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SUMMARY 

Aggregated alpha-synuclein (a-syn) is a major pathological feature in the brain of people with 

Parkinson’s Disease (PD), Dementia with Lewy bodies (DLB) and Multiple System Atrophy 

(MSA). Collectively these diseases are known as ‘synucleinopathies’. Experimental evidence 

implicates cellular stress, particularly calcium dyshomeostasis, as a potential trigger of 

pathogenic a-syn aggregation. Cell-autonomous features, including calcium-binding protein 

(CBP) expression, appear to be key determinants of differential vulnerability in 

synucleinopathies, as neurons expressing CBPs are spared from a-syn pathogenesis and 

degeneration in PD and DLB. The substantia nigra (SN) is a characteristic site of a-syn 

pathology and neurodegeneration in PD, however the cortex is the main site affected in DLB, 

and is also affected in PD. Importantly, not all brain regions are affected in synucleinopathies, 

suggesting that vulnerability to a-syn pathogenesis may be region specific. Further 

characterising the physiological features that influence the differential vulnerability of cortical 

neurons may expand the current understanding of the mechanisms underlying both a-syn 

pathogenesis and selective vulnerability in synucleinopathies.  

To investigate the role of calcium dyshomeostasis in neuronal vulnerability to a-syn 

pathogenesis, intracellular calcium levels within primary cortical mouse neurons were 

manipulated to determine the effect on endogenous a-syn. Calcium dysregulation, induced by 

50mM KCl, significantly increased a-syn level in cortical neurons after 24 hours, and did not 

adversely affect cortical neuronal viability. A significant reduction in neuron density 24-hours 

post-treatment indicated that a specific population of neurons not expressing a-syn may have 

undergone apoptosis in response to calcium dysregulation. In specific populations of excitatory 

pyramidal neurons expressing YFP, and inhibitory neurons expressing Calretinin (CR), a-syn 

level was unchanged, and neuron health was unaffected, suggesting that these cortical neuron 
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types may be more resistant to endogenous a-syn changes and apoptosis following calcium 

dysregulation. 

 

To further investigate the factors that may influence regional differences in vulnerability to a-

syn pathogenesis, the density of neurons expressing the CBPs Calbindin (CB) and CR, and the 

L-type voltage-gated Cav1.2 calcium channel, were quantified and compared in regions of the 

cortex both spared and affected by a-syn pathology in human post-mortem PD tissue. 

Pathological a-syn was identified in the frontal and parietal cortices, but was rarely observed 

in the occipital cortex. However, no cell loss was observed in any cortical region in PD 

compared to age-matched controls. The density of neurons expressing CB, CR or the Cav1.2 

channel did not differ in the frontal or parietal cortices in comparison to the relatively spared 

occipital cortex in PD, nor between PD cases and age-matched controls.  

 

The findings from this thesis suggest that expression of endogenous a-syn, and the ability to 

upregulate a-syn, may be neuroprotective in response to calcium dysregulation in primary 

cortical neurons. No association was identified between the neuronal expression of CBPs or 

Cav1.2, and the density of a-syn pathology in regions of the human cortex in PD. In conclusion, 

this thesis provides evidence that calcium dysregulation can induce changes in endogenous a-

syn in primary cortical neurons. However, it remains unclear whether neuronal, and thus 

regional vulnerability, of the cortex in PD is primarily determined by calcium-dependent 

mechanisms. 
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1. INTRODUCTION 

1.1. Synucleinopathies 

Alpha-synuclein (a-syn) is the key pathological protein associated with a number of 

neurodegenerative diseases, including Parkinson’s disease (PD), Dementia with Lewy Bodies 

(DLB) and Multiple System Atrophy (MSA). Collectively referred to as synucleinopathies, 

these diseases involve a-syn pathology and neurodegeneration in the central nervous system 

(CNS). Proteinaceous cellular inclusions, called Lewy bodies (LBs), in PD and DLB, and glial 

cytoplasmic inclusions (GCIs) in MSA, contain more than 500 proteins (Xia et al., 2008), of 

which a-syn is strongly implicated in having a role in disease pathogenesis (Spillantini et al., 

1998a). 

 

In addition to sharing a-syn as a key protein involved in pathology, there is also some overlap 

in clinical symptoms between synucleinopathies. For instance, although DLB is predominantly 

a cognitive disorder, up to a quarter of DLB patients display significant Parkinsonian symptoms 

at the time of their diagnosis (Kim et al., 2014). Additionally, 85% of DLB patients develop 

Parkinsonian symptoms as the disease progresses (McKeith et al., 2017). MSA symptoms can 

also be difficult to distinguish from the symptoms of PD in early disease stages, even when 

using formal diagnostic criteria (Palma et al., 2018). Indeed, almost all MSA patients will 

eventually develop Parkinsonism during the course of the disease (Kollensperger et al., 2010, 

Palma et al., 2018). Although PD is primarily a motor system disorder, dementia has been 

reported in 83% of PD patients within 20 years of their initial diagnosis (Iranzo et al., 2013). 

Additionally, up to a quarter of MSA patients display some degree of cognitive dysfunction 

(Brown et al., 2010). 
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Although PD, DLB and MSA are separate diseases, the shared involvement of pathological a-

syn, and the degree of overlap in clinical symptoms, indicate that similar a-syn-centric 

mechanisms may be involved in the development of synucleinopathies. However, there are 

currently no cures for synucleinopathies, as a prominent barrier to the development of effective 

treatments is an incomplete understanding of the underlying mechanisms of a-syn 

pathogenesis. Determining the factors that contribute to the development of a-syn pathology 

remains a critical step towards designing highly-targeted, broad-spectrum clinical interventions 

aimed at synucleinopathic disease. Additionally, determining how brain regions, such as the 

cortex, are affected in synucleinopathies may provide important insights into the mechanisms 

underlying a-syn pathogenesis. This thesis will focus on vulnerability to a-syn pathogenesis in 

the cortex, which is a predominant brain region affected in DLB, as well as in MSA and later-

stages of PD. 

 

1.2. A-syn in Disease 

A-syn is a key component of Lewy pathology in post-mortem brain tissue from patients with 

PD, as well as DLB and MSA (Colom-Cadena et al., 2013, Valera and Masliah, 2018, 

Strohaker et al., 2019). The pathological aggregation and deposition of a-syn into intracellular 

proteinaceous inclusions presents as neuronal cytoplasmic LBs in PD and DLB, and ‘Lewy-

like’ cytoplasmic and nuclear inclusions in oligodendrocytes in MSA (Lin et al., 2004). LBs 

and Lewy neurites (LNs) were identified as pathological hallmarks of PD in 1912 (Holdorff, 

2006). LBs are eosinophilic inclusions present in the neuronal soma that consist of a dense core 

surrounded by a halo of radiating fibrils predominantly composed of misfolded and aggregated 

a-syn (Luna and Luk, 2015). A-syn inclusions are also found in the processes of affected cells 

and are classed as either LNs (Spillantini et al., 1998a) or neuroaxonal spheroids (Goedert, 

2001, Forman et al., 2005). Other proteins such as ubiquitin, a marker for protein degradation, 
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are also associated with LBs (Walden and Muqit, 2017). LBs are typically observed in affected 

neurons in both PD and DLB, whereas GCIs in MSA are predominately found in 

oligodendrocytes (Strohaker et al., 2019). Other less common inclusions observed in MSA are 

neuronal cytoplasmic, neuronal nuclear and glial nuclear inclusions, as well as inclusions 

within the cell processes (Kaji et al., 2020). 

 

1.2.1. PD 

PD is characterised by the loss of dopaminergic (DA) neurons predominantly within the 

substantia nigra (SN) (Pakkenberg et al., 1991, Damier et al., 1999). The specific loss of these 

neurons leads to a significant decrease in levels of the neurotransmitter dopamine, resulting in 

the distinct motor symptoms of PD, which includes resting tremors and slowness of movement 

(bradykinesia). 3,4-dihydrocy-L-phenylalanine, or Levodopa, is a naturally occurring amino-

acid and an intermediate in the pathway of dopamine synthesis which is clinically used to 

temporarily reverse Parkinsonian symptoms by restoring dopamine levels in the brain 

(Maruyama et al., 1996). Non-motor symptoms, such as cognitive dysfunction, often occur in 

PD patients (Lawson et al., 2016), suggesting the involvement of other higher brain regions, 

such as the cortex, in PD. However, the mechanisms underlying the development and 

progression of PD remain unclear, and represent a barrier to the development of effective 

treatment options for both the motor and non-motor dysfunction that occurs in this debilitating 

disease.  

 

Whilst approximately 40 PD susceptibility loci have been identified (Chang et al., 2017), only 

10% of PD cases are considered familial with a known family history (Corti et al., 2011). The 

various genetic mutations associated with PD can provide clues about the underlying disease 

mechanisms, however the cause of the remaining 90% of sporadic PD cases is poorly 
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understood. PD pathology may take decades to develop before symptoms arise, with an average 

age of diagnosis of 60 (Pankratz and Foroud, 2007). By this stage, the irreversible loss of 40-

60% of nigral DA neurons has already occurred (Fearnley and Lees, 1991, Ross et al., 2004, 

Cheng et al., 2010, Burke and O'Malley, 2013). Expected survival after a diagnosis of 

idiopathic PD is 9.6 years (Backstrom et al., 2018), however this is dependent on the age of 

onset. Early-onset PD typically has a slower rate of progression, whereas late-onset PD is 

associated with faster disease progression (Ferguson et al., 2016).  

 

1.2.2. DLB 

DLB is the second most common form of dementia after Alzheimer’s disease (AD) (McKeith 

et al., 2017). The characteristic symptoms of DLB include cognitive decline or fluctuation, 

changes in attention and alertness, and visual hallucinations (Donaghy and McKeith, 2014, 

McKeith et al., 2017). The symptoms of DLB are thought to result from predominant 

neurodegeneration within cortical regions associated with higher brain functions, particularly 

cholinergic neurons which are associated with a dramatic decrease in cognitive function 

(McKeith et al., 2017). Other symptoms, such as repeated falls and Parkinsonism, are common 

and can aid in the diagnosis of DLB and reflect the involvement of subcortical brain regions 

(McKeith et al., 2017, Palermo et al., 2020). The Dementia with Lewy Bodies Consortium’s 

criteria for clinical and pathological diagnosis of DLB includes anatomic areas employed for 

post-mortem diagnosis, including three brainstem nuclei (the nuclei for cranial nerves IX and 

X, locus coeruleus (LC) and SN), three basal forebrain/limbic areas (amygdala, transentorhinal 

cortex and cingulate gyrus) and three neocortical areas (frontal, parietal and temporal cortices) 

(McKeith et al., 2017). Parkinson’s disease dementia (PDD) is a common late complication of 

PD as a result of cortical degeneration (Buter et al., 2008), and is clinically quite similar to 
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DLB. PDD and DLB are distinguished clinically, based on whether Parkinsonism precedes 

cognitive impairments by more than 1 year (McKeith et al., 2017). 

 

DLB is a progressive condition, with an average life expectancy of 7 years following disease 

onset (Williams et al., 2006) which typically occurs at approximately 75 years of age (Barber 

et al., 2001). A more rapidly progressing type of the disease exists with an average prognosis 

of 9 months after diagnosis (Geschwind et al., 2008, Josephs et al., 2009). Like PD, the majority 

of DLB cases are sporadic, and current treatments for DLB are limited to the treatment of the 

symptoms of the disease. Cholinesterase inhibitors, such as the anti-dementia drug Doneprezil, 

can ease cognitive symptoms, including attention deficits and cognitive fluctuations (Mori et 

al., 2012, Rolinski et al., 2012, Matsunaga et al., 2015).  

 

1.2.3. MSA 

MSA is characterised by the presence of pathological a-syn predominantly in the cytoplasm of 

oligodendrocytes, but this pathology can also be present in neurons (Valera and Masliah, 2018). 

Oligodendrocytes provide support and insulation to neurons by forming a myelin sheath that 

wraps around their axons, which is important for the conduction of electrical signals. A-syn 

aggregation within oligodendrocytes may disrupt myelin synthesis (Bleasel et al., 2014, Wong 

et al., 2014), leading to dysfunctional neurotransmission, and the eventual degeneration of 

neurons, in affected brain regions.  

 

MSA can be classified as either Parkinsonian (MSA-P) or Cerebellar (MSA-C), depending on 

the predominant symptoms present at the time of diagnosis, which indicates the main site of 

neurodegeneration within the brain (Valera and Masliah, 2018). Both MSA-P and MSA-C 

typically involve autonomic symptoms, including urinary problems and erectile dysfunction, 
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possibly due to neurodegeneration within the hypothalamus, which is involved in regulating 

the autonomic nervous system (Cykowski et al., 2015). MSA-P is primarily associated with 

classical Parkinsonian symptoms including tremor and bradykinesia, whilst ataxic gait and 

dysarthria are more common of MSA-C (Iodice et al., 2012). In later disease stages, subcortical 

movement disorders, frontal atrophy, cognitive changes, depression and dementia are common 

in all MSA patients (Chang et al., 2009). Interestingly, the deposition of pathological a-syn in 

oligodendrocytes as seen in MSA can also occur with increased disease severity and duration 

in PD (Halliday and Stevens, 2011). Like DLB, disruptions to cholinergic pathways in cortical 

regions may contribute to attention, learning and memory deficits (Gilman et al., 1994). 

Cortical thinning is also common in cognitively impaired MSA patients (Kim et al., 2013).  

  

Age of onset, as well as the prevalence of autonomic dysfunction, retinal abnormalities and 

sleep disorders, are consistent across both MSA phenotypes (Roncevic et al., 2014, Palma et 

al., 2015, Mendoza-Santiesteban et al., 2015). The onset of MSA usually occurs between 50 

and 60 years of age (Gilman et al., 2008, Wenning et al., 2013), with death occurring 

approximately 7-9 years after symptom onset (Coon et al., 2015). Cholinesterase inhibitors can 

be used for the symptomatic treatment of cognitive symptoms in MSA, whilst Levodopa can 

also be used to treat Parkinsonian symptoms. However, like in PD, Levodopa does not work 

for all patients, and the resulting lowering of blood pressure that may occur renders this 

treatment unsuitable for MSA patients with orthostatic hypotension (Goldstein, 2014). 

 

PD, DLB and MSA are classified as synucleinopathic disease, based on their shared 

characteristic feature of pathological a-syn accumulations within the brain. PD and DLB are 

defined by their predominantly motor and cognitive symptoms, respectively, whilst MSA can 

involve varying degrees of autonomic, motor and cognitive dysfunction. The overlap in clinical 
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symptoms suggests that similar brain regions may be affected in synucleinopathies, potentially 

highlighting a shared vulnerability of specific brain regions to pathogenic a-syn changes. To 

improve the current understanding of how pathological alterations to a-syn contribute to 

synucleinopathic disease, as well as where in the brain pathology is most critical, the normal 

biological properties of a-syn need to be understood.  

 

1.3. A-syn Structure and Function 

1.3.1. Structure 

A-syn is a 14kDa (140 amino acid) soluble protein consisting of three functionally defined 

domains: an amino(N)-terminal, a central, non-amyloid-beta component (NAC) and a 

carboxy(C)-terminal (Figure 1.1). The N-terminal contains a unique sequence of highly 

conserved tandem repeats ranging from amino acids 10-85 (Waxman and Giasson, 2009, Mor 

et al., 2016). These amino acid repeats are thought to be involved in the formation of 

amphipathic alpha-helices, which are characteristic of proteins that reversibly bind to 

membranes (Maroteaux and Scheller, 1991, George et al., 1995). The C-terminal is rich in 

negatively charged amino acids which are essential to maintain solubility (Mor et al., 2016). 

Proline residues within the C-terminal are thought to disrupt secondary protein structures, 

indicating that a-syn does not have a defined secondary structure (Bertoncini et al., 2005, 

Dedmon et al., 2005). Additionally, the C-terminal contains a major site for metal binding, of 

which the binding of metal ions, including calcium, iron and copper, have been shown to 

influence a-syn aggregation (Uversky et al., 2001).  

 

The NAC domain contains a hydrophobic amino acid sequence which is involved in the 

assembly of a-syn fibrils (Uéda et al., 1993, Giasson et al., 2001). The NAC terminal may play 

a role in a-syn aggregation, as two core regions within the NAC domain, the preNAC and non-



 
 

 
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1.1. A schematic of the structure of the 140-amino-acid protein alpha-synuclein 

(a-syn). A-syn is composed of distinct amino(N)-, non-amyloid component (NAC) and 

carboxy(C)-terminal domains. The N-terminus contains most of the single point mutations in 

the a-syn gene, SNCA, which are typically associated with familial PD, including A30P, E46K 

and A53T. Phosphorylation of a-syn predominantly occurs at serine residues S87 and S129, 

whilst the tyrosine (Y) residues Y125, Y133 and Y136 are also known sites of phosphorylation. 

S129 phosphorylation is strongly associated with PD pathology. Adapted from Braithwaite et 

al. (2012).  
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amyloid core, were discovered to assemble into beta-sheets which are typical of amyloid-like 

assemblies (Rodriguez et al., 2015). A-syn predominantly exists as a monomeric and 

disordered cellular protein (Fauvet et al., 2012) (Figure 1.2). Multiple a-syn monomers can 

bind together to form oligomers, which are rich in beta-sheet structures and may represent the 

predominant protein conformation involved in a-syn pathogenesis (Roberts and Brown, 2015, 

Du et al., 2020). Further binding of monomeric and oligomeric species results in the formation 

of elongated beta-sheet a-syn fibrils, which subsequently aggregate and accumulate into LBs 

(Bartels et al., 2010, Cremades et al., 2012, Deleersnijder et al., 2013) (Figure 1.2). 

 

1.3.2. Post-Translational Modifications 

A-syn can undergo a number of post-translational modifications, including serine and tyrosine 

phosphorylation, lysine ubiquitination, truncation, N-terminal acetylation and tyrosine 

nitration (Oueslati et al., 2010, Barrett and Greenamyre, 2015), some of which may have roles 

in the misfolding and aggregation of a-syn.  

 

Phosphorylation of a-syn in LBs occurs predominantly at serine residue 129 (S129), the post-

translational modification most commonly associated with pathology in synucleinopathies 

(Oueslati, 2016), as well as serine 87 (S87) (Paleologou et al., 2010) (Figure 1.1). A-syn 

isolated from DLB brain inclusions and other synucleinopathies has been found to be 

phosphorylated at S129 (Fujiwara et al., 2002). Approximately only 4% of normal neuronal a-

syn is phosphorylated at S129, whereas more than 90% S129 phosphorylation of insoluble a-

syn has been reported in PD and DLB brains (Anderson et al., 2006, Ganapathy et al., 2016, 

Fayyad et al., 2020). The kinases involved in S129 phosphorylation of a-syn include casein 

kinase I (CK1) and II (CK2), G protein-coupled receptor kinases (GRKs), and the polo-like 

kinase (PLK) 2 and 3 (Kosten et al., 2014, Buck et al., 2015, Alcaraz et al., 2020).  
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Phosphorylated a-syn is also typically ubiquitin-tagged (Machiya et al., 2010), suggesting that 

S129 phosphorylation is a contributing factor in a-syn pathogenesis. S129 phosphorylation, 

particularly by CK2, can promote a-syn fibril formation in vitro (Tenreiro et al., 2014, Samuel 

et al., 2016). However, phosphorylation by PLK2 has been shown to directly bind to a-syn to 

regulate its clearance through the lysosome-autophagic degradation pathway, potentially 

highlighting a protective role of PLK2 in a-syn pathogenesis (Oueslati et al., 2013). 

Phosphorylation at S87, like S129, occurs naturally in vivo, however significant levels of S87 

phosphorylation have been found in synucleinopathies, as well as Alzheimer’s disease 

(Paleologou et al., 2010). S87 phosphorylation is thought to enlarge the structure of a-syn and 

thus increase its conformational flexibility, potentially blocking a-syn fibrillization in vitro 

(Paleologou et al., 2010). A-syn is also phosphorylated at tyrosine residues Y125, Y133 and 

Y136 (Figure 1.1), however the effect of  phosphorylation at these sites on the structure of a-

syn is unclear (Burai et al., 2015). 

 

Alongside a-syn, ubiquitin is another protein commonly found in LBs (Rott et al., 2017). A-

syn in LBs is mostly mono- and di-ubiquitinated, and less commonly polyubiquitinated, in 

subsets of inclusions (Zhang et al., 2019). The major ubiquitination sites of a-syn are the lysine 

residues L21, L23, L32 and L34, which reside in the amino acid repeat region within the N- 

terminal (Nonaka et al., 2005). Ubiquitination of different residues demonstrates varying 

effects on the structure of a-syn. Ubiquitination of L10 and L23 results in readily formed a-syn 

fibrils, whereas ubiquitination of L6, L12 and L21 are able to inhibit fibril formation (Zhang 

et al., 2019). However, as not all pathological inclusions contain ubiquitin, ubiquitination of a-

syn may not be a requirement for the formation of LBs. 

 



 
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3. Immunohistochemical labelling of a-syn pathology in the human brain. Lewy 

bodies (LBs) in the cytoplasm of neurons within the substantia nigra (SN) in PD (A), and in 

the amygdala in DLB (B). Glial cytoplasmic inclusions (GCIs) in the SN in MSA (C). A-syn 

labelling reveals Lewy neurites in PD (D) and in the hippocampus in DLB (E). Lewy neurites 

are also present in MSA (F). Scale bars A-D, F = 20µm. E = 50µm. A, B, D, E adapted from 

Kon et al. (2020), C, F adapted from Koga and Dickson (2018). 
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Nitrated forms of a-syn are present in both the filamentous and insoluble fractions of affected 

brain regions in synucleinopathies (Giasson et al., 2000), and have been detected in a-syn 

inclusions in nigral neurons of PD patients and animal models (Prigione et al., 2010). Elevated 

cytoplasmic oxidative stress associated with PD can lead to tyrosine nitration (Reviewed in 

Bose and Beal, 2016), with all four a-syn tyrosine residues (Y39, Y125, Y133, Y136) being 

susceptible (Sevcsik et al., 2011, Burai et al., 2015) (Figure 1.1). The exact role of nitration in 

a-syn pathogenesis remains poorly understood, as there is evidence for nitrated a-syn in 

preventing fibrillation (Yamin et al., 2003) as well as in the dimerization, and eventual 

aggregation, of a-syn (Hodara et al., 2004). However, evidence suggests that a-syn nitration as 

a result of mitochondrial and oxidative stress may play an important role in promoting 

pathogenic a-syn changes. Nitration of Y39 accelerates a-syn oligomerization (Danielson et 

al., 2009), and can result in decreasing the vesicular binding capability of a-syn (Hodara et al., 

2004). The monomeric and dimeric forms of nitrated a-syn are also able to accelerate fibril 

formation, and have been shown to seed the fibrillation of non-modified a-syn (Hodara et al., 

2004). Furthermore, nitrated a-syn variants have been shown to be more toxic than wild-type 

(WT) a-syn and induce degeneration of DA neurons in rats (Yu et al., 2010, Liu et al., 2011). 

 

The vast number of post-translational modifications associated with a-syn reflect the diverse 

functional roles of this protein. Understanding the normal functions of a-syn in neurons is an 

important step towards identifying how the protein may be involved in the development of a-

syn pathology.                                                                                                                                                                                   

 

1.3.3. Function 

A-syn was first identified in 1988 using an antibody to the purified cholinergic vesicles of the 

Torpedo electric organ, providing the first evidence of a-syn as a predominantly presynaptic 
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protein (Maroteaux et al., 1988). Further investigation revealed a-syn in presynaptic nerve 

terminals, suggesting a role in neurotransmission (Iwai et al., 1995). A-syn expression has also 

been reported within the nucleus (Goncalves and Outeiro, 2013). Beta- and gamma-synuclein 

isoforms have also been identified (Maroteaux and Scheller, 1991, Jakes et al., 1994, Buchman 

et al., 1998).  

 

Understanding the normal functions of a-syn remains a significant research focus. Early studies 

suggested that a-syn is not necessary for neuronal development or synapse formation, as 

synapse development in cultured rat neurons was found to precede a-syn expression and 

translocation to axonal terminals (Withers et al., 1997, Murphy et al., 2000). Additionally, a-

syn knockout mice are non-lethal and intact brain morphology is preserved, suggesting 

compensatory mechanisms may be present (Abeliovich et al., 2000, Cabin et al., 2002, Yavich 

et al., 2004, 2006). Experimental evidence supports an important role of a-syn in vesicle 

cycling, mobilization and size, as well as endocytosis (Ben Gedalya et al., 2009, Bendor et al., 

2013, Vargas et al., 2014), long-term synaptic maintenance and plasticity (Greten-Harrison et 

al., 2010, Vargas et al., 2014). Indeed, a-syn displays chaperone like-activity through its C-

terminal (Rekas et al., 2012), which may be important for neurotransmitter release. A-syn may 

ultimately function as a modulator of synaptic activity (Mor et al., 2016), but is also involved 

in the synthesis of dopamine, an important neurotransmitter in the brain. A-syn can inhibit both 

tyrosine hydroxylase (TH), the rate limiting enzyme involved in dopamine synthesis, and 

aromatic amino acid decarboxylases, which catalyse the conversion of the dopamine precursor 

L-DOPA to dopamine (Post et al., 2018). 

 

The structure of a-syn is important for its interactions and functions. The N-terminus of a-syn 

is able to bind to phospholipids, promoting the assembly of the SNARE complex, and its C-
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terminus can interact with synaptobrevin-2 (Burré et al., 2010). These interactions highlight 

the role of a-syn in regulating synaptic vesicle exocytosis (Sudhof and Rizo, 2011). 

Additionally, a-syn can enhance vesicle clustering by multimerizing upon binding to 

membranes (Burre et al., 2014, Wang et al., 2014), which occurs without altering vesicle fusion 

upon calcium triggering (Diao et al., 2013). These findings suggest that monomeric a-syn in 

the cytosol may be a transient state, until it binds to membranes and multimerizes in order to 

carry out its function (Villar-Pique et al., 2016). Indeed, many PD-related mutations are found 

in the N-terminus region of a-syn, the region associated with its lipid-binding properties. These 

mutations may inhibit the proper binding of a-syn to membranes, decreasing the ability of a-

syn to modulate synaptic vesicle trafficking (Wang et al., 2014). Understanding how genetic 

mutations affect the structure of a-syn, as well as other proteins involved in the normal 

functioning of a-syn, may provide clues as to how this protein is involved in disease. 

 

1.4. Genetics of Synucleinopathies 

Familial PD accounts for approximately only 10% of all cases (Corti et al., 2011), whilst 

sporadic PD makes up the remaining 90% of cases and typically differs from familial PD by 

having later age at onset and slower progression (George et al., 2009). Both sporadic and 

familial PD involve a-syn pathogenesis and neurodegeneration within the brain, suggesting 

that key pathways underlying the disease may be shared. Identifying the proteins affected by 

PD-related mutations may provide further insight into the cellular pathways involved in 

sporadic PD.  

 

1.4.1. SNCA 

In 1997 the Ala53Thr point mutation in the a-syn gene, SNCA, was found to be associated with 

autosomal-dominantly inherited PD (Polymeropoulos et al., 1997). Subsequently, a-syn was 
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identified as the main constituent of Lewy bodies from idiopathic Parkinson’s disease 

(Spillantini et al., 1997). Point mutations, which can potentially introduce changes to amino 

acid sequences, can alter the biochemical properties of a-syn and thus its function. The majority 

of point mutations in the SNCA gene associated with familial PD, including A30P, E46K, and 

A53T, are found in the N-terminal domain (Polymeropoulos et al., 1997, Kruger et al., 1998, 

Zarranz et al., 2004, Appel-Cresswell et al., 2013, Lesage et al., 2013, Proukakis et al., 2013) 

(Figure 1.1). These mutations may reduce the ability of a-syn to bind to membranes through 

the N-domain and increase the susceptibility of a-syn to form insoluble aggregates (Giasson et 

al., 1999, Lesage et al., 2013, Mahul-Mellier et al., 2015). A G51D point mutation also occurs, 

and can result in the development of neuropathological hallmarks of both PD and MSA (Kiely 

et al., 2013, 2015).  

 

Multiplications of the SNCA gene, such as duplications and triplications, result in the 

overexpression of a-syn. These multiplications and the resulting overexpression are sufficient 

to cause a-syn to aggregate and are associated with PD (Singleton et al., 2003, Chartier-Harlin 

et al., 2004, Ferese et al., 2015), as well as DLB and MSA (Fuchs et al., 2007). Additionally, 

a polymorphism in the SNCA gene, which also results in the upregulation of a-syn, has been 

identified and is associated with an increased risk of PD (Maraganore et al., 2006). These 

findings suggest that the level of a-syn expression may be an important factor in the disease 

pathway. Indeed, a-syn is known to be highly expressed in neurons in brain regions affected 

early on in PD, such as the SN pars compacta (SNpc) (Taguchi et al., 2019). 

 

1.4.2. PARK2 

Mutations in the gene PARK2, which encodes for the protein Parkin, are the most common 

cause of autosomal recessive PD (Kitada et al., 1998, Corti et al., 2011, Martin et al., 2011). 
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Parkin is one component of the multiprotein E3 ubiquitin ligase complex, which is an important 

part of the ubiquitin-protease protein degradation system. The E3 ligase complex ubiquitin-

tags damaged or excess proteins, resulting in their translocation to proteasomes to be broken 

down. Parkin resides in the cytosol and is recruited to mediate autophagy of damaged 

organelles (Pickrell and Youle, 2015). Parkin is also important for the ubiquitination of 

damaged mitochondria, targeting them for removal (Pickrell and Youle, 2015). More than 100 

pathogenic Parkin mutations are known to date, which ultimately affect the ubiquitin-protease 

system, leading to dysfunction in protein clearance mechanisms (Scarffe et al., 2014). 

Interestingly, Parkin has also been identified as a component of LBs in both PD and DLB 

(Schlossmacher et al., 2002).  

 

1.4.3. PARK6 

Mutations in the PARK6 gene, which encodes the protein Phosphatase and Tensin Homolog 

(PTEN)-Induced Putative Kinase 1 (PINK1), are the second most common cause of autosomal 

recessive PD (Kumazawa et al., 2008). PINK1 is a mitochondrial-targeting serine/threonine 

kinase, which is generally localized to the outer mitochondrial membrane with its C-terminal 

and kinase domain facing the cytosol (Zhou et al., 2008). This positioning may indicate that 

pathologically relevant PINK1 substrates may be in the cytosol or on the outer mitochondrial 

membrane (Scarffe et al., 2014). PINK1 predominantly functions in identifying and targeting 

damaged mitochondria for degradation (Shlevkov et al., 2016), and to protect mitochondria 

from malfunctioning during conditions of cellular stress (Pridgeon et al., 2007, Wu et al., 

2015). Thus, Parkin and PINK1 have similar biological roles in mediating mitochondrial 

quality control (Greene et al., 2003, Clark et al., 2006, Park et al., 2006). 
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1.4.4. PARK7 

Mutations in the PARK7 gene, which encodes the DJ-1 protein, are a much rarer cause of PD, 

and are associated with an early-onset phenotype (Bonifati et al., 2003). The age of onset in 

PD cases with mutated PARK7 ranges from 24 (Hague et al., 2003) to 40 years (van Duijn et 

al., 2001, Bonifati et al., 2002). DJ-1 is a ubiquitously expressed protein which mainly 

functions in the protection of cells against oxidative stress (van der Merwe et al., 2015). DJ-1 

is able to regulate mitochondrial activity to protect the cell from oxidative-induced cell death 

(Hayashi et al., 2009, Junn et al., 2009), linking Parkin, PINK1 and DJ-1 in a common 

biological pathway involving mitochondrial health and function. Whilst the molecular 

mechanisms underlying the function of DJ-1 remain poorly understood, studies have shown 

that DJ-1 overexpression blocks oxidative damage, and that cell death induced through 

oxidative stress increases in the absence of DJ-1 (Taira et al., 2004, Kim et al., 2005, Thomas 

et al., 2011, Batelli et al., 2015). Furthermore, DJ-1 can protect DA neurons against oxidative 

damage (Bjorkblom et al., 2013, Mullett et al., 2013, Choi et al., 2014, Tanti and Goswami, 

2014). DJ-1 knockout results in a decrease in expression of some mitochondrial uncoupling 

proteins, impaired calcium-induced uncoupling and increased oxidation of matrix proteins in 

DA neurons of the SNpc (Surmeier et al., 2010b). Oxidised DJ-1 has been found to be 

significantly decreased in the brain in idiopathic PD (Piston et al., 2017), suggesting that DJ-1 

may also be involved in sporadic PD. 

 

PD as a result of mutated SNCA typically displays shorter survival times compared to PD cases 

with mutated forms of DJ1, PINK1 or Parkin, which generally have an earlier age-of-onset, 

and better long-term survival (Aasly, 2020). Little is known about the neuropathology of PD 

involving DJ-1 mutations, although DJ-1 is highly expressed in the frontal cortex and SN in 

healthy brains (Repici and Giorgini, 2019), and may be associated with the formation of LBs 
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in PD (Taipa et al., 2016). DJ-1 mutation carriers have the highest incidence of non-motor 

symptoms (Kasten et al., 2018), whereas few PD patients with Parkin and PINK1 mutations 

display cognitive decline (Johansen et al., 2018, Kasten et al., 2018). Genetic mutations 

associated with synucleinopathies can highlight important biological pathways involved in a-

syn pathogenesis. Whilst SNCA mutations and multiplications affect the structure and level of 

endogenous a-syn, respectively, mutations in the PARK2, PARK6 and PARK7 genes can 

disrupt pathways involved in mitochondrial health and quality control (Chai and Lim, 2013). 

 

Whilst the mutations associated with familial PD highlight some important biological pathways 

which may be involved in a-syn pathogenesis, PD predominantly occurs as a sporadic disease. 

Thus, it is important to understand how other, non-genetic factors may contribute to the 

development of a-syn pathology.  

 

1.5. Non-Genetic Risk Factors 

1.5.1. Age 

Synucleinopathies are age-related neurodegenerative diseases which share a-syn pathology as 

a common feature. Although the average age of onset differs between these diseases, increasing 

age is the biggest risk factor in PD (Collier et al., 2011, Reeve et al., 2014), DLB (Boot et al., 

2013, Galasko, 2017) and MSA (O'Sullivan et al., 2008, Ahmed et al., 2012). Normal ageing 

is associated with changes in brain structure and cognitive abilities (Salminen and Paul, 2014). 

The density of cortical gray matter is reduced with age, with the most rapid decline occurring 

in the frontal lobe (Storsve et al., 2014). Reductions in white matter density have also been 

described (Sexton et al., 2014), occurring most prominently in the frontal cortex (Bender et al., 

2016). Indeed, healthy ageing is associated with moderate cognitive decline, including the loss 

of axonal and dendritic plasticity (Denver and McClean, 2018), and can result in dysfunctions 
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in memory, executive function, reasoning and attention (Blazer et al., 2015, Healey and 

Kahana, 2016). 

 

Accumulated oxidative damage in the brain, as a result of increased oxidative stress, is also 

associated with age and has been shown to be critical in the development of dementia (Chen 

and Liu, 2017). Increased oxidative stress occurs as a result of a loss in antioxidant capacity 

with increasing age, which can lead to mitochondrial dysfunction and neuronal death (Farooqui 

and Farooqui, 2009). Impaired mitochondria further lose their antioxidant ability, which can 

exacerbate damage to other organelles and lead to mutations in mitochondrial DNA (Salminen 

and Paul, 2014, Mecocci et al., 2018). Increased oxidative stress is also associated with an 

increase in inflammatory cytokines, reflecting the close relationship between oxidative damage 

and inflammation in the brain (Baierle et al., 2015). Thus, mitochondrial dysfunction, in 

addition to oxidative damage, is associated with normal ageing (Chistiakov et al., 2014, Grimm 

and Eckert, 2017).  

 

A-syn has been shown to accumulate throughout the brain with increasing age (Brighina et al., 

2010). Increased a-syn levels may be due to the stabilization of endogenous a-syn that occurs 

with age (Li et al., 2004), and could also be exacerbated by age-related decreases in cellular 

protein clearance mechanisms (Lopez-Otin et al., 2013, Tan et al., 2014). Increased levels of 

a-syn may promote its pathological aggregation (Zambon et al., 2019). Age-related increases 

in a-syn phosphorylation and oligomerization have also been found (Chen et al., 2016). As a-

syn in LBs is mostly phosphorylated (Zhou et al., 2011), this may be an important factor in the 

increased risk of oligomerization with age.  
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Disrupted calcium homeostasis is also a feature of ageing. Increased intracellular calcium 

levels can occur as a result of age-related changes in the functionality of calcium channels and 

calcium binding proteins, and as a result of mitochondrial dysfunction and oxidative stress 

(Chandran et al., 2019). Calcium alterations, specifically increased intracellular calcium and 

decreased calcium homeostasis, can make neurons more susceptible to degeneration (Surmeier 

and Schumacker, 2013, Surmeier et al., 2017b). 

 

1.5.2. Environment 

A number of environmental factors have been associated with an increased risk of PD. Chronic, 

low-dose exposure to pesticides is associated with a higher risk of PD (Ascherio et al., 2006, 

van der Mark et al., 2012, Liew et al., 2014, Narayan et al., 2017). Indeed, exposure to the 

pesticides Ziram, Maneb and Paraquat have been found to increase the risk of PD as much as 

3-fold (Wang et al., 2011). Paraquat can damage DA neurons by promoting oxidative stress 

and cell death (McCormack et al., 2002, Ossowska et al., 2006), whilst Maneb can disrupt 

normal mitochondrial function in DA neurons, resulting in increased oxidative stress levels 

and inhibition of proteasomal function (Zhang et al., 2003, Zhou et al., 2004). Ziram is thought 

to cause DA neuron damage through the inhibition of the Ubiquitin-Proteasome System (UPS) 

(Chou et al., 2008). Rotenone, a pesticide that inhibits mitochondrial complex I (Sherer et al., 

2007), and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a compound structurally 

similar to Paraquat, both selectively damage DA neurons of the SN (Langston, 2017) and are 

often used to induce Parkinsonism in experimental animals (Sherer et al., 2003, Richardson et 

al., 2007).  

 

Heavy metal exposure has also been linked to an increased risk of PD. High levels of both iron 

and copper are thought to contribute to cellular oxidative stress (Rose et al., 2011, Hadzhieva 
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et al., 2014, Wang et al., 2016, Cruces-Sande et al., 2017). Iron may promote a-syn 

oligomerization (Hare and Double, 2016, Abeyawardhane et al., 2018), and a-syn oligomers 

and iron may further interact to produce free radicals (Levin et al., 2011). Interestingly, some 

neurons of the SN have relatively high iron levels, and are particularly vulnerable to oxidative 

stress (Jellen et al., 2013). Indeed, relatively high iron levels have been reported in DA neurons 

of the SN, compared to the ventral tegmental area (VTA), which is relatively spared in PD 

(Hare et al., 2014). Copper accumulations are also associated with a reduction of dopamine in 

DA neurons (Yu et al., 2008), and a-syn aggregation (Rose et al., 2011). However, other studies 

report no association between heavy metal exposure and PD (Mariani et al., 2013, Cheng et 

al., 2015, Meamar et al., 2016).  

 

Less is known about environmental factors that can contribute to the development of DLB or 

MSA. One case of exposure to organic solvents as a risk factor for MSA has been reported 

(Nagai et al., 2012), whilst there is little evidence to associate MSA risk with pesticides (Vidal 

et al., 2008, Ozawa and Onodera, 2017). Increased iron levels have been found in specific brain 

regions in MSA, such as the putamen, but decreased iron was observed in the pons 

(Kaindlstorfer et al., 2018).  

 

The genetic and environmental risk factors associated with PD may disrupt specific cellular 

pathways, such as mitochondrial function, and may alter the structure or amount of endogenous 

a-syn. However, the initial triggers of pathogenic a-syn changes in neurons in sporadic PD 

remains poorly understood.  
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1.6. A-syn Pathogenesis 

The effects of cellular stress on a-syn have been the focus of many studies investigating the 

mechanisms underlying a-syn pathogenesis. However, it is difficult to distinguish between 

stressors that initiate early pathogenic a-syn changes, and stressors that represent cellular 

changes resulting from the effects of already aberrant, intracellular a-syn. A number of cellular 

stress conditions have been implicated as triggers of pathogenic a-syn aggregation (Figure 1.3), 

including mitochondrial and/or oxidative stress (Puspita et al., 2017, Scudamore and Ciossek, 

2018), calcium dysregulation (Dufty et al., 2007, Follett et al., 2013), excitotoxicity (Price et 

al., 2010) and protein clearance dysfunction (Harris and Rubinsztein, 2011). Thus, cell 

autonomous factors, such as the ability of certain neuron types to overcome these stressors, 

may influence the vulnerability of specific brain regions to a-syn pathogenesis in 

synucleinopathies.   

 

1.6.1. Mitochondrial/Oxidative Stress 

Mitochondria are essential for a range of important cellular functions, including adenosine 

triphosphate (ATP) production. The association between mitochondrial dysfunction and PD 

was first identified using MPTP, an inhibitor of complex I of the mitochondrial respiratory 

chain, which was found to cause acute and irreversible Parkinsonian symptoms in humans 

(Langston et al., 1983). Impairments in mitochondrial complex I activity have been found in 

the SN in PD cases (Hu and Wang, 2016). Somatic mutations in mitochondrial DNA of nigral 

neurons have also been found to accumulate with age and PD progression (Bender et al., 2006, 

Coxhead et al., 2016, Dolle et al., 2016). 

 

Oxidative stress, caused by an increase in reactive oxygen species (ROS) and/or a decrease in 

the cells’ antioxidant defence systems, has also been implicated in the pathogenesis of 
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synucleinopathies. In PD, oxidative RNA and DNA damage has been identified in the SN 

(Castellani et al., 1996, Alam et al., 1997a, 1997b, Dalfo and Ferrer, 2008). Signs of oxidative 

damage have also been reported in the SN and frontal cortex in DLB (Dalfo and Ferrer, 2008). 

However, increased oxidative DNA damage naturally occurs with increasing age, with higher 

levels of ROS and oxidative stress markers identified in aged animal brains compared to 

younger brains (Sohal et al., 1994a, 1994b, Liu et al., 2003, Serrano and Klann, 2004). 

Increased cellular oxidative stress may result in the intracellular accumulation and aggregation 

of a-syn (Hashimoto et al., 1999, Souza et al., 2000). Additionally, a-syn oligomerization (Paik 

et al., 2000) and fibrilization (Ono and Yamada, 2006) have been shown to be induced by 

oxidative agents. 

 

The role of mitochondrial and oxidative stress in the pathogenesis of synucleinopathies is 

further highlighted by the association of some genetic mutations to these cellular systems. A 

number of proteins related to mitochondrial function are associated with PD, including PINK1 

and Parkin (Weihofen et al., 2009, Matsuda et al., 2010). PINK1 protects against mitochondrial 

dysfunction through the activation of the mitochondrial damage-response signalling pathway 

(Wilhelmus et al., 2011). Mutations to the PINK1 gene, PARK6, are associated with PD 

(Valente et al., 2004, Corti et al., 2011), suggesting that the failure of mitochondrial quality 

control may be an important factor in a-syn pathogenesis. 

 

Whilst PINK1 predominantly functions in mitochondrial quality control, Parkin is involved in 

directing the clearance of defective mitochondria from the cell (Narendra et al., 2008). Parkin 

ubiquitinates a variety of substrates, tagging them for clearance via the autophagy pathway 

(Shimura et al., 2000). Mutations in the Parkin gene, PARK2, are also associated with familial 

forms of PD (Kitada et al., 1998, Mata et al., 2004). Together, Parkin and PINK1, which is 



 
  



 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.4. Braak progression of a-syn pathology in the brain in PD. Braak stage 1 and 2 

involve Lewy pathology in the dorsal motor nucleus of the vagus nerve and olfactory bulb. By 

Braak stages 3 and 4, pathology has spread to the SN, amygdala, mesocortex and thalamus. 

The late stages of PD, Braak stages 5 and 6, involve diffuse LP in the entire neocortex, from 

higher order association areas, followed by primary and secondary cortices. According to the 

Braak model, clinical symptoms of PD correspond to extensive pathology in the specific brain 

regions at each disease stage. Autonomic and olfactory dysfunction are common in stages 1 

and 2. Motor dysfunction becomes prominent with nigral involvement in stages 3 and 4. 

Cognitive dysfunction, which manifests at later stages of PD, is associated with widespread 

pathology within the cortex in Braak stage 5 and 6. Adapted from Doty (2012).  
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involved in the effective function of Parkin, are proteins involved in mediating mitochondrial 

function (Clark et al., 2006, Park et al., 2006), which appears to be a critical factor in the 

development of a-syn pathology. 

 

1.6.2. Failure of Cellular Protein Clearance Systems 

The two major protein clearance systems involved in cellular maintenance and homeostasis, 

the UPS and the autophagy-lysosome system, may also contribute to a-syn pathogenesis. The 

UPS is an essential pathway for the degradation and clearance of damaged or misfolded 

intracellular proteins and is especially vital in long-lived, post-mitotic cells such as neurons. 

Decreased proteostasis can occur as a result of normal aging, whereby damaged intracellular 

proteins are accumulated and/or cellular mechanisms involved in protein clearance become 

dysfunctional (Lopez-Otin et al., 2013). Proteolytic stress resulting from the dysfunction of 

cellular protein clearance systems has been strongly implicated in PD pathogenesis (Harris and 

Rubinsztein, 2011, Martinez-Vicente and Vila, 2013). Furthermore, neurons containing LBs 

appear to have decreased UPS and lysosomal markers in PD (Alvarez-Erviti et al., 2010) and 

DLB (Crews et al., 2010), indicating that these protein clearance systems are dysfunctional in 

affected cells. 

 

LBs contain other UPS-related proteins in lesser amounts than a-syn, including Parkin and 

ubiquitin C-terminal hydroxylase L1 (UCH-L1), which assist in preproteolytic ubiquitination 

and the removal of ubiquitin for recycling following proteasomal degradation, respectively 

(Lotharius and Brundin, 2002, Mouradian, 2002). Mutations in the genes coding for Parkin and 

UCH-L1 are associated with familial PD (Mouradian, 2002, Riess et al., 2003). Parkin is a 

component of the E3 Ubiquitin Ligase Complex, which is essential for the proper function of 

the UPS system (Greene et al., 2003, Clark et al., 2006, Park et al., 2006).  
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1.6.3. Endoplasmic Reticulum Stress 

Endoplasmic reticulum (ER) stress due to unfolded or misfolded protein accumulation in the 

ER lumen results in the activation of the unfolded protein response (UPR). The UPR pathway 

combats ER stress due to excessive protein accumulation and increased cargo load (Ron and 

Walter, 2007) and regulates the balance between protein folding and degradation. Normal 

aging has been associated with a decrease in some UPR components (Naidoo, 2009), as well 

as decreased cellular capacity to regulate and remove aberrant proteins within the cell (Lopez-

Otin et al., 2013).  

 

Activation of the UPR may be a contributing factor in a-syn pathogenesis (Varma and Sen, 

2015). ER stress has been identified in various cell culture and mouse models of PD, where a-

syn aggregation is also present (Colla et al., 2012, Mercado et al., 2013). UPR activation has 

also been identified in DLB cases (Baek et al., 2016) and in oligodendrocytes of MSA patients 

(Makioka et al., 2010). Studies have shown that UPR activation is closely associated with the 

first stages of protein accumulation and aggregation in PD, and may be an early event in 

neurodegeneration (Hoozemans et al., 2012, Mercado et al., 2013). An increase in the ER stress 

response may promote the accumulation of a-syn oligomers (Jiang et al., 2010). The UPR can 

also be initiated by an increase in a-syn (Cooper et al., 2006, Jiang et al., 2010). Parkin may be 

involved in the ER stress pathway, as a loss of Parkin has been shown to result in the 

accumulation of aberrant Parkin substrates in the ER of SN neurons, activating ER stress and 

cell degeneration (Imai et al., 2001). 
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1.6.4. Excitotoxicity 

Excitotoxicity can occur as a result of over-stimulation of neuronal glutamate receptors, 

leading to neuronal dysfunction and ultimately cell death (Arundine and Tymianski, 2003) and 

has been implicated in both PD and DLB (Nicoletti et al., 1996, Hilton et al., 2006, Mehta et 

al., 2013). A gradual rise in extracellular glutamate in the brain also occurs with normal aging 

(Zoia et al., 2004, Nickell et al., 2005, Zoia et al., 2005). Additionally, increased expression or 

activation of glutamate receptors has been identified in rodent (Battaglia et al., 2004) and 

primate models of PD (Sanchez-Pernaute et al., 2008), as well as in a-syn transgenic mice 

(Price et al., 2010). 

 

The metabotropic glutamate receptor subtype 5 (mGluR5), a predominantly excitatory 

glutamate receptor, is reportedly increased in the frontal cortex, hippocampus and caudate 

nucleus in DLB and in the caudate nucleus in PD, corresponding with the areas displaying 

increased a-syn accumulation (Price et al., 2010). mGluR5 antagonists have been shown to 

ameliorate behavioural alterations in animal models of Parkinsonism (Chase and Oh, 2000, 

Ossowska et al., 2001, Popoli et al., 2001, Phillips et al., 2006), and are also neuroprotective 

against MPTP neurotoxicity in animals (Battaglia et al., 2004, Aguirre et al., 2005). A-syn 

knock-out mice display selective protection against degeneration of mGluR5-positive 

hippocampal and cholinergic neurons (Wu et al., 2004). Parkin may also play a role in the 

regulation of excitatory glutamatergic synapses (Helton et al., 2008), providing another link 

between Parkin and PD. Mutated Parkin can lead to the proliferation of glutamatergic synapses, 

enhancing the effects of glutamate and may result in glutamate-mediated excitotoxicity (Helton 

et al., 2008).  
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Although the initial trigger of pathogenic a-syn changes remains unclear, there is evidence to 

suggest that specific regions of the brain are more vulnerable to a-syn pathogenesis and 

degeneration than others (Rietdijk et al., 2017). Understanding why some regions of the CNS 

are relatively more affected than others to a-syn pathology may provide further insight into the 

mechanisms underlying pathogenesis in synucleinopathies.  

 

1.7. Regional Vulnerability in Synucleinopathies 

Recent experimental evidence indicates that vulnerability to a-syn pathogenesis may be cell-

type specific. A majority of studies investigating neuronal vulnerability to a-syn pathogenesis 

have been conducted in DA neurons of the SN; the predominant cells affected in PD. However, 

other regions of the brain also demonstrate a-syn pathology and neurodegeneration in PD, 

including the basal ganglia (Obeso et al., 2008), locus coeruleus (Isaias et al., 2011) and the 

cortex (Hurtig et al., 2000). In MSA, a-syn aggregates characteristically occur within glial cells, 

yet neuronal degeneration within the brain still occurs (Tong et al., 2010).  

 

To improve the current understanding of factors that may influence the vulnerability of specific 

neuron types to a-syn pathogenesis and degeneration, additional regions of the brain affected 

by a-syn pathology outside of the SN require further investigation. 

 

1.7.1. PD 

A-syn-positive LBs and DA degeneration within the SN are the pathological hallmarks of PD 

(Spillantini et al., 1997, Baba et al., 1998) (Figure 1.3). However, LBs are found in other brain 

regions in PD outside of the brainstem and are not limited to DA projection neurons. Lewy 

pathology is typical within the lower brainstem, midbrain and allocortex, and within the 
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neocortex in later stages of PD (Braak et al., 2003, Dickson et al., 2010, Halliday et al., 2012, 

Boeve, 2013, Goedert et al., 2013, Uchihara and Giasson, 2016, Rietdijk et al., 2017). 

 

PD cases with extensive pathology throughout the brain typically also display neocortical 

pathology. However, there are some brain regions neighbouring affected areas which remain 

unaffected by Lewy pathology, even in late stages of PD. In the caudal medulla, pathology 

remains within the dorsal motor nucleus of the vagus nerve (DMV), intermediate reticular zone 

and raphe magnus, mostly sparing other nuclei in this region (Kingsbury et al., 2010, Surmeier 

et al., 2017a). Indeed, within vulnerable brain regions, not all neurons are affected (Surmeier 

et al., 2017b), with less than 15% manifesting Lewy pathology (Braak and Del Tredici, 2009, 

Dugger and Dickson, 2010). In the SN, affected neurons are contained within the pars 

compacta, leaving the pars reticula, and the neighbouring VTA, relatively spared from 

pathology (Surmeier et al., 2017b). 

 

1.7.2. DLB 

The characteristic pathology in DLB is the presence of LBs and LNs within the cortex 

(McKeith et al., 2017). Specifically, a-syn pathology is often present in the neocortex, primarily 

within the frontal, temporal and parietal lobes (Outeiro et al., 2019), as well as in the limbic 

system, particularly in the CA2/3 region of the hippocampus (Kon et al., 2020). Pathology can 

also be present within the SN, locus coeruleus, amygdala, cingulate cortex and olfactory cortex 

(Hansen et al., 2019, Outeiro et al., 2019) (Figure 1.3). The progression of a-syn pathology 

through the neocortex and limbic system strongly corelates with clinical dementia symptoms, 

which can mean that distinguishing between PDD and DLB in early symptomatic stages is 

difficult (McKeith et al., 2017). Cortical pathology in DLB is typically more diffuse than the 

striatal pathology observed in PD and PDD, reflecting the predominance of cognitive 
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dysfunction over motor impairment in DLB (Walker et al., 2019). Indeed, DA neuron loss 

within the SN is less significant in DLB, and occurs primarily in the medioventral region, 

compared to PD and PDD, which generally affect the dorsolateral region of the SN (Walker et 

al., 2019). Additionally, LB formation in the limbic system and neocortex may occur 

independently of the brainstem (Irwin et al., 2017, Walker et al., 2019).  

 

1.7.3. MSA 

The characteristic pathology of MSA is a-syn-positive GCIs within oligodendrocytes (Figure 

1.3). Neuropathology in MSA is complex, and reflects the spectrum of clinical phenotypes of 

the disease (Monzio Compagnoni and Di Fonzo, 2019). The striatonigral and 

olivopontocerebellar systems are primarily affected in MSA-P and MSA-C, respectively 

(Jellinger, 2020). The extent of a-syn pathology is associated with increasing disease duration 

in MSA, with the most significant damage occurring in the striatonigral system, similar to PD 

(Brettschneider et al., 2018, Jellinger, 2020). Other commonly affected areas of the brain in 

MSA include the putamen, caudate nucleus, globus pallidus and subthalamic nuclei (Monzio 

Compagnoni and Di Fonzo, 2019, Jellinger, 2020). Relative sparing of the dentate nucleus has 

been reported in MSA (Brettschneider et al., 2017). 

 

Pathology in MSA is predominantly located within oligodendrocytes, but can also occur in 

neurons (Bleasel et al., 2016, Valera and Masliah, 2018, Kaji et al., 2020). Neuronal pathology 

is found in the putamen and pons in all MSA cases, and can also occur in the SN, pontine 

nucleus, inferior olivary cortex, anterior cingulate cortex, amygdala and hippocampus 

(Jellinger, 2014, Koga and Dickson, 2018). Additionally, the frontal and parietal regions of the 

neocortex display significant neurodegeneration (Salvesen et al., 2017). MSA is associated 

with cortical thinning in the left ventromedial prefrontal cortex, bilateral ventrolateral 
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prefrontal cortex, right parahippocampal and lingual gyrus in MSA-C, and right primary 

sensory motor and left ventromedial prefrontal cortex in MSA-P (Kim et al., 2013). Cognitive 

impairment that is observed in some MSA cases may be due to degeneration within the 

neocortex (Salvesen et al., 2017). 

 

Although synucleinopathies share a-syn-positive inclusions, PD, DLB and MSA are 

characterised by particular symptoms and patterns of neuropathology within the brain, with the 

clinical symptoms of these diseases thought to originate from the main sites of pathology.  

Whilst PD and MSA-P share predominant involvement of the SN, the cortex is the primary site 

affected in DLB, and is also involved in MSA and late-stage PD. However, only a subset of 

neurons are affected in the particular brain regions involved in synucleinopathies (Surmeier et 

al., 2017b). Therefore, regional vulnerability within the brain is more likely to be dependent 

on cell-autonomous factors that contribute to the differential vulnerability of neurons within 

susceptible brain regions.  

 

1.8. Neuronal Vulnerability to A-syn Pathogenesis 

A number of traits that may contribute to the differential vulnerability of neurons to a-syn 

pathogenesis have been explored. However, a majority of this work has been centred on 

characterising DA neurons of the SNpc in PD. Whilst these neurons are the characteristic site 

of pathology in PD brains, broader brain regions such as the neocortex, a major pathological 

site in DLB and later stages of PD, and the brainstem and cerebellum, which can be affected 

in PD and MSA, remain comparatively overlooked. The specific characteristics contributing 

to the selective vulnerability of other neurons affected in synucleinopathies outside of the SNpc 

remain uncertain. A-syn pathology is a shared, primary feature in synucleinopathies. Thus, 

understanding the factors that influence the differential vulnerability of specific neuron types 
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to a-syn pathogenesis is critical to uncover the underlying mechanism involved in 

synucleinopathies. 

 

1.8.1. Axonal Morphology 

A long, highly branching axon has been identified as a potential characteristic of vulnerable 

neurons in PD. The large, poorly myelinated axonal arbour of SNpc DA neurons, as well as 

the vast number of synapses they form, distinguishes these neurons from other, less affected 

neurons in the brain (Braak et al., 2002, Moss and Bolam, 2008, Matsuda et al., 2009, Moss 

and Bolam, 2010, Surmeier et al., 2010a, Bolam and Pissadaki, 2012). Recent computational-

based models of axons of individual DA neurons show that the energy cost of action potential 

propagation and recovery of membrane potential increases with the size and complexity of the 

axonal arbour (Pissadaki and Bolam, 2013). Increasingly complex axonal networks require 

more energy for normal biological functions, such as maintaining resting cell membrane 

potential, action potential propagation and to support synaptic transmission (Harris et al., 

2012). Thus it is thought that the axons of DA neurons of the SNpc, which are thought to give 

rise to over one million synapses in humans (Pissadaki and Bolam, 2013), are at a significant 

disadvantage in regards to energy balance. This may be an important factor in their selective 

vulnerability in PD. In the neocortex, intracortical axonal arbours can extend over many 

millimetres, transmitting signals from one neuron to thousands of other cells in the vicinity 

(Budd et al., 2010). Indeed, pyramidal neurons within the neocortex have thousands of 

excitatory synapses (Hawkins and Ahmad, 2016). VTA DA neurons, which are relatively 

spared in PD, give rise to far less synapses than SNpc DA neurons (Bjorklund and Dunnett, 

2007, Schultz, 2010) (Moss and Bolam, 2010). However, although axonal morphology may be 

a contributing factor, it may not be sufficient alone to cause neuronal vulnerability. Cholinergic 
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neurons in the striatum, which are also generally spared in PD, have highly branching axons 

with as many synapses as SNpc DA neurons (Zhou et al., 2002a). 

 

A substantial proportion of endogenous a-syn is located within the nerve terminals of neurons, 

which are known to be an early site of Lewy pathology. Axonal LNs are formed prior to the 

formation of LBs in the cell soma (Braak et al., 2003). Additionally, oligomeric a-syn 

aggregates are predominantly localized within axons and presynaptic terminals, and can cause 

damage to synapses and dendrites (Lundblad et al., 2012). In efferent projections of the DMV, 

normal aging results in an increase in the number of a-syn immunoreactive dystrophic axons 

(Phillips et al., 2009). A study by Goldberg et al. has identified that long, richly-branching 

axons are correlated with metabolic burden in cholinergic neurons of the DMV, which show 

signs of pathology in the early stages of PD (Goldberg et al., 2012). 

 

1.8.2. Dopamine Expression 

DA neurons of the SN are believed to be under additional oxidative stress due to their 

requirement to metabolize dopamine (Meiser et al., 2013, Trist et al., 2019). Dopamine 

metabolism involving monoamine oxidase results in a number of oxidative products being 

generated, including oxygen radicals and hydrogen peroxide. The predominant protection 

against additional oxidative stress in DA neurons is the dopamine transporter (DAT), which 

transports the potentially oxidative dopamine molecule back into the nerve terminal where it 

can be repacked into synaptic vesicles by the vesicular monoamine transporter 2 (VMAT2) 

(Guillot and Miller, 2009). DAT expression reportedly decreases with age in the dorsal tier of 

the SN, yet remains prominent in the ventral tier, suggesting that dopamine metabolism and 

recycling could be a factor in the susceptibility of these neurons to loss in PD compared to the 

neurons within the relatively spared dorsal tier (Richter et al., 2017). 
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The regulation of dopamine levels within nerve terminals may also be an important factor in 

the susceptibility of DA neurons to a-syn pathogenesis. A-syn functions in the release of 

neurotransmitters at the presynapse, and is also a key regulator of synaptic dopamine 

homeostasis (Venda et al., 2010). A-syn is a negative regulator of TH, the rate-limiting enzyme 

involved in dopamine production (Perez et al., 2002). Decreased levels of dopamine have been 

reported in cell models expressing mutant a-syn (Perez et al., 2002), and reduced TH activity 

has been found in mice overexpressing a-syn (Masliah et al., 2000, Kirik et al., 2002). 

Additionally, dopamine has been found to promote a-syn oligomerization both in vitro (Choi 

et al., 2013) and in vivo (Mor et al., 2017). 

 

The role of dopamine neurotransmission in neuronal vulnerability to a-syn pathogenesis 

remains unclear, however, as there are non-DA neurons outside of the SN that are also affected 

in PD such as those within the DMV, LC, raphe nuclei and basal forebrain (Braak et al., 2003). 

One study has found that dopamine alone in midbrain A9 mesostriatal neurons and A10 

mesocortical DA neurons, which are generally affected and spared in PD, respectively, was not 

enough to explain the differential involvement of these neurons in disease (Chung et al., 2005). 

Rather, the differential expression of a range of molecules may be more likely to play a key 

role in the relative vulnerability to toxins and a-syn pathogenesis (Chung et al., 2005). It is now 

apparent that LB formation is not limited to DA projection neurons, but also occurs in 

glutamatergic, noradrenergic, serotonergic, histaminergic and cholinergic projection cells (Del 

Tredici and Braak, 2016).  

 

In the early stages of PD there is also a considerable loss of cholinergic neurons in the 

pedunculopontine nucleus (Tubert et al., 2019), but not glutamatergic or GABAergic neurons 
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(Halliday et al., 1990). Striatal cholinergic interneurons have been found to be relatively 

resistant in PD (Sulzer and Surmeier, 2013). However, a significant loss of both cortical and 

striatal cholinergic interneurons has also been reported (Aldrin-Kirk et al., 2014). A loss of 

serotonergic cells in the dorsal and median raphe of the brainstem has been reported in DLB 

cases, however these regions were found to be relatively spared in MSA (Benarroch et al., 

2007), suggesting that the differential involvement of raphe neurons cannot be explained by 

the involvement of serotonin alone. Aberrant a-syn in vivo in the SN and LC may confer 

preferential differentiation of noradrenergic terminals, suggesting that these systems may be 

more vulnerable than the DA system to the toxic effects of pathological a-syn (Sotiriou et al., 

2010). Adrenergic neurons have also been reported to be more vulnerable than serotonergic 

neurons in the medulla in MSA, but this appeared to progress independently from a-syn (Coon 

et al., 2016). These findings suggest that neither dopamine metabolism or other 

neurotransmitter systems solely contribute to the vulnerability of neurons to pathological 

changes leading to synucleinopathic disease, and that other factors must be involved. 

 

1.8.3. Expression of Calcium Binding Proteins 

A subset of relatively spared neurons, such as neurons in the globus pallidus and SN pars 

reticula robustly express calcium-binding proteins (CBPs) (Lee and Tepper, 2007, Gross et al., 

2011). Therefore, the relative expression of CBPs may have a significant effect on the 

vulnerability of specific neurons to synucleinopathies. CBPs such as Calbindin-D28k (CB), 

calretinin (CR) and parvalbumin (PVA), are expressed in specific neuronal populations within 

the CNS. Relatively low levels of CBPs are expressed in SNpc, LC and DMV neurons 

(Foehring et al., 2009), which are typically susceptible to a-syn pathology and degeneration. In 

comparison, VTA neurons, which are relatively resistant to pathology in PD, express higher 

levels of CBPs (Sulzer and Surmeier, 2013). Other PD-resistant autonomous pacemakers 
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within the brain, such as Purkinje neurons, globus pallidus neurons and striatal cholinergic 

interneurons, robustly express CBPs (Sulzer and Surmeier, 2013).  

 

The entry of calcium ions (Ca2+) into a cell is an energetically expensive process; to remove 

Ca2+ it must be pumped out of the cell against a much higher electrochemical gradient than any 

other ion (Sulzer and Surmeier, 2013). Many neurons utilize CBPs to lessen the energetic 

burden of pumping out Ca2+ ions, as they are able to buffer intracellular calcium levels more 

effectively, with a lower metabolic cost (Sulzer and Surmeier, 2013). Neurons within the SNpc 

expressing CB are relatively preserved in human cases of PD and animal models of PD 

(Yamada et al., 1990, Choi et al., 2008, Yuan et al., 2013), which suggests that CB, among 

other CBPs, may provide some resistance to PD-related pathogenic changes. CB-positive 

neurons have also been shown to be spared from a-syn pathology, with a-syn aggregates 

occurring in CB-negative neurons (Rcom-H'cheo-Gauthier et al., 2016). Additionally, 

mesencephalic DA neurons not expressing CB are reportedly under more mitochondrial 

oxidant stress compared to those with CB expression (Dryanovski et al., 2013).  

 

Transient increases in intracellular Ca2+ have been shown to induce a-syn aggregation in 

neurons (Follett et al., 2013, Rcom-H'cheo-Gauthier et al., 2014). Interestingly, this 

aggregation was effectively blocked by both BAPTA-AM, a Ca2+ buffering agent, and 

Trimethadione, a Ca2+ channel blocker (Follett et al., 2013, Rcom-H'cheo-Gauthier et al., 

2014). It is thought that the expression of CBPs facilitates the resilience of DA neurons by 

sequestering Ca2+ without the use of excessive ATP, thereby reducing the energetic burden of 

calcium homeostasis within these neurons, and potentially their vulnerability to further insult 

(Hurley et al., 2013, Yuan et al., 2013). 
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1.8.4. Calcium Channels 

The distinct electrical activity patterns of DA midbrain neurons, which are crucial for dopamine 

release, are generated and controlled by specific sets of ion channels. The coordination of 

neuronal ion activity tightly controls electrical activity of SN DA neurons, and thus is crucial 

for both age-dependent physiological functions and response to pathophysiological conditions 

(Liss and Roeper, 2010, Surmeier et al., 2012). DA SNpc neurons are autonomous pacemakers 

and also have relatively large terminal fields. These features result in a large influx of Ca2+ 

through L-type voltage-gated Ca2+ (Cav) channels (Chan et al., 2007). The level of active 

transport required to maintain low intracellular Ca2+ levels in DA neurons means that they are 

relatively more at risk of oxidative stress (Dryanovski et al., 2013, Surmeier et al., 2017b). Cav 

channels, particularly the Cav1.3 subtype, in SN DA neurons are able to engage ion channels 

which allow additional extracellular Ca2+ to enter the cell (Puopolo et al., 2007), leading to 

elevated concentrations of intracellular Ca2+ (Chan et al., 2007). Indeed, one study found 

dramatic differences in Ca2+ handling between neurons demonstrating differential vulnerability 

to Parkinsonian degeneration, particularly in the expression of L-type (Cav1.2-4) Ca2+ channels 

(Brimblecombe et al., 2015). Maintaining calcium homeostasis may reduce oxidative stress in 

neurons, particularly DA neurons of the SN that have a pacemaking pattern driven by Ca2+ 

influx through Cav1 channels (Surmeier et al., 2017c).  

 

There is evidence that increased cytosolic Ca2+ can promote a-syn aggregation within neurons. 

Calcium ions are able to induce the rapid formation of annular a-syn oligomeric species by 

binding to the calcium-binding domain in the C-terminal region of a-syn (Lowe et al., 2004). 

Indeed, transient increases in intracellular free calcium are sufficient to accelerate a-syn 

aggregation in neurons, which appears to be concentration-dependent (Nath et al., 2011, Follett 

et al., 2013). The direct binding of Ca2+ ions to a-syn drives rapid oligomer formation which 



 35 

does not occur in the presence of C-terminally truncated a-syn (Nath et al., 2011). The 

insecticide Rotenone, which is commonly used in animal models to induce Parkinsonian 

symptoms and nigrostriatal degeneration (Betarbet et al., 2000), has been demonstrated to act 

through a calcium-mediated pathway (Yuan et al., 2015). Rotenone increased intracellular 

calcium levels and induced a-syn aggregation and phosphorylation, which were alleviated in 

the presence of the calcium buffer BAPTA-AM (Yuan et al., 2015). Calcium binding may lead 

to the structural exposure of the NAC domain of monomeric a-syn, promoting beta-sheet 

formation and thus promoting a-syn aggregation (Han et al., 2018). 

 

SNpc DA neurons are slow, broad-spiking autonomous pacemakers which lack much intrinsic 

Ca2+ buffering capacity (Foehring et al., 2009). Their tonic action potential firing is crucial for 

dopamine release from striatal axon terminals (Rice et al., 2011). Ca2+ entry into SN neurons 

may drive mitochondrial stress associated with PD and neurodegeneration (Surmeier et al., 

2010a, 2010b). Like SN DA neurons, DMV neurons are slow, autonomous pacemakers with 

broad action potential spikes, which leads to Ca2+ entry that is weakly buffered (Goldberg et 

al., 2012). In DMV cholinergic neurons, SNpc DA neurons and LC noradrenergic neurons, the 

sustained engagement of L-type Ca2+ channels enhances the reliability of autonomous spiking, 

but consequently results in increased mitochondrial oxidant stress (Guzman et al., 2010, 

Goldberg et al., 2012). The density of L-type channels in SN DA neurons is higher than DA 

neurons located in the VTA, which may result in a higher Ca2+ load in SNpc DA neurons and 

account for their increased susceptibility to degeneration compared to the relatively spared 

VTA neurons (Philippart et al., 2016). The predominant channel involved in Ca2+ influx in SN 

neuron pace-making, the Cav1.3 channel, is thought to be involved in Ca2+ dyshomeostasis as 

it does not fully close during autonomous firing (Wilson and Callaway, 2000, Puopolo et al., 

2007, Surmeier and Schumacker, 2013). VTA DA neurons are also slow pacemakers, yet differ 
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from SNpc DA neurons by having strong intrinsic calcium buffering (Chan et al., 2007, 

Guzman et al., 2009, Khaliq and Bean, 2010, Philippart et al., 2016), and lower density of 

Cav1.3 Ca2+ channels (Chan et al., 2007, Guzman et al., 2010). These factors may contribute 

to reduced oscillations in dendritic Ca2+ concentration during pacemaking in VTA DA neurons, 

which may also lead to a lower metabolic load (Guzman et al., 2010). Furthermore, a subset of 

relatively spared neurons, such as neurons in the globus pallidus and SN pars reticula, are fast 

autonomous pacemakers with brief action potentials, and also robustly express Ca2+ binding 

proteins (Lee and Tepper, 2007, Gross et al., 2011).  

 

The reliance on these channels to drive autonomous pacemaking is thought to increase with 

age, as juvenile DA neurons in the SNpc use pacemaking mechanisms common to neurons that 

are relatively unaffected in PD. The increasing reliance on this system with age results in 

sustained increases in cytosolic Ca2+ concentration, particularly in dendrites. Along with other 

age defects that potentially accumulate over time, elevated levels of cytosolic Ca2+ are thought 

to stimulate mitochondrial respiratory metabolism and ROS generation and may be a key step 

in DA degeneration. Thus, blocking Cav1.3 channels in adult neurons may be a neuroprotective 

strategy in synucleinopathies (Simuni et al., 2010, Biglan et al., 2017). 

 

These findings suggest that many neurons which degenerate in neurodegenerative diseases 

have essential physiological functions that require maintained autonomous spiking under 

normal and stressful conditions, and that sustained activation of L-type Ca2+ channels enhance 

the reliability of autonomous spiking whilst increasing mitochondrial oxidant stress as a 

consequence (Sanchez-Padilla et al., 2014). Indeed, studies have shown that the long-term use 

of antihypertensive calcium channel blockers is associated with a reduced risk of PD (Becker 

et al., 2008, Gudala et al., 2015) and a decrease in mortality rate amongst PD patients 
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(Pasternak et al., 2012). However, it has also been reported that there is no beneficial effect of 

the brain-penetrant calcium channel blocker dihydropyridine on delaying PD progression and 

that the effect over the course of PD would be insignificant (Marras et al., 2012). The 

biochemical or genetic manipulation of vulnerable DA neurons to enhance energy production 

could be a protective and beneficial strategy in PD. However, this would depend on early, pre-

symptomatic diagnosis as the onset of symptoms in PD is thought to occur once as much as 

50% of SN DA neurons are already lost (Ross et al., 2004). 

 

These studies point towards a common neuronal phenotype vulnerable to a-syn pathology, in 

which vulnerable neurons of the SNpc have extensive axonal connections, low expression of 

CBPs and a predominant reliance on Cav1.3 channels. However, neuronal populations in other 

brain regions are also affected by pathogenic a-syn in synucleinopathies, such as the neocortex 

and cerebellum. Whilst a-syn pathology is thought to spread through anatomical networks of 

the brain from the brainstem to the cortex, not all connected brain regions are affected (Rietdijk 

et al., 2017, Surmeier et al., 2017a). Thus, regional vulnerability to a-syn pathogenesis in the 

brain may be dependent on the differential vulnerability of neurons within those regions. 

Further research investigating whether other vulnerable neuronal populations share these 

phenotypic traits of SNpc neurons may increase our understanding of the mechanisms 

underlying initial pathogenic changes in PD, and in turn reveal a common target in 

synucleinopathic disease for broad-spectrum therapeutics. 

 

1.9. The Spread of A-syn Pathology 

A staging system proposed by Braak et al. suggests a specific pattern of a-syn pathology within 

the CNS in PD (Braak et al., 2003). The Braak hypothesis proposes that brainstem nuclei, 

which are also characteristically affected in PD, are the first area in the brain to develop LBs, 
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and the involvement of other higher brain regions reflects the progression of disease (Braak et 

al., 2003). Braak and colleagues postulate that Lewy pathology may initially develop within 

the olfactory tract and vagal nerve, then spread to the brainstem and eventually the neocortex 

(Figure 1.4). The development of pathology is simplified into stages: Stage 1 - pathology 

develops within the dorsal motor nucleus of the glossopharyngeal and vagal nerves and anterior 

olfactory nucleus; Stage 2 - the coeruleus-subcoeruleus complex is affected; Stage 3 - 

pathology develops within the SN; Stage 4 - anteromedial temporal mesocortex represents 

initial cortical involvement; Stage 5 - the neocortex becomes involved via high order sensory 

association areas and prefrontal fields; Stage 6 - at the end stage of PD, nearly the entire 

neocortex is involved, with pathology in first order sensory association areas, premotor areas, 

as well as primary sensory and motor fields (Braak et al., 2003) (Figure 1.4). 

 

The Braak hypothesis proposes that sporadic PD pathology initiates in two places: the nasal 

cavity and the gut (Hawkes et al., 2007). Lewy pathology then spreads through the CNS to 

eventually involve the neocortex, where the extent of pathology is linked to clinical symptoms 

and disease stage (Figure 1.4). Stages 1 and 2 are thought to be presymptomatic, stages 3 and 

4 involve the onset of clinical symptoms, and stages 5 and 6 reflect terminal disease stages in 

PD associated with the onset of dementia-like symptoms. Indeed, gastrointestinal and olfactory 

issues, such as constipation and loss of smell respectively, are often early symptoms of PD and 

may precede the onset of motor symptoms (Ross et al., 2008, Cersosimo et al., 2013). 

Furthermore, gastrointestinal problems have also been described in both genetic and toxin-

induced models of early-stage PD without motor dysfunction (Drolet et al., 2009, Noorian et 

al., 2012, Wang et al., 2012). Additionally, recent evidence using cell culture and animal 

models has shown that a-syn is in fact transmissible to recipient cells. Brain homogenates 

enriched with pathological a-syn were found to induce Lewy pathology in the CNS of recipient 
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animals (Mougenot et al., 2011, Luk et al., 2012, Watts et al., 2013, Recasens et al., 2014). 

These models also showed that a-syn aggregation developed at sites that were a considerable 

distance from the injection site in vivo, indicating propagation of the misfolding process (Luk 

et al., 2012, Masuda-Suzukake et al., 2013, Sacino et al., 2014). 

 

Whilst there is evidence in favour of this pattern of pathological spread in PD, there is also 

evidence refuting the Braak hypothesis. Some studies support Braak staging, reporting that 

diagnosed cases of PD display Lewy pathology and degeneration within the medullary and 

pontine nuclei and SN, and pathology within the nucleus basalis, limbic, cingulate and frontal 

cortices and amygdala, which corresponded to clinical Braak stages 4-6 (Jellinger, 2003, 2004). 

However, a number of studies examining post-mortem PD brain tissue report that 17-47% of 

cases do not follow the predicted pattern proposed in the Braak staging scheme (Attems and 

Jellinger, 2008, Kalaitzakis et al., 2008, Parkkinen et al., 2008), with approximately 7-8.3% 

displaying pathology within higher brain regions, but not regions postulated to be affected 

earlier, such as the DMV (Attems and Jellinger, 2008, Kalaitzakis et al., 2008). Furthermore, 

up to a third of PD patients lack Lewy pathology in the enteric nervous system (ENS), 

contradicting a key aspect of Braak’s hypothesis (Lebouvier et al., 2011, Devos et al., 2013). 

 

There is also contradictory evidence surrounding the link between pathology and clinical 

symptoms in affected regions. Only 45% of people with widespread Lewy pathology have 

diagnosed motor or dementia symptoms (Parkkinen et al., 2008) and only 10% with pathology 

in the SN, DMV and/or basal forebrain were diagnosed with PD (Parkkinen et al., 2005). The 

mechanisms underlying synucleinopathic disease, as well as the biological consequences of 

pathogenic a-synuclein, may be even more complex than predicted.  Whilst the Braak 



 
 

 
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.2. A schematic demonstrating neuronal Lewy body formation. A-syn is present 

as soluble monomers in the cytoplasm of neurons. Misfolding of endogenous a-syn monomers 

results in the formation of insoluble oligomers. Oligomers can further accumulate into 

protofibrils, to eventually form mature a-syn fibrils. These a-syn fibrils are deposited into 

cytoplasmic inclusions as Lewy bodies.  Adapted from Roberts and Brown (2015). 
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hypothesis may describe some PD cases, there is enough evidence to indicate that pathology 

and progression of PD cannot be so easily predicted in all cases.  

 

Although there may be some capacity to predict brain regions affected in PD, it is important to 

note that only a subset of neurons within these regions actually develop Lewy pathology, such 

as the DA neurons within the typically affected SNpc region. The specific pattern of a-syn 

pathology, particularly in PD brains, suggests that whilst the development of the disease may 

progress through anatomically connected regions of the CNS, the vulnerability of affected 

regions may actually be due to cell-autonomous factors of the neurons within these brain 

regions. The vulnerability of specific neurons within susceptible brain regions highlights the 

need to increase our understanding of the cellular determinants of vulnerability to a-syn 

pathogenesis, particularly in affected regions common to synucleinopathies, such as the cortex, 

which is a critical region in late-stage PD and DLB.  

 

1.10. Summary and Aims 

The pathological aggregation and deposition of a-syn into intracellular inclusions is the 

hallmark pathology in PD, DLB and MSA. A major barrier to the development of effective 

treatments for synucleinopathies is the current lack of knowledge regarding how a-syn 

pathogenesis is initiated. Whilst cellular stress has been implicated as an initiating factor in a-

syn pathogenesis, it remains unclear which stress condition(s) may ‘trigger’ aberrant a-syn 

changes. Although the mechanisms underlying a-syn pathogenesis remain unclear, evidence 

suggests that the location and spread of a-syn pathology in the brain is dependent on cell-

autonomous factors. The typically affected neurons in PD, the DA neurons of the SNpc, have 

long, complex axonal connections, relatively low expression of CBPs, and are slow, 

autonomous pacemakers reliant on specific Ca2+ channels. However, less is known about the 
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phenotype of other affected neuronal populations, such as cortical neurons, which are affected 

in DLB and in late stages of PD. To improve the current understanding of factors contributing 

to the specific vulnerability of neurons in synucleinopathies, further research to investigate and 

identify common features across a broader range of neurons affected by a-syn pathology is 

required. This thesis aims to address the hypothesis, “Pathogenic A-syn Changes are Initiated 

by Cellular Stress Associated with Calcium Dyshomeostasis in Specifically Vulnerable Neuron 

Types”.  

 

Aim 1: Investigate the effect of calcium dysregulation on endogenous a-syn in cortical 

neurons in vitro 

Recent experimental evidence implicates calcium dyshomeostasis in the pathogenesis of a-syn. 

However, whilst the ability to buffer calcium appears to be important in providing resistance 

to a-syn pathogenesis in nigral neurons, there is little known about how calcium dysregulation 

can alter endogenous a-syn in cortical neurons. The first chapter of this thesis aimed to 

investigate the effects of calcium dysregulation on a-syn expression levels in primary cortical 

neurons.  

 

A primary cell culture model was utilized to address this aim, as the cellular growth 

environment can be manipulated to challenge cultured neurons. Primary cortical mouse 

neurons were plated in microfluidic chambers, which facilitate the separation of the neuronal 

somata from their axons. The soma of cultured primary cortical neurons was challenged with 

potassium chloride, a compound previously used in studies to initiate intracellular calcium 

dyshomeostasis. The microfluidic chamber allows for the independent analysis of the neuronal 

cell bodies and axons. The effects of calcium dysregulation on endogenous a-syn were 

quantified in cortical neurons, and specific subpopulations of cortical neurons were 



 42 

investigated to identify whether particular neuron types were more vulnerable to a-syn 

pathogenesis. 

 

Aim 2: Investigate differences in the expression of calcium binding proteins and calcium 

channels in spared and affected cortical regions in brain tissue from PD cases 

To further understand why specific brain regions are more vulnerable to a-syn pathogenesis, 

the expression profiles of CBPs and calcium channels need to be identified. The second aim of 

this thesis aimed to investigate the expression of CPBs, such as CB and CR, and the expression 

of the Cav channels, Cav1.2, using cortical brain tissue from human PD cases compared to 

brain tissue from age-matched controls. The relative burden of a-syn pathology was quantified 

and compared between spared and affected cortical PD regions. Additionally, aspects of the 

overall calcium handling ability and pathology burden was assessed and compared between the 

relatively spared primary visual cortex and two affected cortical regions in PD, the prefrontal 

lobe and somatosensory association area. 
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2. THE A-SYN RESPONSE TO CALCIUM DYSREGULATION IN CORTICAL 

NEURONS IN VITRO 

2.1. INTRODUCTION 

Synucleinopathies are predominantly sporadic diseases, with only a small subset of PD, DLB 

and MSA cases having a familial link. However, the mechanisms underlying the sporadic onset 

of a-syn pathogenesis represents a critical gap in the current knowledge. Parkin, PINK1 and 

DJ-1 are involved in mitochondrial and oxidative stress pathways, and mutant forms of these 

proteins are associated with familial synucleinopathies (Reviewed in Scarffe et al., 2014, Blesa 

et al., 2015). Parkin, PINK1 and DJ-1 mutations are also linked to cellular Ca2+ dyshomeostasis 

(Guzman et al., 2010, Cali et al., 2013, Scarffe et al., 2014). Therefore, a Ca2+-mediated 

pathway may be a critical factor in the development of a-syn pathology. As previously 

discussed, intracellular Ca2+ may be directly involved in the pathological aggregation of a-syn 

(Lowe et al., 2004, Nath et al., 2011, Follett et al., 2013, Yuan et al., 2015, Han et al., 2018). 

 

Although the mechanisms underlying neuronal a-syn pathogenesis remain unclear, there is 

evidence that specific neuron types may be more vulnerable to pathogenic a-syn changes than 

others, such as the classically affected DA neurons of the SN in PD. A number of studies have 

identified the importance of neuronal calcium buffering in relation to a-syn pathogenesis 

(Dryanovski et al., 2013, Rcom-H'cheo-Gauthier et al., 2016). Indeed, the ability to buffer 

intracellular Ca2+ appears to be important for neuroprotection, as studies in both animal and 

human models of PD have found that DA neurons expressing the calcium-binding proteins CR 

or CB are selectively preserved (Yamada et al., 1990, German et al., 1992, Mouatt-Prigent et 

al., 1994, Kim et al., 2000, Choi et al., 2008, Yuan et al., 2013). SN DA neurons are among the 

most studied cell type in PD, yet cortical neurons, which are affected in later stage PD and 

DLB, remain relatively less studied. Understanding the pathways involved in a-syn aggregation 
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in affected neurons outside of the SN could provide valuable insight into how neuronal a-syn 

pathology is initiated throughout the CNS in synucleinopathies. 
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2.2. METHODS 

2.2.1. Animals 

All procedures were approved by the Animal Ethics Committee of the University of Tasmania 

and conducted in accordance with the Australian Code of Practice for the Care and Use of 

Animals for Scientific Purposes, 2013 (Ethics applications A14233, A16593). Transgenic mice 

expressing YFP under the control of the mouse thymus cell antigen 1 (Thy1) promoter (strain 

B6.Cg-Tg(Thy1-YFP)16Jrs.J), were obtained from Jackson Laboratories (JAX 3709) and bred 

on a C57BL/6J background. These transgenic mice express high levels of YFP in excitatory 

motor and sensory neurons, as well as in pyramidal neurons in cortical layers 2-6, from the 

mid-gestational stage into adulthood (Feng et al., 2000). YFP is not expressed in GABAergic 

or non-neuronal cells. Time-mated pregnant Thy1-YFP mice were housed on a 12-hour 

light/dark cycle (Tang et al., 2018) with free access to food and water.  

 

2.2.2. Primary Culture 

Coverslip preparation was performed in a laminar flow hood. 24mm square glass coverslips 

(Thermo Scientific) were etched with 70% nitric acid for four hours, rinsed with Milli-Q three 

times, then autoclaved in a glass petri-dish and allowed to dry. Coverslips were placed in 6-

well trays and exposed to ultra-violet light for 30 minutes. Microfluidic chambers (Xona 

Microfluidics, Cat. No.: SND450) were then placed in the 6-well trays. 0.001% (v/v) poly-L-

lysine (Sigma-Aldrich) in 0.01M PBS was applied to coverslips overnight at room temperature. 

The poly-L-lysine was removed prior to culture and the culture trays allowed to dry in a 

biosafety cabinet. Initial plating media was added (0.2mL per well in 4-well microfluidic 

chambers) and trays equilibrated at 37°C in 5% carbon dioxide (CO2) for a minimum of 2 hours 

prior to plating cells. 
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Primary cortical cell cultures were prepared from Thy1-YFP embryonic mice at day 15.5 of 

gestation (E15.5) using established methods (Jiang et al., 2019). The pregnant mother was 

sacrificed by CO2 asphyxiation (0.5L/minute for 6 minutes) and the embryos removed. 

Individual foetuses were removed from embryonic sacs and decapitated. Cortical tissue was 

dissected under a light microscope (Nikon) and the meninges removed before placing the tissue 

in 5mL Hanks Balanced Salt Solution (HBSS, Gibco). Dissected cortical tissue was 

enzymatically dissociated using 0.25% trypsin (BDH Chemicals) in 0.01M sterile PBS for 5 

minutes in a 37°C water bath. The HBSS and trypsin were then removed and 1mL of Initial 

plating media (Neurobasal [Appendix A] supplemented with 2% v/v B27 [Appendix B], 10% 

v/v fetal calf serum, 0.5 mM L-glutamine, 25μM glutamic acid and 1% v/v antibiotic-

antimycotic; Thermo Fisher Scientific) was added to the cells. The cell suspension was then 

further mechanically triturated using a 1mL pipette until the cells were completely dissociated. 

A cell count was performed using trypan blue exclusion to determine the concentration of cells 

in the suspension. Cortical neurons were plated in initial media at 1.6 x 105 per coverslip for 

the microfluidic chambers in 6-well trays (Costar®, #3516) and incubated at 37°C, with 5% 

CO2. At 1DIV the initial media was replaced with maintenance media (Neurobasal 

supplemented with 2% v/v B27, 0.5mM L-glutamine, 1% v/v antibiotic-antimycotic), of which 

half was replenished with fresh media every 3 days.  

 

2.2.3. Cell Stress Treatments 

All treatments were made up in a solution of equal parts conditioned and new maintenance 

media. KCl was diluted in media to final concentrations of 25mM and 50mM. Mouse primary 

cortical cultures grown in the microfluidic chambers were treated at 10DIV, at which point 

they exhibited extensive axonal growth into the axonal compartment. Sterile H2O was added 

to a solution of conditioned and new media at the same volume as the highest concentrated 
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KCl treatment and added to cell cultures as a vehicle control (VC). Naïve controls (NC) were 

also used, which did not receive treatment but received routine media changes as required. All 

treatments were applied to the growth environment containing cultured neuronal somata for 2 

hours, at which point the treatment was removed and replaced with equal parts new and 

conditioned media (Follett et al., 2013). 24 hours after the start of treatment, cells were fixed 

with 4% paraformaldehyde (PFA) for 20 minutes at room temperature. Once fixed, coverslips 

were washed three times in 0.01M PBS for 10 minutes and either used immediately for 

immunocytochemistry or covered and stored in the dark in an antimicrobial sodium azide 

solution (0.02% in 0.01M PBS) at 4°C.  

 

2.2.4. Immunocytochemistry 

Coverslips stored in 0.02% sodium azide were washed twice with 0.01M PBS for 10 minutes 

prior to performing immunocytochemistry. Fixed cells were permeabilised in 0.3% Triton-X 

100 (Sigma-Aldrich) in 0.01M PBS and 5% goat serum (Sigma-Aldrich) for 30 minutes. 

Coverslips were transferred to wax sheets for antibody application and covered from light as 

much as possible throughout the immunocytochemistry protocol. Concentrations and details of 

primary antibodies used are shown in Table 2.1. The a-syn antibody (BD Bioscience), which 

is targeted to amino acids 15-123 of rat a-syn, was used for the quantification of endogenous 

a-syn in cortical neurons (Poehler et al., 2014, Yang et al., 2019, Ardah et al., 2020, Goya et 

al., 2020). Cortical neurons expressing YFP were visualised using an anti-GFP primary 

antibody to enrich the endogenous fluorescent signal. Primary antibodies were diluted in 0.01M 

PBS containing 5% goat serum and applied to coverslips overnight at 4°C. Coverslips were 

then left at room temperature for 1 hour prior to washing three times in 0.01M PBS for 10 

minutes at room temperature to remove any unbound primary antibody. No-primary controls, 
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in which primary antibodies were omitted, were included to verify the specificity of all 

antibodies. 

 

 

Primary antibodies were detected with AlexaFluor conjugated fluorescent secondary 

antibodies specific to their respective species and isotype (Table 2.2). Secondary antibodies 

were diluted in 0.01M PBS to a concentration of 1:1000 and applied to coverslips for 2 hours 

at room temperature. After the secondary antibodies were removed, 4’-6-diamidino-2-

phenylindole (DAPI, Invitrogen) from a 5mg/mL stock was applied to the coverslips at a final 

concentration of 1:10 000 for 5 minutes. Cells were then washed twice in 0.01M PBS for 10 

minutes. Coverslips were rinsed in milli-Q water prior to mounting onto glass slides using 

mounting media (PermaFluor, Thermo Scientific) and allowed to dry in the dark for at least 24 

hours prior to imaging. Specificity of all secondary antibodies was verified by incubating cells 

with the corresponding secondary antibody without pre-incubation of primary antibody. 

  

Table 2.1. Primary Antibodies 

Name Immunogen 
(Isotype) 

Host Manufacturer Dilution 

     

A-syn Rat synuclein-1, amino acids 

15-123 (IgG1) 

Mouse 

monoclonal 

BD Bioscience 

(610786) 

1:500 

     

CR 
 

Recombinant protein with 6-

His at the N-terminal (IgG) 

Rabbit 

polyclonal 

Swant  

(7697) 

1:2000 
 

     

GFP 

 
 

His-GFP (full length) fusion 

protein (IgG2a) 
 

Rat 

monoclonal 
 

Nacalai Tesque 

(04404-84) 
 

1:3000 
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2.2.5. Microscopy and Image Analysis 

Images were captured using a Spinning Disk laser confocal microscope (UltraView®VOX, 

Perkin Elmer) on an inverted microscope (Nikon TiE, Nikon) with a 40X lens objective. 

Velocity software (v6 3.0, 2013, Perkin Elmer) was used to capture three images using an Orca 

R2 camera (C106000, Orca, Hamamatsu) of both the cell body and axonal compartments of 

the microfluidic chambers per coverslip. Images of the neuronal cell bodies were captured as 

3μm z-stacks. 

 

A-syn immunoreactivity was quantified for each neuron by using Fiji software to trace around 

each immunopositive cell body and measuring the mean fluorescence value. The background 

fluorescence value, calculated as the average mean fluorescence of three background regions 

in each image, was subtracted from the mean fluorescence value as a reading of 

immunoreactivity in Relative Fluorescence Units (RFU) (Hartig, 2013). RFU thresholds were 

set to classify cells with low (0-45 RFU), moderate (46-89 RFU) and high (90+ RFU) a-syn 

immunoreactivity. Additionally, a-syn immunoreactivity within CR- and YFP-positive 

neurons was measured. Axonal puncta immunolabelled for a-syn underwent analysis to 

Table 2.2. Secondary Antibodies 
  

Conjugate Species/reactivity Dilution Manufacturer 

Alexa Fluor™ 488 Goat anti-rat 1:1000 Life Technologies 

Alexa Fluor™ 546 Goat anti-mouse 1:1000 Life Technologies 

Alexa Fluor™ 647 Goat anti-rabbit 1:1000 Life Technologies 
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quantify puncta size and number by thresholding each of the images manually and using the 

‘Analyze Particles’ function in Image J (circularity threshold set to 0.2-1.0). 

 

Aperture and exposure time were kept constant for all images in each analysis to quantitate and 

compare fluorescence intensity. Analysis was performed using Fiji (National Institute of 

Health, v.1.50i).  Images were systematically blinded prior to analysis. Treatment groups were 

revealed once analysis was complete. No adjustments were made to any of the images obtained 

prior to analysis. However, images shown in figures were adjusted for brightness and contrast 

using Fiji and Adobe Photoshop CS5 software (v.12.0). 

 

Cell viability was assessed using DAPI labelling at a concentration of 1:10 000 to calculate the 

percentage of healthy cells, as opposed to apoptotic cells, identified by their pyknotic nuclear 

morphology, within each field of view. Images were made binary in Fiji, inverted to assess 

nuclear staining, and counted using the Cell Counter tool. Cell viability is reported as the 

proportion of healthy nuclei from the total number of nuclei per field of view. 

 

2.2.7. Statistical Analysis 

GraphPad (Prism 6, version 6.04, GraphPad Software, Inc., USA) was used for statistical 

analysis and to create graphical representations of data. Comparisons of statistical significance 

between treatment and control groups was determined using Student’s t-tests (paired, non-

parametric, Wilcoxon matched-pairs signed rank test). To achieve adequate power (80%) a 

sample size of 5 individual experiments was required, based on an effect size of 0.5. Three 

separate litters were used for the preliminary 25mM KCl analysis. Six individual litters were 

used for the 50mM KCl experiments. Statistical analysis was performed using values obtained 

from each litter, using a minimum of two separate images per coverslip, and at least two 
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coverslips for each treatment group. Values are expressed as the mean ± standard error of mean. 

Probability values (p-values) less than 0.05 were considered statistically significant. 
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2.3. RESULTS 

2.3.1. 25mM KCl has no effect on neuronal health or a-syn level within primary cortical 

neurons after 24 hours 

This thesis chapter aimed to investigate the effects of calcium dysregulation, induced by KCl, 

on a-syn levels in primary cortical neurons. A primary cell culture model was utilized to 

address this aim, as the cellular growth environment can be manipulated to challenge the 

cultured neurons. The addition of potassium chloride (KCl) to the cellular growth media has 

previously been used to induce neuronal K+ depolarization, leading to a rapid influx of positive 

ions, including  Ca2+, into the cell (Follett et al., 2013). The first aim of this chapter was to 

identify an effective, yet non-toxic, concentration of KCl to induce an a-syn response in cortical 

neurons.   

 

Cortical neurons were fixed 24 hours following treatment to determine how disrupted 

intracellular ion levels would affect neuronal a-syn immunoreactivity. Neuronal health post-

treatment was quantified using DAPI nuclear staining to differentiate between normal, healthy 

nuclei and nuclei with condensed morphology. Neuronal health values are given as the number 

of nuclei with normal morphology as a proportion of the total number of DAPI-labelled nuclei 

present in the field of view. 

 

To identify whether the physical application of the treatments to the cellular growth 

environment had any detrimental effects on cultured cells, neuronal health was compared 

between the vehicle control (VC) and naïve control (NC). Analysis of nuclear morphology in 

cortical neurons following treatment showed no difference in the proportion of healthy neurons 

between the NC (0.556 ± 0.096, Mean ± standard error of the mean (SEM)) and the VC (0.558 

± 0.084, p = 0.750) (Figure 2.1. A, B). There was also no change in the proportion of healthy 
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neurons treated with 25mM KCl (0.618, ± 0.070) when compared to the VC (p = 0.500) (Figure 

2.1. A, B). 

 

A-syn immunoreactivity was then quantified to determine the effect of calcium dysregulation 

on endogenous a-syn levels. Mean fluorescence of a-syn immunolabelling was used as a 

measure of a-syn level within individual neurons. A-syn mean fluorescence was quantified for 

all immunolabelled neuron across the field of view, and an average value was calculated in 

Relative Fluorescence Units (RFU) to compare neuronal a-syn level between treatments. No 

difference in the mean fluorescence of a-syn was observed between the NC (72.1 RFU ± 4.18) 

and VC (70.9 RFU ± 1.55, p >0.999) (Figure 2.1. A, C). The NC was omitted from subsequent 

experiments in favour of the VC. There was also no change in a-syn levels within neurons 

treated with 25mM KCl (69.6 RFU ± 7.38) compared to the VC (p = 0.750) (Figure 2.1. A, C). 

25mM KCl treatment did not cause changes in cortical neuron health or a-syn 

immunoreactivity. 

  

2.3.2. 50mM KCl is non-toxic to cortical neurons 24-72-hours following treatment 

The next aim of this chapter was to determine if a higher concentration of KCl had an effect 

on cortical neuron health and a-syn immunoreactivity over time. Mouse primary cortical 

neurons plated in microfluidic chambers were treated at 10DIV with 50mM KCl in 

maintenance media for 2 hours. The growth media containing KCl was then removed and 

replaced with equal parts conditioned and fresh maintenance media, and cells were fixed 24-, 

48- or 72-hours post-treatment.  

 

To determine whether the higher concentration of 50mM KCl was toxic to cortical neurons, 

neuronal health was quantified over time using DAPI nuclear staining to differentiate between 
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Figure 2.1. Cortical neuron health and a-syn expression are unaffected in response to 

25mM KCl in preliminary experiments (n=3). (A) Neurons were stained with DAPI (blue), 

to assess cell viability, and immunolabelled for a-syn (red). (A, B) The proportion of healthy 

nuclei (arrow), compared to condensed, apoptotic nuclei (arrowhead), was unchanged between 

the naïve control (NC) and the vehicle control (VC). The addition of 25mM KCl did not affect 

neuronal health when compared to the VC. (A, C) A-syn fluorescence was measured in order 

to identify whether 25mM KCl induced a stress response within cortical neurons that resulted 

in a-syn upregulation. No change in a-syn expression, as measured in Relative Fluorescence 

Units (RFU) was identified between the NC and VC. There was also no difference in a-syn 

expression in response to 25mM KCl compared to the VC. Scale bar 10µm.  
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normal, healthy nuclei and nuclei with condensed morphology. Neurons treated with 50mM 

KCl were compared to a VC in which neurons were treated with an equivalent volume of water 

diluted in growth media. Neuronal health values are given as proportions of the total number 

of DAPI-labelled nuclei present in the field of view. Neuronal health was unchanged in 

response to 50mM KCl (0.682 ± 0.028) when compared to the VC (0.693 ± 0.013, p = 0.688) 

24-hours post-treatment (Figure 2.2. A, B). Similarly, no change was observed in the 

proportion of healthy nuclei in the 50mM KCl treated cultures at 48 (0.609 ± 0.041) or 72 

(0.577 ± 0.043) hours, compared to the VC (48h: 0.599 ± 0.041, p = 0.219; 72h 0.581 ± 0.046, 

p = >0.999) (Figure 2.2. A, B).  

 

2.3.3. A-syn immunoreactivity is significantly increased in cortical neurons at 24-hours, 

but not 48- or 72-hours, post-treatment with 50mM KCl 

To assess the effect of 50mM KCl on a-syn immunoreactivity over time, cortical neurons were 

immunolabelled for a-syn following fixation. A-syn immunoreactivity in response to 50mM 

KCl was quantified by measuring the mean fluorescence of all a-syn immunolabelled neurons. 

The mean fluorescence of neuronal a-syn is given as an average per field of view, and was 

compared between treatments at each time point.  

 

The mean fluorescence of a-syn was significantly higher in response to 50mM KCl (73.74 RFU 

± 5.30) compared to VC (63.97 RFU ± 5.14, p = 0.031) 24 hours after treatment (Figure 2.2. 

A, C). This increase in cortical neuron mean a-syn fluorescence at 24-hours post-treatment was 

lost at 48- and 72-hours post-treatment with 50mM KCl (48h: 68.03 RFU ± 4.67; 72h: 67.05 ± 

5.31) compared to VC (48h: 58.57 RFU ± 3.24, p = 0.063; 72h: 60.49 RFU ± 4.30, p = 0.438). 
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In addition to quantifying the mean fluorescence of a-syn following treatment, a-syn level 

within each immunolabelled neuron was measured at 24-hours and categorized as having low, 

moderate or high a-syn immunoreactivity. The proportion of neurons with low a-syn 

immunoreactivity was reduced in response to KCl (0.281 ± 0.037), compared to the VC (0.356 

± 0.040), although this did not reach significance (p = 0.063, Figure 2.4. A, D). Similarly, the 

proportion of neurons with moderate a-syn expression was lower when comparing 50mM KCl 

treated neurons (0.409 ± 0.026) with the VC (0.450 ± 0.022), although this was not significant 

(p = 0.0625). There was a significant increase in the proportion of neurons with high a-syn 

expression in response to 50mM KCl (0.311 ± 0.055) compared to the VC (0.194 ± 0.049, p = 

0.031) (Figure 2.4. A, D). This data suggests that there may be an a-syn response within cortical 

neurons as a result of KCl addition to the growth environment, involving a shift from low-to-

moderate levels of a-syn immunoreactivity to higher levels.  

 

2.3.4. 50mM KCl has no effect on the proportion of neurons expressing a-syn or soma 

size, but decreases cortical neuron density, 24-hours following treatment 

The response of cortical neurons to the introduction of 50mM KCl into the cellular growth 

environment was further investigated 24-hours post-treatment by quantifying neuron density, 

the number of neurons immunoreactive for a-syn and average soma size. Neuron density was 

quantified as the number of cells present per field of view (FoV). As the intensity of a-syn 

immunofluorescence varies between neurons, representing differences in endogenous levels, 

some DAPI-labelled neurons display no a-syn immunoreactivity. The number of neurons 

immunolabelled for a-syn was quantified as a proportion of the total number of DAPI-labelled 

nuclei present. Additionally, as a-syn labelling in cortical neurons is diffuse throughout the 

soma, the somatic area of each neuron was measured to quantify any changes in neuron size in 
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response to 50mM KCl that may affect the mean fluorescence measurements of a-syn 

immunoreactivity. 

 

Cell density was significantly reduced by 20.4% in response to 50mM KCl (123.8 cells/FoV ± 

12.33), compared to the VC (155.6 cells/FoV  ± 9.276, p = 0.031), suggesting that there is a 

loss of neurons within 24-hours following treatment with 50mM KCl (Figure 2.2. D). However, 

the proportion of neurons immunolabelled for a-syn was unchanged between the 50mM KCl 

(0.242 ± 0.016) and the VC (0.278 ± 0.016, p = 0.219) (Figure 2.2. E). The average soma size 

of a-syn-immunolabelled neurons was unchanged between the VC (302.9µm2 ± 37.26) and 

50mM KCl treated neurons (282.7µm2 ± 20.78, p = 0.438) (Figure 2.2. F). 

 

2.3.5. Focal accumulation of a-syn did not occur 24- to 72-hours following 50mM KCl 

treatment in cortical neurons 

Aggregation of a-syn within neurons has previously been observed within 72 hours following 

treatment with 50mM KCl (Follett et al., 2013), thus the effect of 50mM KCl on a-syn 

aggregation over time was evaluated based on the presence or absence of immunolabelled 

puncta within the cell body. No a-syn immunolabelled puncta within cortical neuron somata 

was observed at high magnification over the 24-72-hour time period in the VC or in response 

to 50mM KCl. Therefore, the next aim was to investigate whether any a-syn aggregates were 

present in, or moving towards, the axons.  

 

Microfluidic chambers separate the growth of the neuronal soma and axon into fluidically 

isolated compartments, allowing for the independent analysis of different neuronal regions. To 

determine whether ion dysregulation targeted to the neuronal soma could induce an axonal a-

syn response, primary cortical mouse neurons were plated in microfluidic chambers (Figure 
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2.3. A, B). The microfluidic compartment containing cortical neuron somas were treated with 

50mM KCl at 10DIV for 2 hours. Neurons were fixed 24 hours after the start of treatment and 

immunolabelled, using the same methods used to measure somatic a-syn immunoreactivity, to 

visualise axonal a-syn localisation and expression. A-syn immunopositive axonal puncta were 

identified along neuronal axons. Puncta density was quantified by the number of a-syn 

immunolabelled puncta by total a-syn labelled axonal area (um2), and puncta size was measured 

per um2. 

 

The density of a-syn axonal puncta was not significantly altered between the 50mM KCl treated 

(0.05 puncta/µm2 ± 0.02) and the VC (0.02 puncta/µm2 ± 0.01, p = 0.0853) (Figure 2. 3. C, D, 

E). The size of the a-syn immunolabelled puncta was also unaltered in response to 50mM KCl 

(1.22µm2 ± 0.10) when compared to the VC (1.16um2 ± 0.07, p = 0.5130) (Figure 2.3. C, D, 

F).  

 

2.3.6. A-syn immunoreactivity is unaltered in YFP-expressing excitatory pyramidal 

neurons in response to 50mM KCl 

The next aim of the study was to investigate the a-syn response within specific neuronal 

subtypes challenged with KCl. Primary cortical neurons were dissected from embryonic 

transgenic Thy1-YFP mice which express yellow fluorescence protein (YFP) in excitatory 

pyramidal neurons in the cortex. The expression of YFP enabled this specific subpopulation of 

cortical neurons to be analysed to investigate the differential vulnerability of a-syn within 

different neuronal populations.  

 

Primary cortical neurons were treated at 10DIV with 50mM KCl for 2 hours and fixed 24 hours 

post-treatment. An anti-Green Fluorescent Protein (GFP) antibody was used to identify neurons 
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Figure 2.2. 50mM KCl is non-toxic to cortical neurons and significantly increases a-syn 

immunoreactivity without affecting cortical neuron health (n=6). (A) 10DIV primary 

cortical neurons treated with 50mM KCl for 2 hours were fixed 24-, 48- or 72-hours post-

treatment, and labelled with DAPI (blue) and a-syn (red). (A, B) The proportion of healthy 

nuclei (arrow), as opposed to apoptotic nuclei (arrowhead), was unchanged in response to 

50mM KCl compared to the VC at 24-, 48- and 72-hours post-treatment. (A, C) A-syn 

immunoreactivity within cortical neurons was significantly increased in response to 50mM 

KCl 24-hours post-treatment compared to the VC. A-syn immunoreactivity was also increased 

at 48- and 72-hours post-treatment, although was not significant at these time points. (D) There 

was no difference in the proportion of neurons with low or moderate a-syn immunoreactivity 

between the 50mM KCl and VC treatments, however there was a significant increase in the 

proportion of neurons with high a-syn immunoreactivity in response to 50mM KCl. (E) The 

density of cortical neurons was significantly reduced in response to treatment compared to the 

VC. (F) There was no difference in the proportion of DAPI-labelled neurons expressing a-syn 

between the KCl and VC. (G) The average soma size of a-syn immunolabelled neurons did not 

differ between treatments. Scale bar 10µm. 
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Figure 2.3. 50mM KCl applied to the soma of cortical neurons does not alter the size or 

density of a-syn immunolabelled axonal puncta (n=6). (A) Primary cortical mouse neurons 

were plated into microfluidic chambers, which separate the cell soma and axons into isolated 

compartments. (B) Microfluidic cultures were visualised using immunocytochemistry to label 

for DAPI (blue), YFP (green) and a-syn (red) (scale bar 100µm). The number and size of a-

syn axonal foci was quantified in the axonal compartment. (C, D) A-syn axonal labelling 

appeared punctate, with some a-syn-positive swellings present (arrowheads) (scale bar 5µm.). 

(E) The density of a-syn axonal puncta was unchanged in response to 50mM KCl compared to 

the VC. (F) A-syn axonal puncta size was also unaltered between the VC and 50mM KCl 

treated neurons.  
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expressing YFP, as the epitope that the anti-GFP antibody is directed at is conserved in YFP. 

The GFP antibody is cross-reactive to, and thus labels, YFP, enriching the endogenous YFP 

signal in excitatory pyramidal neurons. The density of YFP neurons was quantified as the 

number of YFP neurons per field of view. The somatic area of each YFP neuron was measured 

to determine whether neuron size was affected in a specific subset of neurons in response to 

treatment with 50mM KCl. The mean fluorescence of YFP was measured to investigate 

whether potential changes in neuron size could affect mean fluorescence measurements. 

Neurons were also immunolabelled for a-syn in order to quantify the level of a-syn 

immunoreactivity within YFP-positive excitatory neurons.  

 

The somatic area of YFP immunolabelled neurons was not statistically different between the 

VC (348.7µm2 ± 43.75) and 50mM KCl treated neurons (323.1µm2 ± 29.6, p = 0.313) (Figure 

2.4. A, B). The mean fluorescence of YFP within YFP-labelled excitatory pyramidal neurons 

was also unaltered in response to 50mM KCl (69.59 RFU ± 5.314) compared to the VC (65.99 

RFU ± 5.658, p = 0.438) (Figure 2.4. A, C).  

 

The mean fluorescence of a-syn within YFP neurons was unchanged between the VC (64.65 

RFU ± 9.844) compared to KCl treated neurons (72.34 RFU ± 3.747, p = 0.438) (Figure 2.4. 

A, D). These values are similar to the mean fluorescence of a-syn observed overall in cortical 

neurons (VC 63.97 ± 5.141, 50mM KCl 73.74 ± 5.303, p = 0.031). There was no significant 

difference in the density of YFP neurons between the VC (8.220 cells /FoV ± 0.765) and KCl 

treated neurons (7.529 cells/FoV ± 1.562, p = 0.563) (Figure 2.4. A, E).  
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2.3.7. CR-expressing inhibitory interneurons have low a-syn immunoreactivity, which is 

unchanged in response to 50mM KCl 

To further investigate the response of other subpopulations of neurons challenged with KCl, 

CR-positive inhibitory interneurons were examined. CR is a calcium-binding protein which 

can act to buffer excess intracellular calcium ions (Ca2+) within neurons. Ca2+ buffering is 

thought to be important for neuroprotection, as studies in both animal and human models of 

PD have found that dopaminergic neurons expressing the calcium-binding proteins CR or CB 

are selectively preserved (Yamada et al., 1990, German et al., 1992, Mouatt-Prigent et al., 

1994, Kim et al., 2000). 

 

Primary cortical neurons were treated at 10DIV with 50mM KCl for 2 hours and fixed 24 hours 

post-treatment. Neurons were immunolabelled for CR, to identify this interneuron subtype, and 

a-syn. The area of CR-expressing interneurons was unchanged between the VC (167.3µm2 ± 

30.13) and KCl treated (168.3µm2  ± 19.87, p = >0.999) (Figure 2.5. A, B). The mean 

fluorescence of a-syn within CR interneurons was unchanged between the VC (46.06 RFU ± 

8.98) and KCl treated neurons (42.95 RFU ± 12.55, p = 0.625) (Figure 2.5. A, C). These values 

are lower than the mean fluorescence of a-syn observed overall in cortical neurons (VC 63.97 

RFU ± 5.141, 50mM KCl 73.74 RFU ± 5.303), as well as in YFP excitatory neurons (VC 64.65 

RFU ± 9.844, 50mM KCl 72.34 RFU ± 3.747).  

 

To calculate the density of CR neurons, the number of cells immunopositive for CR were 

quantified within the whole somal compartment of the microfluidic device. CR density is given 

as a proportion of the total number of DAPI-labelled neurons within the somal compartment. 

There was no significant difference in the density of CR neurons in the somal compartment 
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Figure 2.4. 50mM KCl does not affect size, a-syn immunoreactivity or density of YFP-

immunolabelled excitatory neurons (n=6). 50mM KCl was applied to the growth 

environment of 10DIV primary cortical neurons for 2 hours. (A) Neurons were fixed 24 hours 

post-treatment and subsequently labelled with DAPI (blue), YFP (green) and a-syn (red). (B) 

There was no change in the average size of YFP neurons in response to 50mM KCl compared 

to the VC. (C) The level of YFP immunoreactivity in labelled YFP neurons was unchanged. 

(D) There was no difference in a-syn immunoreactivity within YFP neurons between the 

50mM KCl and VC treatments. (E) The density of YFP-immunolabelled neurons was 

unchanged between the 50mM KCl and VC treatments. Scale bars 10µm.  
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between the VC (0.552% ± 0.119) and KCl treated neurons (0.438% ± 0.144, p = 0.250) (Figure 

2.5. A, D). 
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2.4. DISCUSSION 

Calcium dyshomeostasis, which leads to oxidative stress, has been implicated as a mechanism 

in the selective pathogenesis of neurons in the SN, DMV and LC, which are all affected in PD, 

as well as cortical neurons, which are affected in later disease stages (Surmeier et al., 2017c). 

This chapter aimed to characterise early effects of calcium dysregulation on endogenous a-syn 

and neuronal vulnerability in order to further understand the role of calcium homeostasis in 

cortical vulnerability in PD. 

 

2.4.1. A-syn immunoreactivity level in cortical neurons in response to 25mM KCl 

Somal-targeted KCl treatments (Berrout and Isokawa, 2009) and KCl concentrations of 20-

30mM have been used in previous studies to depolarize primary striatal and hippocampal 

neurons, with no adverse effect on cell viability (Macias et al., 2001, O'Leary et al., 2010). In 

the current study, preliminary experiments aimed to identify the optimal concentration of KCl 

to induce a calcium influx through K+ depolarization. Primary cortical neurons were grown in 

microfluidic chambers to investigate the effects 25mM KCl targeted to the soma on cell 

viability and a-syn levels. Immunocytochemical analysis revealed no detrimental effect of 

25mM KCl on cortical neuron health or a-syn levels (Figure 2.1). As previous studies 

successfully depolarized other primary neuron populations using comparable KCl 

concentrations (Macias et al., 2001, O'Leary et al., 2010), the lack of effect in the current model 

may have been attributed to a different signalling pathway for depolarization in cortical 

neurons, or due to the concentration of KCl being too low to depolarize primary cortical 

neurons, particularly in the high plating densities required for microfluidic chambers (Biffi et 

al., 2013). Indeed, the study by Macias et al. (2001) found that although both primary 

hippocampal and striatal neurons were successfully depolarized in response to 20mM KCl, the 

cellular signalling pathways involved differed between cell type.  
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Figure 2.5. CR-immunolabelled interneurons have low a-syn immunoreactivity, which is 

not affected in response to 50mM KCl (n=6). (A) Neurons were fixed 24 hours post-

treatment and subsequently labelled with DAPI (blue), CR (pink) and a-syn (red). (B) The 

average size of CR-labelled interneurons was unchanged in response to 50mM KCl compared 

to the VC. (C) A-syn immunoreactivity within CR interneurons was unchanged in response to 

50mM KCl compared to control. (D) CR density within the somal compartment of the 

microfluidic device was also unaffected in response to 50mM KCl. Scale bars 10µm. 
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2.4.2. Increased a-syn immunoreactivity in cortical neurons in response to 50mM KCl 

A high concentration of 50mM KCl has previously been used to induce membrane 

depolarization and voltage-gated channels in cell lines (Follett et al., 2013). Follet et al. 

observed raised intracellular Ca2+ induced by K+ depolarization within 120 minutes of treatment 

application, which also led to the formation of neuronal a-syn aggregates (Follett et al., 2013). 

Follet et al. demonstrated that Ca2+ is increased and sustained at high levels following exposure 

to K+, whereby Ca2+ concentration is rapidly increased within 20 minutes, and is then followed 

by an extended plateau of raised Ca2+, which gradually decreases over a period of 2 hours 

(2013). To identify whether calcium dysregulation could induce an a-syn response in cortical 

neurons, subsequent experiments for this thesis used 50mM KCl to induce neuron 

depolarization and were assessed over a time course of 72 hours post-treatment. In this thesis 

chapter, a treatment time of 2 hours was used to ensure maximum Ca2+ levels within cortical 

neurons were reached, and also allowed the neurons to compensate for the increased Ca2+ and 

return to baseline levels (Follett et al., 2013). The level of a-syn, as estimated by the mean 

fluorescence of immunolabelling within cortical neurons was highest 24-hours post treatment 

in response to KCl, but not at 48- or 72-hour time points (Figure 2.2), indicating that calcium 

dysregulation causes a transient increase in a-syn levels in cortical neurons. 

 

Primary neuronal cell cultures were used in this thesis to study the effect of calcium 

dysregulation on endogenous a-syn levels. However, the lack of glial cells within the cultures 

may affect the neuronal response to exogenous calcium changes, as the interactions between 

neurons and glia is important in their normal functioning in vivo (Jakel and Dimou, 2017). 

Indeed, neuroinflammation (Garcia-Esparcia et al., 2014) and glial reactivity (Ghadery et al., 

2017) are thought to be important contributors in PD disease pathways. 
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In this chapter, 50mM KCl did not have detrimental effects on cortical neuron viability at 24-, 

48- or 72-hours post-treatment. The proportion of healthy neurons following exposure to 

50mM KCl at all time points was highest 24-hours post treatment, with increasing variability 

in cell health observed at 48- and 72-hours. These experiments demonstrated that 24-hours 

after inducing calcium dysregulation, endogenous a-syn level within primary cortical neurons 

was significantly increased in response to 50mM KCl, with no adverse effects on cell health. 

No a-syn puncta within cortical neurons was observed at 24-, 48- or 72-hours post-treatment 

in this thesis chapter. Previous studies using the same a-syn antibody (BD Bioscience, 610786) 

were able to detect both monomeric and aggregated a-syn (Poehler et al., 2014, Yang et al., 

2019, Ardah et al., 2020, Goya et al., 2020), indicating that the lack of immunolabelled a-syn 

puncta within the soma of cortical neurons in the current experiments may be due to their 

absence, rather than the inability to be recognized by the a-syn antibody used. 

 

2.4.3. Neuron density decreased, but the proportion of neurons expressing a-syn 

unchanged, in response to calcium dysregulation 

Studies have found that neurons able to upregulate endogenous a-syn are more resistant to 

apoptosis following low level oxidative stress (Quilty et al., 2006, Musgrove et al., 2011). In 

DA neurons, a-syn overexpression and endogenous upregulation were found to confer 

protection in response to paraquat- (Manning-Bog et al., 2003) and 6-OHDA (Monti et al., 

2007) toxicity, respectively. However, other studies have found that a-syn upregulation may 

be associated with an increased propensity for a-syn aggregation and neuronal death. Indeed, 

exogenous overexpression of a-syn inhibits neurotransmitter release in hippocampal neurons 

(Nemani et al., 2010, Scott et al., 2010), impairs mitochondrial function in cortical neurons (Li 

et al., 2013), and is particularly toxic in DA neurons (Zhou et al., 2002b, Zhou et al., 2006). A-
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syn aggregation is also dependent on its concentration within neurons (Lazaro et al., 2014, 

Nalls et al., 2014, Alegre-Abarrategui et al., 2019, Courte et al., 2020). We aimed to identify 

whether a-syn expression could influence vulnerability to cell loss in cortical neurons. No 

change in the proportion of healthy nuclei 24-hours post-treatment was identified, however 

further analysis revealed a significant reduction in cell density (Figure 2.2). It is unclear if the 

change in a-syn expression identified is due to the degeneration of neurons with low a-syn 

expression, or whether there is a general upregulation of a-syn in the cultured neurons with an 

unknown neuronal subpopulation undergoing apoptosis in response to calcium dysregulation. 

Quantification of somal area found no change in the average size of cortical neurons in response 

to 50mM KCl compared to controls, suggesting that remaining neurons 24-hours post-

treatment do not show signs of shrinkage associated with early stages of neuronal apoptosis 

(Chi et al., 2018). Together, these findings may indicate that there is a subpopulation of cortical 

neurons that are susceptible to apoptosis and eventual degeneration following K+-dependant 

calcium dysregulation.  

 

In the current investigation, increased a-syn levels were observed in this study 24-hours post-

treatment, demonstrating a potential transient increase in expression following the removal of 

the KCl treatment. However, the long half-life of a-syn (16 hours) may also contribute to the 

sustained increase observed in cortical neurons (Cuervo et al., 2004). The significant decrease 

in cell density in response to calcium dysregulation may provide further evidence that the 

ability of a neuron to modulate a-syn expression may be a neuroprotective response. Previous 

studies have found that an increase in a-syn expression conferred resistance to a secondary 

insult in some neurons, whereas other neuron types went on to develop intracellular a-syn 

accumulations (Quilty et al., 2006, Musgrove et al., 2011). In cortical and mesencephalic 

dopaminergic neurons, a subset of neurons have been found to be resistant to a secondary insult 
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following an increase in a-syn levels after low dose oxidative stress (Musgrove et al., 2011). 

Indeed, specific subpopulations of hippocampal neurons have been shown to have varying 

levels of endogenous a-syn (Luna et al., 2018), which may be a contributing factor in the 

selective vulnerability of neurons in synucleinopathies. In the current study, neurons treated 

with KCl did not develop any somal a-syn focal accumulations between 24- and 72-hours post-

treatment, despite having relatively higher amounts of a-syn compared to controls.  

 

2.4.4. Axonal a-syn puncta unaffected by somal-targeted KCl 

Frequent perinuclear a-syn focal accumulations, or puncta, have previously been found 24- to 

48-hours following the application of KCl, with larger a-syn aggregates observed 48- to 72-

hours post treatment (Follett et al., 2013). Microfluidic chambers were used to isolate the 

axonal and somal regions (Fang et al., 2017) of cultured cortical neurons to investigate whether 

a somal-targeted KCl treatment could alter a-syn localized within the axons, in addition to 

somal a-syn changes. In the current study, a-syn immunolabelled axonal puncta were present 

in control and treated cultures, however analysis found no difference in puncta size or density 

(Figure 2.3). Although a-syn levels were found to be significantly higher in the soma of cortical 

neurons, the density of axonal a-syn puncta was more variable in response to KCl but was not 

significantly altered within the axonal compartment 24-hours post-treatment. 

 

2.4.5. YFP pyramidal neurons unaffected by calcium dysregulation 

The level of a-syn expression in DA temporal cortical neurons has recently been shown to be 

similar to DA neurons of the SN, and higher in pyramidal neurons of the motor cortex (Dong 

et al., 2018). SNCA mRNA is slightly more abundant in the cortex than in the hippocampus in 

human brains, suggesting that endogenous a-syn level may directly influence formation of 

Lewy pathology (Hawrylycz et al., 2012). Excitatory neurons are known to be enriched with 
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a-syn (Taguchi et al., 2016), which may contribute to the vulnerability of excitatory neurons in 

specific regions of the brain in PD. To investigate differential neuronal vulnerability to a-syn 

pathogenesis, further analysis was conducted with the aim to determine the effect of calcium 

dysregulation on a-syn level within specific cortical neuron subpopulations. Excitatory 

pyramidal neurons expressing YFP within cortical cultures were analysed. The somal-area and 

density of YFP-expressing neurons was unchanged in response to KCl (Figure 2.4). Although 

similar between YFP and total neuron controls, a-syn level within YFP-expressing neurons 

was unchanged. These findings indicate that, as opposed to the total cortical neuron population, 

there was no loss of, or upregulation of a-syn within, YFP excitatory pyramidal neurons in 

response to calcium dysregulation. 

 

The formation of a-syn inclusions in excitatory pyramidal neurons is thought to contribute to 

synaptic dysfunction prior to degeneration in the motor cortex (Blumenstock et al., 2017, 

Froula et al., 2018, Wu et al., 2019). In the amygdala and prefrontal cortex, a-syn inclusions 

were almost exclusively found in excitatory neurons, which have also been shown to contain 

high levels of a-syn (Stoyka et al., 2020). In the agranular insula, pyramidal neurons are the 

predominant cell type affected by a-syn pathology (Fathy et al., 2019). However, the 

vulnerability of excitatory pyramidal neurons may also be dependent on the type of disease. 

The colocalization of a-syn aggregates with pyramidal neurons and their processes in the CA2 

layer of the hippocampus was found to be rare in DLB (Adamowicz et al., 2017). Native non-

aggregated a-syn is present in excitatory synapses, but not in inhibitory neurons, in the 

hippocampus, which may contribute to the increased risk of excitatory neurons forming a-syn 

inclusions in vivo (Taguchi et al., 2014). In this chapter, excitatory pyramidal neurons did not 

upregulate a-syn in response to calcium dysregulation and did not degenerate. Thus, excitatory 
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pyramidal neurons may be more resilient to pathogenic a-syn changes as a result of calcium 

dysregulation.  

 

2.4.6. CR interneurons have low endogenous a-syn levels and are unaffected by calcium 

dysregulation 

Neuronal expression of CBPs has been associated with relative resistance to the development 

of a-syn pathology (Fairless et al., 2019). Indeed, CR expression in DA neurons of the SNpc 

protected these neurons against the 6-OHDA (Kim et al., 2000, Tsuboi et al., 2000). In this 

chapter, inhibitory neurons expressing CR were examined to investigate the differential 

vulnerability of neuronal subpopulations to pathogenic a-syn changes. CR density was 

quantified by counting the number of CR-positive interneurons in each soma compartment of 

the microfluidic chambers due to low overall numbers. Analysis revealed no change in the 

soma size or density of CR interneurons 24-hours after the induction of calcium dysregulation 

(Figure 2.5). A-syn level was also unchanged in response to KCl compared to controls. 

Interestingly, these CR-expressing inhibitory interneurons had lower endogenous levels of a-

syn relative to the general cortical neuron population, as well as YFP neurons.  

 

The amount of a-syn expressed in CR interneurons has not previously been quantified in 

cultured cortical neurons. In the current study, relatively low levels of a-syn within CR-positive 

inhibitory interneurons was found. Previous studies have reported low or no endogenous a-syn 

expression in other inhibitory neurons (Taguchi et al., 2014, 2019). However, these studies 

quantified a-syn expression in the hippocampus, so it is unclear if and how this may translate 

into cortical neurons. The lower endogenous expression of a-syn in CR-expressing neurons, as 

well as their increased capacity for buffering intracellular calcium changes, may be factors 

contributing to the relative resistance of inhibitory neurons (Kim et al., 2000, Tsuboi et al., 
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2000). However, the contribution of each of these in the relative sparing of CR, and other 

calcium-binding protein-expressing interneurons, is unclear.  

 

2.4.7. Conclusion 

This thesis chapter aimed to determine how endogenous a-syn may be differentially altered in 

specific cortical neuron subtypes in response to calcium dysregulation in vitro. Findings from 

this chapter revealed a significant increase in a-syn level in the total cortical neuron population 

in response to calcium dysregulation. Other studies investigating the effect of calcium 

dyshomeostasis in neurons have used thapsigargin, an inhibitor of ER Ca2+ pumps, to increase 

intracellular calcium levels (Selvaraj et al., 2012, Goodwin et al., 2013, Li and Hu, 2015, 

Angelova et al., 2016). Using multiple methods of increasing intracellular calcium levels in 

neurons may provide further insight into the role of calcium dyshomeostasis as a potential 

driver of pathogenic a-syn changes. Furthermore, the antibody used for the quantification of 

endogenous a-syn in cortical neurons (A-syn, BD Bioscience, 610786) labels both monomeric 

and aggregated a-syn species (Poehler et al., 2014, Yang et al., 2019, Ardah et al., 2020, Goya 

et al., 2020). However, monomeric, oligomeric and fibrillar a-syn may all be present in a 

neuron at any one time (Killinger et al., 2019) and continuously aggregate and disaggregate 

(Cremades et al., 2012). There is evidence that oligomeric a-syn may be the predominant 

species of a-syn involved in neuronal pathology in Parkinson’s disease (Winner et al., 2011, 

Helwig et al., 2016), thus visualising and comparing a-syn conformational changes using a-syn 

antibodies specific for different a-syn species may provide further insight into pathogenic a-

syn changes in vitro.  

 

This chapter also investigated differential neuronal vulnerability to pathogenic a-syn changes. 

A significant decrease in cell density in response to calcium dysregulation indicated that a 
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population of cortical neurons, which may be negative for a-syn expression, were lost. YFP 

excitatory pyramidal and CR-positive inhibitory interneurons did not degenerate, nor alter a-

syn expression. However, CR-expressing interneurons had relatively lower endogenous a-syn 

compared to YFP-positive pyramidal neurons and the total cortical cell population. Despite 

having different endogenous a-syn expression levels, YFP neurons and CR interneurons were 

resistant to apoptosis following calcium dysregulation. These findings suggest that neurons 

that express a-syn, and neurons that are able to modulate their level of a-syn expression, are 

more resilient to calcium dysregulation, whilst other additional cell-autonomous factors may 

be involved in the resilience of other cortical neuron populations, with low or no a-syn 

expression.  
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3. INVESTIGATING NEURONAL EXPRESSION OF CALCIUM BINDING 

PROTEINS AND CAV1.2 CHANNELS IN SPARED AND AFFECTED CORTICAL 

REGIONS IN HUMAN PD 

3.1. INTRODUCTION 

It has been proposed that a-syn pathology spreads through connected brain networks, 

originating in the midbrain and extending towards the cortex as PD progresses (Braak et al., 

2003). However, this pattern is not always observed in patients. The progressive development 

of a-syn pathology in up to 47% of PD cases reportedly deviates from the Braak staging scheme 

(Attems and Jellinger, 2008, Kalaitzakis et al., 2008, Parkkinen et al., 2008), with a-syn 

pathology identified in higher brain regions, prior to the involvement of lower regions such as 

the DMV. The distribution patterns of a-syn pathology within the brain suggest that both 

regional and cell-autonomous factors are key aspects contributing to the vulnerability of 

different brain regions to a-syn pathology. Although affected in later stages of PD and 

characteristic of DLB, cortical regions remain relatively less studied than DA neurons of the 

SNpc, the major site of pathology in PD. 

 

Recent evidence suggests that affected DA neurons of the SNpc have low endogenous 

expression of CBPs and are reliant on Cav1.3 voltage-gated L-type calcium channels (Sulzer 

and Surmeier, 2013, Brimblecombe et al., 2015). To improve the current understanding of 

regional vulnerability to a-syn pathogenesis in the human brain, this chapter aimed to 

investigate differences in calcium-binding protein and calcium channel expression in spared 

and affected regions of the human PD cortex. Three different cortical regions were 

investigated; the prefrontal cortex and somatosensory association area within the parietal lobe, 

which are known regions affected by a-syn pathology in PD, and the primary visual cortex 

within the occipital cortex, which is relatively spared. The prefrontal cortex is a high order 
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association area within the frontal cortex typically affected in PD by stage 5 (Del Tredici and 

Braak, 2016). A-syn lesions typically develop in the prefrontal fields of the neocortex (Del 

Tredici and Braak, 2016), and are associated with cognitive impairment in PD (Mattila et al., 

2000). The somatosensory association area is a high order sensory association area, which also 

typically displays LBs by stage 5 in PD (Del Tredici and Braak, 2016). It is located in the 

parietal lobe and is one of the most affected regions of the neocortex in PD (Ince et al., 1998, 

Zarei et al., 2013). The primary visual cortex, which is located in the occipital lobe and is 

important in processing visual information, is generally spared from pathological lesions in PD 

(Braak et al., 2003, Boecker et al., 2007, Dickson et al., 2009a, Dickson et al., 2009b, Cheng 

et al., 2011). 
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3.2. METHODS 

3.2.1. Human Cortical Tissue 

Tissue samples were received from the Victorian Brain Bank, supported by the Florey Institute 

of Neuroscience and Mental Health, The Alfred and the Victorian Forensic Institute of 

Medicine and funded in part by Parkinson’s Victoria, MND Victoria Fight MND and Yulgibar 

Foundation. Informed consent for the collection of material was obtained prior to death and 

tissue use was approved by the University of Tasmania Human Ethics Committee and complies 

with the guidelines of the National Health and Medical Research Council (Permit #H0016842). 

All material had been previously de-identified. Blocks of human cortical tissue, from the 

frontal, parietal and occipital cortices, were provided as 10% formalin-fixed blocks with post-

mortem intervals (PMI) ranging from 7-54.5 hours. Neuropathologist Professor Catriona 

McLean performed gross dissection. Human tissue was obtained from six patients with 

clinically defined PD (age 68.81 ± 6.3 years, M = 4, F =2) and six age-matched controls without 

neurological symptoms (age 66.16 ± 8.5 years, M = 4, F = 2). See Table 3.1 for case 

characteristics. 

 

3.2.2. Tissue Processing 

Post-mortem brain tissue from control and PD cases was cryoprotected sequentially in 

solutions containing increasing concentrations of sucrose (4%, 16%, 30%), dissolved in 0.01M 

PBS and 0.02% sodium azide, overnight.  Coronal cryostat sections (40μm) were generated 

using a Leica CM 1850 cryostat (Biosystems, Australia) from frozen (-14°C) optimal cutting 

compound embedded blocks of brain tissue and collected as free-floating sections. Tissue 

sections were kept in 0.02% Sodium azide in PBS at 4°C until processed for 

immunohistochemistry.  
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3.2.3. Antigen Retrieval 

Antigen retrieval steps were optimised prior to immunohistochemical labelling of post-mortem 

human brain tissue. Tissue sections were rinsed twice in PBS (10 minutes) after being removed 

from the PBS/azide solution, and placed into tissue cassettes encased in wax paper and sponges 

soaked in 10mM citric acid buffer (pH = 6) (Flores-Cuadrado et al., 2017, Li et al., 2019). Heat 

antigen retrieval was performed by submerging tissue cassettes in citric acid buffer in a 

microwave-safe container, and microwaving for 12 minutes on 80% power. Tissue cassettes in 

citric acid buffer were allowed to cool for approximately 15 minutes, before being submerged 

in 95% Formic Acid for 10 minutes with gentle agitation, based on previous studies (Beach et 

al., 2008). The cassettes were then washed five times in PBS (10mins) before removing the 

tissue sections from the cassettes and placing them into trays containing PBS. 

Table 3.1. Characteristics of Cases and Controls 

Type Age at Death 
(Years) 

Gender PMI 
(Hours) 

Disease Duration 
(Years) 

 

Controls:     

C1 63.5 Male 54.5 
 

C2 67.3 Female 24 
 

C3 69 Male 34 
 

C4 69.6 Male 71 
 

C5 72.6 Male 42.5 
 

C6 78.8 Female 19 
 

Parkinson’s Disease: 

PD1 64.3 Female 7 ~33 

PD2 66.8 Female 20 ~17 

PD3 67.6 Male 28 ~19 

PD4 68.8 Female 50.5 ~14 

PD5 70.4 Female 51 ~16 

PD6 70.5 Male 22.5 ~17 
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3.2.4. Immunohistochemistry 

Non-specific immunoglobulin (IgG) binding to the tissue was blocked with 0.3% Triton-X 

containing 3% Normal Goat Serum (Merck) for 20 minutes. Sections were then incubated in a 

solution containing primary antibodies (Table 3.2) and a fluorescent Nissl stain (NeuroTrace™ 

435/455 Blue, Thermofisher, 1:50) in 0.3% Triton-X containing 3% Goat Serum, overnight at 

RT with gentle agitation. Following incubation with the primary antibody solution, sections 

were washed three times in PBS (10 minutes) to remove any unbound primary antibody. 

Species-specific secondary antibodies diluted to 1:1000 in PBS were subsequently applied to 

the tissue sections for 2 hours at RT with gentle agitation (Table 3.3). Sections were then 

washed three times in PBS (10 minutes) and submerged in a ~33% EtOH solution in H2O prior 

to mounting onto slides. Mounted sections were allowed to air dry before being submerged for 

10 minutes in a Sudan Black solution in 70% ethanol (Schnell et al., 1999). Slides were then 

washed three times in PBS before being cover slipped using PermaFluor Aqueous Mounting 

Media (Thermofisher). Coverslipped slides were allowed to dry for at least 24 hours prior to 

imaging. No-primary controls, in which primary antibodies were omitted, were processed to 

control for non-specific labelling.  

 

3.2.5. Microscopy and Image Analysis 

Images were captured using a Spinning Disk laser confocal microscope (UltraView®VOX, 

Perkin Elmer) on an inverted microscope (Nikon TiE, Nikon). All images were taken using a 

20X objective, and included all cortical cell layers using a fluorescent Nissl stain 

(NeuroTrace™ 435/455, Thermofisher) to identify anatomical boundaries.  

 

Cortical neurons were identified using the fluorescent Nissl stain to selectively label Nissl 

substance, granular bodies within the cell soma composed of rough ER and ribosomes, which 
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is characteristic of neurons. Neuron density was quantified by counting the number of cell 

bodies labelled with fluorescent Nissl per mm2 in each cortical brain region.  

 

Table 3.2 Primary Antibodies 
    

Name Immunogen 
(Isotype) 

Host Manufacturer Dilution 

A-syn 

 

Rat synuclein-1, amino acids 

15-123 (IgG1) 

 

Mouse 

monoclonal 

 

BD Bioscience 

(610876) 

1:1000 

     

Calbindin

-D28K 

Bovine CB D-28k 

(IgG) 

Rabbit 

polyclonal 

Calbiochem 

(PC253L) 1:500 
 

     

Calretinin Recombinant protein with 6-

His at the N-terminal (IgG) 

Rabbit 

polyclonal 

Swant (7697) 1:500 
 

     

Cav1.2 

 
 

Rat Cav1.2 amino acids 

848-865 (IgG) 
 

Rabbit 

polyclonal 
 

Alomone Labs 

(ACC-003) 
 

1:200 

 
 

 

Analysis was conducted using Fiji software to quantify neurons immunolabelled for CR, CB 

and Cav1.2 in each cortical region. A-syn immunoreactivity was also quantified to determine 

the total number of punctate a-syn foci, in addition to the number of neurites immunolabelled 

for a-syn, in each region. Counts were performed across all layers of the cortical grey matter 

and values are given as the density per mm2. 

 

For each PD case and control, a minimum of 2 images per section from each region of the 

cortex, and 2 sections per analysis, were quantified to generate an average value. Identical 

quantification parameters were used in all sampling. Comparisons were made between PD 

cases and controls, as well as between cortical regions in PD. For simplicity, the prefrontal 
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cortex, somatosensory association area and the primary visual cortex will be referred to as the 

frontal, parietal and occipital cortices, respectively, in the remainder of this chapter. 

 

3.2.6. Statistical Analysis 

Data from six PD cases and six age-matched controls was analysed using unpaired Student’s 

t-tests. Values are expressed as the mean ± standard error of mean. A p-value of less than 0.05 

was considered statistically significant. To assess individual-level relationships between the 

cortical samples quantified, a non-parametric Pearson’s correlation R2 value was calculated. If 

the R2 was 0.3 > R2 > 0.5, this was considered a weak effect size. If R2 was 0.5 > R2 > 0.7, the 

effect size was considered to be moderate, and an effect size of R2 > 0.7 was considered a strong 

effect size. 

 

The statistical power of this study ranged from 0.05-0.1, and was calculated using the data 

obtained for the density of neurons expressing either CR, CB or Cav1.2 in the frontal cortex.  
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3.3. RESULTS 

3.3.1. Immunofluorescent labelling of a-syn foci and neurites 

Immunohistochemical labelling of cortical sections with an antibody against a-syn revealed 

fluorescently immunolabelled focal and neuritic staining in PD tissue. Focal a-syn 

immunolabelling consisted of circular bodies localized within the grey matter of the cortex. A-

syn foci rarely colocalized with fluorescent Nissl-stained neurons (Figure 3.1 A-F). Neuritic 

labelling was observed as elongated a-syn immunoreactivity (Figure 3.1 G-I), which varied in 

length and thickness, but did not coincide with neurons containing rare intracellular a-syn foci. 

 

3.3.2. A-syn density was highest in the frontal and parietal cortices in PD, but no change 

in neuron density was identified in cortical regions between cases and controls 

Three separate regions of the cortex were investigated; the prefrontal cortex and somatosensory 

association area (Del Tredici and Braak, 2016), which are known regions affected by a-syn 

pathology in PD, and the primary visual cortex, which is relatively spared (Braak et al., 2003, 

Dickson et al., 2009a, 2009b). Comparison of cortical regions in control tissue revealed a 

relatively lower neuron density in the frontal cortex (226.10 neurons/mm2 ± 14.45) (72 A) 

compared to the parietal (256.80 neurons/mm2 ± 12.78) (Figure 2.2 B) and occipital regions, 

with the occipital region displaying the highest neuron density (423.30 neurons/mm2 ± 18.59) 

(Figure 3.2 C). To determine whether any neurodegeneration had occurred in PD tissue, neuron 

density was compared in each region between PD cases and controls. Analysis revealed that 

there was no significant difference in neuron density in the frontal cortex in PD cases (236.10 

neurons/mm2 ± 14.28) compared to controls (226.10 neurons/mm2 ± 14.45, p = 0.633) (Figure 

3.2 J, K). Similarly, there was no difference in neuron density in the parietal cortical region in 

PD cases (263.70 neurons/mm2 ± 18.12) compared to controls (256.80 neurons/mm2 ± 12.78, 
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Figure 3.1. Fluorescent labelling of neuronal cell bodies and a-syn pathology in human 

cortical tissue. Fluorescent Nissl staining of human cortical tissue sections revealed individual 

neuronal cell bodies (A, D, G). A-syn pathology within cortical tissue was visualised using 

fluorescent immunohistochemical labelling, and revealed a-syn immunoreactive foci (arrows, 

B, E) and neurites (arrowhead, H). In PD cortex, a-syn foci colocalization with Nissl-labelled 

neuronal cell bodies occurred (C), but was rare. Immunofluorescent labelling of a-syn foci 

occurred predominantly outside of the neuronal soma (F). Neuritic a-syn immunoreactivity was 

also frequently observed in cortical PD tissue (I). Scale bars 10µm.   
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p = 0.744) (Figure 3.2 L, M), nor between PD occipital cortex (390.60 neurons/mm2 ± 30.90) 

compared to controls (423.30 neurons/mm2 ± 18.59, p = 0.360) (Figure 3.2 N, O).  

 

Focal and neuritic a-syn immunoreactivity was frequent in frontal and parietal PD cortical 

sections, and less frequently observed in occipital sections. A-syn immunoreactivity was rare 

(less than 5 a-syn puncta per mm2) (83.3% of controls) or absent (16.6% of controls) in all 

cortical regions in age-matched control tissue. Total a-syn density was quantified by counting 

all a-syn immunoreactive inclusions in a region of interest (ROI) in each human tissue section. 

In the frontal cortex, total a-syn density was significantly higher in PD tissue (114.10 a-

syn/mm2 ± 34.58) compared to controls (2.74 a-syn/mm2 ± 0.61, p = 0.009) (Figure 3.2. D, J, 

K). Total a-syn density was significantly higher in parietal PD tissue (128.90 a-syn/mm2 ± 

51.83) compared to controls (1.40 a-syn/mm2 ± 0.43, p = 0.034) (Figure 2.2 E, L, M). In the 

occipital cortex, total a-syn density was lower compared to the frontal and parietal cortices, 

and was significantly higher in PD (19.44 a-syn/mm2 ± 2.90) compared to controls (2.33 a-

syn/mm2 ± 0.27, p = 0.002) (Figure 3.2 F, N, O). 

 

A-syn neurite density was quantified by exclusively counting the number of a-syn 

immunoreactive neurites in a region of interest, and was compared between cortical regions 

and between PD cases and controls. A-syn neurite density was significantly higher in the 

frontal cortex in PD tissue (43.17 neurites/mm2 ± 15.97) compared to controls (0.12 

neurites/mm2 ± 0.05, p = 0.023) (Fig3. G, J, K)). In the parietal (Figure 3.2 H, L, M) and 

occipital (Figure 2.2. I, N, O) cortices, a-syn neurite density was higher in PD cases (Parietal: 

53.22 a-syn/mm2 ± 26.60, Occipital: 2.00 a-syn/mm2 ± 1.25) compared to controls (Parietal: 

0.07 a-syn/mm2 ± 0.03, p = 0.074, Occipital: 0.00 a-syn/mm2 ± 0.00, p = 0.169), although this 

was not statistically significant. 
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3.3.3. Total a-syn density in the frontal cortex was not significantly affected by age, PMI 

or sex, but increased with disease duration in PD cases 

The characteristics of the PD and control cases included in this study were compared to identify 

any factors that may contribute to differences in neuron or a-syn density. There was no 

significant difference in the average age at death between the controls (70.13 years ± 2.12) and 

PD cases (68.07 years ± 0.96, p = 0.396) (Figure 3.3 A). Similarly, no significant difference 

was found in PMI when comparing controls (40.83 hours ± 7.97) to PD cases (29.83 hours ± 

7.19, p = 0.330) (Figure 3.3 B). Comparing the age of cases to their respective PMI values 

identified a slight trend towards cases with the lowest age at death also having the lowest PMI 

(R2 = 0.493) (Figure 3.3 C). 

 

A-syn pathology was compared to case characteristics using simple linear regression analysis 

to identify any factors contributing to cortical a-syn density. For these analyses, only a-syn 

values from the frontal cortex were used. Total a-syn density in the frontal cortex was similar 

to values obtained in the parietal cortex, which both had relatively higher a-syn density 

compared to the occipital cortex (as described in Result 3.3.2.). No significant association was 

found between frontal a-syn density and age (R2 = 0.155) (Figure 3.3 D). A moderate 

association was identified between frontal a-syn density and PMI (R2 = 0.514) (Figure 3.3 E).  

A strong positive correlation was identified between a-syn density and disease duration (R2 = 

0.860) (Figure 3.3 F). A-syn density was also compared between sexes (Figure 3.3 G). Analysis 

of total a-syn density found no significant difference between PD males (n=2, 125.80 a-

syn/mm2 ± 19.67) or females (n=4, 103.40 a-syn/mm2 ± 63.81, p = 0.828). 
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Figure 3.2. Quantification of neuron density and a-syn pathology between cortical regions 

in PD. (A, B, C) Neuron density, quantified by the number of Nissl labelled cell bodies 

(arrowheads) was unchanged between PD cases and controls in the frontal (J, K), parietal (L, 

M) and occipital (N, O) cortical regions. Neuron density in the occipital region of the cortex 

was higher than in the frontal and parietal cortices in controls. (D, E, F) Quantification of total 

a-syn density within cortical regions revealed punctate labelling in PD frontal (K) and parietal 

(M) cortices compared to controls (J, L), but was less frequent in the occipital cortex (N, O). 

(G, H, I) Frequent neuritic a-syn immunolabelling was identified in PD frontal (K) and parietal 

(M) cortices compared to controls (J, L), but rarely occurred in occipital controls (N) or PD 

cases (O). Each individual PD case is represented by a different symbol. Scale bars 10µm.  
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3.3.4. Corrected analysis revealed that total a-syn density was weakly associated with age 

at death and disease duration, and significantly differed between males and females, in 

the frontal cortex in PD 

Analysis of a-syn pathology in each cortical region (refer to Result 3.3.2.) revealed one PD 

case (‘PD1’, represented as triangle points in graphs) with higher total and neurite a-syn density 

values in the frontal and parietal cortices compared to other PD cases. This case was identified 

as an outlier through analysis of the parietal data, where ‘PD1’ a-syn density was at its highest, 

and subsequently removed for the next analysis. To evaluate the effect of removing the outlier 

from analyses, neuron and a-syn densities were re-evaluated in the frontal cortex in cases and 

controls with values from case ‘PD1’ omitted.  

 

Reanalysing the data with the outlier removed revealed a lower neuron density in the frontal 

cortex in PD cases than previously reported (Result 3.3.2), although no significant difference 

was found between control (226.10 neurons/mm2 ± 14.45) and PD (n=5, 226.10 neurons/mm2 

± 14.45, p = 0.949) neuron density in the frontal cortex (Figure 3.4 A). Total a-syn density in 

the frontal cortex in PD was also slightly lower than previously reported (n=5, 85.49 a-syn/mm2 

± 23.85), but remained significantly higher compared to controls (2.74 a-syn/mm2 ± 0.61, p = 

0.026) (Figure 3.4 B). The density of a-syn neurites remained significantly higher in PD frontal 

cortex (n=5, 29.19 neurites/mm2 ± 9.45) compared to controls (0.12 neurites/mm2 ± 0.05, p = 

0.037) (Figure 3.4 C). 

 

Total a-syn density in the frontal cortex was reanalysed against age, PMI, disease duration and 

sex in PD cases. A moderate association was found between total a-syn density and age (R2 = 

0.512) (Figure 2.4 D). No association was identified with total a-syn density and PMI (R2 = 

0.186) (Figure 2.4 E) and disease duration was weakly associated with total a-syn density (R2 
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= 0.367) (Figure 2.4 F). Reanalysis of a-syn burden in the frontal cortex revealed that total a-

syn density was significantly higher in males (n=2, 125.80 a-syn/mm2 ± 19.67) compared to 

females (n=3, 40.49 a-syn/mm2 ± 14.82, p = 0.038) (Figure 2.4 G). 

 

3.3.5. CR expression was highest in the frontal and parietal cortices in PD, but was 

unchanged in all cortical regions compared to controls 

To determine the relative expression of CBPs in each cortical region between cases and 

controls, the density of CR-expressing neurons in the cortex was quantified by counting the 

number of neurons immunolabelled for CR in each region of interest. CR immunoreactivity 

was localized to the soma of positive neurons, with some labelling of the processes, within 

layers 2/3 of the cortical grey matter. Comparison of cortical regions in control tissue revealed 

a relatively higher density of CR-expressing interneurons in the frontal (19.81/mm2 ± 3.39) 

(Figure 3.5 A, D) and parietal cortices (15.52/mm2 ± 4.76) (Figure 3.5 B, F), compared to the 

occipital cortex (11.02/mm2 ± 2.20) (Figure 3.5 C, H). To determine whether CR density was 

altered in PD, CR density was compared between PD cases and controls in each cortical region. 

There was no significant difference in CR density in the frontal cortex in PD cases (18.13/mm2 

± 2.93) compared to controls (19.81/mm2 ± 3.39, p = 0.715) (Figure 3.5 A, D, E). Similarly, 

there was no difference in neuron density in the parietal cortex in PD cases (19.89/mm2 ± 5.69) 

compared to controls (15.52/mm2 ± 4.76, p = 0.568) (Figure 3.5 B, F, G), nor between PD 

occipital cortex (10.81/mm2 ± 3.87) compared to controls (11.02/mm2 ± 2.20, p = 0.964) 

(Figure 3.5 C, H, I). 

 

3.3.6. Cortical CB expression did not significantly differ between PD cases and controls 

In addition to quantifying the density of CR in each cortical region, the relative expression of 

CB, another CBP, in neurons was also quantified between cases and controls. CB 
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Figure 3.3. Associations between total a-syn density in the frontal cortex in PD cases with 

age at death, PMI, disease duration and sex. No significant difference was identified in age 

(A) or PMI (B) between PD cases and controls. A moderate association was found between 

age and PMI in PD cases (C), with increasing age associated with increased PMI. Moderate 

negative associations were observed between total a-syn density and age (D), but not total a-

syn density and PMI (E). Total a-syn density was strongly associated with disease duration in 

PD cases (F). Comparison of total a-syn density between sexes did not reveal a significant 

difference between males and females with PD (G).  
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Figure 3.4. Corrected analysis between total a-syn density in the frontal cortex in PD 

cases with age at death, PMI, disease duration and sex. (A) Frontal neuron density was 

unchanged in PD compared to control cases. Total a-syn density (B) and a-syn neurite density 

(C) were significantly higher in PD frontal cortex compared to controls. (D) No association 

was observed between total a-syn density and PMI in the frontal cortex in PD. A moderate 

positive association was identified between total a-syn density and age (E). (F) A weak 

association between total a-syn density and disease duration in PD was also identified. (G) 

Total a-syn density was significantly higher in male (n=2) compared to female (n=4) PD cases.   
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immunoreactivity was predominantly localized to the neuronal soma of positive neurons within 

cortical layers 2/3. The density of neurons expressing CB in the different regions of the cortex 

was quantified by counting the number of neurons immunolabelled for CB. Comparison of CB 

density in the frontal cortex found no significant difference between PD cases (13.18/mm2 ± 

3.12) and controls (13.21/mm2 ± 2.12, p = 0.993) (Figure 3.6 A, D, E). There was also no 

significant difference in CB density in the parietal cortex between PD cases (11.45/mm2 ± 2.85) 

and controls (19.07/mm2 ± 2.91, p = 0.110) (Figure 3.6 B, F, G), although CB density appeared 

higher in controls. CB density was higher in the occipital cortex in PD cases (21.23/mm2 ± 

7.83) compared to controls (9.884/mm2 ± 1.57, p = 0.119), however this was not significant 

(Figure 3.6 C, H, I).  

 

3.3.7. The density of neurons expressing Cav1.2 was lowest in the frontal cortex, but did 

not significantly differ between PD cases and controls in the cortex 

Alterations in the expression of Cav1 channels have been identified in cortical neurons in PD 

(Hurley et al., 2013). Expression of the voltage-gated Cav1.2 channel was quantified between 

each cortical region in PD cases and controls. Neurons expressing Cav1.2 were identified by 

punctate immunoreactivity in the soma. Values are given as the density of Cav1.2 

immunolabelled neurons in each region of interest. In control tissue, the frontal cortex was 

found to have a lower density of Cav1.2 immunolabelled neurons (65.53 cells/mm2 ± 21.11) 

(Figure 3.7 A) compared to the parietal (100.40/mm2 ± 15.63) (Figure 3.7 B) and occipital 

cortices (91.29/mm2 ± 10.91) (Figure 3.7 C).  There was no significant difference in the density 

of Cav1.2 labelled neurons in the frontal cortex when comparing controls (65.53 cells/mm2 ± 

21.11) to PD cases (63.48 cells/mm2 ± 7.89, p = 0.929) (Figure 3.7 A, D, E). No change was 

identified between parietal cases (100.40/mm2 ± 15.63) and controls (91.29/mm2 ± 10.91, p = 
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0.646) (Figure 3.7 B, F, G), nor between occipital cases (104.70/mm2 ± 23.82) and controls 

(91.29/mm2 ± 10.91, p = 0.646) (Figure 3.7 C, H, I).  

 

3.3.8. Expression of CBPs was unaffected by age or sex, but CR density may be associated 

with total a-syn density, in the frontal cortex in PD 

To determine the effect of normal aging on CBP expression, CR and CB density was compared 

to age of death in all PD cases and controls. No association was identified between age and CR 

(R2 = 0.015) (Figure 3.8 A) or CB density (R2 = 0.023) (Figure 3.8 B) in the frontal cortex. 

CBP expression was also investigated in comparison to total a-syn density in the frontal cortex. 

A weak positive association was identified between a-syn and CR density (R2 = 0.474) (Figure 

3.8 C). No association was identified between total a-syn density and CB density in the frontal 

cortex (R2 = 0.021) (Figure 3.8 D). CR and CB densities were also compared between males 

and females with PD. No significant difference was identified in CR density between male 

(n=2, 14.56/mm2 ± 1.80) and female (n=4, 19.92 ± 4.21, p = 0.451) (Figure 3.8 E) PD cases. 

There was no significant difference in CB density between PD males (n=2, 10.31 ± 9.55) and 

females (n=4, 14.62 ± 2.65, p = 0.576) (Figure 3.8 F).   

 

3.3.9. Corrected CBP density analysis found no association between CR or CB density 

with a-syn density or sex, although CR density was weakly associated with age, in the 

frontal cortex in PD 

CBP expression in the frontal cortex in healthy controls and PD cases were reanalysed with the 

outlier removed (as discussed in Result 3.3.4.). A weak association was identified between CR 

density and age at death (R2 = 0.369) (Fig.9 A), however no association was found between 

CB density and age (R2 = 0.245) (Figure 3.9 B). No association was found between a-syn 

density and CR (R2 = 0.185) (Fig.9 C) or CB density (R2 = 0.094) (Figure 3.9 D) in the frontal 
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Figure 3.5. Cortical CR density is unchanged in PD cases compared to controls. The 

number of neurons immunopositive for CR (arrowheads) was quantified in each cortical region 

between PD cases and age-matched controls. (A) Frontal CR density was unchanged between 

control and PD cases. There was also no difference in CR density in parietal (B) or occipital 

(C) cortices in PD compared to controls. (D, E) Representative images of CR-positive neurons 

in the frontal cortex in PD and controls. Scale bar 10µm.  
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Figure 3.6. Cortical CB density is unchanged in PD cases compared to controls. The 

number of neurons labelled for CB (arrowheads) was quantified in each cortical region between 

PD cases and controls. (A) Frontal CB density was unchanged between control and PD cases. 

There was also no difference in CB density in parietal (B) and occipital (C) cortices between 

PD cases and controls. (D, E) Representative images of neurons immunolabelled with CB in 

the frontal cortex in PD and controls. Scale bar 10µm.  
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Figure 3.7. Cortical Cav1.2 density is unchanged in PD cases compared to controls. The 

number of neurons with Cav1.2 expression (arrowheads) was quantified in each cortical region 

between PD cases and controls. (A) Frontal Cav1.2 density was unchanged between control 

(D) and PD cases. There was also no difference in Cav1.2 density in parietal (B) and occipital 

(C) cortices between PD cases and controls. (D, E) Representative images of neurons 

expressing the Cav1.2 calcium channel in the frontal cortex in PD and controls. Scale bar 

10µm.



 84 

cortex in PD. Additionally, comparison between male and female PD cases found no 

significant difference in CR (Male n=2, 14.56 ± 1.80, Female n=3, 16.20 ± 2.81, p = 0.700) 

(Fig.9 E) or CB density (Male n=2, 10.31 ± 9.55, Female n=3, 15.11 ± 3.69, p = 0.614) (Figure 

3.9 F).  

 

3.3.10. The density of neurons expressing Cav1.2 in the frontal cortex was not associated 

with age at death, total a-syn density or sex in PD cases 

Further investigation was conducted to determine the effect of age at death, a-syn density and 

sex on the density of neurons expressing Cav1.2 in the frontal cortex. In all cases and controls, 

no association was identified between Cav1.2 density and age (R2 = 0.003) (Fig 3.10 A), nor 

between the density of neurons expressing Cav1.2 and total a-syn density in PD cases (R2 = 

0.075) in the frontal cortex (Figure 3.10 B). Additionally, there was no significant difference 

in Cav1.2 density in the frontal cortex between PD males (n=2, 78.30/mm2 ± 1.40) and females 

(n=4, 56.07/mm2 ± 10.02, p = 0.214) (Figure 3.10 C). The density of neurons expressing 

Cav1.2 was reanalysed to identify the effect of age, a-syn density and sex with the outlier 

removed. No association was found between the density of neurons expressing Cav1.2 and age 

in all cases and controls (R2 = 0.004) (Figure 3.10 D). A weak association was identified 

between total a-syn density and the density of neurons expressing Cav1.2 in the frontal cortex 

in PD (R2 = 0.439) (Figure 3.10 DE). No significant difference was found when comparing the 

density of neurons expressing Cav1.2 in the frontal cortex between PD males (n=2, 78.3 ± 

1.40) and females (n=4, 54.09 ± 13.89, p = 0.271) (Figure 3.10 F).
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3.4. DISCUSSION 

3.4.1. A-syn pathology in the PD cortex 

Intracellular inclusions predominantly composed of aggregated a-syn are the pathological 

hallmark of synucleinopathies. In the CNS, aberrant a-syn is thought to develop within the 

brainstem in PD, progressing towards the cortex through interconnected brain networks (Braak 

et al., 2003). However, not all anatomically connected brain regions are affected in PD 

(Surmeier et al., 2017a), and some PD cases do not follow this pattern of progression 

(Parkkinen et al., 2008), suggesting that there may be cellular factors involved in the 

development of a-syn pathology within the brain. This thesis chapter aimed to identify whether 

cell-autonomous factors may influence the vulnerability of different regions of the cortex to a-

syn pathogenesis and degeneration in PD. Identifying the determinants of neuronal 

vulnerability in the cortex, which is affected by a-syn pathology in DLB and in later stages of 

PD, may reveal common features shared by susceptible brain regions in PD and improve the 

current understanding of how a-syn pathology spreads through the brain.  

 

In this chapter, a-syn pathology was detected in human cortical tissue using an antibody that 

identifies amino acids 91 to 99 of human a-syn (BD Bioscience, 610786) (Kumar et al., 2020). 

Fluorescently-labelled a-syn was identified in all PD cases, but was rare (less than 5 a-syn 

puncta per mm2) (83.3% of cases) or absent (16.6% of cases) in age-matched control tissue. 

A-syn pathology consisted of spherical foci (Figure 3.1 B), and elongated neuritic labelling 

(Figure 3.1 E). Colocalization of a-syn and fluorescent Nissl labelling was rarely observed. 

Neuronal a-syn labelling is common in the SN of PD cases, with some neurons containing 

multiple a-syn immunolabelled LBs (Spillantini et al., 1998b). In this chapter, cortical a-syn 

immunoreactivity was in the form of punctate deposits, rather than intracellular LBs, which are 

often observed in Lewy body diseases. A-syn immunoreactivity in human PD tissue has 



  

0 100 200 300 400
0

10

20

30

40

A-syn/mm2

Frontal
A-syn Density v CR

60 65 70 75 80
0

5

10

15

20

Frontal
CR Density v Age

Age (Years)
60 65 70 75 80

0

5

10

15

Frontal
CB Density v Age

Age (Years)

0 100 200 300 400
0

5

10

15

20

25

A-syn/mm2

Frontal
A-syn Density v CB

Male Female
0

10

20

30

40

50

Frontal 
CR Density

R   = 0.015
2

R   = 0.023
2

R   = 0.474
2 R   = 0.021

2

A B

C D

E F

Male Female
0

10

20

30

40

Frontal 
CB Density

N
u

m
b

er
 p

er
 m

m
2

N
u

m
b

er
 p

er
 m

m
2

N
u

m
b

er
 p

er
 m

m
2

N
u

m
b

er
 p

er
 m

m
2



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.8. Association between the density of neurons expressing CR or CB in the frontal 

cortex with PD case characteristics. The density of neurons expressing either CB and CR in 

the frontal cortex was assessed in relation to case characteristics. No association was identified 

between CR (A) or CB (B) density with age in the frontal cortex. A weak association was found 

between CR density and total a-syn density (C), but not between CB density and total a-syn 

density (D). CR (E) and CB (F) density did not differ between male and female PD cases.   
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Figure 3.9. Adjusted analysis of association between the density of neurons expressing 

CR or CB in the frontal cortex with PD case characteristics. Corrected analysis of the 

density of neurons expressing either CB or CR in the frontal cortex found a weak association 

with CR density and age at death (A), but not between CB density and age at death (B). No 

association was identified between total a-syn density and CR (C) or CB (D) density in the 

frontal cortex in PD. No significant difference was found between CR (E) and CB (F) density 

between males and females in the frontal cortex in PD cases.  
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Figure 3.10. Cav1.2 expression in the frontal cortex with age at death, total a-syn density 

and sex in PD. Analysis of Cav1.2 expression in the frontal cortex found no association 

between Cav1.2 density and age at death (A, B). Initial analysis found no association between 

Cav1.2 density and a-syn density in the frontal cortex (n=6) (C). However corrected analysis 

revealed a weak association between Cav1.2 and a-syn density in PD (n=5) (D). Comparison 

of Cav1.2 expression found no significant difference in Cav1.2 density between male and 

female PD cases (E, F). 
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previously been described as ‘dot-like’ deposits, with less LB-like labelling, in the insular 

cortex (Fathy et al., 2019), which may represent an immature cortical a-syn inclusion (Dickson, 

2018). The appearance of a-syn pathology may therefore differ between brain regions, and the 

punctate a-syn deposits observed in this chapter may represent a cortical phenotype of a-syn 

pathology rather than a lack of mature LB pathology (Dickson, 2018), particularly as the PD 

cases studied in this thesis were at end-stage. Additionally, a-syn pathology can occur in glial 

cells, as is the case in MSA (Bleasel et al., 2014). The non-neuronal a-syn labelling observed 

in this chapter could be due to a-syn accumulations in other cell types not identified in this 

study (Halliday and Stevens, 2011). 

 

3.4.2. Neuron density in the cortex in PD 

Whilst there is emphasis on the degree of neurodegeneration within the SNpc, the characteristic 

site of vulnerability and pathology in PD, the extent of neurodegeneration in other brain regions 

affected by a-syn pathology is less clear. Few studies have investigated neuron loss within the 

cortex in PD, although a lack of neurodegeneration within the cortex has been reported 

(Pedersen et al., 2005, Giguere et al., 2018). In comparison, the degree of neurodegeneration 

within the SNpc in PD has been quantified, with neuron loss ranging  from 20-90% (Giguere 

et al., 2018). In this thesis chapter, the density of neurons and a-syn pathology were quantified 

and compared between cortical regions and between PD cases and age-matched controls, with 

no cognitive impairment or motor dysfunction. Control cases were age-matched to the PD cases 

included in this chapter, however no information regarding co-existing pathologies were 

available. A number of neuropathologies may become increasingly common with age, such as 

amyloid-plaques associated with AD (Doherty et al., 2015, Hsu et al., 2015). Indeed, previous 

studies have identified the presence of AD-related amyloid plaques and tau-pathologies in aged 

adults post-mortem with no cognitive impairments, with Braak AD scores ranging from I-IV 
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(Perez et al., 2015, Mufson et al., 2016). Although punctate cortical a-syn immunoreactivity as 

seen in the PD cases in this chapter was either rare or absent from control cases, other 

neuropathological changes, including neuronal cell loss, may be difficult to accurately analyse 

and compare to PD tissue without knowing the extent of other co-pathologies.  

 

Three different cortical regions were investigated; the prefrontal cortex (Frontal) and 

somatosensory association area (Parietal), which are known regions affected by a-syn 

pathology in PD (Zarei et al., 2013, Del Tredici and Braak, 2016), and the primary visual cortex 

(Occipital), which is relatively spared (Dickson et al., 2009a, 2010). Neuron density, as 

opposed to stereological neuron counts, was quantified to compare the number of neurons per 

millimetre between cortical regions in aged-matched controls, and to determine whether cell 

loss had occurred in cortical regions affected by a-syn pathology in PD (Harding et al., 2002, 

Hurley et al., 2013). In control tissue, similar neuron densities were observed between the 

frontal and parietal lobe. Neuronal density was higher in the occipital lobe (Figure 3.2 A-C), 

however no significant difference was identified in the frontal, parietal or occipital regions 

between PD cases and controls.  

 

The absence of neurodegeneration within cortical regions of the PD cases studied in this thesis 

adds support to the idea of differential vulnerability of specific brain regions. However, as 

many PD patients develop cognitive dysfunction over the course of the disease (Lawson et al., 

2016), these findings do not provide sufficient information to rule out loss of other specific cell 

populations, or specific changes in the profiles of expression of specific neuron subtypes in the 

cortex in PD. The data may also indicate that LB pathology, rather than cell loss, is the main 

determinant of dementia in synucleinopathies. In DLB, cortical thinning has been identified in 

the frontal, parietal, temporal and occipital lobes (Watson et al., 2015) and is associated with 
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cognitive decline (Colloby et al., 2020). There is also an association between cortical thinning 

and cognitive impairment and dementia in PD (Zarei et al., 2013, Rektorova et al., 2014), but 

not PDD (Colloby et al., 2020). 

 

Extensive a-syn pathology is generally accompanied by, and proportional to, neuron toxicity 

and degeneration in PD (Luk et al., 2016, Luna et al., 2018), particularly in DA neurons (Hoban 

et al., 2020). However, not all brain regions that undergo degeneration in PD contain Lewy 

pathology, such as the supraoptic nucleus, indicating that brain regions may be differentially 

affected by a-syn pathology (Surmeier et al., 2017b). In this thesis, analysis revealed that the 

density of a-syn pathology was similar in the frontal and parietal cortices, with relatively lower 

levels of a-syn identified in the occipital cortex (Figure 3.2 D-I). This supports previous studies 

in which a-syn lesions typically occurred in the prefrontal fields of the frontal neocortex (Del 

Tredici and Braak, 2016) and within higher order areas, including the somatosensory 

association area within the parietal cortex (Zarei et al., 2013, Del Tredici and Braak, 2016) in 

PD, with the primary visual cortex of the occipital lobe generally spared (Braak et al., 2003, 

Boecker et al., 2007, Dickson et al., 2009a, 2009b, Cheng et al., 2011). Recent evidence 

suggests that the association between the development of LBs and neurodegeneration is 

relatively weak compared to the association between total a-syn aggregation and 

neurodegeneration (Dijkstra et al., 2014). Indeed, early a-syn deposits, or pale bodies, may be 

the mediators of cell damage and neurodegeneration prior to the development of classic LBs 

(Milber et al., 2012). However, the findings in this thesis suggest that the development of early 

a-syn inclusions or pale bodies does not mediate neurodegeneration in the cortex.  
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3.4.3. The association between cortical a-syn density and case characteristics in PD 

Total a-syn data was further analysed with other case characteristics using data from the frontal 

cortex, which had significantly higher densities of both total a-syn and a-syn neurites (Figure 

3.2), and is of interest due to being affected in both DLB and PD (Uchihara and Giasson, 2016, 

McKeith et al., 2017).  

 

In this chapter, data from 6 PD cases and 6 age-matched controls was quantified and compared. 

The values obtained for the density of neurons expressing either CR, CR or Cav1.2 in the 

frontal cortex were used to calculate statistical power. The power of this study ranged from 

0.05-0.1. Due to the low statistical power, this chapter could be considered a pilot study and 

may be informative in designing future studies in which larger numbers of cases and controls 

are compared. However, previous human tissue studies investigating neurodegenerative 

disease have used low numbers of cases and have obtained significant results (Mitew et al., 

2013, Han et al., 2019). 

 

Case characteristics were analysed to compare case and control groups and to determine 

whether any extrinsic factors had an effect on a-syn pathology in the frontal cortex. Analysis 

revealed no difference in age at death or PMI between PD cases and age-matched controls 

(Figure 3.3 A-B). Linear regression analysis revealed a weak association between age at death 

and PMI in PD cases (Figure 3.3 C). A moderate and weak association were identified between 

total a-syn density and age at death, and total a-syn density and PMI, respectively (Figure 3.3 

D, E). Analysis of total a-syn density and disease duration revealed a strong positive association 

(Figure 3.3 F).  
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No other clinical information was available for the PD cases included in this study. As such, 

although an association was identified between total a-syn density and disease duration in the 

frontal cortex, the neuropathological, or Braak, staging of each case was unknown. For this 

chapter, the cortical regions analysed were based on their relative vulnerability and sparing in 

PD. However, a limitation of this study is that it cannot be established whether all PD cases 

had widespread neocortical involvement at the time of death, although all PD cases included 

in this chapter were at end-stage.  

 

Importantly, one PD case (PD1) included in this study had a notably longer disease duration 

compared to the other PD cases. PD1 had a disease duration of 33 years, which was relatively 

long in comparison to the other PD cases in this study, with a mean of 16.6 years duration. PD1 

also had the youngest age at disease onset, at approximately 31 years of age, compared to a 

mean age of onset of approximately 52 in the remaining PD cases. The onset of PD between 

the ages of 21-50 is termed early or young onset PD (Rizek et al., 2016) and has been linked 

to mutations in several PD related genes (Klepac et al., 2013), including SNCA (Klein and 

Westenberger, 2012). However, no genetic data is available for the cases examined in this 

thesis. Therefore, the possibility that this case may represent a genetic form of PD compared 

to the other cases in this study cannot be excluded (Ferguson et al., 2016). As PD1 was also 

associated with a relatively higher density of a-syn within the frontal and parietal cortices 

compared to the other PD cases, further analysis was conducted in which PD1 was identified 

as an outlier.  

 

The adjusted data (without case PD1) revealed no difference in frontal neuron density between 

PD cases and age-matched controls, whilst total a-syn inclusion and neurite density remained 

significantly higher in the frontal cortex in PD (Figure 3.4 A-C). Linear regression analysis of 
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the corrected data revealed a moderate positive association between total a-syn density in the 

frontal cortex and age at death (Figure 3.4 D). The association between total a-syn density and 

PMI remained unchanged, whilst a weak association was identified between the density of a-

syn pathology and disease duration (Figure 3.4 E, F).  Further analysis of a-syn in the frontal 

cortex revealed significantly higher a-syn density in males compared to females with PD 

(Figure 3.4 G). Clinical sex differences have been identified in PD, with men 1.5 times more 

likely to be diagnosed with PD than women (Elbaz et al., 2016). There is also evidence to 

suggest that there are differences in how the disease is experienced between sexes. On average, 

the onset of PD occurs 2 years later in women compared to men (Haaxma et al., 2007, Alves 

et al., 2009). Females may also experience a milder, tremor-dominant PD phenotype (Miller 

and Cronin-Golomb, 2010), with a slower rate of motor decline, compared to males (Haaxma 

et al., 2007). Males more often experience a postural-instability dominant PD phenotype 

(Factor et al., 2011), which is associated with greater executive dysfunction (Kelly et al., 2015, 

Zuo et al., 2017), with less cognitive dysfunction reported in females (Alves et al., 2006, Burn 

et al., 2006). Less is known about the pathological differences between males and females in 

PD, however it is thought that oestrogen may be involved in neuroprotection to a-syn 

pathogenesis in females (Rajsombath et al., 2019), as demonstrated by similar incidences of 

PD in men and post-menopausal women (Cerri et al., 2019). 

 

3.4.4. The density of neurons expressing CR in the cortex in PD 

Low endogenous expression of CBPs may contribute to the specific vulnerability of different 

brain regions in PD. Neurons robustly expressing CBPs within the SN, particularly DA 

neurons, are relatively resistant to degeneration in PD (Fairless et al., 2019). GABAergic 

neurons in the hippocampus expressing CBPs are also reportedly protected from calcium 

overload and subsequent degeneration (Turovsky et al., 2018). Experimental evidence suggests 
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that low expression levels of CBPs, and thus low Ca2+ buffering capacity, may be a 

characteristic of neurons within susceptible brain regions in PD, such as the SN and cortex 

(Foehring et al., 2009). Low Ca2+ buffering capacity may contribute to the vulnerability of 

specific neuron types to Ca2+-dependent pathophysiology, which is associated with normal 

aging and PD, which may increase the risk of mitochondrial failure and eventual cell 

degeneration (Surmeier et al., 2017b). In this thesis chapter, we aimed to determine whether 

there were any differences in the expression of the CBPs CB and CR in spared and affected 

cortical regions in PD. No significant difference in the density of CB or CR was identified in 

either the frontal, parietal, or occipital lobes in PD, nor when compared to age-matched 

controls.  

 

CR-expressing neurons are reportedly the most abundant interneuron type found in the striatum 

(Wu and Parent, 2000), a region relatively spared from degeneration in PD. In this study, CR 

density in the frontal cortex was lower than in the striatum in age-matched controls (Figure 3.5 

A-C), which may be a contributing factor in the vulnerability of this cortical region. However, 

other studies found that neuronal CR expression was not associated with regions prone to 

degeneration in PD (Hurley et al., 2013), and thus may not be a major factor influencing 

regional vulnerability (Adorjan et al., 2017). In the current thesis, CR density was lower in the 

occipital cortex compared to the frontal and parietal cortices, and corresponded with relatively 

lower a-syn burden in the occipital cortex, in controls (Figure 3.4 A-C). However, previous 

quantification of CR density in PD identified 31 CR interneurons/mm2 in the striatum, a region 

typically less vulnerable, and 15.7/mm2 in caudate putamen, which is more vulnerable 

compared to the striatum (Ciesielska et al., 2017, Pasquini et al., 2019). 
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Early rodent models identified that CR-expressing DA neurons in the SNpc are relatively 

spared from 6-OHDA-induced parkinsonism compared to those without CR-expression (Kim 

et al., 2000, Tsuboi et al., 2000). However, few studies have investigated changes in CR density 

in the brain in PD, particularly in regions outside of the SN. In this thesis, no difference in CR 

density between controls and PD cases is identified. There is evidence in MPTP primate models 

of PD that increased CR density in the striatum is more likely due to existing neurons changing 

phenotype, rather than new generation of CR interneurons (Petryszyn et al., 2016, 2018). A 

recent study found a significant increase in CR density in the anterior cingulate cortex in PD 

cases compared to healthy controls, with a-syn also frequently colocalizing with CR-expressing 

neurons (Ubeda-Banon et al., 2017). No cell loss was identified in any cortical region in PD in 

this study, thus phenotype changing of neurons in favour of CR expression does not seem to 

have occurred.  

 

3.4.5. The density of neurons expressing CB in the cortex in PD 

Experimental evidence suggests that DA neurons in the SNpc containing CB are generally 

spared, compared to DA neurons not expressing CB (Yamada et al., 1990, Damier et al., 1999). 

Additionally, CB has been found to confer resistance to CB interneurons in animal models of 

PD (Choi et al., 2008, Yuan et al., 2013). No cortical cell loss was identified in the current 

thesis, thus relative vulnerability of CB interneurons cannot be discerned. Colocalization of a-

syn and CB was also rare, which has previously been reported in DLB (Rcom-H'cheo-Gauthier 

et al., 2016). Few studies have quantified CB expression in the brain. In this thesis, CB density 

in the frontal, parietal and occipital cortices was lower than previously reported in the visual 

cortex (Leuba et al., 1998). The density of neurons expressing CB did not significantly differ 

in any cortical region between PD cases and age-matched controls. Whilst similar densities 

were obtained in controls in the frontal and occipital cortices, the density of neurons expressing 
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CB in the frontal cortex of controls was higher. As a-syn pathology was identified frequently 

in the frontal and parietal cortices, but rarely occurred in the occipital cortices. Together, these 

findings indicate that CB may not be a major factor contributing to the vulnerability of the 

cortex to a-syn pathology. 

 

3.4.6. The association between the density of neurons with CBP expression and case 

characteristics in the frontal cortex in PD 

The density of CBPs was analysed with other case characteristics to determine whether any 

other factors influenced CR or CB density in the frontal cortex (Figure 3.8 A-F). Linear 

regression analysis revealed no association between CR density and age. A weak positive 

association was identified between CR density and total a-syn density. Additionally, no 

significant difference was identified in CR density between PD males and females. No 

association was identified between CB density and age, total a-syn density or sex. Furthermore, 

CBP expression within the cortex did not appear to be altered by normal ageing, a-syn burden 

or sex.  

 

The density of CR- and CB-expressing neurons was reanalysed after removal of the PD1 case. 

Analysis of CR density with age at death now revealed a weak positive association, in which 

increase age at death trended towards higher CR density (Figure 3.9 A). Although the R2 value 

was increased with the removal of the outlier, there was still a very weak association between 

CB density with age at death (Figure 3.9 B). No association was identified between total a-syn 

density and CR or CB (Figure 3.9 C, D). There was no significant difference identified in CR 

or CB density between males and females with PD (Figure 3.9 E, F). It is thought that CR 

density may increase with age, which has been reported in the caudate nucleus in healthy 

controls (Adorjan et al., 2017). However, a loss of CB reportedly occurs in the human brain 
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with age in some regions, including the basal forebrain, cerebellum, corpus striatum and 

brainstem, but does not occur in the perirhinal cortex or hippocampus for CR (Fairless et al., 

2019). Therefore, CBP density may be altered differentially in specific regions of the brain, 

but it is unclear to what degree this occurs in the cortex in normal ageing and in PD.  

 

3.4.7. The density of neurons expressing the Cav1.2 calcium channel in the cortex in PD 

Recent studies have identified that vulnerable brain regions in PD may express specific L-type 

Ca2+ channels. SN DA neurons rely on L-type Cav1 channels, specifically the Cav1.3 channel, 

to drive their pacemaking activity and calcium oscillations (Surmeier and Schumacker, 2013). 

In contrast, VTA DA neurons, which are also slow pacemakers but do not undergo Ca2+ 

oscillations, have significantly less Cav1.3 channels and are at a lower risk of degeneration in 

PD (Surmeier and Schumacker, 2013). Due to the long, highly branched axons with a dense 

axonal arbour, SN DA neurons are thought to have elevated baseline mitochondrial oxidant 

stress compared to other neurons (Pacelli et al., 2015). Additionally, the slow oscillations in 

intracellular calcium concentration and the high energetic requirements to maintain 

pacemaking in DA neurons may increase their risk of mitochondrial dysfunction and oxidative 

stress (Dragicevic et al., 2015, Surmeier, 2018). Inhibition of Cav1 channels in SN DA neurons 

has been shown to lower cytosolic calcium levels and mitochondrial oxidant stress, and 

decrease the sensitivity of these neurons to toxins (Guzman et al., 2010, Singh et al., 2016, 

Guzman et al., 2018). Indeed, the Cav1 channel blocker isradipine was found to diminish 

cytosolic Ca2+ oscillations in SN DA neurons, to the same effect as knockdown of Cav1.3 

channel expression (Guzman et al., 2018). An increase in Cav1 subtype expression throughout 

the brain has been reported in PD, in which Cav1.3 channels are favoured (Hurley et al., 2013). 

The increased reliance of DA neurons on Cav1.3 may therefore increase their susceptibility to 

oxidative and mitochondrial stress. 
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This thesis aimed to investigate the Cav1 calcium channel expression in the cortex, to 

determine whether there were any differences between brain regions either affected and spared 

by a-syn pathology. Optimisation of Cav1 channel immunolabelling demonstrated punctate 

labelling of the Cav1.2 channel in a proportion of neurons, whilst immunolabelling of Cav1.3 

channels was unsuccessful. The study by Hurley et al. reported an overall increase in Cav1 

expression, with a specific change in the ratio of Cav1 channels in which there was an increase 

in the Cav1.3 subtype (2013). If the same reliance of Cav1.3 channels is present in the cortex 

in PD, we would expect a reduction in the density of cortical Cav1.2 channels compared to 

age-matched controls. The density of neurons expressing Cav1.2 was found to be lowest in the 

frontal cortex, and slightly higher in the parietal and occipital cortices in age-matched controls 

(Figure 3.7 A-C). Cav1.2 density was unchanged in the frontal, parietal or occipital cortices 

between PD cases and controls.  

 

The density of Cav1.2 expressing neurons in other affected brain regions in PD has previously 

been quantified. Whilst no change in the density of neurons expressing Cav1.2 was found 

compared to controls, an increase in the staining intensity of Cav1.2 increased with late PD, 

suggesting that Cav1.2 expression can increase despite no cell loss (Hurley et al., 2013). The 

study by Hurley et al. (2013) reported a dominance of Cav1.3 expression over Cav1.2 In the 

SNpc of healthy tissue, with the number of cells expressing Cav1.2 reduced in PD by 31-42%.  

In this chapter, the density of neurons expressing Cav1.2 in the cortex was found to be lower 

than previously reported in the DMV and cingulate cortex (Hurley et al., 2013), two regions 

that are also affected in PD (Kamagata et al., 2012, Pelz et al., 2018, Braak et al., 2004). 

Additionally, no difference in the density of neurons expressing Cav1.2 was identified between 

PD cases and controls, nor between cortical regions spared and affected by a-syn pathology in 
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PD. Unlike the SNpc, no loss of Cav1.2 expression was identified in the cingulate cortex of 

PD patients, but a 94% increase in expression of Cav1.3 was identified (Hurley et al., 2013). 

Two different regions affected by a-syn pathology in PD which normally have predominant 

neuronal expression of Cav1.2, the SNpc and the cingulate cortex, appear to undergo different 

changes in PD which result in both regions having greater expression of the Cav1.3 channel.  

 

3.4.8. The association between the density of Cav1.2-expressing neurons in the frontal 

cortex with case characteristics 

Cav1 channels, particularly the Cav1.3 subtype (Hurley et al., 2013), are actively utilized by 

SN DA neurons for pacemaking, resulting in calcium oscillations that can induce mitochondrial 

stress (Surmeier and Schumacker, 2013, Dragicevic et al., 2015). Hurley et al. 2013 identified 

a shift in the ratio of Cav1 channels expressed in the brain in PD, in which the Cav1.3 subtype 

was preferentially expressed. In the current thesis, no change was identified in the density of 

neurons expressing Cav1.2 in the frontal cortex with age at death in the current (Figure 3.10 

A, D). Further analysis revealed no association between total a-syn density and Cav1.2 density 

within the frontal cortex (Figure 3.10 B), however a weak positive association was identified 

in the data adjusted for outliers (Figure 3.10 E), suggesting that Cav1.2 changes may occur as 

a-syn pathology progresses in the cortex. This would be comparable with previous findings 

which describe an overall increase in Cav1 channel expression throughout the PD brain, 

although this tended towards a higher ratio of Cav1.3 subtypes compared to Cav1.2. As the 

number of neurons expressing Cav1.3 was not quantified in this study, it is impossible to 

ascertain whether Cav1 changes, including an overall increase and a comparatively higher level 

of expression of Cav1.3 compared to Cav1.2, are present in the cortex in these PD cases. Whilst 

not significant, Cav1.2 density in the frontal cortex tended to be lower in females with PD, 

with a greater range of variation, compared to males with PD (Figure 3.10 C). This trend 



 98 

persisted in the adjusted data (Figure 3.10 F). It is currently unknown if, and how, Cav1.2 

expression differs between males and females, particularly in ageing and in disease.  

 

3.4.9. Conclusion 

This thesis aimed to determine the relationship between a-syn pathology and the expression of 

the CBPs CR and CB, as well as the expression of the Cav1.2 calcium channel, in spared and 

affected regions of the cortex in post-mortem PD tissue compared to age-matched controls. 

The data indicates that the factors contributing to vulnerability to a-syn pathogenesis and 

degeneration in PD may differ between brain regions. Although there appears to be no 

relationship between a-syn pathology and the expression of CBPs in cortical regions, total a-

syn density appears to be associated with an increase in the number of neurons expressing 

Cav1.2 in the frontal cortex in PD. In this chapter, the density of total a-syn pathology was 

compared between males and females. After adjusting for outliers, analysis revealed a 

significantly higher density of pathological a-syn in males, compared to females. However, as 

only 5 PD cases were included in the final analyses, a larger sample size would be required to 

further determine the influence of sex on a-syn pathology burden in the frontal cortex in PD.  

 

Previous studies have reported there was an overall increase in Cav1 channels throughout the 

brain in PD, which favoured a higher ratio of Cav1.3 compared to Cav1.2 (Hurley et al., 2013). 

In the current study only Cav1.2 channels were successfully optimized for quantification. Thus, 

by quantifying only the Cav1.2 subtype, gross changes in Cav1 channel expression may not be 

identified. Quantifying the density of, and ratio between, neurons expressing Cav1.2 and 

Cav1.3 calcium channels may provide a more accurate evaluation of Cav1 calcium channel 

changes in the cortex in PD. This could then be more comprehensively compared to the SN to 

determine whether Cav1 changes are a feature in all brain regions vulnerable to a-syn 
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pathogenesis and degeneration in PD. In summary, this chapter demonstrates that the density 

of neurons expressing CR, CB or Cav1.2 may not be a primary determinant of regional 

vulnerability to a-syn pathogenesis in the cortex in PD.  



 100 

4. DISCUSSION 

To improve the current understanding of factors contributing to cellular and regional 

vulnerability of the brain in synucleinopathies, this thesis hypothesised that “Pathogenic A-syn 

Changes are Initiated by Cellular Stress Associated with Calcium Dyshomeostasis in 

Specifically Vulnerable Neuron Types”. To address this hypothesis, the first chapter of this 

thesis aimed to investigate the effects of calcium dysregulation on a-syn expression levels in 

primary cortical neurons. To further understand why specific brain regions may be more 

vulnerable to a-syn pathogenesis in PD, neurons expressing CBPs and Cav1.2 calcium channels 

were quantified in regions of the cortex in human PD cases compared to brain tissue from age-

matched controls. 

 

4.1. The a-syn response to calcium dysregulation in primary cortical neurons 

Aggregated a-syn is the key pathological protein in synucleinopathic diseases. The SNpc, a 

brain region commonly affected by pathology and neurodegeneration in PD, has been the focus 

of a majority of studies investigating a-syn pathogenesis. However, other regions of the brain 

are susceptible in synucleinopathies, including the cortex, which is the main region affected in 

DLB and often becomes involved in later-stages of PD. Regional vulnerability may be 

dependent on cell-autonomous features, such as the ability of neurons to buffer intracellular 

calcium levels. There is growing evidence that suggests calcium dyshomeostasis is a key factor 

in the initiation of a-syn pathogenesis in neurons (Leandrou et al., 2019, Zampese and 

Surmeier, 2020). Although the exact mechanisms are unclear, increases in intracellular calcium 

may induce a-syn aggregation directly, through the binding of the C-terminal region of a-syn 

(Nielsen et al., 2001, Han et al., 2018), or indirectly, as may be the case for calmodulin, a 

calcium binding protein that changes its conformation following calcium-binding, and is then 

able to bind to a-syn and induce fibrilization (Leandrou et al., 2019). Calcium-dependent 
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proteases, such as calpain, may also cause a-syn aggregation through increased activity in 

response to raised intracellular calcium levels (Diepenbroek et al., 2014). In order to investigate 

the interplay between calcium levels and a-syn pathogenesis, this thesis aimed to investigate 

the effect of calcium dysregulation on endogenous a-syn in primary cortical neurons.  

 

The findings from the current thesis demonstrate that primary cortical neurons upregulate a-

syn in response to a calcium influx induced by 50mM KCl (Figure 2.2). Indeed, transient 

increases in intracellular calcium have been shown to result in an increase in a-syn aggregation 

in human cell lines (Follett et al., 2013, Nath et al., 2011). Interestingly, neuronal viability was 

unaffected, suggesting that the increase in a-syn may not be pathogenic in this model. In this 

thesis, treating cortical neurons with 50mM KCl reduced the proportion of neurons with low 

a-syn expression, and significantly increased the proportion of neurons with high a-syn 

expression (Figure 2.2). Neuron density was significantly reduced, yet the proportion of 

neurons expressing a-syn was unchanged. These findings suggest that cortical neurons with a-

syn expression may be less vulnerable to apoptosis following calcium dysregulation than 

neurons without a-syn expression. Indeed, although a significant increase in a-syn 

immunoreactivity was identified after 24 hours, focal aggregates of a-syn were not detected in 

cortical neurons, even up to 72-hours following treatment (Figure 2.2). Similar studies in which 

upregulated a-syn was identified following a transient increase in intracellular calcium 

identified a-syn aggregates in cell lines after 24 hours (Follett et al., 2013), suggesting that 

increased a-syn was pathogenic. In the current thesis, the upregulation of a-syn in mouse 

primary cortical neurons appears to be a neuroprotective response to calcium dysregulation, in 

which neurons with a-syn expression, or neurons with the ability to upregulate a-syn, are 

relatively resistant to apoptosis (Figure 2.2). 
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The specific vulnerability of brain regions to a-syn pathogenesis is considered to be due 

primarily to cell-autonomous factors (Surmeier et al., 2017b). In this thesis, differential 

neuronal vulnerability was investigated by evaluating the effect of calcium dysregulation on 

specific populations of cortical neurons. Whilst calcium dysregulation resulted in an increased 

level of a-syn in primary cortical neurons, no change in a-syn levels was identified in excitatory 

pyramidal neurons, and no loss of these neurons was observed. Inhibitory interneurons 

expressing the CBP CR were also investigated, and these neurons were found to have a lower 

endogenous level of a-syn compared to both the excitatory pyramidal neurons and the general 

cortical neuron population (Figure 2.5). CR-positive interneurons also did not undergo cell loss 

nor an increase in a-syn level following calcium dysregulation.  In the total cortical neuron 

population, a significant decrease in cell density was identified and appeared to represent a loss 

of neurons without a-syn expression. This may suggest that a-syn expression protects neurons 

from stress caused by calcium dysregulation.  

 

Increased a-syn levels in neurons increases the likelihood of a-syn aggregation (Surmeier et 

al., 2017b), and multiplications of the a-syn gene are associated with familial PD, with SNCA 

triplications resulting in a more severe disease phenotype than duplication (Chartier-Harlin et 

al., 2004, Ibanez et al., 2004, Hardy et al., 2009). Thus, endogenous a-syn level may be directly 

involved in determining neuronal vulnerability (Courte et al., 2020). Neurons with an SNCA 

triplication are more vulnerable to stress (Flierl et al., 2014), with a-syn overexpression 

impairing regulation and efficiency of cellular energy generation (Luna et al., 2018). Taken 

together, the findings from this thesis suggest that there may be an a-syn threshold level of 

neurotoxicity (Luna et al., 2018). Indeed, populations of hippocampal neurons containing 

relatively higher a-syn levels displayed reduced pathology and rescued toxicity with early 

reduction of a-syn compared to other hippocampal neurons (Luna et al., 2018).  
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A-syn aids Ca2+ transfer from ER to mitochondria, which specifically requires the Ca2+-binding 

domain in the C-terminal. Disrupted or reduced Ca2+ transfer between ER and mitochondria 

could eventually disrupt cellular bioenergetics (Cali et al., 2012). Thus, previous reports that 

a-syn upregulation results in neurons being more prone to calcium overload (Parihar et al., 

2008) may have overlooked the possibility that increased expression is physiological, rather 

than pathological (Cali et al., 2012). It is possible that the cortical neuron response involving 

increased a-syn expression represents a protective state, in line with other findings describing 

the upregulation of a-syn in response to stress as neuroprotective (Quilty et al., 2006, Musgrove 

et al., 2011, Musgrove et al., 2013). If indeed the endogenous level of a-syn was an indicator 

of vulnerability, excitatory pyramidal neurons would not be expected to be at an increased risk 

of degeneration following calcium dysregulation. It is unclear why YFP excitatory pyramidal 

neurons and inhibitory neurons expressing CR in this thesis were more resistant to changes in 

a-syn and degeneration in response to calcium dysregulation. However, the lower level of a-

syn in CR interneurons may have suggested their relatively higher risk of degeneration 

following calcium dysregulation was mitigated due to their innate ability to regulate 

intracellular calcium levels.  

 

4.2. Vulnerability to a-syn pathogenesis in human PD 

To further understand the factors influencing regional vulnerability to a-syn pathogenesis 

within the cortex, we aimed to determine the expression profiles of the CBPs CB and CR, and 

the calcium channel Cav1.2, in cortical brain tissue from human post-mortem PD tissue 

compared to age-matched controls. Frontal and parietal cortices had extensive a-syn pathology 

in PD, compared to the relatively spared occipital cortex. However, analysis revealed no 

difference in the density of CB, CR or Cav1.2 expression between any cortical region in PD, 
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nor compared to controls. As no cell loss was identified in cortical regions between PD cases 

and controls, it is unlikely that the lack of changes being due to neurons expressing CR, CB or 

Cav1.2 degenerating. Therefore, the findings from this study suggest that there are no 

differences in the expression of the CBPs CB or CR, or the calcium channel Cav1.2, between 

the spared and affected cortical PD regions analyzed, and nor was there any up or down 

regulation of these proteins in PD compared to age-matched controls. The findings from the 

current thesis suggest that cortical vulnerability to the development of a-syn pathology is not 

primarily determined by the expression of CBPs or calcium channels, and there may be other 

factors involved.  

 

It is unknown whether all CNS neurons vulnerable to a-syn pathogenesis exhibit similar 

phenotypes, and neurons within the SNpc, LC and DMV are the only neurons that have been 

investigated in detail (Surmeier et al., 2017b). Cortical pyramidal neurons are not distinctly 

similar phenotypically to SNpc DA neurons (Murchison and Griffith, 2007), yet are known to 

develop LBs (Wakabayashi et al., 1995). Other theories describe age-related neuronal changes, 

particularly in Cav1 channel subtype expression, as a major factor in neuronal vulnerability 

which brings them closer to the typically vulnerable bioenergetic phenotype of SN DA neurons 

(Hurley et al., 2015). Indeed, there is substantial evidence demonstrating that dihydropyridines, 

which inhibit Cav1.2 channels, reduce the risk of developing PD (Ilijic et al., 2011, Goldberg 

et al., 2012, Sanchez-Padilla et al., 2014, Singh et al., 2016). However, this does not account 

for the predominant and early involvement, or vulnerability, of the cortex in DLB.  

 

In previous studies investigating the relationship between AD and LB-related dementias, as 

many as half of PD patients with dementia symptoms, and up to three quarters of DLB patients 

examined post-mortem, also display widespread AD pathology (Deramecourt et al., 2006, 
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Tsuang et al., 2006, Sabbagh et al., 2009, Burack et al., 2010, Nelson et al., 2010). Indeed, 

there is evidence that amyloid pathology can promote a-syn accumulation in the cortex (Irwin 

et al., 2013, Gerson et al., 2018), with more amyloid plaques associated with increased cortical 

a-syn aggregation (Lashley et al., 2008). Thus, the cortex may be a brain region particularly 

susceptible to neuropathological changes associated with normal ageing (Doherty et al., 2015). 

 

Lewy pathology also occurs in the gut (Sulzer and Surmeier, 2013), which, along with the 

olfactory bulb, is also one of the sites where a-syn pathology is thought to first initiate prior to 

CNS involvement (Rietdijk et al., 2017). Lewy pathology can be found in enteric neurons, and 

loss of DA neurons and neurites also occurs in enteric neurons (Li et al., 2011, Sulzer and 

Surmeier, 2013, Braak and Del Tredici, 2017). One feature shared between the SN and the 

enteric nervous system appears to be the large proportion of DA neurons in this region, which 

makes the SN neurochemically more similar to the ENS than the cortex. Additionally, the LC 

which is also affected in PD has a relatively high density of DA neurons (Hurley et al., 2013). 

However, dopaminergic innervation in the cortex is maximal in the prefrontal cortex, and 

minimal or absent in the parietal and occipital cortices (Devoto and Flore, 2006). In this thesis, 

frontal and parietal cortices were equally affected by a-syn burden, and did not demonstrate 

cell loss, suggesting that dopamine is not a key modulator of neuronal vulnerability in the 

cortex. Furthermore, many enteric neurons are autonomous and continuously active, like DA 

SN neurons, and may therefore be similarly vulnerable (Chalazonitis and Rao, 2018). Enteric 

neurons also have unmyelinated axons, with many release sites, similar to SN DA neurons 

(Chalazonitis and Rao, 2018). In contrast, cortical pyramidal neurons have axons with long 

projections, and are often myelinated, depending on the laminar location of the neuron 

(Tomassy et al., 2014). Some inhibitory cortical interneurons are also myelinated (Micheva et 

al., 2016). Whilst cortical neurons expressing CB have been found to be spared from pathology 
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in DLB, cortical neurons do not appear to share many of the features that are thought to be 

involved in the specific vulnerability of SN DA neurons to a-syn pathogenesis and 

degeneration. Together, these findings suggest that whilst cell-autonomous factors influence 

the vulnerability of the SN to a-syn pathogenesis in PD, the factors that influence vulnerability 

in the cortex are less clear, and may vary between brain regions. 

 

4.3. Conclusions and future directions 

The aggregation and deposition of a-syn into intracellular inclusions is the hallmark pathology 

in PD, DLB and MSA. However, our current understanding of the mechanisms underlying a-

syn pathogenesis and differential vulnerability is insufficient to allow for the development of 

targeted therapeutics for synucleinopathies. Calcium dysregulation has been implicated as a 

potential trigger of pathogenic a-syn changes in neurons, and indeed there is evidence that 

neurons able to buffer intracellular calcium levels are spared from a-syn pathology and 

degeneration in PD. The ability of neurons to buffer intracellular calcium levels may be a factor 

influencing both neuronal and regional vulnerability of the CNS in synucleinopathies. In PD, 

DA neurons of the SNpc are the predominant neuron population affected, and have long, 

complex axonal connections, relatively low expression of CBPs, and are slow, autonomous 

pacemakers reliant on specific Ca2+ channels. However, less is known about the phenotype of 

other affected neuronal populations, such as those in the cortex, which are also affected in PD, 

and are the predominant site of a-syn pathology in DLB.  

 

To improve the current understanding of the mechanisms underlying a-syn pathogenesis and 

neuronal vulnerability, this thesis aimed to address the hypothesis that pathogenic a-syn 

changes are initiated by cellular stress associated with calcium dyshomeostasis in specifically 

vulnerable neuron types. To determine the role of calcium dyshomeostasis in a-syn 
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pathogenesis, a mouse primary cortical neuron model and a post-mortem human PD analysis 

were used. We identified that calcium dysregulation induced by the application of KCl resulted 

in a significant increase in a-syn immunoreactivity in primary cortical neurons. However, our 

data suggests that a population of cortical neurons without a-syn expression were vulnerable 

to degeneration following calcium dysregulation. Further analysis revealed that excitatory 

pyramidal neurons and CR-expressing inhibitory interneurons were resistant to both 

degeneration and a-syn changes. Although no aggregation was observed in cortical neurons 

following disrupted calcium and the subsequent increase in a-syn, the discrepancy in 

endogenous a-syn expression in different cortical neuron types and their differential response 

to calcium dysregulation provides an insight into how the vulnerability to potentially 

pathological a-syn changes may differ between specific neuron types. 

 

We then aimed to investigate differences in the density of neurons expressing CBPs and the 

Cav1.2 channel that may underlie regional vulnerability to a-syn pathogenesis in the cortex in 

human PD. A higher burden of pathological a-syn was identified in the frontal and parietal 

cortices compared to the relatively spared occipital cortex. No differences were identified in 

the density of neurons expressing CB, CR or Cav1.2 between PD cases and age-matched 

controls, or between the affected frontal and parietal cortices compared to the occipital cortex 

in PD. The findings from the current thesis indicate that whilst calcium homeostasis may be 

involved in the physiological function of a-syn in cortical neurons, the extent to which calcium-

dependent mechanisms contribute to vulnerability of the cortex in PD requires further 

clarification. 
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6. APPENDIX

Appendix A  

Neurobasal™ medium 

Components Final Concentration (mg/L) 

Amino Acids 

Glycine 30.0 

L-Alanine 2.0 

L-Arginine hydrochloride 84.0 

L-Asparagine-H2O 0.83 

L-Cysteine 31.5 

L-Histidine hydrochloride-H2O 42.0 

L-Isoleucine 105.0 

L-Leucine 105.0 

L-Lysine hydrochloride 146.0 

L-Methionine 30.0 

L-Phenylalanine 66.0 

L-Proline 7.76 

L-Serine 42.0 

L-Threonine 95.0 

L-Tryptophan 16.0 

L-Tyrosine 72.0 

L-Valine 94.0 

Vitamins 

Choline chloride 4.0 

D-Calcium pantothenate 4.0 

Folic Acid 4.0 

Niacinamide 4.0 

Pyridoxal hydrochloride 4.0 

Riboflavin 0.4 

Thiamine hydrochloride 4.0 

Vitamin B12 0.0068 

i-Inositol 7.2 
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Inorganic Salts  

Calcium Chloride (CaCl2) (anhyd.) 200.0 

Ferric Nitrate (Fe(NO3)3"9H2O) 0.1 

Magnesium Chloride (anhydrous) 77.3 

Potassium Chloride (KCl) 400.0 

Sodium Bicarbonate (NaHCO3) 2200.0 

Sodium Chloride (NaCl) 3000.0 

Sodium Phosphate monobasic (NaH2PO4-

H2O) 
125.0 

Zinc sulfate (ZnSO4-7H2O) 0.194 

Other Components  

D-Glucose (Dextrose) 4500.0 

HEPES 2600.0 

Phenol Red 8.1 

Sodium Pyruvate 25.0 
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Appendix B 

B27® Serum-Free supplement 

 Components 

Vitamins 

Biotin 

DL Alpha Tocopherol Acetate 

DL Alpha-Tocopherol 

Vitamin A (acetate) 

Proteins 

BSA, fatty acid free Fraction V 

Catalase 

Human Recombinant Insulin 

Human Transferrin 

Superoxide Dismutase 

Other Components 

Corticosterone 

D-Galactose 

Ethanolamine HCl 

Glutathione (reduced) 

L-Carnitine HCl 

Linoleic Acid 

Linolenic Acid 

Progesterone 

Putrescine 2HCl 

Sodium Selenite 

T3 (triodo-I-thyronine) 


