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CHAPTER 1 
______________________________________________________________________ 

GENERAL INTRODUCTION 
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Demographic changes and neurodegenerative diseases  

According to the World Health Organization (WHO) (2015), the world is aging 

as illustrated in the graph in Figure1. The aged population is larger in the high-income 

Western countries than for instance in Mexico, Russia, South-Africa and Brazil. 

However, Brazil also already experiences changes in its demographic profile with a 

significant increase of aged population (IBGE). Technological advances allow the 

development of new therapies, leading to an increased life expectancy. Consequently, 

the percentage of aged people older than 60 years is growing in the entire world. From 

2015 to 2050, an increase of 22% in the aged world population is expected. That would 

lead to an increased burden of age-related health problems to the society, demanding it 

to adapt their health systems.  

Figure 1. Illustration of European demographic changes from 1994 to 2014. Population 
of adults and aged men and women increased significantly from 1994 to 2014. Eurostat 
Statistic explained.  

 One of the most prominent age-related health problems is dementia, a broad 

category of brain diseases, characterized by a chronic and progressive loss of memory 

and a decrease in social behavior and cognition abilities. Nowadays, 47.5 million people 
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worldwide have dementia. It is expected that in 2050 there will be 135.5 million people 

living with dementia, mainly in low and middle-income countries such as Brazil and 

other countries in Latin America, where the prevalence of dementia is the highest 

compared to other regions in the world (Prince et al., 2013; Fagundes et al., 2011).  

 Dementia not only has an impact on people’s life but also on their families and 

society since it provides a major burden as far as care and costs are concerned. Until 

2010, health systems around the world spent around US$ 604 billion per year on the 

treatment of dementia. The most common disease that leads to dementia is Alzheimer’s 

disease (about 60-70% of cases of dementia is related to Alzheimer’s disease), followed 

by diseases like vascular dementia, dementia with Lewy bodies and Parkinson’s disease 

(PD). Yoritaka and collaborators (2016) have shown that the direct costs for PD 

outpatient clinics per month, at the University Hospital in Japan, are USD 485.74 per 

subject. Furthermore, 90.6% of the costs are related to drugs to treat PD. They found 

that disease severity did not increase medical costs and they claimed that the costs in 

Japan are similar to Western countries. 

Parkinson’s disease development 

 PD was described for the first time by James Parkinson in 1817 (Parkinson 

1817; for a review see (Goetz, 2011), and it is considered to be the most common 

neurodegenerative movement disorder (Tanner, 1992). It is estimated that PD affects 2% 

of the population older than 60 years old. According to the Parkinson’s Disease 

Foundation (2016), men are 1.5 times more affected by PD than women and there are 

approximately 10 million people affected by PD around the world. Clinical symptoms 

of PD involve motor dysfunction such as muscle rigidity, bradykinesia, balance 

disturbances, resting tremor, and non-motor symptoms such as cognitive decline, 

depression and deficit in olfactory and gustatory systems in the early stages of the 

disease; the late stages of the disease include mood alterations, sleep disturbances and 

dementia (Cecchini et al., 2015; Chao et al., 2015; Paillusson et al., 2016; Saito et al., 

2016; Weintraub et al., 2008). 

 Aging seems to be the main risk to develop PD. Degeneration of the substantia 

nigra (SN) is the main pathologic hallmark of PD and, therefore, it has been extensively 
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investigated. The degeneration of the dopaminergic neurons located in the compact part 

of the SN has been suggested to start in the distal axon retrogradely disturbing and 

inhibiting fast axonal transport. The dopaminergic phenotype slowly disappears as 

evidenced by the decreased levels of dopaminergic markers such as tyrosine 

hydroxylase (TH). As a compensatory reaction, the expression levels of dopamine 

receptors such as D1 and D2 have been found to increase. Interestingly, these changes 

have also been observed during normal healthy aging (Keeler et al., 2016; Rangel-

Barajas et al., 2015; Thanos et al., 2016). 

 The first studies on PD pathology and aging showed a depletion of neurons as 

well as a decrease of pigmentation in the SN in both PD patients and healthy elderly 

subjects. The SN appears as a black structure in post-mortem brain tissue due to the 

cellular presence of neuromelanin, which is a pigment that accumulates throughout life 

at this region (Cabello et al., 2002; Rudow et al., 2008; Zucca et al., 2017). 

 As a consequence of the loss of the nigrostriatal dopaminergic projections, the 

levels of dopamine gradually decrease in the striatum during PD progress. Curiously, 

striatal dopamine levels also seem to decrease in aged healthy brains in a range about 

10-13% per decade of life, and denervation of striatum is also found in the aged healthy 

brain (Carlsson and Winblad, 1976; Haycock et al., 2003; Hornykiewicz, 1989; Kish et 

al., 1988; Kish et al., 1992; Riederer and Wuketich, 1976). Some researchers suggested 

that an increased dopamine-turnover might be a compensatory mechanism in the 

degeneration of dopaminergic neurons in PD. Interestingly, a similar compensatory 

mechanism was observed by other researchers investigating aging of the SN (Barrio et 

al., 1990; Greenwood et al., 1991; Sossi et al., 2002). 

 Disturbed dopamine metabolism may increase intracellular oxidative stress. 

Although dopamine levels are decreased during aging and PD, oxidative stress is 

present in both situations. This changed redox state in dopaminergic neurons is thought 

to be caused by mitochondria dysfunction. It is known that oxidative stress can lead to 

progressive accumulation of oxidative damage, which is known to accelerate aging and 

PD development (Jang and Van Remmen, 2009; Kuter et al., 2016; Zucca et al., 2017). 

 It is important to point out that a major factor in the process of human and 

animal aging involves heritability of longevity, suggesting that the aging process is not 
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only modulated by life-style, but also has an important genetic component. Studies 

focusing on genes associated with the vulnerability of dopaminergic neurons have 

shown that genes involved in dopaminergic degeneration are also associated with 

normal aging. The most studied genes associated with PD appeared to be involved in 

the quality control of mitochondria and the modulation of oxidative stress; the same 

genes are associated with aging acceleration. α-Synuclein is an important pre-synaptic 

protein that plays a role in all neurons in the recycling of vesicles in synapses. 

Overexpression or anomalous conformation of this protein due to the presence of point 

mutations as well as a high oxidative environment lead to the oligomerization of α-

synuclein and the formation of amyloidogenic filaments. This will lead to the formation 

of aggregates and Lewy bodies, which are found in both PD and healthy normal brains  

(Devi et al., 2008; Giasson et al., 2000; Li et al., 2004; Passarino et al., 2016; Polito et 

al., 2016; Prinzinger, 2005; Weihofen et al., 2009; Yang et al., 2016).  

 Various researchers are investigating the differences between aging and PD in 

the brain. PD differs from aging mainly with respect to the higher level of cell loss  

(Rodriguez et al., 2015). It seems that PD is a consequence of aging restricted to a 

specific cell population in the brain, whereas aging itself affects all cells in the body. 

Moreover, only 4-5% of aged people develop PD. With so many similarities between 

aging and PD development, it is hard to conclude what changes lead to the disease. PD 

is thought to be the consequence of a complicated interaction between a wide variety of 

potentially toxic external stimuli and variable genetic susceptibility explaining the high 

clinical diversity among PD patients. 

 Therefore, together these changes observed in aged brain could be similar in the 

PD brains, leaving unclear the threshold between healthy aging and neurodegeneration. 

Risk factors for Parkinson’s disease 
   
  The etiology of PD is still largely unknown. Among the PD cases, 95% are 

considered sporadic and only 5% has a known genetic cause. Manifestation of PD has 

been thought to involve the chronic exposure to a set of environmental factors including 

pesticides, like rotenone, and herbicides. Familial PD implicates genetic susceptibility 

caused by one of several (point) mutations in the genes encoding for LRRK2, (leucine-
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rich repeat kinase 2), DJ-1, PINK1, parkin, GBA (glucocerebrosidase gene, Gaucher’s 

disease), UCH-L1, PODXL (podocalyxin-like), SYNJ1 (PARK20), ATP13A2, SNCA 

(α-synuclein) and others. Autosomal dominant mutations in the α-synuclein gene 

(SNCA) can lead to duplication or triplication of the gene, generating several copies of 

α-synuclein. A30P (G88C) and A53T are examples of PD linked point mutations in the 

α-synuclein gene involving the replacement of alanine by proline or threonine, 

respectively, at the indicated sites (Chen et al., 2015; Lee et al., 2010; Narhi et al., 1999; 

Ono et al., 2011; Park et al., 2015; Paumier et al., 2013; Stefanovic et al., 2015; 

Sudhaman et al., 2016; Vilageliu and Grinberg, 2017; Zhu et al., 2014). 

 Autosomal recessive mutations such as mutations in the GBA, parkin, PINK1, 

ATP13A2 and DJ-1 genes are likely linked to an early onset PD. Mutations in the parkin 

gene are the most common form of autosomal recessive PD. Parkin and Pink1 work 

together in regulating mitophagy, and in cases of mutations in parkin and PINK1, but 

also in ATP13A2, GBA and DJ-1, aberrant mitophagy is observed that leads to cell 

death. (Hanagasi et al., 2016; Lesage et al., 2016; Noelker et al., 2015; Park et al., 2015; 

Song et al., 2016; van der Merwe et al., 2015; Vilageliu and Grinberg, 2017). 

 The LRRK2 autosomal dominant mutation (G2019S) with gain of function is the 

most common known PD-associated gene and is also found in cases of idiopathic PD  

(Blanca Ramirez et al., 2017; Kalinderi et al., 2016). This mutation increases the risk to 

develop PD with 80% and it is linked to late onset PD. Curiously, the pathology in this 

case is independent of Lewy body formation (Gaig et al., 2009; Kalia et al., 2015). 

Models to study PD  

In order to investigate PD pathology, a variety of models have been created to 

address the clinical, tissue, cellular and molecular characteristics of PD. 

Animal models and primary cell cultures are widely used. Primary cell culture is 

a fast way to study single neurons. Animal models may provide insight in the systemic 

toxicity of α-synuclein. Interestingly, investigations on α-synuclein trafficking showed 

that α-synuclein can be transported from the enteric system until the SN, where this 

protein accumulates and aggregates (Holmqvist et al., 2014). Obviously, this α-

synuclein propagation could only be demonstrated in animal models with 
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experimentally induced PD since animals do not develop naturally neurodegenerative 

diseases like PD.  

SH-SY5Y cell line (neuroblastoma) is one of the most frequently used cellular 

models to study PD. It is a human neuronal cell line that can be quickly and 

inexpensively differentiated into neuron-like cells. In addition, chronic exposure to 

neurotoxins or overexpression of different types of α-synuclein can mimic a PD 

phenotype. Nevertheless, the line is derived from a malignant tumor and, therefore, its 

basic physiology is altered. In the analyses of experiments with the SH-SY5Y cell line, 

there should be awareness that the SH-SY5Y derived neurons are incomparable to true, 

mature human mature neuron (Kovalevich and Langford, 2013). 

S. cerevisiae (budding yeast) have been considered an important model to study 

the cellular biology, biochemistry and genetics of eukaryotes. This organism shows 

cellular pathways, proteins and genes that are well conserved during evolution (Smith 

and Snyder, 2006). Approximately 30% of yeast genes have known human ortholog 

genes, allowing studies on them with respect to the development of human diseases 

(Walberg, 2000). Furthermore, neurodegenerative diseases such as PD comprise the 

formation of protein aggregates, most often formed by protein misfolding processes. 

Mechanisms related to protein folding, oligomerization and aggregation can be studied 

in yeasts since protein quality control is conserved in these organisms (Ciaccioli et al., 

2013; Khurana and Lindquist, 2010). Therefore, yeast humanized models to study PD 

are also very well accepted (Franssens et al., 2013).  

Ten years ago, Yamanaka demonstrated that somatic cells could be 

reprogrammed into pluripotent stem cells (Takahashi and Yamanaka, 2006). The 

possibility to generate these induced pluripotent stem cells (hiPSC) from patients and to 

differentiate them into any cell type (so also the cell type that is specifically affected in 

that patient) has presented a unique tool for studying the development of 

neurodegenerative disorders apart from other applications (Figure 2). In order to address 

mechanisms underlying PD, researchers have started to differentiate hiPSC from PD 

patients into dopaminergic neurons for the analysis of pathogenesis of PD; it is obvious 

that PD iPSC-derived dopaminergic neurons provide a much more appropriate cell 

model than any of the PD cell models used so far. However, still a number of hurdles 
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have to be taken related to the genetic and epigenetic signatures still present in iPSC-

derived cells. Moreover, much more efficient differentiation protocols for DA neurons 

and particularly for their purification still have to be developed (Devine et al., 2011; 

Jacobs, 2014; Kang et al., 2016; Marchetto et al., 2010). 

It is clear that most experimental models for PD have their limitations and 

drawbacks. The researcher needs to choose the model that is the most appropriate and 

accurate to answer his specific detailed research questions.   

!  

Figure 2: The iPSC paradigm for modeling PD and other neurodegenerative diseases 
(Jacobs et al., 2014).  

OUTLINE OF THESIS 

 The degeneration of dopaminergic (DA) neurons associated with alpha-

synuclein accumulation is a hallmark of Parkinson´s disease (PD). The overexpression 
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or the presence of mutated alpha-synuclein can lead to oxidative stress, aberrant 

autophagy and disturbed ER homeostasis. Several studies have addressed the initial 

cellular events occurring in the disease, suggesting that mitochondrial dysfunction, 

deficits in the intracellular axonal transport and alpha-synuclein aggregation are 

important events that could lead to cell death. Moreover, it has been suggested that 

proteins related to mitochondrial dynamics play a role in the mechanisms that lead to 

neurodegeneration in the presence of alpha-synuclein. However, the association 

between all these events and the role of proteins related to mitochondrial dynamics in 

PD are still unclear. After an extensive review of our present knowledge on the role of 

α-synuclein and mitochondrial dysfunction in the pathology of Parkinson’s disease 

(Chapter 2), we report, in the chapters that follow, on studies addressing, registering 

and analyzing the disturbance of mitochondrial mobility and function in PD. In these 

studies, we made use of 4 different experimental cell models that are generally 

employed to mimic and study PD. In Chapter 3, we describe the effect of rotenone, a 

pesticide associated with sporadic PD, on mitochondrial mobility and motor protein 

expression in primary DA neurons. In the study in this chapter, we used cultured DA 

neurons isolated from the midbrain (the substantia nigra) of neonatal Lewis rats and 

exposed them to low doses of rotenone for 24h or 48h. Apart from analyzing 

mitochondrial mobility in these rotenone-treated DA neurons, we aimed to evaluate the 

effect of rotenone on the expression of several motor proteins involved in anterograde 

and retrograde mitochondrial trafficking. To investigate whether the changes in 

mitochondrial trafficking that we observed in the rotenone-affected primary DA neuron 

cultures also do occur in human DA neuron-like cells in which “familial PD” was 

triggered/mimicked by the expression of mutant alpha-synuclein genes (A53T or A30P), 

we employed a second, frequently used, PD cell model: the A53T- or A30P-gene 

transfected SH-SY5Y cell line which was induced to differentiate into neuronal-like 

cells (Chapter 4). In this chapter, we also investigated whether impaired mitochondrial 

trafficking and function can be rescued by NAP, a neuropeptide demonstrated to 

promote microtubule assembly. For that, we analyzed mitochondrial trafficking, 

distribution, connectivity and reactive oxygen species production in the mutant alpha-

synuclein genes expressing differentiated SH-SY5Y cells with or without the NAP 
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treatment. In Chapter 5, we addressed the same questions regarding the PD-related 

pathogenesis of mitochondrial mobility and function as in the previous chapters, but 

with the use of a third PD cell model: iPS cells generated from skin fibroblasts of 

patients with familial forms of PD, i.e. patients with a triplication of the alpha-synuclein 

gene (SNCA3) or patients with a mutation (A53T) in the alpha-synuclein gene. These 

induced pluripotent stem (iPS) cells were differentiated into DA neurons after which the 

effect of aberrant alpha-synuclein expression on mitochondrial trafficking, morphology 

and distribution was analyzed.  

The maintenance of mitochondrial dynamics is dependent of Miro. The best way 

to investigate whether Miro could play a role in the impairment of mitochondrial 

dynamics caused by alpha-synuclein is deleting the Miro gene. However, since neurons 

are polarized cells that depend on normal mitochondrial trafficking to survive, yeasts 

appeared to be an excellent model to study the role of Miro, since mitochondrial 

dynamics in yeast cells is not dependent of intracellular trafficking. So, the fourth 

experimental cell model used by us (Chapter 6), was the humanized yeast model with 

the knockout of Miro (ΔGem) and the forced expression of point-mutated A30P and 

A53T alpha-synuclein. In the yeast model, we assessed the role of Miro in the 

(aggregated) alpha-synuclein induced changes in cellular viability, mitochondrial and 

autophagy dysfunction and endoplasmic reticulum (ER) stress.  Finally, in Chapter 7, 

we summarized and discussed the findings presented in the preceding chapters.  

Our findings indicate that aberrant alpha-synuclein expression disrupts axonal 

trafficking of mitochondria leading to mitochondrial dysfunction, disturbed ER 

dynamics and aberrant autophagy through mechanisms dependent on Miro.   
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