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Abstract 

 

Abnormal protein aggregation has been implicated in the pathogenesis of many 

neurological disorders.  This study focuses on the protein alpha-synuclein (α-syn), a pre-

synaptic protein that is involved in a number of diseases collectively termed alpha-

synucleinopathies, which include Parkinson’s disease (PD) and Multiple System Atrophy 

(MSA).  α-syn aggregation and microscopically-visible α-syn-positive intracellular inclusion 

bodies are common features of these diseases, occurring in multiple cell types and 

localisation throughout the central nervous system.  Although gene mutations in a variety of 

molecular pathways have been identified in rare familial forms, the majority of α-

synucleinopathy cases are sporadic in origin and have a late onset (>60 years) and therefore it 

is important to study age related changes in neurochemistry and how these changes may be 

responsible for the neurodegeneration associated with α-syn aggregation. 

 

With aging, tightly regulated cellular processes start to lose the capacity to maintain 

homeostasis.  It is known that there is increased level of oxidative stress in aged compared to 

young brains, and that intracellular free calcium (Ca
2+

) is increased at both the resting level 

and upon neuronal activation.  This research is focused on these two processes: firstly the 

increase of intracellular free Ca
2+

; and secondly, the increase in oxidative stress.  

 

This thesis demonstrates that calcium addition in vitro to α-syn promotes aggregation of 

the protein.  Incubation of 10µM purified human recombinant α-syn with 100µM CaCl2 

resulted in the formation of 10-20nm globular structures making up plaques of up to 1µm, as 

well as larger annular rings of α-syn approximately 70-90nm in diameter measured by 
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Scanning electron microscopy (SEM).  This aggregation of α-syn was shown not to be 

stabilised using fast protein liquid chromatography (FPLC).  CaCl2 addition resulted in a left 

shift indicating an increase in particle size, however no resolved peak was observed 

indicating that oligomeric proteins were unstable and were disaggregating as they moved 

down the column.   

 

It was demonstrated that calcium induced α-syn aggregation is a dose dependent event.  

Fluorescently labelled α-syn was incubated on glass coverslips, exposed to different CaCl2 

concentrations (0.1mM to 1mM) resulting in surface aggregates of 1.5+/- 0.7µm
2
, with a half 

maximal calcium concentration of 80µM.  Using a higher concentration of α-syn (75µM) the 

half maximal calcium concentration was increased to 180µM.  

 

   This phenomenon was mirrored in an in vivo cell culture model system whereby free 

intracellular calcium was increased via either intra or extracellular calcium sources leading to 

increased cytoplasmic α-syn aggregates.  Human glial 1321N1 cells, transiently transfected 

with an α-syn-GFP construct were incubated with Thapsigargin (TG) (10µM) or Calcium 

Ionophore A23187 (CI) (1µM) to induce calcium influx into the cytoplasm.  Aggregate 

formation was monitored using confocal microscopy and the percentage of cells containing 

aggregates was counted at 6, 12 and 24 hours.  It was shown that at 6 and 12 hours α-syn 

aggregates were significantly increased in both treatments.  The increase in α-syn aggregates 

was confirmed to be calcium dependent as the co-incubation with 1,2-bis (o-aminophenoxy) 

ethane-N,N,N',N'-tetraacetic acid (BAPTA), a calcium chelator, reduced aggregate formation. 

 

To asses a more physiological stimuli, K
+
 was used as a trigger of N-type calcium 

channels for calcium influx of the human neuronal cell types SHSY-5Y and HEK293T.  
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Trimethadione (TMO) treatment was able to reduce calcium induced α-syn aggregation. The 

formation of 2-3µm α-syn aggregates were observed in HEK293T cells 72 hours post K
+
 

treatment, and <2µm aggregates 48 hours post K
+
 treatment in SHSY-5Y cells.  Pre-treatment 

of these cell types with TMO abolished the transient cytosolic calcium influx and 

subsequently the α-syn aggregate formation.  Similarly, BAPTA significantly decreased both 

small and large aggregate formation in HEK293T cells. 

 

Finally it was determined that oxidative stress and increased intracellular calcium work 

additively or synergistically in the generation of α-syn aggregates.  Interestingly in vitro, the 

aggregated α-syn species promoted by calcium addition is not stabilised and exchanges 

between monomeric and oligomeric forms of the protein.  On addition of hydrogen peroxide 

(H2O2) as an oxidizing agent, α-syn oligomeric species become stabilised as seen in FPLC 

chromatography. The addition of H2O2 (1mM) to α-syn (10µM) resulted in a discrete second 

peak representing a larger stabilised species, co-incubation with H2O2 and calcium resulted in 

even larger, stable species. 

 

H2O2 (10mM) treatment of 1321N1 cells transiently transfected with α-syn-GFP, resulted 

in a significantly increased percentage of cells containing α-syn aggregates as well as with 

TG/CI treatments.  This increase in aggregate formation was additive.  However when cells 

were co-treated with H2O2 and TG/CI, there was a dramatic increase in the number of 

cytoplasmic inclusions per cell compared to control and to raised calcium alone.  In H2O2/CI 

and H2O2/TG treatments 80 and 90% of cells contained three or more α-syn positive 

aggregates respectively, this is compared to less than 10% in CI/TG treatment, or 40% in 

H2O2 single treatment. 
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This work shows that there is a direct link between α-syn aggregation and the normal age 

related changes in neurochemistry, increased intracellular free calcium and increased 

oxidative stress.  These findings will lead towards new avenues of research into therapeutic 

treatment of α-synucleinopathies, which traditionally respond poorly, or transiently to current 

treatment options.  These treatments may include chemical antioxidant and chelation 

therapies, or biological therapies to increase the activity of calcium binding proteins, such as 

calbindin.  
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Chapter 1: Introduction 

 

 

1.1 Protein Aggregation and Neurodegeneration 

 

Under normal cellular conditions, proteins have a stable structure that is necessary to perform 

their basic function.  This structural hierarchy consists of a linear sequence of amino acids (primary), 

how this sequence folds to form alpha-helices and beta-sheet structures (secondary), how these 

secondary structure fold and interact in three dimensional space to form either protein subunits or 

fully functional proteins (tertiary) and the interaction between protein subunits for form functional 

complexes (quaternary).   

 

Misfolded proteins are normally degraded by the Ubiquitin proteasome system (UPS), or via 

lysosomal degradation.  However in disease, these proteins may be resistant to degradation. In this 

condition, the misfolded proteins may exhibit a high degree of aggregate formation  

 

Aggregation of proteins can result from an instability of a protein's native structure, and may be 

caused by genetics or by environmental stressors such as pH or temperature changes within the local 

environment.  Simple, natively unfolded proteins seem to have a higher propensity to aggregate.  This 

abnormal aggregation of protein can be seen in the nucleus, cytoplasm, or can even be extracellular. 

 

Abnormal protein aggregation has been implicated as a cause or the result of a number of 

neurological diseases including Parkinson’s disease (PD), Alzheimer’s disease (AD) and Huntington’s 

disease (HD) being amongst the most common.   
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1.2 Alpha-synuclein in Neurodegeneration   

 

The protein alpha-synuclein (α-syn) has been implicated in a number of neurodegenerative 

disorders characterised by either its nuclear or cytoplasmic aggregation of multiple cell types 

throughout the central nervous system (CNS).  These diseases are collectively termed Parkinson plus 

syndromes (PPS) or Synucleinopathies, briefly summarised in table 1. 

 

Table 1: Synucleinopathies 

Parkinson’s disease 

 Idiopathic  

 Familial with alpha-synuclein mutations 

 Familial with other mutations 

Dementia with Lewy Bodies 

Multiple Systems Atrophy 

Neurodegeneration with brain iron accumulation 

Other diseases with alpha-synuclein positive legions 

 

 

In this thesis, PD and MSA will be described, as these two diseases cover the range of cell types 

and cellular localisation affected by α-syn aggregates and by looking at these diseases, a general 

mechanism of α-syn aggregation in the CNS may be proposed. 
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1.2.1 Alpha-synuclein in Parkinson ’s disease. 

 

PD was first characterised by James Parkinson in 1817.  Described, in order of disease 

progression, were a list of symptoms including slight weakness, tremors, forward posture, muscle 

fatigue, falls, sleep disturbance, constipation, the inability to walk unaided, speech impairment, 

difficulty swallowing, prodigious tremor, inability to walk, loss of urinary and gastrointestinal control, 

delirium and extreme exhaustion. 

 

Since this time, a number of pathological studies have been performed and the classification of 

the disease has been refined.  The three main symptoms of PD are bradykinesia, or a slowing of 

voluntary controlled movement, rigidity, and tremor.  Pathological examination of brain tissues from 

PD sufferers shows that there is a loss of dopaminergic neurons in the Substantia nigra (Sn), a region 

of the brainstem that, through neural connections with the Striatum, is responsible for controlled 

muscle movements. 

 

PD can be classified into two main groups.  Idiopathic PD, the larger of the two groups, accounts 

for roughly 85-90% of all PD cases, and as the name suggests, has no known cause, although there is 

some evidence that PD may be a result of environmental factors.  Familial PD accounts for the 

remaining 10-15% of cases and has primarily been shown to be involved in early onset Parkinsonism, 

due to mutations in a number of genes which will be discussed in section 1.2.1.1.  Interestingly, the 

dysfunction of these genes may provide clues to important pathways that give rise to Idiopathic PD.  

 

It is also important to note that a group of PD like diseases exist that are referred to as 

Parkinson’s-plus syndromes (PPS).  PPS exhibit, to differing degrees, the classical PD characteristics, 

bradykinesia, rigidity, tremor and gait disturbance.  This group can be further classified into two 

groups, the tauopathies and the alpha-synucleinopathies and are so named for the main constituent of 

the protein aggregate characteristic for each disease.  Although the mechanism of protein aggregation 
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may be similar in each of these classes of disease, tauopathies such as Alzheimer’s disease will not be 

discussed further.    

 

1.2.1.1 Genetics and Familial Parkinson’s disease  

 

Although approximately 95% of PD cases are not attributed to genetic abnormality, there are a 

number of specific genetic mutations or genetic regions that have been implicated in familial PD 

(table 2).  

 

Table 2: Genetics of Parkinson’s disease 

Park 

Acronym 

Mode of 

inheritance 

Chromosome 

location 

Gene OMIM 

PARK 1/4 Autosomal 

dominant 

4q SNCA or 

alpha-synuclein 

168601 

PARK2 Autosomal 

recessive 

6q Parkin 600116 

PARK 3 Autosomal 

dominant 

2p ? 602404 

PARK 5 Autosomal 

dominant 

4p UCHL1 191342 

PARK 6 Autosomal 

recessive 

1p PINK1 605909 

PARK 7 Autosomal 

recessive 

1p DJ1 606324 

PARK 8 Autosomal 

dominant 

12p-q LRRK2 607060 

PARK 9 Autosomal 

recessive 

1p ? 606693 

PARK 10 ? 1p ? 606852 

PARK 11 ? 2q ? 607688 

 

To date, four mutations in PARK1/4, the gene responsible for the expression of α-syn, have been 

identified.  They include the A30P (Kruger et al, 1998), A53T (Polymeropoulos et al, 1997), E46K 

(Zarranz et al, 2004) and G51D (Lesage et al, 2013) amino acid substitutions.  The A53T and A30P 

mutations also alter neuronal cytotoxicity in response to hydrogen peroxide and 1-methyl-4-
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phenylpyridinium (MPP+) treatment.  Expression of these mutant isoforms significantly increases 

cytotoxicity in comparison to cells expressing wild-type α-syn, which was similar to control cells 

(Kanda et al, 2000). 

 

Gene duplication (Ibáñez et al, 2004) and triplication of α-syn (Chatier-Harlin et al, 2004) have 

also been shown to be involved in the development of familial PD.  It has been shown that there is a 

difference in the fibrillation dynamics between the mutations, where oligomerisation rate is increased 

compared to wild-type.  Both A30P and A53T mutations allow for increased fibril formation 

compared to wild-type (Conway et al, 1998; Narhi et al, 1999; Conway et al, 2000).   

 

Wild type α-syn also plays a role in non-familial, or Idiopathic PD.  The normal physiological 

role and the role it plays in pathogenesis of Synucleinopathies and will be further discussed in section 

1.3. 

 

PARK2 encodes for the protein Parkin which has characteristic moieties of E2 dependent E3 

Ubiquitin ligases, and as such is responsible for the recognition of proteins that are destined for 

degradation by the Ubiquitin Proteasome System (UPS) (Shimuru et al, 2000).  A number of 

mutations have been found in this gene including missense, nonsense, deletions and rearrangements 

(Abbas et al, 1999).  Research into these mutations suggests that each may in fact be responsible for 

the broad range of neuropathologies and clinical Parkinsonian symptoms including age of onset, 

progression onset of dystonia, loss of dopaminergic neurons with and without the formation of LB’s.  

Loss of normal function of Parkin may cause neurodegeneration via the accumulation of the 

substrates on which it normally acts.   

 

PARK 5 is the gene encoding for Ubiquitin C-terminal hydrolase-1 (UCHL-1) which is involved 

in the regulation of the polyubiquitin degradation pathway (Osaka, 2003).  Only one mutation has 

been found, I93M (Leroy et al, 1998). 
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PARK6 codes for PTEN-induced kinase 1 (PINK1):  PINK1 localises to mitochondrial 

membranes were it is involved in protecting mitochondrial integrity.  It contains Ser-Thr kinase and 

auto phosphorylation domains.  Currently there have been 20 mutations reported giving rise to a broad 

spectrum of phenotypes.  Mitochondrial instability leads to an increase in oxidative stress. 

 

PARK7 or DJ-1 was first found in a consanguineous Dutch family (Bonifati et al, 2003; Macedo 

et al, 2003) and was found to be responsible for a type of autosomal recessive Parkinsonism.  DJ-1 

encodes for a protein that is involved in combating oxidative stress (Taira et al, 2004), that when 

overexpressed inhibits α-syn aggregation (Shendelman et al, 2004).   

 

PARK8 or Leucine Rich Repeating Kinase-1 (LRRK2) is a large multi domain protein, which 

seems to have multiple activities.  The mutation of LRRK2 is autosomal dominant and is very similar 

to Idiopathic PD (Mata et al, 2006).  LRRK2 has been linked to dysregulation of calcium levels, 

ultering the buffering capacity of neurons (Cherra et al, 2013).  

 

Not much information is known about PARK3, 9, 10 or 11.  In most cases, these Parkinson’s 

disease susceptibility genes have only been narrowed down to genomic regions (Klein & 

Schlossmacher, 2005). 

 

Although this study is not concerned with genetics and α-syn aggregation, the genetics still may 

provide clues into the cellular mechanisms behind α-syn aggregation in Synucleinopathies.  Many of 

these genes play a role in generating oxidative stress or in its management, or the degradation of 

misfolded proteins, while LRRK2 mutation leads to a deregulation of calcium.  This gives us a strong 

indication that calcium and oxidative stress in neurons plays an important role in disease progression 

and therefore warrants further study into this area for idiopathic PD, and a potential mechanism 

behind α-syn aggregation.    
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1.2.1.2 Parkinson’s Disease and Environment 

 

Environmental factors, specifically the exposure to pesticides and insecticides has long been 

though to play a role in the pathogenesis of idiopathic PD.  Rotenone, 1-methyl-4-phenylpyridinium 

(MPP+) and Paraquat have all been linked with PD (Dick et al, 2007. Tanner et al, 2011; Wang et al, 

2011).  Rotenone has been utilised as a pesticide and insecticide, while MPP+ and paraquat are both 

herbicides.  Interestingly, these chemicals generate oxidative stress in the mitochondria through the 

inhibition of complex I of the electron transport chain (rotenone, MPP+) or by acting as a general 

inducer or ROS (paraquat).  Although only a relatively small number of cases have been attributed to 

these chemicals, the mechanism of action does point towards a common feature of mitochondrial 

dysfunction and oxidative stress that may help to explain normal pathogenesis of PD. 

 

Interestingly two environmental factors have the opposite affect and are protective for PD.  

Cigarette smoking and caffeine have both been shown to be protective (Hernan et al, 2002), and while 

the mechanism of caffeine protection is unclear it is proposed that the caloric restriction associated 

with smoking, and the subsequent decrease in metabolic oxidative stress may be responsible.  

 

 

1.2.1.3 Idiopathic Parkinson’s disease 

 

While PD has been shown to have genetic and environmental risk factors, the vast majority of 

cases are late onset and idiopathic in nature.  This indicates that age related factors have the greatest 

link to PD.  Age related factors that may potentially play a role in PD pathogenesis will be discussed 

further in Chapters 1.4, 1.5. 
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1.2.1.4 Pathology of Parkinson’s disease 

 

PDs characteristic pathological feature is a severe loss of the highly melanin positive 

dopaminergic neurons of the Sn, located in the basal ganglia of the midbrain.  This loss is easily seen 

by the loss of dark melanin pigmentation of these neurons. Signalling between the Sn and the Striatum 

is involved in controlling muscle movements; therefore the resultant loss of nigro-striatal pathway 

signalling can explain the classical symptoms of PD. Of the neurons that remain, large protein 

aggregates called LB are often observed (Figure 1).  While LB’s are made up of numerous proteins, 

(Spillantini et al, 1997) showed α-syn immunoreactivity and defined α-syn as a major component of 

the LB in PD and DLB.  They also describe that proteins found within the LB of these two 

Synucleinopathies are similar and that this may mean that there is a common mechanism behind α-syn 

aggregation. 

 

  

 

Figure 1.  Signalling pathways and protein aggregation in Parkinson’s Disease. 

(Left) Brain section diagram showing brain structures and signalling pathway disrupted in PD.  (Right) 

Diagram of a neuron Showing Lewy Body within the cytoplasm. 

 

http://nihseniorhealth.gov/parkinsonsdisease/whatcausesparkinsonsdisease/01.html 
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1.2.2 Multiple System Atrophy 

 

Multiple System Atrophy (MSA), like PD, is late onset, neurodegenerative, idiopathic and 

progressive.  However unlike PD, where aggregates form in neuronal cells, α-syn positive protein 

inclusion are formed within the cytoplasm of oligodendrocytes and are therefore termed glial 

cytoplasmic inclusions (GCI) (Papp et al, 1989; Wakabayashi et al, 1998).  MSA also differs from PD 

in the distribution of these cytoplasmic aggregates throughout the central nervous system where in 

addition to the Sn, the locus ceruleus, putamen, inferior olives, pontine nuclei, Purkinje cells and the 

intermediolateral columns of the spinal cord are also affected (Armstrong et al, 2003).  Symptoms 

include akinetic-rigid syndrome, failure of autonomic nervous system, and the classical Parkinsonian 

symptoms tremor and rigidity.  

 

MSA can be classified into two subgroups, MSA-P (Parkinsonian) that accounts for 

approximately 80% of cases, or MSA-C (Cerebellar ataxia) 20% of cases.  MSA-P is characterized by 

GCI within the Sn pars compacta, which results in the Parkinsonian symptoms.  MSA-C, as the name 

suggests affects the middle cerebellar peduncle and results in gait and limb kinetic ataxia and 

oculomotor disturbances.  In both cases the severity and type of symptoms is dependent on the 

distribution and density on the inclusions (Roncevic et al, 2014).  The crude incidence of MSA is 

0.6/100,000 which dramatically increases to 3/100,000 in the >50 year age group (Stefanova et al, 

2009). 

 

Unlike PD that has strong evidence of genetic and environmental risk factors, MSA has no 

strong genetic link, although a number of single nucleotide polymorphisms, including the SNCA 

gene, have been identified with an increased risk of MSA (Al-Chalabi et al, 2009; Scholz et al, 2009).  

A number of studies have looked at environmental and other risk factors for MSA, although there 

have been no general consensus and further research is required (Hanna et al, 1999; Vidal et al, 

2008).  
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In the oligodendrocytes of MSA patients, aggregation of α-syn is preceded by P25α 

accumulation.  Interestingly, in affected areas, neuronal cytoplasmic and nuclear inclusions can be 

found.  This may be a result of cell to cell spread of α-syn via exosomes that will be discussed in 

section 1.3.4. 
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1.3 Alpha-synuclein 

 

Alpha-synuclein (α-syn) is a 14 kDa protein that is encoded by the SNCA gene and highly 

conserved in vertebrate species.  Although the exact role of α-syn still remains unclear, the protein is 

primarily expressed in the olfactory bulb, frontal cortex, striatum and the hippocampus with lower 

expression levels also observed in Hypothalamus, Thalamus Midbrain, Cerebellum, and the 

Pons/Medulla oblongata (Iwai et al, 1995) where it localises to presynaptic terminals of dopaminergic 

neurons (Maroteaux et al, 1988; Clayton and George, 1999).  Here it is believed to be involved in 

vesicle transport and dopamine neurotransmission through interaction with SNAP (Soluble NSF 

Attachment protein) REceptor (SNARE) (Burré et al, 2010).  Three putative domains of the α-syn 

protein have been identified.  The N-terminal domain is made up of seven repeating 11 amino acid 

imperfect repeat sequences, which have been predicted to form aliphatic helices allowing α-syn to 

associate with lipids.  The second motif is a number of acidic residues in the C-terminus which have 

been identified as a Calcium binding site, where it was determined that calcium binds in a 0.5 Mole 

Ca
2+

: 1 Mole α-syn stoichiometry and that Ca
2+

 binding can rapidly induce oligomerisation 

(Schallburg Nielson et al, 2001).  The third domain is a region of hydrophobic amino acids, which are 

important for aggregation (Gaisson et al, 2001). 
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Figure 2: Alpha-synuclein domain structure. 

Alpha-synuclein contains three putative domains.  KTK repeats in the N-terminus are involved in lipid 

interaction, the hydrophobic domain is important for aggregation and the calcium binding site can increase 

rate of oligomerisation. 

 

The conformation of α-syn is highly dependent on the environmental conditions.  In the aqueous 

cellular environment, α-syn adopts a random coiled structure, but adopts a helical conformation upon 

binding to acidic phospholipid vesicles (Weinreb et al, 1996; Davidson et al, 1998; Eliezer et al, 

2001).  α-syn is also prone to nucleation dependent aggregation (Wood et al, 1999) through the N-

terminus (Crowther et al, 1998) and this aggregation transforms α-syn from the random coiled 

formation to beta-pleated sheets, which is inhibited upon membrane binding (Narayanan and Scarlata, 

2001).  Circular dichroism (CD) spectroscopy has also been used to confirm this conformational 

change (Hu et al, 2001).  

 

α-syn has a high sequence homology with beta-synuclein (β-syn), which like α-syn is localised to 

presynaptic vesicles, however unlike α-syn, it does not form the fibrillar structures (George, 2001).  

Comparison of the amino acid sequence of these two proteins revealed two divergent regions.  A 

hydrophobic region of 12 amino acids was found in the central region of α-syn but not in β-syn.  It 

was also found that the C-terminus was also highly diverged.  To ascertain which diverged region was 
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responsible for protein aggregation several recombinant synuclein proteins were generated.  α/β-syn 

(containing the first 97 aa of α-syn (including the 12 aa hydrophobic region) and the C-terminal 48aa 

of β -synuclein) was found to have similar aggregation properties to that of α-syn.  Deletion of the 

hydrophobic 12aa region from α-syn, however resulted in the loss of α-syn aggregation dynamics.  It 

was also found that the hydrophobic 12aa region alone was sufficient to form aggregates.  (Giasson et 

al, 2001) 

 

Under normal conditions, the α-syn protein has been shown to interact with membranes, (McLean 

et al, 2000) showed using FRET on primary cortical neurons that both the N- and C-terminus of the 

protein can be bound to membranes and that both ends of the protein have some degree of interaction 

with each other.  This membrane interaction, and the subsequent function as a SNARE related protein, 

is mediated by Rab3a and that they both exist as a membrane bound complex (Chen et al, 2013).   
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1.3.1 Expression of Alpha-synuclein 

 

Gene triplication of SNCA was mentioned previously to give rise to an autosomal dominant form 

of early onset PD, outlining the importance of α-syn concentration to aggregation.  Interestingly, 

mouse studies have shown that there is an age dependent decline in both α-syn protein and mRNA 

levels.  The study showed that 10 month old mice had only 25% mRNA levels compared to two 

month old mice in both Sn and hippocampal regions and that this decrease was not associated with a 

reduction in TH positive neurons (Mak et al, 2009).  This finding was confirmed in another study 

looking at mRNA levels in rats that also showed an age related loss in α-syn expression.  The study 

also tried to look at sex difference in expression, but there was no difference between α-syn mRNA 

levels in the striatum. 

 

Human studies that looked at levels in PD patient verse controls found that there was no 

significant difference in the mRNA levels in the cerebral cortex (Tan et al, 2005; Wirdefelt et al, 

2001) This data suggests that there is no difference in expression, and that over expression is not an 

important factor in aggregation.  However gene expression analysis of single dopaminergic positive 

neurons from post mortem Sn tissue of both Parkinson’s disease affected individuals and controls 

have revealed that there is a significant threefold increase in α-syn mRNA levels (Grundemann et al, 

2008) indicating that there may be a loss of sensitivity in earlier studies caused by the surrounding 

tissue or may also be explained by the loss of neurons from the Sn during different stages of the 

disease.   

 

In animal models, over expression of α-syn has been shown to induce dopaminergic cell death in rats 

(Yamada et al, 2004), while dopaminergic neurons are spared by down regulation of α-synuclein 

(Hayashita-Kinoh et al, 2006). 
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The data linking α-syn over expression to protein aggregation is clear indication that the 

formation of aggregates is dependent on monomeric interactions.  While over expression due to gene 

duplication/triplication is not a large contributing factor to α-synucleinopathies, this is further proof 

that factors which aid in monomer interaction, such as calcium binding, are important for aggregation 

in disease.  
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1.3.2 Alpha-synuclein oligomerisation and toxicity. 

 

In the literature, oligomeric α-syn species, rather than monomeric or protein sequestered to the 

LB, have been implicated in the pathogenesis seen in synucleinopathies (Winner et al, 2011).  So 

mechanisms that increase the rate of oligomerisation or clearance could be important focal points on 

research into pathophysiology. 

 

Using recombinant α-synuclein (Danzer et al., 2007) looked at α-syn oligomers that were 

generated in different ways (and therefore had different size and morphologies) and how they 

differentially affected cell culture looking specifically at cytosolic calcium levels and their ability to 

seed intracellular aggregation.  Small annular α-syn species but not monomeric protein was able to 

increase cytosolic calcium levels in SH-SY5Y cells, shown via fluorescent microscopy.  This increase 

of cytosolic calcium was rapid reaching a plateau around 200 seconds.  To support this, annular 

species were also shown to cause membrane depolarisation.   In an effort to find where the calcium 

came from, the cells were incubated in Ca
2+

 free media and the experiments repeated.  No influx of 

calcium was observed, indicating that the calcium was coming from extracellular sources indicating a 

pore forming ability of α-syn oligomeric species.  Treatment with these oligomers resulted in an 

increase level of cleaved (active) caspase-3 directly indicating α-syn oligomers induced apoptosis. 

 

This observation was supported using expression vectors to express α-syn in cells to generate 

oligomeric species (Outeiro et al., 2008).  Used Protein fragment complementation assay (PCA) and 

bimolecular fluorescence complementation (BiFC) assay to monitor α-syn monomer interaction in 

vitro.  For these assays they used a number of α-syn constructs fused to partial GFP fragments.  They 

were able to determine that the most favourable α-syn interaction was anti-parallel.  Toxicity was 

tested and was found to be increased against other constructs.  Previously HSP70 was shown to be 

protective against α-syn cytotoxicity, in these GFP constructs.  Co-transfection with the α-syn 
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constructs with HSP70 lead to a decrease in α-syn oligomerisation.  The link between these provides 

further evidence that the oligomeric forms of α-syn are cytotoxic.  

 

Oligomeric species of α-syn induced ROS, and this may add to/ or be an inducer of apoptosis.  

Using PD cybrids, which have relatively high levels of oxidative stress and an enhancement in 

oligomer formation, treated with CoQ10 and GSH (antioxidants) results in a decrease in oligomer 

formation.  A possible mechanism for increase rate of oligomerisation is an increase in the 

monomer/polymerised tubulin ratio caused by mitochondrial mediated ROS production.  This ratio 

also improved when treated with CoQ10.  In short this paper links increased levels of ROS with 

increased oligomerisation. (Esteves et al, 2008) 

 

α-syn has long been believed to exist as a natively unstructured protein.  However, recently under 

non-denaturing conditions (blue native PAGE), α-syn has been shown to migrate at 45-50kDa in 

M17D, HEK293, HeLa and COS-7 cells (Bartels et al, 2011).  To see if this was physiologically 

relevant to normal brain tissue, brain homogenates from mouse frontal cortex also show this higher 

molecular weight species of α-syn. This was also observed with recombinant protein (Wang et al, 

2011) and confirmed to be approximately 56,000 kDa by MALDI-TOF mass spectroscopy.  They also 

showed that α-syn tetramers had a predominantly helical structure and were resistant to aggregation.  

This indicates that an external stimulus is required for endogenous oligomeric species to become 

pathogenic. However, it was suggested that traditional methods of α-syn purification resulted in the 

denaturation of this tetramer species.  This was challenged by (Coelho-Cerqueira et al, 2013) who 

compared cell disruption and purification protocols.  They found no great difference between the 

purification methods with a small proportion of tetrameric α-syn found, but predominantly 

monomeric and dimeric α-syn oligomers. 
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1.3.3 Alpha-synuclein Post-translational modifications 

 

There are a number of post translational modifications that have been associated with α-syn.  

Damaged or misfolded proteins are labelled with the small protein ubiquitin, which marks the protein 

for degradation via the UPS.  On the surface it would seem all there was to α-syn aggregation is 

inhibition of the UPS, however ubiquitination seems to occur after aggregation.  There also seems to 

be inhibition of the UPS system via binding of the 20S subunit of the UPS to larger α-syn aggregates. 

 

Sumolation occurs at lysine residues, which are also common sites for other post translational 

modifications, such as methylation, acetylation and ubiquination.  SUMO1 has been implicated in 

directing subcellular localisation and protein stabilisation (Dorval and Fraser, 2006), and that SUMO1 

co-localises with α-syn in GCI (Pountney et al, 2005) 

 

Phosphorylation of α-syn at serine residue 129 has been shown to be important in increasing the 

rate of aggregation, as was shown by (Smith et al, 2005).  Phosphorylation of α-syn also seems to be 

an important factor in protein aggregation, and has been shown to aid metal ion association (Lu et al, 

2011).  Metal ion binding has also been shown to be an important factor in aggregation and it was 

shown that there is one Ca
2+

 selective binding site (Liu and Franz, 2005).  Furthermore Ca
2+

 and Co
2+

 

have been shown to accelerate the formation of annular oligomeric species (Lowe et al, 2004).   

 

Oxidation is another common post translational modification, and oxidative stress is a major 

contributing factor to neurodegenerative disorders.  It has been shown that oxidative stress can 

stabilise oligomeric α-syn species via the formation of di-tyrosine cross links (Souza et al, 2000).  

However, in other studies oxidation with 4% H2O2 of recombinant human α-syn, resulted in oxidation 

of methionine residues only (Uversky et al, 2002) and under normal physiological pH this oxidation 

abolishes α-syn aggregation (Glaser et al, 2005).  Although significant fibrillation can detected with a 
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1:2 ratio of non-oxidised to oxidised protein (Uversky et al, 2002) suggesting that the non-oxidised α-

syn can be a nucleation source of oxidised proteins. 

 

α-syn has been shown to play a cyto-protective role in dopaminergic cells.  The N27 

dopaminergic cell line transfected with human α-syn are protected against MPP+ induced apoptosis, 

and the concentration of ROS is reduced, in comparison to non-transfected cells.  Interestingly, this 

protection was due to inhibition of cleavage of PKCδ and inhibition of BAD, both of which are pro-

apoptotic proteins (Kaul et al, 2005). 

 

One of the most striking characteristics of PD is the selective loss of dopaminergic neurons in the 

Sn which has been mimicked in a drosophila model system (Feany and Bender, 2000).  Dopamine has 

been shown to inhibit the formation of α-syn fibrils via oxidative modification of the protein and 

enhances formation of protofibrillar α-syn species (Conway et al, 2001).  
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1.3.4 Exosomes: Cell to cell spread of alpha-synuclein 

  

One complication with may add to the toxicity of oligomeric alpha-synuclein species is cell to cell 

spread of alpha-synuclein via exosomes.  Exosomes are membranous vesicles released from 

mammalian cells and have been shown to contain mRNA, microRNA and proteins.  Their normal role 

is for the removal of unwanted proteins, signal transduction between cells.  Exosomes have also been 

shown to have a role in pathogenesis of other diseases such as Alzheimer’s disease (Bellingham  et al, 

2012). 

 

(Alvarez-Erviti et al, 2011) demonstrated that alpha-synuclein positive exosomes isolated from a 

SHSY-5Y neuroblastoma α-syn overexpressing cell line were capable of transferring the protein to 

other SHSY-5Y cells.  They also concluded that inhibition of the lysosomes that are involved in α-syn 

degradation, resulted in an increase in α-syn exosome mediated release into the culture media.  

(Danzer et al, 2012) demonstrated in H4 cells and primary cortical neurons that α-syn in exosomes 

was oligomeric.  They also looked at the location of α-syn protein was in exosome enriched fractions; 

by trypsin treatment they deduced that α-syn was predominantly either outside or associated with the 

outer membrane of the exosome, but not totally excluded from the lumen. 

 

Microglial cells have also been shown to secrete α-syn positive exosomes (Chang et al, 2013) 

using mouse BV-2 cells with treatment of the α-syn protein. 

 

This cell to cell spread of α-syn is not confined to in vitro experiments, (Kordower et al, 2008) 

conducted a study of a PD patient 14 years after receiving a foetal ventral mesencephalic transplant in 

an effort to ameliorate the symptoms.  They compared this patient to another that died four years post 

transplantation.  They found that while the symptoms of both patients improved, as seen by better 

UPDRS scores, the graft of the patient that died earlier had essentially normal histology, whereas the 

symptoms of the long term survivor returned and this correlated with classic PD markers such as α-
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syn and ubiquitin aggregation within the grafted region.  This data was also replicated in a study by 

(Li et al, 2008) that looked at 2 patients 11-16 years post transplantation of foetal mesencephalic 

dopaminergic neurons. 
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1.4 The Role of Calcium in the Neuron and Age Mediated Changes 

 

Calcium plays many important roles in normal cellular function and is thought to be one of the 

most important cellular signalling molecules.  It is involved in many processes such as apoptosis, 

metabolism, signal transduction, gene expression, proliferation, maturation, binding of 

neurotransmitter vesicle binding plasmalemma and cell death.  As calcium is such an important 

molecule the regulation of intracellular concentrations must, unsurprisingly therefore be tightly 

regulated in order for proper functioning of the cell as a whole.  This homeostasis is not only 

important between the cytoplasm and intracellular calcium stores such as the endoplasmic reticulum 

(ER), but also and probably more importantly between the intracellular environment and the 

extracellular environment which can be up to 20,000 times more concentrated. 

 

Since the focus of this research was to look at the link between calcium and α-syn aggregation, 

and the role that this might play in the development of late onset synucleinopathies such as PD and 

MSA, this section will focus on calcium homeostasis in neurons and the changeS that occurs in 

response to age.  Specifically focusing on two main points, the differences in resting calcium levels 

and the speeds that calcium returns to rest levels after stimulation. 

 

The major sources of intracellular Ca
2+

 include Ca
2+

 influx through ligand-gated glutamate 

receptors, such as N-methyl-D-aspartate (NMDA) receptor (NMDAR) or various voltage-dependent 

Ca2+ channels (VDCCs), as well as the release of Ca2+ from intracellular stores (Ghosh et al, 1994 ; 

Geiger et al, 1995 ; Berridge, 1998). 

 

The mitochondria is a second intracellular calcium store and like the endoplasmic reticulum, the 

ability of this organelle to act as a reservoir for calcium is also decreased with age due to a decreased 

activity of the mitochondrial Ca
2+

 uniporter (Perier and Vila, 2012).  Lysosomes, aside from their role 

in the recycling of proteins, also act as intracellular calcium stores.  Using GPN to permeabilise 
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lysosomes (Haller et al, 1996) showed they act as calcium stores capable of a 60nM to 2mM increase 

in intracellular calcium, the homeostasis of which also can be affected by LRRK2, a gene involved in 

familial PD. 

 

One side of the argument is that resting intracellular calcium is increased with age of the neuron 

(Hajieva et al, 2008; Kirishchuk et al, 1992).  Although this has been debated and those that disagree 

believe that the observed increase was in fact an artefact of the methodology.  This view is supported 

by studies using different methodologies that found no difference between intracellular calcium levels 

of young and aged neurons. 

 

It is however, generally agreed on that the return time to resting levels after a stimulus are greatly 

reduced in aged neurons (Kirischuck el al, 1992) due to, at least in part, a decline in the calcium 

buffering capacity (Buchholz et al, 2007).  Aged neurons also exhibit a decreased capacity to recover 

from calcium stimulus through uptake into the intracellular calcium stores with a decline in SERCA 

(sarcoplasmic endoplasmic reticulum calcium ATPase calcium) function (Pottorf et al, 2000).  This 

lag in calcium uptake/removal can cause problems within the cells by the activation of 

lipases/proteases/kinases along with a host of other proteins in the cell, all of which when present at 

the wrong time can wreak havoc on the cell, even resulting in the activation of cell death. 

Clearance of calcium after stimulation is achieved either by intracellular calcium binding, uptake 

into the ER and mitochondria or pumping into the extracellular space via plasma membrane Ca
2+

 

ATPase (PMCA), these processes have been shown to be impaired in aged neurons (Michaelis et el 

1996). The Ca
2+

 buffering capacity has also been shown to be decreased in ageing neurons (Villa et al, 

1994 ; Duckles et al, 1996).  In contrast, some studies have shown that after stimulation, the actual 

concentration of calcium may be decreased, but the recovery back to resting levels is dramatically 

increased.  

  



25 
 

Since the regulation of Ca
2+

 is vital for cell survival and function, it is not surprising that the 

process is tightly regulated and that there are a number of proteins that are capable of calcium 

buffering in neurons known as Calcium Binding Proteins (CBP). Calbindin-D28K, calretinin and 

parvalbumin are three cytosolic CBP that are capable of calcium buffering in neurons.  In a study 

conducted by (Bu et al, 2003) with human brain sections, they found a decrease in both calretinin and 

calbindin in aged compared to young cortical neurons, but no difference in parvalbumin positive 

neurons.  The importance of these proteins have been implicated by (German et al, 1992) who studied 

the brains of human patients with PD or in a MPTP monkey or C57BL mouse-6 models.  They found 

that in both idiopathic PD and in the model that neurons that were Calbindin-D28K were spared while 

neurons in calbindin-D28K negative regions were lost.  (Tsuboi et al, 2000. Kim et al, 2000) found 

that calretinin expression in dopaminergic neurons of the SN pars compacta were more protected 

against 6-hydroxydopamine. 
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1.5 Oxidative stress and the Ageing Brain 

 

While there are many metabolic processes going on in the cell, the electron transport chain of the 

mitochondria is responsible for the reduction of molecular oxygen in the cell and as such is the major 

source of cellular ROS.  The high energy intermediates NADH/FADH2 produced from glycolysis and 

the citric acid cycle are fed into the Oxidative phosphorylation chain at complex I and II respectively.  

Electrons from these intermediates are transferred to Complex III and IV and at this stage molecular 

oxygen is reduced.  The majority of oxidative stress in the cells comes from Complex I and III of the 

electron transport chain in mitochondria (Turrens, 1997). Mitochondria as a primary source of radicals 

is illustrated by a greater Mitochondrial DNA damage compared to nuclear DNA damage (Castro et 

al, 2012). 

 

Denham Harman first postulated a 'free-radical theory' of ageing in 1956 where he linked 

oxidative stress, mediated by normal metabolic processes, with rate of ageing. In his article he 

hypothesised a process whereby metabolic oxidative stress affects tissue in a similar fashion to 

oxidative stress from pathological stimuli and even that by decreasing oxidative stress that you could 

increase longevity (Harman, 1956).  Since then, studies have been performed that looked at the link 

between metabolic rate and lifespan in different species.  In general a low metabolic rate is indicative 

of a longer predicted life span while high metabolic rate coincides with a shorter life expectancy.  

There are however, a few exceptions and this, and species which do not follow this trend have been 

shown to have lower levels of ROS (Ku et al, 1993).  In terms of ageing, there is evidence that shows 

that the resulting products of ROS such as protein carbonyls, protein bound HNE and 3-NT are 

increased in young verse old mice (Abdula et al, 2008) and in humans.  (Sims-Robertson et al, 2013) 

looked at the effect of Superoxide dismutase (SOD) in aged neurons in SOD1
+/+

 and SOD1
-/-

 mice and 

assessed the level of nitrated proteins and lipid peroxidation. They showed a 1.7 fold increase in lipid 

peroxidation and a 2 fold increase in nitrated proteins in the SOD deficient mice at 20 months. 
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There is evidence that oxidative stress is increased in normal aged brain however the level of 

oxidative stress is greatly increased in patients with neurodegenerative diseases such as AD. 

 

When discussing oxidative stress in the brain, the enzymatic antioxidant glutathione (GSH) 

deserves mention.  This enzyme is highly efficient in scavenging ROS such as Superoxide, hydroxyl 

radicals and peroxynitrites.  The levels of this enzyme have been shown to be slightly reduced in aged 

verses young brain, but greatly reduced in patients with mild cognitive impairment and Alzheimer's 

disease (Mandel et al, 2012) which may explain the increased levels of oxidative stress seen in the 

case of neurodegeneration. 

 

Interestingly, for the case of synucleinopathies, α-syn expression is increased in response to 

oxidative stress.  (Quilty et al, 2006) showed that when mouse primary neocortical cells are incubated 

in the absence of antioxidants in the media that a subset of neurons exhibit higher α-syn expression 

and that, after 10 days in culture these α-syn positive neurons had a statistically significant decrease in 

condensed nuclei, a marker of apoptosis.  This was not supported by (Kanda et al, 2000) who showed 

that in human SHSY-5Y cells, that there was no significant difference in the viability of cells between 

parental and WT overexpression.  But they showed that the A53T and A30P mutations were more 

susceptible to H2O2 insult.  However this may be due to an artefact of over expression. 
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Chapter 2: Aims and Significance 

 

This thesis will examine how normal, age related changes in neurochemistry may contribute to 

the formation of α-synuclein positive protein aggregates within multiple cell lineages of the brain.  

 

The specific aims of this research involved two main points. 

 

2.1 Aims 

 

Firstly, this thesis aimed to examine the role that increased intracellular calcium plays on α-syn 

aggregation.  To achieve this aim, two approaches were taken.  Recombinant human wt α-syn was 

incubated in the presence of calcium, and aggregation was monitored for oligomerisation dynamics 

and oligomer morphology.  The second approach used chemical and physiological stimuli to induce 

intracellular influx of calcium in cell models, either using endogenous levels or over expressed α-syn.  

The effect of calcium on α-syn was assessed via α-syn positive protein aggregates. 

 

The second aim of this thesis was to look at the role of oxidative stress on α-syn aggregation.  For 

this aim, recombinant human WT α-syn was exposed to H2O2, or in cell models, the effect of 

oxidative stress was examined as a stand-alone stimuli, or in combination with calcium to see the 

combined effect of oxidative stress and calcium.  A diagram of our proposed mechanism of α-syn 

aggregation can be seen in Fig 1. 
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Figure 1: Hypothetical schematic relating calcium dysfunction and oxidative stress to 

cytotoxicity.Alpha-synuclein can be induced to oligomerise via an interaction or modification by metal 

ions such as calcium or oxidative species.  This oligomerisation leads to protofilament formation and 

inhibition of the Ubiquitin proteasome system and membrane permeabilisation, both of which lead to cell 

death. 
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2.2 Significance 

 

With a worldwide ageing of the population, and an increase in the incidence of age related 

diseases, the need for research into how normal age related changes in physiology play critical roles in 

disease development is apparent.  The protein α-syn has been shown to be involved in a number of 

neurological diseases including PD which is currently the second most common neurodegenerative 

disease with 38.8 cases /100000 at 60-69, rising rapidly to 119 cases per 100000 in the 80-89 age 

bracket (Van de Eeden et al, 2003), and MSA affecting 4/100,000.  The research in this thesis focuses 

on the role that calcium imbalance and oxidative stress plays on the formation of potentially cytotoxic 

oligomeric species of α-syn. 

 

 

 

 

  



32 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



33 
 

Chapter 3: Raised calcium promotes α-

synuclein aggregate formation 
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synuclein aggregate formation. Molecular and Cellular Neuroscience. 46: 516-526 
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contribution to writing. 

 

Contribution of Y Engelborghs: 

Host of sabbatical of D.L. Pountney; supervision of S. Nath; contribution to writing. 

 

Contribution of D.L. Pountney: 
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Chapter 4: Potassium Depolarization and 

raised calcium induces α-synuclein 

aggregates 
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Statement of contribution to co-authored published paper 

 

Chapter 4 includes a published co-authored research paper: 

 

Follet, J., Darlow, B., Wong, M.B., Goodwin, J., Pountney, D.L. (2013) Potassium 
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My contribution to the published paper involved:  
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Chapter 5: Raised calcium and oxidative 

stress cooperatively promote α-synuclein 

aggregate formation 
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Chapter 6: Discussion 

 

 

The aim of this thesis was to assess the role that age related changes in neurochemistry, increased 

oxidative stress and a de-regulation of calcium homeostasis, may play in the pathogenesis of 

Synucleinopathies such as PD and MSA. 

 

In this thesis, it is concluded that potential age related changes in neurochemistry are sufficient to 

produce protein aggregation of α-syn similar to those seen in pathological tissue. The most significant 

finding was that increased intracellular calcium and oxidative stress work synergistically to generate a 

greater number of α-syn aggregates.  This finding gives rise to a number of therapeutic opportunities 

that may be used to help alleviate the protein aggregation within the cell, and, delay the onset and 

progression of symptoms. 
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6.1 Increased intracellular calcium induces alpha-synuclein oligomers  

 

Calcium channel blockers, such as those from the dihydropyridines family, may be used to lessen 

the increase in intracellular calcium seen in aged neurons.  This study showed that there was no 

significant difference in the number of α-syn aggregates between CI/TG and H2O2 treated cells, 

however when treated in combination we saw a dramatic increase in the number of protein aggregates 

per cell.  it was also shown that by chelating the free calcium with BAPTA we see no difference in the 

number of inclusions between control and CI/BAPTA cells.  This means one could potentially treat 

PD patients with calcium blockers to bring about a reduction in the number of protein aggregates.   

 

It would be interesting to see the effect of calcium channel blocking in an in vivo system.  A step 

towards replicating the complex architecture of the CNS and assessing calcium blockade was 

performed by (Savio Chan et al, 2007) who used brain slices prepared from a MPTP mouse model for 

PD.  They found that by using blocking L-type Cav1.3 Ca
2+

 channels with Isradipine, a common drug 

used to treat high blood pressure, they could recover dopaminergic neural activity. 

 

Supporting the data that increased calcium may be a major player in the pathogenesis of -

synucleinopathies was work performed by (Yamada et al, 1990) who looked at brain section of PD 

patients and found that dopaminergic neurons of the Sn pars compacta that were high in the calcium 

binding protein calbindin-D28K were preferentially spared in control brain sections compared with PD 

patients.  Also, in a mouse model with Parkinsonian like pathological features, the loss of 

dopaminergic neurons, it was found that neurons expressing calbindin-D28K were spared from this 

pathological loss (Gasper et al, 1994). 

 

It is clear that calcium is a major player concerning α-syn aggregation, and potentially in the 

formation of the cytotoxic oligomeric species seen in disease.  As suggested, this provides us with a 

potential therapeutic target, by using drugs that modulate the amount of free calcium in the cell.  
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TMO, a T-type calcium channel blocker with broad selectivity commonly used as an anti-epileptic 

drug, was tested on human cell types.  It was observed that TMO pre-treatment of cells, blocked K -

depolarization induced calcium influx into the cell resulting in loss of α-syn positive aggregate 

formation post depolarization. 
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6.2 Oxidative stress and alpha-synuclein oligomerisation 

 

This study looked at the potential role of oxidative stress in the formation of potentially toxic α-

syn oligomeric species.  We found that by using H2O2 as a direct source of oxidative stress, we could 

induce aggregate formation in vitro, and that these aggregates were stabilised.  From our experiments 

using H2O2 to induced ROS in 1321N1 cells, in combination with raised intracellular free calcium, 

significantly increase intracellular α-syn aggregation resulted. This was also reflected in our in vitro 

experiments that showed that the combination of calcium treatment and oxidation of recombinant α-

syn monomer caused the formation of stable, oligomeric α-syn aggregates.  

 

Another potential target for therapeutics could be to target oxidative stress in the brain.  

Avramovic et al, 2012) showed that dietary supplementation with Omega 3 fatty acids was capable of 

a significant increase in SOD, and decrease in malondialdehyde activity in the aged brains of male 

Wistar rats.  A similar study using Sprague-Dawley rats, showed that supplementation with stabilised 

DHA rich oil, but not EPA enriched oil, increased NOS activity in brain homogenates (Engstrom et 

al, 2009) 

 

Of note is that WT α-syn has been shown to induce mitochondrial NO when it is associated with 

mitochondria (Parihar et al, 2008).  This indicates that not only will normal increases in oxidative 

stress cause aggregation but that aggregation of α-syn also induces more oxidative stress within the 

cell forming a positive feedback loop.  However, this is in contrary to other research which shows that 

α-syn protects cells from oxidative stress  by inactivating the c-jun N-terminal kinase (JNK) pathway, 

although this data was from cells challenged with exogenous H2O2 (Hashimoto et al, 2002). 

 

The combination of oxidative stress and α-syn expression has been used to generate a model of 

MSA in mice, whereby the over expression of α-syn in glial cells is combined with 3-nitropropionic 

acid. Treatment to induce mitochondrial oxidative stress was sufficient to induce MSA like pathology. 
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The current results also support the notion that a combination of oxidative stress and raised calcium 

could also influence glial cells, promoting the glial α-syn pathology observed in MSA and offer the 

potential for an anti-calcium/antioxidant combination therapy in this disease. 
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6.3 Synergistic effect of calcium and oxidative stress 

 

One of the most interesting finds was that increased calcium and oxidative stress work 

synergistically.  It was shown here that in combination, that while we see no great difference in the 

percentage of cells that contains protein aggregates, a dramatic increase in the number α-syn positive 

protein aggregates in 1321N1 cells can be seen.  It was shown that in recombinant protein 

experiments that calcium was able induce non-stable aggregates, which could be stabilised via 

hydrogen peroxide treatment.  Co-treatments resulted in larger stable aggregates to form.  This may be 

extremely important in the pathogenic mechanisms behind α-syn aggregation and synucleinopathies 

disease progression, (Wood et al, 1999) showed that the fibrillisation of α-syn is highly dependent on 

nucleation centres, showing that free α-syn was present in long term solution, where by a reduction in 

soluble α-syn occurs from days 10-12, the inclusion of 1% of pre-aggregated α-syn dramatically 

reduces and by day 12 of incubation, no free α-syn remains in solution.  10% Pre-aggregated α-syn 

resulted in all soluble α-syn to become aggregated by day one.  This suggests that calcium/hydrogen 

peroxide stabilised α-syn aggregates may serve to increase nucleation centres in disease.   This is 

supported by work performed by (Krishnan et al, 2003) that show that di-tyrosine cross linked α-syn 

dimers were the rate limiting step in the fibrillation process in forming nucleation centres. 

 

Of note is the possibility that calcium influx into neurons can induce oxidative stress in 

mitochondria of mouse dopaminergic neurons (Goldburg et al, 2012), this group also showed that in 

DJ-1 mutant mice that oxidative stress induced by calcium influx was exacerbated in this model.   
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6.4 Future Directions 

 

In this thesis, it is shown that there is a link between calcium dysfunction, oxidative stress and α-

syn aggregation.  Future work should now focus on three main points.  Cytotoxity of aggregates to 

confirm the model system, treatment to prevent aggregate formation and study into the  cell to cell 

spread of α-syn to improving early detection. 

 

Toxicity of α-syn aggregates should be assessed to see the mechanism of if/how oligomers kill 

cells, the two main mechanisms being necrotic cell death, or apoptosis.  This would easily be achieved 

by looking at early necrotic/apoptotic markers propidium iodide/annexin V staining for FACS 

analysis.  From observation, cell death at short time points is not occurring, therefore it may be 

presumed that the mechanism of death would be through apoptotic pathways which has been 

implicated in dopaminergic neuronal loss in PD (Lev, et al, 2003).  Once the general mechanism is 

confirmed, there is a lot of work to show the pathways that are involved, including the caspases, the 

pro-apoptotic proteins Bax/Bad, the anti-apoptotic protein Bcl-xl, and how these pathways are 

regulated my α-syn aggregation. 

 

The second focus should be on potential therapies of α-syn aggregation.  From the current studies 

this would include looking at both chemical and biological agents to combat both aberrant calcium 

dysfunction and oxidative stress.  It was shown that by using BAPTA and chelating excess calcium 

that we can abrogate the increase in calcium mediated aggregation.  Further studies have been started 

with trimethadione (TMO) a drug currently used to control epilepsy via modifying calcium.  Along 

with drug therapies, an interesting avenue for research may be gene therapies to increase the level and 

therefore the activity of enzymes responsible for modulating free calcium and oxidative stress.  The 

presence of enzymes such as calbindin has already been shown to be protective against the neuronal 

cell loss of dopaminergic neurons in PD pathological tissue, while the antioxidant properties of 

Glutathione are known. 
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The last area of research should be to look at the spread of α-syn between cells, the mechanism of 

which might help with early detection, which is a major concern for diseases such as Parkinson’s 

disease that are progressive and extensive damage/loss of neural tissue is required before symptoms 

manifest.  It has been estimated that for PD symptoms to first manifest, 50% of dopaminergic 

signalling needs to be lost (Guttman et al, 1997).  At this stage the α-syn protein is readily secreted 

from the neurons through exosomes where it is then taken up by other cells within the CNS ultimately 

leading to spreading and more cell death.  A number of non-invasive detection methods have recently 

been used in early diagnosis, such as a smell test to detect hyposmia (Shah et al, 2009), or speech 

analysis (Asgari & Shafran, 2010).  Biomarkers have also been investigated, α-syn has been found in 

the gut of PD patients, transcranial sonography, 18-Fluoro-dopa positron emission tomography (PET).  

Since α-syn needs to spread between neurons it must have access to the extracellular space; α-syn has 

been seen in detectable amounts in the blood, CSF and saliva.  Some tests also differentiate between 

monomeric and oligomeric species, and the Phospho-129 post translational modification associated 

with LB’s. 

 

Even though there are many markers that may predict for PD, a lot of studies are inconclusive or 

contradicted.  It is clear that increased research into this area is needed and that to differentiate 

complex diseases multiple marker evaluation will be necessary. 
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