all traces of transfection reagent. 72 hours 

later cells were fixed (4% PFA 12 minutes room temperature) for immunocytochemistry. 

6.20 Endosomal Fractionation 
MVBs were isolated as per Araújo et al.’s protocol using a discontinuous sucrose gradient 

[524]. Neurons were washed with PBS, pelleted by centrifugation, and resuspended in 

homogenization buffer (250 mM sucrose, 3 mM imidazole,1 mM EDTA, 0.03 mM cycloheximide). 
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Then, cells were lysed using a 21G needle and the nuclear pellet and cell debris were removed 

by centrifugation (2000 x g 10 minutes at 4°C). The remaining endomembrane fraction was 

adjusted so that the sucrose concentration was 25% (w/w). A step-wise sucrose gradient 45%, 

35%, 25% (in 3 mM imidazole, pH7.4 and 1 mM EDTA ddH2O) layering the endomembrane 

fraction on top. Tubes were spun at 200,000 x g 1.5hour at 4°C using a Sw40Ti rotor. Thereafter, 

interphases were collected: HB/25% interphase containing multi-vesicular bodies, the 25%/35% 

interphase containing early endosomes, and the 35%/45% interphase containing endoplasmic 

reticulum and Golgi. Fractions were separated by SDS-page for downstream analysis by western 

blot. Early endosomes were separated from late endosomes using anti-EEA1 (Abcam, 1:1000) 

and anti-Rab7 (Cell Signaling, 1:1000) respectively. 

6.21 Exosome Isolation 
Exosomes were harvested from cells exposed to conditioned media for 72 hrs.  Exosomes 

were isolated using the Total Exosome Isolation Reagent (from cell culture media) by 

ThermoFisher in accordance with the manufacturer’s protocol. 

6.22 Lentiviral Production and Transduction 
pLenti PGK GFP-LC3BG120A (#123242), pLenti PGK GFP-LC3BG120 (#123241) constructs 

were maxi-prepped (Qiagen 12662) and sequences confirmed by Sanger-sequencing (AAC 

Genomics Facility, University of Guelph). Lentivirus was prepared using the single shot lentiviral 

packaging system in LentiX-293T cells according to manufacturer’s protocol (ClonTech 631275). 

After viral collection, the virus was concentrated using concentration buffer (40%w/v PEG8000, 

1.2M NaCl and 1% PBS final pH7.0-7.2) by adding 3:1 viral supernatant:concentrator volume and 

incubating overnight at 4°C with shaking. Thereafter, the virus/concentrator was centrifuged at 

1600G for 60 minutes at 4°C. The supernatant was decanted, and viral pellet resuspended in 

PBS, aliquoted and stored at -80°C as per MD Andersen Cancer Center protocol (University of 

Texas). For GFP-LC3bG120/A transduction, hPSCs grown in 6-well format were infected at day 10 

of differentiation by the addition of virus (MOI 10) and 8 µg/mL polybrene (EMD Millipore TR-

1003-G) in 500µl N2 media. After 6 hours, transduction media was removed and replaced with 

fresh N2 media and the differentiation protocol continued.  

6.23 Statistical Analysis 
Data represent at least 3 independent differentiations with at least two replicates, 

presented as mean + s.e.m. or ± min to max. Statistical significance was ascertained by Student 

t-test or two-way anova with appropriate post hoc testing (dunnett’s or tukey’s test). P values 
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under 0.05 were considered statistically significant (shown as *); P values under 0.01 were 

considered highly statistically significant (shown as **). All data were analyzed using Prism7 

(Graphpad Software Inc.). For data not fitting a normal distribution, non-parametric tests were 

used. 
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Table 1 

qRT-PCR Primer Information 

qRT-PCR  Forward Primer Sequence Reverse Primer Sequence 

FOXA2  GCACTCGGCTTCCAGTATGC GCGTTCATGTTGCTCACGGA  

GAPDH TGGTGCTGAGTATGTTCGTGGAGT AGTCTTCTGAGTGGCAGTGATGG  

GCLC  GGCGATGAGGTGGAATACAT GTCCTTTCCCCCTTCTCTTG  

IDS CCAACTCGACCACAGATGCT GCCAGTGAGGAAAGAAACGC 

LMX1 GCAAAGGGGACTATGAGAAGGA CGTTTGGGGCGCTTATGGT  

NQO1  GGGCAAGTCCATCCCAACTG GCAAGTCAGGGAAGCCTGGA  

OCT4  GAGAACCGAGTGAGAGGCAACC CATAGTCGCTGCTTGATCGCTTG  

OTX2  CAAAGTGAGACCTGCCAAAAAGA TGGACAAGGGATCTGACAGTG  

SOD1  AAGGCCGTGTGCGTGCTGAA TCCCCACACCTTCACTGGTCC  

SOX2  GCCGAGTGGAAACTTTTGTCG GGCAGCGTGTACTTATCCTTCT  

TH TCCTCGATGAGGCTCTGC GACCTCCACACTGAGCCAT 

TNXRD1 GTTACTTGGGCATCCCTGGTGA CGCACTCCAAAGCGACATAGGA  

UGT1A1 CCTTCACCAAAATCCACTATCCC ACAGGACTGTCTGAGGGATTT  

qRT-PCR  Company Sequence 
DAT  QIAGEN, CAT# PPH01449A-200 Pre-validated, proprietary 

DARP32  QIAGEN, CAT# PPH05948A-200 Pre-validated, proprietary 
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Table 2 

Immuno Antibody Information 

Antibody Company(catalogue) Dilution 
aSyn(PS129) Biolegend  (825701)  1:1000 

aSyn BDBioscience (610878) 1:500 

3-NT Thermo (LF-PA0067) 1:500 

a-Tub Thermo (PA5-29444) 1:500 

MAP2 Thermo (MS-249-S0) 1:1000 

C-term a-Tubulin (CTT) Abcam (ab6160) 1:1000 

DeTy-Tubulin Abcam (ab24622) 1:1000 

Ubiquitin Abcam (ab7780) 1:500 

Oct3/4 Santa Cruz (sc5279) 1:200 

Nurr1 Santa Cruz (sc-376984) 1:500 

Sox2 Santa Cruz (sc-17320) 1:200 

LMX1A Millipore (AB10533) 1:1000 

Nestin Millipore (SAB4200394)  1:1000 

TH Pel-Freeze (P40101) 1:500 

Girk2 Millipore (ab5200) 1:1000 

FoxA2 Santa Cruz (sc-6554) 1:100 

Kif5B Abcam (ab167429) 1:500 

Tubulin Cell Signalling (2148) 1:500 

bIII-Tubulin Biolegend (801202) 1:1000 

LC3B Abcam (ab48394) 1:100 

Alix Abcam (ab186728) 1:1000 

LC3 (pan) Biolegend (828101) 1:100 

Lamp1 Biolegend (121602) 1:500 

Rab7 Cell Signalling (9367) 1:500 
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Table 3 

Western Blot Antibody Details 

Antibody Company(Catalogue)/Gifted by Dilution 
aSyn  BD Bioscience (BD610878) 1:1000 

aSyn(PS129)  Abcam (ab51253) 1:1000 

B-actin  Sigma (A5441) 1:5000 

BIII-tubulin Biolegend (802002) 1:1000 

GAPDH Millipore (AB2302) 1:2000 

GAPDH Sigma (G9545) 1:1000 

GCLC  Abcam (ab207777) 1:1000 

Histone 3 Santa-cruz (sc-8654) 1:500 

LC3B Abcam (ab192890) 1:1000 

LC3B Abcam (ab48394) 1:1000 

NQO1  Sigma (SAB1104993) 1:200 

Nrf2 Abcam (137550) 1:1000 

Nrf2-pSer40 Aviva (OABF00897) 1:1000 

PKC Abcam (ab17769) 1:1000 

Synaptophysin Synaptic Systems (101 002) 1:1000 

Tau(DA9)  Peter Davies, Feinstein Institute  1:1000 

Tau(PHF)  Peter Davies, Feinstein Institute  1:1000 

KIF5 Abcam (ab167429) 1:500 

3-NT Thermo (LF-PA0067) 1:500 

B-tubulin Biolegend (802002) 1:5000 

Heme-oxygenase Abcam (ab68477) 1:5000 
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