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Abstract 

Parkinsonôs disease (PD) is the second most common neurodegenerative disease 

that is characterized by motor symptoms and dysregulation of the dopaminergic system. 

One of the main hallmarks of PD is abnormal alpha-synuclein (Ŭ-syn) aggregation that is 

the main component of Lewy bodies, the formation of which leads to oxidative stress, 

excitotoxicity and eventual cell death. In out experiment Ŭ-syn fibrils and A53T 

adenovirus will be added to SH-SY5Y cells to mimic PD conditions of protein 

aggregation and overexpression. In this thesis investigates the possibility of clearing Ŭ-

syn fibrils from SH-SY5Y cells using an allosteric mGluR5 inhibitor, CTEP. We found 

that CTEP contributed to significant elimination of Ŭ-syn fibrils form SH-SY5Y cells. 

Assessment of AKT/mTOR pathway has shown that CTEP action is at least in part 

mTOR dependent. Additionally, we found a significant upregulation of autophagy system 

components, such as Beclin1, Atg5-Atg12 complex, Atg7, Atg101 and Atg3, and 

significant downregulation of inhibitory pULK1 in response to CTEP administration. We 

conclude that CTEP is a useful pharmacological agent that could be used against the 

abnormal Ŭ-syn aggregation.     

      

 

 

 

 



iii  

 

Acknowledgements 

I would like to express my gratitude to all members of Hayley and Biggar labs. I 

wish to include a special thank you to Teresa Fortin and Zach Dwyer whose advice and 

support allowed for such a prompt completion of this thesis. Also my deepest gratitude 

goes to my committee members for their valuable feedback and advice. Finally, I would 

like to express a special thank you to my supervisors Dr. Shawn Hayley and Dr. Kyle 

Biggar for their guidance, patience and overall positive attitude.        

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 

 

Table of Contents 

Abstract .............................................................................................................................. ii  

Acknowledgements .......................................................................................................... iii 

Table of Contents ............................................................................................................. iv 

List of Abbreviations ....................................................................................................... vi 

List of Tables ................................................................................................................... vii 

List of Illustrations  ......................................................................................................... viii  

Introduction  ....................................................................................................................... 9 

1.1 Parkinson's disease ......................................................................................................... 9 

1.2 Alpha-synuclein ............................................................................................................ 14 

1.3 Protein Degradation in PD ............................................................................................ 17 

1.4 PD Therapy ................................................................................................................... 21     

Methods ............................................................................................................................ 26 

Model Selection ......................................................................................................................... 26 

Cell Culture ............................................................................................................................... 27 

Immunofluorescence ................................................................................................................. 27 

Western Blot .............................................................................................................................. 28 

Statistics ..................................................................................................................................... 28 

Results .............................................................................................................................. 29 

A-syn Fibril Model Assessment ................................................................................................ 29 

Effect of CTEP on mTOR/AKT Pathway ................................................................................. 36 

Effect of CTEP on Autophagy Initiation ................................................................................... 37 



v 

 

Effect of CTEP on Autophagy Elongation ................................................................................ 39 

Discussion......................................................................................................................... 41 

References ........................................................................................................................ 47 

Appendix 1 Hsp Proteins ................................................................................................ 58 

Appendix 2 Additional Figures ...................................................................................... 61 

 

 

  



vi 

 

Abbreviations 

6-OHDA 6-hydroxydopamine; monoamine neurotoxin 

AKT  Protein Kinase K, serine/threonine-specific protein kinase 

ANOVA  Analysis of Variance 

A-syn  Alpha synuclein 

Atg Autophagy 

AV Adeno virus 

CK1/2 Casein kinases  

CTEP  (2-chloro-4-((2,5-dimethyl-1-(4-(trifluoromethoxy)phenyl)- 
1H-imidazol-4-yl)ethynyl)pyridine)  

DA Dopamine 

DBS Deep brain stimulation 

GFP Green fluorescence protein 

HSP Heat shock protein, chaperone 

IF Immunofluorescence 

LC3 I/II Microtubule-associated proteins 1A/1B light chain 3A 

L-Dopa Levodopa 

LRRK2 Leucine-rich repeat kinase 2  

mGluR1/5  Metabotropic Glutamate Receptors 1/5 

MPTP  1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 

mTOR  Mammalian target of rapamycin 

p70s6K Ribosomal protein S6 kinase beta-1 

PD Parkinson's disease 

PI3K Phosphatidylinositol-4,5-bisphosphate 3-kinase 

PLK2 Polo-like kinase 2  
PP2A Protein phosphatase 2A 

RA Retinoic acid 

ROS Reactive Oxygen Species 

SNpc  Substantia nigra pars compacta 

ULK1  Unc-51 like autophagy activating kinase; 

VTA Ventral tegmental area 

WB Western blot 



vii  

 

 

List of Tables 

 

Table 1    Abbreviations ...................................................................................................... v 

Table 2    List of antibodies .............................................................................................. 28 

  

 



viii  

 

List of Illustrations  

 

Figure 1   Suggested Pathway for CTEP and Rapamycin Action..................................... 25 

Figure 2   Experimental Timeline ..................................................................................... 26 

Figure 3   A-syn Fibrils Dose Response ........................................................................... 30 

Figure 4   CTEP Dose Response ....................................................................................... 31 

Figure 5   Immunofluorescence of Ŭ-syn Fibrils............................................................... 32 

Figure 6   Western Blot Ŭ-syn Monomer and Tetramer .................................................... 35 

Figure 7   Western Blot mTOR and AKT Phosphorylation Ratio and p-p70s6K ............ 36 

Figure 8   Western Blot Autophagy Initiation Proteins .................................................... 37 

Figure 9   Western Blot Autophagy Elongation/Nucleation ............................................. 39 

Figure 10   Appendix 1 Western Blot Heat Shock Chaperons ......................................... 58 

Figure 11   Appendix 2 ȷ-syn Western Blot .................................................................... 61 

Figure 12   Appendix 2 IF A53T AV SH-SY5Y Cells Punctate Ŭ-syn Aggregates ......... 61 

Figure 13   Appendix 2 MGluR5 Expression by SH-SY5Y Cells .................................... 62 

 

 

 



 

Introduction  

 

1.1 Parkinsonôs disease 

Parkinsonôs disease (PD) is the second most common neurodegenerative disease 

with a mean age of onset of 60 years old, affecting about five million people worldwide 

(Dorsey et al., 2007). The three primary motor symptoms that comprise PD include 

unilateral tremors, gait disturbance and bradykinesia (Li et al., 2008). Dementia is not 

very prevalent among PD patients, but cognitive impairment often becomes more 

apparent as the disease progresses (Hoogland et al., 2017). Additionally, non-motor 

symptoms include depression, visual hallucinations, sleep disturbances and olfactory 

changes are often comorbid with PD (Zarow et al., 2003; Cheng et al., 1991; Thannickal 

et al., 2007; Kertelge et al., 2010). Hence, PD is a complex disease that likely involves 

pathology in multiple systems.   

The motor dysfunctions that characterize PD are believed to stem from on the loss 

of dopaminergic neurons in the substantia nigra pars compacta (SNpc), and the 

corresponding loss of their downstream terminals in the striatum. Dopaminergic neurons 

appear to be particularly vulnerable to mitochondrial damage and autophagy dysfunction 

(Chen et al, 2019; Sato et al., 2018). While mitochondrial dysregulation is associated 

with oxidative stress and diminished energetic supply to the cell, the inhibition of 

autophagy observed affects the ability of the cell to manage misfolded proteins that are 

characteristic of PD pathology. Indeed, histopathological proteinaceous inclusions 

referred to as Lewy bodies are comprised of abnormal often mutated Ŭ-synuclein (Ŭ-syn) 

protein also characterize PD patient brains (Sato et al., 2018). In addition to autophagy, 
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chaperone and proteasome systems may also be affected in PD (Petrucelli et al., 2002; 

Greene et al., 2003). Components such as cholecystokinin, met-enkephalin and substance 

P that activate the dopaminergic system also show a substantial loss in the SNpc and 

ventral tegmental area (VTA) in PD brains (Studier and Javoy-Agid, 1985; Llorens-

Cortes et al., 1984; Tenovuo et at, 1984). 

The dopaminergic system is not the only system that shows abnormality in PD. 

Mood disturbances in PD are associated with dysfunction in dorsal raphe nucleus and 

locus coeruleus, where serotonergic and noradrenergic systems are dysregulated (Zarow 

et al., 2003). In fact, about 50% of PD patients report visual hallucinations that may be 

caused by abnormal serotonergic activity. Likewise, there have been reports of 

substantial loss of locus coeruleus neuros in PD that could contribute to disturbances of 

mood. Cheng et al. also reported an increase of serotonin receptors in temporal cortex, 

the area selectively affected by protein inclusions of PD (Cheng et al., 1991). Another PD 

symptom is sleep dysregulation, in particular, excessive sleepiness during the day. The 

condition may be attributed to the brain stem and hypothalamic damage that leads to loss 

of hypocretin, a hormone that regulates sleep-wake patterns (Thannickal et al., 2007). 

Interestingly, some of the early signs of PD onset include impaired sense of smell and 

color discrimination. These impairments are associated with idiopathic PD and have a 

strong genetic component (Kertelge et al., 2010). 

It is suggested that pathological changes in PD begin in the dorsal motor nucleus 

of the glossopharyngeal and vagus nerves, progress into lower brainstem nuclei and 

eventually move upwards into the cerebral cortex (Braak et al., 2003). According to this 

back-forward progression of pathology, the particular symptoms emerge in a time-
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dependent manner and are associated with specific damage to progressively more brain 

regions. Resting tremors in PD have been associated with increased metabolism in the 

thalamus, pons and premotor cortex, which indicates dysregulation in thalamic inhibition 

and resulting failure to stop movements. Rigidity, on the other hand, is caused by 

substantia nigra dopaminergic cell loss that results in cortical inhibition through over-

activation of striatal GABAergic neurons which in turn inhibit thalamus. The reduced 

dopaminergic signal from the substantia nigra acts through the indirect loop and results in 

failure to initiate movement (Benrheimer et al., 1973; Braak et al., 1996). Rigidity and 

akinesia are also associated with dysregulation of the noradrenergic system and a more 

substantial neuronal loss in locus coeruleus. Interestingly, locus coeruleus damage also 

correlates with dementia onset in PD (Chan-Palay and Asan, 1989). Posture and gait 

abnormalities may be attributed to cholinergic signaling disruption in the 

pedunculopontine tegmental nucleus. The projections from pedunculopontine tegmental 

nucleus reach to the brain regions participating in the motor loop such as the thalamus, 

SNpc, globus pallidus and subthalamic nucleus (Coles et al., 1989; Hallanger et al., 

1987). 

The main mechanisms of pathogenesis are thought to be (1) oxidative stress, (2) 

excitotoxicity, (3) mitochondrial damage, (4) inflammation and (5) abnormal protein 

aggregation (Dawson and Dawson, 2003). It has been suggested that dopamine 

metabolism could be the source of oxidative stress, but this does not explain the death of 

non-dopaminergic neurons in PD and persistent survival of some of the nigrostriatal 

neurons. Additionally, dopamine metabolism produces hydrogen peroxide as a by-

product, not the more reactive free radicals such as superoxide (Schapira et al., 2008). 
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Oxidative stress goes hand in hand with mitochondrial damage because under normal 

conditions mitochondrial electron carriers and acceptors produce reactive oxygen species 

(ROS), but this process is balanced by endogenous antioxidants. However, as the 

mitochondrial function becomes dysregulated, ROS are produced at higher rates which 

can result in increased damage to the cell (Andreyev et al., 2005). Mitochondrial 

dysfunction appears in both sporadic and idiopathic PD. In the case of sporadic PD, 

environmental toxins such as paraquat and rotenone play a role as mitochondrial complex 

I inhibitors (Manning-Bog et al., 2002; Sherer et al., 2003). 

 Another hallmark of PD pathology, as already briefly mentioned, is abnormal 

protein aggregation. A-syn is the main culprit when it comes to Lewy body formation, 

spherical filamentous inclusions that are found in the brainstem and cortex of PD patients 

(Braak et al., 2003). Abnormal protein formations are present in both sporadic and 

idiopathic PD and genetic mutation of Ŭ-syn is thought to inhibit mitochondrial function 

(Hu and Wang, 2016). The inhibitory effect of Ŭ-syn on mitochondrial function is protein 

concentration dependent, meaning that high levels of a-syn overexpression are cytotoxic 

(Liu et al., 2009). Additionally, Ŭ-syn appears to interact with mitochondrial inhibitory 

toxins such as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), as supported by 

data showing that when Ŭ-syn was deleted from experimental animals they showed 

resistance to MPTP damage (Fornai et al., 2005).  

One substantial contributor to neurodegeneration in PD is excitotoxicity that is 

marked by high levels of glutamate in extracellular space and subsequent calcium 

overload (Ambrosi et al., 2014). It is possible that exaggerated glutamate levels are a 

natural cellular response to mitochondrial damage, oxidative stress, as well as protein 
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aggregation. Unfortunately, glutamatergic response creates more stress to already 

damaged cell which eventually leads to neural degeneration (Donget al., 2009). Some 

positive effects in managing PD pathology were achieved by modulation of NMDA and 

AMPA receptors in animal models (Steece-Collier et al., 2000; Löschmann et al., 1991). 

However, NMDA and AMPA inhibition has a very modest and sometimes short-lived 

benefit in treating motor symptoms in human PD patients (Johnson et al., 2009). 

PD inflammatory state is marked by the increase of circulating proinflammatory 

cytokines such as TNF-Ŭ, which may be found in the SNpc, as well as in cerebrospinal 

fluid (Hunot and Hirsch, 2003). Microglial activation in SNpc is another feature 

commonly observed in PD postmortem brains (Ferreira and Ramero-Ramos, 2018). 

However, it is still unclear if inflammation is the cause of pathogenesis or the secondary 

result of subsequent neuronal death (Barcia et al., 2004). 

PD has a substantial environmental component which makes the cause of 

pathology largely difficult to determine. Several decades of research established some 

links between environmental chemicals and PD (Obeso et al., 2017). Consumption of 

well-water that is contaminated with heavy metals and pesticides, as well as exposure to 

industrial solvents is now considered to be risk factors for the development of PD (Gatto 

et al., 2009; Gorell et al., 1998; Tanner et al., 2011; Lock et al., 2013). 

Genetic abnormalities account for a smaller proportion of cases (5%-10%). The 

most common causal mutation is glycine replacement with serine at 2019 position 

(G2019S) of PARK8 gene that codes for leucine-rich repeat kinase 2 (LRRK2). It 

accounts for about 30% of genetically linked cases and is autosomal dominant, which 

means that some of the PD cases are heritable (Thaler et al., 2009). 
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A point mutation in PARK1/4 is another culprit in PD pathology, with duplication 

and triplication being known to play a role in the age of PD onset. The duplicated form 

can lead to the onset of PD in the patientôs 50s, and triplication can cause an early onset 

of PD at around 30 years of age (Fuchs et al., 2007). Histologically, PARK mutation 

leads to overexpression of the Ŭ-syn protein, which was demonstrated to be toxic in high 

concentrations (Spillantini et al., 1997). Additionally a missense mutation in the position 

53 with Ala to Thr (A53T) substitution was identified in abnormal Ŭ-syn. Mutated Ŭ-syn 

induces cytotoxicity through Lewy body formation, microtubular fibrillization and 

abnormal protein aggregation that leads to widespread neurodegeneration (Daher et al., 

2012). 

It is clear that PD is a complex neurodegenerative condition with many 

contributing factors that could either be present genetically or accumulate throughout 

the life span of an individual. PD is difficult to study and even more complicated to 

manage in its pathological state. In this thesis we are going to focus on Ŭ-syn 

aggregation and potential pharmacological possibilities to manage abnormal protein 

aggregation.    

 

1.2 Alpha-synuclein 

A-syn is a 14 kDa presynaptic protein that contains three domains: an Ŭ-helical N-

terminal domain, a central hydrophobic non-A ɓ component (NAC) domain, and a C-

terminal domain that is proline rich and highly acidic (Hoyer et al., 2004). The NAC 

domain is important for Ŭ-syn aggregation, as even minor deletions within this region 

reduced amyloidogenic ability of Ŭ-syn (Bartels et al., 2010).  
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The function of Ŭ-syn is largely unknown. It has been proposed to act as a soluble 

N-ethylmaleimide-sensitive factor attachment protein receptors complex (SNARE-

complex) chaperone that maintains the confirmation of vesicle tethering proteins that 

participate in the process of vesicular docking to the presynaptic membrane (Burre et al., 

2010; Baker and Hughson, 2016). Under physiological conditions, Ŭ-syn presents in a 

monomeric soluble form and binds to negatively charged phospholipids. Unfortunately, 

the monomeric form of the protein is not the most stable and is prone to abnormal 

aggregation (Burre et al., 2013). Bartels et al. observed Ŭ-syn protein purified from 

erythrocytes in Ŭ-helical tetrameric was a more stable form. Such tetrameric forms are 

thought to be resistant to aggregation under physiological conditions. However, it is not 

clear which of the Ŭ-syn confirmations contribute to Ŭ-syn aggregation during protein 

overexpression and cytosolic overload (Bartels et al., 2011). 

Misfolded Ŭ-syn can affect cell function in several ways. Firstly, the abnormal 

conformation of the protein triggers its release into the extracellular space where Ŭ-syn 

can influence synaptic activity. Adamczyk et al. have found that extracellular alpha-

synuclein inhibits the dopamine transporter through the action of nitric oxide affecting 

presynaptic terminal activity (Adamczyk et al., 2006). Secondly, under pathological 

conditions, Ŭ-syn has the ability to enhance Ca
2+

 influx to the intracellular space 

(Adamczyk and Strosznajder, 2006). Both PD and Alzheimerôs disease (AD) are marked 

by an excess of intracellular Ca2+ that leads to excitotoxicity. It has been shown that 

increased influx of calcium triggers phosphorylation of essential cellular proteins, which 

in turn leads to apoptosis (Pierrot et al., 2004). 
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A-syn appears to have prion qualities, which means that even a small amount of 

misfolded protein can turn otherwise normal Ŭ-syn into a pathological one. Indeed, Li et 

al. have shown the possibility of host-to-graft transfer of misfolded Ŭ-syn, wherein 

mesencephalic grafts tested positive for the presence of Lewy bodies after contact with 

brain tissue taken from PD patients (Li et al., 2008). Misfolded Ŭ-syn has also shown 

seeding activity that ensures cell to cell spread of the aggregated protein form. It is 

hypothesized that seeding is the way misfolded proteins spread to anatomically adjacent 

brain regions (Guo and Lee, 2014). It appears that polymerization of Ŭ-syn is 

concentration dependent, which means that overexpression of the protein inevitably leads 

to aggregation (Giasson et al., 1999).  

Several sources report that phosphorylation of Ŭ-syn contributes to its 

pathological aggregated confirmation (Saito et al., 2003; Fujiwara et al., 2002; Anderson 

et al., 2006). However, the issue is controversial as there are studies that found either no 

effect of Ŭ-syn phosphorylation on protein aggregation, or have actually seen Ŭ-syn 

phosphorylation contributing to inhibition of Lewy bodiesô formation (Paleologou et al., 

2008; McFarland et al., 2009). It is possible that the studies that did not find an effect of 

a-syn phosphorylation may be due to the methodological issues. These studies used point 

mutations to assess the role of phosphorylation site, but this does not account for the 

complexity of interaction between the studied phosphorylation site and other sites of 

modification. Additionally, different species may react differently to Ŭ-syn 

phosphorylation (Chen and Feany, 2005; McFarland et al., 2009).  

The evidence for kinase participation in PD pathology has been steadily building 

over the years. Gain of function mutation of LRRK2 is a common genetic factor of PD. 
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This mutation promotes increased activity of LRRK2 and as a result 

hyperphosphorylation of Ŭ-syn (Qing et al., 2009). Polo-like kinase 2 (PLK2) is an Ŭ-syn 

specific kinase that has the ability to phosphorylate both the monomeric and fibrillary 

form of Ŭ-syn, thus contributing to Ŭ-syn confirmation at different stages of Lewy bodies 

formation (Mbefo et al., 2010; Waxman and Giasson, 2011). Casein kinases (CK1 and 

CK2) are also known for Ŭ-syn phosphorylation and both were shown to co-localize with 

Lewy bodies (Ryu et al., 2008; Waxman and Giasson, 2008). Interestingly, the levels of 

protein phosphatase 2A (PP2A) were reduced in PD, which is important since the PP2A 

B-subunit is particularly important in Ŭ-syn dephosphorylation. Indeed, PP2A increased 

activity has been linked to the alleviation Ŭ-syn aggregation in a PD mouse model (Lee et 

al., 2011).   

  

1.3 Protein degradation in PD 

Considering that abnormal Ŭ-syn aggregation may be one of the main contributors 

to DA neuron death in PD, it makes sense to look into ways of clearing the pathological 

aggregates. Since preventing Ŭ-syn aggregation may not be practical, as the protein is 

naturally prone to aggregate. Autophagy-lysosomal pathway may be a useful target that 

can aid in Ŭ-syn clearing.  

 

Autophagy system role in PD 

Eukaryotic cell have two main house keeping mechanisms, the ubiquitin-

proteasome and the autophagy-lysosomal systems. The autophagy-lysosomal pathway is 

responsible for degradation of intracellular proteins and organelles, and it is a promising 
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target for therapeutics that aims at preventing excessive protein aggregation. Three main 

subtypes of autophagy-lysosomal pathways are macroautophagy, chaperone-mediated-

autophagy, and microautophagy (Limanaqi et al., 2019). All tree subtypes lead to 

lysosomal degradation of autophagy targets by proteases, lipases and glycosidases in the 

presence of acidic pH inside the lysosome (Klionsky, 2007). During autophagy initiation 

ULK1, Atg101 and Atg13 are mobilized, followed by an Atg5 ï Atg12 complex that 

associates with Atg16 forming an oligomerizing complex that determines LC3 lipidation 

sites. After phagophore expansion autophagosome (autophagic vacuole) is formed that 

then fuses with lysosome to breakdown autophagosome cargo (Oshumi, 2001).  

Autophagy can be induced through cell stress, such as nutritional starvation or 

oxidative overload (Kuma et al., 2007; Filomeni et al., 2015). It has been shown that 

autophagy initiation takes place through mTOR pathway. Specifically, under 

physiological conditions, the mTORC1 (mTOR complex 1) inhibits autophagy by 

phosphorylation of Atg13 and ULK1, and a subsequent inhibition of autophagy initiating 

protein Beclin1 (Kamada et al., 2010). However, when mTORC1 inhibitor, rapamycin, is 

applied to the pathway autophagy activity increases (Pan et al., 2008). 

Pathological assessment of PD patientsô brain tissue revealed that autophagy 

vacuoles were either overproduced or not efficiently cleared in SNpc, an area where Ŭ-

syn aggregation is considered to be responsible for dopaminergic neuron loss (Anglade et 

al., 1997). Independently, mTOR has been implicated in PD (Lan et al., 2017), and it is 

not clear if autophagy upregulation in PD patients SNpc is attributed to mTOR pathway 

dysregulation. However, mTOR upregulation and Atg7 depletion was observed in PD 

patients, along with increased level of LC3-II, an autophagosome marker (Crews et al., 
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2010). In contrast, LAMP1, a lysosomal marker, appears to be downregulated in PD. This 

suggests that autophagy system may be responding to Ŭ-syn aggregation, but that the 

clearing of misfolded protein is not efficient (Dehay et al., 2010). In particular, Ŭ-syn 

mutants, A53T and A30P, tend to have a strong affinity for chaperon associated 

lysosomal adapter LAMP2A. However, mutated Ŭ-syn fails to internalize into the 

lysosome, impairing protein degradation process (Cuervo et al., 2004; Xilouri et al., 

2009). The pathological fibrillar, form of Ŭ-syn shows the same pattern of high affinity 

for lysosomal adapter and similar failure to internalize, creating high volumes of 

cytosolic Ŭ-syn that is prone to further aggregation (Martinez-Vincente et al., 2008). Both 

cell culture and an Ŭ-syn transgenic mouse model have shown increased levels of Ŭ-syn 

associated with macroautophagy inhibition at the stage of autophagosome formation 

(Winslow et al., 2010). Interestingly, deletion of Atg7 and Atg5, both selectively and 

globally, caused presynaptic accumulation of Ŭ-syn and LRRK2. Moreover, increased 

dopaminergic cell death was observed in the case of selective depletion of Atg7 and Atg5 

in the midbrain (Freidman et al., 2012).  

When it comes to Ŭ-syn degradation, there seems to be some discrepancy between 

the wild type and mutated protein. Autophagy-lysosome system is mainly responsible for 

the wild type Ŭ-syn degradation (Cuervo et al., 2004; Martinez-Vicente et al., 2008). 

Whereas ubiquitin-proteosome system clears A53T and A30P Ŭ-syn forms (Yoshimoto et 

al., 2005). Interestingly, it has been demonstrated that chaperon-macroautophagy system 

is incapable of degrading mutant Ŭ-syn forms (Cuervo et al., 2004).  

Overexpression or activation of autophagy demonstrated positive effects on toxin 

PD models. For example, Atg5 and Beclin-1 over-expression reduced nigrostriatal 
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damage in MPTP treated zebra fish (Danio rerio) (Hu et al., 2017; Song et al., 2014). 

Likewise, autophagy activation with mTOR inhibition by rapamycin was protective 

against rotenone and 6-OHDA induced motor dysfunction (Pan et al., 2009; Jiang et al., 

2013). At the same time, the damage from rotenone and 6-OHDA treatments were much 

greater when the autophagy system was inhibited (He et al., 2018; Pal et al., 2016). 

Despite the evolutionary conservation of autophagy and chaperon systems, their 

action appears to be different in different species which has to be kept in mind when 

trying to translate positive results of a certain therapy from the animal model to human 

patients. For example, mutated Ŭ-syn in mice is cleared by chaperon-macroautophagy 

system, which contradicts findings from rat and human studies (Mak et al., 2010).  

 

Heat shock protein chaperone system role in PD 

Heat shock proteins (HSPs) are a group of molecular chaperone proteins that 

protect the cell from pathological protein aggregation (Hartl et al., 2011). HSP key 

features are the presence of a conserved Ŭ-crystallin domain, as well as their ability to 

oligomerize to form a stable chaperone structure that allows HSPs to modify target 

protein conformation (Stamler et al., 2005). HSPs either return target proteins to their 

native confirmation or mark irreversibly denatured proteins for degradation. Cytosolic 

proteins that contain a pentapeptide targeting motif (KFERQ) are recognized by 

molecular chaperones (HSP70 and co-chaperones), bind to LAMP2A and are then 

translocated to the lysosomal surface (Arias and Cuervo, 2011). Heat shock transcription 

factor (HSF1) overexpression through mTOR inhibition with rapamycin leads to 

autophagy induction (Kumsta et al., 2017). 
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Chaperone and autophagy systems tend to not only work together, but also 

compensate each otherôs action. Chaperone mediated protein degradation tends to be 

upregulated when macroautophagy system is compromised (Kaushik et al., 2008). In 

contrast, when HSF1 is deleted from the cell autophagy response is upregulated 

(Dokladny et al., 2013). 

Failure of the chaperone system leads to aggregation of insoluble protein 

inclusions such as amyloid plaques in Alzheimerôs disease or Lewy bodies in PD (Irvine 

et al., 2008). HSP70 is particularly important in managing Ŭ-syn insoluble aggregates, as 

the chaperon was confirmed to bind Ŭ-syn fibrils (Gao et al., 2015).    

 

1.4 PD Therapy 

Current strategies 

Presently used PD therapies do not stop pathological molecular pathways or 

prevent neurodegeneration. Current PD treatment could be described as a band-aid 

approach that attempts to manage symptoms and maintain the quality of life for as long 

as possible. 

Levodopa (L-Dopa) is the most commonly used medication to manage PD. It is a 

precursor that is metabolized into dopamine. Levodopa has been largely successful in 

supplementing plummeting levels of dopamine and alleviating motor and some of the 

cognitive symptoms (Rascol et al., 2003). Unfortunately, the beneficial effect of levodopa 

wears off with time. After about two to three years of L-Dopa administration, patients 

start to develop motor regressions, such as increased tremors as well as more severe 

bradykinesia (Fahn et al., 2004). Additionally, patients may experience on-off periods of 
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opposite motor symptoms. ñOnò periods are characterized by dyskinesia, the onset of 

uncontrollable movements that are linked with high plasma concentration of L-Dopa. The 

ñOffò period comes with akinesia or a failure to initiate movement and is linked with low 

plasma concentration of L-Dopa (Marsden and Parkes, 1976). There have been trials to 

reduce levodopa dosage in an attempt to alleviate complications. However, lower doses 

have reduced efficacy in alleviating motor symptoms (Rascol et al., 2003). 

Deep brain stimulation (DBS) of subthalamic nucleus was reported to be 

beneficial in advanced cases of PD. DBS not only reduced tremors but also allowed 

patients to use smaller doses of levodopa, which reduced unwanted side effects 

(Limousin et al., 1998; deHemptinne et al., 2015). The mechanism of DBS action is not 

entirely understood. Despite high efficacy of the procedure, DBS has its own limitations. 

Firstly, DBS is a very invasive procedure that involves cranial surgery as well as 

implantation of an electrode, which may lead to infection and edema. Secondly, it takes 

several weeks to adjust electrical stimulation parameters for DBS to take effect. Finally, 

the effect of DBS, like L-DOPA, eventually wears off, as it does nothing to slow 

neuronal degeneration. Therefore a new, preferably pharmacological, approach is needed 

to manage PD (Lyons et al., 2004). 

 

CTEP as a novel PD therapy 

CTEP (2-chloro-4-[2-[2,5-dimethyl-1-[4-(trifluoromethoxy)phenyl]imidazole 

4yl]ethynyl] pyridine) is a negative allosteric metabotropic glutamate receptor 5 

(MGluR5) modulator. CTEP possesses high affinity for mGluR5 over other types of 

mGlu receptors, which creates highly desirable specificity. mGluR5 is a member of the 
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GŬ protein-coupled receptor family and is highly expressed in the brain, striatum and 

cortex in particular (Shigemoto et al., 1993). Increased glutamatergic activity in PD that 

leads to excitotoxicity makes mGluR5 an interesting target that should be explored. 

mGluR5 modulation is particularly useful because inhibition of other members of 

glutamatergic system, NMDA and AMPA, usually leads to many harmful side-effects 

(Johnson et al., 2009).  

CTEP was reported to cross the blood-brain barrier successfully and have a 

substantial half-life of 18 hours, which makes CTEP a robust pharmacological agent that 

could be taken orally with fewer side-effects than the current therapeutic strategies for 

PD (Lindeman et al., 2011).   

Two animal models of Fragile X syndrome (FXS) and HD have shown positive 

outcomes after administration of CTEP. Chronic CTEP treatment of FMR1 KO mice 

reduced motor impairments as well as improved memory and cognition (Michalos et al., 

2012). CTEP administration in z75Q mice reduced inhibitory S757 ULK1 

phosphorylation, which promoted autophagy initiation and reduced pathological 

aggregates of huntingtin. Similarly to FXS mice, HD model showed decrease levels of 

mTOR activity due to CTEP inhibition of mGluR5.  

Considering these findings, it may be useful to apply CTEP to PD model as there 

are obvious pathological correlations of protein aggregation, mTOR hyperactivity and 

autophagy inhibition. 

Potential pathway of CTEP action 

AKT is a Thr and Ser kinase that has many targets downstream including 

mTORC1 that are important for autophagy. AKT activity is initiated mainly through 
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growth factors in an PI3K-dependent matter. Among other phosphorylation sites, AKT 

activity can be enhanced by phosphorylation at S473 by mTORC2 (Liu et al., 2013). In 

neurons, activation of AKT and mTORC1 signaling is important for synaptic plasticity, 

affecting both long-term potentiation and long-term depression through its induction of 

localized protein synthesis.  

AKT/mTORC1 activity was shown to be enhanced by activation of mGluR1/5. 

Indeed, increased levels of glutamate and mGluR5 activation resulted in not only 

hyperphosphorylation of mTOR, but also in more p70S6K1 phosphorylation, which in 

turn stimulates more mTOR phosphorylation through positive feedback loop (Hou and 

Klan, 2004; Switon et al., 2016). Exaggerated activity of AKT/mTOR is common in 

neurodegenerative conditions and PD in particular. As PD is marked by excitotoxicity, it 

is no surprise that high levels of glutamate trigger mGluR1/5, thus enhancing 

AKT/mTOR activity even further (An et al., 2003; Ambrosi et al., 2014). Increased 

mTOR activity can then phosphorylate ULK1 at ser754, inhibiting its ability to initiate 

autophagy, a crucial system in managing PD Ŭ-syn aggregation. 

 

Research objectives 

My hypothesis is that CTEP and rapamycin will  promote significant elimination 

of Ŭ-syn fibrils from SH-SY5Y cells. A-syn clearing is likely takes place through 

autophagy system. 
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In this thesis we first wish to assess the impact of Ŭ-syn-driven accumulation of 

fibrils in cultured dopamine-like SH-SY5Y cells. Using this model, we then aim to 

determine whether CTEP promotes clearing of Ŭ-syn preformed fibrils from the SH-

SY5Y cells. Using parallel administration of rapamycin with CTEP, we will also 

ascertain whether CTEP effects are mTOR dependent. If CTEP does clear the Ŭ-syn 

fibrils from the cells, we will assess the extent of autophagy and HSP chaperone systems 

involvement. 

  

 

Figure 1 Suggested pathway for CTEP and rapamycin action 



26 

 

Methods 

 

 

Figure 2 Experimental timeline. On days 3, 5 and 7 after plating the SH-SY5Y cells were treated with 

retinoic acid. A-syn fibrils and/or A53T AV were added on day 10. Then the incubation of 6 days took 

place. Treatment with CTEP and rapamycin was applied on day 16. SH-SY5Y cells were harvested after 24 

hours.     

Model selection 

SH-SY5Y, human neuroblastoma, cells were selected for their DA neuron-like 

qualities and their robust survivability and steady growth. Cell culture was maintained by 

weekly passage. Purely neuronal culture was selected to determine CTEP effect without 

the participation of glial cells. A53T Ŭ-syn adenovirus was used to mimic genetic 

component of PD that is responsible for Ŭ-syn overexpression. Preformed Ŭ-syn fibrils 

were prepared from Ŭ-syn monomer (Proteos #R003) and added to experimental culture 

to mimic pathological Ŭ-syn aggregation.  

Firstly, the concentration of Ŭ-syn fibrils was determined through visual 

assessment of immunofluorescence (IF) stained SH-SY5Y cells treated with Ŭ-syn fibrils 

at 1:100, 1:200, 1:400, 1:800, 1:1000, 1:2000, 1:5000, 1:10000 concentrations from stock 

solution of 5mg/mL. Secondly, the effective concentration of CTEP was determined 

through IF assessment of SH-SY5Y cells treated with Ŭ-syn fibrils at 1:100 

concentration. CTEP was applied to cells at 0.1M˃, 1 M˃, 10˃ M and 100˃ M 
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concentrations. Both Ŭ-syn fibrils and CTEP dose response assessments were conducted 

with the same timeline as the upcoming experiment (Fig. 2). Rapamycin concentration of 

5 M˃ was selected from literature (Lin et al., 2018). Additionally, prior to the experiment 

we have validated that SH-SY5Y cells do indeed express mGluR5 (Fig. 16 App.3).   

Cell Culture 

SH-SY5Y cells were plated at 10
4
 cells/mL to 6-well plates for Western Blot, and 

at 5x10
3
 cells/mL to 96-well plate for IF. Cell growth media contained 10% of FBS and 

1% of Pen-Strep (stock concentration: 10000-12000 units/mL). Cells were differentiated 

with three treatments of RA (10˃M). In 48 hrs after the last RA treatment Ŭ-syn fibrils 

(1:200) and A53T AV (1 MOI) were added to fibril and AV treatment groups 

respectively. Cells were incubated with Ŭ-syn fibrils and AV for 6 days. On the 6
th
 day, 

CTEP (10˃ M) and rapamycin (5˃M) were added to their respective treatment groups. 

After 24 hrs incubation with CTEP and rapamycin, cells were either harvested and 

preserved in -80°C for WB, or fixed with 4% PFA for IF.  

Immunofluorescence  

SH-SY5Y cells were fixed with 4% PFA for 15 min. After 3 PBS washes cells 

were blocked in 2% BSA with 0.1% Triton-X diluted in PBS for 30 min. Cells were 

incubated with primary antibody (see Table 1) in 0.1% BSA solution for 1 hr. After 3 

PBS washes, cells were incubated with secondary antibody in 0.1% BSA solution for 30 

min. Cell were washed 3 times in PBS and imaged with ThermoFisher EVOS FL Auto 2 
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at x40 magnification. GFP labeled a-syn fibrils were counted by image-J particle 

counting option.  

 

Western Blot    

Protein from SH-SY5Y cells preserved in -80° was extracted using RIPA-like 

buffer (0.1% SDS, 1 mM Na ortho-vandate in 10 mM tris) with addition of EDTA-free 

protease inhibitors (Roche cOmplete). Samples were sonicated in the presence of the 

extraction buffer 5 cycles, 30 sec each. Protein content was quantified by Pierceôs BCA 

Protein Assay Kit. Samples were diluted with loading buffer and preserved at -20°C. 

Samples were loaded into acrylamide mini-gels of appropriate concentration and run at 

140V. Then gels were transferred onto MeOH activated PVDF membranes at 100V. 

Membranes were dried overnight and reverted with MeOH. To acquire normalized 

signal, membranes were stained with FastGreen. Membranes were blocked with 0.5% 

fish gelatin for 30 min, and then incubated with primary antibody (see Table 1) in 0.05% 

fish gelatin solution for 2 hours. After 4 TBS-T washes, membranes were incubated with 

secondary antibody in 0.5% fish gelatin solution for 1 hr. After 4xTBS-T 5 min and 

2xTBS 5 min washes membranes were imaged with Licor Odyssey FC. Images were 

quantified with Image Studio Lite 5.2.   

Statistics  

One-way or Three-way ANOVAs were conducted as appropriate. Post hoc testing 

was completed using Tukeyôs pairwise comparison in SPSS. 
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Table 1 List of antibodies 

Company Antibody Clone Catalog # Concentration Use 

Abcam -hsyn filament MJFR-14-6-4-2 ab209538 1:1000 IF 

BD Transduction Lab -hsyn  пнκʰ-Synuclein 610786 1:2000 WB 

Cell Signaling Tech AKT poly 9272 1:1000 WB 

 mTOR 7C10 2983 1:1000 WB 

 p-AKT (Ser473) D9E 4060 1:1000 WB 

 p-mTOR (Ser2448) D9C2 5536 1:1000 WB 

 p-p70S6 (Thr389) poly 9205 1:1000 WB 

 p-ULK1 (S757) D1H4 5869 1:1000 WB 

 ULK1 D8H5 8054 1:1000 WB 

 Beclin-1 D40C5 3495 1:1000 WB 

 Atg101 E1Z4W 13492 1:1000 WB 

 Atg12 D88H11 4180 1:1000 WB 

 Atg13 D4P1K 13273 1:1000 WB 

 Atg16  D6D5 8089 1:1000 WB 

 Atg3 poly 3415 1:1000 WB 

 Atg5 D5F5U 12994 1:1000 WB 

 Atg7 D12B11 8558 1:1000 WB 

 LAMP1 D2D11 9091 1:1000 WB 

 LC3 D3U4C 12741 1:1000 WB 

 BiP C50B12 3177 1:1000 WB 

 Calnexin C5C9 2679 1:1000 WB 

 HSF1 poly 4356 1:1000 WB 

 HSP40 C64B4 4871 1:1000 WB 

 HSP60 D6F1 12165 1:1000 WB 

 HSP70 poly 4872 1:1000 WB 

 HSP90 C45G5 4877 1:1000 WB 

 MGluR5 D6E7B 55920 1:1000 WB 

 

Results 

A-syn fibril model assessment 

To assess CTEP effect on Ŭ-syn accumulation and overexpression, we firstly 

determined the working concentration of Ŭ-syn fibrils to be added to the SH-SY5Y cells, 

and secondly we determined effective CTEP concentration. A-syn fibrils concentration 
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was selected from dose response (Fig. 3). SH-SY5Y cells were imaged by Zeiss axio 

imager M2 and ThermoFisher EVOS FL Auto 2. Concentration of Ŭ-syn fibrils of 1:100 

was selected for CTEP dose response (Fig. 4), and concentration of 1:200 was selected 

for experimental work (Fig. 5).  

 

Figure 3 A-syn fibrils dose response in SH-SY5Y cells. Control depicts cells with no Ŭ-syn fibrils added, 

whereas the rest of the panels depict Ŭ-syn fibril concentration from 1:100 to 1:10000 (stock solution 

5 g˃/˃ L). SH-SY5Y cells were incubated with Ŭ-syn fibrils for 7 days. Based on visual assessment the 

concentration of 1:200 was adopted as a working concentration for further experiments.       
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CTEP concentration was selected from dose response conducted with 0.1˃M, 

1 M˃, 10˃ M and 100˃ M concentrations (Fig. 4). There was no visual difference in Ŭ-syn 

fibrils elimination from SH-SY5Y cells between 10˃M and 100˃ M. Therefore 10˃M 

CTEP was used as a working concentration in further experimental work.  

 

Figure 4 CTEP dose response for Ŭ-syn fibril elimination from SH-SY5Y cells. Control depicts SH-SY5Y 

cells with Ŭ-syn fibrils added at 1:100 concentration. SH-SY5Y cells were incubated with Ŭ-syn fibrils for 7 

days. Then media containing CTEP was added and incubated for 24 hours. Based on visual assessment the 

concentration of 10˃M was adopted as a working concentration for further experiments. 

     

From preliminary data we have seen that CTEP is efficacious in Ŭ-syn fibrils 

elimination from SH-SY5Y cells. Based on that result we set up our experiment to test 

the reliability of CTEP effect on Ŭ-syn fibrils. Significant reduction of Ŭ-syn fibrils was 

repeatedly achieved by the application of CTEP. In addition to CTEP we used rapamycin 

that showed similar effect with regards to Ŭ-syn fibrils elimination.  
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Figure 5 Immunofluorescence of Ŭ-syn fibrils and A53T AV + CTEP/ Rapamycin. (A) Control depicts SH-

SY5Y cells with no Ŭ-syn fibrils added. A significant decline of Ŭ-syn particles in Ŭ-syn treated SH-SY5Y 

cells was observed in both CTEP and rapamycin treatments. (B) Control depicts SH-SY5Y cells with A53T 
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AV, but no Ŭ-syn fibrils added. There was no effect of CTEP or rapamycin on the endogenous Ŭ-syn 

overexpression produced by A53T AV. However, CTEP and rapamycin treatment resulted in significant 

decline of Ŭ-syn particles in Ŭ-syn treated SH-SY5Y cells. (C) Presented data is the mean result of 3 

separate experiments with each condition carried out in triplicates in every experiment. (* p<0.05, 

difference between A53T AV and no A53T AV; ** p<0.05, difference with regard to Ŭ-syn fibrils; *** 

p<0.05, difference between control and Ŭ-syn fibrils.) Particle count was performed with ImageJ. Statistical 

analysis: SPSS. Tukeyôs pairwise comparison was used as a post hoc method. Scale bars: 100˃m. All 

treatments and incubations were according to timeline (Figure 2). 



34 

 

 

In Ŭ-syn fibril levels the main effects were found for CTEP (F(1,18)= 124.663; 

p=0.000), and rapamycin (F(1,18)= 102.893; p=0.000) in non-viral group. Interactions 

were found between CTEP and Ŭ-syn fibrils (F(1,18)= 241.600; p=0.001), as well as 

between rapamycin and Ŭ-syn fibrils (F(1,18)= 212.450; p=0.000) in A53T AV group. 

 

 

Figure 6 Western Blot A-syn Monomer and Tetramer with A-syn fibrils + A53T AV + CTEP/Rapamycin. 

(A, B) A53T AV treatment significantly increased the concentration of Ŭ-syn within the cells in all 

treatments. Both CTEP and rapamycin decreased the concentration of monomeric Ŭ-syn in the treatment 

group where both A53T AV and Ŭ-syn fibrils were combined. Presented data is the mean result of 3 

separate experiments. All WB signals were normalized to total protein content. (* p<0.05, difference 

between A53T AV and no A53T AV; ** p<0.05, difference with regard to Ŭ-syn fibrils). Tukeyôs pairwise 
comparison was used as a post hoc method. All treatments and incubations were according to timeline 

(Figure 2). 
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The main effect was found in Ŭ-syn monomers when cells were treated with A53T 

AV for CTEP (F(1,18)= 28.674; p=0.000), for rapamycin (F(1,18)=44.446; p=0.000), and 

for Ŭ-syn fibrils (F(1,18)=4.729; p=0.050). No interaction was observed in Ŭ-syn 

monomer or tetramer. Significant difference was found between viral and non-viral 

groups. Tukeyôs pairwise comparison has shown significant increase of Ŭ-syn levels in 

A53T AV groups for both Ŭ-syn monomer and tetramer. Additionally, in comparison to 

Ŭ-syn tetramer, Ŭ-syn monomer has increased two-fold in viral control group and three-

fold in viral fibril group. A-syn monomer was significantly reduced by the application of 

both CTEP and rapamycin in viral fibril group.  
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Effect of CTEP on mTOR/AKT Pathway  

 

Figure 7 Western Blot mTOR and AKT phosphorylation ratio and p-p70s6K with A-syn fibrils + A53T AV 

+ CTEP /Rapamycin. (A,B,C) CTEP and rapamycin appear to bring the protein level down when Ŭ-syn 

fibrils are combined with A53T AV. P-AKT and p-p70s6K levels were significantly increased with regards 

to control by the combination of Ŭ-syn fibrils and A53T AV. (* p<0.05, difference with regards to control; 

** p<0.05, difference with regard to Ŭ-syn fibrils; *** p<0.05, difference between control and Ŭ-syn 

fibrils). Presented data is the mean result of 3 separate experiments. All WB signals were normalized to 

total protein content. Tukeyôs pairwise comparison was used as a post hoc method. All treatments and 

incubations were according to timeline (Figure 2). 

 

p-mTOR/mTOR levels main effects were found for CTEP (F(1,18)=46.339; 

p=0.000) and rapamycin (F(1,18)=62.399; p=0.000) in non-viral group, and for CTEP 


