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Abstract 

Parkinson’s disease (PD) is the most common motor neurodegenerative disease in the 

world. Protein aggregates containing mainly alpha-synuclein and mitochondrial 

dysfunction are a hallmark of disease. Alpha-synuclein leads to a global cellular toxicity 

and affects degradation systems, unfold protein response and energy production, 

impairing the cellular redox balance. Mitochondria and autophagy defects have been 

suggested to be caused or caused by alpha-synuclein accumulation. In this study we 

reviewed the role of alpha-synuclein and proteins related to mitochondria, endoplasmic 

reticulum and autophagy dynamics in the pathogenesis of PD.  
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INTRODUCTION 

 Parkinson’s disease (PD) was initially described by James Parkinson in 1817, 

and is currently the most common age-related neurodegenerative movement disorder 

(Goetz, 2011; Parkinson, 2002; Tanner, 1992). There are at the present time 

approximately 10 million diagnoses worldwide, and PD affects 2% of the population 

aged >60 years. Additionally, the Parkinson’s Disease Foundation (2016) reports that 

men are 1.5 times more likely to have PD than women do. Clinical symptoms of PD 

include motor dysfunctions such as muscle rigidity, bradykinesia, balance disturbances, 

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

olfactory and gustatory deficits in the early stages of the disease. Mood alterations, 

sleep disturbances, and dementia also typically occur in late PD (Cecchini et al., 2015; 

Weintraub et al., 2008). 

Studies of post-mortem brains from patients with PD have revealed the presence 

of cellular inclusions called Lewy bodies, which contain α-synuclein. Accumulation of 

α-synuclein in both neurons and glia precedes degeneration of dopaminergic (DA) 

neurons located in the substantia nigra (SN). Therefore, α-synuclein aggregation is 

considered a hallmark of both sporadic and familial PD and the protein has been 

extensively investigated. α-Synuclein damaging cells seems to involve a global toxicity 

that is time-dependent and impairs mitochondria, lysosome and other organelles and 

compartments proper functioning. However, molecular mechanisms of α-synuclein 

action in these organelles and compartments are not well understood. 

 The current review presents an overview of the mechanisms of PD pathogenesis 

related to α-synuclein toxicity, focusing on intracellular impairment and oxidative 

stress. 

Characteristics of α-synuclein  

 α-Synuclein is a small protein composed of 140 amino acids; it is a neuronal 

presynaptic protein critically involved in recycling vesicles at synapses, including their 

trafficking, docking, and endocytosis at the presynaptic membrane. It is also expressed 

at low levels in the soma, dendrites, and axons and is essential to the regulation of 

neurotransmitter release and responses to cellular stress (Bengoa-Vergniory et al., 
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2017). In DA neurons specifically, α-synuclein is important for the synthesis, regulation, 

storage, and release of dopamine; it is a crucial protein for synaptic plasticity (Burre, 

2015). Moreover, α-synuclein interacts with numerous membrane lipids and proteins, 

such as those related to calcium and dopamine homeostasis (Ruzafa et al., 2017). In 

addition, excess of α-synuclein interacts with tyrosine hydroxylase (TH) to inhibit 

dopamine biosynthesis, and with the dopamine transporter (DAT) impairing dopamine 

transport (Khan et al., 2012). Overexpression of wild type (WT) α-synuclein or 

expression of the mutated A53T form reduces dopamine release via covalent binding to 

dopamine and/or modulation of TH; this disrupted dopamine metabolism leads to cell 

toxicity (Tabrizi et al., 2000; Xu et al., 2002). 

Oligomerization and aggregation of α-synuclein 

 Proteins normally fold to form three-dimensional structures in cells. However, 

incorrect folding may occur, causing misfolding or incomplete folding. These aberrant 

proteins may be prone to aggregate and spread (Mahul-Mellier et al., 2015).  

 Overexpression or anomalous conformation due to point mutations and a high 

oxidative environment lead to oligomerization of α-synuclein and formation of 

amyloidogenic filaments. These events subsequently lead to formation of aggregates 

and Lewy bodies (Li et al., 2004; Piccirilli et al., 2017). Furthermore, α-synuclein may 

form multimers by self-assemblage, which irreversibly produces insoluble aggregates. 

Mutant A53T α-synuclein appears to be more prone to aggregate (including dopamine) 

than A30P or WT α-synuclein are (Cieplak, 2017; Moussa et al., 2008). The role of 

protein aggregation is unclear; however, neurotoxic effects of α-synuclein have been 

demonstrated to result from its propensity to form multiple oligomers. In contrast, other 

studies indicate that oligomers of α-synuclein (pre-aggregates) are more toxic than 

aggregates (Deas et al., 2016; Lam et al., 2016; Lorenzen and Otzen, 2014; Winner et 

al., 2011), and aggregate formation has also been suggested as a neuroprotective 

mechanism (Arawaka et al., 2014; Mahul-Mellier et al., 2015). 

 Insoluble α-synuclein may result from genetic mutations, deficits in degradation, 

and exposure to oxidative conditions (Conway et al., 1998; Follmer et al., 2015; 

Fredenburg et al., 2007; Hashimoto et al., 1999; Narhi et al., 1999). However, α-
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synuclein elimination may prevent insoluble protein formation (Myohanen et al., 2017). 

 The monomeric form of the protein is predominantly degraded by chaperone-

mediated autophagy (CMA); nevertheless, in few cases or in the presence of ser-129 

phosphorylated α-synuclein can be degraded by proteasome. The oligomeric form of the 

protein is degraded by autophagy, independent of CMA (Machiya et al., 2010; Vogiatzi 

et al., 2008). However, mechanisms that favor oligomeric and insoluble α-synuclein 

formation as a component of PD-associated neurodegeneration are not well understood. 

The general mechanisms of α-synuclein degradation have been studied and the findings 

indicate that small inclusions of the protein and puncta aggregates are ubiquitinated and 

driven to the ubiquitin-proteasome system. However, proteasomes do not degrade large 

cargos such as aggregates or organelles; degradation of ubiquitinated or non-

ubiquitinated cargos, including aggregated α-synuclein, occurs preferentially through 

autophagy (Ciechanover et al., 2000; Lynch-Day et al., 2012). 

 Macroautophagy is the most well characterized autophagy process. During 

macroautophagy, macromolecules and organelles are isolated in the cytosol by a double 

membrane that forms a vesicle, termed autophagosome, which matures and fuses with 

lysosome (Klionsky, 2005). P62 protein recognizes ubiquitinated cargos and initiates 

autophagy by binding to microtubule-associated protein light chain 3 I (LC3-I) (an Atg8 

yeast ortholog), which drives vesicle formation. When the autophagosome matures, 

LC3-I is converted into LC3-II. During the fusion process, LC3-II from the outer 

membrane fuses with the lysosome and is degraded with P62 and the vesicle. Several 

studies have assessed autophagic flux and cargo removal by measuring LC3-I, LC3-II 

and P62 levels (Erustes et al., 2017; Mizushima et al., 2010). 

 Both mutated and overexpressed wild-type α-synuclein disrupts the ubiquitin-

proteasome system and autophagy; interestingly, dysfunction of degradation pathways 

also leads to accumulation and aggregation of α-synuclein. During aging and in the 

presence of large amounts of α-synuclein or mutated A53T α-synuclein, CMA and 

macroautophagy are inhibited. Furthermore, autophagy inducers decrease α-synuclein 

expression, indicating that autophagy is crucial for α-synuclein degradation and for 

preventing aggregate formation (Dagda et al., 2013; Decressac et al., 2013; Shruthi et 

al., 2016; Song et al., 2014; Wu et al., 2013).  
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 Mitochondrial dysfunction may result from aggregation and lysosome 

dysfunction. In the presence of mutated A53T α-synuclein, autophagy is blocked and 

endoplasmic reticulum (ER) homeostasis is disturbed, thereby increasing reactive 

oxygen species (ROS) levels also caused by mitochondrial dysfunction. Since 

autophagy has a global role of degradation in the cell, inhibition of this process by 

A53T α-synuclein, can lead to high ROS levels via ER impairment and reduced 

mitochondria removal. Especially in DA neurons, defects in non-functional 

mitochondria degradation causes a rapid increase in ROS levels and induce 

neurodegeneration (Hattori et al., 2017; Redmann et al., 2016). Together, these studies 

show that α-synuclein toxicity impairs degradation pathways, thereby worsening the 

consequences of protein accumulation and aggregation as depicted in Figure 1.  
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Figure1: Soluble monomeric α-synuclein and oligomers and aggregates in normal aged 
neuron (A) and neurons with PD (B). α-Synuclein oligomers toxicity involve the 
impairment of degradation pathways via proteasome or lysosome worsening the 
consequences of protein accumulation and aggregation. α-Synuclein aggregates 
alleviate the cellular stress caused by oligomers, however in long-term the formation of 
more oligomers and aging, genetic susceptibility and environment factors lead to DA 
neurons death. 

Toxicity of α-synuclein in dopaminergic neurons 

  Experiments with both A53T and A30P and other mutated forms of α-synuclein 

reveal that the oligomeric ß-sheet-rich secondary structure of α-synuclein is highly toxic 
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and is also crucial to PD pathology (Dettmer et al., 2015a, b; Ranjan and Kumar, 2017; 

Sharon et al., 2003). During PD pathogenesis, soluble oligomers with high membrane-

binding affinities may spread among neurons and glia, with the seeding oligomers 

acting like prions (Abeliovich and Gitler, 2016; Ugalde et al., 2016). According to this 

theory, PD is considered a prion-like disease, comparable to diseases such as bovine 

transmissible spongiform encephalopathy in animals and Creutzfeld-Jacob disease in 

humans. Studies on post-mortem brains of patients with PD who received fetal tissue 

grafts 10–15 years ago, have found Lewy body-like structures in the graft tissue, 

suggesting that α-synuclein entered the graft cells from the surrounding host cells, 

similarly to the mechanisms of prion spreading (Danzer et al., 2009; Li et al., 2008; Rey 

et al., 2016). 

 Experiments using animal models to study the prion-like properties of α-

synuclein indicate that animals treated with α-synuclein fibrils developed α-synuclein 

aggregates and synucleinopathy, including concomitant deficits in synaptic function. 

Holmqvist and collaborators (2014) revealed that monomeric, oligomeric, or fibrillar α-

synuclein is transported from the enteric system to the brain via the vagus nerve, via the 

slow and fast intracellular microtubule transport systems. These findings suggest an 

intimate relationship between α-synuclein translocation and aggregate formation.  

The role of reactive oxygen species in Parkinson’s disease  

During PD, the activities of mitochondrial complexes I and IV are preferentially 

affected in the SN, thereby increasing ROS production. ROS can be generated by 

various cellular processes such as α-synuclein accumulation or the presence of mutated 

proteins in cellular compartments such as the endoplasmic reticulum (ER) during 

cellular stress. Notwithstanding, ROS are produced primarily via the electron transport 

chain, at the inner mitochondrial membrane (Blesa et al., 2015; Penke et al., 2016; 

Santos et al., 2009; Turrens, 2003). 

 Mitochondria are crucial for the maintenance of healthy neurons, since these 

organelles are responsible for producing energy, in the form of ATP. Moreover, mtDNA 

encodes 7 essential proteins involved in the respiratory chain (Devi et al., 2008; Mootha 

et al., 2003). Mitochondria are also involved in regulating apoptosis and in calcium and 
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ROS homeostasis. In healthy mitochondria, the electron chain generates a molecular 

cascade respiratory chain. This cascade induces a gradient of protons over the 

mitochondrial inner membrane, which is used in ATP synthesis. Electrons are extracted 

from reduced substrates and are transferred to molecular oxygen (O2), through a chain 

of enzymatic complexes (I to IV). In the last step of the electron transport chain, 

cytochrome c oxidase (complex IV) completely reduces O2 in water, with minimum 

formation of oxygen radicals. However, during mitochondrial dysfunction, partial 

reduction of O2 occurs more frequently than normal reduction, thereby generating 

increased radical superoxide anions; approximately 0.1–0.5% of O2 are partially 

reduced by mitochondria. The radical superoxide anion can be dismuted in H2O2 and O2 

by the Cu/Zn-SOD1 enzyme in the intermembrane space, or in the mitochondrial matrix 

by MnSOD2 (Arun et al., 2016; Lopert and Patel, 2016; Quiros et al., 2016). 

  Mitochondrial dysfunction occurs during normal aging, leading to higher ROS 

production that accelerates α-synuclein aggregation and dopamine depletion, thereby 

initiating neurodegeneration (Benigni et al., 2016; Kong et al., 2014; Navarro and 

Boveris, 2010). DA neurons in the SN compacta (SNc) are susceptible to aging-

associated oxidative stress. This susceptibility to ROS has been explained using the free 

radical theory, based on a hypothesis formulated in 1950 by Denham Harman (Harman, 

2009). According to this theory, accumulated ROS damages macromolecules, thereby 

resulting in neurodegeneration. During aging, the redox state of the brain is disturbed by 

reduced antioxidants such as GSH (glutathione), which produces ROS toxicity and the 

resultant genetic mitochondrial mutations, protein damage, and ultimately, the 

development of neurodegenerative diseases such as PD (Currais and Maher, 2013; Kudo 

et al., 1990; Zuo and Motherwell, 2013). 

Mitochondrial dysfunction in Parkinson’s disease 

 Human DA neurons are considered the greatest consumer of ATP since they 

form 2.4 million synapses and they are thought to be the neurons with more synapses 

connections (Haddad and Nakamura, 2015). Thus, mitochondria dysfunction inevitably 

contributes to ROS increases in DA neurons, especially given that 0.2–2% of total 

oxygen consumed in normal conditions is converted to free radicals in the mitochondria  
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(Maharjan et al., 2016; Richter, 1992). 

 During the process of energy production by mitochondria, unpaired electrons are 

formed, mainly in the complexes I and III. The presence of these unpaired electrons 

facilitates ROS production, which can accelerate aging and activate antioxidant 

enzymes, including SOD and GPx, and antioxidant components including DAT and 

vesicular monoamine transporter 2 (VMTA2), which drives dopamine relocation from 

the intracellular medium to synaptic vesicles (Forkink et al., 2015; Oka et al., 2015). 

Several studies propose that complex I disruption increases ROS levels in the 

mitochondrial matrix and the cytosol, leading to GSH depletion and cell death. In 

addition, ROS levels rapidly increase throughout tissues, including the PD brain and 

platelets of PD patients in cybrid models (Arduino et al., 2015; Bronstein et al., 2015). 

 The mitochondrial electron transport chain produces 90% of ROS in cells and is 

localized close to mtDNA, thereby facilitating mtDNA mutations. Furthermore, mtDNA 

is not protected by histones and its replication is independent from the cell cycle. 

Consequently, mutated mtDNA needs to be repaired quickly to avoid the propagation of 

these mutations that can lead to somatic mosaicism, a risk increasing with age. 

Recently, mitochondrial DNA damage was linked to complex I deficiency and increased 

ROS in PD (Fayet et al., 2002; Giannoccaro et al., 2017; Leman et al., 2015). 

 Compared to other tissues, the brain is more susceptible to mtDNA mutations, 

especially in the SN. A study of healthy 60-year-old participants found that >40% of all 

mtDNA deletions occur in the SN (Ameur et al., 2011; Bender et al., 2006). Mutations 

in mtDNA and/or electron transport chain impairments lead to mitochondrial 

dysfunction and energy depletion. Decreased energy production compromises the repair 

of damaged mitochondria and mitochondrial quality control, making mitochondria an 

easy target for degradation (mitophagy) (Lauri et al., 2014). Damaged or depolarized 

mitochondria cause electron leakage, generating excessive ROS, and releasing pro-

apoptotic factors such as cytochrome C, which initiate cell death (Brustovetsky et al., 

2002). Moreover, electron chain inhibitors impair complex I and can interact with α-

synuclein, especially with mutated forms of the protein, increasing ROS production. 

Curiously, basal expression of α-synuclein has been shown to protect against excessive 

ROS generation  (Byers et al., 2011; Choong and Say, 2011). 
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 Mitochondria form a highly interconnected network throughout the neuron and 

its dynamics involves continuous autophagic destruction via a macroautophagy process, 

termed mitophagy. Maintenance of healthy mitochondrial functioning involves fusion 

and fission processes that alter mitochondrial morphology (Bereiter-Hahn and Voth, 

1994; van der Bliek et al., 2013). Deficits in the fusion or fission machinery cause 

aggregation and loss of directed movement, thereby impairing correct mitochondrial 

migration to neurites. Furthermore, investigations of impaired fusion and fission have 

demonstrated spontaneous generation of mtDNA mutations in neurodegenerative 

disorders such as PD (Chen and Chan, 2009). 

 Mitochondrial membrane damage and changes in mitochondria fission and 

morphology can result from interactions with α-synuclein (Nakamura et al., 2011). In 

order to understand α-synuclein toxicity and analyze the consequences for 

mitochondrial dynamics, several models have been created to overexpress α-synuclein 

or transfect mutated forms of the protein. It was revealed that overexpression of α-

synuclein inhibits mitochondrial membrane fusion and disturbs the mitochondria cycle, 

which leads to fragmented or swollen mitochondria that contain laminated bodies. 

Moreover, α-synuclein overexpression increases colocalization of autophagosomes and 

mitochondria. Interestingly, siRNA-mediated α-synuclein knockdown prevents changes 

in mitochondrial morphology that results in elongated mitochondria (Kamp et al., 2010; 

Martin et al., 2006; Ryan et al., 2015). 

Mutations in α-synuclein may also amplify mitochondrial dysfunction. A53T α-

synuclein colocalizes to the mitochondrial membrane disrupting complex I and 

interfering with the fission process and autophagy machinery (Pozo Devoto and 

Falzone, 2017). However, mitophagy is blocked, leading to the appearance of 

fragmented mitochondria. In addition, damaged mtDNA and dysmorphic mitochondria 

occur in A53T α-synuclein transgenic mice (Chinta et al., 2010; Choubey et al., 2011; 

Martin et al., 2006), and may have resulted from altered affinity of mutated α-synuclein 

to the mitochondrial membrane, given that α-synuclein primarily interacts with the outer 

mitochondrial membrane. However, during adequate ATP supply and pH changes, α-

synuclein can migrate to the inner mitochondrial membrane quickly changing 

mitochondrial membrane potential, inhibiting complex I, and leading to aggregation and 
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fragmentation of mitochondria (Cole et al., 2008; Devi et al., 2008). 

Interaction between mitochondria and ER in α-synuclein toxicity 

A proper mitochondrial membrane potential is important for maintaining a 

normal ER morphology. Altered mitochondrial membrane potential is associated with 

ER fragments that release calcium and produce high intracellular calcium levels, which 

leads to increased ROS. These findings suggest that both ER stress and mitochondrial 

dysfunction contribute to DA degeneration. Interestingly, mitochondria morphologic 

changes, caused by interaction of α-synuclein with the mitochondrial membrane, are 

exacerbated by A53T α-synuclein. In contrast, A30P α-synuclein does not exacerbate 

these changes, since this protein does not interact with the mitochondrial membrane 

(Bao et al., 2016; Ghio et al., 2016). 

The findings discussed above suggest that mitochondria and ER are affected by 

α-synuclein toxicity; however, further research is needed to understand crosstalk 

between these organelles in order to further elucidate their dysfunction in PD. 

Mitochondria and ER possess mutual membrane contact sites, which allow direct 

contact for metabolite exchange, for signaling involved in organelle dynamics, ATP 

metabolism, protein folding, and autophagy (van Vliet et al., 2014; Vance, 2014; Vishnu 

et al., 2014). Moreover, both organelles form contacts at synapses, where they promote 

calcium flow and synaptic activity (Krols et al., 2016; Mironov and Symonchuk, 2006). 

Together, these findings strongly suggest that contacts between mitochondria and ER 

are essential to neuron survival. Furthermore, mitochondrial fission processes occur 

near contact sites with the ER even in the absence of mitochondrial fission factors. 

Besides that, the mitofusins, MFN1 and MFN2, which are proteins involved in 

mitochondrial fusion, depend on Miro1, a crucial protein associated with mitochondrial 

trafficking and dynamics. Miro1 is localized at sites of contact between ER and 

mitochondria, and the yeast Miro1 ortholog, Gem, participates in mitochondrial and ER 

division through interactions with the membrane contact sites between organelles 

(Fransson et al., 2006; Misko et al., 2010; Rowland and Voeltz, 2012). Furthermore, 

mitophagy also appears to be dependent on mitochondrial and ER membrane contact 

sites. Several ATG proteins, including the Atg8 mammalian ortholog LC3, are found at 

mitochondrial and ER contact sites. Moreover, in yeast or mammalian cells, 
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mitochondrial and ER contact sites form a platform for mitophagosome biogenesis and 

mitochondrial degradation (Bockler and Westermann, 2014; Hamasaki et al., 2013). 

Investigations of mitochondria and ER contacts in PD indicate that α-synuclein 

is located at mitochondria and ER contact sites. Furthermore, α-synuclein 

overexpression increases mitochondria and ER contacts and affects calcium transfer 

between these organelles. However, in the presence of the A30P or A53T mutated α-

synuclein oligomers, contacts between both organelles are inhibited even more when 

Lewy bodies are present (Cali et al., 2011; Guardia-Laguarta et al., 2014). This 

diminished organelle contact induces defective mitochondrial fission, and 

overexpressed or mutated α-synuclein leads to blockage of autophagy, and 

mitochondrial accumulations can be found (Manor et al., 2015). Therefore, inhibited 

autophagy also increases ROS levels via damaged mitochondria and ER stress, which 

eventually lead to cell death.  

There is a reciprocal relationship between mitochondrial dysfunction and ER 

stress. Post-mortem brains from patients with PD and animal models of PD both 

showed indications of ER stress. Overexpressed or mutated α-synuclein accumulates in 

the ER impairing protein folding and provokes ER stress. Furthermore, A53T α-

synuclein increases ROS levels by impairing mitochondria and ER function, thereby 

causing neuron death (Colla et al., 2012; Smith et al., 2005). Stressed ER also generates 

ROS by decreasing GSH levels and transferring excessive calcium to mitochondria, 

which then also generate more ROS. GSH is the main molecule responsible for 

maintaining redox states in ER and mitochondria. Moreover, GSH oxidizes and 

activates the unfold protein response (UPR). In order to restore ER homeostasis, 

inositol-requiring enzyme 1 alpha protein (Ire1α) activates the UPR, which 

subsequently requires chaperones such as protein disulfide isomerase (Pdi); this 

increases the folding and secretion of proteins to be degraded hence reestablishing the 

ER redox state. Secretion of α-synuclein also promotes its own accumulation and 

contributes to Lewy body formation. Furthermore, α-synuclein, disrupt both the 

ubiquitin-proteasome system and autophagy, leading to ER stress and UPR activation 

(Brigelius-Flohe and Maiorino, 2013; Schroder, 2008). 

Pdi is the primary protein involved in the ER protein folding machinery, and is 
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overexpressed during ER stress; therefore, it is a marker for ER stress. During the 

protein folding process, Pdi oxidizes the protein generating disulfide bonds in proteins 

that become reduced. ER oxidoreductase 1 (Ero1) enzymatically oxidizes Pdi, which 

reactivates it for another cycle of protein folding. Once reduced, the protein Ero1 

transfers oxygen to molecular oxygen generating H2O2. In addition, accumulated 

protein in the ER favors calcium leakage to cytosol. Mitochondria also play a role in 

calcium buffering; uptake of excessive calcium released from the ER increases 

mitochondrial metabolism and ROS production. Furthermore, protein folding, which 

occurs in the ER, requires high levels of ATP. Therefore, prolonged UPR activation 

promotes high levels of ROS as illustrated in Figure 2 (Feissner et al., 2009; Malhotra 

and Kaufman, 2007).  
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Figure 2: Effects of prolonged UPR activation by α-synuclein. Illustration of how α-
synuclein affects the number of contact sites mediated by Miro, between ER and 
mitochondria in normal healthy or unhealthy neurons. During PD, the levels of 
chaperone PDI increased while, the levels of chaperone BiP (HSP70) decreased, both 
changes contributes to increase the consumption of GSH, leading to increased levels of 
GSSG, calcium and free radicals leading to DA neurons death.  

In DA neurons, UPR activates XBP1, yeast ortholog Hac1, which plays a role in 

activating gene expression to promote neuron survival. However, in the long-term 

presence of excessive or misfolded proteins, Hac1 (mRNA) activates apoptotic genes 

such as transcriptional factor CHOP (DDIT3 gene) that drives neurons to death. Besides 

that, Ire1α promotes alternative splicing of Hac1 mRNA, which is also a marker of ER 

stress. Therefore, UPR plays a paradoxical role in neurons; it initially activates 

mechanisms to ameliorate ER stress, however, long-term UPR activation induces cell 

death (Delic et al., 2012; Grimm, 2012; Krols et al., 2016; Mercado et al., 2016; Nikawa 

et al., 1996). 

Recent studies of the first steps in neurodegeneration indicate that alterations in 

intracellular trafficking are essential to neuron survival. Experiments in cells with 

varying α-synuclein expression, without aggregates, revealed that high levels of this 

protein are associated with hyperphosphorylation of tau protein, which results in 

destabilization of microtubules and impaired intracellular trafficking of vesicles and 
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organelles (Oikawa et al., 2016). These findings suggest that alterations in intracellular 

trafficking are in fact initial steps in neurodegeneration and may promote aggregate 

formation.  

Impaired intracellular trafficking in PD  

 Mitochondrial quality control is essential to neuronal survival and involves 

trafficking mitochondria to neuronal regions that require more energy and returning 

mitochondria to the soma for recycling and repair, since that is where fusion and fission 

preferentially occur. The axons of DA neurons in the SN account for 95% of the cellular 

volume and recruit a significant portion of its energy. Disrupted mitochondrial 

trafficking impairs the ATP-supply at specific sites, such as synaptic terminals, and 

impairs new healthy mitochondria generation by fusion and fission processes in the 

soma (Phillipson, 2017). Anterograde mitochondrial trafficking is the axonal 

transportation of mitochondria from the soma to the synaptic terminals. Retrograde 

transport to the soma is required during recycling, or in cases of mitochondrial damage 

and dysfunction. At the soma, mitophagy involves lysosomes and ubiquitin-proteasome 

processes to degrade damaged mitochondria (Florenzano, 2012; Lehmann et al., 2016). 

Since neurons are polarized cells and possess long axons, intracellular trafficking is 

crucial to neuronal survival, morphology, and function. Motor proteins from the kinesin 

family (KIFs), and other proteins such as dynein and dynactin, are responsible for 

maintenance of intracellular trafficking along the microtubules (Hirokawa et al., 2010). 

The direction of trafficking depends on the polarity of specific sites. Microtubule 

polarity is positive in the axon endings and distal dendrites; however, polarity may be 

either positive or negative in the proximal dendrites. In the soma, microtubular polarity 

is positive at the distal portion, after the microtubule-organizing center (MTOC) (Xiao 

et al., 2016). 

  Injuries to the cytoskeleton are responsible for rearrangement and movement of 

organelles in neurodegenerative diseases, including PD. Microtubules participate in 

diverse cellular functions including motility, cell division, and transportation of 

organelles, vesicles, and proteins, and maintenance of cellular morphology and general 

organization of the cytoplasm. Microtubular dynamics are regulated by the 
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concentration of free tubulin. Intriguingly, in PD, α-synuclein and Lewy bodies are 

colocalized with free tubulin and with the tubulin polymerization promoting protein 

(TPPP), suggesting that α-synuclein may disrupt intracellular trafficking by impairing 

microtubule stabilization (Morris and Hollenbeck, 1993; Olah et al., 2011; Szunyogh et 

al., 2015). 

 Accumulating evidence suggests that disrupted axonal transport is critical to PD 

development (Hunn et al., 2015). It has been suggested that α-synuclein may impair 

mitochondrial axonal transport by disturbing motor protein expression such as for 

dynein. In addition, α-synuclein appears to disrupt interactions of these proteins with 

microtubules (Cartelli et al., 2016; Fang et al., 2017). Other studies have demonstrated 

that during neurodegeneration, alterations in motor proteins may have consequences for 

mitochondrial trafficking (Cai et al., 2005). Expression of the anterograde motor 

proteins KIF1Bα and KIF5 and the retrograde motor proteins dynein, dynactin, and 

syntaphilin, was altered prior to protein aggregation in cell cultures and in animals 

treated with rotenone, a pesticide which blocks complex I of mitochondria electron 

chain. In addition, mitochondrial trafficking is synchronized with anterograde motor 

protein expression, and alterations in these proteins change mitochondrial trafficking 

(Chaves et al., 2013; Melo et al., 2013). Together, these studies strongly suggest that 

altered intracellular trafficking is an important component of PD pathogenesis.  

 To transport cargos such as mitochondria, motor proteins associate with the 

adaptor proteins Trak (drosophila ortholog Milton) and Miro (also called Rhot), which 

are attached to the outer mitochondrial membrane (Devine et al., 2016). Experiments 

altering Miro expression demonstrate that increased Miro increases mitochondrial 

trafficking, indicating regulation of mitochondrial dynamics (Chen and Sheng, 2013). In 

addition, loss of Miro results in defective trafficking in both directions, suggesting that 

Miro is an adaptor for both anterograde transport (via interaction with KIF5) and 

retrograde transport (via interaction with dynein). Furthermore, studies on 

mitochondrial fragmentation and interconnectivity showed that non-functional Miro led 

to mitochondrial trafficking impairments and fragmentation, whereas overexpression of 

Miro increased mitochondrial trafficking and interconnectivity, thereby increasing 

mitochondria length in neurons (Fransson et al., 2006; MacAskill and Kittler, 2010). 
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 Miro is a Ca+2 sensor containing 2 calcium-binding EF-hands. Increased calcium 

dissociates motor proteins from Miro and Trak, blocking mitochondria trafficking. This 

process is crucial for the anchoring mitochondria at specific sites where abundant ATP 

is required, such as at synapses. When ADP decreases, stationary mitochondria move to 

another site with low ATP levels. However, impaired mitochondrial trafficking can lead 

to mitochondrial dysfunction at the current anchor site and result in increased ROS 

generation (see Figure 3) (Klosowiak et al., 2013; Mironov, 2007; Saotome et al., 2008). 
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Figure 3: Illustration of mitochondria trafficking and anchoring in sites where ATP is 
required in healthy neurons (normal conditions) and during PD (PD). In the presence of 
α-synuclein the mitochondrial anterograde and retrograde trafficking are impaired and 
mitochondrial dysfunction is worsen increasing the levels of free radicals and calcium 
contributing to decreased axonal trafficking. 

Miro also interacts with mitofusin (Mfn) proteins, which participate in 

mitochondrial fusion. Intriguingly, mitochondrial trafficking is decreased in neurons in 
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which MFN2 was knocked-out, suggesting that Miro and Mfn work together in the 

regulation of mitochondria trafficking (Saotome et al., 2008). Miro is associated with 

the mitochondrial outer membrane; it coordinates the transport of mitochondria moving 

together with ER and it takes care that mitochondria stay close enough for the initiation 

of fusion or fission processes (Friedman et al., 2010). Once in contact, Mfn1 and Mfn2 

interact with Miro and both are required for proper axonal transport, suggesting that 

association of these proteins and balanced trafficking are essential for the fusion process 

(Misko et al., 2010). Absence of Miro exacerbates mitophagy, and transgenic MFN2 

knockdown mice demonstrated blocked mitophagy. The ER provides lipids to form 

membrane vesicles during autophagy (Axe et al., 2008) these lipids are transferred and 

accumulate at the outer mitochondrial membrane before they are transported to the sites 

of vesicle formation and mitophagy initiation (Hailey et al., 2010). However, alterations 

in Miro or Mfn proteins can disturb these processes, revealing that both proteins are 

required for normal fusion and mitophagy processes.  

Damaged mitochondria are targeted for mitophagy via PINK1 signaling. Parkin 

forms a complex with PINK1 during mitophagy and ubiquitinates substrates at the outer 

mitochondrial membrane, including Miro, which triggers mitophagy. Miro may function 

as a receptor for both proteins, since Miro interacts with PINK1 and parkin, thereby 

allowing their association with the outer mitochondrial membrane. Moreover, damaged 

mitochondria require rapid Miro ubiquitination, which is mediated by parkin. In 

addition, the fibroblasts of patients carrying parkin mutations showed altered Miro 

turnover, suggesting that Miro is critically involved in regulating fusion, fission, and 

mitophagy events (Birsa et al., 2014; Kazlauskaite et al., 2014). 

As discussed previously, α-synuclein toxicity in the ER and mitochondria can 

change calcium levels in cytosol. However, the mechanisms underlying this process in 

PD have not been elucidated. Furthermore, Dučić (2015) demonstrated that α-synuclein 

plays a role in the regulation of intraneuronal calcium levels. Together, these findings 

suggest that α-synuclein impairs mitochondrial dynamics and mitophagy, leading to 

disrupted mitochondrial trafficking via Miro signaling. 

The specificity of intracellular organelle trafficking among cellular 

compartments is strictly regulated by small GTPases (Rabs) from the Ras super family 
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of proteins. Furthermore, Rabs are responsible for the correct attachment of motor 

proteins and cargos and for cargo motility and their delivery to the correct destination. 

Furthermore, Rabs may be involved in α-synuclein toxicity, such as through formation 

of Lewy bodies, as discussed above. Cultured cells internalize α-synuclein added to the 

culture media, which is associated with aggregate formation.  α-Synuclein is secreted 

from cells via exocytosis, and subsequently internalized by other neurons in culture via 

Rab5-dependent endocytosis, thus initiating a spreading cycle of seeding α-synuclein 

and aggregate formation (Sung et al., 2001). The mechanisms of α-synuclein 

propagation are unclear; however, alpha-synuclein seeding and propagation is 

considered a crucial process in PD development (Borghammer, 2017). Interesting, a 

recent study show that alpha-synuclein can be propagated by the traveling of lysosome 

vesicles along tunneling inter-cellular nanotubules from cell to another cell (Abounit et 

al., 2016). 

Rab5 is a multifunctional protein that regulates the first steps in endocytic 

pathways and contributing to anchoring, trafficking, fusion of endosomal membranes, 

and autophagy-mediated recycling (Olchowik and Miaczynska, 2009). In addition, 

mutated Rab5 leads to an accumulation of enlarged early and late endosomes/

phagosomes and defects in the regulation of endosome/phagosome trafficking to 

lysosomes, which involves Rab7. After vesicle maturation, Rab7 coordinates the fusion 

of late endosomes with autophagosomes and LC3 requirement. Together, these findings 

indicate that Rab5 is involved in the formation and transportation of immature 

endosomes/phagosomes and LC3 signaling, thereby contributing to the first steps of 

autophagy. Rab5, LC3, and Miro have unique roles in endocytosis and trafficking of 

early endosomes and in autophagy and in the dynamics of mitochondria and ER (Girard 

et al., 2014; Wang et al., 2016; Wegner et al., 2010). However, α-synuclein toxicity 

related to trafficking and Rabs, Miro, or LC3 have not been elucidated. 

 Investigations of intracellular trafficking and autophagy dysfunction in 

neurological disorders have revealed that degradation via lysosomes is crucial to 

balanced axonal vesicles and lysosome trafficking. Furthermore, intracellular trafficking 

impairments lead to the accumulation of lysosome vesicles causng axonal swelling and 

neurite dystrophy. Other studies have shown that endocytic pathway alterations result in 
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accumulation of endolysosomes (endosomes fused to lysosomes), thereby impeding 

autophagy and resulting in α-synuclein accumulation.  

Conclusions  

Death of DA neurons during PD is a complex and multifactorial process. 

Aggregates and oligomers are associated with cell death, but the mechanisms of α-

synuclein toxicity remain unclear. Investigations concerning the toxicity of alpha-

synuclein indicate that disturbances of the ubiquitin-proteasome system and the function 

of lysosomes also are involved. Moreover, concomitant impairment of mitochondrial 

function generates oxidative stress, which produces excessive ROS and subsequent 

neurotoxic effects. Interactions between mitochondria and the ER are important for 

maintaining homeostasis in these organelles and, impaired interactions can also trigger 

cell death. Furthermore, α-synuclein accumulation and mitochondrial dysfunctions are 

major contributors to trafficking impairments, which further contribute to DA cell death. 

Overall, the current literature describes several contributors to the pathology of PD, but 

a comprehensive model of pathogenesis and order of effects has not been established 

yet.  
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