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SYNOPSIS 

Parkinson’s disease (PD) is the second most common neurodegenerative disorder of the elderly, 

affecting 1-2% of the population over 60 years. With better life expectancy, the prevalence rates 

of PD is expected to rise and it is estimated that 9 million people worldwide will be afflicted with 

the disease by 2030. The major motor symptoms which form the hallmark of the disease are 

tremor at rest, rigidity or stiffness of limbs, bradykinesia or slowness of movements and postural 

instability. These result from a severe reduction in striatal dopamine content due to the loss of 

dopaminergic neurons in the substantia nigra pars compacta (SNpc) in the midbrain.  The 

presence of intracytoplasmic eosinophilic inclusion bodies called Lewy bodies in the surviving 

neurons of SNpc is considered the pathological hallmark of the disease.  

Although PD was first identified in 1817, the cause of neuronal degeneration in the SNpc and 

other brain stem and cortical regions in sporadic PD is unknown. Majority of PD is sporadic and 

about 10% of PD is familial and monogenic in origin. Much of the research on the molecular 

pathways that lead to neuronal death has been triggered by the discovery of genetic forms of PD. 

There is considerable overlap in the clinical symptoms and pathology between familial and 

sporadic PD and hence it is suspected that the pathogenic pathways that lead to cell death in the 

two forms of the disease maybe similar. Misfolding and aggregation of the protein alpha 

synuclein (aSyn) is thought to be central to PD pathogenesis and is a major component of the 

Lewy bodies.  The identification of point mutations and gene multiplications in the aSyn gene 

(gene id: SNCA) causes PARK 1 and PARK 4, two genetic forms of PD. Large genome-wide 

studies have also shown that polymorphisms in SNCA contribute to the risk in PD and this has 

brought aSyn to the center stage of research in the field of sporadic PD.  
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aSyn is a 140 amino acid protein (approximately 14kDa) that belongs to the family of 

intrinsically disordered proteins that have no defined secondary structure and can undergo 

various folding patterns depending on their interacting partners. The flexibility in folding drives 

them towards misfolding and this can be stabilized by several cellular factors. The point 

mutations in SNCA that are responsible for familial PD increase the propensity of the protein to 

aggregate through amino acid modifications. The identification of SNCA gene multiplications as 

a cause of familial PD and the increase in disease severity in these cases due to increased gene 

dosage suggest that besides protein modifications, the increased content of the wild type aSyn by 

itself can trigger misfolding. Given that majority of the PD cases are sporadic in nature with no 

known mutations of aSyn present in them; it is proposed that the aSyn accumulation and 

aggregation may be caused by the failure of degradation pathways for aSyn. 

 Protein degradation pathways maintain a steady state in protein turn-over and thus ensure the 

cell is not overburdened with non-functional proteins. Ubiquitin-proteasome pathway (UPS) and 

Autophagy Lysosomal pathway (ALP) are the two major degradation mechanisms in the cell. 

ALP, simply referred to as autophagy, is a bulk degradation pathway known for its role in 

maintaining cellular homeostasis, organelle degradation and clearance of misfolded proteins. 

Therefore several studies have looked at how aSyn is cleared by the cell with a view to 

developing possible therapeutic alternatives to mediate increased clearance of aSyn and to 

prevent its accumulation with special preference for autophagy.  

The reports for wild type aSyn clearance are divided with evidence for involvement of both the 

UPS and ALP. However, it is also known that not only does the misfolded aSyn resist 

degradation but also impairs the clearance mechanisms thereby sustaining the aggregation 

process. Therefore it is yet to be determined if the failure in protein clearance mechanisms are 
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cause or a consequence of aSyn misfolding. The misfolded proteins are often stabilized by other 

cellular factors.  It has been shown that not only can dopamine metabolism trigger oxidative 

stress; its interaction with aSyn causes the protein to remain misfolded. These interactions 

between aSyn and dopamine assume great relevance as preferential loss of dopaminergic neurons 

is the pathological hallmark of PD.  

We hypothesized that the normal interactions aSyn and autophagy is altered by intracellular 

dopamine and this results in aSyn accumulation and aggregation in dopaminergic neurons. We 

used a novel method of testing this relation in a cell line with endogenous expression of aSyn. 

Previous studies have widely used aSyn over expressed models to study aSyn clearance 

mechanism. This is because of the exclusive presence of aSyn in the neurons and the difficulties 

associated with establishing neuronal cultures. However, these models have the limitation that 

aSyn overexpression by itself might impair autophagy.   

Several different cell types, besides neurons, have now been shown to have endogenous 

expression of aSyn. These include RBC’s, monocytes, T-lymphocytes and melanoma cells. 

Among these the melanoma cell line is the closest model to neurons to study aSyn interactions. 

Melanoma originates from the neural crest and the melanin synthesis pathway shares similarities 

with the dopamine synthesis pathway in neurons. The presence of aSyn in melanoma, its absence 

in melanocytes and the increased incidence of melanoma in PD patients, further justifies using 

this model to understand the physiological and pathological role of aSyn. 

In the present study, a melanoma cell line, SK MEL 28, which is reported to express endogenous 

aSyn, was used. The presence of aSyn in this cell line was first verified through immunoblotting, 

flow cytometry and immunocytochemistry. We also demonstrate its localization to both the 



16 

 

nucleus and the cytoplasm. More interestingly we also found that while the nuclear fraction only 

contains monomeric aSyn, the cytoplasmic fraction contains a higher molecular weight species 

of aSyn. For the purposes of the study, we have restricted our observations to the monomeric 

aSyn for two reasons 1) Reports till date suggest that aSyn exists as a monomer though higher 

order species are reported in T lymphocytes and RBC’s, secondary to interactions between the 

monomeric units. 2) The aggregation process begins with the monomer and therefore studying 

the expression pattern of monomeric aSyn will help to better understand the aggregation process.  

This study had four major objectives: 

1) To understand the role of autophagy as a clearance mechanism for aSyn in cell line with 

endogenous aSyn expression by studying the effect of autophagy inhibition and induction 

on aSyn clearance.  

2) To test the effect of dopamine on aSyn levels and its clearance by autophagy.  

3) To test if modifications in autophagy will reverse the effects of dopamine on aSyn. 

4) To study the role of proteasomal pathway on aSyn clearance.  

Autophagy was first inhibited by chemical means and changes in aSyn expression levels were 

measured by western blotting.  Autophagy inhibition did not lead to any significant increases in 

aSyn. However, our immunocytochemistry results revealed an increase in the cytoplasmic 

localization of aSyn when autophagy was inhibited. 

In the next step, autophagy was induced by chemical means to see if it led to aSyn clearance. 

Induction of autophagy resulted in a significant increase in the protein levels of aSyn which was 

verified by western blotting. However, this increase did not lead to an increased cytoplasmic 
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localization; rather it resulted in an increased retention in the nucleus. These results were 

replicated using serum starvation as another mechanism of autophagy induction and this 

suggested that the increase in aSyn levels was a response to autophagy and not a response to the 

chemical. Therefore, for all further studies, we used chemical means of autophagy induction. To 

confirm if the changes in aSyn were at the protein level or the transcriptional level, the mRNA 

expression of aSyn was measured through PCR and found that the increase in aSyn protein level 

was a result of increased gene expression. 

The increase in aSyn expression following autophagy induction led us to speculate if aSyn might 

have regulatory role on autophagy given that its effect on synaptic vesicle recycling is already 

known and it may very well regulate other vesicular pathways. To test this, we blocked the 

expression of aSyn using siRNA in the cells and then induced autophagy. We found that in 

absence of aSyn, the cells responded strongly to autophagic induction confirming that aSyn 

regulated autophagy and its increase was therefore a response to the autophagic induction.  

The regulation of dopamine by aSyn is mediated through its effect on Tyrosinase Hydroxylase 

and Tyrosinase. Both of these enzymes are also present in melanoma and therefore we 

supplemented the cells with exogenous dopamine to study its effects on aSyn levels. The uptake 

of dopamine was verified by using a fluorochrome tagged dopamine and it was seen that SK 

MEL 28 cells take up dopamine in a dose dependent manner. The addition of dopamine resulted 

in an increase of aSyn levels and also increased the cytoplasmic localization of aSyn. However 

the increase in protein levels was not reflected in the mRNA levels, indicating that the increase 

was not due to increased genetic expression but perhaps due to the decreased clearance of aSyn 

in presence of dopamine. We then tested the effect of dopamine addition on autophagy and found 

that it resulted in autophagy inhibition. We blocked the expression of aSyn through siRNA and 
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found that in absence of aSyn, the inhibitory effect of dopamine on autophagy was partially 

reduced thus suggesting that aSyn, mediated, at least partly, the autophagy inhibition by 

dopamine. 

We next examined if autophagy induction, reversed the effects of dopamine on autophagy and 

aSyn levels. To test this, autophagy was induced by chemical means in the presence of 

dopamine. The combined effect of autophagy induction and dopamine only led to a further 

increase in aSyn levels which was sustained upto 24 hours. Additionally, we observed an 

increase in cell death when autophagy was induced in presence of dopamine. The surviving cells 

showed a sustained inhibition of autophagy suggesting that autophagy induction was ineffective 

in the presence of dopamine.  

It is known that the melanin content is increased when autophagy is inhibited. Therefore we 

estimated the melanin content following the dopamine induced autophagy-inhibition and found it 

to be increased. Therefore dopamine addition resulted in elevation of aSyn and melanin. 

Proteasome is known to play a role in clearance of wild type aSyn as seen in studies using over 

expression models. We therefore performed a chemical block of the proteasomal pathway in the 

cell but found no significant change in aSyn levels in response to proteasome inhibition. We then 

proceeded to verify if this was due to proteasome dysfunction and found that SK MEL 28 cells 

did have impairment in their proteasomal function.  

In summary the results of the study are as follows: 

1) Autophagy Inhibition does not increase aSyn levels but changes its localization from the 

nucleus to cytoplasm. The functional significance of this change in localization needs 

further studies. 
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2) Autophagy Induction increased aSyn levels, suggesting that the increase maybe a 

response to regulate the extent of autophagy.  

3) The presence of excess dopamine not only increases aSyn levels but also inhibits 

autophagy and this was accompanied by an increase in the melanin levels. 

4) Autophagy Enhancement did not relieve the cells from the autophagy inhibition triggered 

by dopamine and was counter-productive to cell survival. 

5) The proteasome pathway appears impaired in SK MEL 28. 

The cause of increase in aSyn levels in sporadic PD has been long investigated. Our results 

suggest that changes in cellular environments such as autophagy inhibition or the presence of 

excess dopamine may in fact mediate aSyn aggregation not merely by an increase in aSyn 

content but also by altering its normal sub-cellular localization. It is important to note that we 

demonstrate the presence of two different species of aSyn in the nucleus and cytoplasm. A 

change in aSyn localization could also mean a change from its monomeric state to a higher 

molecular state which could trigger aggregation when exposed to cellular insults in the long 

term. Therefore it is possible that the factors altering aSyn localization may be key players in the 

aSyn aggregation in the PD brain. Our study also highlights the behavior of aSyn at 

physiological levels.  Two independent model systems, melanoma cell line in our study and T-

lymphocytes in an earlier study, both demonstrate that aSyn may regulate the extent of 

autophagy in the cells. It is possible that even in the neurons, which are very dependent on 

autophagy to maintain cellular homeostasis; aSyn at physiological levels may play a similar 

regulatory role with regard to autophagy thereby contributing to the maintenance of cellular 

homeostasis. Thus altered levels of aSyn may affect the autophagic process which in turn could 
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disrupt neuronal homeostasis. Our results show that dopamine mediated inhibition of autophagy 

led to an increase in melanin content in the cells. Neuromelanin is shown to have both 

cytoprotective role through removal of reactive oxygen species as well as cytotoxic role through 

metal interactions when present in excess in the cell.  Our study suggests that dopamine mediated 

toxicity could also be via its inhibition of autophagy and the downstream effect on melanin 

levels. The use of autophagy enhancement as a means to increase aSyn clearance and prevent its 

aggregation has been proposed for neuroprotection in PD. Our study demonstrates that 

autophagy enhancement does not mitigate the toxic effects of dopamine-aSyn interactions in the 

cell and that it may not be a suitable therapeutic alternative. Lastly, we also demonstrate the 

proteasome impairment in SK MEL 28 cell line. Future studies can be performed on this model 

to understand the effect of proteasomal impairment on aSyn levels and its localization as well as 

to study the effect of proteasomal enhancement on aSyn accumulation and aggregation.  
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1. INTRODUCTION 
 

The flow of information that governs the working in all living forms culminates with proteins 

which are responsible for a diverse array of cellular processes. However the mere synthesis of 

proteins is insufficient to make them functional. The protein function is closely linked to its 

structure since the correct spatial folding of proteins is absolutely essential for the full 

functioning of proteins (Dobson, 2001; Yon, 1997). In addition to the amino acid sequence, 

proteins undergo several posttranslational modifications, all of which together influence protein 

folding (Tokmakov et al., 2012). The importance of protein folding is best understood in 

proteinopathies which are a group of diseases resulting from misfolded proteins. When not 

effectively eliminated, misfolded proteins can aggregate often appearing as inclusion bodies in 

the cell (Chaudhuri and Paul, 2006; Dobson, 2001; Ferreira and De Felice, 2001). Therefore, 

misfolding of proteins is the first step towards aggregation. Misfolding can result in either loss of 

physiological function which would disrupt normal cellular activities or in gain of toxic function 

that would cause damage to cellular components (Chiti and Dobson, 2006). Synucleinopathies 

are a group of diverse neurodegenerative disorders that exhibit inclusion bodies predominantly 

composed of the protein alpha synuclein (aSyn) and include Parkinson’s disease (PD), Dementia 

with Lewy bodies (DLB), Multiple System Atrophy (MSA) and Neuroaxonal dystrophy among 

others (Martí et al., 2003).  

PD is perhaps the most prevalent of these disorders (Savica et al., 2013). PD is the second most 

common neurodegenerative disease affecting more than 1% of the population aged over 60. 
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Clinically, PD is characterized by the triad of resting tremor, bradykinesia (slowness of 

movement) and rigidity. Pathologically, the hallmarks of PD include neuronal loss and presence 

of intracytoplasmic inclusions called Lewy bodies in the surviving neurons. The preferential loss 

of dopaminergic neurons of the substantia nigra pars compacta (SNpc) in the basal ganglia is 

responsible for the motor deficits seen in PD. The spread of pathology to other regions of the 

brain in due course of disease progression causes other symptoms that include cognitive and 

autonomic dysfunction. Since the loss of dopamine is central to PD, supplementing dopamine is 

the best available therapeutic strategy. Dopamine cannot cross the blood brain barrier and is 

therefore supplemented through administering its precursor L-Dopa and the enzyme Dopa 

decarboxylase required for the conversion of L-Dopa to dopamine. While dopamine replacement 

offers relief for the motor symptoms, the cognitive decline that occurs in later stages of the 

disease also need to be addressed. At present, treatment for PD, only involves symptomatic relief 

and palliative care and disease progression cannot be halted (Shulman et al., 2011).  

The protein, alpha synuclein, in its full length is composed of 140 amino acids. It belongs to the 

family of intrinsically disordered proteins, in that it does not have a defined secondary structure 

and remains unfolded in the cell unless associated with other cellular components that promote 

its folding (Stefanis, 2012). This has been recently challenged with new studies suggesting its 

occurrence as a helically folded tetramer but these observations have not gained wide acceptance 

(Lashuel et al., 2013). These intrinsically disordered proteins have been reported to have a higher 

propensity for aggregation and explain in part, the misfolding and aggregation of aSyn, as seen 

in synucleinopathies. Initially, aSyn was thought to be a neuronal protein but recently its 

presence in platelets, Red blood cells, T-lymphocytes, Peripheral blood mononuclear cells 
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(PBMC) and malignant melanoma and ovarian cancers has also been reported (Barbour et al., 

2008; Matsuo and Kamitani, 2010; Shameli et al., 2015; Uversky, 2008).  

Upon discovery, aSyn was thought to be localized to both the nucleus and presynaptic terminals 

although its nuclear localization has continued to remain a matter of debate (Irizarry et al., 1996; 

Maroteaux et al., 1988). Its presence in the neurons and its enrichment in the presynaptic 

terminals suggest that it may function as a synaptic protein. Accordingly it has been found to 

play a role in synaptic vesicle recycling and is found to be associated with SNARE complex 

which is involved in neurotransmitter release (Cheng et al., 2011). Although its localization to 

the nucleus is debatable, no possible functions in the nucleus have as yet been assigned to aSyn. 

The possible roles it may play in non-neuronal cells are also not known although there exists a 

strong likelihood of it playing a role in vesicle trafficking. In this regard aSyn has been shown to 

be able to block vesicle trafficking when overexpressed but the physiological effects of such 

interactions are not yet clearly understood (Cooper et al., 2006).  

The lack of a defined secondary structure governs aSyn behavior in pathology and physiology. 

Its association with lipid bilayers that promotes it folding into an alpha helix appears to underlie 

the role it plays in vesicle trafficking. On the other hand, factors that promote its folding to a beta 

sheet are thought to promote its misfolding. Therefore factors that tip the balance in favor of the 

alpha helix or the beta sheet determine the folding pattern of aSyn (Uversky, 2008). The 

misfolding of protein is followed with formation of dimers, trimers and oligomers through self-

association. As more and more of the monomers get recruited, higher molecular weight species 

are formed which ultimately results in the formation of a large aggregate (Volles and Lansbury, 

2003). There has been an ensuing debate as to the exact nature of the toxic species since the 

aggregates are found in surviving neurons. It is now generally held that the smaller oligomers are 
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the toxic species. These oligomers have been shown to be able to disturb membrane integrity by 

creating pores that brings about damages to organelles eventually leading to cell death (Kalia et 

al., 2013).   

Insights into role of aSyn in disease pathogenesis have mostly been obtained through studies in 

PD. Point mutations and gene multiplications of the aSyn gene (Gene: SNCA) are found to cause 

autosomal dominant familial PD. The point mutations act to increase the propensity of aSyn 

aggregation while the gene multiplications result in increased aSyn levels in the cell suggesting 

that increased cellular concentrations of the protein can trigger aggregation (Bekris et al., 2010). 

A large majority of PD cases are found to be sporadic while only 5-10% of all reported cases are 

familial in nature. Sporadic and familial PD share similar clinical and pathological features and 

therefore seems likely that common pathways affect pathogenesis in both (Lesage and Brice, 

2009). Hence, the increased cellular concentration leading to aggregation has found resonance as 

an aggregation determining factor even in sporadic PD.  

The synthesis and degradation of proteins occur on cue and is tightly regulated in the cell. Steady 

state of proteins is achieved through regulating its synthesis and degradation such that there 

exists a two pronged approach to optimize protein usefulness in the cell. In absence of genetic 

changes that increase protein concentrations, failure of degradation pathways is the likely 

alternative that results in similar increases. Since increased protein levels clearly trigger 

aggregation, several studies have looked into the effect of failure of degradation pathways in 

mediating disease through reduced protein clearance. The ubiquitin-proteasome system (UPS) 

and the autophagy-lyososmal pathway (ALP) are the two major degradation pathways in the 

cells. UPS is mainly involved in the degradation of short-lived proteins while ALP is involved in 
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the degradation of long-lived proteins and damaged organelles and as such is a bulk degradation 

pathway (Matsuda and Tanaka, 2010).  

The presence of ubiquitin positive inclusions, the association of UPS related genes parkin and 

UCHL-1(encodes for ubiquitin carboxylase) with PD and the presence of ubiquitinated aSyn in 

inclusion bodies suggest that UPS dysfunction may be pathogenic. However, it seems that ALP 

is more strongly correlated with disease pathogenesis than UPS especially since ALP plays a 

very critical role in maintaining cellular homeostasis. Stress related conditions such as starvation 

favour induction of autophagy which helps the cell tide over the stress thereby promoting cell 

survival. Its ability to remove damaged organelles also argues for a greater role of ALP in 

pathogenesis. The identification of mutations in ATP13A2 which codes for a lysosomal protein 

as a cause of autosomal recessive PD and identification of GBA mutations (encodes for 

glucocerebrosidase) which cause lysosomal disorder Gaucher’s disease and its strong association 

with PD as a risk factor further support the role of ALP in neurodegeneration (Ebrahimi-Fakhari 

et al., 2012; Martinez-Vicente and Cuervo, 2007).  

In an effort to unravel the effects of inhibition of these two degradation pathways on aSyn 

aggregation, the degradation of aSyn has been studied. Both these pathways have been 

implicated in aSyn clearance. Despite a large number of studies, a clear consensus has not 

emerged as to the preferred pathway for aSyn degradation. This can be attributed partly to the 

reciprocal relationship between aSyn and degradation pathways. The oligomeric species of aSyn 

can block both the UPS and autophagy and it has been observed that even overexpression of wild 

type aSyn can also block autophagy. The oligomeric species saturate and overwhelm the 

degradation and prevent not only their degradation but also the degradation of other proteins 

while overexpressed wild type aSyn blocks vesicle trafficking (Xilouri et al., 2012a). Since 
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increased concentrations of the protein trigger misfolding and since all the above studies utilize 

models with genetic overexpression of aSyn, the conflict in these results can be attributed to the 

type of model and the protein burden in these cells. Therefore the use of models with 

endogenous aSyn expression may be more suitable in determining the degradation pathway for 

wild type aSyn since the protein expression is not genetically enhanced and the effects of 

inhibition of clearance pathways can be restricted towards understanding protein behavior.  

The development of neuroprotective strategies in PD is hindered by our lack of understanding of 

the primary trigger for pathogenesis. Several factors such as ageing, oxidative stress, 

mitochondrial damage and impaired degradation pathways promote the misfolding and 

aggregation of proteins. The misfolded proteins on the other hand continue to cause wide spread 

damage in the cell including mitochondrial damage and blocking clearance pathways which in 

turn sustain the aggregation process. Since misfolding is central to pathogenesis, preventing 

oligomer formation or enhancing their sequestration into large non-toxic aggregates or 

promoting their clearance seems most promising at present. In terms of protein clearance, due to 

inability of misfolded proteins to translocate to proteasome, ALP appears as the more preferred 

alternative. 

Since overexpressed aSyn has already been shown to block early autophagosome formation, it 

seems important to determine how aSyn is degraded in the cell and whether ALP inhibition is 

sufficient to trigger aggregation and if so at what stage does enhancing of ALP provide 

beneficial effects. As stated earlier, only the use of endogenous models will enable a thorough 

determination of the interactions between the existing protein and the clearance pathways. Given 

the complexity associated with establishing neuronal cultures, we propose the use of a melanoma 

model as an endogenous system to study aSyn response and effect on clearance pathways. The 
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strong correlation between PD and melanoma as demonstrated by epidemiological studies (Pan 

et al., 2011) and the lack of understanding with regard to aSyn behavior in non-neuronal cells 

further warrant the use of alternative models to arrive at a more holistic view of aSyn that may 

help devise intervention strategies.  

Therefore in this study, I have employed a melanoma model, SK-MEL-28, to study the effect of 

autophagy alterations on aSyn protein levels. Here, I report the presence of atleast two different 

molecular weight species of aSyn that exhibit different sub cellular localization and while 

autophagy inhibition does not affect aSyn protein levels, it appears to mediate the change in its 

localization which will influence aSyn aggregation. I also show that autophagic enhancement 

does not result in increased aSyn clearance but on the contrary leads to increase in protein levels. 

Autophagic enhancement on the other hand results in toxicity particularly when combined with 

dopamine exposure thus questioning the potential of ALP as a therapeutic tool.  
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2. REVIEW OF LITERATURE  

 

2.1 PARKINSON’S DISEASE (PD) 

 
In 1817, in an essay entitled “A Shaking Palsy”, James Parkinson first described the disease 

entity that would later be called Parkinson’s disease (PD), a progressive neurodegenerative 

disorder. Jean Martin Charcot, in addition to providing further details on the disease, also coined 

the term “Parkinson’s Disease”(Jankovic, 2008; Shulman et al., 2011). In 1912, Friedrich Lewy 

described the neuropathological lesions termed “Lewy Bodies” that is now the hallmark of the 

disease (Shulman et al., 2011).  Today, PD is second only to Alzheimer’s in incidence and is 

prevalent in 1% of the population above the age of 60 which rises to 5% in population aged 

above 85 (Shulman et al., 2011). The increased incidence in PD is proportional to the increase in 

life expectancy. 

PATHOPHYSIOLOGY OF PARKINSON’S DISEASE 

Parkinson’s disease is largely characterized by motor dysfunction and the symptoms of resting 

tremor, rigidity, bradykinesia (slowness of movement) and postural instability form the clinical 

hallmarks of the disease (Gasser, 2009; Jankovic, 2008; Shulman et al., 2011). Neuronal loss and 

the presence of characteristic eosinophilic cytoplasmic inclusion bodies form the pathological 

hallmarks of the disease with the  predominant loss of neurons in basal ganglia being  

responsible for the motor manifestations seen in the disease (Dauer and Przedborski, 2003; Tsui 

and Isacson, 2011) although several other regions become affected in due course of the disease.   
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The corticospinal tracts (also known as pyramidal tracts) that run from the brain to the spinal 

cord are responsible for movement. They receive assistance in the form of regulatory pathways 

that arise from the basal ganglia. Therefore, although the basal ganglia do not directly contribute 

to motor output, it modulates the control of movement. Initially, it was thought that the output 

from the basal ganglia went directly to the spinal cord and was hence termed the extrapyramidal 

pathway. Today, it is known that the output from the basal ganglia goes to the cortex and can be 

called “prepyramidal” rather than extrapyramidal. 

The basal ganglia are subcortical structures comprising of four nuclei located in the forebrain, 

midbrain and diencephalon. The components of the basal ganglia are the caudate nucleus, 

putamen, nucleus accumbens, subthalamic nucleus (STN), globus pallidus which is further 

divided into internal (GPi) and external segments (GPe), ventral pallidum and the substantia 

nigra which is also divided into pars compacta (SNpc) and pars reticulata (SNpr) (Fig.1). 

Figure 1: The various components of the basal ganglia and their spatial arrangement in the brain. 
(Squire et al., 2008) 
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The caudate and the putamen together form the striatum which along with the subthalamic 

nucleus receives inputs from the cortex and the thalamus. There is a topographical organization 

in the projections from the cortex to the striatum where in different regions of the striatum 

receive inputs from specific regions of the cortex. The GPi and SNpr are the primary output 

structures which then send information back to the cortex and the thalamus. 

A majority of the connections in the basal ganglia are inhibitory and use GABA as the 

neurotransmitter. However the connections from STN to GPi are excitatory and use glutamate as 

the neurotransmitter while the connections from SNpc to striatum are dopaminergic and use 

dopamine as a neurotransmitter which has both excitatory and inhibitory functions. The basal 

ganglia are thought to regulate movement in two different ways via the “direct pathway” which 

enhances movement and the “indirect pathway’’ which inhibits movement. 

The striatum sends inhibitory signals to GPi which in turn sends inhibitory signals to the 

thalamus. The excitatory signals from the cortex to the striatum increase the inhibitory firing of 

the striatum to the GPi which results in the inhibition of GPi which in turn reduces its inhibitory 

signals to the thalamus with the net effect of enhancing movement. This is the “direct pathway’’. 

The indirect pathway involves the GPe and the STN with the striatum sending inhibitory signals 

to GPe which in turn inhibits the STN. The STN on the other hand sends excitatory signals to 

GPi which in turn cause the GPi to inhibit the thalamus. However when the striatum receives 

excitatory signals from the cortex, its inhibition of the GPe is enhanced which leads to the 

disinhibition of the STN by GPe. The STN is now free to excite the GPi which in turn enhances 

its inhibitory effect on the thalamus with the net effect of reducing movement.  
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Dopaminergic neurons in the SNpc regulate the direct and the indirect pathway through both 

excitation and inhibition. SNpc projects to the striatum and use dopamine as the 

neurotransmitter. There are five types of dopamine receptors, classified into two classes –D1 

receptors and D2 receptors. The striatal neurons involved in the direct pathway express D1 

receptor which results in dopamine having an excitatory effect on these neurons thereby exciting 

the direct pathway. The striatal neurons involved in the indirect pathway express D2 receptors 

which in turn results in dopamine having an inhibitory effect on these neurons thereby inhibiting 

the indirect pathway. The cumulative effect of dopamine action, be it excitation or inhibition 

results in enhancement of movement by favoring the direct pathway and disfavoring the indirect 

pathway. This is the simplified overview of basal ganglia function (Fig.2). 

 

 
Figure 2: Simplfied overview of basal ganglia function via the direct and indirect pathway.(Yin 
and Knowlton, 2006) 
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Parkinson’s disease is predominantly characterized by loss of dopaminergic neurons in the 

nigrostriatal pathway leading to dopamine depletion in the striatum which abolishes the 

enhancement in movement as a result of dopamine signaling. This causes significant impairment 

in movement which is the hallmark of PD.(Squire et al., 2008) 

Typically, the onset of PD usually occurs beyond the age of 60, unilaterally, is chronic and 

insidious in nature with a mean duration of 15 years from disease onset to death. Dopaminergic 

neurons contain melanin and therefore the loss of neurons can be visualized as the 

depigmentation of the midbrain region (Fig.3). The cytoplasmic inclusions called Lewy bodies 

are composed of aggregated proteins, the predominant component being the protein alpha 

synuclein (aSyn). The identification of aSyn in the Lewy body led to the classification of PD 

under the broad umbrella of disorders termed synucleinopathies which include Dementia with 

Lewy bodies (DLB), multiple system atrophy (MSA), among others, all of which harbor 

pathogenic forms of aSyn.  

 

 

 
 
 
 
 
 
Figure 3: Section of mid brain from PD (P) showing depletion of pigementation in substantia 
nigra when compared to controls. (Mackenzie, 2001)  
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The autopsies of PD brains reveal a distinct pattern of Lewy bodies. The classical Lewy bodies 

are spherical and stain with eosin, which reveal a darkly stained core with a clear halo and stain 

positive for aSyn. Neuronal processes also exhibit aSyn positive accumulations and are termed as 

Lewy neurites. Lewy bodies that are not distinguished by the eosin stain and are more diffuse 

can also occur and are called cortical Lewy bodies which also stain positive for aSyn (Fig.4). 

 
Figure 4: (a) Low power view showing depletion of neurons in substantia nigra with arrows 
indicating the existing neurons. (b) Classical Lewy body stained with eosin showing a dense core 
with a clear halo. (c) Classical Lewy body stained for aSyn. (d) Lewy Neurites. 
(e) Cortical Lewy bodies not distinguishable with heamotoxylin and eosin staining. 
(f) Cortical Lewy bodies stained for aSyn. (Shulman et al., 2011) 
 
 
The motor manifestations described above produce the syndrome of Parkinsonism which is a 

characteristic of several other disease entities. DLB and MSA, which are also classified under 

synucleinopathies are two such examples. DLB is characterized by Parkinsonism and early 

development of dementia along with visual hallucinations and fluctuations in arousal and shows 
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prominent aSyn pathology in the neocortex. MSA is a rapidly progressing disorder characterized 

by a prominent failure of autonomic nervous system along with Parkinsonism, cerebellar 

dysfunction with aSyn pathology seen in glial cells (Jankovic, 2008). The aggregation of 

microtubule associated protein tau causes another distinct group of disorders called taupathies. 

Progressive supranuclear palsy (PSP) and Corticobasal ganglionic degeneration (CBD) are two 

taupathies that exhibit Parkinsonism. PSP is characterized by postural instability, early falls, 

early cognitive dysfunction and abnormalities of vertical gaze while CBD is characterized by 

asymmetric Parkinsonism, cortical signs (ataxia, cortical sensory loss, alien limb) and possibly 

dystonia and myoclonus (Stamelou et al., 2013; Wenning et al., 2011). Fronto-temporal 

dementias, a group of disorders characterized by profound cognitive manifestations and 

Alzheimer’s disease are also often associated with Parkinsonism (Jankovic, 2008). All these 

disease entities, other than PD, are termed as “Atypical Parkinsonian Disorders” due to the 

prevalence of additional clinical features aside from the movement disorder (Wenning et al., 

2011).  

Parkinsonism is also found to occur in patients on long term anti-psychotic treatment. Exposure 

to toxins, particularly pesticides such as MPTP, paraquat and rotenone; certain infections such as 

HIV and influenza; metabolic disorders such as Wilson’s disease and Neurodegeneration with 

brain iron accumulation and cerebrovascular diseases involving ischemia related cell loss and 

gliosis are other leading causes of Parkinsonism and are often termed as “Secondary 

Parkinsonism” (Jankovic, 2008; Wenning et al., 2011).  

Although PD, a major cause of Parkinsonism, typically presents with motor dysfunction, non-

motor manifestations also form a significant component of the disease. It is now believed that 

non-motor symptoms such as constipation, anxiety disorder, Rapid eye movement (REM) sleep 
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disorder, olfactory dysfunction and depression can be present anywhere between 5-20 years 

before the onset of motor symptoms in what is now considered to be a “pre-clinical” phase. 

Likewise, as the disease progresses, frequent motor freezing and falls, treatment-induced 

dyskinesias (involuntary movement), autonomic dysfunction such as urinary incontinence and 

orthostatic intolerance, dementia and hallucinations become prominent in the later stages of the 

disease (Jankovic, 2008; Massano and Bhatia, 2012; Savica et al., 2010). Consistent with the 

occurrence of the non-motor symptoms, the PD pathology has been found to occur in other 

regions of the brain other than the basal ganglia. A staging system called the “Braak staging” has 

been proposed based on the pathology and traces the evolution of the disease from its preclinical 

stage to advanced stages of the disease (Braak et al., 2003). In the Braak staging, aSyn pathology 

first occurs in the lower brainstem and involves the medulla oblongata (Stage 1 and 2) before the 

onset of any clinical symptoms of motor dysfunction. Stages 3 and 4 represent the spread of the 

aSyn pathology to the SNpc and the onset of clinical symptoms while in stages 5 and 6 aSyn 

pathology spreads to the cortex representing advanced stages of the disease with symptoms of 

cognitive decline (Fig.5) (Braak et al., 2003; Burke et al., 2008).  

However, the Braak staging is not universal. Lewy pathology has been observed in the aged in 

several regions of the brain including the SNpc without any neurological impairment and is 

called “incidental Lewy body disease”.  Similarly, the Braak staging does not always correlate 

with the severity of the disease. Stages 4-6 can occur even in absence of any clinical symptoms 

while some patients suffer from severe PD even during stages 2-4. There can also occur a 

complete absence of Lewy pathology in some cases with a clear clinical diagnosis of PD (Burke 

et al., 2008). Therefore, although, a large number of clinical cases conform to the Braak staging, 

several notable exceptions exist. This can be attributed to the wide heterogeneity in PD onset and  
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progression often making the diagnosis of the disease complicated. 

 

Figure 5: Schematic representation of the Braak staging showing the spread of pathology 
(Jankovic, 2008) 
 

GENETICS OF PD 

The identification of mutations as a causative factor has not only replaced the long prevailing 

belief that PD is sporadic and largely triggered by environmental factors but has also 

substantially contributed towards progress in understanding the molecular pathogenesis of the 

disease. Linkage analysis and association studies have been successfully employed in identifying 

mutations as well as susceptibility loci which in turn has enabled to pin-point probable candidate 

pathways responsible for pathogenesis in both the sporadic and familial forms due to the large 
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overlap in both disease forms. A total of 18 loci have been identified of which 6 have been 

conclusively found to cause familial Parkinsonism. 

• PARK1/PARK 4 (SNCA): Autosomal dominant familial PD caused due to mutations in 

alpha-synuclein (Gene: SNCA; Protein: aSyn). SNCA is located on chromosome 4, 

consists of 6 exons and codes for a 140 amino acid protein. It is localized to the synaptic 

vesicle and is thought to play a role in vesicular trafficking of neurotransmitters. It is a 

natively unfolded protein capable of attaining several conformations depending on the 

molecular interactions in the cell and has an increased propensity for aggregation. 

Three missense mutations (A53T, E46K, and A30P) and duplications and triplications of 

SNCA are reported (Bekris et al., 2010). The E46K and triplication mutations are 

associated with young onset Parkinsonism with rapid progression and occurrence of 

dementia and presence of diffuse Lewy bodies. The A30P and duplication mutations are 

less commonly associated with dementia. Familial PD with duplication mutations closely 

resembles sporadic PD with late onset and slow progression. A53T mutation is associated 

with dementia and cortical Lewy bodies.  

In addition to disease causing mutations, a repeat polymorphism 10kb upstream of the 

translational start site and several single nucleotide polymorphisms (SNP) in 3’ end of the 

gene have been identified as risk factors for PD (Maraganore et al., 2006; Myhre et al., 

2008). The mechanism by which these SNP’s mediate susceptibility is unknown (Bekris 

et al., 2010; Gasser, 2009; Gasser et al., 2011; Martin et al., 2011; Shulman et al., 2011).  

• PARK 2 (parkin): Autosomal recessive PD caused due to mutations in parkin (Gene: 

parkin; Protein: parkin). (Bekris et al., 2010) Parkin is located on chromosome 6, 

contains 12 exons and codes for a 465 amino acid protein. Parkin is an E3 ubiquitin 
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ligase that has a ring-between-ring domain which enables it to interact with ubiquitin 

conjugating enzymes and catalyses the attachment of ubiquitin to protein targets thus 

routing them for proteasomal degradation. Although it is predominantly cytosolic, it 

localizes to synaptic vesicles, Golgi vesicles and mitochondrial outer membrane. A rare 

glycosylated form of aSyn is proposed to be a substrate for parkin, among several others 

(Shimura et al., 2001).  

More than 100 mutations have been reported for parkin and include missense, nonsense, 

deletions, duplications and gene rearrangements. These mutations alter its localization 

and solubility and primarily result in loss-of-function. Deletion of exon3, exon 4, exon 3 

to 4, point mutation in exon 7 and single base pair deletion in exon 2 are the most 

commonly seen mutations (Bekris et al., 2010). PARK-2 related parkinsonism is 

associated with young onset PD with age of onset between childhood and 40 years of age 

and about 50% of all juvenile onset PD is a result of parkin mutation. Dystonia is a 

common feature. There is loss of neurons and gliosis in substantia nigra. However Lewy 

bodies are absent except in very rare cases (Gasser, 2009; Gasser et al., 2011; Martin et 

al., 2011; Mizuno et al., 2008).  

• PARK 6 (PINK1): Autosomal recessive PD caused due to mutations in PINK1 (Gene: 

PINK1; protein: PINK1) (Bekris et al., 2010). PINK1 is located on chromosome 1, 

contains 8 exons and encodes for a 51 amino acid protein PINK1. It is localized to the 

matrix and intermembrane space of the mitochondria and contains a mitochondrial 

targeting motif and a serine/threonine protein kinase domain but its function remains 

unknown. However studies suggest it may play a role in maintaining mitochondrial 
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function and that its possible interaction with parkin may play a regulatory role in 

mitochondrial fission/fusion in the cell (Yu et al., 2011).  

G309D missense mutation and W437X truncation mutation were the first to be identified 

following which several point mutations, frameshift mutations and truncating mutations 

have been identified. However a majority of these mutations are missense or nonsense 

mutations. A large majority of these point mutations are located in the highly conserved 

protein kinase domain thereby resulting in loss of kinase activity. PARK 6 related 

parkinsonism results in young onset PD with age of onset in third to fifth decade of life. 

However it resembles late onset PD with slow progression but with instances of dementia 

in some cases (Gasser et al., 2011; Mizuno et al., 2008).  

It is to be noted that although both PARK 2 and PARK 6 result in autosomal recessive 

PD which requires homozygosity, the heterozygous condition may prove a risk factor but 

large studies are still required to definitively prove that they act as risk factors (Mizuno et 

al., 2008).  

• PARK 7 (DJ-1): Autosomal recessive PD caused due to mutations in DJ-1 (Gene: DJ-1; 

protein DJ-1) (Bekris et al., 2010). DJ-1 is located on chromosome 1, contains 7 exons 

and codes for a 189 amino acid protein. DJ-1 is a cytoplasmic protein that can also 

translocate to the mitochondria. It appears to play a role in combatting oxidative stress. It 

is a homodimer and contains a cysteine residue at position 106 which upon oxidation 

forma disulphide bond. DJ-1 is thought to act as a redox sensor protein and plays a 

protective role during oxidative stress (Taira et al., 2004). It is also thought to play a 

preventive role in aSyn aggregation (Batelli et al., 2008). DJ-I knockout mice show 

increased sensitivity to oxidative stress and 1-methyl-4-phenyl-1,2,3,6-tetrahyropyrindine 
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(MPTP), a mitochondrial toxin. DJ-1 is also up regulated during paraqaut-induced 

oxidative stress.   

Homozygous and compound heterozygous mutations have been reported in DJ-1 with 

L166P, E64D, M26I, A104T and D149A being some examples. These mutations 

primarily result in destabilization of the protein, inhibiting its dimerization and loss of 

anti-oxidant activity. PARK 7 related PD causes young onset PD with age of onset 

between 20-40 years and closely resembles PARK 2 related PD. Alongside parkinsonism, 

some atypical features such as psychiatric symptoms, short stature and brachydactyly 

may also be seen (Gasser et al., 2011; Mizuno et al., 2008).  

• PARK 8 (LRRK2): Autosomal dominant PD caused due to mutations in LRRK2 (Gene: 

LRRK2; protein: LRRK2). LRRK2 is located on chromosome 12, contains 51 exons and 

codes for a 2517 amino acid protein. LRRK2 contains several functional domains which 

includes ANK (ankyrin repeat domain), LRR (leucine rich repeat), ROC (Ras of complex 

proteins), COR (carboxy terminal of ROC), MAPKKK (mitogen-activated protein kinase 

kinase kinase) and WD40 domain (rich in tryptophan and aspartate residues). LRRK2 is 

found to be co-localized to various organelles in the cell including mitochondria, 

lysosomes, golgi complex, plasma membrane, synaptic vesicles and lipid rafts (Bekris et 

al., 2010). The function of LRRK2 is not very well known. The ROC domain can bind 

GTP although it does not seem to possess GTPase activity and maybe responsible for the 

kinase activity of the MAPKKK domain (Ito et al., 2007). The other domains are thought 

to play a role in protein-protein interactions and LRRK2 appears to interact with parkin 

(Smith et al., 2005a) and aSyn and is suspected to phosphorylate aSyn (Liu et al., 2012) .  
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More than 40 missense and nonsense mutations have been reported for LRRK2 of which 

6 (R1441C, R1441G, R1441H, Y1699C, G2019S and I2020T) have been conclusively 

shown to be disease-causing. Among these 6, the G2019S mutation is most common. 

Some of these mutants are thought to mediate toxicity by enhancing the kinase activity. 

The PARK 8 related PD have features similar to sporadic PD but with a slightly earlier 

age of onset along with the occurrence of dementia in some rare cases. The pathology 

appears to be quite varied and may include brain-stem type Lewy body, diffuse type 

Lewy body, tau inclusions and just nigral atrophy without inclusions, all of which were 

reported from within a single family. Additionally, two polymorphisms (G2385R and 

R1628P) have been shown as risk factors for PD in Asian population although similar 

risk susceptibility in other populations is yet to be demonstrated (Gasser et al., 2011; 

Martin et al., 2011; Mizuno et al., 2008; Shulman et al., 2011).  

• PARK 9 (ATP13A2): Autosomal recessive PD caused due to mutations in ATP13A2 

(Gene: ATP13A2; Protein: ATP13A2). Located on chromosome 1, ATP13A2 contains 29 

exons and codes for a 1180 amino acid protein with 10 transmembrane domains. 

ATP13A2 is a lysosomal protein with ATPase domain. It is present in very high levels in 

brain particularly in ventral midbrain. Its exact function is unknown but belongs to the P5 

subfamily of ATPase that transports inorganic cations and other substrates. Homozygous 

and compound heterozygous mutations have been reported in a Jordinian family and a 

Chilean family. One missense mutation (G504R) from Brazil and two missense mutations 

(T12M and G533R) from Italy have also been reported. PARK 9 related PD is also called 

Kufor-Rakeb syndrome after the Jordinian family initially diagnosed with this disease. It 

shows very early onset (11-16 years) with several atypical signs including pyramidal 
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signs, dementia and supra-nuclear gaze palsy. Magnetic resonance imaging (MRI) 

showed significant atrophy of globus pallidus and the pyramids and generalized brain 

atrophy in later stages. Mini-myoclonus, dystonia spasm and visual hallucination were 

also seen in some cases (Bekris et al., 2010; Gasser et al., 2011; Mizuno et al., 2008).  

In addition to the six loci listed above, several other loci have been identified for which either the 

gene has to be identified or needs further validation.  

PARK 3, mapped to chromosome 2, is thought to cause autosomal dominant PD with clinical 

features similar to sporadic PD but with age of onset between 36 and 89 years. PARK 10, 

mapped to chromosome 1, is also similar to sporadic PD with mean age of onset at 65.8 years. 

PARK 12 has been mapped to X chromosome but nothing is known about the clinical 

presentation. The genes for PARK 3, 10 and 12 are yet to be identified (Mizuno et al., 2008). 

PARK 5 is mapped to chromosome 4 and the disease gene identified as UCHL-1 which codes for 

an enzyme that cleaves carboxy terminal peptide bond of polyubiquitin chains and plays a role in 

proteasomal degradation. The mutation Ile93Met was reported in two individuals from a single 

family only and is thought to reduce the catalytic activity of the enzyme by half (Gasser, 2009; 

Mizuno et al., 2008; Setsuie and Wada, 2007). PARK 11 is mapped to chromosome 2 and the 

disease gene has been identified as GIGYF2. It is believed to play a role in insulin signalling. 

Although the clinical features are found similar to sporadic PD with mean age of onset at 58 

years, the pathogenic role of this locus needs validation and is as yet uncertain (Lautier et al., 

2008; Mizuno et al., 2008). 

PARK 13 is mapped to chromosome 2 and the disease gene identified as Omi/Htra2 which codes 

for a 458 amino acid protein that is localized to the intermembrane space of the mitochondria 

with a serine protease domain that binds to apoptosis inhibiting protein upon release into the 
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cytoplasm. G399S mutation and A141S polymorphism that was associated with PD were 

identified and both mutations are thought to result in defective activation of the protease activity 

(Strauss et al., 2005; Vande Walle et al., 2008).  

PLA2G6 is located on chromosome 22 and codes for phospholipase 1. Mutations in PLA2G6, 

assigned as PARK 14, have been identified in two childhood-onset disorders, infantile 

neuroaxonal dystrophy and neurodegeneration with brain iron accumulation. These disorders 

share the pathological hallmark of aSyn-positive Lewy bodies with PD (Gasser, 2009; Gasser et 

al., 2011; Lesage and Brice, 2009). PARK 15 is also associated with recessive form of PD and 

the disease gene identified as FBOX7 which belongs to F-box containing protein (FBP) family. 

Mutations in this gene have been found in members of two families with early onset progressive 

parkinsonism with pyramidal tract signs, clinically referred to as pallidopyramidal syndrome 

(Gasser et al., 2011; Lesage and Brice, 2009).   

Recent genome wide association studies (GWAS) have identified three susceptibility loci. PARK 

16 is mapped to chromosome 1 and includes several candidate genes such as RAB7L1 which is a 

small GTP-binding protein that regulates exo-endocytotic pathway and NUCKS1, a nuclear 

DNA binding protein expressed in brain and other tissues that might regulate chromatin structure 

and activity. An association between multiple SNP’s in this region and PD was reported in 

participants of Japanese ancestry. PARK 17 has been mapped to chromosome 4 which again 

contains several candidate genes including GAK (cyclin G associated kinase) which plays a role 

in regulating cell cycle and is differentially expressed in substantia nigra of PD brains compared 

to controls. The HLA region has been assigned as PARK 18 and is consistent with the role 

inflammation and immune system are believed to play in disease pathogenesis. These loci must 

be replicated is several populations for their validation (Bekris et al., 2010).  
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In addition to the above listed susceptibility loci, SNCA and LRRK2 have been identified as 

genetic risk factors for PD as discussed earlier. Two other genes, GBA and MAPT have also been 

designated as genetic risk factors but have not been assigned a PARK locus (Bekris et al., 2010; 

Gasser et al., 2011).   

 

MOLECULAR PATHOGENESIS 

The identification of monogenic forms of PD has shed light on the probable pathogenic pathways 

involved in disease onset and progression. The considerable variation in symptoms and 

pathology suggest that the trigger may differ in each case but may converge on a central 

mechanism that then causes dopaminergic neuron loss and parkinsonism or may operate 

separately and yet still result in parkinsonism. However the pathways that have since emerged 

through genetic studies may all be linked to present a unified model of disease pathogenesis as 

represented in (Fig.6).  

The aggregation of aSyn appears central to disease pathogenesis as is evident from the figure 

above. The point mutations increase the propensity of the protein to aggregate. The duplication 

and triplication mutations increase the gene dosage which in turn increases the cytosolic 

concentrations of the protein which again promote aggregation. Mutations in MAPT and LRRK2 

are thought to promote aSyn aggregation although the mechanisms involved in these interactions 

are yet to be elucidated (Martin et al., 2011; Shulman et al., 2011). 
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Figure 6: Schematic representing the probable pathogenic mechanism for Lewy body formation 
and neuronal loss in PD. The genes involved in the various pathways have been indicated. 
(Martin et al., 2011) 
 

Increased kinase activity of LRRK2 as a result of mutations is thought to disrupt phosphorylation 

of its substrates in turn affecting cellular pathways. However while several candidates have been 

proposed as LRRK2 substrates, further confirmation is awaited. Mutations in parkin suggest 

impairment of ubiquitin proteasomal pathway particularly since ubiquitin positive staining of 

Lewy bodies is observed. Similarly mutations in GBA and ATP13A2, signify the role of impaired 

lysosomal pathway in the accumulation and aggregation of proteins (Gasser, 2009; Gasser et al., 

2011). Recent evidence suggest that parkin and PINK1 might act together to maintain 

mitochondrial integrity in the cell and that mutations in these genes cause mitochondrial 
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dysfunction (Geisler et al., 2010; Matsuda et al., 2010). Mitochondrial dysfunction often leads to 

oxidative stress in the cell. Additionally, the metabolism of dopamine which is a catecholamine 

generates reactive oxygen species which again causes oxidative stress in the cell and it is 

believed to be the reason for increased susceptibility of dopaminergic neurons to cell death 

(Segura-Aguilar et al., 2014). Mutations in DJ-1 reduce its anti-oxidant property and contribute 

to increased sensitivity to stress (Takahashi-Niki et al., 2004). Mitochondrial damage, oxidative 

stress and protein degradation failure all act as triggers to aSyn aggregation. The aggregates 

cause synaptic vesicle damage and increase in cellular dopamine content which in turn causes 

oxidative stress. The oxidative stress in turn causes mitochondrial dysfunction. The aSyn 

aggregates can also disrupt mitochondrial membrane again leading to its dysfunction and also 

saturate and impair the degradation pathways resulting in accumulation of proteins and the 

formation of Lewy bodies. Although the primary trigger for pathogenesis is as yet unknown 

especially in absence of causative mutations, it appears that aSyn aggregation is both cause and 

consequence of disease pathogenesis and the resulting cellular damage activate cell death 

pathways that result in neuronal loss (Martin et al., 2011; Shulman et al., 2011).  

 

MODELS IN PD 

Although genetic studies have been invaluable in advancing our understanding with regard to 

pathogenic pathways, mechanistic insights have been gained through studies carried out in 

animal models of PD. Several different models have been developed to study PD pathogenesis 

since no single model can emulate the clinical scenario precisely and the considerable 

heterogeneity in the disease further necessitate the development of alternate models. A brief 

summary of the models used till date is presented here.  



47 

 

• Toxin Models: 

a) Neurotoxin 6-hydroxy dopamine (6-OHDA) is structurally similar to dopamine (DA) 

and norepinephrine (NE) and causes loss of DA and NE neurons (Breese and Traylor, 

1971). It does not cross the blood brain barrier and is hence injected into the brain. 

Once inside the cells, it undergoes oxidation to produce the toxic hydrogen peroxide 

and paraquinone. It can be administered either to the ventral midbrain or medial 

forebrain bundle (MFB). When injected into the ventral midbrain it caused loss of 

substantia nigra DA neurons within a few hours (Jeon et al., 1995). However dose 

dependent injection of 6-OHDA into MFB can recapitulate both late-stage (during 

increased dose) and early stage (during reduced dose) disease conditions and the 

lesions formed after 6-OHDA are unilateral in nature (Schallert et al., 2000). The 

injection of 6-OHDA in the striatum causes a more progressive loss of DA 

nigrostriatal pathway compared to its delivery to other brain regions and is dose 

dependent. This toxin does not produce extra-nigral pathology and no Lewy body 

inclusions are seen (Dauer and Przedborski, 2003) . 

b) The identification of individuals who developed PD-like symptoms following abuse 

of intravenous drugs contaminated with methyl-phenyl-tetrahydropyridine (MPTP) 

led to its wide usage in toxin-based models (Fornai et al., 1997). The metabolite 

MPP+ is a Complex I inhibitor and is a trigger for mitochondrial dysfunction. 

Intravenous and sub cutaneous injections are the preferred modes of administration. 

Rats are not susceptible to the toxin and effect in mouse models vary depending on 

the dosage (Meredith and Rademacher, 2011). Acute models involve injecting the 

toxin 4 times daily at 2 hour intervals. Subacute models involve one injection on a 
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daily basis while the chronic model involves injections over a period of 5 weeks co-

administered with an adjuvant probecenid to prevent renal clearance of the toxin. A 

single injection/day results in 20%-30% DA neuron loss, 2 injections/day results in 

35% DA loss while 4 injections/day result in 50% DA loss. The subacute regimen 

over 8 days results in 24% DA neurons loss. The chronic model on the other hand 

results in rapid but progressive neuron loss compared to other MPTP models 

(Petroske et al., 2001). On the whole, MPTP models have been dissatisfactory in that 

they result in rapid death of neurons with little progressive loss. Recovery of DA 

neurons is also found to occur in subacute models and often there is poor correlation 

between motor deficits, DA neurons loss, loss of striatal dopamine and MPTP dose 

(Wallace et al., 1984).  

The MPP+ metabolite models have also been developed and being a substrate for DA 

receptors is selective to DA neurons. MPP+ does not cross the blood-brain barrier and 

is therefore injected unilaterally on one side which produces a dose-dependent 

unilateral loss of neurons. At low doses of MPP+   37% and 53% loss of striatal DA 

is seen while 90% loss in striatal DA is observed at high doses which also causes a 

significant reduction in serotonin levels and a progressive loss in neurons is also 

observed. There is only a non-significant loss of neurons on the contralateral side 42 

days post injection but this needs further investigation. The loss of neurons on the 

ipsilateral side with a slow loss in the contralateral side will be a close mimic of the 

human condition where the disease onset is unilateral. Microglial activation in the 

striatum and SN and aSyn and ubiquitin positive inclusion bodies in the striatum is 

observed. However no inclusion bodies are seen in SN. Ultrastructural examination 
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reveals dense swollen mitochondria which is similar to the observations from PD 

brains. The motor deficits correlating with DA loss have not been evaluated in this 

model (Meredith et al., 2008; Yazdani et al., 2006).  

c) Epidemiological studies suggest pesticides maybe potential triggers for PD. 

Rotenone, a complex I inhibitor is a naturally occurring pesticide that has been used 

generate chronic models of PD. Rates are injected with rotenone either intravenously 

or subcutaneously for upto 5 weeks and it readily crosses cell membrane and blood 

brain barrier. It causes loss of striatal DA, progressive loss of SN DA neurons and 

presence of cytoplasmic inclusions positive for aSyn and ubiquitin and also increased 

oxidative damage, microglia activation and iron deposition. The rats also display 

motor deficits and therefore the rotenone model emulated PD more closely than other 

toxin models. However while DA neurons are selectively lost with rotenone 

exposure, other unrelated brain regions may also be susceptibility resulting in wide 

variability. The intraperitoneal delivery of rotenone can overcome some of the non-

selective loss and is found to be a good model for the study of early and late stages of 

PD (Höglinger et al., 2003; Sherer et al., 2003).  

Paraquat (PQ) is a herbicide that can cross the blood brain barrier and disrupts 

mitochondrial function through the generation of reactive oxygen species 

(Przedborski and Ischiropoulos, 2005) . A small but significant loss of neurons along 

with increased aSyn aggregation has been reported (Brooks et al., 1999). Maneb, a 

fungicide that inhibits glutamate transport and disrupts DA uptake and release in co-

administered with PQ. A combination of PQ and maneb at 1-2 injections/ week can 

cause a 50% loss in SN DA neurons but in older rats caused 75% loss at 2 weeks and 
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88% loss at 12 weeks.  Older rats are more sensitive to this combination at the same 

dose when compared with the younger rats. Loss of DA neurons, motor impairment 

and microgliosis is found in both older and younger rats. The disadvantage of this 

model is that it causes a lethal systemic lung infection in older rats (Saint-Pierre et al., 

2006; Thiruchelvam et al., 2000, 2003).  

d) Inflammation has been recognized as another important mediator of cell death in 

neurons. Microglia are resident phagocytic cells which when activated undergo 

morphological changes and release pro-inflammatory molecules such as cytokines, 

chemokines, nitric oxide and ROS to clear cellular debris. While the play an 

important role in neuronal development and injury, unregulated activation of 

microglia can result in uncontrolled ROS production leading to oxidative stress in the 

cells. Microglia activated inflammation can be sustained for years and is progressive 

and this supported by observations where inflammation persists for years in humans 

and non-human primates exposed to MPTP (Gao et al., 2002). Lipopolysaccharide 

(LPS), an endotoxin, derived from the wall of gram-negative bacteria is a potent 

activator of microglia and is now used as an initiator for DA neurodegeneration. 

Acute intracerebral LPS, chronic intracerebral LPS, acute systemic LPS and 

intrauterine LPS models have been developed.  In the acute intracerebral LPS model, 

LPS is injected into the cortex, hippocampus, striatum or SN of rats which enhances 

the death of SN DA neurons specifically. This model causes a rapid activation of 

microglia and subsequent loss of DA neurons observed within 4 days. However the 

microglia activation is short-lived and no progressive pathology is observed (Iravani 

et al., 2005). To overcome the short lived response the chronic models were 
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developed where in the rats are exposed to LPS for 2 weeks. This results in microglia 

activation within 3 days and oxidative stress persists for upto 8 weeks. Significant 

loss of DA neurons is observed only about 6 weeks post exposure and shows a 

progressive loss. However it remains to be seen if aSyn inclusion and motor deficits 

accompany the DA loss in this model (Gao et al., 2002). A single systemic injection 

of LPS in mouse model has recently been shown to elevate TNFα mRNA and protein 

levels within 1 hour and remains elevated for 10 months (Qin et al., 2007). Likewise 

microglia activation in several brain regions has been observed. A delayed but 

progress loss of DA neurons is also observed. This has not been correlated with other 

PD pathology or motor deficits as yet. These observations are in contrast to the lack 

of progressive DA neuron loss in rats given a single systemic injection of LPS.  In 

utero exposure to LPS following a single injection into gravid female rats results in 

significant reduction of striatal DA and reduced SN DA cell number and suggests that 

prenatal infections are a risk factor for PD (Ling et al., 2002). Rats prenatally exposed 

to LPS when treated with rotenone showed a synergistic effect on DA cell loss 

suggesting that a pre-existing inflammation enhances the effect of environmental 

toxins (Ling et al., 2004).   

• Genetic Models: 

a) Genetically Engineered Mouse with mutations leading to Loss of dopaminergic 

neurons: Pitx3 -/- mice have a spontaneous mutation in Pitx3 which is a homeobox 

transcription factor. They are called aphakia mice and exhibit a change in the eye 

phenotype (blindness) and also show early nigrostriatal DA neuron loss post-natally 

(Hwang et al., 2005; van den Munckhof et al., 2003). The behaviour defects can be 
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reversed with levodopa. Mesolimbic DA neurons are resistant to Pitx3 mutation 

similar to PD. The identification of Pitx3 as a risk factor for PD has highlighted the 

relevance of this model (Fuchs et al., 2009). Apart from the DA neuron loss, the 

model lacks the progressive phenotype of the disease condition but is useful to study 

factors that promote DA neurons survival. 

Knock-out models for engrailed which encodes a homeodomain containing 

transcription factor have also been generated in which engrailed 1 is partially silenced 

(engrailed 1+/-) while engrailed 2 is completely knocked out (engrailed 2-/-) to 

prevent compensation by the other functional gene. Double knock outs for engrailed 

are embryonic lethal. These models show DA neuron loss but also have a more 

widespread cerebellar pathology. However, specific DA neuron loss without the 

cerebellar pathology is achieved in models with one copy of engrailed 1 but with 

intact engrailed 2. Although these models exhibit progressive neuron loss, it starts 

during late post-natal development unlike the late-onset seen in sporadic PD, the 

relevance of engrailed mutations in PD is not yet known (Le Pen et al., 2008; Sgadò 

et al., 2006).  

b) Genetically engineered mice expressing familial PD mutant genes: Transgenes 

expressing both wild-type and mutant aSyn have been generated with the expression 

driven by different promoters. The TH promoter was used to drive the expression in 

catecholaminergic neurons and although these models showed loss of DA neurons, 

the broad aSyn pathology could not be achieved. Prion promoters which have been 

successfully used in generating models of amyotropic lateral sclerosis has also been 

used to drive aSyn expression but resulted in a motor neuron pathology that is 
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different from PD. Thy-1 and PDGFβ are the other promoters that have been used and 

the Thy-1 drives a stronger expression in substantia pars compacta compared to 

PDGFβ. In some cases, Thy-promoter also causes motor neuron pathology but not in 

others despite high transgene expression but these models show sensorimotor deficits 

with nigrostriatal dysfunction without DA loss and are hence not responsive to 

levodopa. Although these models do not manifest the symptoms of parkinsonism as 

seen in PD, they may represent early ‘sub-clincal’ stages of the disease. They also 

exhibit olfactory and autonomic dysfunction and proteinase-K resistant aSyn 

aggregates and are useful to study early stages of PD and to devise neuroprotective 

strategies. Transgenic models of aSyn, although able to achieve loss of striatal DA, 

have not been able to mimic the clinical scenario very well. Lower organisms with 

aSyn transgenes have also been developed including in yeast, nematodes and fruit 

flies. In fruit flies with transgenic aSyn, age dependent degeneration of dopaminergic 

neurons, locomotor dysfunction and inclusion body formation were observed.  

Parkin, PINK1 and DJ1 models have also been generated. One particular parkin 

mutation (Q311X) causes DA loss in Drosophila in a dominant manner. A 

progressive phenotype with DA loss was also achieved with the mutation in mouse 

models. However other mutants such as deletion of exon 3 and exon 7 do not exhibit 

DA neuron loss. Exon 3 deletion mutants show oxidative stress and progressive 

sensorimotor dysfunction while the exon 7 deletion showed progressive NE neuron 

loss in the locus coeruleus while some showed no behavioural defects and others no-

motor pathology. Flies with parkin and PINK1 transgenes exhibit similar 

mitochondrial defects which are not observed in mice models.  
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DJ1 knock out models have also been developed and DJ1 knock out results in 

increased sensitivity to oxidative stress in cells, flies and mice. Although these 

models reinforce the role of oxidative stress in pathogenesis, they show little 

phenotype and exhibit no DA cell loss. Transgenic models for LRRK2 are still being 

developed (Dauer and Przedborski, 2003; Meredith et al., 2008; Shulman et al., 

2011).  

c) Viral delivery of genes: Rat models with adeno-virus transfected wild type or A53T 

mutation aSyn exhibit a 30%-50% loss of dopaminergic neurons in 8 weeks and a 

similar phenotype was achieved with adeno-virus transfected A30P mutant. Lentiviral 

expression of aSyn in rats, mice and non-human primates also resulted in significant 

loss of dopaminergic neurons alongwith the presence of aSyn aggregates and 

neuronal cell bodies and neurites. However these models do not produce the extra-

nigral pathology or the spread of pathology to the other parts of the nervous system 

(Kirik et al., 2002; Lo Bianco et al., 2002; Ulusoy et al., 2008). 

 

THERAPEUTICS 

Motor dysfunction as a result of reduced dopamine is the predominant feature of PD and hence 

treatment strategies involving replacement of dopamine has been the gold standard to treat the 

motor symptoms in PD. L-Dopa which is a precursor for dopamine is often administered 

because of the inability of dopamine to cross the blood brain barrier. L-dopa is often 

administered along with carbidopa which is a peripheral dopa decarboxylase to enhance the 

beneficial effects of L-Dopa. However prolonged treatment with L-Dopa result in involuntary 

movements called dyskinesias and motor fluctuations. Slow release preparations of L-Dopa 



55 

 

such as Sinement CR have been used to smooth out motor fluctuations in L-Dopa therapy. 

Continuous Dopaminergic Stimulation (CDS) was proposed as a strategy to minimize motor 

fluctuations and included duodenal infusions of L-Dopa, oral formulations of L-Dopa, 

dispersible form of L-Dopa, subcutaneous and intramuscular injections of L-Dopa ethyl ester 

and intravenous administration of L-Dopa methyl ester were proposed but have not translated 

into clinical reality. Catecholmethytransferases (COMT) are enzymes that degrade 

catecholamines such as dopamine and inhibition of these enzymes by using COMT inhibitors is 

another strategy used to prolong the effects of L-Dopa. Entacapone and Tolcapone are examples 

of COMT inhibitors that are used in the treatment of PD. Dopamine agonists often precede L-

Dopa treatment and provide modest symptomatic relief and the L-Dopa treatment can be 

deferred by several months or years following treatment with dopamine agonists. 

Bromocriptine, pergolide, pramipexole, ropinirole, apomorphine are some examples of 

dopamine agonists. Non-dopaminergic therapy such as anticholinergics is also used to provide 

symptomatic relief. Amantadine, NMDA receptor blocker, is administered along with L-Dopa 

to prevent Dopa induced dyskinesias. Early interventions as neuroprotective strategies have also 

been devised. Antioxidative therapy is one such option. The Deprenyl and Tocopherol 

Antioxidative Therapy of Parkinsonism (DATATOP) trial was a large clinical trial carried out 

to evaluate the antioxidative effects of deprenyl (selegeline) and alpha- tocopherol (Vitamn E) 

and while the results showed some delay in the need for L-Dopa, it has not been resolved if 

these effects were symptomatic or protective. Rasagiline, a monoamine oxidase inhibitor has 

also been used and found effective as an adjunct therapy to L-Dopa and is found to have 

neuroprotective properties in vitro. The use of trophic factors such as neurturin (NTN) and glial 

cell derived neurotrophic factor (GDNF) have been explored with a view to enhance survival of 
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midbrain dopaminergic neurons and to prevent its degeneration. The non-motor symptoms in 

PD become predominant over time necessitating treatments aimed at improving cognitive 

decline, drug induced psychosis and depression. Surgical procedures such as thalamotomy, 

pallidotomy and deep brain stimulation (DBS) are other alternatives although DBS has largely 

replaced the ablative procedures.  

All current treatment modalities for PD provide relief from symptoms but do not prevent 

disease progression. Although cell based therapies to replace the lost dopaminergic neurons 

have been investigated, they have only met with limited success. Devising neuroprotective 

strategies is central to PD, given the increasing disease incidence. This requires the 

development of better animal models, identification of biomarkers to monitor disease onset and 

progression and to identify subjects at risk for PD. (Jankovic and Aguilar, 2008; Rascol et al., 

2011) 

 

2.2 ALPHA SYNUCLEIN (aSyn) 

The protein aSyn was initially described in the Torpedo californica as a synaptic protein also 

localized to the nucleus (Kaplan et al., 2003). The sub-cellular localization of the protein to 

synaptic vesicles and nucleus led to it being called synuclein. Subsequently it was identified as 

playing a role in song learning in zebra finch and later as the non-amyloid component (NACP) of 

the amyloid plaques found in Alzheimer’s disease (Vekrellis et al., 2004). However the 

identification of SNCA mutation A53T as a cause of autosomal dominant Parkinson’s disease 

(Polymeropoulos et al., 1997) and the presence of the protein in Lewy bodies (Spillantini et al., 

1997) generated great interest in the role of aSyn in disease pathogenesis. Today it is known that 

aSyn, though conclusively linked to PD pathogenesis, is not exclusively associated with PD and 
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is a component of neuronal and glial cytoplasmic inclusion bodies that are seen in several other 

neurodegenerative diseases such as Dementia with Lewy Body (DLB), Lewy Body variant of 

Alzheimer’s disease, Mutiple system Atrophy (MSA), etc. all of which are collectively called 

‘synucleinopathies’.  

 

STRUCTURE AND LOCALIZATION  

Alpha synuclein belongs to the family of synucleins that also include beta and gamma synuclein. 

Alpha synuclein, encoded by gene SNCA is mapped to chromosome 4q21.2-22, beta-synuclein, 

encoded by SNCB is mapped to chromosome 5q35 and gamma-synuclein, encoded by SNCG is 

mapped to chromosome 10q23.2-23.3. SNCA contains 7 exons of which 5 are coding while SNCB 

contains 6 exons of which 5 are coding while SNCG contains 5 exons all of which are coding 

(George, 2002). The synucleins are present only in the vertebrates and no homologues have been 

identified in D.melanogaster or C.elegans (Alves da Costa, 2003). Beta synuclein shares 78% 

homology with aSyn while the gamma synuclein shares a 60% homology with aSyn. Alpha-

synuclein and beta synuclein are predominantly expressed in the brain particularly the neocortex, 

hippocampus, striatum, thalamus and cerebellum but beta synuclein is more uniformly 

distributed across the brain compared to aSyn. Gamma synuclein is predominantly expressed in 

the peripheral nervous system. Beta synuclein is also present in the sertoli cells and gamma 

synuclein in metastatic tumors and epidermis (Alves da Costa, 2003; George, 2002; Uversky, 

2008). Although aSyn was initially thought to be expressed only in the brain, recent reports have 

demonstrated its presence in other tissues such as platelets, red blood cells, T-lymphocytes and 

melanomas (Barbour et al., 2008; Matsuo and Kamitani, 2010; Shameli et al., 2015; Uversky, 

2008). The synaptic localization of aSyn has been conclusively demonstrated (Iwai et al., 1995; 
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Jakes et al., 1994) but the initial observation with regard to its nuclear localization (Maroteaux et 

al., 1988) has remained controversial with studies both against and in favour of its nuclear 

localization (Irizarry et al., 1996; Vivacqua et al., 2011). 

Human aSyn has 140 amino acids while beta synuclein has 134 amino acids and gamma 

synuclein, 127 amino acids. Additionally two other isoforms of aSyn generated through alternate 

splicing resulting in deletions of either exon 3 or exon 5 which results in a 126 amino acid 

protein or a 112 amino acid protein respectively, have also been reported (George, 2002; 

Uversky, 2007, 2008). The human aSyn can be divided into three distinct regions: 

• The N-terminal region composed of residues 1 to 60. It contains four repeats of 11 amino 

acids with a conserved hexameric motif (KTKEGV). This region can form amphipathic 

alpha-helices and is similar to lipid binding domain of apolipoproteins.  

• The central region is composed of residues 61 to 95 and is the aggregation prone region 

NAC which is hydrophobic. It contains additional KTKEGV repeats. An 11 amino acid 

residue of the NAC region is absent in beta synuclein.  

• The remaining 96-149 amino acid residues form the C-terminal which is rich in acidic 

and proline residues. Three conserved tyrosine residues in the C-terminal are signatures 

of aSyn and beta synuclein but are absent in gamma synuclein (Fig.7) (George, 2002; 

Uversky, 2007, 2008).  
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Figure 7: Scheme showing alpha-synuclein (a) Gene structure (b) coding exons (c) Protein 
structure with the sites of mutations (Venda et al., 2010).  
 

        

 

Figure 8: Scheme showing (a) sites of aSyn polymorphism as risk factors for PD (b) Isoforms of 
aSyn generated through alternate splicing (Venda et al., 2010).  
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Posttranslational Modification: 

There has been a long held observation that monomeric aSyn is natively unfolded with no 

defined secondary structure and belongs to the class of ‘Intrinsically Disordered Proteins’. 

Indeed it is this property of aSyn that has been attributed to its ability to aggregate. Being 

natively unfolded, the protein can attain various conformations depending on the interacting 

partners in the cell, for example the repeats in the N-terminal of the protein can form 5 alpha 

helices of which helices 1-4 interact with lipid membranes while helix 5 interacts with other 

proteins. The C-terminal of the protein, however, remains unstructured even in presence of 

membranes (Beyer, 2006; Uversky, 2008). Studies also suggest that native aSyn isolated from 

mammalian cells and RBC’s is in fact a stable alpha-helical tetramer resistant to aggregation and 

not unfolded as believed till date (Bartels et al., 2011; Wang et al., 2011). However other studies 

have not been able to replicate these results and continue to suggest that aSyn monomer is 

natively unfolded (Fauvet et al., 2012; Lashuel et al., 2013).  

An important factor that determines protein folding and functionality is the posttranslational 

modifications. More than 300 types of posttranslational modifications have been reported. 

Several such modifications have also been reported for aSyn (Fig.8).  

• Phosphorylation: Phosphorylation is the most common protein modification and 

phosphorylated species of aSyn are found to be present in LB’s suggesting that 

phosphorylation maybe a pathogenic event (Chen and Feany, 2005). Serine129 and 

Serine87 are the most common phosphorylation sites and aSyn is constitutively 

phosphorylated at Serine129 (Okochi et al., 2000). Several kinases have been identified 

as playing role in phosphorylation. These include casein kinase (CK) 1 and 2, G-protein 

bound receptor kinases, calmodulin-dependent kinase and polo like kinase (PLK). While 
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all of these kinases have the potential to phosphorylate Serine129, CK1 and tyrosine 

regulated kinase 1 are the only ones that phosphorylate Serine87. The phosphorylation of 

aSyn is thought to prevent rather than promote LB formation and several reports 

indicated that phosphorylation at Serine129 may occur after LB formation. Recent studies 

however suggest that phosphorylation at Serine129 is important for membrane binding 

and aSyn bound to membranes become dephosphorylated. Although the phosphorylation 

status of aSyn does not affect its membrane binding, the physiological relevance of aSyn 

phosphorylation is unknown and it appears that factors that promote LB formation also 

promote phosphorylation. It remains to be verified as to when Serine87 becomes 

phosphorylated. Although Serine residues are most commonly phosphorylated, recent 

studies show that Tyrosine residues at position 125, 133 and 136 may also be 

phosphorylated. The phosphorylation at Tyrosine125 appears to be reduced during the 

aging process in humans and the cortical tissues from patients with DLB also showed 

decreased phosphorylation at Tyrosine125 indicating it may have a neuroprotective role 

(Fig.9) (Beyer, 2006; Beyer and Ariza, 2013).  

• Nitration and Oxidation: Nitration and oxidation of aSyn are proposed to be factors for 

increased aggregation of aSyn through cross-linking oligomers which result in SDS-

resistant dimers and oligomers. The exposure of aSyn to nitrating agents results in the 

formation of dityrosine cross-links. Four tyrosine residues at positions 39,125,133 and 

136 are found located in the protein (Fig.9) (Zhou and Freed, 2004). The presence of 

even one tyrosine is sufficient for aSyn cross-linking whereas substitution of Tyrosine 

with phenylalanine prevents the nitration of aSyn. Nitrated species of aSyn have been 

found in LB’s. Nitration of aSyn could also occur in response to inflammation as seen in 
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LPS models of PD. There are four methionine residues located at positions 1, 5, 116 and 

127 all of which are oxidised under oxidation conditions (Glaser et al., 2005). The 

tyrosine and methionine residues that undergo modification are present outside of the 

central region except the Tyrosine39. Methionine 1 and 5 are present in the N-terminal 

while the remaining residues are present in the C-terminal. The methionine5 appears to 

be the most oxidised species while the other residues are protected from oxidation due to 

their spatial location although in vitro studies demonstrate that dopamine can oxidise all 

four methionine residues and results in formation of stable non-toxic oligomers (Zhou et 

al., 2010b). A more recent study however shows that Methionine127 is selectively 

oxidized by dopamine and is associated with cytotoxicity (Nakaso et al., 2013). It is 

generally though that nitration and oxidation of aSyn results in covalent cross-linking that 

stabilizes oligomers.  

• Ubiquitination: Ubiquitination of proteins plays an important role in their degradation 

and function. Polyubiquitinated proteins are targeted for degradation through proteasomal 

pathway while monoubiquitinated proteins have cellular functions. The aSyn found in 

LB’s are also found to be ubiquitinated. Fifteen lysine residues are found in aSyn of 

which four (Lysine21, 23, 32, 34) are located in the N-terminal and are found to undergo 

ubiquitination in vitro. However Lysine residues at 6, 10 and 12 are found to be 

ubiquitinated in vivo. Mostly mono and diubiquitinated species of aSyn are seen in LB’s. 

Although parkin mutations cause autosomal recessive PD, only a rare glycosylated form 

of aSyn is a substrate for parkin (Shimura et al., 2001). On the other hand, the non-

glycosylated aSyn is a substrate for SIAH-1 which binds to a consensus sequence on 

aSyn located between residues 118 and 120. CHIP, another E3 ligase is also found to 
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ubiquitinate aSyn. However SIAH-1 and CHIP exert opposing effects on aSyn with 

SIAH-1 mediated ubiquitination promoting fibril formation while CHIP mediated 

ubiquitination of oligomeric aSyn routes it for degradation. Ubiquitination at Lysine48 

usually routes a protein for proteasomal degradation but ubiquitination at 29 and 63 is 

also found to occur. Interestingly, aSyn is LB’s is found to be ubiquitinated at Lysine63 

which appears to promote aggregation (Fig.9) (Beyer, 2006).  

• Sumoylation: Small ubiquitin-like modifiers are similar to ubiquitin with a diglycine 

motif in their C-terminus. The glycine on SUMO forms an isopeptide bond with a lysine 

residue on the target protein. This is a highly dynamic process and several proteases can 

cleave this bond. Unlike ubiquitination, sumoylation does not route the protein for 

degradation (Melchior et al., 2003). Instead it mediates protein transport and protein-

protein interactions. Although aSyn contains 15 lysine residues, Sumoylation mediated 

by SUMO1, occurs at only one as yet unidentified lysine residue. The physiological 

relevance of sumoylation of aSyn is unknown at present (Fig.9) (Dorval and Fraser, 

2006).  

• Truncation: The presence of truncated forms of aSyn in LB’s suggested that truncation 

may be another factor that promotes aggregation (Baba et al., 1998). The 20s proteasome 

is thought to cleave natively unfolded non-ubiquitinated aSyn which results in the 

generation of three truncated forms, of which two are C-terminally truncated and one 

truncated in the NAC region (Liu et al., 2005; Tofaris et al., 2001). The 20s proteasome 

also truncates mutated forms of aSyn but only a small proportion of aSyn is truncated via 

the 20s proteasome (Fig.10). CathepsinD found in the lysosomes is another mode through 

which aSyn is cleaved. Calpains, which are calcium dependent, non-lysosomal proteases 
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are also thought to degrade aSyn especially since aSyn is localized to presynaptic 

terminals. It is thought that soluble aSyn cleaved by calpain can occur even in presence of 

tyrosine nitration and prevents aSyn fibril formation. On the other hand aSyn fibrils 

cleaved by calpains promotes aSyn fibrillation (Fig.10). Neurosin a serine protease 

predominantly expressed in the central nervous system is thought to constitutively cleave 

aSyn. Neurosin mainly cleaves aSyn in the NAC region which in turn prevents 

aggregation and maybe a protective mechanism. Phosphorylated aSyn is resistant to 

neurosin. It has been found that C-terminal truncation promotes aggregation and yet it 

appears that aSyn truncation is a cellular process whose physiological relevance remains 

unknown (Beyer and Ariza, 2013; Li et al., 2005). 

• Glycosylation: Glycosylation of proteins plays a very important role in determining 

protein function. The addition of N-acetyl-D-glucosamine (O-GlcNac) to serine threonine 

residues at positions at 53, 64, 72 and 87 have been reported in aSyn although the 

physiological relevance of glycosylation remains unknown. Recently, it has been reported 

that O-GlcNac modification of Threonine at position 72 prevents aSyn aggregation in 

vitro and it seems likely that glycosylation may have protective role (Marotta et al., 

2012).  (Alves da Costa, 2003; Stefanis, 2012; Uversky, 2008) 
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Figure 9: Represents some of the sites for posttranslational modification. Letters marked in bold 
and italicized are the sites of mutations. S represents serine residues that are phosphorylated, Y 
represents tyrosine residues that are nitrated and K represents lysine residues that are 
ubiquitinated or sumoylated. The arrow mark indicates lysine residue at 102 which is the major 
site for sumoylation.  Box A and Box B represent sites of in vitro ubiquitination (Beyer, 2006). 
 

 

Figure 10: Represents sites of aSyn truncation. Region marked in red are imperfect repeats, 
region that is light blue underlined form alpha-helices, region that is dark blue underlined is the 
core. Black arrows represent sites of 20s proteasomal cleavage, Green arrows represent calpain 
mediated cleavage and purple arrows represent Matrix metalloproteinase mediated cleavage 
(Beyer and Ariza, 2013). 
  
 

FUNCTIONS 

Alpha synuclein comprises 1% of the total soluble cytosolic proteins and is widely expressed in 

the brain (Stefanis, 2012). The synaptic localization of aSyn suggested a possible role for aSyn in 

neuronal function, particularly in synaptic plasticity. The increased expression of aSyn during 

song learning in zebra finch and the regulation of mRNA levels of aSyn during early stages of 

post natal murine brain development supported a role for aSyn in neuronal plasticity. However 

the expression of aSyn appears only after synaptic development indicating that it has no role in 
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synapse formation (Alves da Costa, 2003). The effect of aSyn in modulating neuronal plasticity 

maybe associated with its effects on synaptic vesicle release and recycling. Although aSyn 

knock-out mice are not lethal suggesting that aSyn does not play an essential role in neuronal 

function, aSyn knock-out mice show impairments in neurotransmitter release. The suppression of 

aSyn also resulted in depletion of docked pool vesicles and impairment in the refilling and 

trafficking of vesicles from the reserve pool to the site of synaptic vesicle release. 

Overexpression of aSyn in transgenic models results in synaptic vesicle exocytosis and decreased 

neurotransmitter release. Similar results were obtained in rodent models of PD and stably 

expressing PC12 cells. The excess aSyn also reduced readily releasable synaptic vesicles and 

reduced the dopamine reuptake in dopaminergic terminals (Lashuel et al., 2013).  

Several mechanisms maybe involved in the regulation of synaptic vesicle recycling by aSyn. 

Foremost among these, is the effect of aSyn on phospholipase D2 activity (PLD2). PLD2 is 

responsible for the conversion of phosphatidylcholine into phosphatidic acid (PA) and aSyn has 

an inhibitory effect on PLD2 thereby resulting in a decrease in PA levels (Clayton and George, 

1999). This affects vesicle biogenesis. The inhibitory effect on PLD2 is through the direct 

binding of aSyn to PLD2. Alternately, aSyn which has homology with the 14-3-3 chaperone 

proteins can have an indirect effect on PLD2 by binding to proteins such as 14-3-3, Erk, BAD, 

protein kinase C which also inhibit PLD2 (Cheng et al., 2011). Actin filaments play an important 

role in vesicle trafficking and there are indications that aSyn might regulate Ca2+ mediated actin 

polymerization in turn affecting vesicle transport (Cheng et al., 2011). Studies also report that 

aSyn can block ER to Golgi trafficking and co-localizes with prenylated Rab acceptor protein 1 

(PRA1). PRA1 regulates the recycling of Rab by preventing its removal from the membrane 

which in turn affects vesicle trafficking between compartments in the cell and therefore 
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interactions between aSyn and PRA1 affect vesicle trafficking and recycling (Lee et al., 2011). 

The homology of aSyn with 14-3-3 chaperone proteins is suggestive of its ability to act as a 

chaperone molecule and indeed it has been reported that aSyn acts as a chaperone in the folding 

and assembly of synaptic proteins called SNARES which in turn directly regulate 

neurotransmitter release. A direct effect on SNARE by aSyn is reported to be mediated via 

protein-protein interactions while an indirect inhibition on SNARE assembly maybe mediated 

via its effect on arachidonic acid which stimulates SNARE complex assembly. Further support 

for aSyn in neuronal function came from studies on mice lacking a cysteine ring protein (CSFα). 

The CSFα deficient mice show degeneration and motor impairments because of loss of function 

of CSFα which aids in SNARE complex assembly. The upregulation of aSyn in these mice can 

compensate for the loss of CSFα and rescue neurons from degeneration (Burré et al., 2010; 

Chandra et al., 2005).  

The effect of aSyn on neurotransmitter release selective to dopaminergic neurons has also been 

reported. Studies report that aSyn can directly bind to Tyrosine hydroxylase (TH), a rate limiting 

step in dopamine synthesis and suppress the activity of TH. The effect of aSyn on TH appears to 

be restricted to decreasing its activity without affecting its expression levels. The negative 

regulation of TH decreases dopamine biosynthesis. Phosphorylated aSyn on the other hand 

cannot inhibit TH activity (Perez et al., 2002; Wu et al., 2011). Another potential effect of aSyn 

on dopamine levels appears to be via its interactions with Dopamine Transporter (DAT). 

Interactions of aSyn with DAT affects dopamine reuptake although aSyn knock-out mice show 

no difference in DAT activity (Sidhu et al., 2004).  

In addition to neuronal function, some studies indicate aSyn may regulate the differentiation and 

fate of neural progenitors and truncated forms of aSyn enhance the sensitivity of dopaminergic 
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neurons to environmental stress (Michell et al., 2007; Schneider et al., 2007). Recent studies also 

suggest that aSyn may bind to DNA. However, the binding of aSyn to DNA has been studied 

from a pathological perspective and it appears that binding to DNA may alter the conformation 

of both the DNA and aSyn (Desplats et al., 2012; Guerrero et al., 2013). Although the binding of 

aSyn to DNA has been demonstrated, the physiological functions, if any of such binding have 

not yet been understood. Several studies also suggest that aSyn has an anti-apoptotic effect either 

by lowering p53 mediated response or by inhibiting caspase 3 and protein kinase C δ (PKCδ) 

(Alves Da Costa et al., 2002). It has also been reported that aSyn may protect from oxidative 

stress (Hashimoto et al., 2002; Jin et al., 2011; Li and Lee, 2005; Musgrove et al., 2011, 2012).  

The effect of aSyn on microglia has been investigated and it has been reported that monomeric 

aSyn can regulate microglia in turn triggering changes in the inflammatory pathway and 

although the physiological relevance of this interaction is unknown it has great bearing on 

pathogenesis in PD (Park et al., 2008). The sub-cellular localization of aSyn to mitochondria 

suggests that it may play a role in maintenance of mitochondrial function. In this regard it has 

been reported that wild type aSyn but not the mutants confer protection against MPP+ induced 

toxicity by preserving mitochondrial function (Jensen et al., 2003). Mitochondrial associated 

membranes (MAM) are subcellular compartments that interconnect mitochondria and ER and 

have several cellular functions and disturbance in MAM is associated with disease pathogenesis. 

It has been reported that aSyn localizes to MAM and that wild type aSyn may play a role in 

regulating the essential functions of MAM (Guardia-Laguarta et al., 2015). The ability of aSyn to 

bind metal ions and its effect on aggregation has been well documented. Recently it has been 

reported that aSyn can bind iron also. It appears that aSyn can bind to copper and iron 

simultaneously which suggest that the metal ions bind to different regions of the protein. The 
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binding of aSyn to iron and its association with membrane indicates that aSyn can function as a 

cellular ferrireductase. This activity has potential impact on dopamine synthesis because iron is a 

co-factor for TH (Davies et al., 2011) (Alves Da Costa et al., 2002; Cheng et al., 2011; Lashuel 

et al., 2013; Marques and Outeiro, 2012; Stefanis, 2012; Tofaris and Spillantini, 2007).  

 

FACTORS AFFECTING aSYN AGGREGATION 

The aggregation of aSyn is not exclusive to PD but is a common feature of a group disorders 

under the broad umbrella of ‘synucleinopathies’, all characterized by aSyn-positive inclusions. 

Although aSyn is the predominant component, the inclusions vary in type and location. There are 

five types of aSyn positive inclusion bodies as described (Fig.11). 

• Lewy Bodies (LB’s): The classical LB’s are eosinophilic with a halo although LB’s 

indistinguishable with eosin stain and lacking a halo are also seen. The classical LB’s 

often stain for aSyn in the halo and ubiquitin in the core. The existence of diffuse cloud 

like LB’s negative for ubiquitin and pale bodies with variable staining of ubiquitin is also 

observed.  Electron microscopy (EM) studies of classical LB’s reveal the granular and 

fibrillar composition with the granular components being present in the core and the 

fibrils radiating out. The presence of aSyn in filaments in the periphery with minimal 

staining in the core of LB’s, loosely aggregated aSyn filaments in pale bodies and a loose 

mesh-work of small filaments positive for aSyn and completely lacking in ubiquitin in 

diffuse type were are observed with EM (Uversky, 2008). 

• Lewy Neurites (LN’s): They may a display a coarse rounded form but are usually 

elongated club shaped or serpentine structures not detected with conventional stains. 
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When stained for aSyn, fine thread like LN’s was also detected in addition to the 

serpentine structures (Uversky, 2008).   

• Glial cytoplasmic inclusions (GCI’s): These are argyrophilic, sickle-shaped, conical or 

oval shaped aggregates containing aSyn, ubiquitin, 14-3-3, tau and several kinases. 

Analysis of high power images has revealed tubular structures with a round or ovoid wall 

enclosing a clear centre. Ultrastructural analysis has further revealed the presence of 

amorphous material coated filaments upto 30nm in size arranged in parallel bundles 

extending to the oligodendroglial processes. Each core filament consists of two aSyn 

filaments with two distinct morphologies (Uversky, 2008).  

• Neuronal cytoplasmic Inclusions (NCI’s): These occur in the pontine nucleus and are 

homogenous round or ovoid structures whereas in the oliviary nucleus they are irregular 

reniform in shape and look like coarse granular structures.  Ultrastructurally they are 

revealed to be randomly arranged loose granule coated filaments composed of aSyn 

(Uversky, 2008). 

• Axonal Spheroids: In addition to aSyn, these are comprised of tau, neurofilament 

proteins, ubiquitin, ferritin, suproxide dismutase and amyloid precursor protein and occur 

in presynaptic terminals (Uversky, 2008).  

      

 

Figure 11: Figure showing the different types of aSyn positive inclusion bodies. (A) LB (B) LN 
(C) GCI (D) NCI (E) Axonal spheroids (Uversky, 2008). 
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The formation of aggregates from the monomeric ‘natively unfolded state’ involves a 

conformational change and increased β- pleated sheets are found in the fibrils. The beginning of 

the fibril formation is through the formation of partially folded intermediates which drive 

fibrillization. Changes in pH and temperature assist in the formation of partially folded 

intermediates. Therefore factors that promote partially folding also drive the fibrillation. 

Several of the factors are listed here. 

• High concentration of the protein: The most direct evidence for this has come from 

familial PD with duplication and triplication mutations where increased gene dosage 

causes disease. In the endogenous condition and even in absence of any factors, 

equilibrium is maintained between monomers and partially folded intermediates. An 

increase in protein concentration shifts the equilibrium in favour of partially folded 

intermediates thereby leading to aggregation. An increase in aSyn in PD brains compared 

to non-PD controls also indicates that increased aSyn favours aggregation (Kim and Lee, 

2008). 

• Molecular crowding: The inside of a cell is very crowded with the presence of several 

macromolecules. The volume occupied by the solutes affect the stability of 

macromolecules and influences protein-protein interactions and interactions with other 

cellular components. 

• Point Mutations seen in familial PD: Three point mutations have been described, A53T, 

A30P and E46K. All the mutations show an increased propensity for aggregation 

compared to wild type. Although these mutations do not affect the monomeric structure, 

they appear to stabilize the β-sheet with intermolecular interactions.  
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• Truncations: The presence of C-terminal truncated forms of aSyn in LB suggests that the 

C-terminal has a chaperone like activity that prevents fibrillation. The generation of NAC 

peptides also results in increased aggregation due to the increased propensity for NAC to 

acquire β-sheet. 

• Interactions with anions: Anions promote aSyn partial folded intermediates through 

stabilization of hydrophobic interactions in the protein. The loss of uncompensated 

charge and increase in hydration are other parameters affected by anion binding. Addition 

of small quantities of salt minimizes the charge based repulsion while increased 

quantities of salt remove water and favour fibrillation. 

• Effect of pesticides: Several environmental factors promote aggregation and pose a 

significant risk for disease onset. Both paraquat and MPTP lead to increase in mRNA 

levels and expression levels of aSyn. The cellular stress generated with addition of MPTP 

promotes nitration of aSyn in turn leading to aggregation. In vitro studies demonstrate a 

direct interaction between some of these pesticides and aSyn that stabilize the partially 

folded conformations.  

• Interactions with metal ions: Binding of metal ions to aSyn is thought to bring about 

structural perturbances that promote aSyn fibrillation. 

• Oxidative modifications: Oxidative stress is thought to be an important factor in disease 

pathogenesis and four readily oxidizable methionine residues are found in aSyn. 

Oxidation of methionine residues prevents fribrillation but this is overcome in presence 

of metal ions. On the other hand, tyrosine nitration due to oxidative stress promotes 

aggregation of aSyn. The presence of nitrated aSyn in LB’s suggests that nitration has a 
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pathogenic role and results in the formation of partially folded intermediates. However 

nitration induced oligomerization prevents fibrillation.  

• Phosphorylation: Similar to other post translational modifications, it appears that 

phosphorylation at Serine129 promotes aggregation. The extensive presence of 

phosphorylated aSyn in LB’s supports a role for phosphorylation in aggregate formation.  

• Interaction with membrane: Although the physiological function of aSyn involves its 

binding membranes, it appears that membrane binding is a trigger for aggregation, 

particularly when bound to polyunsaturated fatty acids. Interestingly the mutant A30P has 

a reduced affinity towards lipid membranes due to a disruption in one of the helices in 

aSyn protein.  

• Interactions with polyamines: Polyamines are critical for various cellular functions 

particularly growth and differentiation. Not only do increases in polycations result in 

production of oxidative intermediates during their interconversion, they also bind to the 

C-terminus of aSyn. Binding of polycations to C-terminal of aSyn suppresses the 

repulsion within the protein due to the negative charge and promotes oligomerization. 

The magnitude of fibrillation is dependent on the length, charge and concentration of 

polycations. 

• Protein-Protein Interactions: Several kinds of protein-protein interactions have been 

described that favour aggregation of aSyn. Some these interactions include 

 Self assembly leading to dimerization. 

 Dityrosine linkages formed due to oxidative stress lead to formation of dimers and 

higher order oligomers 
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 Tranglutaminase catalyzes the formation between of cross link between a lysine 

and glutamine residue. Lysine at position 80 and glutamine at position 79 in the 

NAC domain of aSyn is thought to form a cross link which promotes formation 

of dimers. 

 Although inclusions are often present in the cytoplasm, the localization of aSyn to 

nucleus has been demonstrated under pathological conditions. The co-

localization of aSyn to histone has also been demonstrated and in vitro studies 

show binding to histone triggers aSyn aggregation. 

 Several other proteins including tau, tubulin, and brain specific protein p25α are 

some that mediate aggregation. These are also often present in the inclusion 

bodies. Most of these proteins contain a basic motif and result in ionic 

interactions with aSyn. Recently the involvement of FKBP’s in stabilizing 

partially folded intermediates has been investigated and inhibitors of this protein 

appear to prevent aSyn fibrillation. Synphilin-1, a presynaptic protein is found in 

the LB’s and has been shown to interact with aSyn both in vitro and in vivo and 

promote aSyn aggregation.  

However not all protein interactions promote aSyn aggregation. Chaperones that interact with 

aSyn have been found to slow down or prevent aSyn fibrillation (McLean et al., 2002). Likewise, 

β and γ synucleins, the other members of the same family also prevent aggregation of aSyn 

(Uversky et al., 2002). (Uversky, 2008)  

Aggregation of proteins is a common theme in several neurodegenerative diseases and it was 

long held that the large aggregates such as LB’s cause neuronal death. However, the absence of 

LB’s in some forms of familial PD, the presence of LB’s in asymptomatic individuals such as in 
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incidental Lewy bodies and the presence of cytoplasmic inclusions without the accompanying 

loss of neurons in rodent models of PD was suggestive of the fact that the formation of LB’s may 

not be absolutely essential for pathogenesis. The analysis of surviving neurons that lacked or 

contained LB’s did not show any quantifiable differences in viability. Additionally an increase in 

LB size and a decrease in soluble concentration of aSyn were correlated with a reduction in 

cytotoxic effects and further argued against role of LB’s as toxic species (Kazantsev and 

Kolchinsky, 2008; Walsh and Selkoe, 2004).  

The aggregation of aSyn from monomers to inclusions is a multi-step process that involves 

several intermediates. Several of the factors described above play a critical role in stabilizing 

these intermediates. It was therefore postulated that the intermediates maybe the toxic species, 

the sequestration of which into large inclusions reduces the toxicity. These intermediates are not 

stained with conventional dyes and are not readily visible under light microscopy. This may 

perhaps explain why in some cases the disease may proceed without the occurrence of LB’s.  

The aggregation of two or more monomers leads to oligomerization and these intermediate 

species are termed protofibrils (Volles and Lansbury, 2003). Direct evidence for the role of 

oligomers as the toxic species came from experiments involving the generation of two mutants 

E53K and E57K, both which form oligomers but do not undergo fibrillation. The effect of these 

mutants was compared with familial PD mutants, wild-type aSyn and another fibril promoting 

mutant. The lentiviral injections of these mutants into rat models caused a greater decrease in 

dopaminergic cells compared to the other aSyn variants while the fibril promoting mutant did not 

show any decrease. Similar results were obtained in cell-based assays where cell viability was 

assessed (Winner et al., 2011).  The expression of A30P, A56P and A76P mutants in Drosophia 

caused non-motor symptoms similar to early stage PD although these mutants form oligomers 
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and do not fibrillate either in vitro or in vivo (Gajula Balija et al., 2011). It therefore appears that 

these oligomers may exert toxicity even before the onset of motor symptoms. Newer assays such 

as protein-fragment complementation assay have enabled the detection of these oligomers in 

cultured cells, neurons as well as conditioned cell culture media. Biochemical assays such as size 

exclusion chromatography and non-denaturing gel electrophoresis have further confirmed the 

presence of these oligomeric species. These oligomeric species have also been detected in brain 

extracts from post mortem PD brains, plasma and CSF of PD patients (El-Agnaf et al., 2006; 

Sharon et al., 2003; Tokuda et al., 2010).  

The formation of aggregates begin with the self-assembly of the protein into a dimer or oligomer. 

This is called the seed or the nucleus which then sequesters other monomers or oligomeric 

species to form larger aggregates (McCormack and Di Monte, 2009). The initial lag phase 

involves the formation of a seed and may take a long time. Therefore the formation of a seed is a 

rate-limiting step in aggregation. This is followed by the elongation phase where the aggregate 

growth proceeds rapidly. Finally, in the steady state, equilibrium is achieved between the ordered 

aggregate and the monomer. Several cellular conditions aid in aggregation by decreasing the lag 

time (Wood et al., 1999). The NAC domain with its increased propensity for the β-sheet can act 

as a seed and interact with other regions of another aSyn protein (Bennett, 2005). The A53T 

mutant, for example, forms fibrils faster than the wild type. The A30P mutant on the other hand 

is slower to form fibrils compared to the wild type although it forms more stable oligomers 

compared to the wild type. A double mutant with A53T and E46K forms fibrils even faster than 

the A53T mutant alone (Volles and Lansbury, 2003; Waxman and Giasson, 2009). These 

protofibrils have also been shown to bind to vesicles with greater affinity than the monomeric 

aSyn (Winner et al., 2011).  
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Ultrastructurally, when observed under Atomic Force microscopy (AFM) and EM, the 

protofibrils occur as a heterogenous mixture with atleast three distinct morphologies. There are 

(a) spheres of different heights (b) chains that are comprised of linearly arranged spheres (c) 

rings comprising circularized chains. It is believed that while the spheres and chains are 

intermediates that proceed to form fibrils, the formation of rings prevents fibril formation. 

Therefore two distinct pathways of aggregation have been proposed (a) where the intermediates 

proceed towards fibril (b) formation of stable oligomers that do not proceed towards fibrillation 

and exert toxic effects (Fig12) (Conway et al., 2000). It has been reported that methionine 

oxidation at position 5 n aSyn forms non-toxic oligomers adding support to the hypothesis about 

existence of two distinct pathways for aggregation (Zhou et al., 2010b).   

 

                      
 
Figure 12: Represent the pathway for aggregation. The green stars represent monomers. The red 
structures represent the different types of protofibirls. The orange rods represent the fibrils that 
go on to form LB’s (Volles and Lansbury, 2003). 
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MECHANISMS OF TOXICITY 
 
The formation of aggregates is linked to disease onset and progression through the disruption of 

various cellular processes. Recent studies strongly suggest that the toxicity is mediated via 

aggregation intermediates ‘protofibrils’. The toxicity can be a result of either a toxic gain-of- 

function or a loss-of-function through the unavailability of the monomeric aSyn to perform its 

physiological function. Another equally likely scenario to be considered is that the monomeric 

aSyn may mediate toxicity via aggregation independent mechanism which may involve its 

aberrant interactions with other cellular factors leading to disruption of cellular processes 

(Fig.15).  

• Propagation of aSyn: The absence of a secretory signal peptide led to the assumption that 

aSyn was not a secretory protein. However several lines of evidence now show that aSyn 

can be secreted. The presence of aSyn is detected in CSF and plasma of PD patients (El-

Agnaf et al., 2003; Lee et al., 2006). It has also been detected in cell culture media of 

cells overexpressing aSyn (Lee et al., 2005; Sung et al., 2005) and the release of 

endogenous aSyn from rat embryonic cortical neurons has also been reported. Both the 

monomeric and aggregated form of aSyn have been found to be released (Danzer et al., 

2011; Lee et al., 2005). These studies have been strengthened by observations of aSyn 

inclusions in mesencephalic transplants in PD patients (Kordower et al., 2008; Li et al., 

2008) and similar host-to-graft transmission was also observed in transgenic mouse 

models transplanted with progenitor cells (Desplats et al., 2009; Hansen et al., 2011). All 

these observations point towards a prion like behaviour offers a potential explanation for 

the propagation of the pathology and supports the Braak hypothesis. 
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The release of aSyn is thought to be mediated by several pathways that include (a) direct 

integration into secretory pathway and release through secretory vesicles (b) release 

through recycling endosomes (c) Incorporation into multivesicular bodies that may either 

fuse with the plasma membrane or fuse with the lysosomes for degradation (Fig.13). In 

this regard, it has been proposed that several cellular stresses including lysosomal 

dysfunction will promote the secretion of aSyn (Emmanouilidou et al., 2010a; Hasegawa 

et al., 2011; Jang et al., 2010; Lee et al., 2005).  The secreted aSyn can be taken up by 

neighbouring neurons where it will function as a ‘seed’ for aggregation or can be taken 

up by glial cells where it will incite inflammatory events. This uptake is thought to be 

mediated via endocytosis (Fig.14) (Hansen et al., 2011; Lee et al., 2008a). Exogenous 

aSyn fibrils have been shown to seed LB like inclusions in cultured cells (Luk et al., 

2009). Several studies support a role for neuroinflammation in triggering cell death in PD 

(Blum-Degen et al., 1995; Hunot and Hirsch, 2003; McGeer et al., 1988) and aSyn can 

activate microglia leading to inflammation (Alvarez-Erviti et al., 2011; Lee et al., 2010; 

Zhang et al., 2005). Additionally mutants have been shown to elicit a stronger response 

than the wild type (Roodveldt et al., 2010; Su et al., 2009). 
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Figure 13: Represents the probably pathways for secretion of aSyn. (1) Direct integration into 
secretory vesicles (2) Through recycling Endosomes (3) Incorporation into multivesicular bodies 
that either fuse with plasma membrane or the lysosomes (Marques and Outeiro, 2012). 
 
 

                          
Figure 14: Represents the uptake of secreted aSyn by neurons where aSyn acts as a seed for 
further aggregation and uptake by microglia resulting in activation of inflammatory events 
(Marques and Outeiro, 2012).  
 

• Effect at the Synapse: Studies have identified synaptic defects resulting from aSyn 

aggregation and this seems likely given that aSyn plays a role in mediating synaptic 

function. It is thought to interfere with the axonal transport of synaptic proteins such as 
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synphilin1 and result in loss of synaptic proteins, enlargement of synaptic vesicles, 

decrease neurotransmitter release, reduction is synaptic vesicle recycling and 

redistribution of SNARE complex (Garcia-Reitböck et al., 2010; Lundblad et al., 2012; 

Nemani et al., 2010; Scott et al., 2010). It could also cause an influx in calcium ions 

through its effects on voltage gated channels by forming pores on cell membrane (Danzer 

et al., 2007; Hettiarachchi et al., 2009). It has also been reported that aSyn oligomers 

could alter glutamatergic receptor function; supplementation with extracellular aSyn 

oligomers in cultured hippocampal neurons causes an increase in the amplitude of AMPA 

receptor mediated excitatory post-synaptic currents and opposed hippocampal long term 

potentiation (Hüls et al., 2011; Martin et al., 2012). 

• Effects on Cytoskeleton: MAPT has emerged as a significant risk factor in PD 

(International Parkinson Disease Genomics Consortium et al., 2011) and several 

taupathies feature aSyn positive inclusions and therefore it’s thought that tau and aSyn 

enhance one another’s aggregation (Giasson et al., 2003). Several studies have reported 

the interaction of aSyn with microtubules and it is thought to affect microtubule 

polymerization (Alim et al., 2004; Zhou et al., 2010a). It also enhances the 

phosphorylation of tau which will affect the microtubular organization (Haggerty et al., 

2011; Jensen et al., 1999; Qureshi and Paudel, 2011). The influence of aSyn on actin 

polymerization will also indirectly affect vesicle transport (Sousa et al., 2009). 

• Effect on Mitochondria: The localization of aSyn to mitochondria and the down-

regulation of compex I activity has now been reported by several studies (Devi et al., 

2008; Li et al., 2007; Liu et al., 2009; Loeb et al., 2010; Nakamura et al., 2008). The 

aSyn oligomers are thought to result in mitochondrial fragmentation and aSyn and its 
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mutants have been reported to enhance mitochondrial mitophagy. These events result in 

mitochondrial dysfunction, loss and death (Choubey et al., 2011; Kamp et al., 2010; 

Nakamura et al., 2011). Mitochondrial dysfunction also leads to generation of reactive 

oxygen species (ROS). A disruption in the brain mitochondrial morphology in aSyn 

transgenic mice has also been reported (Martin et al., 2006). 

• Effect on ER/Golgi: The studies with adenoviral expression of aSyn in neuronal model 

leading to Golgi fragmentation along with appearance of aSyn oligomers (Gosavi et al., 

2002) and the occurrence of ER stress as an early event in an inducible model of A53T 

mediated neurotoxicity (Smith et al., 2005b) demonstrated that aSyn oligomers targeted 

ER/Golgi. It has been reported that aSyn oligomers can form in the lumen of ER, 

accumulate there and sensitize neurons to ER stress (Colla et al., 2012a, 2012b).  Studies 

in yeast model suggested that aSyn blocked ER to Golgi trafficking and this inhibition 

could be rescued with the overexpression of RAb1 (Cooper et al., 2006). Recently it has 

been reported that aSyn could also delay the ER to Golgi transition (Thayanidhi et al., 

2010). 

• Effect on Nucleus: The localization of aSyn to the nucleus and its binding to histone 

under pathological conditions has been reported (Goers et al., 2003). Phosphorylated 

aSyn is found to be localized to the nucleus (Schell et al., 2009). The binding of aSyn to 

histone results in a decrease in histone deactylation. The use of inhibitors of histone 

deactylase like inhibiting the action of SIRT2 which is a histone deactylase was 

associated with neuroprotection (Kontopoulos et al., 2006; Outeiro et al., 2007). 

• Effect on Proteostasis: Protein Homesostasis (Proteostasis) is maintained in the cells 

either through refolding of misfolded proteins or through their removal. Chaperones play 
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a critical role in the refolding of proteins and are hence important for proteostasis. 

Oligomeric aSyn were found to inhibit the refolding of Hsp70 chaperone system in 

bacterial systems (Hinault et al., 2010). A similar inhibition was not observed with 

monomeric aSyn.  Oligomeric species of aSyn inhibit the chymotrypsin-like protease 

activity of the proteasome and the lysosomal enzyme glucocerebrosidase (Lindersson et 

al., 2004; Mazzulli et al., 2011). 

 

         

Figure 15: Represents the probable mechanisms of aSyn aggregation mediated toxicity 
(Kalia et al., 2013). 
 

The identification of aSyn oligomers as toxic species and the probable mechanisms of toxicity 

may have a huge impact on the diagnosis and treatment of the disease (Fig.16). The real 

challenge to developing neuroprotective strategies in PD have been the lack of early diagnostic 

criteria. The occurrence of oligomers must precede the onset of disease and therefore would 

serve as ideal biomarkers. The presence of aSyn oligomers in CSF has already been reported and 
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a study utilizing a special ELISA assay was able to detect aSyn oligomers in the CSF and the 

levels of these oligomers were reportedly higher in PD patients when compared to age-matched 

controls. Body fluids such as saliva and urine can also be utilized for the detection of aSyn 

oligomers. The development of radioligands that can specifically detect aSyn oligomers in vivo 

will prove to be a useful technique in the detection of aSyn oligomers.  

Understanding the cytotoxic role of aSyn oligomers throws up potential targets for therapeutic 

interventions. The reduction of toxic intermediates may in fact serve as the most promising 

neuroprotective intervention and can be achieved by several means. Postranslational 

modifications that promote aggregation, disruption of oligomer formation, preventing cell to cell 

transmission, enhancing chaperone activity and promoting clearance of the toxic species are 

some of the pathways that can be targeted. The use of antibodies to target extracellular aSyn 

oligomers is another viable alternative.  

The development of diagnostic tools and neuroprotective treatment strategies based on aSyn 

oligomers would necessitate further understanding of not just pathogenic mechanisms but also in 

elucidating the exact physiological role of aSyn in the cells, the disruption of which is as central 

to disease pathogenesis as the formation and propagation of oligomers (Kalia et al., 2013; 

Lashuel et al., 2013; Marques and Outeiro, 2012; Stefanis, 2012). 
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Figure 16: Represents the probable targets for the development of neuroprotective strategies 
(Stefanis, 2012). 
 
 
INTERACTIONS WITH DOPAMINE 
 
Dopamine is synthesized from the amino acid L-tyrosine in a two-step process. The first step 

involves the hydroxylation of tyrosine to L-dihydroxyphenyalanine (L-dopa) catalysed by 

enzyme tyrosine hydroxylase (TH) in the presence of oxygen and is the rate limiting step in the 

reaction. In the second step, L-dopa undergoes decarboxylation to give dopamine catalysed by 

amino acid decarboxylase (AADC) and is followed with the release of CO2 (Fig.17). The 

enzymes TH and AADC are closely associated with vesicle monoaminergic transporter 2 

(VMAT-2) located on monoaminergic synaptic vesicles, which results in the synthesized 

dopamine being packed into the synaptic vesicles preventing its accumulation inside the cell.  

The dopamine is then released into the intersynaptic space to interact with the receptors on the 

postsynaptic neurons. Dopamine reuptake is mediated by dopamine transporter (DAT) and is 
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once again packed into the monoaminergic vesicles through the action of VMAT-2 once again 

preventing the cytosolic accumulation of dopamine.  

The enzyme monoamine oxidase (MAO) also acts to reduce cytosolic dopamine through the 

oxidative deamination of dopamine. MAO is localized to the outer membrane of mitochondria in 

neurons and glia and two isozymes MAO-A and MAO-B are found in the cells. MAO-A has a 

greater affinity for dopamine and is found in catecholaminergic neurons. However the activity of 

MAO is associated with the generation of hydrogen peroxide and is a source of oxidative stress. 

Catechol-ortho-methyltransferase (COMT) and aldehyde dehydrogenase are the other enzymes 

involved in the degradation of dopamine.  

Dopamine undergoes spontaneous oxidation to form a transient molecule Dopamine-o-quinone 

which is quickly oxidised to form a more stable product aminochrome which is a precursor for 

neuromelanin thus explaining the dark coloration of SNpc neurons. Dopamine-o-quinone, 

aminochrome and 5,6-indolequinone are the oxidation products of dopamine of which dopamine-

o-quinone and 5,6-indolequinone are highly unstable. The action of VMAT-2 and MAO prevent 

the oxidation of dopamine by removing excess dopamine from the cell.  
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Figure 17: Dopamine synthesis pathway. Tyrosine is converted to L-Dopa in presence of TH 
which is then converted to Dopamine in presence of AADC and is immediately packed into the 
synaptic vesicle through the action of VMAT-2. Dopamine reuptake from synaptic cleft is 
mediated by DAT (Segura-Aguilar et al., 2014).  
 
 

The end product of dopamine oxidation is the formation of neuromelanin. The oxidation of 

dopamine-o-quinone results in the formation of eumelanin through the formation of 5,6-

dihydroxyindole. On the other hand, dopamine-o-quinone can also form pheomelanin through its 

interaction with l-cysteine and the formation of 2-S-cysteinyldopamine and 5-S-

cysteinyldopamine. The neuromelanin therefore is composed of an inner core of pheomelanin 

surrounded by eumelanin surface. Only the excess cytosolic dopamine is converted to 

neuromelanin (Fig.18).  

The levels of dopamine are tightly regulated in the cell because the oxidation products of 

dopamine are associated with disease pathogenesis.  
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Figure 18: Shows the formation of neuromelanin. Aminochrome is the oxidation product of 
dopamine. Aminochrome undergoes cyclization and oxidation to form the 5,6-indolequinone 
which results in the formation of melanin (Segura-Aguilar et al., 2014). 
 
 
Aminochrome induces and stabilizes the aSyn protofibrils. It can form adducts with aSyn as can 

5,6 indolequinone. The dopamine-o-quinone also causes mitochondrial dysfunction by forming 

adducts that inactivate complex I and III in the mitochondria. The oxidative catabolism is also 

affected due to adduct formation between dopamine-o-quinone and isocitrate dehydrogenase. 

The protective effect of DI-1 against oxidative stress is also prevented due to the adduct 

formation between dopamine-o-quinone and DJ-1. Aminochrome forms adducts with α and β 

tubulins that result in formation of aggregates that affects the movement of mitochondria along 

these microtubules. The dopamine-o-quinone also forms adducts with parkin and UCHL-1 which 

in turn impairs proteasome pathway. Autophagy is also impaired due to inhibition of fusion of 

autophagic vacuoles with lysosome by aminochrome. Aminochrome also affects the acidification 

of lysosome and the formation of adducts with aSyn also impair autophagy. The oxidation of 

aminochrome results in generation of superoxides which dismutate to form hydrogen peroxide 

thereby acting as a trigger for oxidative stress.  



89 

 

The conversion of oxidation products of dopamine to neuromelanin is a protective mechansism 

and reduces the occurrence of oxidative stress. The neuromelanin also sequesters metal ions and 

other toxic chemicals such as MPP+ and paraquat involved in pathogenic pathways. However 

under certain circumstances, the neuromelanin can also have a toxic role in the cells. The excess 

iron bound to neuromelanin can promote redox reactions that result in oxidative stress. 

Additionally it has been reported that neuromelanin bound to iron can also enhance the oxidation 

of dopamine. The death of neurons results in the release of neuromelanin into the extracellular 

space where it can activate microglia and trigger neuroinflammation. Therefore neuromelanin 

can have both toxic as well as protective effects on the cell (Segura-Aguilar et al., 2014; Zecca et 

al., 2006).  

In vitro studies also demonstrate the binding of dopamine to aSyn but such adducts are difficult 

to determine in in vivo conditions. Therefore excess dopamine can directly bind to aSyn and 

promote aSyn oligomerization or the oxidation products of dopamine can interact with aSyn 

stabilizing its protofibrils which ultimately results in cytotoxicity (Bisaglia et al., 2010; 

Martinez-Vicente et al., 2008; Outeiro et al., 2009; Yamakawa et al., 2010). It therefore appears 

imperative that accumulation of excess dopamine be prevented in the cell. 

It appears that aSyn may contribute towards the regulation of cytosolic levels of dopamine. This 

regulation can occur at three levels. (a) Synthesis of dopamine through the regulation of TH and 

AADC. The activity of TH and AADC are both inhibited by aSyn thereby decreasing the levels 

of dopamine. It also appears to regulate the function of VMAT-2 which in turn affects the 

packing of dopamine into the synaptic vesicle.  (b) Although no clear evidence has emerged as 

yet, several studies indicate that aSyn may regulate the release of dopamine. The absence of 

aSyn promotes the release of dopamine while overexpression of aSyn prevents the release of 
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dopamine. (c) The reuptake of dopamine by DAT is also influenced in the presence of aSyn. 

Although mice lacking aSyn have no visible changes in DAT function, it appears that aSyn 

regulates the shuttling of DAT to and from the cell membrane (Cheng et al., 2011).  

Additionally, the pacemaker activity of the dopaminergic neurons of the SNpc is driven by the 

presence of calcium channels which increases the risk of calcium dependent neurotoxic 

processes in these cells (Stefanis, 2012). 

Therefore in summary, a loss of aSyn physiological function could result in increased dopamine 

content in the cytosol. Dopamine itself and its oxidation products stabilize the protofibrils and 

prevent the formation of aSyn fibrils. These protofibrils may in turn cause leakages on 

membrane which will result in an increase in calcium influx and further increases in dopamine 

levels. The increased dopamine will cause oxidative stress through its oxidation, trigger 

mitochondrial dysfunction and ensure oligomerization of aSyn setting up a toxic loop with the 

net effect of causing cytotoxicity (Fig.19) (Mosharov et al., 2009; Venda et al., 2010).  
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Figure 19: Shows the pathways for dopamine associated toxicity. Loss of aSyn function results 
in increased dopamine synthesis as does calcium influx. Loss of aSyn function also affects 
dopamine vesicle recycling which also results in increased cytosolic concentration. The 
increased dopamine facilitates neurodegeneration through its combined effect on aSyn oligomer 
stabilization and altered mitochondrial function (Venda et al., 2010). 
 
 
ROLE IN MELANOMA 
 
Uncontrolled proliferation is the defining feature of tumorigenesis and is seemingly at odds with 

a neurodegenerative disease such as PD which involves loss of post-mitotic neurons. The 

reactivation of cell cycle in neurons has been proposed as one of the mechanisms leading to cell 

death in PD. On the other hand, driving the cell cycle helps in the survival of tumor tissue. 

Although both these conditions are disparate, common susceptibility loci have been identified 

that appear to be involved in both these disease conditions. Some of the identified loci are 

already implicated in PD. The identification of cyclin E as a substrate for parkin and its increased 

levels in several tumors suggests that Parkin mutations may affect tumor growth through the 
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dysregulation of cell cycle proteins (Poulogiannis et al., 2010; Tay et al., 2010; Veeriah et al., 

2010). Similarly DJ-1 has been found to regulate the tumor-suppressor PTEN (Kim et al., 2005). 

Another important candidate is aSyn which has been shown to drive tumor proliferation and the 

tumor cells appear to be able to take up extracellular aSyn (Israeli et al., 2011). 

 

         

Figure 20: Represents the synthesis of neuromelanin and peripheral melanins. L-tyrosine is 
converted to L-Dopa which is converted to Dopmaine in neurons. Dopamine oxidation leads to 
neuromelanin. L-dopa is directly converted to Dopaquinone which is then converted to melanin 
in melanocytes (Pan et al., 2011) 
 

Interestingly epidemiological studies show an increased association between PD and melanoma. 

Higher risk for PD in melanoma patients and a higher risk for melanoma in PD patients has been 

reported (Bertoni et al., 2010; Gao et al., 2009). As described earlier, neuromelanin in 

dopaminergic neurons can have both cytoprotective and cytotoxic roles in the cell. The common 

precursor for the synthesis of neuromelanin found in neurons and the melanin found in skin cells 

is L-Dopa (Fig.20). It has therefore been hypothesized that pigmentation related genes may play 

a role in both diseases given that aSyn is already known to play a role in regulating TH, key 

enzyme in L-Dopa synthesis (Herrero Hernández, 2009; Paisán-Ruiz and Houlden, 2010). A 

recent study also suggests the use of aSyn as a diagnostic marker for metastatic melanoma’s 

given the high occurrence of aSyn in melanoma cells and tissues (Matsuo and Kamitani, 2010). 
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It is worthwhile to note that while melanoma incidence is reportedly high for PD patients, the 

risk for other cancers is low in PD patients emphasizing that melanoma and PD may share 

common pathogenic pathways (Paisán-Ruiz and Houlden, 2010). 

 Consistent with the above hypothesis, aSyn has been found to reduce melanin expression in 

melanoma cells probably through its inhibitory action on Tyrosinase enzyme, another key 

enzyme involved in the synthesis of melanin (Pan et al., 2012). However, the same study 

reported an increase in melanin content in neuronal cells SH-SY-5Y and PC12 due to increase in 

cytosolic dopamine content. It appears that although aSyn regulates pigmentation genes similarly 

in the neuronal and melanoma cells, they seem to have an opposing effect in each due to 

variations in the cellular environment. Phosphorylation of aSyn at serine129 is also reported to 

occur in melanoma cells and affects the localization of the protein in these cells. The 

phosphorylated aSyn is localized more towards the cell membrane and is found to be release into 

the extracellular space. The significance of the release of aSyn from melanoma cells and their 

possible effects of such release need further elucidation (Fig.21) (Lee et al., 2013a).  
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Figure 21: The mechanisms by which aSyn may act as a common mediator for PD and 
melanoma. Regulation of TH and Tyrosinase enzymes involved in dopamine and melanin 
synthesis lead to either increase in neuromelanin in neruons or the depletion of melanin in 
melanocytes which leads to pathogenesis in PD and melanoma respectively (Pan et al., 2011). 
 
 
 
 
 
2.3 PROTEIN DEGRADATION PATHWAYS 

There is a constant turn-over of proteins inside the cells although the turn-over rates of different 

proteins is different depending on their utility in the cells. A steady state of protein levels is 

therefore maintained in the cells by regulating the synthesis and degradation of proteins. Proteins 

are the functional units of the cells and are important for the various cellular activities. Any loss 

of protein function can be detrimental to cell survival while the accumulation of proteins beyond 

their functional role can also prove detrimental to cells.  
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The loss in protein function can occur as a result of mutations that alter its activity or due to 

decreased synthesis or increased clearance. Therefore although it may appear cumbersome, the 

cell strives to maintain a balance between synthesis and degradation. 

Neurodegenerative diseases, most often presenting with inclusion bodies in the cell comprised of 

protein aggregates, represent scenarios which result out of an imbalance between synthesis and 

degradation. As discussed earlier, protein aggregation can result from a number of cellular 

events. Molecular crowding and increased concentrations of cellular levels of proteins are 

perhaps very definitive causes of aggregation. Mutations that increase the synthesis of proteins 

such as duplications and or polymorphisms in promoter regions have been reported as described 

earlier. In the absence of such mutations, failure in protein degradation mechanisms has been 

hypothesized as another important causative factor in the accumulation and aggregation of 

proteins. These aggregated proteins are unable to execute their physiological functions which 

results in a disruption of cellular activities.  

The eukaryotic system has evolved two major pathways for the clearance of proteins. These are 

the Ubiquitin-Proteasome System (UPS) and the Autophagy-Lysosomal Pathway (ALP). There 

are other cytosolic proteases such as the Ca2+ dependent cysteine proteases called calpains, but 

the most UPS and ALP are most widely studies with significant implications in disease states.  

Conventionally, the UPS has been thought to degrade short-lived regulatory nuclear and 

cytosolic proteins while ALP is involved in degradation of cytoplasmic proteins and organelles. 

However recently these roles have been challenged and new evidence suggest that a cross-talk 

may exist between these two pathways (Lecker et al., 2006; Matsuda and Tanaka, 2010; 

Rubinsztein, 2006). Protein degradation pathways play a critical role as quality control 
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mechanisms through the removal of functionally redundant proteins and misfolded proteins that 

under ordinary circumstances contributes towards cellular homeostasis.  

 

UBIQUITIN-PROTEASOME SYSTEM (UPS) 

The UPS occurs in a three step process and involves three different enzymes (Fig.22). 

• Ubiquitin Activation: The ubiquitin (Ub) is composed of 76 amino acids with a glycine 

on its C-terminus that is used for the conjugation with the target proteins. It also contains 

internal lysine residues that are required for polyubiquitination. The lysine residues at 

position 48 and 63 are most often the sites for ubiquitination. But only the K48 

ubquitination leads to proteasomal degradation. Ubiquitin does not occur freely and is 

present as a linear fusion either to itself or to some ribosomal protein subunits. These Ub-

fusion proteins are deubiquitinated into Ub monomers for quick availability during 

cellular stress. These deubiquitination reactions serves two purposes (a) recycling of Ub 

(b) prevent accumulation of polyubiquitinated proteins. In this step, Ubiquitin activation 

enzyme is used (E1). An ubiquitin adenylate intermediate is generated through the 

hydrolysis of ATP. This intermediate is transferred to the active site with a Cysteine 

residue on the E1 enzyme and is covalently linked to the enzyme via a thiolester linkage 

along with the release of AMP. This process results in the activation of the terminal 

glycine in the C-terminus (Gly76). It appears that a single 110kD E1 enzyme is 

responsible for Ub activation required for all modifications.  

• Ubiquitin Conjugation: This step involves a second set of enzymes called the Ubiquitin-

conjugation enzymes or E2. In this step, the activated Ub is transferred to the active site 

with a Cysteine residue on the E2 enzymes. This is mediated by a transacylation reaction 



97 

 

and once again a thiolester bond is formed between the E2 enzyme and the activated Ub. 

More than 20 E2 enzymes have been identified in mammals. The E2’s contain a 

conserved 130 amino acid catalytic core called a UBC domain, with a cysteine residue 

that mediates its binding to Ub. The E2’s are subdivided and are recognized by their 

cognate E3’s and therefore are critical for specificity.  

• Ubiquitin Ligation: In this final step, the Ub is conjugated to a lysine residue on the target 

protein through an isopeptide bond formed with the terminal glycine on Ub. This step 

involves a third set of enzymes called the Ubiquitin ligases or the E3 enzymes. This last 

step again involves the transfer of Ub from the E2 to E3 enzyme with the formation of a 

thiol linkage between Ub and E3 enzyme. Once monoubiquitinated, more Ub moieties 

are added to generate a polyubiquitin chain. The Ub moiety forms a linkage between an 

internal lysine residue and the carboxy terminal glycine of the next Ub molecule. There 

are more than a 100 different E3 enzymes that catalyse the addition of Ub in a substrate-

specific manner making the process tightly regulated. The recognition of the substrate by 

the E3 enzyme can occur in three ways (a) The target protein carries a degradation signal 

identified by the E3 enzyme (b) A modification of the sequence motif such as 

phosphorylation on the target protein (c) Modifications in the E3 enzymes itself.  
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Figure 22: Represents the three steps involved in UPS. First Ub-activation by E1 enzymes, 
Second Ub-conjugation by E2 enzymes and lastly transfer of Ub to substrate by E3 enzymes. 
The monoubiquitination is followed by the addition of many Ub moieties to generate a 
poluubiquitin chain (Lecker et al., 2006)  
 
 
Organization of the Proteolytic System: The 20s proteasome is very well conserved from 

bacteria to humans (Fig.23). It has a hollow and barrel shape and composed of four stacked 

heptameric rings forming a central chamber than runs through the stack. Each ring is composed 

of seven subunits, the alpha subunit forming the two outer rings and the beta subunit forming the 

inner two rings. The 20s proteasome is classified as an amino terminal nucleophile hydrolase 

wherein the Threonine in the amino terminal acts as the nucleophile catalyst. The eukaryotic 

proteasome has an additional 19s regulatory complex that acts as the base and lid of the 20s 
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complex, together forming the 26s holoezyme. The lid can recognize and bind ubiquitinated 

substrates and is also bound to deubiquitinating enzymes or the isopeptidases that catalyse the 

removal of Ub from the substrates. The base on the other hand has ATPase activity that is used 

to unfold the proteins and thread them into the core. Chymotrysin-like activity, Trypsin-like 

activity, post-glutamyl peptide hydrolysing activity,  branched chain amino acid preferring and 

neutral amino acid preferring activity are some of the proteolytic activities associated with the 

20s subunit.  

                            

Figure 23: Represents the components of the 26s proteasomal subunit (Lecker et al., 2006).  

The binding of polyubiquitinated proteins causes structural changes in the proteasome. 

Polyubiquitinated substrates enhance their degradation by facilitating gate opening and through 

allosteric activation of the peptidases. Unlike traditional proteases that cut the protein once and 

release the peptides, the proteasome degrades the substrates to generate very small peptides 

which exit the proteasome. These peptides are quickly broken down to amino acid and do not 
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last long in the cell. In some instances, the proteasome may only cleave a protein partially so as 

to enhance its function.  

It must be noted that only polyubiquitinated proteins are degraded by the UPS while 

monoubiquitinated have other physiological functions in the cell and are not routed for 

degradation (Bedford et al., 2010; Lecker et al., 2006; Roos-Mattjus and Sistonen, 2004).  

 
UPS AND NEURODEGENERATION 

As discussed earlier, the UPS is involved in the clearance of short-lived proteins. It can also clear 

misfolded proteins in the endoplasmic reticulum. Misfolded proteins from the ER are 

translocated back to the cytosol where it is degraded by the proteasome. This process is knows as 

ER associated degradation or ERAD. A decreased proteasome activity has been reported in PD 

cases as well as models and also in Huntington’s disease (HD).  

The increase in oxidized proteins in PD brains compared to normal controls and the presence of 

ubiquitin positive Lewy bodies are the first indications of a UPS impairment relating to disease 

pathogenesis. A decreased proteasomal acvtivity has been reported in PD brains, particularly the 

SNpc compared to normal controls (Grünblatt et al., 2004; McNaught and Jenner, 2001; 

McNaught et al., 2003). The identification of a mutation in parkin, which acts as an E3 ligase, as 

a cause for autosomal recessive familial PD served as the strongest indicator for dysfunction of 

UPS in PD (Imai et al., 2000; Kitada et al., 1998). These observations were further strengthened 

by the identification of UCHL-1, an ubiquitin hydrolase, as a susceptibility factor in PD. The 

I93M mutation in the UCHL-1 has been found to reduce its hydrolase activity in vitro (Leroy et 

al., 1998). The inhibition of proteasome by the CAG repeats seen in HD and the aSyn aggregates 

in PD further argue for a generalized role for UPS dysfunction in neurodegeneration (Bence et 

al., 2001; Tanaka et al., 2001a).  
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The precise mechanisms of UPS dysfunction are not yet known. The proteasome requires ATP 

for its fully functioning. Therefore age related changes such as increased oxidative stress and 

depletion of energy are thought to mediate UPS dysfunction. In support of this, the proteasome 

activity is found decrease in aged rodents compared to young rodents. Likewise pesticides such 

as maneb and rotenone that cause ROS generation were found to impair UPS (Betarbet et al., 

2006; Keller et al., 2004). The addition of dopamine to mesencephalic cultures was found to 

inhibit proteasome (Zafar et al., 2007). Similarly proteasome inhibition in mesencephalic 

cultures led to dopaminergic loss (McNaught et al., 2002a; Rideout et al., 2005). Since the 

dopaminergic neurons are exposed to oxidative stress, it might explain the impairment of UPS in 

these cells (Lotharius and Brundin, 2002a). It has been reported that several stress factors 

including dopamine alter parkin solubility and mediate its aggregation or inhibit its enzyme 

activity (Chung et al., 2004; LaVoie et al., 2005; Wong et al., 2007). Important proteins whose 

steady states are maintained by the UPS such as p53 might mediate toxicity through their altered 

levels. In this regard, SH-SY-5Y cells treated with proteasome inihibitor MG-132 showed an 

increase in p53 accumulation and upregulation of pro-apoptotic proteins such as Bcl-2 was seen 

(Nakaso et al., 2004). This may provide a direct basis for the cell death. Proteasome inhibitor 

models have been generated to provide direct evidence to the role of UPS in neurodegeneration. 

 The use of inhibitors lactacystin, epoxomicin and PSI were found to result in progressive 

features of Parkinsonism with dopaminergic cell loss and formation of inclusion bodies positive 

for aSyn (McNaught et al., 2002b, 2004). However, while some groups have only been able to 

partially replicate these results (Schapira et al., 2006; Zeng et al., 2006), some other groups have 

not been able to replicate these results at all throwing into question the validity of these models 

(Bové et al., 2006; Kordower et al., 2006; Manning-Boğ et al., 2006). Similary, genetic models 
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with of parkin-null mice have not been very promising either. The inactivation of UCHL-1 in 

mice also has not lead to PD symptoms although it is found to cause axonal dystrophy. However 

moderate success has been achieved in terms of dopaminergic cell loss and locomotor defects in 

parkin-null flies.  

Although several substrates have been identified for parkin, their relevance is yet to be 

ascertained. It also appears that parkin can mediate ubiquitin-independent degradation and it can 

mediate attachment of Ub at K63 which does not route the substrate for degradation at all. In 

vitro studies also demonstrate the ability of parkin to mono-ubiquitinate its substrates. 

Additionally, parkin has been found to co-localize to mitochondria where it regulates the fission-

fusion of mitochondria through autophagy. Therefore ubiquitination of substrates by parkin may 

not necessarily relate to the UPS. Additionally, the role in UCHL-1 as a risk factor for PD 

remains inconclusive. Studies from inhibitor and genetic models for proteasome inhibition and 

the wider role of parkin not associated with the UPS makes it impossible to clearly associate 

UPS dysfunction with neurodegeneration and remains to be seen if it is a consequence of 

pathogenesis (Lim, 2007; Matsuda and Tanaka, 2010). 

 

AUTOPHAGY LYSOSOMAL PATHWAY (ALP) 

The word autophagy was first used in 1963 by Christian De Duve who was awarded the Nobel 

Prize for his work on lysosome. Autophagy is derived from Greek with ‘autos’ meaning ‘self’ 

and ‘phagy’ meaning ‘eat’. It encompasses broadly the phenomenon wherein cytoplasmic target 

material is transported to the lysosome for degradation. Autophagy can be divided into three 

forms- (a) Macroautophagy which involves the engulfing of target material into double 

membrane vacuoles that then fuse with lysosomes (b) Chaperone mediated autophagy (CMA) 



103 

 

where select material is translocated into the lysosome by recognizing a target pentapeptide 

motif with a consensus sequence similar to KFERQ. Chaperones aid in the target recognition and 

unfolding of the proteins to be degraded. The translocation is thought to be mediated by 

lysosomal protein LAMP-2a and is thought to be rate limiting. (c) Microautophagy which 

involves the direct engulfment of the target by the invagination of the lysosomal membrane. This 

is a poorly understood mechanism (Fig. 24) (Yen and Klionsky, 2008).                                        

 

Figure 24: Represents the three forms of autophagy- macroautophagy, chaperone mediated 
autophagy and microautophagy (Yen and Klionsky, 2008).  
 
The best studied of these is the macroautophagy, which as a bulk degradation pathways, plays a 

very critical role in maintaining cellular homeostasis. Therefore the word ‘autophagy’ is used to 

refer to the process of macroautophagy. Macroautophagy is also strongly associated with 

neurodegeneration and therefore will be described in detail here. Autophagy occurs under basal 

conditions but can be elevated under conditions of duress. Starvation is perhaps the best studied 

scenario during which autophagy is enhanced. The break down products of autophagy during 

starvation is used to salvage the cell from stress and therefore is thought to promote cell survival. 
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In addition to its role in maintaining cellular homeostasis, autophagy is important for clearance 

of misfolded proteins and aggregates, removal of damaged organelles and pathogenic bacteria. It 

also plays a role in early embryonic development. 

The occurrence of autophagy in yeast made it an ideal model to study the mechanism of 

autophagy particularly since it is conserved from yeast to humans. More than 30 different genes 

regulating autophagy have been identified in yeast (termed Atg genes) and a number of human 

orthologs have also been identified (Ravikumar et al., 2010).  

 

MECHANISM OF AUTOPHAGY (Fig.25) 

• Initiation of autophagosome membrane: The first step is the initiation of formation of a 

double membrane vesicle called the ‘phagophore’. The site for vesicle formation is called 

the phagophore assembly site (PAS) in yeast while in mammals they are formed 

randomly. The source of the membrane from which the autophagosome arises has not yet 

been determined. It can arise de novo or from membranes of ER. Autophagosomes are 

frequently formed in the vicinity of ER and an accumulation in ER associated autophagic 

vacuoles was seen when maturation of the pre-autophagosomal structures was blocked. 

Mitochondria and plasma membrane have also been reported as possible contributors to 

the formation of the autophagosome. The formation of these autophagosomes requires the 

activity of Class III PI3kinase, Vps34. The product of Vps34, phosphatidyl-inositol-3-

phosphate (PI3P), has been shown to co-localize with early autophagosome markers 

although the precise role of PI3P is still not known. Vps34 is part of a large complex 

which consists of Beclin1/Atg6, barkor/Atg14 and p150/Vps15. The GTPase Rab5 and 

Beclin1 activate Vps34. However several proteins have been identified to interact with 
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Beclin1 other than Vps34. These include ambra-1, UVRAG and bif-1 which induce 

autophagy while the anti-apoptotic proteins, Bcl-2 or Bcl-xl inhibit autophagy. Another 

macromolecular complex, FIP200-ULK1/Atg1 is also involved in the initiation of 

autophagosome formation. The interaction between ULK1/Atg1 and FIP200 is mediated 

by Atg13.   

• Elongation: The elongation of the phagophores requires further inputs of membranes 

from other organelles. The protein Atg9 which is a transmembrane protein cycels 

between the trans-Golgi and endosomes and perhaps helps to carry membrane for the 

elongation of the phagophore. Two ubiquitin like reactions occur at this stage. Atg12 is 

covalently tagged to Atg5. This process involves the activation of Atg12 by Atg7 

following which it is transferred to Atg 10. It is then transferred to Atg5 and a covalent 

bond formed between the glycine residue on Atg12 and lysine residue on Atg5. The 

Atg12-Atg5 complex is then conjugated to Atg16L1 which forms a large800kDA 

complex. This complex formation is essential for elongation and is dissociated once the 

autophagosome is fully formed. A second reaction involves the microtubule associated 

protein 1 light chain 3 (LC3/Atg8). The precursor LC3 is cleaved at its carboxy terminus 

by the protease Atg4b which results in the cytosolic form LC-3-I. The LC3-I is 

conjugated to phosphatidylethanolamine (PE) via the action of Atg7 and Atg3 to finally 

form LC3-II which then localizes to the elongating autophagosome membrane. However 

unlike the Atg5-Atg12-Atg16L1complex, LC3-II continues to remain bound to the 

membrane even after maturation. The proteins listed above can interact with each other 

such that the Atg5-Atg12-Atg16L1 complex can conjugate LC3-I to PE, Atg10 can also 

interact with LC3 and Atg3 is found to co-localize to Atg12 and enhance Atg5-Atg12 
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complex formation. LC3 mediates the final fusion of doubled membrane cups to form 

fused vesicles. LC3-II on the cytoplasmic side can be delipidated and recycled back by 

the action of Atg4. The internalized LC3 is however degraded once the autophagosome 

fuses with the lysosome.  

• Maturation and Fusion: The autophagosome move bidirectionally along the microtubule 

but have a preference for the Microtubule organizing center (MTOC). The lysosomes are 

enriched at the MTOC. The autophagosome fuse with the endosomes and then with the 

lysosomes which involves several proteins including ESCRT, SNAREs, Rab7 and class 

C Vps proteins. The beclin1 interacting protein UVRAG promotes fusion by recruiting 

machinery on the autophagosome and this function does not require its interaction with 

beclin1. UVRAG recruits the class C Vps protein which in turn activates Rab7. This 

promotes the fusion of late endosomes with the lysosomes. Rubicon, another Beclin1 

interacting protein also functions in the maturation of the autophagosome. It therefore 

appears that Beclin1 and its interacting partners have different effects on autophagy 

depending on the type of interaction and the process they affect. The fusion is also 

dependent on the acidification of the lysosome. Drugs that inhibit the lysosomal H+-

ATPases which affect the acidity in the lysosome prevent fusion.  

However Atg5/Atg7 independent mechanisms have also been reported involving the Ulk1 and 

Beclin1 proteins. This process occurs in a Rab9 dependent manner (Glick et al., 2010; 

Ravikumar et al., 2010).  
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Figure 25: Represents the steps involved in the formation, elongation and maturation of the 
autophagosome (Glick et al., 2010). 
 
 
Selective Autophagy 

Autophagy, as bulk degradation, has been considered to be a non-selective process. However the 

degradation of specific organelles and proteins suggest that it can be selective too. The 

degradation in an ordered manner of various proteins under conditions of starvation suggests that 

even bulk degradation may proceed selectively and not randomly. The selectivity can be 

mediated either by making the protein available for engulfment through posttranslational 

modification or by decreasing the availability of the protein. The degradation of various 

organelles occurs via autophagy and is specific for each organelle such as ER-phagy for 

degradation of ER, pexophagy for degradation of peroxisomes, mitophagy for degradation of 
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mitochondria and so on. Macrolipophagy or the degradation of lipids and xenophagy or 

degradation of pathogens has also been described.  

The degradation of organelles is mediated by specific signals. Mitochondrial permieability 

transition (MPT) involves a loss of membrane potential through the formation of permeability 

transition pore which is a non-selective large-conductance inner mitochondrial channel. The 

opening of this channel results in depolarization and outer membrane rupture. Drugs that inhibit 

MPT prevent mitophagy. Inhibition factor 1 (IF1,) a nuclear DNA encoded protein is shown to 

mediate mitophay in HeLa cells. The reticulocyte maturation and development of sperm are 

physiological events where mitophagy occurs. The Bcl-2 related protein Nix has been recently 

shown to bind LC3 and along with Ulk1 is required for mitochondrial clearance in reticulocyte. 

Similarly, the removal of dysfunctional mitochondria is mediated by the binding of parkin to 

mitochondria through its interactions with PINK1. Mutations in both these genes cause recessive 

forms of familial PD. The fission-fusion of mitochondria alters the relative sizes of the 

mitochondria which influences its degradation by autophagy where smaller mitochondria are 

more likely to be engulfed by autophagosomes than the larger mitochondria. The ubiquitination 

of cytosolic facing proteins in peroxisomes which may then be recognized by the cargo protein 

p62 is thought to mediate pexophagy. ER stress due to accumulation of unfolded proteins results 

in the unfolded protein response (UPR) which in turn causes the ER volume to increase. A return 

to ER homeostasis is mediated by ER-phagy which may be activated in response to the ER stress 

but the selectivity of the process has not clearly been demonstrated.  

Some of the proteins involved in selective autophagy as identified in yeast include Atg 19 and 

Atg20 for ER-phagy, Uth1, Aup1 and Atg32 in mitophagy, PEX3 and PEX14 in pexophagy and 

Ubp3p/Bre5p in ribophagy. Glucagon induced glycogen autophagy via the elevation in cAMP 
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levels is another example of selective autophagy. Given that autophagy is a basal pathway which 

degrades a wide variety of substrates, it is difficult to identify the proteins or markers that 

mediate selectivity and several of the orthologs of the yeast proteins are yet to be identified in 

mammals. (Ravikumar et al., 2010) 

 

SIGNALLING PATHWAYS IN AUTOPHAGY 

• mTOR Pathway:  mTOR pathway is the most widely pathway in the regulation of 

mammalian autophagy (Fig.26). mTOR plays diverse roles in the cell including intitiation 

of translation, cell growth, proliferation, ribosome biogenesis, transcription, cytoskeletal 

reorganization, long-term potentiation and autophagy. It is the mammalian ortholog of 

the yeast protein TOR that has been shown to negatively regulate autophagy. mTOR has 

two functional complexes mTORC1 and mTORC2. mTORC1 consists of the catalytic 

unit of mTOR, regulatory associated protein of mTOR (raptor), G protein β-subunit like 

protein (GβL) and proline rich Akt substrate of 40kDa (PRAS40). mTORC2 consists of 

rapamycin sensitive companion of mTOR (rictor), GβL, SAPK-Interacting protein1 

(SIN1)and protein observed with rictor (PROTOR). The mTORC1 regulates autophagy 

while mTORC2 is not directly related to autophagy regulation. Growth factors, amino 

acids, glucose, energy status, stress are among the various factors that regulated 

mTORC1. Rapamycin can inhibit mTORC1 and therefore is a potent inducer of 

autophagy. The formation of a complex between rapamycin and FK506 binding protein 

(FKBP12) stabilizes the raptor-mTOR association with the net effect of inhibiting the 

mTOR kinase activity. This inhibition prevents downstream phosphorylation of 

ribosomal protein S6 kinase (S6K1 or the p70S6K) and the translation initiation factor 4E 



110 

 

binding protein-1 (4E-BP1). However p70S6K is a positive regulator of autophagy such 

that its activation for a limited time allows for maximal autophagy but the loss of activity 

prevents excessive autophagy. Recent studies have shown that rapamycin only 

incompletely inhibits the mTORC1 and Torin-1 is a much more potent inhibitor of the 

mTORC1. Torin-1 on the other hand inhibits both the mTORC1 and mTORC2 but its 

effects on autophagy are primarily due to its inhibition of mTORC1. Starvation also 

results in the stabilization of raptor-mTOR complex and therefore induces autophagy. 

Since the end result autophagy is the release of amino acids, these activate mTORC1 and 

inhibit autophagy. mTORC2 which phosphorylates and activates Akt, is insensitive to 

rapamycin but prolonged exposure to rapamycin can inactivate mTORC2 as well. Some 

of the components downstream of mTOR in mammals have been identified. ATg13 binds 

to Atg1 homologs ULK1/ULK2 which then forms the ULK1/2-Atg13-FIP200complex. 

Activation of mTOR causes it to bind to this complex and inhibit the kinase activity of 

Atg13 and ULK1 while inactivation of mTOR causes it to dissociate from the complex 

allowing it to activate autophagy.  

• PI3K pathway: mTORC1 is controlled by the PI3K pathway. Binding of growth factors 

to cell surface activated ClassI PI3K. The regulatory subunit of class I PI3K activates its 

p110 catalytic subunit which then converts plasma membrane lipid phosphatidylinositol-

4,5-bisphosphate (PIP2) to phosphatidylinositol-3,4-5 triphosphate (PIP3). This leads to 

activation of several kinases such as serine/threonine kinase, phosphoinositide-dependent 

kinase 1(PDK1) and Akt/PKB. The activation of Akt is mediated by its phosphorylation 

at Ser473 by rictor-mTOR which in turn facilitates phosphorylation by PDK1 at Thr-308. 

The activation of Akt inhibits autophagy. Therefore activation of class I PI3K inhibits 
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autophagy by activating Akt. The inhibition of Class I PI3K by PTEN, a tumor 

suppressor, induces autophagy. The class III PI3K activation results in the increase of PI-

3-P which activates autophagy. Akt activation by phosphorylation results in the 

phosphorylation of a host proteins which include the tumor suppressor proteins mutated 

in tuberous sclerosis, a complex called the tuberous sclerosis complex (TSC) which is a 

heterodimer consisting of TSC1 and TSC2. TSC1/2 acts as an upstream integrator of 

mTOR signalling such that several kinases signal to mTOR via the phosphorylation of 

TSC1/2.  

• Other Protein Kinases: AMPK inhibits autophagy by phosphorylating TSC2.  IκB kinase 

(IKK) induces autophagy via activation of AMPK but does not involve the NFκB. 

Eukaryotic translation initiation factor 2α (eIF2α) kinases regulate stress induced 

autophagy. Eukaryotic elongation factor 2 (eEF2) kinase is a calcium/calmodulin 

dependent kinase III that regulates autophagy via the mTOR pathway. Mitogen activated 

kinase (MAPK)/extracellular signal regulated kinase (ERK) is another regulator 

autophagy via the mTOR pathway. C-terminal Jun NH2 terminal kinase 1( JNK1) 

mediates starvation induced autophagy by phosphorylating Bcl-2 at multiple sites which 

disrupts the Bcl-2-Beclin1 interaction and triggers autophagy.  
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Figure 26: The mTOR pathway of autophagy signalling (Ravikumar et al., 2010) 

  

• mTOR Independent pathway: Several pathways independent of mTOR activity have also 

been described (Fig.27).   

1. Phosphoinositol signalling pathway: This pathway stimulated by G-protein 

coupled receptor results in activation of phospholipase C (PLC) which converts 

PIP2 to IP3. IP3 binds to receptors on ER causing the release of calcium into the 

cytoplasm. IP3 is degraded to release IP1 which is then hydrolysed to free inositol 

required for the phosphoinositol signalling. The reduction in free inositol levels 

leads to activation of autophagy.  
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2. cAMP-Epac-PLC-ε-IP3 pathway: Reduction in cAMP levels leads to induction of 

autophagy. This induction is mediated via the effects of cAMP on Epac. Rap2B 

which is further downstream of Epac also regulates autophagy. PLC-ε is a Rap2B 

effector that increases the IP3 levels which results in accumulation of autophagic 

substrates and is thought to result in autophagy inhibition.  

3. Ca2+- calpain pathway: Increased calcium levels negatively regulate autophagy. 

Therefore the reduction if IP3 levels as discussed earlier causes an activation of 

autophagy since IP3 is involved in release of stored calcium. Calcium increases 

causes activation of a class of cysteine proteases called calpains. Calpains cleave 

the α-subunit of the G proteins which activates these proteins. The activation of G 

proteins in turn activates adenylyl cyclase which results in increase in cAMP 

levels. This results in inactivation of autophagy. 
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Figure 27: mTOR independent signalling pathways in autophagy (Ravikumar et al., 2010)  

Ceramide is a product of sphingolipid metabolism and has been shown to activate autophagy. 

Ceramide treatment results in downregulation of nutrient transporters in mammalian cells and 

interferes with the uptake of amino acids and thereby activates autophagy. Ceramide can also 

activate phosphoprotein phosphatase 2A (PP2A) which inhibits Akt activation and thus activates 

autophagy. Ceramide has also been shown to dissociate the Bcl-2-Beclin1 complex and can 

result in activation of autophagy. Sphingosine kinase1 (SphK) also activates autophagy by 

directly modulating mTOR independent of class I PI3K. (Ravikumar et al., 2010)  

Autophagic Cell Death 

Although largely a cytoprotective process, several lines of evidence suggest that autophagy can 

act as a cell death pathway and is referred to as the Programmed Cell death Pathway II. The 

increase in autophagosomes in dying cells has led to idea of autophagic death although an 
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increase in autophagosome number could also result from an impaired fusion between the 

autophagosomes and the lysosomes. Beclin1 null C.elegans and mice lacking Beclin1 or Atg5 on 

the other hand also show increased cell death. Uncontrolled autophagy leading to excessive 

degradation has been proposed to cause to cell death. The disruption of Bcl-2 Beclin1 complex 

leads to excessive autophagy and death. Drosophila overexpressing Atg1 also shows excess 

autophagy. However the possibility exists that some of the autophagy proteins may mediate 

autophagy independent functions in the cell that are responsible for the cell death. However 

chemical inhibitors of autophagy have been shown to prevent cell death. Autophagic cell death is 

also seen in cases where the apoptosis machinery is ineffectual. Cross talk between apoptosis and 

autophagy has also been reported to occur. Death associated protein (DAPK) family members 

and DAPK related kinase induce autophagy in cells resistant to apoptosis. Bcl-2 which interacts 

with Beclin1 is a potent inhibitor of apoptosis. Tumor suppressor p53 can also activate 

autophagy inducing genes and autophagy can be induced in a p53 dependent manner. Atg5 

truncation by calpains can inhibit the anti-apoptotic property of Bcl-xL by disrupting its complex 

with Bax. The Bax oligomerization as a result of this disruption causes caspase activation which 

in turn reduces autophagosome synthesis. Despite recent evidence on favour of autophagic cell 

death and its cross talk with apoptosis, the mechanism and role of autophagic cell death remains 

unclear. (Chen and Klionsky, 2011; Glick et al., 2010; Levine and Yuan, 2005; Maiuri et al., 

2009; Mizushima, 2007; Ravikumar et al., 2010; Yang and Klionsky, 2010, 2009) 

 

AUTOPHAGY IN NEURODEGENERATION 

As discussed earlier, the changes in protein conformation that drives it towards misfolding and 

aggregation are quickly addressed by the cell. The protein misfolding maybe corrected through 
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the action of chaperones and when such measures fail, the misfolded protein is removed the cell. 

These quality control measures to a large extent prevent the onset of diseases which result from 

dysfunctional proteins, most notable the neurodegenerative diseases. As stated previously, failure 

in any of these quality control mechanisms can prove costly for the cell (Fig.28). Autophagy as a 

bulk degradation mechanism involved not just in clearance of proteins but also damaged 

organelles and in the maintenance of homestasis, perhaps plays the most critical role.  

Altered proteins, recognized by the chaperones are most often preferentially routed for 

degradation either via the UPS or CMA. However the requirement in either condition is that the 

protein remains unfolded. Once the proteins are folded into oligomers or fibrils, these are 

sequestered into the autophagosomes and are targeted for degradation by macroautophagy. 

Studies have demonstrated the ability of macroautophagy to clear away aggregates. The precise 

mechanisms that govern this degradation are unknown but it is likely that failure of other 

degradation pathways activates the macroautophagy. Experimentally it has been shown that 

blocking of either the UPS or CMA is accompanied by activation of macroautophagy. However, 

recent studies demonstrate that this clearance of aggregated proteins is not merely a 

compensatory mechanism but even under basal conditions, macroautophagy is constantly 

working to remove misfolded proteins. The failure then of this pathway has been shown to 

trigger accumulation in neurons. Additionally, it is important that the pathway be actively 

maintained during the compensatory stage and the failure of this pathway to sustain at the 

compensatory stage also leads to further accumulation.  
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Figure 28: Represents the various quality control pathways in the cell (Martinez-Vicente and 
Cuervo, 2007).  
 

Evidence for the role of autophagy has come for the study of several neurodegenerative diseases. 

The upregulation of ALP is found to be an early even in Alzheimer’s disease and is seen even 

before the deposition of amyloid fibrils. These early events result in lysosomal proliferation and 

an increase in lysosomal enzymes that work to remove misfolded proteins and aggregates. 

However as the disease progresses, the efficiency of ALP is found to decrease which affects the 

degradation of other cellular components. Accumulaion of autophagic vacuoles containing the 

targets are observed. The vacuoles either fail to fuse with the lysosomes or fail to be degraded 

despite the fusion. The accumulation of these vesicles results in an impairment of intracellular 

trafficking and over time the leakages from the accumulated vesicles cause cytotoxicity. These 

vacuoles containing the proteins and proteases, in due course, result in truncations that promote 
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further misfolding, thus turning into sites for aggregation. The huntingtin protein with the 

polyglutamine repeats that aggregates in Huntington’s disease (HD) has been shown to inactivate 

UPS. The activation of macroautophagy in response to aggregate formation has also been 

reported. The sequestration of negative regulators of autophagy, particularly the mTOR by the 

huntintin aggregate is thought to be one of the mechanisms through which autophagy activation 

occurs in HD. The activation of macroautophagy has been shown to improve the symptoms in 

mouse models of HD further supporting the role of autophagy in neurodegeneration. 

Additionally, the oxidative stress generated during pathogenesis also stimulates autophagy.  

Autophagic failure therefore can be at two levels. Failure in autophagy induction may act as the 

triggering event for protein aggregation. Failure in the fusion of autophagic vacuole as a result of 

lysosomal dysfunction sustains the aggregation process in the cell and may occur. Likewise 

activation of excessive autophagy can lead to neuronal death if the neurons are incapable of 

supplementing the degraded organelles with functional ones. Additionally the cross talk between 

autophagy and apoptosis can also tilt the balance towards autophagic cell death. The factors that 

stimulate autophagy during compensatory activation and factors that mediate their subsequent 

failure are not clearly known.  

The evolvement of neuroprotective strategies therefore depends on identifying the stage of 

autophagic failure i.e, induction or fusion as also to determine conditions that mediate excessive 

autophagy. The identification of factors that modulate autophagy at various stages can also be 

targeted for devising neuroprotective treatment modalities.(Cherra and Chu, 2008; Jaeger and 

Wyss-Coray, 2009; Martinez-Vicente and Cuervo, 2007; Nixon, 2006; Rami, 2009)  
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UPS AND AUTOPHAGY: CROSS TALK 

It has long been believed that UPS degrades short- lived proteins while autophagy is involved in 

the degradation of long-lived proteins. Recent studies demonstrate that under certain conditions, 

the two pathways may communicate. The UPS maybe involved in the degradation of long-lived 

proteins (Fuertes et al., 2003a) and autophagy in the degradation of short-lived proteins (Fuertes 

et al., 2003b; Qing et al., 2006). An increasing number of targets have been identified that can be 

degraded by both ALP and UPS (Cuervo et al., 1998; De Domenico et al., 2006; Kidane et al., 

2006; Webb et al., 2003a). As discussed earlier, the failure of UPS can result in compensatory 

activation of ALP and this is particularly true for aggregated proteins (Ding et al., 2003, 2007; 

Rideout et al., 2004). The activation of JNK1 following proteasome inhibition would lead to 

phosphorylation of Bcl-2 which in turn would disrupt the Bcl2-Beclin1 complex leading to 

autophagy activation (Meriin et al., 1998; Pattingre et al., 2005; Wei et al., 2008). However 

activation of proteasome under conditions of impaired autophagy does not seem to occur. On the 

other hand impairment of autophagy can also lead to impairment of proteasome(Korolchuk et al., 

2009; Qiao and Zhang, 2009) . This inhibition is mediated by the protein p62, which is an 

ubiquitin binding protein and an autophagy substrate. The impairment of autophagy results in 

p62 accumulation which in turn compromises UPS by sequestering the proteins away from other 

ubiquitin binding proteins and delaying their delivery to UPS (Bjørkøy et al., 2005; Ravikumar et 

al., 2010). During muscle atrophy, upregulation of both ALP and UPS via the action of 

transcription factor Fox03 which regulates these pathways independently (Zhao et al., 2007). It 

appears that polyubiquitination can target proteins to both the autophagy and UPS. Some of the 

proteins that bind ubiquitin and target substrates towards autophagy include p62, HDAC6, NBR1 

protein (Iwata et al., 2005; Kirkin et al., 2009a, 2009b; Pandey et al., 2007). A recent study also 
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reports that a switch between UPS and autophagy maybe mediated by BAG1 and BAG3. A 

switch from BAG1 to BAG3 will favour degradation via autophagy (Gamerdinger et al., 2009). 

The cellular conditions and factors that favour either of the degradation pathways and especially 

the role of polyubiquitination as a signal for autophagy needs further elucidation.  

 

DEGRADATION OF ALPHA SYNUCLEIN  

A major precipitating factor in the aggregation of aSyn is the increased levels of the protein. The 

cells therefore try to strike a balance between synthesis and degradation in order to maintain 

constancy in the intracellular protein levels. A discussed earlier, failure in protein degradation 

pathways leads to accumulation of proteins resulting in cytotoxicity. The pathways for aSyn 

degradation under physiological conditions and their failure leading to aggregation have been 

widely studied. Both UPS and ALP have been implicated in the degradation of aSyn (Webb et 

al., 2003b). Apart from these two major proteolytic systems, calpains (Dufty et al., 2007), 

neurosin (Iwata et al., 2003), metalloproteinases (Levin et al., 2009)also play a role in aSyn 

processing (Fig.29). As discussed earlier, the processing of aSyn by these other proteolytic 

pathways leads to truncation of aSyn which contributes to aggregation. Additionally, these 

proteolytic systems can process extracellular aSyn which enhances toxicity (Sung et al., 2005).  

The identification of parkin as a cause of familial PD and UCHL1 as a risk factor were the 

strongest proponents for aSyn being a substrate for UPS. The accumulation of polyubiquitinated 

aSyn in neuronal cells upon proteasomal inhibition supported the possibility of aSyn being a 

substrate for UPS (Imai et al., 2000; McLean et al., 2001; Webb et al., 2003b). However studies 

demonstrate that aSyn can be degraded via the proteasome even in absence of ubiquitination 

(Tofaris et al., 2001). It appears that UPS may play a more critical role in the generation of 
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phosphorylated aSyn since ser129 phosphorylated aSyn is rapidly turned over by the proteasome 

in addition to causing dephosphorylation of aSyn (Machiya et al., 2010). Several studies since 

have failed to demonstrate the clearance of aSyn by the UPS as the proteasome inhibition did not 

lead to accumulation of aSyn (Ancolio et al., 2000; Xilouri et al., 2012b). Additionally it has 

been found that while small oligomers maybe degraded by UPS, these also have the potential to 

cause proteasomal impairment (Emmanouilidou et al., 2010b). The occurrence of intraneuronal 

LB like inclusions staining positive for aSyn and ubiquitin upon conditional ablation of the 

Psmc1 subunit of the 26s proteasome in in vivo conditions supports the role for UPS in aSyn 

degradation (Bedford et al., 2008). Another in vivo study also suggests that aSyn degradation is 

dependent on the protein burden inside the cell. Endogenous aSyn is preferentially targeted by 

the UPS while under pathogenic conditions aSyn is degraded by ALP indicating that the protein 

levels in themselves mediate the cross talk between ALP and UPS (Ebrahimi-Fakhari et al., 

2011). The co-localization of CHIP to aSyn and Hsp70 is LB’s from human brains led to 

possibility of CHIP acting as a molecular switch between UPS and ALP (Shin et al., 2005).  

Monoubiquitination of aSyn by SIAH has also been demonstrated to increase the aggregation of 

aSyn (Lee et al., 2008b; Liani et al., 2004) with USP9X deubiquitinase mediating 

deubiquitination of aSyn both in vitro and in vivo (Rott et al., 2011). Monoubiquitination may 

favour proteasome while deubiquitination of aSyn favours its degradation almost exclusively by 

autophagy. Membrane associated aSyn may be degraded by the endosomal pathway mediated by 

E3 liagse Nedd4 while oligomers are degraded by autophagy (Tofaris et al., 2011).  

The accumulation of aSyn with lysosomal inhibition and not proteasomal inhibition, location of 

aSyn in lysosomal compartments of neuronal cells and the attenuation of degradation of mutant 

aSyn upon macroautophagy inhibition supported a role for ALP in aSyn degradation (Paxinou et 
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al., 2001; Webb et al., 2003a). Enhancement of macroautophagy by rapamycin was observed to 

promote wild type and mutant aSyn clearance in cultured cells while overexpression of Beclin1 

in mouse models reduced the aSyn related neuropathological changes (Malagelada et al., 2010; 

Spencer et al., 2009). Lysosomal inhibiton has been shown to increase the levels of oligomeric 

aSyn as well as endogenous and overexpressed wild type aSyn. However the use of different 

inhibitors has produced some discrepancies. The use of bafilomycin as lysosomal inhibitor 

caused accumulation of only the oligomeric species but not of the bulk monomeric species. In 

the same study, the use of a specific macroautophagy inhibitor 3-methyladenine produced no 

such effects. However a different study with 3-methyladenine has been able to show an 

accumulation of aSyn (Lee et al., 2004). It also appears that 3 methyladenine impairs degradation 

of only the mutant aSyn without affecting the wild type while general lysosmal impairment 

affects both (Alvarez-Erviti et al., 2010).  
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Figure 29: The degradation of aSyn by macroautophagy, CMA and UPS. Proteases such as 
calpains, neurosin and matrixmetalloproteinases also process aSyn (Xilouri et al., 2012b) 
 
The more pronounced effects of general lysosomal inhibition on aSyn compared to 

macroautophagy inhibition indicated a role for CMA. Experiments from cell-free systems were 

the first to demonstrate clearance of wild type aSyn by CMA while the mutants bound to Lamp-

2a but failed to be internalized and degraded (Cuervo et al., 2004). The RNA interference studies 

involving Lamp-2a support the role for CMA is aSyn degradation. CMA inhibition was also 

followed with increase in insoluble and higher molecular weight aSyn species (Vogiatzi et al., 

2008). Transgenic mouse models exposed to paraquat showed an increase in Lamp-2a and 

enhanced degradation of aSyn once again supporting a role for CMA (Mak et al., 2010). 

Cathepsin-D has been found to be the primary lysosomal protease mediating aSyn degradation 

since knock down of cathepsin-D led to accumulation of high molecular weight aSyn (Cullen et 

al., 2009; Sevlever et al., 2008).  
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Neurodegeneration often occurs concomitant to impairment of degradation pathways as has been 

described earlier. In this regard, aSyn has been found to impair UPS, particularly the oligomeric 

and aggregated species (Fig.30a) (Snyder et al., 2003; Stefanis et al., 2001; Tanaka et al., 2001b). 

The direct binding of aSyn to 19s proteasome or to the 20s proteasome is proposed to be the 

mechanism by which aSyn impairs UPS (Ghee et al., 2000; Lindersson et al., 2004; Snyder et al., 

2003). It also seems likely that steric hindrance caused due to bulky oligomers may be another 

mechanism for UPS impairment (Xilouri et al., 2012b). A 25%-35% inhibition in the 

chymotrypsin-like activity was observed in the presence of A53T mutant aSyn but not wild type 

aSyn (Stefanis et al., 2001). While several studies have reported UPS impairment by mutants and 

wild type aSyn, a contrasting report showing no UPS dysfunction in cultured cells and transgenic 

mice also exists (Martìn-Clemente et al., 2004).  

Similar to the observations with UPS, wild type and mutant aSyn have been shown to impair 

macroautophagy and CMA (Fig.30b). The inhibition associated with ALP could be mediated at 

two levels. General lysosomal inhibition would render even macroautophagy inefficient while 

specific CMA inhibition in which case compensatory activation of macroautophagy may prove 

beneficial (Xilouri et al., 2012b) . Only monomeric and dimeric species are degraded by CMA. 

Modifications of aSyn such as oxidation, nitration, phosphorylation and dopamine modification 

result in either partial or complete inhibition of aSyn degradation by CMA (Martinez-Vicente et 

al., 2008). The inhibition of CMA via dopamine modified aSyn could explain the preferential 

loss of dopaminergic neurons and could be a pathogenic mechanism in sporadic PD.  
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Figure 30(a): The impairment of UPS by aSyn can be mediated via its blockage of the 
proteasome or by binding to 20s and 19s proteasome. This impairment results in accumulation of 
phosphorylated aSyn as well as other proteasomal substrates (Xilouri et al., 2012b) 
 
While CMA inhibition is associated with enhanced macroautophagy, it may not necessarily 

prove beneficial for cell survival (Xilouri et al., 2012b). The inhibition of an early step in 

autophagosome formation by the action of wild type aSyn on Rab1a presents a contrary view 

(Winslow et al., 2010). Glucocerebrosidase (Gcase) as a risk factor for PD is another candidate 

involved in lysosomal dysfunction. The loss of GCase activity has been shown to promote aSyn 

accumulation and aggregation. Overexpression of aSyn on the other hand, also impaired Gcase 

by inhibiting intracellular trafficking creating a feed-forward loop of aSyn accumulation and 

GCase dysfunction (Manning-Boğ et al., 2009; Mazzulli et al., 2011; Sidransky et al., 2009).  
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Figure 30(b): Impairment of autophagy by aSyn (a) Mutant aSyn bind to Lamp-2a and prevent 
internalization and degradation of itself (b) Impairing CMA also prevents degradation of 
substrates leading to toxicity (c) Activation of macroautophagy which maybe detrimental than 
beneficial (d) Activation of macroautophagy leading to excess mitophagy (e) Inhibition of early 
stages of autophagosome formation (f) preventing intracellular trafficking of GCase (Xilouri et 
al., 2012b) 
 
 
The degradation of aSyn still continues to be a matter of debate owing to various discrepancies in 

the results. The type of model and the intracellular protein levels appear to play a determining 

factor in how the protein is degraded and what are the possible reciprocal effects on aSyn 

degradation. Devising neuroprotective therapies utilizing autophagy would therefore depend on 

arriving at a clear consensus on aSyn degradation and its interactions with degradation pathways.  

 

 

 

 



127 

 

3. MATERIALS AND METHODS 

 

3.1 MATERIALS: 

• CELL LINE: Cell line SK-MEL-28 was obtained from the cell line repository at Rajiv 
Gandhi Centre for Biotechnology (RGCB). 
 

• REAGENTS: 
 

(a) All reagents were purchased from Sigma unless other specified. 
 

(b) Autophagy Inducer Torin-1 was purchased from Tocris Bioscience, Chloroquine was a 
gift from the Department of Biochemistry, SCTIMST and MG-132 from Cayman 
Chemicals. 
 

(c) Chemiluminiscence Substrate was purchased from Millipore. 
 

(d) Verso cDNA synthesis kit and Taq polymerase (DNAzyme for PCR) were purchased 
from ThermoFisher.  
 

(e) Reagents for RNA interference – INTERFERIN transfection reagent from Polyplus and 
optiMEM from Invitrogen. 
 

(f) Proteasome Activity Assay kit was purchased from Abcam. 
 

(g) Antibodies: All antibodies were purchased from Abcam 
                     Alpha-synuclein (rabbit monoclonal)  
1 in 30,000 for immunoblotting, 1 in 100 for immunocytochemistry and flow cytometry. 
 
                   LC-3 (rabbit polyclonal)  
 1 in 1000 for immunoblotting. 
 
                    p62 (rabbit monoclonal)  
 1 in 50,000 for immnunoblotting. 
 
                    Beta-actin (rabbit polyclonal)  
1 in 2500 for immunoblotting. 
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                   HRP tagged secondary antibody (Goat anti-rabbit)  
 1 in 10,000 to 1 in 50,000 for immunoblotting 
 
                   FITC tagged secondary antibody (Goat anti – rabbit)  
 1 in 100 to 1 in 200 for immunocytochemistry and flow cytometry.  
 

(h) Primers were purchased from Sigma:  

                        Alpha synuclein – Forward- 5′-AAA ACC AAG GAG GGA GTG GT 
                                                      Reverse - 5′-GCC TCA TTG TCA GGA TCC AC  
 

            
          Beta-actin – Forward- 5′ -CATGTACGTTGCTATCCAGGC 
                              Reverse -   5′- CTCCTTAATGTCACGCACGAT 
 
 

• BUFFERS AND SOLUTIONS: 
 

(a) 10X Phosphate Buffered Saline (1lt): 
                         Nacl – 80g 
                         KCl – 2g   
                         Na2HPO4 – 14.4g 
                         KH2PO4 – 2.4g 
pH adjusted to 7.4 and made upto 1lt with distilled water.   
 

 
(b) 5X Laemeli Buffer: Prepared (10ml) 

                                 1.5 M Tris-Cl – 2ml 
                                 Glycerol – 5ml  
                                 Β-mercaptoethanol – 2.5ml 
                                 SDS – 1g 
                                1% Bromophenol blue – 0.5ml 
 

(c) RIPA Buffer: Prepared  
                        Tris-Cl (pH 7.4) – 50mM 
                        NaCl – 150mM 
                        EDTA – 1mM 
                       Triton – X 100 – 1% 
                       Sodium deoxycholate – 1% 
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Just prior to use the following reagents were added 
                       SDS – 0.1% 
                       Protease Inhibitor Cocktail – 1X (purchased from Sigma as a lyophilized         
powder and reconstituted in 10ml to give a 10X solution). 
                        PMSF – 2mM (Purchased from Sigma and 200mM stock made in absolute 
ethanol)  
 

(d) Bradford Reagent (5X): 
                      Coamassie Brilliant Blue – 50mg 
                      Methanol (100%) – 47ml 
                      Phosphoric Acid (85%) – 100ml. 
Made upto 200ml with distilled water. Diluted to 1X and filtered before use.  
                                  

(e) 30% Acrylamide Solution: 
                         Acrylamide (w/v) – 29%     
                         Bisacrylamide (w/v) – 1% 
Dissolved in minimal volume of water by warming at 37ºCelsius, made up and then 
filtered and stored in dark bottles at 4ºCelsius. 
   

(f) Gel Loading Buffer (2X): 
                        Tris-Cl (pH 6.8) – 100mM 
                        SDS (w/v) – 4% 
                        Bromophenol Blue (w/v) – 0.2% 
                        Glycerol (v/v) – 20% 
 

(g) SDS- PAGE Running Buffer (5X): 
                       Tris Base – 25mM 
                       Glycine – 250mM 
                        SDS – 10%  
Made up with distilled water. 
 

(h) Transfer Buffer (1X): 
                         Tris Base – 25mM 
                         Glycine – 192mM 
                          Methanol – 10% (for PVDF) and 20% (Nitrocellulose) 
Made up with distilled water. 
 

(i) Tris Buffered Saline (10X): 
                       Tris Base – 25mM 
                        NaCl – 150mM 
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Made up with distilled water. A 1X TBS with 0.1% Tween-20 was prepared for washing.       
 

(j)  Paraformaldehyde for Fixing: 
                        Paraformaldehyde – 4% dissolved in 1X PBS by heating at 50ºCelsius.  
 

(k) Tris-acetate Buffer (TAE – 50X): 
                         Tris-acetate – 40mM 
                          EDTA – 1mM 
Made up with distilled water. 
 

  
  

3.2 METHODS 

 

CELL CULTURE: SK-MEL-28 cells were maintained in DMEM with 10% FBS in 1X 

antibiotic-antimycotic solution or 1% pencilin-streptomycin at 5% CO2 at 37ºCelsius. Cells were 

maintained in culture until 95% confluency and subcultured at 1:3 ratio. Cells were trypsinized 

using 1X Trypsin-EDTA for 3 minutes at 37ºCelsius, collected, washed in media and replated. 

Cells at 90% confleuncy were used for all experiments unless otherwise mentioned.  

CELL VIABILITY: Cell viability was assayed using the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide] assay. 8000 to 10,000 cells were seeded 24-48 hours before 

experimentation on 96 well plates. After treatment, media was removed and wells washed in 1X 

PBS to remove all traces of media. 1mg/ml stock solution of the dye MTT was prepared by 

dissolving it in PBS. 100µl from the stock was added to all wells and incubated for 2 hours in the 

dark. The MTT was discarded after 2 hours and the resulting formazan crystals were dissolved in 

100µl acidified isopropanol and absorbance measured at 575nm with 630nm as reference 

wavelength on a microplate reader (TECAN). The viability of the treated cells was expressed as 

the percentage of the test absorbance divided by the control absorbance.  
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FRACTIONATION: The sub-cellular fractionation of cells was achieved by following the 

protocol as described (Suzuki et al., 2010). The cells were collected and the cell pellet was 

resuspended in ice cold 0.1% NP-40 (diluted in 1X PBS) and triturated a few times. An aliquote 

was set aside and marked the “Whole cell lysate” (WCL). The remainder was centrifuged for 10 

seconds and the supernatant was transferred to a fresh tube and marked as the “Cytoplasmic 

fraction” (CF). The pellet was resuspended in ice cold 0.1% NP-40 and triturated once or twice 

and the centrifuged for 10 seconds. The supernatant was discarded and the pellet was marked as 

the “Nuclear Fraction”. The WCL and CF fractions were mixed with 4X Laemelli buffer at 3 

volumes of samples with 1 volume of 4X Laemelli Buffer. The WCL sample was sonicated with 

a probe sonicator and both the WCL and CF samples were boiled for 5 minutes in a boiling water 

bath. The nuclear fraction obtained as a pellet was resuspended in 1X Laemelli buffer, sonicated 

with a probe sonicator and boiled for 5 minutes in a boiling water bath and then used for 

immunoblotting. 

IMMUNOBLOTTING: Cells were collected by trypsinzing and the cell pellet was lysed using 

RIPA buffer. The cell pellet was incubated with RIPA buffer in ice for 30 minutes and 

centrifuged at 16,000g for 15 minutes at 4ºCelsius and supernatant collected into a fresh tube. 

The supernatant was assayed for protein by Bradford Assay. For the Bradford assay, 1mg/ml 

Bovine Serum Albumin (BSA) was used to make standards ranging from 1.5µg to 15µg, 2.5µl 

sample was used for the assay with 2.5µl RIPA buffer used as a blank control. The volumes of 

the blank, standards and samples were made upto 125µl with distilled water from which 50µl 

sample for each was taken in duplicates. 200µl 1X Bradford was added to each sample and 

incubated for 10 minutes in dark and absorbance measured at 570nm on a microplate reader 

(TECAN). The protein concentration was estimated by plotting a standard graph and equal 
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amounts for all samples were taken. The samples to be loaded were then mixed with 2X gel 

loading dye and all sample volumes were equalized. Experiments involving low cell density, the 

cells were collected and lysed directly in 1X Laemelli buffer and sonicated with a probe 

sonicator. Equal volumes of the samples were loaded when extracted directly with Laemelli 

Buffer. All samples were boiled for 5 minutes in a boiling water bath before loading.  

Samples were loaded onto gels (10% to 15% gels) and run at 120V. The proteins in the gel were 

then transferred onto PVDF membrane at 110V for 60 minutes at 4ºCelsius. The blots were 

washed in distilled water three times for 5 minutes each immediately after transfer and dried at 

37ºCelsius for 1 hour. The blots were then blocked with 2%-5% skimmed milk for 1 hour at 

room temperature and incubated with primary antibody overnight at 4ºCelsius. Blots were 

washed three times for 5 minutes each with 1X TBST at room temperature and incubated for 2 

hours with Horse Radish Peroxidase-tagged secondary antibody. Blots were then washed with 

1X TBST three times for 5 minutes each and probed with Chemiluminiscence. The signal was 

captured onto X-ray films which were then imaged using Uvipro Platina from UVItec Gel 

documentation system and analyzed using ImageJ analysis software. The bands for the protein of 

interest were first quantified. The corresponding beta-actin bands for each sample was quantified 

and the values for protein of interest were normalized with their respective beta-actin and the 

fold change was expressed as test divided by control. 

FLOW CYTOMETRY: Cells were collected and washed with 1X PBS to remove traces of 

media. The cells were then fixed in 4% paraformaldehyde for 10 minutes at room temperature 

and washed with 1X PBS. The cells were then permeabilized in 0.4% triton-X 100 (diluted in 1X 

PBS) for 10 minutes at room temperature. The cells were then blocked in 5% FBS for 30 minutes 

at room temperature and incubated in primary antibody for 2 hours at 4ºCelsius. The cells were 
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washed in 1X PBS and incubated with FITC tagged secondary antibody for 1.5 hours in ice. The 

samples were washed with 1X PBS and resuspended in 300µl 1X PBS, transferred into Flow 

cytometry tubes and analyzed in BD FACS Aria machine.  

IMMUNOCYTOCHEMISTRY: Cells at sub-optimal confluency were used for these 

experiments (70%-80%). Cells were washed with 1X PBS and fixed with 4% paraformaldehyde 

for 30 minutes at 37ºCelsius. The cells were washed with 1X PBS and permeabilized in 0.4% 

Triton-X 100 for 10 minutes at room temperature. The cells were washed and blocked in 5% 

FBS for 30 minutes at room temperature. The cells were incubated with primary antibody 

overnight at 4ºCelsius and placed in humidified chamber. The primary antibody was removed the 

next day and cells washed three times for 5 minutes each with 1X PBS. The cells were then 

incubated with FITC tagged secondary antibody for 1.5 hours at room temperature in the dark. 

The secondary antibody was removed and cells washed three times for 5 minutes with IX PBS. 

The cells were counter stained with 5µg Hoechst for 5 minutes at room temperature and washed 

with 1X PBS three times for 5 minutes each. The cells were then imaged on the fluoresce 

microscope Olympus IX51 with Rolera XR (QImagin) camera. The images were obtained in 

grey scale and pseudo coloured using the ImageJ software.  

RNA EXTRACTIONAND PCR:  RNA extraction was carried out using the TRI reagent (Sigma) 

and the recommended protocol was followed. The TRI reagent was added to the experimental 

dishes placed on ice, cells scraped and collected into a 1.5 ml tube. The tubes were placed in ice 

for 10 minutes. This was followed with addition of 200µl Chloroform (for every 1ml of TRI 

reagent) and was incubated for 2 minutes at room temperature and then for ten minutes in ice. 

The samples containing TRI and chloroform were then centrifuged at 12,000g for 15 minutes at 

4ºCelsius. The uppermost aqueous layer was collected and transferred into a fresh 1.5 ml tube 
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while the pink phenol layer was set aside for protein extraction. A volume of ice cold 

isopropanol equal to that of the aqueous layer was added to the aqueous layer and invert mixed 

and stored at -20ºCelsius for 30 minutes. The samples were then centrifuged at 12,000g for 10 

minutes at 4ºCelsius. The resulting pellet was washed in ice cold 75% ethanol and centrifuges at 

7500g for 5 minutes at 4ºCelsius. The pellet was air dried partially and dissolved in RNAse free 

water and used for cDNA synthesis. The quality of RNA was checked by running the sample on 

0.7% agarose gel and samples estimated on the NanoDrop (ND-1000). 

The cDNA synthesis was carried out by taking 2-2.5µg RNA using the cDNA synthesis kit from 

ThermoFisher. The RNA samples were mixed with random hexamer primers, dNTP’s, buffer, 

Enhancer, enzymes at the recommended volumes. The volume was made upto 20µl with RNAse 

free water. The reaction conditions were 42ºCelsius for 60minutes, 95ºCelsius for 2 minutes and 

70ºCelsius for 10 minutes. 

The cDNA was used for the semi-quantitative PCR {GeneAmp PCR System 9700 (Applied 

Biosystems)} where 1.5µl to 2µl of the cDNA was mixed with buffer, MgCl2, dNTP, forward 

and reverse primers and the Taq polymerase. All volumes were made up to 20µl with RNAse 

free water. The reaction conditions were initial denaturation for 95ºCelsius followed with 35 

cycles of 95ºCelsius for 30 seconds, 60ºCelsius for 30 seconds and 72ºCelsius for 30 seconds and 

final elongation at 72ºCelsius for 5 minutes.  

The PCR amplified products were then run on 1% agarose gel and imaged on the using Uvipro 

Platina from UVItec Gel documentation system and analyzed with ImageJ software. The bands 

for gene of interest were quantified the values normalized with their corresponding beta-actin 

which was also separately quantified. The fold change was expressed as test divided by control.   
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The phenol layer obtained after Chloroform addition and centrifugation was used for protein 

extraction by adding the recommended volume of absolute ethanol. The tubes with absolute 

ethanol were invert mixed, incubated at room temperature or 5 minutes and centrifuged at 2000g 

for 5 minutes. The supernatant was taken in a new tube and recommended volume of isopropanol 

was added and incubated at room temperature for 10 minutes and centrifuged at 12,000g for ten 

minutes at 4ºCelsius. The pellet was washed three times in 95% ethanol three times for twenty 

minutes each and centrifuged at 7500g for 5 minutes at 4ºCelsius after each wash. A final wash 

was performed with absolute ethanol and centrifuged at 7500g for 5 minutes at 4ºCelsius. The 

pellet was air dried and dissolved in 1X Laemelli buffer. The samples were boiled for 5 minutes 

in a boiling water bath before using them for immunoblotting.   

RNA INTERFERENCE: The transfection was achieved using the INTERFERIN transfection 

agent (Polyplus) and the recommended protocol was followed. 50,000 to 70,000 cells were 

seeded in a 12 well plate 24 hours prior to experimentation. 1nM siRNA was made from the 

5µM sub stock by diluting it in the appropriate volume of optiMEM. The INTERFERIN 

transfection reagent was added to the siRNA solution, homogenized by vortexing for 10seconds 

and incubated at room temperature for 10 minutes to allow for complex formation. In the 

meanwhile the media from the wells was removed and the wells washed once in 1X PBS. After 

the incubation, the siRNA-transfection complexes were added to cells with serum free media and 

incubated for 4-5 hours after which completer media was added to the wells and incubated for 24 

hours. Cells were used for experimentation 48 hours post transfection and fresh media was used 

for all experiments.  

PROTEASOME ASSAY: The proteasome activity was determined using the activity assay kit 

from Abcam and the protocol as recommended was followed. The positive control supplied as a 
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lyophilized powder was reconstituted in 100µl distilled water and aliquotted. The cells for the 

assay were collected in a 1.5ml tube, washed in 1X PBS and resuspended in 0.1% NP-40, 

centrifuged at 13,000 rpm and supernatant collected. The assay buffer was equilibrated to room 

temperature prior to experimentation. The proteasome substrate, proteasome inhibitor and AMC 

standards were pre-warmed at 37ºCelsius. The volumes were adjusted to achieve readings within 

the range. A 0.01mM standard solution was prepared by diluting 10µl of the AMC standard in 

990µl of distilled water and 0µl (just 100µl assay buffer to serve as blank) to 2µl was taken for 

the standard and the volumes made upto 100µl with assay buffer. 10µl of the sample was taken 

in duplicates and made upto 100µl, 2µl of the positive control was taken in duplicates and made 

upto 100µl. 0.2µl of the proteasome inhibitor was added to one of each of the sample and 

positive control wells while for the other 0.2µl of the assay buffer was added. 0.2µl of the 

proteasome substrate was added to the entire sample and positive control wells and mixed. The 

fluorescence was measured at 37ºCelsius with excitation and emission at 350/440nm for every 

ten minutes on a microplate reader (TECAN). A white opaque 96- well plate was used for the 

assay.  

A standard curve is generated by subtracting the absorbance of blank measurement from the 

remaining the standards. The wells without the proteasome inhibitor show total proteolytic 

activity (RFU) while the wells with the proteasome inhibitor show non-proteasome activity 

(iRFU) that is measured at two time points that lie in the linear range. ΔRFU is obtained for each 

sample by using the formula ΔRFU = (RFU2 – iRFU2) – (RFU1-iRFU1) where 1 and 2 refer to 

the two time points.  This value is then applied to the AMC standard curve to get amount 

generated between the two time points (B pmol). The proteasome activity is then calculated by 

using the formula: 



137 

 

Proteasome activity = [B / (T2-T1) x V] x D where  

B - Represents that amount in sample wells 

V – Sample volume taken in each well (µL) 

T1 – Initial time point (RFU1 and iRFU1) 

T2 – Second Time point (RFU2 and iRFU2) 

D – Sample dilution factor. 

DOPAMINE UPTAKE: Dopamine conjugated to dansyl chloride was obtained from the 

FADDS Laboratory, SCTIMST. This was added to cells at varying concentrations in duplicates 

and incubated for 8 hours at 37ºCelsius. The cells were then fixed with 4% paraformaldehyde for 

30 minutes at 37ºCelsius. The wells were washed in 1X PBS and counter stained with 5µg 

Hoechst for 5 minutes at room temperature and the wells washed with 1X PBS. The cells were 

imaged under a fluorescence microscope Olympus IX51 with Rolera XR (QImagin) camera and 

pseudo coloured using ImageJ software. 

THIOBARBITURIC ACID REACTIVE SUBSTANCES ASSAY (TBARS): The generation of 

reactive oxygen species leads to lipid peroxidation and produces a stable end product, 

malondialdehyde. The cells were collected and lysed in 5% SDS and boiled in the presence of a 

reagent containing 15% Trichloroacetic acid, 0.375% thiobarbituric acid and 0.25N HCl until a 

pink colour was obtained. The samples were spun down and the supernatant collected and 

absorbance measured at 535nm on a UV spectrophotometer. Distilled water with the reagent 

serves as blank. The value of the blank is subtracted from the samples. The formula: 
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(Test O.D x Total volume) / (0.000156 x volume taken x 1000) is applied to obtain the value of 

lipid peroxidation or oxidative stress which is finally expressed as nmol/mg of protein.  

MELANIN ASSAY: The cells were collected into a 1.5ml tube and washed in 1X PBS. The cells 

were resuspended in 1X PBS and cells counted using a heamocytometer. The cells were pelleted 

down, resuspended in 200µl 1M NaOH and boiled at 80ºCelsius for 1 hour. A stock of 1mg/ml 

melanin was prepared by dissolving it in 1N NH4OH. Standards were prepared as ranging from 

5µg to 100µg. The boiled samples were taken in a 96 well plate and absorbance measured at 

415nm on a microplate reader (TECAN). NaOH solution was used as blank and the absorbance 

of the blank was subtracted from the absorbance values of the samples. A standard graph was 

plotted from the values corresponding to the standards and the amount for the determined from 

the standard graph. This value corresponded to the melanin content from total number of cells. 

Final values were plotted by determining the amount of melanin in 10,000 cells and compared 

between test and control.  

STASTICAL ANALYSIS: The data was anylyzed by applying the students t-test or the one way 

ANOVA as applicable. GraphPad prism was used for the statistical analysis and for data 

representation.  
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4. RESULTS 

 

4.1 MODULATION OF AUTOPHAGY AND EFFECT ON ALPHA 
SYNUCLEIN EXPRESSION.  

 

Autophagy is a bulk degradation pathway and is constitutively active in all cells including in 

neurons. Basal autophagy is particularly important in post mitotic cells such as neurons to 

prevent the accumulation of protein aggregates and the suppression of basal autophagy has been 

demonstrated to cause neurodegeneration (Hara et al., 2006; Yue et al., 2009). Therefore the 

effect of chemical mediated inhibition and induction of autophagy on endogenous aSyn 

expression was assessed.  

(a) SK-MEL-28 cells express aSyn endogenously.  

 The endogenous expression of aSyn in SK-MEL-28 was confirmed through three independent 

methods. Flow cytometry of SK-MEL-28 cells immunostained for aSyn confirmed the presence 

of aSyn in 97% of the cells (Fig.31). Examination of the immunostained cells under fluorescence 

microscopy further demonstrated the nuclear and cytoplasmic localization of aSyn (Fig.32). 

Immunoblotting not only confirmed the sub cellular localization of the protein but also revealed 

the presence of two predominant molecular weight species of aSyn- an 18kDa protein present 

exclusively in the nucleus and a 32kDa protein present exclusively in the cytoplasm (Fig.33). 
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Figure 31: Flow cytometry analysis of aSyn in SK-MEL-28 

The flow cytometry profile of SK-MEL-28 cells stained for aSyn probed with FITC conjugated 
secondary showing a clear shift in the histogram of stained cells when compared with cells 
exposed only to FITC conjugated secondary confirming that SK-MEL-28 cells express aSyn. 

 

    

Figure 32: Subcellular localization of aSyn 

Immunostaining of SK-MEL-28 cells for aSyn probed with FITC conjugated secondary and 
counter stained with Hoechst reveals the nuclear and cytoplasmic localization of aSyn.(Red 
arrows represent nuclear staining and the yelloe arrows represent cytoplasmic staining of aSyn). 
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Figure 33: Immunoblotting of nuclear and cytoplasmic fractions 

Immunoblots of the nuclear and cytoplasmic fraction with differing band patterns of aSyn with 
the nuclear fraction (NF) having a band corresponding to a molecular weight of 18kDa and the 
cytoplasmic fraction (CF) having a band corresponding to a molecular weight of 32kDa. Whole 
cell lysate (WCL) shows both bands. Histone was used to confirm the different sub-cellular 
fractions.  

 

(b) Autophagy Inhibition does not affect aSyn expression levels:  

The fusion of the autophagic vacuole (AV) with the lysosome is a critical step in the process of 

macroautophagy. The acidic environment in the lysosomes not only promotes this fusion but is 

also important for proteolysis. Changes in the acidic environment of the lysosomes interfere with 

fusion which inhibits macroautophagy and also prevents proteolysis in turn inhibiting CMA 

(Xilouri et al., 2012a). Chloroquine is a weak base with lysosomotropic property which increases 

the intralysosomal pH thereby inhibiting the activity of the enzymes in the lysosome in turn 

brining about lysosomal inhibition (Amaravadi et al., 2007; Solomon and Lee, 2009). The 

inhibition of the fusion step is accompanied with the accumulation of autophagic vacuoles. The 

increase in AV can be verified by examining the expression levels of LC3-II which is found on 

the membrane of the AV and is found to be increased following inhibition of fusion of the AV’s 
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with the lysosomes. Similarly expression of p62, a carrier molecule that recognizes and 

transports ubiquitinated proteins to the AV’s and is itself degraded in the autophagolysosome, is 

also increased because its degradation is prevented when the fusion fails.  

Autophagy inhibition was achieved through the use of Chloroquine which did not cause any 

significant loss in cell viability up to a concentration of 20µM (Fig.34). 

Chloroquine was found to effectively inhibit autophagy at 20µM (Fig.35A) which was confirmed 

by a nearly 3 fold increase in LC3 (Fig.35B) and a nearly 4-fold increase in p62 (Fig.35C).    

This level of inhibition did lead to a less than 2-fold increase in aSyn (Fig 36A) which however 

did not amount to a significant change (Fig 36B). 

                              

Figure 34: Cell Viability after chloroquine treatment 

The cell viability upon treatment with varying concentrations of Chloroquine for 24 hours was 
measured by the MTT assay. Loss of cell viability was observed at concentrations above 20µM 
with a 70% loss in viability seen at 60µM concentration. (n=3, ns p >0.05 *p <0.05) 
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Figure 35: Autophagy inhibition with Chloroquine 

(A) Western Blots showing increase in autophagy markers LC3 and p62, after treatment with 
two different concentrations of Chloroquine for 12 hours. (B) and (C) Graphs representing the 
western blot quantification of LC3 and p62 respectively. (n = 3, *p < 0.05) 

      

  Figure 36: aSyn expression upon autophagy inhibition 

(A) Western blot image showing a modest increase in aSyn levels after treatment with two 
different concentrations of Chloroquine for 12 hours. (B) Graph representing the western blot 
quantification of aSyn. (n = 3, nsp > 0.05). 
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(c) Autophagy Inhibition causes a change in the localization of aSyn from nucleus to 

cytoplasm: 

 The localization of aSyn to the nucleus and cytoplasm suggests a regular trafficking of aSyn 

between the nucleus and cytoplasm. Although autophagy inhibition did not produce a significant 

change in aSyn levels, it was possible that it affected the distribution of aSyn between the 

nucleus and cytoplasm. Immunocytochemistry data of chloroquine treated cells demonstrates an 

increased localization of aSyn to the cytoplasm when compared to untreated cells (Fig 37A).  

Therefore autophagy inhibition causes an increased trafficking of aSyn from the nucleus to 

cytoplasm without significantly effecting a change in its expression levels (Fig 37B).   



145 

 

 

                          

Figure 37: Subcellular distribution of aSyn upon autophagy inhibition 

(A) SKMEL 28 cells stained for aSyn after treatment with 10µM and 20µM Chloroquine for 12 
hours shows an increase in cytoplasmic localization of aSyn when compared with controls 
(pseudo-colored). Cells were counter stained with Hoechst. (B) Enlarged image of the same. 
(Red arrows represent aSyn staining) 
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(d) Proteasome Function appears impaired in SK-MEL-28 cells:  

The ubiquitin proteasome pathway is another major pathway involved in the degradation of 

proteins. Although its role in neurodegeneration has not been clearly established Lewy bodies 

(LB’s) stain positive for ubiquitin, ubquitinated aSyn is found in LB’s (Lim, 2007; Matsuda and 

Tanaka, 2010) and some studies indicate that aSyn maybe degraded by UPS (Ebrahimi-Fakhari 

et al., 2011). Since inhibition of autophagy, did not significantly affect the expression levels of 

aSyn, it seemed likely that the proteasome pathway played a greater role in aSyn degradation in 

melanoma cells. MG 132 is a peptide aldehyde which acts as a substrate analog and inhibits the 

chymotrypsin-like activity of the proteasome. Therefore, proteasome function in SK-MEL-28 

cells was inhibited through the use of inhibitor MG 132 at a concentration of 1 µM at two time 

points- 3 h and 6 h. Longer duration of proteasomal inhibition often leads to activation of NF-kB 

and can lead to eventual cell death. Ideally, all proteasomal inhibition is carried out for 4-6 

hours, and hence, two time points of 3 h and 6 h were chosen. The expression levels of aSyn 

were then assayed. Results show that inhibition of proteasome through MG 132 did not lead to a 

significant change in aSyn expression levels (Fig.38A, B).  

The lack of change in aSyn levels in the face of proteasome inhibition seemed unusual, and 

therefore, the proteasome function in SK-MEL-28 was assayed using a proteasome activity kit 

and the activity was compared with a positive control. There was no change in the proteasome 

function in SK-MEL-28, if anything, the proteasome function showed a decrease over time when 

compared with the positive control. This results suggests that there is likely to be an impairment 

in proteasome function in SK-MEL-28 cells (Fig 39). Although these results were in seeming 

contradiction with the results of Chen et al (Chen et al., 2003), that study did not assess basal 

activity of proteasome, as done in the current study.  
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Figure 38: aSyn expression upon proteasomal inhibition 

(A) Western blot of aSyn after treatment with proteasome inhibitor MG 132 at 3 hour and 6 hour 
time point showing no significant change in its expression. (B) Graph representing the western 
blot quantification of aSyn. (n = 3, nsp > 0.05) 

 

 

                                  

Figure 39: Basal proteasome activity in SK-MEL-28 

Proteasome function was assayed using an activity kit in SK-MEL-28 cells and compared with a 
positive control. The positive control showed an increase in proteasomal function over time 
while a small decrease in observed in SK-MEL-28 cells and practically constitutes to no change 
in proteasome activity over time. (n=3, *p<0.05).  
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(e) Autophagy Induction causes an increase in aSyn levels: 

The lack of change in aSyn expression following autophagy inhibition suggests that it may be 

preferably routed for degradation via the UPS and yet the indications of proteasomal impairment 

in SK-MEL-28 means that aSyn clearance in these cells may also be compromised. Additionally 

the change in aSyn localization upon autophagy inhibition suggests that autophagy does play a 

regulatory role with regard to its distribution in the cell. Given that autophagy is a bulk 

degradation pathway, it is possible that induction of autophagy on the other hand, may lead to an 

increased clearance of aSyn in the cell. An upstream regulator of autophagy is mTOR which 

inhibits autophagy. Torin-1 is a potent inhibitor of mTOR and therefore can lead to induction of 

autophagy. Similar to inhibition, induction of autophagy is also accompanied with an increase in 

the number of AV’s due to increase formation of the AV’s and can be confirmed through the 

increase in LC3-II levels. However, converse to inhibition, induction of autophagy results in 

decreased p62 levels due to increased clearance of the protein.  

Torin-1 did not cause any significant loss in cell viability for upto 24 hours (Fig.40) at its IC50 

value of 10nM. Torin-1 effectively induced autophagy at a concentration of 10nM (Fig.41A) 

with a nearly 10 fold increase in LC3 (Fig.41B) and a 2-fold decrease in p62 levels (Fig.41C) 

when compared to control.  
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Figure 40: Cell viability with Torin-1 treatment 

The cell viability upon treatment with 2nM (T2) and 10nM (T10) Torin-1 was measured by the 
MTT assay. Torin-1 was dissolved in DMSO, which was also included as a vehicle control 
(V10). There was no loss in viability with DMSO alone or at 2nM. There was a very slight 
reduction in cell viability at 10nM, which was not significant. (n=3, ns p>0.05) 

                                           

 

Figure 41: Autophagy induction with Torin-1 

(A) Western blots showing an increase in LC3 and a decrease in p62 after treatment with 10nM 
Torin-1 for 12 hours. No significant changes were observed at 2nM Torin-1 treatment. (B) and 
(C) Graphs representing the western blot quantification of LC3 and p62 respectively.( n= 3, *p 
<0.05). 
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Contrary to expectation, the induction of autophagy however led to a significant increase in aSyn 

(Fig.42A) by nearly 4-fold (Fig.42B) and did not result in increased clearance of the protein 

again suggesting that clearance of aSyn may not be mediated by autophagy.  

              

Figure 42: aSyn expression upon autophagy induction 

(A) Western blot showing an increase in aSyn after treatment with Torin-1 at 10nM 
concentration for 12 hours. (B) Graph representing the western blot quantification of aSyn.         
(n = 3, *p < 0.05) 

    

Figure 43: mRNA expression of aSyn upon autophagy induction 

(A) Increase in mRNA expression of aSyn after treatment with Torin-1 at 10nM concentration 
from 6 hours assayed through semi-quantitative PCR. (B) Graph representing the quantification 
of PCR products run on an agarose gel. (n=3, *p < 0.05) 
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To confirm if the increase was due to increased protein retention or due to increased protein 

synthesis, the mRNA levels of aSyn was assessed for through semi quantitative PCR. The 

increase in protein levels was also reflected in the mRNA levels (Fig.43A) which showed more 

than a 1.5 fold increase (Fig.43B) within 6 hours after the addition of the drug.  

          

                            

Figure 44: Autophagy induction with serum starvation 

(A) and (B) Western Blot showing changes in aSyn and LC3 / p62 respectively, following serum 
starvation for 24 hours. (C) Graphs representing the western blot quantification of aSyn, LC3 and 
p62. (n=3, *p < 0.05). 
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Another potent inducer of autophagy is starvation. Under conditions of starvation, mTOR is 

inhibited resulting in induction of autophagy. Therefore, the cells were deprived of serum to 

mimic a starvation condition. Autophagy induction through serum starvation also resulted in a 

2.5 fold increase in aSyn levels. This confirmed that the increase in aSyn levels is in response to 

autophagy induction and is not merely a drug-induced response. (Fig.44A, B, C).  

                  

(f) Autophagy Induction does not bring about a change in aSyn localization:  

Results from autophagy inhibition demonstrate that alterations in the autophagic pathway affect 

aSyn distribution in the cell. Since autophagy induction led to an increase in aSyn levels, we 

wished to investigate if the increased aSyn levels was associated with changes in its sub-cellular 

localization. Immunocytochemistry data from Torin-1 treated cells show that autophagy 

induction does not increase the tendency of aSyn to localize to the cytoplasm (Fig.45A); instead 

an increase in the nuclear staining is observed (Fig.45B) suggesting that the aSyn is 

preferentially retained in nucleus. 
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Figure 45: Subcellular distribution of aSyn upon autophagy induction 

(A) SKMEL 28 cells stained for aSyn after treatment with Torin-1 at concentrations of 2nM and 
10nM for 12 hours showing an increase in nuclear staining when compared with control (pseudo-
colored). Cells were counter stained with Hoechst. (B) Enlarged image of the same. (Red arrows 
represent aSyn staining). 

 

(g) Knockdown of aSyn results in a more efficient induction of autophagy: 

 The increase in aSyn levels upon autophagy induction and its retention in the nucleus led us to 

postulate that aSyn may regulate the extent of autophagy induction. To verify this, aSyn 

expression was knocked down using RNA interference. PCR results indicated an 85% 

knockdown in aSyn expression following siRNA transfection (Fig.46A, B).  
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 Figure 46: Knockdown of aSyn 

(A) Changes in mRNA expression after treatment with 10nM Torin-1 for 8 hours with (T10K) 
and without (T10) aSyn knockdown assayed through semi-quantitative PCR. The increase is 
aSyn expression after treatment with Torin-1 was not seen in cells with aSyn knock-down. (B) 
Graph representing the quantification of PCR products run on an agarose gel. ( n=3, *p < 0.05).     

              

 

Figure 47: aSyn expression after knockdown of aSyn 

(A) Western blot showing the decrease in aSyn protein levels after knockdown when treated with 
Torin-1 at 10nM for 8 hours while cells with intact aSyn expression showed a moderate increase 
in aSyn with the same treatment. (B) Graph representing the quantification of aSyn. ( n=3, *p < 
0.05) 
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Figure 48: Cell viability after Torin-1 treatment in aSyn knockdown cells 

The viability of aSyn knockdown cells (T10K) after treatment with 10nM Torin-1 for 8 hours 
was compared with Torin-1 treated cells with intact aSyn expression (T10) and a 50% loss in 
viability was observed in the knock-down cells as obtained through a cell count. (n=3, *p<0.05) 

 

The decrease in mRNA was also reflected in the reduced protein levels post transfection 

(Fig.47A, B). These cells were then subsequently treated with autophagy inducer, Torin-1 at 

10nM concentration. Addition of Torin-1 in aSyn knock-down cells led to a 50% loss in viability 

compared to Torin-1 treated cells with intact aSyn expression (Fig.48). 

 The aSyn knock-down cells without Torin-1 exposure did not show any loss in viability 

indicating that the transfection process or the knock-down of aSyn alone did not affect the cell 

viability. Since our earlier result showed increase in aSyn mRNA levels following treatment with 

Torin-1, the mRNA expression of aSyn between aSyn knock-down cells and siRNA untreated 

cells after addition of Torin-1 was compared. The Torin-1 treated cells, in agreement with our 

earlier result showed a 3 fold increase in mRNA levels (Fig.46A, B). However, in the aSyn 

knock down cells exposed to Torin-1 the mRNA levels did not increase and was similar to the 

levels in that of untreated controls suggesting that knockdown of aSyn significantly attenuated 

the Torin-1 induced increase in mRNA levels of aSyn (Fig.46A, B).  
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The effect of aSyn knockdown on the cells response to autophagic induction wit Torin-1 was 

assessed to ascertain if aSyn played a role in regulating this response. The level of p62 was 

therefore compared between aSyn knockdown cells and cells with intact aSyn expression 

exposed to Torin-1 to test for differences in extent of autophagic induction (Fig. 49A). The aSyn 

knock-down cells treated with Torin-1 showed an approximately 2-fold decrease in p62 levels 

while the aSyn intact cells treated with Torin-1 did not show any decrease in p62 levels 

(Fig.49C). The level of LC3-II was also increased in aSyn knockdown cells in comparison to 

cells with intact aSyn expression (Fig.49B).  

                                                              

     

 

 

 

 

 

 

 

 

 

Figure 49: Effect of Torin-1 on autophagy induction in aSyn knockdown cells 

(A) Western Blot showing increase in LC3 and a decrease in p62 in aSyn knockdown cells when 
treated with 10nM Torin-1 for 8 hours when compared with Torin-1 treated cells with intact 
aSyn expression. (B) and (C) Graph representing the quantification of western blot for LC3 and 
p62 respectively. (n=3, *p < 0.05) 
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It is worthwhile to note that the in cells with aSyn expression, a 2-fold decrease in p62 levels is 

observed 12 hours after the addition of Torin-1 (Fig. 41C) while in the absence of aSyn, a similar 

decrease in p62 levels is achieved within 8 hours of drug addition (Fig.49C).  

4.2 RESPONSE TO DOPAMINE AND EFFECT ON AUTOPHAGY 

The preferential loss of dopaminergic neurons in PD are attributed partly to the toxic effects of 

dopamine itself either through generation of reactive oxygen species or through its interactions 

with aSyn which predispose aSyn to misfolding and aggregation (Galvin, 2006; Outeiro et al., 

2009; Yamakawa et al., 2010). However, in vitro studies on various cell models including SH-

SY-5Y, demonstrate that addition of exogenous dopamine causes a severe loss in viability (Jiang 

et al., 2008). Given the presence of endogenous aSyn of differing molecular weighs and the 

similarities in melanin and dopamine synthesis pathways, melanoma cells may serve as an ideal 

model to study dopamine-aSyn interactions. 

(a)  SK-MEL-28 cells are resistant to exogenous dopamine:  

The effect of dopamine on SK-MEL-28 cell viability was first tested at three different 

concentrations and it was seen that SK-MEL-28 cells were relatively resistant to dopamine upto 

1mM concentration and loss in viability was only seen at very high concentrations (Fig.50). 
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Figure 50: Cell viability after dopamine treatment 

Cell viability after addition of Dopamine was measure through the MTT assay and was found 
that SK-MEL-28 cells did not show any loss of viability upto 1mM concentration but a more 
than 50% loss in viability was observed at 3mM. (n=3, ns p>0.05 *p<0.05) 

 

 The relatively high resistance of SK-MEL-28 cells to dopamine led us to question whether the 

resistance was due to a lack of exogenous dopamine uptake. Radiolabelled benzamides 

derivatives are used for the detection of malignant melanomas and its uptake is thought to be 

mediated by dopamine receptors on melanoma cells. The presence of dopamine receptors on 

melanoma cells is unconfirmed with reports in favor of both its presence and absence (Bodei et 

al., 2003; Böni et al., 1997; Lin et al., 2001). Therefore to confirm that the increased resistance 

towards exogenous dopamine is not due to lack of uptake, SK-MEL-28 cells were treated with 

dopamine tagged to dansyl chloride wherein the conjugate emits green fluorescence. Dansyl 

chloride tagged dopamine was added at 0.75mM, 1mM and 3mM concentrations and incubated 

for 8 hours. Our results indicate that SK-MEL-28 cells can take up dopamine in a concentration 

dependent manner and that the resistance towards exogenous dopamine is not due to the inability 

of the cells to take up dopamine (Fig.51). 
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(b) SK-MEL-28 cells show resistance to dopamine induced oxidative stress: 

Dopamine induced cytotoxicity is often mediated through the generation of oxidative stress     

(Cubells et al., 1994; Gandhi and Wood, 2005; Lotharius and Brundin, 2002b). The high 

resistance of SK-MEL-28 to dopamine could be due to a result of effective management of 

oxidative stress and therefore generation of reactive oxygen species (ROS) as a marker of 

oxidative stress was used to evaluate the level of oxidative stress caused due to dopamine 

addition on SK-MEL-28. The levels of malondialdehyde, a stable end product of lipid 

peroxidation which occurs due to ROS, was measured and it was found that exogenous 

dopamine did not significantly increase ROS (Fig.52) in the cell which may explain the 

increased tolerance of SKMEL 28 to dopamine. 
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Figure 51: Exogenous dopamine uptake by SK-MEL-28  

Dopamine Tagged to Dansyl chloride was added to SK-MEL-28 cells at concentrations of 0.75 
mM, 1mM and 3mM and green fluorescence observed after 8 hours. SK-MEL-28 cells showed 
dopamine uptake at all three concentrations. Cells were counter stained with Hoechst. (Pseudo-
colored) 



162 

 

                                   

Figure 52: Effect of dopamine on ROS generation in SK-MEL-28 

The TBARS assay was used to measure the content of malondialdehyde in the cells as a measure 
of ROS generation after addition of 1mM dopamine for 24 hours and it was found that dopamine 
addition did not lead to a significant increase in ROS. (n=3, ns p>0.05) 

 

(c) Inhibition of autophagy in presence of dopamine is not reversed through autophagy 

induction:  

Although oxidative stress is the most prominent effect of dopamine metabolism, oxidative 

intermediates of dopamine metabolism can also induce cytotoxicity through the impairment of 

protein degradation pathways (Segura-Aguilar et al., 2014). Therefore the effect of exogenous 

dopamine addition on autophagic process in SK-MEL-28 was tested. The results indicate that 

dopamine does indeed trigger autophagy inhibition within 8 hours which is sustained upto 24 

hours and the dopamine induced autophagy is not reversed even in the presence of autophagy 

inducer Torin-1 (Fig.53A, B). Interestingly although the presence of Torin-1 in dopamine treated 

cells did minimize the initial onset of autophagy inhibition, by 24 hours, the dopamine treated 

cells exposed to Torin-1 showed a much greater inhibition of autophagy when compared to 

dopamine treated cells not exposed to Torin-1 (Fig.53C, D, E, F).  
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Figure 53: Effect of dopamine and combined dopamine and Torin-1 on autophagy 

(A) and (B) Western Blot showing changes in autophagic markers p62 and LC3 after treatment 
with 1mM dopamine alone and dopamine with 10nM Torin-1 for two time points of 8 hours and 
24 hours respectively. (C) and (D) Graphs representing western blot quantification of LC3 and 
p62 respectively for the 8 hour time point. (E) and (F) Graphs representing western blot 
quantification of LC3 and p62 respectively for the 24 hour time point. (n = 3, *p < 0.05) 
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Additionally although neither Torin-1 nor dopamine alone induced cell death in SKMEL 28 cells 

for upto 24 hours, the combination of dopamine treatment with autophagy induction, led to a 

50% loss in viability by 24 hours (Fig.54B) with no significant cell loss at 8 hours (Fig.54A). 

                              

                             

Figure 54: Cell viability with combined dopamine and Torin-1 treatment 

Cell viability, measured by MTT assay, was compared between cells treated with 1mM 
dopamine and 10nM Torin-1 simultaneously and dopamine alone treated cells at (A) 8 hour time 
point at which there was no cell death (B) 24 hour time point at which dopamine and Torin-1 
combined treatments led to a 50% loss in viability. (n=3, *p<0.05) 
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(d)  Dopamine causes an increase in aSyn protein levels:  

It is known that the aggregation of aSyn is enhanced in the presence of dopamine (Outeiro et al., 

2009; Yamakawa et al., 2010) and aggregated aSyn could in turn impair autophagy (Winslow et 

al., 2010; Xilouri et al., 2009). Therefore the effect of exogenous dopamine addition on aSyn 

levels in SK-MEL-28 cells was assessed.  There was a 4-fold increase in aSyn levels within the 

first 8 hours of dopamine addition which was again sustained upto 24 hours (Fig.55A, B).  

Exposure of dopamine treated cells to Torin-1 did not lead to increased clearance, instead led to 

an even stronger increase in aSyn expression levels, similar to our earlier observations with 

Torin-1 treatment alone (Fig.55C, D).  

                 

        

Figure 55: Effect of dopamine and combined dopamine and Torin-1 treatment on aSyn 

(A) and (B) Western blot showing increase in aSyn when treated with 1mM dopamine alone and 
in presence of 10nM Torin-1 at two time points of 8 hours and 24 hours respectively. (C) and (D) 
Graphs representing the western blot quantification of aSyn at 8 hours and 24 hours respectively. 
(n=3, *p < 0.05) 
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Surprisingly, the increase in aSyn protein levels upon dopamine addition is preceded by a 

decrease in mRNA levels while a combination of Torin-1 and dopamine treatment leads to an 

increase in mRNA (Fig.56A) although the increase is not as significant as with Torin-1 alone 

treatment (Fig.56B). The increase in aSyn level after dopamine could possibly be due to 

increased retention of aSyn in the cell in turn leading to increased turnover of mRNA. Although 

the addition of Torin-1 also results in increased aSyn, it is clear that this results from increased 

synthesis as evident from the increase in mRNA levels with Torin-1 treatment. 

            

Figure 56: mRNA expression of aSyn upon dopamine treatment 

(A) Changes in mRNA expression of aSyn when treated with 1mM dopamine alone and in 
presence of 10nM Torin-1 at 8 hour time point assayed by semi-quantitative PCR. Treatment 
with dopamine alone led to a decrease in mRNA while combined treatment of dopamine and 
Torin-1 led to an increase in mRNA. (B) Graph representing the quantification of PCR products 
run on agarose gel. (n=3, *p < 0.05). 

 

(e) Increase in aSyn protein levels is also accompanied by change in localization: 

Since dopamine can promote aggregate formation and since the addition of exogenous dopamine 

resulted in increase in protein levels, it seemed likely that dopamine addition could affect aSyn 

localization. This was investigated and it was found that exogenous dopamine addition resulted 
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in increased cytoplasmic localization (Fig.57A). Interestingly, the combined treatment of 

dopamine and Torin-1 also caused increased cytoplasmic localization of aSyn as opposed to the 

nuclear retention of aSyn observed with earlier with Torin-1 treatment alone (Fig.57B).  
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Figure 57: Subcellular distribution of aSyn upon dopamine treatment 

(A) SK-MEL-28 cells stained for aSyn after treatment with 1mM dopamine alone and in 
presence of 10nM Torin-1 shows an increase in cytoplasmic localization of aSyn under both 
treatment conditions. Cells were counter stained with Hoechst. (B) Enlarged image of the same. 
(pseudo-colored). (Red arrows represent aSyn staining). 

 

(f) Autophagy inhibition in presence of dopamine is mediated via aSyn: 

Since dopamine addition evoked significant changes in aSyn expression levels and in its 

localization which was not reversed even when cells were treated with an autophagy inducer, it 

seemed possible that dopamine mediated inhibition of autophagy in SK-MEL-28 cells was 
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mediated via aSyn. Therefore, aSyn expression was knocked down in SK-MEL-28 cells 

following which they were treated with dopamine and the levels of autophagic marker p62 

assessed. Results show that in absence of aSyn, cells treated with dopamine showed a nearly 2 

fold decrease in p62 levels (Fig.58A) when compared to dopamine treated cells with intact aSyn 

expression (Fig.58C) although no significant change was observed in LC3-II levels(Fig.58B).  

                               

         

Figure 58: Effect on autophagy upon dopamine treatment in aSyn knockdown cells 

(A) Western blot showing changes in autophagic markers LC3 and p62 in cells treated with 
1mM dopamine in the presence and absence of aSyn for 8 hours. (B) and (C) Graphs 
representing the western blot quantification of LC3 and p62 respectively. (n=3, *p < 
0.05) 

 

(g) Addition of dopamine results in increased melanin levels:  

Recent studies suggest that changes in autophagy maybe closely linked to melanogenesis and 

melanin synthesis (Ho and Ganesan, 2011; Murase et al., 2013a) and is thought that autophagy 
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inhibition can lead to an increase in melanin content. Additionally, excess dopamine in the 

neurons maybe converted to neuromelanin. Since dopamine addition leads to autophagy 

inhibition in SK-MEL-28 cells, melanin content in these cells was assayed after treatment with 

dopamine. Results show that dopamine addition led to a 1.5 fold increase in melanin content 

when compared to control cells within 8 hours of dopamine addition. This increase was however 

not sustained and there was drop in melanin content by 16 hours, almost nearing that of control. 

The combined treatment of dopamine and autophagy induction with Torin-1, which showed a 

strong inhibition of autophagy, also resulted in increased melanin content. However, in cells 

treated with dopamine and Torin-1 the increase in melanin content was delayed and a 1.5 fold 

increase was observed only by 16 hours (Fig.59A, B). 

 

                         

                             

 

 

 

 

Figure 59: Effect on melanin levels upon dopamine and combined dopamine and Torin-1 
treatment 

(A) Increase in melanin content in cells treated with 1mM dopamine when compared to control 
while a combination of dopamine and 10nM Torin-1 did not lead to a similar increase at 8 hours. 
(B) Drop in melanin content observed in cells treated with 1mM dopamine after 16 hours while 
combined treatment of dopamine and Torin-1 leads to an increase in melanin content by 16 
hours. (n=3, *p<0.05). 
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     5. DISCUSSION 

Several neurodegenerative diseases exhibit characteristic inclusion bodies primarily composed of 

protein aggregates and hence protein misfolding appears to be a central feature leading to 

pathogenesis. Depending on the protein and its localization, various pathogenic events leading to 

cell death might be identified but they all hinge on loss of protein function (Chiti and Dobson, 

2006).  

The protein aSyn, that is found aggregated in a variety of neurodegenerative disorders 

collectively classified as synucleinopathies (Savica et al., 2013), plays a role in synaptic vesicle 

recycling and neurotransmitter release. It is also thought to play a role in regulating the dopamine 

content in the cells through its interaction with Tyrosine hydroxylase the key enzyme in 

dopamine biosynthesis and also through its interactions with dopamine transporters (Cheng et al., 

2011; Perez et al., 2002). Therefore loss of its function results in disturbances in synaptic 

function, decreased neurotransmitter release and most importantly, an increase in cellular 

dopamine. The increase in dopamine content is associated with oxidative stress which partially 

explains the preferential loss of dopaminergic neurons seen in PD brains. However in addition, 

aSyn mediated cytotoxicity is not limited to its loss of function. The toxic oligomeric species 

also exhibit a gain in toxic function whereby they form pores on membranes resulting in calcium 

influx and mitochondrial damage leading to eventual cell death (Stefanis, 2012). Interestingly its 

role in vesicular trafficking is two edged. Although its regulation of vesicular transport appears 

to underlie its role in synaptic function, this can also have pathological consequences such as 

inhibition of phagocytosis and autophagy under a different cellular context. The misfolding of 

aSyn is therefore responsible for a host of pathogenic events with cell death being the final 

eventuality.  
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Understanding factors that promote aSyn misfolding has become paramount to decoding disease 

pathogenesis. Cellular stresses such as oxidative stress, mitochondrial damage and increased 

dopamine are among the several factors that appear to promote its misfolding. Since these events 

are also a consequence to aSyn misfolding, identifying the primary pathogenic event has turned 

into one of the biggest challenges in understanding disease onset and progression. Despite the 

relatively low incidence of monogenic forms of PD when compared to sporadic PD, the 

indications for triggers of aSyn misfolding have been obtained through familial PD, most 

particularly those harboring mutations in aSyn.  

Both point mutations and gene multiplications of the SNCA have been described in familial PD. 

Typically, the aggregation of aSyn is a nucleation dependent process with the formation of the 

“seed” being the rate limiting step. Point mutations increase the propensity for aggregation by 

decreasing the time required for seeding. Gene duplications on the other hand, lead to increased 

cytosolic concentration of the protein which again favors the misfolding and aggregation of 

proteins. The increase in severity of the disease in cases with gene triplications compared to gene 

duplications further lends support to the increased cytosolic concentrations of the protein being 

cytotoxic. Although sporadic PD may lack gene mutations that increase protein concentrations, 

other mechanisms may act to increase cellular protein levels. Maintenance of steady state of 

proteins is achieved through regulating its gene expression or through regulating its degradation. 

Therefore in absence of any genetic level control, it appears that the protein degradation 

pathways are to be held responsible for the increase in proteins in the cells, particularly with 

respect to sporadic PD. In this regard, great emphasis has thus been laid on understanding the 

degradation kinetics of aSyn (Kim and Lee, 2008). 
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 Initial reports suggested that aSyn is largely degraded through the UPS while recent studies 

suggest autophagy could also play a role in its degradation. Misfolded aSyn is also thought to be 

routed for degradation through autophagy (Batelli et al., 2011; Ebrahimi-Fakhari et al., 2011; 

Mak et al., 2010; Mizushima et al., 2008; Webb et al., 2003a). The aggregation in itself can 

overcome the degradation process, was evidenced by studies showing oligomeric aSyn blocking 

UPS, mutant forms of aSyn blocking CMA and blocking of macroautophagy by aSyn under 

conditions of overexpression (Chen et al., 2005; Emmanouilidou et al., 2010b; Lindersson et al., 

2004; Winslow et al., 2010; Xilouri et al., 2009). Additionally, inhibition of the lysosomal 

pathway also leads to an inhibition of the proteasome pathway (Qiao and Zhang, 2009). The 

cellular concentration beyond which aSyn accumulates, its ability to bypass the degradation 

process during misfolding and the stage of aggregation at which degradation process is not just 

overcome but effectively impaired are as yet undetermined. This perhaps contributes to the lack 

of a clear consensus on the degradation of aSyn since the response of the different cell models 

particularly those with overexpression of aSyn appear to vary depending on their tolerance to the 

protein burden in the cell.  Therefore the utilization of model systems transfected with aSyn gene 

often adds to the complexity while studying an already tumultuous relationship between aSyn 

accumulation and protein degradation pathways (Xilouri et al., 2012a).  

In addition to causing impairment of degradation pathways, overexpression of aSyn has been 

shown to trigger aggregation and also cause oxidative damage to cell (Hsu et al., 2000; Oliveras-

Salvá et al., 2013). On the contrary, a recent report utilizing a system with endogenous 

expression of aSyn suggests that at physiological levels, aSyn may in fact protect cells from 

oxidative damage and apoptosis (Musgrove et al., 2012). This once gain suggests that the protein 

levels in itself are an important determinant of the switch between physiology and pathology. 
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The enhancement of protein degradation pathways most notably autophagy has already been 

demonstrated to have beneficial effects in diseases such as AD and HD although it has not 

translated to clinical success (Nixon, 2013; Rubinsztein et al., 2015). Therapeutic interventions 

involving autophagy are largely hindered by lack of suitable models and an incomplete 

understanding of degradation kinetics especially with regard to aSyn. In this regard, a study in T-

lymphocytes has shown that aSyn inhibits autophagy and may play a role in diseases such as 

Systemic Lupus erythematosus (SLE) which is characaterized by resistance to autophagy 

induction (Colasanti et al., 2014).    

Largely considered neuronal, the presence of aSyn has been detected in several other cell types 

recently although its role in these cell types are not yet known. Prominent among these is its 

detection in melanoma (Matsuo and Kamitani, 2010). This is particularly relevant given that 

increased correlation between PD and melanoma have been reported in various epidemiological 

studies with aSyn being a common denominator between both. Additionally, a study exploring 

the therapeutic potential of tyrosinase positive melanocyte transplants in rat models of PD 

suggests that such transplants may have beneficial effects through supplementing L-

DOPA/dopamine levels (Asanuma et al., 2013). Although melanocytes are found to lack aSyn, 

uptake of aSyn by cultured cells and tumor cells has been demonstrated. Further, aSyn has been 

shown to inhibit melanin synthesis and decrease in melanin content can be a precursor to 

intiation of melanoma. (Israeli et al., 2011; Matsuo and Kamitani, 2010; Paisán-Ruiz and 

Houlden, 2010; Pan et al., 2011, 2012). Also aSyn phosphorylated at Ser126 has been found to 

be expressed in melanoma and is found to colocalize to microtubules which results in vesicular 

release of aSyn (Lee et al., 2013a). In co-culture studies, aSyn has been found to propagate from 

melanoma cells to mouse neuroblastoma cells (Hansen et al., 2011). Taken together, these 
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observations argue for a need to study aSyn behavior in alternate cell models, especially in 

melanoma cells. Therapeutic interventions involving autophagy will also have a systemic 

influence which further necessitates the understanding of aSyn in all other cell types where it is 

expressed and the possible effects these interactions may have on cell behavior and in mediating 

disease conditions.   

Although the occurrence of aSyn in the nucleus has remained controversial, its localization to the 

nucleus and binding to DNA under conditions of cellular stress have been reported (Goers et al., 

2003; Guerrero et al., 2013; Xu et al., 2006). Interestingly, results from a yeast model 

demonstrate that aSyn translocation to the nucleus can protect from oxidative stress through 

histone modification but the study also suggests that protective or toxic effects of aSyn in the 

nucleus is dependent on its concentration (Liu et al., 2011). Also despite conflicting reports, the 

occurrence of aSyn as a stable tetramer in vivo which may be destabilized under harsh conditions 

and presence of higher molecular weight aSyn in other cell models have been reported. (Bartels 

et al., 2011; Colasanti et al., 2014; Dettmer et al., 2013; Lashuel et al., 2013; Leng et al., 2001). 

The results from this study not only demonstrate the nuclear localization of the protein but also 

show the presence of atleast two distinct molecular weight species of aSyn that exhibit different 

sub cellular localization. The monomeric aSyn appears to be present exclusively in the nucleus 

while a higher molecular weight species is found exclusively in the cytoplasm indicating a 

regular traffic of the protein between various cellular components which may act as another 

crucial determinant of the switch from physiology to pathology.  

Its differential localization explains the conflicting studies reporting its degradation by both the 

UPS and ALP. While our study does not shed light on the physiological relevance of the 

presence of the stable higher molecular weights in the cell, it seems likely that a disturbance in 
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the balance between the monomeric and oligomeric species of aSyn due to change in cellular 

conditions might have a great bearing on its tendency to aggregate. Although, autophagy 

inhibition did not significantly alter aSyn monomer levels, suggesting that it may not be 

degraded by ALP, we observed an increase in the cytoplasmic localization of aSyn upon 

autophagy inhibition. This suggests that although autophagy inhibition may not be a preliminary 

cause for increase in aSyn monomer levels, it perhaps contributes to aSyn aggregation by 

increasing its trafficking to the cytoplasm where it exists as an oligomer, making it available to 

other cellular insults that stabilize the oligomers and over time impair the degradation process.  A 

recent observation that autophagy inhibition could also cause increased secretion and exocytosis 

of aSyn adds support to our results (Lee et al., 2013b).  

Conversely, the induction of autophagy caused an increase in aSyn monomer levels, and its 

greater retention in the nucleus. Therefore we tested the possibility of aSyn as a regulator of 

autophagy and found that the cells in which aSyn expression was knocked down responded 

better to autophagy induction compared to cells with intact aSyn expression. These observations 

are also supported by a similar study carried out in T-lymohocytes where aSyn knock down 

enhanced autophagy (Colasanti et al., 2014). It is therefore very likely that at physiological 

levels, monomeric aSyn contributes to autophagy regulation. Therefore a loss of function as a 

result of misfolding of aSyn may result in alterations in autophagy in turn disturbing the cellular 

homeostasis. 

The stabilization of the higher molecular weight species by cellular factors plays a critical role in 

aSyn mediated cytotoxicity. In this regard, the change in aSyn localization to cytoplasm where it 

occurs as a higher molecular weight species exposes it to various stabilizing factors. The 

preferential loss of dopaminergic neurons in PD brains, the oxidative damage caused by 
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dopamine metabolism and its alleged stabilization of aSyn aggregates and the increase in 

dopamine content following loss of aSyn function following misfolding, highlight the toxic role 

of dopamine (Outeiro et al., 2009; Yamakawa et al., 2010). Upon adding exogenous dopamine to 

melanoma cells not only did we observe an unexplained resistance of melanoma cells to 

dopamine but also observed an increase in aSyn levels. This result is consistent with the earlier 

observation of physiological aSyn conferring protection towards oxidative damage and suggests 

that aSyn monomeric levels increase in response to dopamine, perhaps as a means to control the 

intracellular dopamine levels thereby mitigating dopamine toxicity.   Interestingly is has been 

shown that SH-SY-5Y cells which are highly susceptible to dopamine toxicity show some 

resistance to dopamine when overexpressed with aSyn (Colapinto et al., 2006). However the 

effect of dopamine on aSyn is not restricted to just increasing its protein levels but also causes it 

to increasingly localize to the cytoplasm again disturbing the balance between the monomeric 

and oligomeric species of aSyn indicating an alternate pathway for dopamine mediated toxicity 

in addition to oxidative damage. These changes in localization may well affect the normal 

physiological functions of aSyn.  

Now, it is known that dopamine-modified aSyn can block autophagy (Martinez-Vicente et al., 

2008) and similarly we found that autophagy was inhibited in our system in the presence of 

dopamine and this inhibition was ameliorated when aSyn was knocked down from the system. It 

therefore appears that aSyn is a negative regulator of autophagy, as seen earlier, and the presence 

of dopamine enhances this effect, perhaps through mediating a change in its localization. 

However the lack of significant changes in LC3-II between aSyn knock down cells and aSyn 

intact cells exposed to dopamine, suggest that the inhibition may not involve the formation of the 

autophagic vacuole but may rather affect the proteolysis through lysosomal impairment. 
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Activation of autophagy to counter similar conditions of impairment has been under 

consideration as a therapeutic potential (Pandey et al., 2007; Spencer et al., 2009; Xilouri et al., 

2013). However, induction of autophagy through external means in presence of dopamine failed 

to enhance the clearance of aSyn. On the other hand, sustained autophagy induction only added 

to the dopamine mediated inhibition, increased aSyn localization to the cytoplasm and resulted in 

cell death. The cellular toxicity seen upon autophagy induction has also been demonstrated in 

cells already burdened with the aggregates (Tanik et al., 2013) but it seems evident from our 

study that cell death can occur during forced inductions of autophagy even prior to aggregate 

formation through severe impairment of autophagy by increased aSyn levels and through 

changes in its sub cellular localization.    

The conversion of dopamine to neuromelanin is a mechanism used by neuronal cells to counter 

dopamine toxicity. A differential role in regulating melanin synthesis in melanoma cells and 

dopaminergic cells by aSyn has been reported. While aSyn impaired melanin production in 

melanoma cells, the same study also showed that overexpression of aSyn in SH-SY-5Y resulted 

in increased melanin content. Similarly, in this study the addition of dopamine resulted in 

increased melanin content in melanoma cells and perhaps explains the increase tolerance of these 

cells to exogenous dopamine. However, studies have shown that autophagic alterations can also 

affect melanin production (Murase et al., 2013b). In agreement with this, results from this study 

also showed increased melanin production when the combined treatments of dopamine and 

Torin-1 resulted in a sustained autophagy inhibition.  It is as yet unclear at present if the increase 

in melanin content upon dopamine addition is a result of autophagy inhibition but since 

dopamine mediated autophagy inhibition is mediated via aSyn, it maybe safe to assume that 

aSyn contributes to the conversion of dopamine to melanin via autophagy inhibition, atleast 
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partly. The conversion of dopamine to neuromelanin can have both protective and toxic roles in 

the cells (Fedorow et al., 2005; Zecca et al., 2006).  

The objective of studying aSyn degradation is to evaluate for possible intervention strategies to 

reverse the aggregation process. Since autophagy inhibition did not lead to significant changes in 

aSyn levels, we also studied the effect of proteasome impairment on aSyn levels in melanoma 

and to our surprise found that proteasomal inhibition also did not result in any significant 

changes in aSyn levels. We also observed an impairment of proteasomal function in SK-MEL-28 

cells. It remains to be evaluated if proteasomal function is a common feature of all melanomas 

and if yes it remains to be seen if the selective expression of aSyn in melanoma is a result of this 

inhibition.  

The presence of aSyn as distinct molecular weight species and its differential localization is thus 

a critical determinant of its aggregation propensity. An increase in aSyn mRNA is PD brains and 

even in cases with incidental LB has been reported. Since aSyn appears to have a regulatory 

effect on autophagy, forced inductions also result in increased aSyn levels which when exposed 

to dopamine mediates autophagy inhibition. This inhibition in itself also facilitates a change in 

localization. This change abolishes its physiological functions such as regulation of autophagy 

with the net effect of disturbing cellular homeostasis. These changes in aSyn also influence 

downstream pathways such as neuromelanin production which in turn can decide the balance 

between cell survival and cell death. These results suggest that we must exercise caution in the 

utilization of autophagy enhancement as a therapeutic tool with the timing and administration of 

therapy being vital.  
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This model presents clear differences in aSyn behavior under different cellular contexts that may 

mediate its switch between physiology and pathology (Fig.60) and we therefore also propose 

through our study the evolution of alternate cell models such as the melanoma to extensively 

understand aSyn behavior which will potentially impact our understanding of PD pathogenesis. 

 

Figure 60: Represents the effect of change in aSyn localization on its diverse roles in physiology 
and pathology. Physiologically, its presence in nucleus appears to play a protective function 
through helping maintain homeostasis via autophagy regulation. Factors such as excess 
dopamine mediate a change in aSyn localization which results in autophagy inhibition which in 
turn affects aSyn localization. This change not only results in loss of function but also affects 
melanin production whose levels act as a switch between cell death and cell survival.  
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6. SUMMARY AND CONCLUSION 

 

The emphasis on using autophagy lysosomal pathway as a neuroprotective strategy has 

necessistated a better understanding of the response of aSyn to autophagic failure. It also remains 

to be verified if the aSyn aggregation can be reversed with the enhancement of autophagy and if 

so to determine at what stage of aggregation it might it applied. The reciprocal nature of the 

relationship between aSyn and protein degradation pathways has made its study in 

overexpression models complicated and has resulted in a lack of consensus owing to variations 

in model and protein burden on the cell. It was therefore hypothesized that endogenous models 

may be better suited to study aSyn response to autophagic alterations. The detection of aSyn in 

non-neuronal cell types and the close association between PD and melanoma affords the 

possibility of investigating the behavior of aSyn under different cellular contexts and will also 

highlight its role in physiology and pathology as relevant to these non-neuronal cells where its 

role remains unknown.  

The results from this study highlight the following aspects: 

(a) The occurrence of atleast two different molecular weights species of aSyn which show 

preferences in their sub-cellular localiztions with the higher molecular weights being 

selective to cytoplasm and monomer restricted to the nucleus.  

(b) Autophagy Inhibition does not lead to significant changes in aSyn expression but favors 

the retention of higher molecular weight species in the cytoplasm. 
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(c) Autophagy induction does not lead to increased clearance instead it appears to favor 

monomeric species and their preferential localization to the nucleus with the net effect of 

inhibiting excess autophagy.  

(d) Excess dopamine also causes increase in aSyn monomer and increases its localization to 

the cytoplasm. Therefore dopamine has the dual effect of increasing aSyn levels and 

favoring the higher molecular weights.  

(e) The interactions between dopamine and aSyn inhibit basal autophagy and results in 

increases in melanin levels.  

(f) Autophagy induction in presence of dopamine proves to be cytotoxic.  

Although the presence of aSyn in the nucleus has been a matter of debate, this study not only 

confirms its nuclear localization but also the existence of multiple species of aSyn. It remains to 

be seen if the higher molecular weight is naturally occurring or a non-toxic by-product of 

aggregation process brought on by the impaired proteasome in these cells. If naturally occurring, 

it seems likely that the different molecular weight species have a different functional significance 

in the cell given their preference of certain sub-cellular localizations. The different molecular 

weights of aSyn may also be degraded by more than one pathway which explains the existence 

of confliciting results with regard to its degradation. These results have the most signifance for 

sporadic PD where increase in aSyn levels has been proposed as a reason for aSyn aggregation.  

This study shows that in addition to increased protein levels, changes in aSyn localization can 

prove detrimental to cell. The change in localization will potentially impact its normal 

functioning and when combined with cellular conditions such as excess dopamine results in 

autophagy inhibition. This inhibition in turn affects downstream events such as melanin 
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production. The conversion of excess dopamine to neuromelanin occurs inside the lysosome and 

inhibition mediated by dopamine-aSyn interaction further increases the melanin content. While 

initial increases in neuromelanin can have cytoprotective effects such as conferring resistance to 

oxidative stress, very high levels of neuromelanin in the cell can result in cytotoxicity. It 

therefore appears that changes in aSyn localization can result in activation of cytotoxic 

mechanism. Additionally, the preferential localization of aSyn to cytoplasm when it exists as a 

high molecular weight species, means that with autophagy inhibition, these higher molecular 

weights become exposed to cellular events that favor its stabilization and its conversion to toxic 

oligomers. The decrease in aSyn nuclear localization when the cells are exposed to dopamine 

and Torin-1 simultaneously and the sustained autophagy inhibition inspite of the presence of 

Torin-1 again indicate at the disruptive nature of change in its localization. This result also 

highlights the failure of autophagy to reverse this phenomenon suggesting the use of caution in 

the application of autophagy as a neuroprotective strategy. Melanin production is also affected 

by changes in autophagy and therefore the presence of aSyn in melanoma may also affect the 

melanin content in these cells through its regulation of autophagy which appears to be a 

physiological function of aSyn.  
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