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CHAPTER 7 
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SUMMARY AND CONCLUSIONS 
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Recent reports have shown that alpha-synuclein leads to abnormal mitochondrial 

dynamics, aberrant autophagy and increased ROS worsening mitochondrial dysfunction 

(Giordano et al., 2014; Redmann et al., 2016). Especially mutated alpha-synuclein or 

overexpression of the wild type (WT) protein overloads lysosome and endoplasmic 

reticulum (ER). Consequently, degradation, in general, is impaired in the cell, including 

degradation of alpha-synuclein and mitochondria, favoring protein aggregates formation 

and mitochondrial dysfunction (Freeman et al., 2013; Sarkar et al., 2016; Winslow and 

Rubinsztein, 2011). Moreover, abnormal mitochondrial functioning and overloaded 

endoplasmic reticulum cause ER stress and increased oxidative stress in turn worsens 

mitochondrial dysfunction (Grimm, 2012; Sarkar et al., 2016). Together, these events 

create a vicious cycle leading to cell death. Recent studies, focusing on unveiling 

mechanisms involved in all these processes, demonstrated that mitochondria are the first 

to be affected by alpha-synuclein and that mitochondrial dysfunction subsequently leads 

to stress of organelles such as lysosome and endoplasmic reticulum (Arduino et al., 

2013; Chen et al., 2015; Grimm, 2012; Krols et al., 2016). The mechanisms behind 

mitochondrial dysfunction caused by alpha-synuclein are still unclear and the major 

focus of alpha-synuclein toxicity studies in PD. 

It is known that mitochondrial function is dependent of perfect maintenance of 

mitochondrial dynamics, which consists basically in equilibrated anterograde and 

retrograde trafficking and anchoring mitochondria in sites with a high demand for 

energy (Cieri et al., 2017; Sheng, 2014). Anterograde transport is crucial to the 

maintenance of synapses, whereas, retrograde transport is crucial for renewing 

mitochondria since mitochondrial biogenesis occurs preferentially at the soma (Sheng, 

2014). Accordingly, studies have shown that impaired mitochondrial trafficking is 

involved in the earliest stages of PD pathogenesis (Bose and Beal, 2016). 

In the present studies, we have used different cell models and aimed to 

investigate the mechanisms underlying mitochondrial dysfunction as a consequence to 

rotenone exposure or caused by the overexpression of different types of alpha-

synuclein. Moreover, we aimed to investigate alterations in autophagy and endoplasmic 

reticulum stress, which have been shown to be worsened by or a consequence of 

mitochondrial dysfunction (Arduino et al., 2013; Grimm, 2012; Krols et al., 2016; Su 
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and Qi, 2013). 

In chapter 1, we have given a short overview on factors that contribute to PD 

susceptibility, focused on population aging around the world, and described therapies 

available for patients and the impact on families and society in concern of the costs of 

the treatments for this disease. Furthermore, we discuss clinical symptoms during the 

development of the disease and the link between aging and the development of the 

disease, since aging appears to be the main risk for PD. Moreover, we have discussed 

major genetic factors determining the susceptibility to PD and finally explained how 

different models are crucial to reveal the mechanisms behind the PD pathology in 

different scenarios. 

 In chapter 2, we provided an extensive review about the cellular and molecular 

characteristics of PD, on similarities between the aging process and PD development, 

covering the unique metabolism of dopaminergic neurons, but focused, in particular, on 

alpha-synuclein including its normal function and its pathogenic effects on intracellular 

trafficking and cellular stress.  We addressed how overexpression and mutations in 

alpha-synuclein lead to dysfunction of mitochondria, endoplasmic reticulum and 

autophagy. 

In chapter 3, we described our experiments with cultured DA neurons isolated 

from substantia nigra of neonatal rats. We treated these cells with low doses of rotenone 

and analyzed the motor proteins expression and total mitochondrial trafficking. We have 

observed that especially the expression of anterograde motor KIF1B was increased after 

rotenone exposure at 0.5nM (the highest concentration employed in this study). The 

analysis of the total mitochondrial trafficking using mitotracker green revealed a 

decrease in mitochondrial mobility after rotenone exposure at 0.1or 0.5nM. The number 

of mitochondria labeled by mitotracker orange did not change among the groups, 

revealing the treatment with rotenone did not cause mitochondrial membrane potential 

alterations. As cited above, both directions of mitochondrial trafficking are crucial for 

keeping mitochondrial dynamics and, therefore, specific impairment in one of these 

directions could lead to specific mitochondrial damage. It has been shown that 

impairment in the mitochondrial anterograde trafficking affects synapse formation and 

dendrites growth, while impairment of retrograde mitochondrial trafficking affects 
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mitochondrial biogenesis (Van Laar and Berman, 2009). However, due to the 

complexity and variability of the primary cell culture network, it was impossible to 

analyze the anterograde or retrograde mitochondrial trafficking. Therefore, the 

employment of other cell models was needed to investigate how the impairment of 

mitochondrial trafficking could lead to mitochondrial damage. 

In chapter 4, we reported the culture of human SH-SY5Y cells (neuroblastoma) 

derived neurons transgenic for WT, A30P or A53T alpha-synuclein.  In contrast to our 

primary cell model, SH-SY5Y neurons allowed assessment of the direction of 

mitochondrial trafficking, providing the possibility to determine how specific 

impairment of the anterograde or retrograde direction of trafficking affects 

mitochondrial function. We assessed the total and specific directions of intracellular 

trafficking in the presence of WT or mutated alpha-synuclein in differentiated SH-SY5Y 

cells and the consequences on mitochondrial dynamics. Although most cases of PD are 

sporadic, only about 10% of cases have defined genetic causes(Kalinderi et al., 2016). 

Cellular models expressing mutated alpha-synuclein and/or exposed to neurotoxins that 

damage mitochondria are widely used to study time and conditions relevant for the 

development of the PD phenotype. We observed that mitochondrial retrograde 

trafficking was impaired in neurons expressing A53T alpha-synuclein after 6 DIV, 

however, after 8 DIV both directions of trafficking were impaired in these neurons, 

while neurons expressing WT or A30P alpha-synuclein did not show any differences in 

mitochondrial mobility. The expression of A53T alpha-synuclein also led to 

mitochondrial distribution and connectivity impairment, indicating the importance of 

mitochondrial trafficking for keeping mitochondrial localization and network properly 

connected. Interesting, neurons expressing WT or mutant alpha-synuclein showed 

higher levels of ROS than control neurons, with the highest ROS levels presented in 

neurons that expressed A53T alpha-synuclein, indicating that all types of alpha-

synuclein expressed lead to oxidative stress, mainly caused by mitochondrial 

dysfunction. Since it is known that WT, A30P and A53T alpha-synuclein lead to PD and 

A53T oligomerizes faster than other types of alpha-synuclein, likely with longer SH-

SY5Y culture or addition of neurotoxin, we might have observed the same alterations in 

mitochondrial trafficking and dynamics in cells expressing WT or A30P alpha-
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synuclein. It is known that disrupted microtubules can lead to impairment of general 

axonal trafficking and that alpha-synuclein can play a role in microtubules disassembly. 

In order to recover mitochondrial trafficking, we treated neurons with the neuropeptide 

NAP, which facilitates microtubule assembly. We have used NAP at a concentration that 

restores mitochondrial trafficking and consequently, the levels of ROS were normalized 

in neurons expressing any type of alpha-synuclein. Moreover, mitochondrial 

connectivity, distribution and morphology were recovered in NAP treated neurons that 

expressed A53T alpha-synuclein, revealing that disturbed trafficking can be the key to 

the cascade of cellular alterations in PD. 

In order to investigate alterations in mitochondrial trafficking and dynamics in 

human neurons, in chapter 5, we generated hiPSCs from 2 patients with PD: one 

having a SNCA3 mutation, that led to overexpression of WT alpha-synuclein and one 

with a point-mutation in the alpha-synuclein gene, A53T. Cells were differentiated and 

purified into neurons and cultured for 90 days. It was observed that mitochondrial 

trafficking was decreased in both lines confirming that disrupted mitochondrial 

trafficking is an important characteristic of PD pathology. Furthermore, we found 

mitochondria with abnormal morphology accumulated in the soma and indications that 

the organelles were fragmented. This is the first study showing impaired mitochondrial 

dynamics in a long-term neuronal culture of PD patients containing SNCA3 or A53T 

mutations. Culturing neurons for 90 days is a challenge, especially neurons containing 

the SNCA3 mutation. It has been demonstrated that the SNCA3 mutation impairs the 

differentiation and maturation of neurons, especially DA neurons. Moreover, neural 

precursor cells from SNCA3 patient showed colocalization of alpha-synuclein and 

mitochondria, consequently higher levels of ROS and higher vulnerability of apoptosis 

than control (Flierl et al., 2014) (Oliveira et al., 2015). Together with our results, these 

findings show that alpha-synuclein targets mitochondria early in PD and that disrupted 

mitochondrial trafficking is linked to the organelle dysfunction in neurons from PD 

patients. 

How alpha-synuclein triggers mitochondrial dysfunction is still unclear. It is 

thought that proteins related to mitochondrial dynamics are involved in the mechanisms 

that lead to abnormal mitochondrial functioning in the presence of alpha-synuclein. 
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Several studies have shown that especially Miro plays an important role in all processes 

involved in mitochondrial dynamics (Devine et al., 2016). The selective knock-out of 

proteins/genes has been used in many cell models to clarify their role in cellular events 

that contribute to neurodegeneration. However, the viability of polarized cells like 

neurons, are totally dependent of intracellular trafficking. Therefore, in chapter 6, we 

have used a yeast model for investigating the relation of alpha-synuclein toxicity and 

Miro on mitochondrial and also autophagy and ER dysfunction. As expected, we have 

found that A30P alpha-synuclein toxicity differs from A53T alpha-synuclein toxicity 

which is more severe in the last one. Cells expressing A53T alpha-synuclein showed an 

indication of protein aggregate and changes in mitochondrial and autophagy functioning 

that could be prevented or reduced by the absence of Gem (the yeast orthologue of Miro 

in mammalian). These data indicate that understanding the mechanisms which lead to 

alpha-synuclein aggregation and toxicity involve specific signalization of genes related 

to mitochondrial dynamics. Yeasts ΔGem (knock-out of Gem), showed decreased 

cellular viability. Curiously, ΔGem cells expressing mutant alpha-synuclein showed 

ameliorated viability and also increased autophagic flux, decreased levels of hydrogen 

peroxide and decreased endoplasmic reticulum stress. Together these data reveal that 

Miro contributes to alpha-synuclein toxicity related to oxidative stress and autophagic 

flux. 

It is well known that mitochondrial dysfunction can lead to degeneration of DA 

neurons.  However, the mechanisms that lead to mitochondrial dysfunction are still 

unclear. In this thesis, we showed that not only alteration but, specifically the decrease 

of mitochondrial trafficking is a common event in 3 different experimental cell models 

for PD, indicating that disrupted mitochondrial mobility can contribute to cause or 

worsen mitochondrial dysfunction in a sporadic or familial model of PD. Furthermore, 

we found that Miro, which is responsible for maintaining a normal mitochondrial 

distribution by controlling normal microtubules dynamics, is involved in the 

mechanisms underlying mutant alpha-synuclein toxicity involving protein aggregation, 

mitochondrial and autophagy dysfunction. Its absence can prevent oxidative stress 

caused by mutant alpha-synuclein. 

As indicated previously, alpha-synuclein oligomers can lead to disrupted 
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mitochondrial trafficking by interaction with tau, promoting microtubule disassembly or 

also by interaction with motor proteins related to mitochondrial anterograde or 

retrograde transport (Prots et al., 2013). The abnormal distribution of mitochondria or 

the absence of Miro, both have been reported to impair microtubules dynamics (Iijima-

Ando et al., 2012; Morlino et al., 2014). However, interactions between alpha-synuclein 

and the motor protein Miro are unknown. Interestingly, we found that recovering 

microtubule assembly with NAP and removing Miro, which is indirectly involved in 

microtubules growth and dynamics, could recover mitochondrial function and prevent 

mitochondrial dysfunction, respectively, caused by mutant alpha-synuclein. 

It has been shown that non-functional Miro or impaired Miro turnover can lead 

to abnormal mitochondrial morphology and mitophagy (Birsa et al., 2014; Fransson et 

al., 2006; Kazlauskaite et al., 2014; MacAskill and Kittler, 2010). Our findings using 

differentiated SH-SY5Y and neurons from patients with PD showed that the disruption 

of the mitochondrial trafficking occurs concomitant with the appearance of fragmented 

mitochondria. In addition, differentiated SH-SY5Y and yeast expressing A53T alpha-

synuclein showed higher levels of ROS, indicating mitochondrial dysfunction. Once 

again, these changes were recovered after NAP treatment or depletion of Miro. 

Intriguingly, Arduíno and colleagues (Arduino et al., 2013), showed that in an animal 

model for PD, accumulation of dysfunctional mitochondria triggers microtubule 

disassembly. Taken together, these findings indicate that alpha-synuclein disrupts 

microtubules indirectly by damaging mitochondria or maybe via an interaction with 

Miro. Whether alpha-synuclein interacts directly with Miro and disturbs Miro dynamics 

or with proteins related to Miro dynamics remains elusive. 

Autophagy pathology is associated with protein aggregation and is considered a 

hallmark of PD. In our model using yeasts, expression of A53T alpha-synuclein led to 

the highest autophagic flux. Interesting, the absence of Miro in yeasts expressing A53T 

alpha-synuclein led to even higher autophagic flux indicating Miro depletion prevented 

protein aggregation by increasing protein degradation. Curiously, it has been 

demonstrated that dysfunctional mitochondria can decrease autophagy flux in PD model 

(Arduino et al., 2013). These data strongly suggest that absence of Miro can prevent 

mitochondrial damage caused by mutant alpha-synuclein and consequently also prevent 
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autophagic flux decrease.  

As commented in chapter 2 and 6, mutant alpha-synuclein is commonly found in 

the ER of mammalian models for PD. In these models, alpha-synuclein disturbs the 

organelle homeostasis leading to ER stress and mitochondrial dysfunction in a vicious 

cycle of stress due to the cross-talking between the organelles. However, yeast cells did 

not show alpha-synuclein staining in the ER, suggesting the stress observed is not 

caused directly by the presence of the protein inside the organelle, but likely by other 

cellular damage caused by alpha-synuclein.  

Together, our models revealed that mitochondrial dysfunction caused by alpha-

synuclein toxicity involves a disruption in intracellular trafficking, preferentially first in 

mitochondrial retrograde trafficking. Besides that, alpha-synuclein toxicity is dependent 

of Miro (Gem) a protein related to mitochondrial trafficking and dynamics, 

demonstrating that understanding the mechanisms behind the impairment of 

intracellular trafficking could be key to unveil PD cellular pathogenesis. 
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