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Personal Statement 
 

Nobel laureate Professor Stanley Prusiner once said that ‘neuroscience is by far the most 

exciting branch of science because the brain is the most fascinating object in the 

universe.’ The enigma that is the human brain has been the prime research interest of 

neuroscientists for centuries and yet as one scientific question is answered many more 

continue to arise. Of these, one of the most relevant topics today is that of 

neurodegenerative conditions such as Parkinson’s disease. With an increasing and 

ageing population, a solution for this group of diseases is required more so than before. 

Cumulative efforts of scientists across the world and some seemingly serendipitous 

moments in history have led us to discover parts of the puzzle, as described in the first 

chapter below. However, given the recent exponential growth in new techniques such as 

gene editing, use of big datasets and large collaborative research efforts, the hope of 

finding a permanent treatment is edging closer to becoming a reality.  

 

Neurodegenerative diseases have a profound impact on the lives of both those suffering 

from it and their loved ones. I was marked personally by how progressive supranuclear 

palsy affected my own maternal grandfather. At the later stages of his life, as his dementia 

took its toll, he simply was not himself anymore and there was nothing we could do about 

it. This sense of helplessness left a profound impact on my life and I decided to steer my 

professional endeavours in a direction where I could treat diseases of the brain through 

both neurosurgery and research. It became my passion to help give those suffering from 

dementia and other neurodegenerative diseases an opportunity to live life that is not void 

of their personal identities and memories, a life of dignity and regained purpose.  

 

I believe it is important to be ambitious in life and I feel proud to have had the opportunity 

to undertake this PhD at a leading UK Research Centre, supported by a prestigious grant. 

I focussed on why certain neurons are more susceptible to Lewy pathology, a pathological 

feature of Parkinson’s. I developed two research models of accelerated Parkinson’s 

disease, relating to the native state of a small protein called α-synuclein, critical to the 

formation of Lewy pathology. This work helps to partly explain reasons for the variability 

observed in Parkinson’s pathology and may lead to further work to elucidate the 

underlying mechanism of this disease. The process of growing mutant human cortical 

neurons with high levels of α-synuclein and assessing progression of the disease in vitro 

was a fascinating experience. When I progressed further and used a new mutant rat 

model to see how the disease manifested in vivo, I truly felt grateful for the resources and 

support that I had at my disposal at the University of Edinburgh.   
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Lay summary 
 

Parkinson’s disease (PD) is a disorder of the nervous system that progressively gets 

worse over several years. Plaques called “Lewy bodies” can be seen in the brains of PD 

patients on autopsy, which cause neuronal loss. The main culprit for this process was 

found to be a small protein called α-synuclein (αSyn), however, we do not fully know what 

it normally does in the body and why it clumps together to form Lewy bodies.  

 

To gain insight, I used genetically modified human stem cells that made lots of αSyn and 

gave them cues to form frontal cortex neurons in a dish. I found that high levels of αSyn 

did not stop these cells from forming neurons. The aim was to create a model where we 

can produce PD in weeks rather than years. Therefore, I added more clumped αSyn 

protein onto these mature mutant neurons and found that the neurons which had more 

αSyn inside them to begin with, attained far more disease than those with normal levels 

of αSyn. This suggests that αSyn levels in human neurons may explain why some are 

more vulnerable to PD than others.  

 

We know that a specific human mutation (G51D), alters the shape of αSyn and causes 

aggressive clinical PD. The G51D mutation was introduced in a rat model by editing the 

αSyn gene and further clumped αSyn protein was injected into the frontal cortex part of 

the brain at fixed co-ordinates. I observed an interesting difference in the pattern of 

disease between injected G51D mutant and normal rats, and some structures vulnerable 

in PD, such as the striatum, were affected more in the mutant rats.  

 

This work, exploring two key disease states of αSyn, provides useful tools to study the 

(accelerated) disease process in PD and to find out why Lewy bodies occurs in some 

neurons and not others. 
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Abstract 
 

Background and aims: Two human mutations affecting the α-synuclein protein confer the 

most clinical severity in Parkinson’s disease; endogenous αSyn over-expression due to 

gene multiplication and αSynG51D due to a missense mutation. The main hypotheses 

include 1) αSyn over-expression may affect cortical neuronal differentiation,  2) αSyn over-

expression influences vulnerability to Lewy-like pathology in human cortical neurons, and 

3) the SNCAG51D mutation alters susceptibility to Lewy-like pathology in a novel rat model 

of PD. 

 

Methods: Transgenic human embryonic stem cells (hESCs) over-expressing αSyn were 

differentiated into cortical neurons and analysed for gene expression. Cortical neurons 

were challenged with recombinant human wild-type αSyn monomers or pre-formed fibrils 

(PFFs) for 1 week. Subsequent analysis for phosphorylated αSyn (pS129-αSyn), an early 

disease marker, was performed two to three weeks later. In the second model, novel 

CRISPR-edited SNCAG51D/G51D rats and SNCA+/+ control rats received unilateral 

intracortical injections of αSyn PFFs, and pS129-αSyn structures were quantified at six 

months. 

 

Results: Transcriptomic analysis of hESCs and immature cortical neurons, as well as 

mature cortical neuron counts, showed αSyn over-expression did not impair cortical 

neurogenesis. Mature cortical neurons with high endogenous αSyn that were challenged 

with αSyn PFFs, but not αSyn monomers or unseeded neurons, readily formed pS129-

αSyn inclusions (p < 0.001). In the SNCAG51D/G51D rats, αSyn PFF-injection led to defined, 

mature-appearing, Lewy-like (pS129-αSyn) inclusions with a predilection for the striatum 

in mutant rats, although not statistically significant. PFF-injected SNCA+/+ rats had diffuse 

pS129-αSyn pathology in similar interconnected regions to PFF-injected mutant rats.  

 

Conclusion: αSyn over-expression in hESCs did not impair differentiation into cortical 

neurons, which helps to clarify conflicting data in the literature on the role of αSyn in 

neurogenesis. Secondly, exposure to αSyn PFFs in human cortical neurons with high 

endogenous αSyn expression produced significantly more pS129-αSyn inclusions than 

neurons with wild-type levels of αSyn expression. Finally, the SNCAG51D/G51D rats 

developed more defined Lewy-like pathology in PD-vulnerable regions than controls after 

PFF-injection. These two accelerated disease models may provide further mechanistic 

insight in PD.  
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Chapter 1 
 
 

Introduction 
 

1.1 Thesis overview 
 

Parkinson’s disease, amongst other neurodegenerative conditions, leads to a chronic, 

progressive and often debilitating neurological decline. We have no disease modifying 

treatments to halt the relentless progression of this increasingly prevalent condition (GBD 

2016 Neurology Collaborators, 2019). However, over the past two decades a small 14 

kDa protein, termed α-synuclein, has been the prime research focus of many as a 

potential target to develop such therapies. A plethora of evidence has implicated its role 

in the pathogenesis of PD, and most of this data points towards a toxic gain-of-function 

and stereotypical transmission of αSyn pathology (time- and concentration-dependent) 

leading to nigrostriatal degeneration and dysfunction of other neuronal systems (Braak et 

al., 2003a; Courte et al., 2020; Rey et al., 2019; Spillantini et al., 1997). 

 

Lewy deposits, a pathological hallmark of PD, contain aggregated αSyn protein and are 

found in both sporadic and some inherited forms of PD. The latter group has been of 

particular interest because multiplication mutations of SNCA, encoding αSyn, cause the 

endogenous level of αSyn to be higher in these patients leading to earlier disease onset 

and increased severity (Chartier-Harlin et al., 2004; Devine et al., 2011; Singleton et al., 

2003). This highlights the importance of endogenous αSyn but does not explain why 

certain neurons and brain regions are more susceptible to Lewy pathology than others. 

Furthermore, disease models using human neurons derived from cells with SNCA 

multiplication mutations (differentiated from patient-derived induced pluripotent stem 

cells) show that endogenous over-expression alone is not sufficient to trigger Lewy-like 

pathology (Vekrellis et al., 2009; Zasso et al., 2018). Some groups have suggested that 

high endogenous αSyn impairs the ability of these cells to form neurons, although αSyn 

knockout studies show that this has a minimal impact on development and neuronal 

phenotype (Abeliovich et al., 2000; Flierl et al., 2014; Oliveira et al., 2015). 

 

Most pre-clinical models of PD fail to fully recapitulate the disease, but a useful addition 

to the armamentarium of models in the last decade has been the use of αSyn pre-formed 
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fibrils to trigger Lewy-like pathology. Simply adding PFFs to culture media or injecting 

PFFs in wild-type (WT) or transgenic (Tg) animal models induces Lewy-like structures 

(Luk et al., 2012a, 2012b; Volpicelli-Daley et al., 2011). These stain positively for a key 

post-translational modification, phosphorylation at the serine residue at position 129, an 

early marker of PD pathology, as well as other Lewy body (LB) markers such as p62 and 

ubiquitin (Fujiwara et al., 2002; Kuusisto et al., 2003). αSyn PFFs are internalised rapidly 

and form a ‘seed’ for endogenous αSyn and even picomolar concentrations can trigger 

Lewy-like pathology (Karpowicz et al., 2017). Cellular and animal (rodent and primate) 

data using PFF injection to trigger pathology has been reported (Luk et al., 2012a; 

Paumier et al., 2015; Shimozawa et al., 2017) but the data within a human system is very 

limited.  

  

Given that PD is a condition that often takes many years to manifest, modelling the 

disease is often difficult, in addition to the fact that no model can capture all aspects of 

the disease. In this work, I aimed to overcome some of these limitations by generating an 

accelerated human PD model where the level of endogenous αSyn was higher than 

observed in SNCA multiplication cases. This can be used to convincingly show whether 

1) αSyn genuinely does or does not impair neuronal differentiation at this 

supraphysiological level, 2) if αSyn over-expression itself leads to Lewy-like pathology or 

not, and 3) to what extent the disease process is accelerated in αSyn over-expressing 

human neurons following the addition of PFFs. The contribution of this work to existing 

knowledge is that substantial over-expression of endogenous αSyn does not impair the 

differentiation of human embryonic stem cells into cortical neurons. Endogenous over-

expression alone at this markedly high level was not sufficient to significantly induce Lewy-

like structures (although there was a trend towards this), and PFF addition led to marked 

pS129-αSyn pathology in these neurons compared to control neurons. This provides a 

valuable human model system for PD. 

 

In addition to the role of high endogenous αSyn in the acquisition of Lewy-like pathology, 

the conformation of endogenous αSyn protein also has an important role in the disease 

process (Peelaerts et al., 2015). In particular, the SNCAG51D mutation is of interest 

because it leads to an aggressive clinical form of PD, arguably more so than SNCA 

multiplication mutations. The histopathology observed is similar to that seen in multiple 

system atrophy (MSA) which is a Parkinson-plus syndrome (Kiely et al., 2013; Lesage et 

al., 2013). To our knowledge, this is the first report describing the use of a novel 

CRISPR/Cas9-engineered rat model with a G51D mutation in the endogenous SNCA 
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gene, to demonstrate that intracortical injection of αSyn PFFs leads to widespread pS129-

αSyn pathology in anatomically interconnected regions, examined six months following 

injection. Moreover, the site of injection in the frontal cortex was invaluable to show 

transmission of pathology to interconnected regions that are particularly vulnerable in PD 

(olfactory bulb, striatum and substantia nigra). SNCAG51D/G51D rats acquired more axonal 

pathology, than nuclear/ soma, and more so within the striatum relative to controls. These 

findings suggest that the mutant rats are particularly susceptible to these Lewy-like 

structures when exposed to a disease trigger such as αSyn PFFs. Olfactory and 

dopaminergic systems appear to be particularly vulnerable and reflect aspects of the 

stereotypical disease process shown to occur in human PD autopsy data. Further work is 

needed to confirm if oligodendrocytes acquire pS129-αSyn pathology as they do in 

patients with this mutation. 

 

In summary, the endogenous state of αSyn has a profound impact on the acquisition of 

Lewy-like pathology and the model systems described in this work can provide invaluable 

tools to dissect the underlying mechanism of disease and test potential therapeutic 

strategies. This thesis will focus on endogenous over-expression of αSyn and the 

SNCAG51D mutation, in a human cell culture system and a rat model, respectively, as these 

confer the most clinical severity. It will cover the αSyn PFF paradigm to trigger Lewy-like 

pathology in both of these models and discuss observed differences in pathology 

acquisition due to these endogenous states of αSyn. This thesis will not  cover other PD 

models including toxin models (as most do not recapitulate α-synucleinopathy), viral 

vector-mediated αSyn over-expression, or genetic models of autosomal recessive PD.  

 

 

1.2 Parkinson’s disease 
 

The condition, now widely known as Parkinson’s disease, was formally described in 1817 

by a British surgeon, James William Keys Parkinson (1755 – 1824), as ‘Paralysis agitans’ 

in his case series entitled “An essay on the Shaking palsy” (Parkinson, 1817). In addition 

to astute detailed clinical observations for his six index cases, he also wrote in his 

description: 

 

‘the unhappy sufferer has considered it an evil, from the domination of which 
he had no prospect of escape.’  
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This statement vividly highlights the perceived slowly tormenting, unstoppable, body and 

soul destroying nature of the condition; yet Parkinson remained optimistic for the advent 

of a future cure (Lees, 2017). Over 200 years following on from this, we are beginning to 

understand a number of the mechanisms underlying PD pathogenesis, as described 

below, but these still remain to be completely deciphered. 

 

 

1.2.1 Epidemiology and clinical features  
 

In the era of Parkinson himself, only 22 deaths from PD were recorded in England and 

Wales; within a total population of 15 million people at the time (Morris, 1989). In sharp 

contrast, accounting for population differences and improvement in diagnosis and 

reporting bias over time, globally there were 211,000 deaths from PD in 2016, and an 

age-standardised incidence of 3 per 100,000 (GBD 2016 Neurology Collaborators, 2019).  

A once deemed a rare condition is now the second most prevalent neurodegenerative 

disorder worldwide. Its global prevalence is 6.1 million (age-standardised incidence is 94 

per 100,000) and compared to 1990, the age-standardised prevalence of PD increased 

by 22% and crude prevalence by 74% (GBD 2016 Parkinson’s Disease Collaborators, 

2018). This trend is predicted to continue at an expedient rate and some authors have 

even suggested that a ‘PD pandemic’ (albeit non-infective) is on the horizon (Dorsey et 

al., 2018).  

 

A further challenge is the fact that PD is a heterogenous systemic condition and as yet 

we have no techniques to accurately predict its exact natural course in each individual 

patient (Lawton et al., 2018). Parkinson nosologically alluded to motor symptoms now 

formally known as a resting tremor, bradykinesia, rigidity, postural instability and a 

propulsive festinant gait. However, non-motor symptoms can pre- (e.g. hyposmia, 

constipation) or post-date (e.g. dementia) these and form an integral part of the diagnostic 

considerations for PD (Postuma et al., 2015). Non-specific prodromal symptoms, 

including those observed in rapid eye movement sleep behavioural disorder, may be 

undetected or unreported for many years. They usually occur before the onset of motor 

symptoms and are considered to manifest before the formation of pathognomonic Lewy 

plaques in the brain (Iranzo et al., 2006; Ross et al., 2008). The timing of symptoms and 

the stereotypical occurrence of Lewy pathology is revisited in more detail later in this 

chapter.  
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1.2.2 Pathophysiology 
 

In 1912, Friedrich Heinrich Lewy (a German-American neurologist and neuropathologist; 

1885 – 1950) examined the brains of (initially 25) patients with PD without dementia and 

reported globular, elongated and serpentine deposits (Figure 1.1) in the dorsal nucleus of 

the vagus nerve and basal nucleus of Meynert (Lewandowsky, 1912). These 

subsequently became known as LBs and Lewy neurites (LNs), alluding to cytoplasmic 

and axonal deposits, respectively. The presence of these structures was not ubiquitous 

and in fact a case report from 1983 led researchers to focus on dysfunction within the 

substantia nigra (SN) which we now believe to be the main proponent for the motor 

symptoms of PD. The case study described an enucleated tuberculoma that had 

selectively damaged the SN in a patient with PD-like tremor (Blocq and Marinesco, 1893). 

This led to speculation by Édouard Brissaud (1852 – 1909), a French neurologist, that 

dysfunction within the SN may be the anatomical basis for PD, rejecting previous theories 

implicating the motor cortex (Brissaud, 1895). It was not until 1919, when Trétiakoff’s 

(1892 – 1958) work on 54 brains of which 12 were from patients with Parkinsonism, 

showed that the SN was invariably the site of pathology in PD (Trétiakoff, 1919). He 

acknowledged the presence of LBs, he referred to as ‘corps de Lewy,’ within the SN which 

had been described by Friederich Lewy seven years earlier. Nigral degeneration due to 

Lewy pathology was considered to be the cardinal cause of PD. 

 

This was further corroborated, in 1957 and 1960, by a combination of two discoveries 

which also led to the development of pharmacological treatments we have today to 

manage PD motor symptoms. These do not cure the underlying PD process and thus only 

partially fulfil Parkinson’s prediction of a cure. First, Arvid Carlsson (1923 – 2018) showed 

that dopamine was a bona fide neurotransmitter in the brain and subsequently an Austrian 

team of researchers led by Oleh Hornykiewicz (1923 – 2020) found reduced levels of 

dopamine in the SN of patients who developed post-encephalitic PD (Carlsson, 1959; 

Carlsson et al., 1958; Ehringer and Hornykiewicz, 1960). Shortly after, in 1961, Levodopa 

(L-3,4-dihydroxyphenylalanine) was given to PD patients orally by André Barbeau (1931 

– 1986) to replace dopamine as a viable and successful, albeit temporary, treatment for 

motor symptoms (Barbeau et al., 1961).  

 

To understand the underlying disease process itself, much work has been done on the 

process of LB formation. We know that LB morphology changes as these structures 

mature and they are not solely composed of filamentous protein aggregates, but are rather 

a constellation of fragmented lipid membranes, organelles such as mitochondria and 
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proteins involved in cellular clearance systems, as shown in Figure 1.1 (Forno, 1969; 

Shahmoradian et al., 2019). This process has been observed and recapitulated in a 

laboratory setting (Mahul-Mellier et al., 2020) and is the foundation for the experiments 

detailed in this thesis. 

 

 

 

 
Figure 1.1 A paradigm shift in knowledge over a century regarding Lewy body structure 
 
The left panel depicts Friedrich Lewy’s illustrations of intracerebral deposits within the dorsal 
nucleus of the vagus nerve (1-6) and paraventricular nucleus and thalamic substantia 
innominate (7-10). Deposits of varying morphology are evident. The panel on the right, of an 
electron microscope image (top) and schematic diagram (bottom), demonstrates two key 
points. First, that LB formation can be recapitulated in a cellular model and second that LB 
structure is more intricate and complex than previously described. Adapted from 
(Lewandowsky, 1912; Mahul-Mellier et al., 2020).  
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1.2.3 Other Lewy body diseases 
 

Dementia with Lewy bodies 
 

Interestingly, Lewy deposits are not restricted to PD cases and despite the clinical 

heterogeneity of other conditions that lead to LB formation, they appear to be part of the 

same spectrum of disease (Kosaka et al., 1980). The term dementia with Lewy bodies 

(DLB) was defined, by consensus in 1996, to describe a clinically predominant dementia 

that either predates or begins within a year of PD features, although not all will have PD 

symptoms (McKeith et al., 2017, 2005, 1996). It forms 30% of all dementia diagnoses, 

second to Alzheimer’s disease (AD) (Hansen et al., 1990). Mild cognitive impairment and 

PD dementia (PDD) are thus classified as separate clinical entities to DLB (Emre et al., 

2007). Often amyloid-b (Ab) and tau pathology co-exists in DLB, more so than PD or PDD, 

but this is not the main differentiator for histopathological diagnosis; these patients can 

have a diagnosis of mixed dementia (Iseki, 2004). Both PDD and DLB patients acquire 

brainstem and cortical LBs and have executive and visuospatial dysfunction, but 

impairment in memory function is variable (Williams et al., 2007).  

 

Multiple system atrophy 
 

MSA, previously referred to as olivopontocerebellar degeneration or Shy Drager 

syndrome, is a condition characterised by cerebellar, pyramidal (motor), extrapyramidal 

(Parkinsonism) and autonomic symptoms; aptly reflected in its nosology (Graham and 

Oppenheimer, 1969). Histologically, MSA is different from PD because inclusions are also 

seen to occur within oligodendrocytes and Schwann cells. These are synonymous to LBs 

in PD and were termed ‘Papp Lantos bodies’ when initially reported in 11 patients with 

clinically diagnosed MSA as the first evidence that these pathological inclusions also 

occur in a non-neuronal cell type (Papp et al., 1989). MSA, can be classified as either 

predominantly cerebellar or Parkinsonian, and is known to rapidly progress such that 

mean survival is merely seven to nine years after diagnosis (Wenning et al., 1997). The 

mechanisms underlying glial cell inclusion (GCI) pathophysiology in MSA is not known, 

but more recent studies have begun to highlight the genetic basis for intrinsic susceptibility 

of oligodendrocytes, in addition to neurons, in PD (Bryois et al., 2020). 
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Other α-synucleinopathies 
 

Both DLB and MSA form part of the ‘Parkinson plus syndromes’ and these also include 

progressive supranuclear palsy and corticobasal syndrome which are both tauopathies 

like frontotemporal dementia (Wakabayashi and Takahashi, 2004). Pure autonomic failure 

is a condition in which patients acquire synucleinopathy in post-ganglionic neurons and 

share some clinical features of MSA, and some of these patients develop PD (Bradbury 

and Eggleston, 1925). Similarly, patients diagnosed with rapid eye movement sleep 

behavioural disorder have synucleinopathy and herald a prodromal condition which 

develops into PD in half of cases (Iranzo et al., 2006). It Is important to also note that 

Lewy pathology can be found in asymptomatic patients and this is termed idiopathic LB 

disease (Wakisaka et al., 2003). Of the several proteins identified to date within LBs (over 

90), αSyn is considered to be the most important disease driver and could hold the key to 

unravelling the entire pathophysiology of PD (Wakabayashi et al., 2013; Xia et al., 2008). 

 

 

1.3 α-synuclein 
 
1.3.1 Initial discovery 
 

In 1988, an effort to gain a better understanding of the molecular mechanisms underlying 

synaptic function, inspired a research group in Stanford to screen the electric lobe (large 

homogenous cluster of cholinergic motor neurons) of the Torpedo Californica. An 

expression vector cDNA library was generated from this synapse-rich structure and an 

existing antibody raised against purified synaptic vesicles from the electric ray, Narcine 

brasiliensis,  was used to perform the screen (Carlson and Kelly, 1980). Clone 17B was 

present six times in the original screen and was then used to screen a rat brain cDNA 

library. It was 85% homologous to the rat synuclein cDNA clone; calculated protein 

molecular weights of 14,811 and 14,496 Da, respectively. Its protein expression was 

shown to be predominantly in the Torpedo and rat central nervous system (CNS) and 

cellular localisation to the nucleus and presynaptic terminals (Maroteaux et al., 1988). 

Other rat cDNAs were found to share homology with the original Torpedo cDNA, outlining 

the existence of three isoforms of the Syn protein (Maroteaux and Scheller, 1991).  

 

A few years later, independent research in the Alzheimer’s disease field identified amyloid 

precursor protein (APP)-derived constituents of deposits in AD, and found an amino acid 

sequence, at least 35 amino acids in length, which was termed the ‘non Ab component of 



Chapter 1 

Ammar Natalwala | 2020 9 

AD amyloid’ and its 140 amino acid precursor protein, NACP. The NAC component, due 

to its hydrophobic nature, was considered to be integral to the formation of amyloid 

plaques. (Uéda et al., 1993). Jakes and colleagues showed that NACP (or ‘NACP140’) in 

the human brain was highly homologous to the Torpedo and rat Syn (Syn1) and that a 

134 amino acid isoform (‘NACP134’) was homologous to bovine phosphoneuroprotein 14; 

subsequently referred to as αSyn and bSyn respectively, both isoforms sharing 61% 

homology (Figure 1.2A) to one another (Jakes et al., 1994). The third 127 amino acid 

human Syn isoform, gSyn, was found later by a team investigating differentially expressed 

genes in breast cancer patients (Ji et al., 1997). Other forms of Syn protein have also 

been identified, such as ‘NACP112’ found in a foetal cDNA library screen, which are likely 

to represent truncated forms of αSyn (Uéda et al., 1994). NACP was shown to localise to 

presynaptic terminals in AD brains and that its expression changed during disease 

progression (Iwai et al., 1995a, 1996; Masliah et al., 1996). A possible role for αSyn in the 

neurodegenerative process was beginning to emerge. However, in order to gain an 

understanding of its pathogenic role it was first paramount to develop an understanding 

of the structure, temporo-spatial expression and physiological function of this protein, as 

detailed below. 

 

 

1.3.2 Protein structure 
 

The gene encoding αSyn, SNCA, was mapped to the human chromosome 4q21.3-q22 

using fluorescence in situ hybridisation (Shibasaki et al., 1995). Human αSyn was shown 

to be a heat stable protein and conformational analysis using spectroscopic and 

hydrodynamic probes revealed that it existed in a ‘natively unfolded’ form (Weinreb et al., 

1996). Thus, it formed part of a group of intrinsically disordered proteins (IDPs) whose 

primary sequence determines this property, but ordered functional conformations depend 

on complex environmental factors such as lipid environment and interaction with other 

proteins (Dunker et al., 2001). αSyn protein can be divided into three main regions 

including the highly conserved N-terminus, the hydrophobic NAC (as mentioned above) 

and the acidic, hydrophilic carboxy-terminus domain (Iwai et al., 1995b). Within the 140 

amino acid sequence are seven imperfect 11-amino acid repeats (Figure 1.2A) 

characterised by a XKTKEGVXXXX motif (Maroteaux et al., 1988). These repeat 

sequences are located within the lipid binding domain which includes the N-terminal and 

NAC regions. αSyn shares structural homology with A2 lipid binding domains of 

apolipoproteins and several heat shock proteins (HSPs) and 14-3-3 chaperones 
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(Ostrerova et al., 1999; Souza et al., 2000). Disordered αSyn was shown to adopt an 

ordered structure by acquiring an α-helix form upon binding to small unilamellar vesicles 

(Davidson et al., 1998). Subsequent data suggested that in fact multiple α-helices can 

form at the lipid interfaces; see Figure 1.2B (Chandra et al., 2003; Jao et al., 2008; Ulmer 

et al., 2005).  

 

 

 
 

Figure 1.2 αSyn is an intrinsically disordered protein which changes conformation 
when interacting with cell membranes. 
 
A) Amino acid sequence of the three synuclein isoforms showing that αSyn is more 
homologous to bSyn than gSyn (grey box indicated homology). The seven 11-mer imperfect 
repeat regions are highlighted by the red lines, the NAC region by the green line and the α-
helix-forming regions by the blue line. B) Physiologically αSyn is disordered but upon 
interaction with the cell membranes it forms multiple α-helices; the C-terminal acidic tail 
remains unstructured. Pathological accumulation occurs when αSyn is over-expressed or 
mutated leading to formation of b-sheet-rich Lewy pathology (RCSB Protein Data Bank: 
2N0A). Adapted from (Fusco et al., 2014; Goedert, 2001; Mahul-Mellier et al., 2020). 
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αSyn protein structure and its interaction with lipid membranes and subcellular localisation 

are likely to be important for the physiological function of this protein. Using 

immunofluorescence assays and multiple αSyn antibodies recognising  specific epitopes, 

Nam and team showed different conformation-dependent subcellular localisations of αSyn 

(Nam et al., 2015). The composition of the lipid membranes have a significant effect on 

αSyn secondary structure and its lipid binding capacity (Galvagnion, 2017). For example, 

in hippocampal neurons, when cholesterol and sphingolipids were depleted, the synaptic 

localisation of αSyn was lost (Fortin et al., 2004). 

 

 

1.3.3 Expression and localisation 
 

Neurogenesis 
 

It is worth noting that during human foetal development, brain αSyn levels remain high but 

the protein is expressed to a lesser extent in other peripheral tissues (Baltic et al., 2004). 

21 post-mortem brains, of which 17 were foetal (11 – 39 weeks) were analysed for αSyn 

expression in the SN. αSyn was expressed in the perikaryal subcellular region at 15 weeks 

(when pre-synaptic markers appear) and then within synapses by 18 weeks (Galvin et al., 

1999). This serves to highlight a change in subcellular localisation during neuronal or 

synaptic maturation. The perinuclear expression of αSyn in human foetal cortical 

progenitors and axonal/ synaptic localisation in adult tissue also led to a suggestion of its 

role in neurogenesis (Bayer et al., 1999). However, because SNCA-null mice did not show 

any neurodevelopmental phenotypes, this suggested that αSyn was not required for 

neurogenesis (Abeliovich et al., 2000). 

 

Transcription factors that directly interact with the SNCA promoter to regulate αSyn 

expression include ZSCAN21, GATA-1, GATA-2, Nurr1, TRIM32, p27Kip1 and b2-

adrenoreceptor (b2AR) (Dermentzaki et al., 2016; Gallastegui et al., 2018; Mittal et al., 

2017; Pavlou et al., 2017; Scherzer et al., 2008; Yang and Latchman, 2008). Nurr1 is 

particularly interesting as it is essential for midbrain dopaminergic neuron formation (Jiang 

et al., 2005). Simon et al., reported that αSyn expression in ventral midbrain dopaminergic 

neurons is regulated by En-1 and En-2, both of which are simultaneously required for the 

survival of these neurons during development (Simon et al., 2001). Subsequent work, 

examining the number of these dopaminergic neurons in the substantia nigra of WT and 

SNCA-/- mice (spontaneous and targeted deletion models) concluded that the presence 
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of αSyn led to a higher number of tyrosine hydroxylase (TH)-positive neurons; an effect 

which occurs during E10.5 to E13.5 (Garcia-Reitboeck et al., 2013). However, this has 

not been found in other SNCA-/- mouse models, and a recent study showed that 

conditional knockdown of αSyn in adult mice at six or 12 months does not deplete 

nigrostriatal dopaminergic neurons (Abeliovich et al., 2000; Ninkina et al., 2020; 

Robertson et al., 2004).  

 

Mouse models employing the use of transgenic over-expression of αSynWT or αSynA53T 

(platelet-derived growth factor or PDGF promoter) showed a reduction in neural 

progenitors in the olfactory bulb using doublecortin (DCX) as a neural progenitor marker 

(Winner et al., 2008, 2004). Given that DCX also has a role in neuronal migration, using 

this marker to conclude that αSyn influences cell maturity or neurogenesis may be 

inaccurate. There is some evidence, however, that human αSyn over-expression impairs 

adult neurogenesis in the hippocampus in a bacterial artificial chromosome (BAC) 

transgenic rat model (Kohl et al., 2016). Each of these scenarios depend on transgenic 

over-expression and in non-human model systems. Interestingly, a more recent study 

used induced pluripotent stem cell (iPSC) lines derived from SNCA duplication patients 

(discussed below) to show that endogenous over-expression of αSyn did not impair the 

ability to generate cortical or dopaminergic neurons, but did lead to more cell death in the 

latter group of neurons (Brazdis et al., 2020).  

 

Post-mitotic neurons 
 

Murphy and colleagues showed using hippocampal cultures from rat embryos, that 

expression of α and bSyn is delayed compared to synaptophysin (six vs three days in 

vitro, respectively) and is initially cytosolic then predominantly pre-synaptic by day 14 

(Murphy et al., 2000). Examination of αSyn expression in the hippocampus, showed that 

inhibitory neurons expressing glutamic acid decarboxylase (GAD), parvalbumin or 

somatostatin did not express αSyn whereas vGLuT-1 positive neurons expressed αSyn 

(Taguchi et al., 2014). Examination of αSyn expression in the WT mouse brain showed 

that areas that are most vulnerable in PD also express the most αSyn, including olfactory 

bulb (OFB), SN and the dorsal motor nucleus of the vagus nerve (DMNV) (Taguchi et al., 

2019, 2016). In the rat brain, Andringa et al., found that αSyn was abundant in the 

substantia nigra pars compacta (SNpc), ventral tegmental area (VTA, although variable 

with different αSyn antibodies) and projection terminals in striatum and nucleus 

accumbens. Olfactory tract-related brain regions such as the piriform and entorhinal 
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cortices as well as brainstem, regions including locus coeruleus (LC) and DMNV 

expressed high levels of αSyn. Cortical layers V and VI also showed abundant αSyn 

expression. Both axonal and perinuclear staining was observed and in some regions such 

as the piriform cortex, it was more perinuclear (Andringa et al., 2003). These studies show 

that while some PD-vulnerable brain regions also highly express αSyn, other high αSyn 

regions appear to be relatively resistant to Lewy pathology, such as the VTA (Alberico et 

al., 2015).  

 

Influence of ageing 
 

Cellular expression of αSyn is dynamic and increases with age. Analysis of 18 human and 

24 non-human primate brains showed an age-related increase in αSyn, and not bSyn, 

levels in the SN (and not the VTA) with a concomitant decrease in TH-positive cells; 

shown in Figure 1.3 (Chu and Kordower, 2007). In a Chinese cohort, stereological 

analysis of human brain specimens also showed that αSyn and TH expression have an 

inverse relationship within the ageing brain. From the age of 40 to 80 years, the number 

of αSyn-positive cells approximately trebled with an associated loss of TH-positive cells 

in the SN (Xuan et al., 2011). These reported changes in αSyn levels with age may reflect 

age-associated decline in autophagic mechanisms (Cuervo and Dice, 2000) or may allude 

to a function of αSyn that is required in maturing neurons. αSyn protein levels are one of 

several aspects of PD risk and ageing. 

 

 



Introduction 

                                        Ammar Natalwala | 2020Ammar Natalwala | 2019 14 

 
Figure 1.3 αSyn levels increase whereas tyrosine hydroxylase levels decrease with age 
in the human substantia nigra. 
 
Optical density measurements for A) αSyn and B) TH expression in human post-mortem 
specimens focussing on the SN. Levels of αSyn increase significantly with age, leading to a 
concomitant decrease in TH-positive neurons. This not only reaffirms age as a strong risk 
factor for PD but also the associated increase in αSyn. Adapted from (Chu and Kordower, 
2007) 
 

 

Uptake and release 
 

For many years, αSyn was considered to be predominantly cytoplasmic as it lacked any 

signal sequence for endoplasmic reticulum (ER) targeting (El-Agnaf et al., 2003). Jakowec 

and team investigated the possibility of extracellular αSyn and perhaps a function beyond 

the cytosol and reported no αSyn in cerebrospinal fluid (CSF) of PD patients (Jakowec et 

al., 1998). However, another group analysed CSF samples from 12 patients with 

idiopathic PD using a different specific antibody and detected αSyn in these CSF samples, 

albeit the level was no different to controls (Borghi et al., 2000). El-Agnaf and colleagues 

used multiple αSyn specific antibodies and showed that αSyn release from cultured cells 

was independent of a cell death process and showed no significant difference in the levels 

of αSyn in PD and control patients’ CSF and plasma samples. They speculated that the 

di-acidic motif in the C-terminal (Asp-X-Glu) may be responsible for ER-Golgi mediated 

release of αSyn or release may occur via an unconventional exocytic route (El-Agnaf et 

al., 2003). Another group used neuroblastoma cells to show that both monomeric and 
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aggregated forms of αSyn were released into the cell culture media and this release could 

not be blocked by Brefeldin A, an inhibitor of ER/ Golgi-dependent protein secretion (Lee 

et al., 2005). Emmanouilidou et al., showed that vesicles within which αSyn is secreted 

contain markers for exosomes and cellular stressors did not alter the level of secretion. 

Exosomal release was calcium-dependent (Emmanouilidou et al., 2010). Alvarez-Erviti et 

al., showed that the majority of αSyn in the conditioned media was exosomal and that it 

could be transferred to naïve cells via this route (Alvarez-Erviti et al., 2011). Danzer et al., 

used human H4 neuroglioma cells and mouse primary cortical neurons to show that αSyn 

is enriched within exosomes and such mode of cellular release and internalisation can 

lead to transmission of pathological protein from neuron-to-neuron (Danzer et al., 2012).  

 

The conformational state of αSyn (discussed below) was considered to play a role on its 

ability to enter each cell (Danzer et al., 2007). It may be that other CNS cell types, 

including astrocytes, internalise αSyn released from neurons to support over-whelmed 

neuronal clearance mechanisms (Barbuti et al., 2020; Braak et al., 2007). Extracellular 

αSyn release and its conformation can be used as a biomarker for PD, particularly in light 

of new detection techniques such as real-time quaking-induced conversion (RT-QuIC) to 

analyse CSF, and blood and skin are other emerging viable sources for assay (Chang et 

al., 2019; Fairfoul et al., 2016; Mazzetti et al., 2020; Rossi et al., 2020). 

 

 

1.3.4 Proposed physiological function 
 

Attempts to characterise αSyn physiology have been challenging for predominantly two 

reasons. Firstly, αSyn is an IDP and is able to generate multiple different conformations 

that we cannot or have not yet fully discerned, each potentially affecting its function. 

Secondly, modulating the protein by conventional methods leads to mild phenotypes in 

cell and animal models and so the evidence for a single function is not overwhelming. 

Thus, the literature focussing on this is often conflicting and hypotheses wide-ranging.  

 

Synaptic plasticity 
 

The initial work on αSyn suggested a role in synaptic biology (Maroteaux et al., 1988; 

Maroteaux and Scheller, 1991). An interesting study focussing on an avian homologue of 

αSyn, termed Synelfin, was conducted in male Zebra finches to explore song learning 

circuits. During the critical song learning period, αSyn mRNA was shown to decrease in a 



Introduction 

                                        Ammar Natalwala | 2020Ammar Natalwala | 2019 16 

key nucleus termed the lateral magnocelluar nucleus of the anterior neostriatum (lMAN). 

This led to the notion that αSyn played an important role in neuroplasticity (George et al., 

1995). However, a follow up study showed that lack of tutoring the birds did not impact on 

the change in αSyn expression and since then other proteins have also been associated 

with avian song learning (Jin and Clayton, 1997; Pfenning et al., 2014).  

 

A study in 2003, utilising an axotomy model to investigate the function of synuclein 

proteins showed that αSyn was enriched in the cut ends of axons which may influence 

axon regeneration (Quilty, 2003). However, this could be a mechanism of immune function 

to signal to microglia for cell clearance, but this is not mentioned in the original paper (Xia 

et al., 2019).  

 

Liu and team used (glutamate-stimulated) hippocampal cultures and reported that αSyn 

expression increases along with functional pre-synaptic boutons and the converse was 

shown to be true when αSyn was knocked down (Liu et al., 2004). This data suggest a 

possible role of αSyn in synaptic plasticity or maturation, but not synapse formation during 

development per se. 

 

Synaptic vesicle homeostasis 
 

Cabin et al., used mouse hippocampal cultures from αSyn null mutants and found no 

difference in synaptic ultrastructure or N-ethylmaleimide-sensitive factor attachment 

protein receptor (SNARE) proteins but found a marked reduction in undocked vesicles at 

the synapse. Furthermore, prolonged lower frequency stimulation led to the depletion of 

these pools of vesicles, suggesting a role for αSyn in synaptic vesicle genesis, 

maintenance or localisation (Cabin et al., 2002). Chandra and colleagues showed that 

crossing Cysteine-string protein-α (CSPα, a known synaptic chaperone protein) null mice, 

which have a fulminant neurodegenerative phenotype, with αSyn transgenic mice rescued 

this phenotype. Moreover, abrogation of endogenous αSyn augmented the CSPα null 

phenotype (Chandra et al., 2005). Burré and team examined immunoprecipitates from 

littermates of wild-type, CSPα null and CSPα null mice rescued with transgenic αSyn and 

found rescued soluble SNARE-complex assembly in the latter group but also that αSyn 

co-immunoprecipitated specifically with Synaptobrevin-2 (independent of CSPα) to induce 

this recovery (Burré et al., 2010). It was shown that gSyn is not able to rescue the CSPα 

phenotype (Ninkina et al., 2012). Further, a triple null mouse (no α, b or gSyn) was used 

to show that these mice are behaviourally normal, fertile and have a normal life-span, but 
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have reduced synaptic vesicle endocytosis and thus neurotransmission in hippocampal 

cell cultures (Vargas et al., 2014).  

 

It is generally considered that the effect of αSyn on the SNARE complex is indirect. DeWitt 

and Rhoades showed that αSyn can inhibit SNARE-mediated vesicle fusion via its 

interaction with the cell membrane, rather than directly impacting SNARE proteins, in a 

concentration dependent manner (DeWitt and Rhoades, 2013). Diao and colleagues 

observed clustering of vesicles in the presence of endogenous αSyn, proposing a role for 

αSyn as a buffer protein for synaptic vesicle release and thus neurotransmission (Diao et 

al., 2013; Wang et al., 2014). The multimeric conformation of αSyn has been suggested 

to play a role in synaptic vesicle clustering at the synapse (Wang et al., 2014).  

 

An interesting experimental approach using a pH-sensitive green fluorescent protein 

(GFP) fused to brain-derived neurotrophic factor (BDNF) to assess exocytotic events, was 

deployed by Logan and colleagues to show a dose-dependent acceleration in exocytotic 

release when αSyn was over-expressed in both adrenal chromaffin cells and primary rat 

hippocampal neurons. The opposite effect was observed on αSyn knockdown (Logan et 

al., 2017). Despite the limitations of cell culture, these results provide further evidence for 

αSyn‘s role in neurotransmission. 

 

Insight from αSyn depletion 
 

αSyn null mice have the same number of dopaminergic neurons and synaptic density as 

WT littermate controls but reduced striatal dopamine due to either aberrant dopamine 

synthesis or storage. Paired-pulse (but not single pulse) electrical stimulation of striatal 

brain slices showed altered dopamine release which suggests αSyn is an activity-

dependent regulator of dopamine neurotransmission (Abeliovich et al., 2000). Given that 

age is the main risk factor in PD, similar investigations in aged αSyn null mice revealed a 

reduction (but not progressive) loss of dopaminergic neurons in the substantia nigra (Al-

Wandi et al., 2010). This may suggest that with age, αSyn functions to maintain these 

neurons and/ or increase dopamine release from surviving neurons in the SN.  

 

Greten-Harrison and colleagues used an αbg (triple) null mouse model to show that 

neuronal and synaptic structure is maintained (no cell or synaptic density loss), however, 

excitatory synaptic puncta were 30% smaller and there were age-dependent changes in 

synaptic protein composition (and signal transmission) relative to WT controls. The 
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SNARE proteins, SNAP-25 and Synaptobrevin-2 were both increased in aged triple null 

mice (Greten-Harrison et al., 2010). Anwar and team found no change in SNARE complex 

proteins (including SNAP-25) and added that electrically evoked dopamine release from 

dorsal striatal axons was greater and the triple null mice showed hyperdopamine-like 

behaviours (Anwar et al., 2011). Within a set of eight genotypes incorporating single 

knockout or combinatorial deletions of α, b or gSyn, it was shown that loss of bSyn in 2 

year old mice (singular or in combination) led to impairment in motor performance, 

whereas loss of αSyn (singular or in combination) led to reduction in striatal dopamine 

levels (compounded by loss of b and gSyn) (Connor-Robson et al., 2016). 

 

Other abnormalities extend beyond the CNS in αSyn null mice and, in the context of blood 

physiology, Tashkandi and team showed that these mice have normocytic anaemia, are 

lymphopenic with immature T cells and have abnormal (and smaller) lymphoid organ 

anatomy. This suggests of a role of αSyn in non-neuronal cell maturation and 

immunological function (Tashkandi et al., 2018). 

 

Protective role of αSyn 
 

An unexpected role of αSyn was discovered when WT and αSyn null mice were infected 

with West Nile virus (WNV). Mice lacking αSyn protein exhibited significantly increased 

viral titres in the brain, but not the periphery, and all αSyn null mice died after WNV 

infection, while the majority of WT mice survived (Beatman et al., 2015). A similar 

protective role for αSyn was observed in mice infected with Venezuelan equine 

encephalitic virus, suggesting αSyn plays a role in CNS innate immunity (Beatman et al., 

2015). Recent work (preprint) described that αSyn modulates interferon-stimulated gene 

expression in neurons as part of its innate immune function (Massey et al., 2020). With 

the combination of holocrano-histochemistry and a virulent reovirus-T3D nasal inoculation 

model, it was shown that αSyn null mice had poorer survival than WT mice (with abundant 

αSyn in olfactory epithelium), despite the same brain viral titres at 10 days post injection 

(Tomlinson et al., 2017). Analysis of inflamed paediatric gastric and duodenal tissue 

showed an increase in αSyn expression correlated with norovirus infection, providing 

further evidence for its immunomodulatory role (Stolzenberg et al., 2017).  

 

Another proposed function for αSyn is as a DNA repair protein. This is based on its co-

localisation with DNA damage response proteins, such as gH2AX and a significant 

increase in double-strand breaks (DSB) in αSyn null human cells or mouse cortex 
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following treatment with the DSB inducer, bleomycin (Schaser et al., 2019). Post-

translational modifications (such as pS129-αSyn discussed below), may facilitate this 

process (Schaser et al., 2019). Immunoprotective functions of αSyn may be most 

pertinent in youth to survive challenges from pathogens and reduce the risks of cancer. 

However, the conformational structures of αSyn required for its protective functions may 

be ‘trapped’ in contexts where it cannot be degraded, such as compromised autophagy. 

Then by virtue of its self-assembly properties this could lead to aggregation beyond 

cellular clearance capacity and eventually manifest as PD or other α-synucleinopathies. 

 

 

 

1.3.5 Central role of αSyn in Lewy pathology 
 

SNCA multiplication mutations 
 

Several lines of compelling evidence support the critical role of αSyn in the pathogenesis 

of PD and other associated neurodegenerative conditions such as DLB and MSA. This 

includes the observations that mutations in SNCA occur in hereditary PD and that Lewy 

bodies and Lewy neurites contain aggregates of misfolded αSyn, shown in Figure 1.4 

(Chartier-Harlin et al., 2004; Krüger et al., 1998; Lesage et al., 2013; Polymeropoulos et 

al., 1997; Singleton et al., 2003; Spillantini et al., 1997).  
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Figure 1.4 Lewy bodies and neurites are composed of αSyn deposits   
 
Panels A-F show αSyn staining within Lewy bodies and Lewy neurites in the substantia nigra 
of a PD patient and panel G shows similar staining within the cingulate cortex of a patient 
diagnosed with Dementia with Lewy bodies (Spillantini et al., 1998). 
 

 

 

Amongst the SNCA mutations are those where the allele copy number has increased. 

Three copies of the gene (heterozygous duplication) gives an early onset PD phenotype 

(with a mean age of onset at 48 years and considerable non motor symptoms) and four 

copies (heterozygous triplication or homozygous duplication; Figure 1.5) gives a more 

severe constellation of PD symptomatology (Chartier-Harlin et al., 2004; Ibáñez et al., 

2004; Konno et al., 2016). SNCA duplication mutations show near complete penetrance, 

intra-familial variability, and can be difficult to distinguish from sporadic PD in some cases 

(Elia et al., 2013; Kara et al., 2014). Although the duplication size is often different in 

different pedigrees, the evidence points towards SNCA allele copy number rather than 

length of the genomic segment or the number of adjacent genes multiplicated as the 

underlying cause of familial PD. A Japanese study showed that one homozygous SNCA 

duplication compared to three heterozygous SNCA duplication cases had earlier onset of 

PD by 28 years of age, early dementia and death at the age of 48 years (compared to 78, 

70 and 54 years of age in the latter group). This implicates gene dosage as a determining 

factor for disease severity (Ikeuchi et al., 2008). Clinical description of two Chinese 

families, one with a 139 Kb and the other a 5.4 Mb SNCA duplication, suggested a positive 

correlation of the duplication size on clinical phenotype (Du et al., 2019). However, meta-
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analysis of 59 pedigrees with SNCA multiplication mutations world-wide, showed this 

association is not valid. This study re-affirmed earlier age of onset and clinical severity 

with αSyn gene dosage, not the size of the multiplication (Book et al., 2018). It is useful 

to note that multiplication mutations are not restricted to SNCA alone and multiple 

adjacent genes such as MMRN1, encoding Multimerin 1 protein (Factor V/ Va binding 

protein), may be incorporated in the genomic segment with an increased copy number 

(Ferese et al., 2015).  

 

Interestingly, a Swedish family with both SNCA duplication and triplication mutations were 

found to share a common ancestor, indicating a possible sequential acquisition of 

genotypic multiplication over time (Fuchs et al., 2007). Genetic pedigree analysis and 

historical data suggested that these ancestors may have had even five or six copies of 

the SNCA locus. This may occur through replication-based rearrangement of genomic 

DNA, but the evidence for more than four SNCA alleles is currently weak (Puschmann et 

al., 2009; Seo et al., 2020). SNCA multiplication mutations suggest a toxic gain-of-function 

as a driving force in these PD patients, where there is a high genetic penetrance and dose 

effect observed (Konno et al., 2016). At a protein level, it has been shown that serum and 

brain αSyn in patients with a SNCA triplication mutation is twice the normal level of αSyn 

protein and thus sufficient to cause PD (Miller et al., 2004). Similarly, analysis of iPSC-

derived neurons from a patient with this mutation and a non-affected first-degree relative 

also showed a two-times higher endogenous level of αSyn (Devine et al., 2011). Thus, 

the level of endogenous αSyn (due to SNCA multiplication) has an integral role in the 

disease process and shows a dose-dependent increment in pathology.  
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Figure 1.5 Diagrammatic view of the SNCA multiplication mutations   
 
Diagrammatic representation of SNCA allelic configurations in SNCA multiplication mutations. 
Adapted from (Nussbaum, 2018). 
 

 

SNCA point mutations including the G51D mutation 
 

The first SNCA missense point mutation was reported by Polymeropoulos and colleagues. 

This was the alanine to threonine (A53T) mutation, discovered in an Italian-American 

family referred to as the ‘Contursi kindred’ and apparently unrelated Greek families, 

segregating with affected members exhibiting the PD phenotype in an autosomal 

dominant manner (Polymeropoulos et al., 1997, 1996). Analysis of multiple species 

including rodents, fish, birds, reptiles and other vertebrates showed that the presence of 

an alanine at position 53 is unique to humans, apes and Old World monkeys and the 

threonine ‘substitution’ is present in these other species (Larsen et al., 2009). Thereafter, 

another point mutation substituting an alanine to proline (A30P) was identified in a 

German family, with the index patient having a similar age of onset as the SNCA 

duplication mutation patients (Krüger et al., 1998). A glutamic acid to lysine (E46K) 

mutation was subsequently described in a Spanish family and affected family members 

had severe Parkinsonism and dementia (Zarranz et al., 2004). A further, mutation 

suggesting a histidine to glutamine (H50Q) substitution in SNCA was reported in a PD 

patient who went on to develop dementia (Appel-Cresswell et al., 2013; Proukakis et al., 

2013). However, although some data suggested the H50Q mutation accelerates αSyn 

aggregation and toxicity, a later study found this to be a rare variant in healthy patients 

and did not enrich in PD populations. Thus the pathogenicity of this point mutation has 

been challenged (Blauwendraat et al., 2018; Ghosh et al., 2013; Khalaf et al., 2014). 

Figure 1.6 depicts the known SNCA point mutations which cluster within exons two and 

three. 

 

In 2013, the glycine to aspartic acid (G51D) mutation in SNCA was found in two familial 

cases which both showed aggressive clinicopathological features suggestive of both PD 

and MSA. Four affected members of a French family were included in one study and these 

patients had pyramidal signs along with early-onset disease in the third decade of life, and 

rapidly progressive PD. Histopathological analysis showed Lewy bodies in the superficial 

layers of the cortex in addition to expected regions, with a heavy disease burden (Lesage 

et al., 2013).  Kiely and colleagues reported the discovery of the same point mutation in a 
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British family in the same year and added that GCIs in oligodendrocytes were observed 

(Kiely et al., 2013). This not only fortified the link between these forms of 

synucleinopathies but suggested a disease spectrum of varying clinical phenotypes 

dependent of the synuclein disease burden. Kiely et al., reported that in addition to the 

SN, the posterior striatum was more severely affected than anterior striatum, and the 

hippocampus and superficial cortical layers showed a high disease burden (Kiely et al., 

2015, 2013). A third, Japanese family, with early onset and rapidly progressing PD due to 

the G51D mutation was reported shortly after (Tokutake et al., 2014). Few GCIs have 

been reported in other aforementioned SNCA mutations but are of marked severity in 

patients with the G51D mutation (Gwinn-Hardy et al., 2000; Markopoulou et al., 2008; Obi 

et al., 2008; Seidel et al., 2010). Biophysical studies have shown that the G51D mutation 

disrupted α-helix formation and thus membrane binding, but also attenuated aggregation 

(Dhavale et al., 2017). In mammalian cells, this mutation led to greater secretion of αSyn 

which may allude to the fulminant clinicopathological nature of this mutation including 

early disease onset and GCIs (Fares et al., 2014; Ysselstein et al., 2015). However, 

Lázaro and colleagues reported increased propensity for αSynG51D to form aggregates in 

HEK cells using the SynT aggregation model (Lázaro et al., 2014; McLean et al., 2001). 

More recently, Mohite et al. used a Drosophila model to show that expression of αSynG51D 

led to shorter survival and loss of dopaminergic neurons compared to WT controls (Mohite 

et al., 2018). 

 

Another more recent point mutation in SNCA, alanine to glutamic acid (A53E), was 

identified in a Finnish patient with atypical PD diagnosed at the age of 36 years. Her sister 

and daughter also had this mutation and were both diagnosed with PD. Neuropathological 

analysis 24 years after diagnosis showed abundant plaques and degeneration of the 

frontotemporal region, hippocampus, SN and other areas. The authors described this to 

be as severe as the previously reported G51D mutation (Pasanen et al., 2014). The A53E 

mutation has also been reported in an unrelated Canadian family and thus is not exclusive 

to the pedigree of Finnish origin (Picillo et al., 2018). 
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Figure 1.6 SNCA point mutations cluster at exon 2 and 3   
 
SNCA exons and the location of missense point mutations and polymorphisms identified to 
date, shown to cluster around the coding sequence and exons 2 and 3. Adapted from 
(Nussbaum, 2018). 
 

 

 

The clinical phenotypic severity of the SNCA mutations is summarised in the table below. 

It is clear that high endogenous αSyn due to SNCA triplication and the SNCAG51D 

mutations confer the greatest clinicopathological disease in these patients (Figure 1.7).  
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Figure 1.7 SNCA triplication and G51D point mutation confer the most clinical severity   
 
Black (continually present) > grey (occasionally present) > white (absent) indicates the severity 
of clinical signs or symptoms. For age at onset, black denotes < 40 years, grey 40 – 60 years 
and white > 60 years of age. For disease duration black is < 10 years, grey 10 – 15 years and 
white > 15 years. SNCA multiplication shows a dosage effect and 4 SNCA copies and the 
G51D point mutation confer the greatest clinical severity. Adapted from (Petrucci et al., 2016). 
 

 

 

1.3.6 Stereotypical formation of Lewy pathology 
 

Braak hypothesis 
 

In 2003, Braak and colleagues analysed 110 human brain specimens on autopsy, of which 

41 had a formal diagnosis of PD, and proposed that Lewy pathology occurred in a 

stereotypical and predictable manner in sporadic PD (Figure 1.8). It was suggested that 

this happened via anatomical axonal connections in six neuropathological stages that 

each correspond with increasing clinical severity, including prodromal symptoms such as 

anosmia and autonomic dysfunction. The process was reported to start in the DMNV, as 

well as the olfactory system, and extended via the medulla, pons and midbrain to the 

basal forebrain, favouring unmyelinated neurons (Braak et al., 2003a). Given the pattern 

of disease progression, a ‘dual hit hypothesis’ was postulated that PD pathology may 

begin outside of the CNS, more specifically via the enteric nervous system, due to a 

pathogen as the main trigger. This in combination with vulnerable neurons due to 

phenotypic properties and environmental influences, would lead to sporadic PD (Braak et 

al., 2003b).  
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Figure 1.8 Braak’s hypothesis for disease propagation in PD   
 
The stereotypical spread of Lewy pathology on autopsy follows the chronology of clinical 
symptomatology in PD. Six stages of disease progression are shown. A) Olfactory bulb and 
dorsal motor nucleus of the vagus nerve are first affected, then B) the mesocortex and 
substantia nigra and eventually C) the neocortex. Light to dark shading indicates severity of 
Lewy pathology and arrows indicate direction of pathology (Braak et al., 2003b).   
 

 

 

Recent work has highlighted the gastrointestinal system as a route of entry for PD 

transmission via the vagus nerve to the DMNV and other area of the brain (Sampson et 

al., 2016). Bacterial exposure in the gut of a genetic model led to PD and other groups 

have suggested that the appendix accumulates αSyn and is the starting point of the 

pathology (Killinger et al., 2018; Matheoud et al., 2019).  

 

However, subsequent studies showed that for both the Braak staging system and the 

other major staging system revised by the DLB Consortium, both were not absolute and 

in half of the cases would not adequately classify the disease (Braak et al., 2006; Leverenz 
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et al., 2008; McKeith et al., 2017, 2005; Parkkinen et al., 2008). Subjects with a heavy 

disease burden could still be neurologically intact, and the DMNV was not always the 

obligatory initiator site for disease (Kalaitzakis et al., 2008). In 2009, Beach and 

colleagues developed a classification based on 417 autopsy subjects and this now 

created a distinction between ‘brainstem predominant’ (stage IIa) and limbic predominant’ 

(stage IIb) disease in attempt to aide classification of a wider group of patients with 

synucleinopathy (Beach et al., 2009). 

 

Prion-like disease propagation 
 

Following on from the disease progression/ transmission hypotheses, an observation by 

two independent groups reported αSyn pathology in transplanted cells in patients who 

received human foetal ventral midbrain (VM) grafts for PD. Kordower et al., showed that 

14 years following foetal grafting there were αSyn and ubiquitin-positive inclusions within 

grafted cells (Kordower et al., 2008b, 2008a). Li and colleagues similarly reported on 

grafts 12 years and 16 years post-transplant with 40% and 80% TH-positive neurons 

showing αSyn inclusions, respectively (Li et al., 2010, 2008). This suggested that the 

younger transplanted cells acquire less pathology than older transplanted cells, and that 

the time exposed to host PD brain dictates the Lewy body burden in the graft. The 

microenvironment that the cells go into is critical and higher ambient levels of αSyn may 

play a critical role in the vulnerability of these neurons to acquire pathology. Having said 

this, one cannot negate the impact of an altered immune environment that the cells are 

placed within and whether the aggregates are due to transfer of host pathology or due to 

inflammation causing de novo aggregates in transplanted cells remains to be elucidated. 

Furthermore, there was an associated decrease in graft function over time as measured 

by clinical phenotype. Despite this data, Mendez and team did not find evidence of Lewy 

pathology in 5 subjects analysed 14 years post-transplant (Mendez et al., 2008). Whilst 

no convincing evidence of human-to-human or animal-to-human transmission of αSyn 

has been reported, there is evidence to suggest a templating effect, as seen in prion 

disease, that occurs during PD progression leading to LB and LN formation (Gelpi et al., 

2020). The debate still remains as to whether αSyn is truly prion-like due to a degree of 

variation in both histopathological and clinical course of PD, and so intrinsic cellular 

vulnerability is considered to have an equally important and perhaps synergistic role in 

the pathophysiology. 
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1.3.7 Concept of differential neuronal susceptibility 
 

Selective vulnerability of nigral dopaminergic neurons has been attributed to several 

factors including their long axons, poor myelination, metabolic demand, calcium 

homeostasis, proficiency of protein clearance, dopamine itself and neuromelanin, building 

on Braak’s hypothesis (Braak et al., 2004; Burbulla et al., 2017; Chan et al., 2010). 

However, tissue gene expression data combined with single cell gene expression data 

highlighted the susceptibility of not only dopaminergic, but also enteric neurons as well as 

oligodendrocytes in PD (Bryois et al., 2020). The focus of this work is to explore the role 

of endogenous αSyn, in a human model, on selective vulnerability of neurons. Post-

mortem and experimental data shows heterogeneity in disease susceptibility among 

different, and interconnected, neuronal populations and has been reported during rodent 

αSyn PFF injection experiments (Patterson et al., 2019a; Paumier et al., 2015). For 

example, stereotaxic delivery of αSyn PFFs into the olfactory bulb led to progression of 

disease into the hippocampus and entorhinal cortex of mice through some, but not all 

neuroanatomical circuits. Interestingly, age at injection, specifically 17-month versus five-

month old mice, was not observed to alter this process, within the three-month (albeit 

short) post-injection time frame (Mason et al., 2016).  

 

To address the observed differences in susceptibility, Luna et al., showed that this 

differential susceptibility to pathology is dependent on the level of endogenous αSyn in 

interconnected neurons in the mouse hippocampus (naturally structured in heterogenous 

groups) following αSyn PFF injection (discussed in detail below). Susceptible neurons 

were subsequently protected by lowering endogenous αSyn using antisense 

oligonucleotide (ASO)-mediated knockdown. Extending the time delay in ASO-mediated 

rescue eventually led to irreversible toxicity suggesting a critical level beyond which 

neuroprotection was not possible (Luna et al. 2018). Another paper individually examined 

different brain regions (e.g. hippocampus, striatum) in the mouse and found that the level 

of endogenous αSyn was a key determinant to developing Lewy-like pathology after 

addition of αSyn PFFs (Courte et al., 2020). Despite this, the concept of disease 

propagation in humans and the exact relationship between Lewy pathology and 

dopaminergic cell loss remains open to debate. 
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1.3.8 Key post-translational modification of αSyn is 
phosphorylation at serine 129 
 

Recently, there has been an increasing body of work on post-translational modifications 

(PTMs) of αSyn, including ubiquitination, phosphorylation, truncation and nitration, etc 

(Baba et al., 1998; Hasegawa et al., 2002; Sevcsik et al., 2011). In particular, 

phosphorylation of serine 129 (pS129-αSyn) has been shown to be the key PTM in LBs 

(Fujiwara et al., 2002) and increases in PD patients to over 90% on autopsy compared to 

4% in healthy controls and is considered as an early marker of disease (Anderson et al., 

2006). Different kinases including casein kinase (CK) I and CKII, G-protein coupled 

receptor kinases (GRK), LRRK2 and polo-like kinase 2 (PLK2) have been implicated in 

this phosphorylation event (Inglis et al., 2009; Okochi et al., 2000; Pronin et al., 2000). 

PLK2 promotes lysosome-mediated clearance of αSyn and thus may be neuroprotective 

(Oueslati et al., 2013). Ma et al., however, suggest that phosphorylation at this location in 

the C-terminus alters the shape and increases pathogenicity of αSyn (Ma et al., 2016). 

Whilst the impact of this PTM on αSyn is not fully clear, it has been established as a 

disease marker in experimental work. Numerous antibodies have been generated to 

detect pS129-αSyn, and a highly specific and fully validated one, Ab51253,  was used in 

the work presented in this thesis (Delic et al., 2018). 

 

 

1.3.9 Mechanism of αSyn toxicity 
 

As described thus far, there is a wealth of literature that provides compelling evidence for 

αSyn toxic gain-of-function leading to neuronal dysfunction and death (Singleton et al., 

2003; Vekrellis et al., 2009; Volpicelli-Daley et al., 2011). This contrasts with studies 

knocking down αSyn where the resulting phenotype is mild and not that which is observed 

typically in PD (Abeliovich et al., 2000; Greten-Harrison et al., 2010). It is conceivable that 

given its membrane interaction properties and the critical role of the pre- and post-synaptic 

membranes in cell signalling and neurotransmission, that aberration in this process would 

have a profound impact, particularly on neurons that function within neuromodulatory 

circuits, requiring high metabolic demand and efficient intracellular processes to execute 

their function effectively.  

 

However, the concept of interneuronal (and intercellular) transmission of αSyn is critical 

to its pathological effect. This was initially explored by Desplats and colleagues, who 

showed that mouse cortical neuronal stem cells (MCNSCs) incubated with culture medium 
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containing tagged αSyn were able to take up the tagged protein. Secondly, they showed 

that stereotaxically injected MCNSCs in an αSyn over-expressing mouse model led to 

incorporation of αSyn in the grafted cells in a time-dependent manner (Desplats et al., 

2009). Subsequent work with αSyn PFFs confirmed this but also highlighted the 

complexity of this process.  

 

It is likely that during disease progression, different degrees of αSyn pathological function 

lead to an overt disease burden depending on individual cellular mechanisms and 

capacity to cope with dysfunction. Various mechanisms in which αSyn exerts toxicity 

(Figure 1.9) include nuclear dysfunction, ER stress, mitochondrial dysfunction, lysosomal 

and protein degradation pathway dysfunction, axonal transport and synaptic dysfunction 

(Cuervo et al., 2004; Ludtmann et al., 2018; Prots et al., 2018). Recent work suggests that 

αSyn oligomers interact with ATP synthase at the mitochondrial membrane to increase 

transition pore permeability, leading to mitochondrial dysfunction (Ludtmann et al., 2018). 

PD has been linked to Gaucher disease and loss of glucocerebrosidase activity leads to 

lysosomal dysfunction, αSyn aggregation and neurotoxicity (Mazzulli et al., 2011). 

αSynA30P and αSynA53T mutants, relative to αSynWT, impair proteasomal degradation and 

lead to toxicity (Cuervo et al., 2004).  

 

However, there is no consensus view that one particular mechanism is the key underlying 

proponent of disease. This relates to the challenges in studying a condition which can be 

heterogenous due to stage of disease and the αSyn dysfunction may have multiple 

cellular effect simultaneously depending on the cell type and stage of disease. These 

proposed mechanisms compound with ageing, the largest risk factor for sporadic PD, as 

cellular and organelle dysfunction increases with age. 
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Figure 1.9 Potential mechanisms of cellular toxicity due to αSyn 
 
Illustration showing pathways for organelle dysfunction (purple boxes), inter-organelle defects 
(blue box) and impaired organelle dynamics (green box) (Wong and Krainc, 2017). 
 

 

 

1.4 Disease modelling 
 

1.4.1 αSyn over-expressing pluripotent stem cell lines  
 

Pluripotent stem cells provide a useful tool to study PD in vitro, given that firstly, they can 

be used to generate human neuronal networks and secondly, these cells can be 

genetically altered to accelerate (or attenuate) the disease processes to weeks rather than 

years (Chen et al., 2019; Devine et al., 2011; Takahashi et al., 2007; Takahashi and 

Yamanaka, 2006; Yapom, 2016). Inducible over-expression of αSynWT has been reported 

in AF22 cells (neural stem cells derived from human iPSCs) where up to a 13-fold higher 

expression of αSyn was induced using a fixed concentration and prolonged exposure to 

doxycycline (12 days). This reportedly led to aggregate formation, measured as total αSyn 

‘fluorescent spots’ and not pS129-αSyn, reduced neurogenesis and increased cellular 

toxicity in dopaminergic neurons (Zasso et al., 2018). Such model systems are useful for 

detecting a dose-response but rely on transient induction of gene expression.  Thus, one 

cannot comment on the effect of sustained αSyn over-expression on neurogenesis. 

Prolonged exposure to doxycycline increases the risk of pleiotropic effects that could 
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confound the results. Only one cell line was described to investigate these effects in vitro. 

The experiments, in this thesis incorporate the use of transgenic human embryonic stem 

cell lines which contained the human SNCA gene under a CAG promoter to over-express 

αSynWT (Yapom, 2016). High levels of endogenous αSyn are also achieved and sustained 

from day 0 to mature neurons and without the need for doxycycline. Therefore, 

overcoming the aforementioned problems with an inducible model system and allowing 

for greater insight into the impact of αSyn over-expression on neurogenesis.  

 

Independent groups, including ourselves, have shown that patient-derived iPSCs bearing 

the SNCA triplication mutation have a two-fold higher level of endogenous αSyn. In 

agreement with Byers et al., we found that endogenous αSyn did not impair neuronal 

differentiation of these lines, compared to iPSCs-derived neurons from a healthy 

unaffected relative (Byers et al., 2011; Devine et al., 2011). However, other groups have 

proposed that αSyn over-expression does impair neuronal differentiation. Flierl et al. used 

SNCA triplication mutant iPSCs to propose that αSynWT over-expression leads to impaired 

neurogenesis, increased ageing and increased cell death (Flierl et al., 2014). Oliveira and 

colleagues used two iPSC lines derived from patients with a SNCA  triplication mutation 

relative to comparative cells from healthy patients (not isogenic controls) to suggest 

impaired neuron differentiation ability (Oliveira et al., 2015). However, as with the study 

by Zasso and team, the number of lines examined in each of these studies was limited 

and one must acknowledge that incomplete reprogramming and clonal variation may play 

a critical role in how these cell lines behave during differentiation. Lin and colleagues used 

multiple iPSC lines incorporating different PD mutations, including LRRK2, PARKIN and 

SNCA triplication mutations. They showed that specifically the SNCA triplication and 

PARKIN mutant dopaminergic neurons had higher αSyn and pS129-αSyn protein level, 

but did not report any differentiation defects (Lin et al., 2016).  

 

iPSCs derived from a patient with SNCA duplication as well as control iPSCs over-

expressing (lentiviral) αSynWT showed increased oligomer formation, via analysis of 

detergent-soluble and insoluble protein fractions, leading to impaired mitochondrial 

transport. The authors report no difference in cortical neuron generation from these cells 

and control lines (Prots et al., 2018). Brazdis et al., used iPSCs harbouring a SNCA 

duplication to show that these cells equally generate cortical and midbrain dopaminergic 

neurons. The latter were more vulnerable to oxidative stress and cell death and had a 

higher proportion of insoluble and pS129-αSyn (Brazdis et al., 2020).  
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Interestingly, iPSCs derived from a patient with a SNCAG51D mutation and control iPSCs 

CRISPR-engineered to have a heterozygous or homozygous SNCAG51D mutation were 

able to generate dopaminergic neurons. This ability was impaired in the homozygous 

mutants and dopamine turnover was reduced in the heterozygous mutants (Mosaku, 

2018). 

 

Other cell lines used to over-express αSyn 
 

Cuervo et al., 2004 used αSyn over-expressing PC12 cells to show that lysosomal 

degradation via chaperone-mediated autophagy (CMA) is more efficient for the WT 

protein relative to mutant αSynA30P and αSynA53T (Cuervo et al., 2004). Vekrellis and team 

previously showed using a doxycycline-inducible model of αSynWT over-expression (four 

to 10-fold increase) in SH-SY5Y (human neuroblastoma cell line)-derived neurons to 

show toxicity occurred only when these cells are differentiated into neurons (Vekrellis et 

al., 2009). A recent study investigated the impact of transgenic over-expression of human 

αSynWT in SH-SY5Y cells and found an increased rate of proliferation and clonogenicity 

(Rodríguez-Losada et al., 2020). The level of αSyn was four-fold higher in the transgenic 

cells and not directly neurotoxic, however, it was reported to increase the susceptibility of 

these cells to oxidative stress. These phenotypes may be specific to SH-SY5Y cells, which 

can express dopaminergic markers, but it would be difficult to extrapolate this to the 

subset of mature dopaminergic neurons impaired in PD. 

 

Cortical neural progenitors derived from human foetuses (12-13 weeks old) were 

expanded and transfected to over-express αSynWT protein, by Schneider and colleagues, 

to explore the impact on determination of cell fate. Whilst they achieved a modest increase 

in endogenous αSynWT this group showed that this led to reduced gliogenesis at late 

passage, and impaired survival and maturation of dopaminergic neurons (Schneider et 

al., 2007). Whilst cell culture models have pragmatic advantages to animal models, they 

do not always allow for assessment of αSyn modulation on comparably mature synapses 

nor the assessment of inflammation and other systemic processes.  

 

 

1.4.2 Animal models of αSyn over-expression 
 

Winner and team used a mouse model over-expressing endogenous αSynWT under a 

PDGF promoter to show that neurogenesis is impaired (Winner et al., 2008, 2004). A BrdU 
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pulse-chase method was used to examine neurogenic regions and DCX used as a marker 

for neural progenitors. One month following BrdU injection, neural progenitors decreased 

in the olfactory bulb and hippocampus of human αSynWT expressing mice under the PDGF 

promoter (Winner et al., 2004). This hypothesis was tested in the same transgenic mice 

once they aged, but the difference in proliferation was not observed (Winner et al., 2008). 

DCX is involved in neuronal migration and a change in its expression may allude to this.  

 

A BAC Tg rat model, over-expressing human αSynWT was developed and showed both 

striatal αSyn deposits and progressive motor dysfunction, believed to be predominantly 

due to truncated forms of αSyn protein (Nuber et al., 2013). This is a useful model but 

likely dependent on cross-seeding between human and rat αSyn, which may limit the 

extent of pathology observed. In models such as the BAC Tg rat, the integration site of 

the transgene is not known, and therefore pleiotropic effects could be observed in different 

founder lines. The same observations and principles apply to transgenic mice over-

expressing human αSynWT (PDGF promoter), where inclusions were visible by as early 

as two months of age and subsequent dopaminergic neuron loss and motor deficit ensued 

(Masliah et al., 2000). Mice over-expressing human αSyn under the Thy1 promoter were 

shown to have high extracellular dopamine levels in the striatum prior to dopaminergic 

neuron loss (Lam et al., 2011). In a BAC transgenic mouse model, another group reported 

reduced dopaminergic neurotransmission, preceding dopaminergic neuron loss in the 

striatum and substantia nigra, independent of αSyn insoluble aggregates (Janezic et al., 

2013). Although conflicting data, both suggest dopaminergic dysregulation due to αSyn 

over-expression.  

 

 

1.4.3 Animal models incorporating the SNCAG51D mutation 
 

Literature regarding animals that incorporate the SNCAG51D mutation are limited due to 

the recent discovery of this mutation. Drosophila melanogaster models showed that 

transgenic expression of αSyn with this point mutation leads to dopaminergic cell loss and 

reduced survival compared to Tg αSynWT control flies (Mohite et al., 2018). Although this 

is a well-studied model system, it still has disadvantages compared to vertebrate models 

of PD in addition to the disadvantages of transgene expression. The work by Zhu and 

team incorporated a different approach to overcome some of these problems. They used 

CRISPR-Cas9 methods to introduce three heterozygous SNCA mutations (E46K, H50Q 

and G51D) into minipig cells, and then performed somatic cell nuclear transfer to generate 

Guangxi Bama minipig models of PD (Zhu et al., 2018). Although at 3 months there was 
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no Lewy-like pathology observed, these animals could potentially be examined at a later 

age and used in disease modelling described below. 

 

In collaboration with Professor Tomoji Mashimo and Dr Yayoi Kunihiro at Kyoto University, 

we generated Fischer 344 rats with the αSynG51D mutation introduced into their 

endogenous SNCA gene using CRISPR-Cas9 editing. An experimental approach 

employing L-3,4-dihydroxy-6-18F-fluorophenylalanine (18F-DOPA) positron emission 

tomography (PET) identified functional impairment of striatal dopaminergic neurons in 

young and aged heterozygous G51D mutant rats compared to their WT counterparts, 

albeit not statistically significant (Morley, 2018). Further characterisation of this rat model 

showed that αSynG51D was mislocalised from the synapse in multiple brain regions at one 

year in homozygous G51D mutant rats. It appeared to mislocalise to mitochondria and 

not to other cell types such as oligodendrocytes, although this result was not statistically 

significant due to a small number of animals tested. Furthermore, there was no TH-loss 

at one year in the G51D mutant rats and no overt difference in immunological cell numbers 

relative to WT controls. Transcriptomic analysis (and proteomic analysis of the synaptic 

fractions) showed dysregulation of synaptic and mitochondrial pathways pointing to early 

pathological manifestations of this mutation. No Lewy-like pathology, investigated using 

pS129-αSyn immunohistochemistry, was observed in these mutant rats (West, 2020). 

Thus, in contrast to the human clinicopathological manifestation of the G51D mutation, 

this model points to an early disease process in these rats that in theory could advance 

substantially if a further disease trigger was introduced. 

 

 
1.4.4 Exogenous αSyn pre-formed fibrils trigger Lewy-like 
pathology 
 

Work from Ren and colleagues showed that fibrillar polyglutamine (polyQ) peptides (in 

the context of Huntington’s disease) can be internalised by various cell lines and ‘seed’ 

the aggregation of endogenous proteins with sequence homology to the fibrils (Ren et al., 

2009). The same paradigm was applied in the context of PD, using recombinant αSyn 

monomeric protein (purified from E.coli cells expressing an αSyn construct) to generate 

PFFs following five days of constant agitation in an orbital mixer and sonication prior to 

use. These αSyn PFFs (with a C-terminal Myc tag) were used to show that transduction 

of these PFFs formed a ‘nucleation core’ to recruit endogenous αSyn (in HEK cells over-

expressing αSynA53T), forming insoluble LB-like deposits (Figure 1.10). This was a key 
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step in disease modelling given that over-expression of αSyn alone does not  produce LB-

like pathology (Luk et al., 2009). 

 

 

 

 
Figure 1.10 Exogenous αSyn PFFs form a proteopathic seed to recruit endogenous 
αSyn   
 
A) QBI-HEK-293 cells containing WT endogenous αSyn were seeded with Myc-tagged αSyn 
PFFs which were readily internalised and formed a nucleation core, recruiting the soluble 
endogenous protein, to form aggregates. B) Immunoblots of detergent-soluble (Triton-X; TriX) 
and detergent-insoluble (SDS) fractions for control and PFF seeded cell lysates show that the 
majority of αSyn in the insoluble fraction was the WT endogenous protein. Adapted from (Luk 
et al., 2009).  
 

 

 

An important paper by Volpicelli-Daley in 2011, highlighted several points in the αSyn PFF 

disease model. The first point was that Lewy-like pathology can be induced by simply 

adding exogenous αSyn PFFs into the media in primary cell cultures, negating the need 

for transduction or other manipulations. Human WT αSyn PFFs (full length and truncated) 

were used to initiate pathology over two weeks in primary rodent hippocampal (and 

cortical and dopaminergic) cultures. A range of LB and LN-like inclusions (co-staining for 

LB proteins such as ubiquitin) were observed in a time and concentration-dependent 

manner with a concomitant increase in the insoluble protein fraction (Figure 1.11). Mature 
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neurons developed pathology faster and both mouse and human αSyn PFFs triggered 

disease, however, the lack of endogenous αSyn in αSyn null mice-derived primary 

cultures abrogated all of the above observations. Augmenting endocytosis of the PFFs 

using wheat germ agglutinins led to a greater propensity for disease and their microfluidic 

device experiments showed both antero- and retrograde transmission of pathology with a 

functional impact (Fluo-4AM dye data) on network activity (Volpicelli-Daley et al., 2011). 

 

 

 

 
Figure 1.11 αSyn PFF-induced structures are Lewy-like and are formed in a time-
dependent manner  
 
A) Ubiquitin (red) is found in LBs and αSyn PFF-induced structures (pS129-αSyn structures in 
green) co-stain with ubiquitin thus forming Lewy-like pathology. B) Addition of these PFFs to 
neurons in culture at five days then fixation at four, seven and 10 days in vitro shows a time-
dependent increase in pS129-αSyn (green) (Volpicelli-Daley et al., 2011). 
 

 

PFF uptake 
 

Data suggests that addition of sonicated αSyn PFFs to primary neuronal cultures leads to 

sequestration in lysosomes for several days and this system becomes saturated at high 

PFF concentrations (Karpowicz et al., 2017; Sacino et al., 2017). The Dawson group 

demonstrated that endocytic internalisation of αSyn PFFs (and not monomers) is due to 

specific binding of PFFs to the transmembrane receptor lymphocyte activation gene 3 

(LAG-3) and deletion of LAG-3 reduces this process (Mao et al., 2016). Others have 
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reported clustering of αSyn PFFs around Na+/ K+ ATPase pumps at the cell surface, 

impairing their physiological function and thus neurotransmission (Shrivastava et al., 

2015). Other cell surface proteins such as Heparan sulfate proteoglycans (HSPGs), N-

methyl-D-Aspartate (NMDA) receptors, and Toll-like receptor 2 (TLR2), CD11b, 

Adenosine receptor A2AR, cellular prion protein (PrPC), purinoreceptor P2X7, 

metabotropic glutamate receptor 5 (mGluR5), Fc gamma receptor IIb and gangliosides in 

lipid rafts have all been shown to bind exogenous αSyn PFFs (Badawy et al., 2018; 

Borroto-Escuela et al., 2018; Choi et al., 2018; Dos-Santos-Pereira et al., 2018; Ferreira 

et al., 2017; Holmes et al., 2013; Hou et al., 2018).  

 

Once internalised, it was shown using labelled αSyn PFFs on primary cultures in 

microfluidic devices that in these can travel bidirectionally and are continuously secreted 

(Brahic et al., 2016). A combination of co-culture PFF-exposed neurons and naïve 

astrocytes and PFF addition to organotypic hippocampal slice cultures showed that 

cortical astrocytes efficiently internalise αSyn PFFs, most likely for degradation (Loria et 

al., 2017). It has also been shown that oligodendrocytes, despite the lack of αSyn mRNA 

expression, can endocytose and internalise αSyn PFFs. This may explain why GCIs are 

observed in MSA and PD patients with SNCAG51D (Reyes et al., 2014).  

 

Limitations and optimising reproducibility 
 

Conceptually, αSyn PFFs are synthetic and can induce the formation of Lewy-like 

structures, but do not fully recapitulate the structures observed in post-mortem brain 

samples from PD and MSA patients. Biophysical characterisation of αSyn PFFs produced 

in vitro and aggregates isolated from PD and MSA brains showed clear structural 

differences and greater heterogeneity of these structures in PD compared to MSA 

(Strohäker et al., 2019). It can also be argued that αSyn PFFs lead to a supraphysiological 

level of αSyn that deviates from the clinical pathophysiology. Nonetheless, αSyn PFFs 

can be successfully used to experimentally recapitulate certain aspects of PD and have 

been shown to induce similar inclusions to patient-derived brain homogenate (Recasens 

et al., 2014). 

 

As various groups adopted the αSyn PFF model, a protocol was published to identify key 

steps in attaining reproducible data. The importance in αSyn PFF preparation, storage 

and delivery were highlighted (discussed in detail later in thesis). Briefly, αSyn PFF fibrils 

should be assessed for potency (using the Thioflavin T assay, for example) and 
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maintained by storing at -80oC and avoiding repeat freeze/ thaw cycles. Sonication of 

PFFs prior to administration to cells or animals was important for potency as this reduced 

the length of the PFF fragments to approximately 50 nm and perhaps increasing the 

chance of these ‘seeds’ entering cells and initiating pathology (Volpicelli-Daley et al., 

2014). Another group reported that lipopolysaccharide (LPS) contamination in αSyn 

produced from E.coli can limit disease propagation and this may be due to the influence 

of an inflammatory response and αSyn clearance (Rutherford et al., 2015).  

 

 

1.4.5 Stereotaxic injection of αSyn PFFs in rodent and 
primate models 

Site of αSyn PFF injection influences pattern of pathology 
 

Injection of brain and spine homogenate from aged M83 mice (transgenic line harbouring 

the SNCAA53T mutation) into young M83 mice demonstrated a time-dependent 

progression of Lewy-like pathology to anatomically connected regions throughout the 

extent of the CNS (Luk et al., 2012a). It was then shown that the same amount (5 µg) of 

αSyn PFFs delivered via a single stereotaxic injection into the dorsal striatum of normal 

WT mice led to TH-positive inclusion formation in the SN (but not VTA) and subsequent 

dopaminergic degeneration and motor deficit (Luk et al., 2012a).  Disease propagation 

was observed to occur along major white matter tracts and site of injection (cortex versus 

striatum) did have an impact on pattern of disease (Figure 1.12). Astrocytes also were 

reported to be affected following injection and survival analysis showed a difference of 

112 days in median survival between injected and control mice. A lack of endogenous 

αSyn due to SNCA knockout rendered these mice resistant to such pathology. (Luk et al., 

2012b).  
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Figure 1.12 Intracranial injection of aSyn PFFs leads to widespread pS129-aSyn 
pathology along anatomical tracts in both transgenic (M83) and WT mice 
 
A) Injection of cell lysate from aged M83 mice into cortex (top row) or striatum (bottom row) at 
90 days post injection shows a different pattern of pS129-αSyn pathological structures. B) 
Both TH-positive and GFAP-positive cells acquire pS129-αSyn structures. C) pS129-αSyn (top 
row) and TH (bottom row) in the substantia nigra following intrastriatal injection of αSyn PFFs 
in WT mice at 30-, 90- and 180-days post injection. Time-dependent loss of dopaminergic 
neurons and accumulation of pS129-αSyn pathology (Luk et al., 2012b, 2012a). 
 

 

 

Injection of αSyn PFFs into mouse SN resulted in the formation of pS129-αSyn structures 

in interconnected areas including, the amygdala, dentate gyrus, CA1-3 and molecular 

layer of the hippocampus, fimbria, stria terminalis, hypothalamus, corpus callosum, 

somatosensory, visual and cingulate cortices (Masuda-Suzukake et al., 2013). The initial 

intracranial αSyn PFF injections targeted cerebral cortex and striatum (Luk et al., 2012a, 

2012b) but given Braak’s dual-hit hypothesis and loss of olfaction as a prodromal feature 

of PD, the olfactory bulb was investigated in these macrosmatic animals as a gateway for 

the initiation of PD. αSyn monomer and oligomers, relative to PFFs, progressed to 

connected circuits within hours of injection. The authors also reported that diffusion 

(haematogenous/ CSF or intraparenchymal) was unlikely to be the proponent of distant 

pathology observed in the interconnected neuron circuits. Regions affected include the 

anterior olfactory nucleus, piriform cortex, olfactory tubercle, amygdala and striatum (Rey 

et al., 2013). After 12 months, pS129-αSyn structures were observed in the SN, dorsal 
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raphe nucleus and LC (Rey et al., 2016). By 23 months there was no further progression 

of this pathology (Rey et al., 2018). Uemura and colleagues recently reported that at very 

long post-injection periods the predominant cell type that appears to be affected is 

oligodendrocytes, which in combination with early neuronal loss, may explain the 

observations of Rey and team (Uemura et al., 2019). Other groups have explored injection 

of αSyn PFFs either in the peripheral nervous system, the gastrointestinal tract or in other 

tissues, such as muscle to show acquisition of pathology in central brain regions (Ayers 

et al., 2018; Sacino et al., 2014b; Uemura et al., 2018; Ulusoy et al., 2013; Wang et al., 

2020). Intravenous injection of αSyn PFFs has been reported to induce PD-like pathology 

in the olfactory and gastrointestinal systems (Kuan et al., 2019). Importantly, Ulusoy et 

al., proposed the idea that spread is not a passive process whereby dying cells release 

αSyn, but rather a process of efficient transfer between healthier cells (Ulusoy et al., 

2015).    

 

Rats are arguably more similar biologically to humans than mice (Gibbs et al., 2004). They 

also have a practical advantage, easier to handle, house, manage and operate on 

compared to primates, albeit with less genetic similarity to humans than primates. Intra-

striatal injection of exogenous αSyn PFFs in adult male WT Sprague Dawley rats which 

led to widespread Lewy-like inclusions and reduced ipsilateral dopaminergic innervation 

but insufficient to cause a motor deficit (Paumier et al., 2015). These pS129-αSyn 

inclusions were also observed in the ipsilateral rat SN in a time- and concentration-

dependent manner (Patterson et al., 2019a). It was shown that even femtomolar 

concentrations of αSyn PFFs were sufficient to induce pS129-αSyn pathology in both mice 

and rats (Abdelmotilib et al., 2017). Using a much larger amount of αSyn PFFs for injection 

into marmoset brains, specifically the  striatum of the Callithrix jacchus, led to Lewy-like 

inclusion formation within dopaminergic neurons in the SN after three months 

(Shimozawa et al., 2017).   

 

Importance of PFF structure 
 

As an IDP, αSyn is able to adopt many different conformations and form higher order 

complex structures, some of which represent pathogenic states. Wood and team showed 

that αSyn aggregation follows first order kinetics in a concentration dependent manner 

and both mutant αSynA53T and αSynWT can cross-seed each other. Increasing αSyn 

concentration reduces the lag phase and leads to rapid aggregation (Wood et al., 1999). 

Interestingly, studies showed that oligomeric αSyn added to solution of monomeric αSyn 
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prolonged the lag phase in contrast to αSyn PFFs; thus oligomers themselves do not 

efficiently seed aggregation of αSyn but avidly disrupt cell membranes (Buell et al., 2014; 

Lorenzen et al., 2014).  

 

The neurotoxic capability of differently shaped PFFs, termed ‘ribbons and fibrils,’ has also 

been demonstrated, with the latter being more pathogenic and inducing insoluble 

aggregates following intranigral injection (Peelaerts et al., 2015). PFF length also appears 

to have a role in pathogenicity, where longer PFFs are less potent, which highlights the 

importance of adequate sonication (Froula et al., 2019). Shape and size affect the ability 

to bind to neuronal cell membranes which in turn affects the internalisation and 

pathogenicity of these PFFs (Shrivastava et al., 2020). It has been shown that the 

pathogenicity of αSyn PFFs follows a species barrier, for example, mouse αSyn PFFs 

confer more pathology in mice than human αSyn PFFs (Fares et al., 2016; Rey et al., 

2019). Attempts to explore this further using a mouse-human chimeric αSyn approach 

showed that seeding efficiencies in vitro and in vivo differed for these chimeric PFFs 

(which either enhanced or reduced seeding capability) thus eluding to an additional layer 

of complexity in the pathogenic process (Luk et al., 2016). 

 

It is useful to note that pH and other factors can also influence αSyn protein conformation 

and potentially its pathogenicity. αSyn point mutations can cause a change in protein 

structure and particularly for the αSynG51D mutation, lead to mis-localisation of the protein 

from cell membranes. Figure 1.13 shows that the co-localisation of total αSyn and 

synaptophysin is reduced in our SNCAG51D/G51D rats compared to SNCA+/+ controls, which 

may be due to G51D-related abnormal α-helix formation at cell membranes. Raman 

spectroscopic analysis showed a distinct conformational structure of fibrils formed from 

αSynG51D and cryo-EM suggested this disrupts the dimer interface of each fibril (Flynn et 

al., 2018; Li et al., 2018; Sakai et al., 2019). Tanaka and colleagues reported a ‘straight’ 

fibril morphology in αSynG51D compared to the ‘twisted’ morphology in αSynWT (Tanaka et 

al., 2019). These point mutations also impart an effect on the ability to cross seed and 

form aggregates. This is outlined in a study using M20 mice (transgenic expression of 

human αSynWT) receiving intrahippocampal injection of either αSynG51D, αSynA53E or 

αSynE46K  and the latter being less potent at inducing pathology (Rutherford et al., 2017b). 

A recent paper showed that intranigral injection of αSynG51D PFFs was more potent than 

αSynWT and led to dopaminergic neuron loss due to mitochondrial dysfunction, motor 

impairment as well as GCI formation (Hayakawa et al., 2020).  
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Figure 1.13 The αSyn α-helical region is disrupted due to the G51D mutation which 
facilitates its mislocalisation from the synapse  
 
A to C) show mislocalisation of αSyn from the cortical synapse in our novel SNCAG51D/G51D rats 
at one year (West, 2020). A and B show confocal images and below them co-localisation plots 
for αSyn and Synaptophysin. C shows the spearman’s r value for each genotype. D) The single 
point mutation leads to a dramatic change in αSyn protein structure, particularly within the 
region involved in α-helix formation at the cell membrane. This potentially impairs the cell 
membrane interaction and increase propensity for pathological aggregate formation. This 
predicted protein model created by Fergus McWhinnie using the PEP-FOLD service. 
 

 

Limitations of current models 
 

It is clear that no one model recapitulates all of the aspects of PD and one must remember 

that sporadic PD in humans is slow and progressive and that in itself poses a major 

challenge in unravelling the disease process. Toxin models generally do not capture 

Lewy-like deposits nor the time frame of disease progression and viral vector models to 

over-express αSyn do not give sufficient information regarding selective disease 

propagation. While αSyn PFFs provide a useful disease trigger, multiple factors such as 

PFF structure, delivery, dose and duration can influence their potency (Peelaerts et al., 

2015; Volpicelli-Daley et al., 2011). Nonetheless, this type of model has consistently 

shown across multiple species that Lewy-like pathology can be recapitulated and is 
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associated with nigrostriatal dysfunction. Table 1 below lists a summary of articles where 

αSyn PFF-injection was used to trigger Lewy-like pathology, including technical details 

such as site of injection and quantity of injectate.  



 

  

Reference article Injection site Duration post 
injection 

Animal type PFF type Total PFF 
quantity/ 
animal 

 
Mouse models 

 
(Luk et al., 2012b) Somatosensory 

cortex and dorsal 
neostriatum  

1 and 3 months Tg (M83 and  
αSyn-/-) mice 

αSyn1-120Myc human or  

WT full-length human αSyn 

5 ug 

(Luk et al., 2012a) Striatum 1, 3, and 6 months WT mice WT mouse αSyn 5 µg 

(Masuda-
Suzukake et al., 

2013) 

Substantia nigra 15 months WT mice WT mouse αSyn or  

human αSyn  

10 µg 

(Guo et al., 2013) Hippocampus 3, 6, and 9 months Tg (PS19) and 
WT mice 

Full length and N- or C-
terminal truncated αSyn  

10 µg 

(Rey et al., 2013) Olfactory bulb 20 minutes,  
1.5, 3, 12 and 72 

hours 

WT mice WT human αSyn 0.8 µg 

(Reyes et al., 
2014) 

Cortex 1 hour WT mice WT human ATTO-550-αSyn  1 µg 

(Sacino et al., 
2014c) 

Hippocampus, 
cortex 

1.2 and 4 months Tg (M83 and 
M47) and WT 

mice 

N-terminal truncated  
human αSyn,  

71-82 deleted human αSyn, 
full length murine αSyn and 
A53T or E46K human αSyn 

4 µg 

(Tran et al., 2014) Striatum 1, 2 and 6 months WT mice WT mouse αSyn 5 µg 

(Sacino et al., 
2014b) 

Intramuscular 4, 8, and 12 
months 

Tg (M83 and 
M20) mice 

N-terminal truncated  
human αSyn,  

71-82 deleted human αSyn,  
full length murine αSyn 

20 µg 

(Sacino et al., 
2014a) 

Hippocampus 1, 2, and 4 months Tg (M83 and 
M20) mice 

N-terminal truncated  
human αSyn,  

71-82 deleted human αSyn 

8 µg 



 

  

(Osterberg et al., 
2015) 

Cortex 2, 3, and 4 months αSyn-GFP 
mice 

WT mouse αSyn 5 µg 

(Rutherford et al., 
2015) 

Hippocampus 2, 3, 4 and 7 
months 

Tg (M83 and 
M20) mice 

WT human αSyn 8 µg 

(Fares et al., 2016) Dorsal striatum 1 month WT mice and  
Tg (αSyn-/-) 

mice 

WT human and  
mouse αSyn 

5 µg 

(Rey et al., 2016) Olfactory bulb 1.5 hours, 
1, 3, 6 and 12 

months 

WT mice WT human and  
mouse αSyn 

4 µg 

(Koch et al., 2016) Insular cortex 1, 7, 40 and 70 
days 

Tg (SOD1G93A) 
mice 

WT Human αSyn  5 µg 

(Hu et al., 2016) Hippocampus 2 months WT and  
Tg (A2AR-/-) 

mice 

Human αSynA53T 5 µg or 10 µg 

(Mason et al., 
2016) 

Olfactory bulb/ 
anterior olfactory 

nucleus 

1.5 hours,  
3 months 

WT mice WT mouse αSyn 5 µg 

(Luk et al., 2016) Striatum 2 weeks, 
1, 3 and 6 months 

WT mice and  
Tg (αSyn-/-) 

mice 

Human and  
Mouse chimeric αSyn  

5 µg 

(Breid et al., 2016) Tongue, 
peritoneum 

Up to 14 months Tg  
(M83+/- / GFAP-

luc+/-) and  
GFAP-luc+/-) 

mice 

WT human and  
mouse αSyn 

5 µL 
(intraglossal)* or  

50 µL 
(intraperitoneal)* 

 
(Blumenstock et 

al., 2017) 
Dorsal striatum 1, 2, 3, 5 and 9 

months  
Tg (PDGF-

human-αSyn 
and αSyn-/-) 

mice 

WT mouse αSyn 25 µg 

(Jiang et al., 2017) Somatosensory 
cortex and dorsal 

striatum 

1 week WT mice WT human αSyn 6 µg 



 

  

(Sorrentino et al., 
2017) 

Internal capsule 
or Caudate 
Putamen 

4-5 months Tg (M20) or 
WT mice 

WT human or mouse αSyn 8 µg 

(Aulić et al., 2017) Substantia nigra 
or striatum 

5 months WT and Tg 
(Prnp-/-) mice 

WT mouse αSyn 15 µg 

(Abdelmotilib et 
al., 2017) 

Substantia nigra 
or Striatum 

6 months WT mice  
(and WT rats) 

 WT mouse or human αSyn 10 µg 

(Karampetsou et 
al., 2017) 

Striatum 2 months WT and  
Tg (αSyn-/-) 

mice 

Human αSyn  
(3 different types: WT, 

pS129 and S129A) 

4.25 µg 

(Zhao et al., 2017) Striatum and 
ventricle 

6 months WT mice WT mouse αSyn 5 µg 

(Rutherford et al., 
2017a) 

Hippocampus 
Gastrocnemius 

muscle 

4 months Tg (M83+/-/NFL-

/-) mice 
WT mouse or human αSyn 8 µg 

(hippocampus) 
10 µg 

(intramuscular) 
(Rutherford et al., 

2017b) 
Hippocampus 

Gastrocnemius 
muscle 

2, 4, 6 and 8 
months 

Tg (M83 and 
M20) mice 

Human WT, α-SynE46K,  
αSynH50Q, αSynG51D,  

αSynA53E 

8 µg 
(hippocampus) 

10 µg 
(intramuscular) 

(Okuzumi et al., 
2018) 

Striatum 1, 3 and 6 weeks  
3 and 6 months 

WT mice WT mouse or human αSyn 5 µg 

(Rey et al., 2018) Olfactory bulb 1, 2, 3, 6, 9, 12, 18  
and 23 months 

WT mice WT mouse or human αSyn 4 µg 

(Uemura et al., 
2018) 

Gastric wall 6 weeks WT mice WT mouse αSyn 48 µg 

(Duffy et al., 2018) Striatum 6 months WT mice WT mouse αSyn 8 µg 
(Luan et al., 2018) Striatum 4 months WT mice Human αSynA53T 10 µg 

(Graham et al., 
2018) 

Olfactory bulb 3 months WT mcie WT human αSyn 4 µg 

(Milanese et al., 
2018) 

Striatum 4 months WT mice WT human αSyn 5 µg 

(Sorrentino et al., 
2018) 

Muscle 1,2,3 and 4 months Tg (M83+/-) 
mice 

WT mouse αSyn 20 µg 



 

  

(Terada et al., 
2018) 

Striatum 3 months WT mice WT or truncated human 
αSyn 

11 µg 

(Ayers et al., 2018) Sciatic nerve 1,2 and 4 months Tg (M83 and 
M20) mice 

WT mouse or 71-82 deleted 
human αSyn 

4 µg 

(Hao et al., 2018) Cortex 2, 5 months WT and Tg 
(APP/PS1) 

mice 

Human αSynA53T 10 µg 

(Peralta Ramos et 
al., 2019) 

Intravenous 12 hours WT mice ATTO-488-αSyn 5 µg 

(Chatterjee et al., 
2019) 

Dorsal striatum 2 months Tg (EN1+/-) 
mice 

WT human αSyn 10 µg 

(Dhillon et al., 
2019) 

Both hemispheres 4 months Neonatal WT 
and Tg (M83+/- 

and M20+/-) 
mice 

Human WT or αSynA53T 8 µg 

(Froula et al., 
2019) 

Striatum 3 months WT mice WT mouse α-Syn 4.3 µg 

(Kim et al., 2019) Stomach and 
duodenum 

1, 3, 7 and 10 
months 

WT and  
Tg (α-Syn-/-) 

mice 

WT mouse or human αSyn 25 µg 

(Ren et al., 2019) Dorsal striatum 1 month WT mice WT mouse or human αSyn 5 µg 

(Uemura et al., 
2019) 

Olfactory bulb and 
dorsal striatum 

1, 3, 7, 12, 18 and 
24 months 

WT mice WT mouse or human αSyn 2.5 µg or 5 µg 

(Earls et al., 2019) Striatum 5 months WT mice WT Human αSyn 5 µg 

(Rey et al., 2019) Olfactory bulb 3 and 6 months WT mice WT and C-terminal truncated 
human αSyn and other 

assemblies 

1.6 µg 

(Bassil et al., 
2020) 

Hippocampus and 
cortex 

3 and 6 months Tg (5xFAD) 
mice 

WT mouse αSyn 10 µg 

(Zhang et al., 
2020) 

Striatum 6  months Tg (ASK1+/-) 
mice 

WT mouse αSyn 10 µg 

(Sorrentino et al., 
2020) 

Hippocampus 3 months WT mice Full length WT and truncated 
mouse αSyn 

4 µg 



 

  

(Ahn et al., 2020) Substantia nigra 
and colon 

3 months Tg (αSyn over-
expressing and 
α-Syn-/-) mice 

Human Full length and 
truncated αSyn 

3 µg 

(Hayakawa et al., 
2020) 

Substantia nigra 3 and 6 months WT mice Human WT or αSynG51D 20 µg 

(Lau et al., 2020) Hippocampus or 
thalamus 

At end stage of 
disease 

Tg M83 mice Sal or no salt WT human 
αSyn  or αSynA53T 

1 µg 

(Davis et al., 2020) Dorsal striatum 3 months Tg (SNCAA53T 
and SNCAA53T 
/APOE) mice 

WT mouse αSyn 4 µg 

(Wang et al., 2020) Stellate ganglion 2 months Tg  
(M83+/-) mice 

WT human αSyn 3 µg 

(Stoyka et al., 
2020) 

Striatum 3 and 6 months WT mice WT mouse αSyn 17 µg 

(Burtscher et al., 
2020) 

Dorsal striatum 1 and 12 months WT mice WT mouse αSyn 5 µg 

(Ding et al., 2020) Urogenital tract 5 months TgM83+/- mice WT human αSyn 20 µg 
(George et al., 

2020) 
Striatum 3 months NSG mice WT human αSyn 10 µg 

 
Rat models 

 
(Paumier et al., 

2015) 
Striatum 1, 2, and 6 months WT (Sprague-

Dawley) rats 
WT mouse or human αSyn 8 µg 

(Peelaerts et al., 
2015) 

Substantia nigra 
Striatum 
Tail vein 

4 months WT (Wistar) 
rats 

ATTO-550- and ATTO-647-
labelled human αSyn 

10 µg or 40 µg 

(Thakur et al., 
2017) 

Substantia nigra, 
ventral tegmental 

area 

10 days, 3, 12 and 
24 weeks 

WT (Sprague-
Dawley) rats 

WT human αSyn (combined 
with viral vector mediated 

over-expression) 

10 µg 

(Abdelmotilib et 
al., 2017) 

Substantia nigra 
or Striatum 

6 months WT rats  
(and WT mice) 

 WT mouse or human αSyn 20 µg 

(Harms et al., 
2017) 

Substantia nigra 1, 3, and 6 months WT (Sprague-
Dawley) rats 

WT mouse αSyn 8 µg 



 

  

(Manfredsson et 
al., 2018) 

Descending colon 1, 6 and 12 months WT (Sprague-
Dawley) rats 

WT mouse αSyn 60 µg 

(Durante et al., 
2019) 

Striatum 6, 7 weeks WT (Wistar) 
rats 

WT human αSyn 4 µg 

(Van Den Berge et 
al., 2019) 

Pylorus and 
duodenum 

2, 4 months Tg BAC rats Human αSyn  
(2 types: pS129 and S129A) 

18 µg 

(Patterson et al., 
2019a) 

Striatum 2, 4 and 6 months WT (Fischer) 
rats 

WT mouse αSyn 8 µg or 16 µg 

(Espa et al., 2019) Striatum 24 weeks WT (Sprague-
Dawley) rats 

WT human αSyn 15 µg 

(Kuan et al., 2019) Intravenous 2, 4 and 6 months WT (Sprague-
Dawley) rats 

WT human α-Syn 300 µL 
peptide/protein 

complex* 
(Kasongo et al., 

2020) 
Hippocampus 7, 9 and 12 months WT (Sprague-

Dawley) rats 
WT mouse αSyn 15 µg 

(Hoban et al., 
2020) 

Substantia nigra 1 and 4 months WT (Sprague 
Dawley) rats 

WT human αSyn 20 µg 

(Wang et al., 2020) Medial forebrain 
bundle 

6 months WT (Sprague-
Dawley) rats 

WT human αSyn 4 µg 

 
Primate models 

 
(Shimozawa et al., 

2017) 
Caudate and 

Putamen 
3 months Marmosets WT human and mouse αSyn 200 µg 

(Manfredsson et 
al., 2018) 

Colon and 
stomach 

12 months Non-human 
primates 
(Macaca 

fascicularis) 

WT human αSyn 200 µg 

(Chu et al., 2019) Putamen 12 to 15 months Cynomolgus 
monkeys 

WT human αSyn 70 µg 

 
Table 1. Summary of animal studies employing the use of αSyn PFFs 
 
* Total concentration not specified in the original reference. Adapted from (Chung et al., 2019).  
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1.5 Aims and hypotheses 
 

In this work, I aimed to create two disease models of PD susceptibility based on different 

endogenous states of αSyn. The key hypotheses are as below:  

 

o Hypothesis 1: αSyn may have a role in neurodevelopment and 
specifically in directing neuronal differentiation. It is important to first 

determine if this is true so that, for the second hypothesis, neurons 

differentially expressing αSyn can be deemed to be comparable or not. 

Certainly, data from αSyn null models suggests no developmental role for 

this protein, but other studies as outlined above have reported the 

opposite. To test this hypothesis, day 0 (self-renewing hESCs) and day 

25 (cortical neuronal cells) from high αSyn and control cell lines were 

investigated for global RNA expression and marker analysis. This 

experimental approach was used with a view to provide a more definitive 

answer to this hypothesis than current conflicting data in the literature. 

 

o Hypothesis 2: The endogenous level of αSyn in human neurons can 
influence the propensity for forming pathological structures. This 

hypothesis leads on from the data outlined above, showing that in various 

animal models higher endogenous αSyn was a key determinant to 

subsequent Lewy-like inclusion formation. I wanted to test if this was true 

in a human disease model. To test this hypothesis, I differentiated αSyn 

over-expressing and control hES cell lines into cortical neurons, applied 

αSyn PFFs, and quantified the presence of pS129-αSyn structures, 

relative to  bIII-Tubulin, between unseeded (or monomer-seeded) versus 

αSyn PFF-seeded neurons. I predicted the latter group to have the most 

pathology and more so in the αSyn over-expressing group. 

 

o Hypothesis 3:  Rats harbouring the SNCAG51D mutation are more 
vulnerable to developing Lewy-like pathology than WT rats. This 

hypothesis is based on clinicopathological data and the characterisation 

of this model done so far by our group. It may be that this endogenous 

state of αSyn increases the propensity for Lewy-like inclusions once a 

disease trigger is introduced. To test this hypothesis, I injected the frontal 

cortex of six SNCAG51D/G51D versus four SNCA+/+ rats with αSyn PFFs in 

the first experiment and injected three SNCAG51D/G51D versus two SNCA+/+ 
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rats for the second experiment. Rats were culled at six months after 

injection, brains fixed, sectioned and immunostained (DAB) for pS129-

αSyn. Staining was quantified as a percentage relative to the total section 

area examined, for multiple regions and sections per rat. 

 

I found that disease susceptibility was dependent on the level of endogenous αSyn. 

Higher levels of αSyn facilitated the acquisition of Lewy-like pathology. Intracerebral 

injection of αSyn PFFs led to more defined pS129-αSyn pathological inclusions in 

SNCAG51D/G51D rats with a predilection for the striatum at six months. Insight into the 

mechanism of disease formation amongst interconnected neurons may provide targets 

for disease-modifying medical therapy for patients with PD. 
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Materials and Methods 
 

2.1 In vitro experiments 
 

2.1.1 Culture and maintenance of self-renewing cells  
 

The parental Shef4 line, approved for research use by the UK Stem Cell Bank Steering 

Committee, was provided by Prof David Hay at the University of Edinburgh and obtained 

under MTA executed with Prof Harry Moore at the University of Sheffield . This hESC line 

is a commonly used and validated research tool (Aflatoonian et al., 2010). Shef4-derived 

hSNCA transgenic hESC lines were created by Ratsuda Yapom (Appendix 1 to 3), as 

detailed in her PhD Thesis (Yapom, 2016). Each clonal hESC line was cultured and 

expanded on 5 μg/ml Laminin-521 (Biolamina, cat. No. LN521) coated 6-well plates 

(Corning, 3516). Self-renewing cells were maintained via daily media changes using 2 ml 

StemMACSTM iPS-Brew XF (iPSB, Miltenyi Biotec, 130-107-086) per well. Once 80 to 

90% confluency was reached, the cells were passaged. 1ml per 6-well of 0.5 mM 

ethylenediaminetetraacetic acid (EDTA, Invitrogen, 15575038) was used to lift and re-

plate cells onto Laminin-521 coated 6-well plates, in at least a 1:2 ratio, in iPSB with 10 

μM Rho-associated protein kinase (ROCK) inhibitor, Y27632 (Y2, Tocris, 1254). 7 minutes 

exposure to EDTA, in a humidified incubator at 5% CO2, was sufficient to allow the cells 

to lift from each well. Specifically, for the Shef4-derived transgenic lines, 1 μg/ml 

puromycin (Sigma, P8833) was added to iPSB to select for cells maintaining expression 

of the transgene. Excess hESCs were frozen in GMP-grade StemCell Banker (Amsbio, 

11890), in cryovials and stored in liquid nitrogen. 

 

 

2.1.2 Cortical neuron differentiation 
 

Frozen cryovials of hESCs were transferred from liquid nitrogen storage on dry ice and 

then warmed in a 37oC waterbath. The cells were pipetted into 10 ml of iPSB with 10 μM 

Y2, centrifuged at 1300 rpm for three minutes, supernatant removed, and the cells 

resuspended in iPSB with Y2 for plating on Laminin-521-coated plates. After at least one 



Chapter 2  

Ammar Natalwala | 2020   51 

 

passage, they would be ready for differentiation. The cortical neuron differentiation 

protocol in this study was adapted from that described by Shi and colleagues (Shi et al., 

2012). At day 0, passage 57 self-renewing Shef4 and passage 19 to 26 Shef4-derived 

transgenic clones were lifted using EDTA, as above, and re-plated onto 5 μg/ml Laminin-

111 (Biolamina, LN111) coated 24-well plates (Corning, 3527) at a density of 80,000 cells/ 

cm2 in 600 μl/well neural induction media (NIM). NIM was a 1:1 mixture of DMEM/ F-12 

without L-Glutamine (ThermoFisher Scientific, 21331020) and Neurobasal Media 

(ThermoFisher Scientific, 21103049), with the addition of 1x B-27 Supplement with 

Retinoic Acid (ThermoFisher Scientific, 17504044), 1x N2 Supplement (ThermoFisher 

Scientific, 17502048) and 2 mM L-Glutamine (ThermoFisher Scientific, 25030123). Dual 

SMAD inhibition was conducted with the addition of 10 μM SB431542 (SB, Tocris, 

616461) and 100 nM LDN-193189 (LDN, StemMACSTM Miltenyl Biotec, 130-103-925) to 

the culture media until day 12 and the media was replaced every 2 days. 10 μM Y2 was 

present in the medium from day 0 to day 2 and during each subsequent cell lift until the 

following media change. From day 4 onwards, a dilute form of NIM was used (600 μl/ 

well), comprising of a 2:1:1 mixture of NIM, DMEM/F-12 without L-glutamine and 

Neurobasal Media, respectively, and supplemented with 2mM L-glutamine. On day 12, 

cells were lifted with 2x collagenase IV (ThermoFisher Scientific, 17104019) over a 30-

minute incubation, and re-plated as clumps, at a 1:1.5 ratio, on to Laminin-111 coated 24-

well plates. Media was changed on days 13 and 15 and on day 17 the cells were again 

lifted with 2x collagenase IV (diluted in HBSS, 14025) and re-plated as clumps, at a 1:2 

ratio, on to Laminin-111 coated 24-well plates. Cells were cultured in dilute NIM for 

another 8 days (media changed every 2-3 days) and finally the cells were lifted using 

accutase (Sigma, A6964) over a 10 to 20-minute incubation on day 25, for plating as 

single cells. Cells were plated onto 8-well glass bottom plates (Ibidi, 80827) coated with 

0.001% poly-L-ornithine (Sigma, P4957) and Laminin-111. From day 25 onwards, the 

media was supplemented with 10 ng/ ml brain-derived neurotrophic factor (BDNF, 

Preprotech, 45002) and 10 ng/ml (GDNF, Preprotech, 45010), as well as a prophylactic 

antibiotic and antimycotic mixture of 100 units/ ml Penicillin, 100 units/ ml Streptomycin, 

and 250 ng/ ml Amphotericin B (PSF, ThermoFisher Scientific, 15240062), with weekly 

half-media changes. Media changes were done on days 0, 2, 4, 6, 8,10, 13, 15, 18, 20, 

22 and 26 after which the cells had weekly half media changes. The cell lifts were 

performed on day 12, 17 and 25. Cell pellets were frozen in 1.5-ml microfuge tubes in a 

dry ice/ethanol bath at day 25 and processed later for transcriptomic analysis. 
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Table 2 shows details of all the differentiations conducted over three years. Experiments 

AN4, AN5 and AN6 were used for the RNA-seq analysis and AN2, AN5, AN6 and AN17 

for the αSyn PFF experiments. Once I got the adapted cortical neuron protocol to work, I 

attempted to compare the impact of neuron subtype in high αSyn lines (cortical versus 

dopaminergic). However, due to the challenges of dopaminergic differentiation, for 

example, high sensitivity to very small changes in CHIR99021 concentration, and getting 

the cell densities correct for comparable neuron sets, amongst other factors, this was not 

possible. Thus, the dopaminergic differentiation data were not included in this thesis.  

  

 

 



 

 

 

 
Table 2. Details of all differentiations performed, and data used for transcriptomic analysis, αSyn PFF exposure and pS129-αSyn 
quantification 
 
mDA is midbrain dopaminergic neurons, AST18 refers to iPSCs harbouring the SNCA triplication mutation and 6A (2 knock-out SNCA alleles) and 7B 
(αSyn null) are isogenic control lines. M1-4 and L5-3 are αSyn null clones derived from RC17 hES cells. U is unseeded in the seeding type column, 
LMX1A and FOXA2 are midbrain floorplate markers and CORIN a cell surface marker for dopaminergic progenitors. * denotes no control line for 
comparison.  
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2.1.3 RNA-sequencing analysis 
 
Whole transcriptome analysis was performed by Qiagen Genomic services, using their 

QIAseq UPX 3’ Transcriptome Kit. This allowed detection of polyadenylated (polyA) 
mature transcript, including mRNA, lncRNA and miRNA. Table 3 shows the starting 

concentration for all 17 samples used and RNA integrity (RINe) measured by Qiagen via 
Tapestation 4200 (Agilent).  
 

 

 
Table 3. RNA concentration and integrity for the 17 samples analysed 
 
 

 
The diagram below (Figure 2.1) summarises the principle of this technique and workflow. 

With a combination of template switching and reverse transcription, a cell ID and unique 
molecular identifier (UMI) are assigned to each cDNA sample. This allowed the library to 

be constructed. cDNA with the molecular barcodes are then amplified by PCR and often 
this can be uneven and sequence dependent. Thus, having the molecular bar code 

controls for this bias as the tags also account for duplicate reads. After quality control the 
library reads were sequenced on a NextSeq500 instrument and data analysed on 
Qiagen’s GeneGlobe bioinformatics tool. Secondary differential expression analysis was 

then done via DESeq2 which includes normalisation (Figure 2.2) and pairwise analysis of 
the unique molecular barcodes for each transcript. The data were then visualised 
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graphically and pathway analysis for biological insight performed (KEGG/  Ingenuity 
Pathway Analysis). 

 
 
 

 
 
Figure 2.1 Outline of QIAseq UPX 3’ Transcriptome Kit workflow 
 
Reverse transcription and template switching allows tagging of Cell ID and UMI to each cDNA 
for efficient library generation. 
 
 

 
Table 4 shows a summary of the total reads, those that were aligned to the genome, total 

UMIs and the average reads per UMI. 
 

 
Table 4. Summary of transcript reads for all samples  
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Figure 2.2 Raw unique molecular identifier counts for each gene, per sample normalised 
via DESeq2 
 
Secondary analysis using DESeq2 allowed for normalisation of the UMI counts. 
 

 
 

2.1.4 Challenging neurons with αSyn monomers or PFFs 
 
Differentiated cortical neurons were seeded with 5 μg/ml recombinant human αSynWT 

monomers or PFFs. These were produced in HEK cells and provided as 2.5 mg/ml 
aliquots by UCB Pharma. The same αSyn PFFs were used in our recent paper (Chen et 

al., 2019). The stock contents were diluted in the relevant culture media to obtain a final 
concentration of 5 μg/ml. αSyn monomer or PFF-seeded and unseeded cortical neurons 

were incubated for 1 week, at which point a full media change was done. Following a 
further 2 or 3 weeks the cortical neurons were fixed in 4% paraformaldehyde (PFA) and 
immunostained for pS129-αSyn and ßIII-Tubulin.  

 
 

2.1.5 Immunocytochemistry 
 
Cells were fixed in 4% PFA for 20 min at room temperature and washed with PBS. They 

were blocked and permeabilised in 2% goat or donkey serum (Sigma) and 0.1% Triton X-
100 (Fisher) in PBS (ThermoFisher Scientific). Primary antibodies were added (per 

dilutions outlined in Table 5 and specificity test for pS129-αSyn is shown in Figure 2.3), 
and the cells were incubated at 4°C overnight or for 2h at room temperature. Primary 

antibody was removed, and cells were washed with PBS before addition of secondary 
antibodies for incubation either overnight at 4°C or for 2h at room temperature. For nuclear 

stains, 1mg/ ml DAPI or 4′,6-diamidino-2-phenylindole (Life Technologies) or 1µg/ml 
Hoechst (Tocris) were used. Cells were embedded in Fluorsave (Merck, 345789) and 

stored at 4°C. The tables below provide a list of primary and secondary antibodies used 
(Table 5). Table 6 and Table 7 show the data sources for Figure 3.15 and 3.21 below, 
respectively. 
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Figure 2.3 pS129-αSyn staining in PFF-seeded cortical neurons relative to controls 
 
Control samples including unseeded cortical neurons and neurons with normal αSyn levels as 
well as a no primary control were used to confirm that the pS120-αSyn (green) structures were 
not artefactual. A dilution of 1:1000 was used at it worked the same as a dilution of 1:250 (data 
not shown). Scale bar is 50 µm. 
 
 
 

Primary antibodies 
Target epitope Supplier and Catalogue 

number 
Dilution Species and 

isotype 

βIII-tubulin Sigma Aldrich  
T8660 

1:1000 Mouse IgG2b 
monoclonal 

Coup-TFI 
interacting 

protein 
(CTIP2) 

Abcam   
ab18465 

1:500 Rat IgG2a  
monoclonal 

Oligomeric  
αSyn 

Agrisera 
Asy05 

1:500 Mouse IgG1 
monoclonal 

p62 Abcam 
Ab56416 

1:250 Mouse IgG2a  
monoclonal 

Paired box  
gene 6 (PAX6) 

DSHB 
Ab528427 

1:40 Mouse IgG1 
monoclonal 
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pS129-αSyn Abcam  
Ab51253 

1:1000 Rabbit IgG  
monoclonal 

T-box brain 1 
transcription 
factor protein 

(TBR1) 

Abcam   
ab31940 

1:200 Rabbit IgG  
polyclonal 

Total αSyn BD 
610787 

1:1000 Mouse IgG1 
monoclonal 

 
 

Secondary antibodies 
Conjugate Supplier and Catalogue 

number 
Species 

reactivity 
Host, isotype and 

class 

Alexa Fluor 488 ThermoFisher 
A21121  

Mouse IgG1 Goat, IgG  
polyclonal 

Alexa Fluor 488 ThermoFisher 
A21131 

Mouse IgG2a Goat, IgG 
polyclonal 

Alexa Fluor 488 ThermoFisher 
A11008 

Rabbit Goat, IgG 
polyclonal 

Alexa Fluor 555 ThermoFisher 
A21127 

Mouse IgG1 Goat, IgG  
polyclonal 

Alexa Fluor 555 ThermoFisher 
A21428 

Rabbit  Goat, IgG  
polyclonal 

Alexa Fluor 647 ThermoFisher 
A21242 

Mouse IgG2b Goat, IgG  
polyclonal 

Alexa Fluor 488 ThermoFisher 
A21206 

Rabbit Donkey, IgG 
polyclonal 

Alexa Fluor 488 ThermoFisher 
A21208 

Rat Donkey, IgG 
polyclonal 

Alexa Fluor 555 ThermoFisher 
A31572 

Rabbit Donkey, IgG 
polyclonal 

Alexa Fluor 647 Abcam 
Ab150107 

Mouse Donkey, IgG 
polyclonal 

 
Table 5. Details of the primary and secondary antibodies used.  
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Table 6. Summary of data used to quantify control and αSyn over-expressing hESC-
derived cortical neuron networks 
 
Data refers to Figure 3.15 below. Unseeded or monomer seeded wells analysed. 
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Table 7. Details of the data sources for the main cortical neuron seeding experiments 
 
Refer to Figure 3.21 for which this is the source data summary. PFF 1 and PFF2 refer to 
different batches used to seed the cortical neurons in AN17 and thus these were treated as 
biological replicates.  
 

 
 

2.1.6 Image acquisition and processing 
 
Images were acquired using a Nikon Eclipse Ti microscope with Nikon Instruments 

Software Elements (Nikon) and a Zeiss Observer microscope. Image deconvolution was 
carried out using Huygens Software (Scientific Volume Imaging). The open source 

software Fiji was used to analyse the images. Deconvolved images were Z-projected 
where 10 images in the Z stack (either side of focal plane) were compressed to show the 
maximum intensity pixels in each image. Brightness contrast values were kept the same 

for each image channel across each experiment.  
 

 
2.1.7 Image quantification and statistical analysis 
 

For each image a macro was used to split the channels, apply a threshold and binarize 
the image. A Boolean subtraction was done to produce a binary image showing pS129-

αSyn overlapping ßIII-Tubulin staining. This was measured and then a percentage of 
pS129-αSyn staining relative to overall ßIII-Tubulin staining was calculated for each cell 

line and type of seeding. 
 
Data were analysed using SPSS v23. A significance level of p < 0.05 was accepted. A 

general linear model using the 3-way ANOVA was used initially to determine the impact 
of three independent variables on the dependent variable of pS129-αSyn pathology. 

These were control vs high αSyn group, type of seeding and experiment. Non-significant 
independent variables were removed from the model and the main effects and simple 

effects reported to each comparison. For comparison of means between two groups, the 
t test with Welch correction was used as sample size was small. 
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2.1.8 RNA extraction, cDNA synthesis and qRT-PCR 
 
Cell pellets for RNA analysis were snap frozen in a dry ice/ethanol bath and RNA 

extracted using the MasterPureTM Complete DNA and RNA Purification Kit (Epicentre, 
MC85200) or the RNeasyTM kit (Qiagen, 74104) as per the manufacturer’s instructions. In 

short, using the MasterPureTM kit, cell pellets were lysed with 300 µl Tissue and Cell Lysis 
Solution, containing Proteinase K, at 65°C for 15 minutes. Proteins were precipitated and 
removed with 150 µl MPC Protein Precipitation Reagent and DNase I (Promega, M6101) 

was used to remove genomic DNA. RNA isolation using the RNeasyTM kit was done per 
instructions provides using the spin columns. Purity and quantity of RNA was confirmed 

using the NanoDrop 1000 spectrophotometer (ThermoFisher Scientific). 
 

50 ng to 500 ng total RNA was reverse transcribed in a final volume of 50 μl to 200 μl 
using M-MLV reverse transcriptase (RT, ThermoFisher Scientific, 28025013) or 

Superscript IV reverse transcriptase (Invitrogen, 18090010) with the PCR machine (MJ 
Research, PTC-200 Peltier Thermal Cycler). The mix also contained 1 μl random primers 

(Thermo Fisher, PCR545- 020T), 1 μl dNTPs (Life Technologies, 10297018), 1 μl 0.1M 
DTT (Life Technologies, Y00147), 4 μl  5x SSIV Buffer (ThermoFisher, 18090010), and 1 

μl RNAse OUT (Life Technologies, 10777019). Incubation parameters were as follows; 
65° C for 5 minutes when dNTPs and random primers were added to each sample, then 
after chilling on ice and centrifugation, the remaining reagents were added as above 

(including RT enzyme) and incubated at 25°C for 10 minutes, 37°C for 60 minutes, and 
reaction inactivated by incubation at 70°C for 15 minutes. RNase-free water (Ambion, 

AM9937) was used instead of RT enzyme in the RT-negative control sample. 
Complimentary DNA (cDNA) samples were used immediately or stored at -20°C. 

 
A 10 μl qPCR reaction was set up in a 384-well plate containing LightCyclerTM 480 (Roche) 

Probe Master Mix, primer pairs (intron-spanning),  a Universal Probe Library (UPL) probe 
(Roche), RNase-free water (Ambion, AM9937) and the cDNA sample. qRT-PCR was 

performed using the LightCyclerTM 480 (Roche) with PCR parameters: (95°C for 10 min), 
[(95°C for 10 sec) + (60°C for 20 sec)] for 45 cycles. Results were normalised to TATA-

binding protein (TBP). Primer sequences are in Table 8 and hESCs and cortical neurons 
used for data in Figure 3.2 are shown in Table 9 below. 
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Primer details 
Primer  Target Sequence UPL 

no. 

αSyn 
(Total) 

 Coding sequence 
of human SNCA 

Left     gtggtgacgggtgtgacagc 
Right   tgggcaagaatgaagaaggagc 

68 

αSyn 
(Non-transgenic) 

 Coding sequence 
of human SNCA 

and 5’ UTR 

Left     cagctgtcttccagctctga 
Right  ccctgtttggttttctcagc 

5 

αSyn 
(Transgenic) 

 IRES construct Left     tgacaatgacatccactttgc 
Right  cgacctgcagttggacct 

163 

TATA-box binding 
protein (TBP) 

House-keeping 
gene 

Left    gaacatcatggatcagaacaaca 
Right  atagggattccgggagtcat 

87 

 
Table 8. Primers used and their target details. 
 
Intron-spanning primers were designed using the Roche Universal Probe Library (UPL) assay 
design centre. 
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Table 9. Summary of data sources used for total, transgenic and non-transgenic ⍺Syn 
qRT-PCR  
 

 
 

2.1.9 Western blot 
 

Snap frozen cell pellets were lysed using RIPA Lysis Buffer (Santa Cruz, sc-24948) and 
concentration ascertained using the Micro BCA Protein Assay Kit (ThermoFisher 

Scientific, 232350), as per manufacturer’s instructions. In brief, samples were tested in 
duplicate and bovine serum albumin (BSA) protein dilutions were used to create a 

standard curve and reagents A to C mixed to make the working solution in the 
recommended proportions (50:48:2). 1 μl of each sample was mixed in 1 ml of working 

solution, and with each standard, incubated at 60oC for an hour. A 96-well plate (Corning, 
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3595) was used to collection 200 μl per standard or sample and optical density at 562 nm 
determined using the FLUOstar Omega (BMG LABTECH) microplate reader. Protein 

concentration for each sample was determined based on sample values relative to the 
standard curve generated. 
 

10 μg of protein, for each sample, was incubated at 100°C for 5 minutes once mixed with 
5 μl of NuPAGETM LDS Sample Buffer (ThermoFisher Scientific, NP0007) and 2 μl of 1M 

DTT (ThermoFisher Scientific, NP0004). The mixture was then loaded into separate wells 
of the NuPAGETM 4%–12% Bis-Tris Gradient Gel (Thermo Fisher Scientific, NP0322BOX) 

inside an electrophoresis chamber filled with NuPAGE™ MES SDS Running Buffer 
(Thermo Fisher Scientific, NP0002). 5 μl of SeeBlue™ Plus2 Pre-stained Protein 

Standard (Thermo Fisher Scientific, LC5925) was pipetted in one of these wells. The gel 
was run at room temperature for 20 minutes at 50V and then at 100V for 1 hour and 30 

minutes. Once the gel electrophoresis was complete, the protein was transferred onto 
0.45 μm nitrocellulose membrane (Amersham Protran Premium, 10600096) or PVDF 

membrane (GE Healthcare Amersham Hybond ECL, RPN68D). The electrophoresis 
chamber was filled with transfer buffer and 300 mA for 1 hour 30 minutes at 4oC. The 
membrane was then fixed with 0.4% PFA for 30 minutes. If a PVDF membrane was used, 

an additional step of immersion in methanol (Fisher Scientific, M/3900/17) for 1 minute 
was done at this stage and repeated after the primary antibody step. 5% blocking-grade 

blocker (BioRad, 1706404) in 0.1% TBS-Tween was added to the membrane for 1 hour 
at room temperature. Anti-αSyn mouse primary antibody was added (1:1000) in 5% 

blocking-grade blocker in 0.1% TBS-Tween and kept at 4°C overnight. Following 3 
washes in 0.1% TBS-Tween, the HRP conjugated anti-mouse IgG secondary antibody 

(1:2000) was added. Incubation was done at room temperature for 2 hours. Pierce ECL 
Western Blotting Substrate (Thermo Fisher Scientific, 32109) was applied prior to image 

acquisition using the LI-COR Odyssey imaging system (Biosciences). A 30-second 
exposure on the 700 nm channel for the protein ladder and 10-minute exposure on the 

Chemi channel for total αSyn was used. Antibodies were removed using Restore PLUS 
Western Blot Stripping Buffer (Thermo Fisher Scientific, 46430). The membrane was once 

again blocked for an hour and HRP conjugated anti-ß-Actin antibody (Abcam) was applied 
(1:1000) in 5% blocking grade blocker in 0.1% TBS-Tween. Pierce ECL Western Blotting 
substrate was re-applied prior to image acquisition. 
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2.2 In vivo experiments 
 
2.2.1 Animal husbandry 
 
All of the animal procedures below were done in accordance with the Home Office 

guidance and the Animals (Scientific procedures) Act of 1986. Dr Kunath was the Project 
license holder (PC6C08D7D) and I completed the relevant modules for a personal license 

to perform these procedures (I5ABAAF95). The rats were housed in the LF2 facility in 
clean cages with bedding, access to food and water ad libitum and 12-hour light and 12-

hour dark cycle exposure. The number of animals in each cage was carefully controlled 
and an enrichment environment provided for them to thrive. The principles of replacement, 

refinement and reduction were applied throughout. Table 10 shows details of all of the 
animals used in the main experiment. Note, while all of these rat brains have been 
extracted and embedded in paraffin, not all have been processed yet. The data shown in 

Chapter 4 is mainly for the first set of PFF-injected animals.  The rats used were inbred, 
whereby the background stain was Fischer344 (SNCA+/+) and the test animals were 

homozygous mutants (Fischer SNCAG51D/G51D). Animals were culled by methods outlined 
in Schedule 1 (mainly carbon dioxide administration and decapitation), unless stated 

otherwise.  
 

  



 

 

 
Table 10. Details of the animals used for the main intracerebral PFF-injection experiment 
 
* denotes test animal to ensure that the PFF injection and DAB stain for pS129-αSyn had worked. 
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2.2.2 Stereotaxic injection 
 

Stereotaxy set up and optimising target acquisition 
 
I established the full set up of rat stereotaxy equipment in our laboratory. The top panel in 

Figure 2.4 shows a test rat in the stereotaxic frame, skin is incised, bregma visible and 
drill ready to create the burr hole. The digital manipulator arm (Stoelting, 51904) and 

Quintessential Stereotaxic  Injector (Stoelting, 53312) were then used to inject Trypan 
blue dye to the select co-ordinates. In this case, the target was the medial forebrain bundle 

(MFB) which is a difficult target to lesion using 6-OHDA. The skills and expertise learnt 
from being able to successfully create this well-established toxin model were then applied 

to PFF injection. In order to target the MFB, the nose bar was set to -2.3mm and co-
ordinates from bregma were AP -4.0 ML -1.3 DV -7.0. 1ul of Trypan blue dye was injected 

and the image below shows that the MFB. I realised, however, that this was not enough 
to successfully lesion the MFB using the 6-OHDA toxin. I learnt that the technical 

considerations for accurate delivery include: 
 
1. The age, weight and gender of the rat are critical elements for any set of optimised co-

ordinates 
2. Precise head position within the ear bar 

3. Not having the nose cone too tight 
4. Ensuring the nose bar is accurately aligned as well as the ear bars equally aligned 

5. Mark bregma with a shallow burr hole 
6. Puncture dura with sharp needle (so that delivery needle does not bend 

7. Ensure bevel is facing posteriorly in the craniocaudal axis to allow toxin to diffuse along 
it without transecting the MFB itself 

8. Ensure volume of injectate has indeed been injected correctly (looking for needle block) 
9. Give two minutes to allow toxin to settle in the parenchyma 

10. Slowly retract needle to minimise reflux 
 
Technical considerations to the toxin itself were storage and handling (toxin is light-

sensitive). The same principles were applied with αSyn PFFs, including avoiding repeat 
thaw cycles, keeping them at either -80 oC or at room temperature and sonicating prior to 

use as required (Polinski et al., 2018). Once these factors were accounted for the 
lesioning was successful, and the bottom panel in Figure 2.3 shows a DAB stain for TH 

which is absent on the lesioned side in the striatum and SN. 
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Figure 2.4 Stereotaxy set up and practice of target accuracy and precision by 

recapitulating a classic model of PD 

 
A) A test rat on the stereotaxic frame, skin incised, bregma visible and drill ready to make a 
burr hole. The manipulator arm and injector were both digital which helped with accuracy. B) 
1 µl Trypan blue dye was injected towards the medial forebrain bundle (MFB) fibres and my 
section on the left shows the needle path to the MFB. On the right is the corresponding Figure 
within the Rat Brain Atlas (Paxinos and Watson, 2017). C) A successfully lesioned rat, 
confirmed using methamphetamine rotation testing (supplementary video can be viewed at 
https://vimeo.com/440046536 with the password MFB), and then sectioned and 
immunostained for TH (HRP and DAB substrate) to show complete loss of dopaminergic fibres 
in the striatum and SN on the lesioned side. 
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PFF injection 
 
Surgical instruments were autoclaved and cleaned in Enzystel ready for use. The 

stereotaxy frame was positioned on a downflow table and working area cleaned with 
Trigene wipes. Fluosorber weight was checked beforehand and replaced if the weight was 
greater than 1.4kg. The volatile gaseous agent Isoflurane was used for anaesthesia and 

excess gas scavenged. Induction of anaesthesia was performed using 4% Isoflurane for 
30 seconds and this was changed to 2% for maintenance of anaesthesia. 1-2 L of oxygen 

was simultaneously given. Depth of anaesthesia was confirmed using tail pinch and blink 
reflex. Scalp hair was shaved.  

 
The rat was positioned on the stereotaxy frame using the tooth bar and ear bars (Stoelting, 

51950). Care was taken to ensure the nose cone fitting was not too tight and that the head 
was securely and accurately positioned. Tooth bar was set to zero and the ear bar setting 

was equal, ensuring good alignment within the frame. The scalp skin was cleaned with 
iodine and 2% Lidocaine (diluted 1:3 with sterile saline) was administered as local 

anaesthetic to the site of planned incision (just below the galleal layer). Rimadyl 5mg/kg 
was then administered subcutaneously as well as 1.25ml of sterile saline to replace 
potential fluid loss. A clear drape was applied. The respiratory rate was observed intra-

operatively (transparent drape allowed this to be done). Lacrilube was applied to both 
eyes. After hand washing and a change of gloves, a vertical midline incision (1cm) was 

done and skin retracted using retractors (Stoelting, 52124). The pericranium was pushed 
off the calvarium using a sterile cotton bud. Bregma was located using the digital arm 

manipulator and marked with a shallow burr hole (Stoelting, 51449V). Target co-ordinates 
(AP 3.2 ML -1.5 DV -2.5) was then applied and the burr hole drilled down to dura. A 10 µl 

Hamilton syringe (Stoelting, 51105), pre-filled with αSyn PFFs was used to penetrate the 
dura and to reach the target co-ordinates for injection. The bevel was rotated to face 

posteriorly in the craniocaudal axis. The αSyn PFFs were injected at 1 µl/ minute rate with 
the Quintessential Stereotaxic Injector and then the needle was left in situ for 2 minutes 

to allow the αSyn PFFs to dissipate locally. It was then slowly retracted. 2 µl (5 µg; UCB) 
or 4 µl (10 µg; K Luk) of αSyn PFFs were injected. The skin was then closed using a 

dissolvable 4-0 vicryl suture (subcuticular). The procedure and drug usage were logged, 
and cage card amended.  
 

Post-operatively, the rats were placed on a heat pad at 30oC (Stoelting, 53850-RR) until 
motor recovery in a clean cage on tissue (no bedding). The wound was checked for any 

signs of complications and rats weighed daily for 3 days then at 1 week. Mash food was 
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given in the post-operative period and additional analgesia was given as in drinking water 
(Rimadyl 5mg/kg) and Vetergesic jelly 0.5mg/kg. If any animal was observed to be in 

distress or losing weight or failing to thrive post-operatively, it was culled via Schedule 1. 
A summary of the rats analysed for chapter 4 is shown in Table 11 below.  
 

 
 

 
 
Table 11. Summary of the rats used for the data presented in chapter 4 

 
Due to the COVID-19 pandemic situation, it was not possible to section and stain the rat brains 
from the second set of PFF injections and the control unoperated rats. These brains have been 
fixed in paraffin. The test rat (SNCAG51D/G51D) in this first set of PFF injects was also not 
processed for the same reason. Human αSynWT PFFs supplied by UCB Pharma (produced in 
HEK cells) were used for this first set of injections and human αSynWT PFFs supplied by Dr 
Kelvin Luk’s group (produced in E. coli). 
 
 

 

2.2.3 Perfusion fixation, brain extraction and preparation 
 

The rats were given 700 µl of 200 mg/ml IP Phenobarbitone for terminal anaesthesia by 
Will Mungall (BVS technician). A midline incision was done to expose the heart and a 
needle inserted into the right atrium. Cardiac perfusion was done using 50ml normal 

saline, then 50 ml of 4% PFA and then 50 ml of normal saline at a slow infusion rate. The 
animal was then decapitated, skin and soft tissues over the skull removed and the 

calvarium removed using a rongeur (Stoelting, 52161-02P). The brain was then carefully 
extracted and placed into 4% PFA solution. For the preliminary work, the brains were then 

placed in 30% sucrose/ PSB solution (SLS, CHE 3650/ Gibco, 18912014) at 4oC for two 
days until they had sunk to the bottom of the Falcon tube. Using OCT (CellPath, 

KMA01000A) and a metal block on dry ice and pure ethanol, the brains were frozen ready 
for cryosectioning. The Leica cryostat (Cryostar, NX50) was used to take serial sections 

which were placed onto Superfrost slides (ThermoFisher Scientific, J1800AMNT). 



Materials and Methods 

Ammar Natalwala | 2020   72 

 

Sections were stored at -20oC. For the main experiment, the brains were embedded in 
paraffin by the QMRI Histology service and sectioned at 5 µm. 

 
 

2.2.4 DAB immunohistochemistry 
 
For the preliminary data samples (6 weeks post PFF-injection), DAB 
immunohistochemistry was performed as follows. Slides with rat brain sections were 

allowed to equilibrate to room temperature over 30 minutes. Antigen retrieval was 
performed using citric acid. The slides were cooled in Tris-buffered Saline (TBS) for 20 

minutes. Using 10% goat serum (Sigma, G9023)/ TBS with 0.1% Triton-X (TBT, Fisher, 
BP151-100) blocking was performed over 2 hours in a humidity chamber (room 

temperature). Primary antibody (pS129-αSyn AB51253, used at 1:250) was diluted in 10% 
goat serum/TBT, applied to the sections and kept at 4oC overnight in a humidity chamber. 

On the following day, the slides were washed in TBT twice for 15 minutes each time. 
Another washing step was done using TBS for the same duration and intervals. The slides 

were then washed using TBS/ 0.3% hydrogen peroxide (Sigma H1009) at room 
temperature on a rocker for 15 minutes. After a quick wash in water, goat anti-rabbit 

peroxidase (Sigma, A6154) was diluted (1:200) in 10% goat serum/TBT and applied to 
the sections for 30 minutes at room temperature. Three washes, each 15 minutes in TBT 
was done as well as a further two 15-minute washes in TBS. The ImmPACTTM DAB 

substrate (Vector Labs, SK-4105) was applied to the slides for 15 minutes. Further three 
15-minute washes in TBS were performed prior to mounting the slide using Fluorsave 

(Merck, 345789) or ProLongTM Diamond Antifade Mountant (P36965) and high precision 
coverslips (Marienfeld, 0107172). 

 
In the main experiment, the DAB stain was automated and performed by the QMRI 

Histology Service. The paraffin sections were de-waxed and re-hydrated using xylene and 
graded alcohols. The slides were then loaded onto the Bond max automated 

immunostainer, and the pre-programmed protocol (as below) run.  
 

Antigen retrieval with Epitope retrieval buffer 1 (pH6; Leica biosystems) for 20 minutes. 
Primary antibody used was pS129-αSyn (AB51253 used at 1:500, see Figure 2.5 below 

for titration). The reagent kit was called the Refine kit (Leica biosystems DS9800). The 
bond wash and TBS buffer (Fischer scientific) with Tween 20 were used for washing.  
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Bond wash for 10 minutes 
Peroxide block for 5 minutes * 

Bond wash  
Primary Antibody applied for 60 minutes 
Bond wash  

Polymer applied for 15 minutes * 
Bond wash  

Wash with distilled water  
DAB immunostain applied for 10 minutes * 

Wash with distilled water  
Haematoxylin stain over 5 minutes * 

Bond wash 
 

All Bond washes were for 0 minutes, 5 minutes and a further 5-minute wash.* Reagents 
were from Leica Bond Polymer Refine detection kit (DS 9800). 

 
 
 

 
 
Figure 2.5 Titration of DAB immunostain for pS129-αSyn  

 
The 1:500 dilution was used because it kept strong positive staining and minimised 
background stain. This stain was performed (automated as described above) on a G51D 
mutant PFF-injected rat, sections are 5 µm thick and scale bars 50 µm. The blue stain is the 
haematoxylin.  
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2.2.5 Genotyping 
 
Ear clippings were placed in separate PCR tubes and 75 µl of solution containing 1.25 M 

NaOH and 10 mM EDTA was added to each tube. These were heated to 100 oC for 1 hour 
to digest the tissue. A further 75 µl of solution containing 2 M Tris/ HCl was then added to 

each tube to stop the digest. From each tube, 2 µl was then added to 23 µl of solution 
which contained a combination of 5 µl of 5x buffer, 0.5 µl of 10 mM dNTP, 1.25 µl Forward 
and 1.25 ul Reverse primers, 0.25 µl Q5 Hotstart high fidelity DNA polymerase enzyme 

(NEB, M0491L) and 15.75 µl water. DNA amplification was done in a PCR machine with 
the following cycle programme: 1) 98oC  for 30 seconds, 2) 98oC  for 10 seconds, 3) 64oC  

for 20 seconds, 4) 72oC  for 20 seconds, 5) back to step 2 for 36 cycles, and 6) 72oC  for 
2 minutes. 1 µl of the restriction enzyme, 10 U/µl BspHI (NEB, R0517L), 2 µl Cutstart 

(NEB, 10X) buffer and 7 µl water was then added to 10 µl of the amplified DNA and 
incubated at 37oC for one hour. The enzyme only worked if the restriction site, introduced 

by the G51D mutation was present (Figure 2.6). This was determined by running the 
product on 1.5% agarose gel (made in 1X TAE). 15 µl of sample and 5 ul of OrangeG dye 

were added to each well and run at 100 amps. 
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Figure 2.6 Genotyping using the BspHI restriction enzyme 

 
A 2 base pair mutation (GA to AT) was made in codon 51 of the rat SNCA gene in order to 
create the G51D mutation (confirmed on Sanger sequencing). A BspHI restriction site was 
created by the mutation, which facilitated PCR genotyping of the rats. The mutant animals 
were generated in collaboration with Dr Tomoji Mashimo and Yayoi Kunihiro (Kyoto 
University), and the guide RNA and donor oligonucleotide ssDNA generated by Dr Karamjit 
Singh Dolt. 
 
 

 

2.2.6 Image acquisition, quantification and statistical 
analysis 
 

DAB stained images were captured on the Axioscanner (Zeiss) using a 20X objective NA 
0.8 Plan Apochromat. Image analysis was done using QuPath image analysis software 

(Bankhead et al., 2017). The area of interest was selected, and any obvious regions of 
debris excluded. The positive pixel count method was applied to count the area of pS129-

αSyn inclusions positive for DAB stain, relative to the total section area. Stain vectors 
were the same for each image during the analysis. The same principle was applied to 

investigate specific regions such as olfactory bulb, striatum and SN.  
 

Data were analysed using SPSS v23. A significance level of p < 0.05 was accepted. Group 
pairwise comparisons were done using t test with Welch correction. 
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Chapter 3 
 
 

Endogenous αSyn over-expression does 
not impair human cortical neurogenesis 

and increases susceptibility to  
Lewy-like pathology 

 

3.1 Introduction 
 
There is good evidence that endogenous αSyn levels are higher in PD patients with SNCA 

multiplication mutations causing greater clinical phenotypic severity in a gene copy and 
αSyn dose-dependent manner (Chartier-Harlin et al., 2004; Devine et al., 2011; Singleton 
et al., 2003). Using the classical αSyn PFF model, some groups have shown in rodents 

that certain brain regions/ neuronal subgroups with higher endogenous αSyn acquire 
more Lewy-like disease (Courte et al., 2020; Henderson et al., 2019; Luna et al., 2018). 

However, a human PD model confirming this hypothesis is lacking. 
 

In order to address this gap in knowledge, I used several clonal transgenic hESC lines 
stably over-expressing human αSyn protein, differentiated them into cortical neurons and 

determined their propensity to Lewy-like pathology by exposure to αSyn PFFs. Cortical 
neurons were chosen to model PD because 1) the differentiation protocol is robust and 

less variable compared to dopaminergic differentiation and 2) cortical neurons are 
affected by Lewy pathology in PD; particularly in PD patients with multiplications of SNCA 

(Chartier-Harlin et al., 2004; Ibáñez et al., 2004; Singleton et al., 2003). The early disease 
marker pS129-αSyn was used to detect and quantify Lewy-like inclusions at three weeks 

following exposure to αSyn PFFs. Acknowledging the grossly supraphysiological 
endogenous αSyn levels in these cells, the advantage of this approach was to create an 
accelerated and definitive human model of PD.  

 
The first challenge, nonetheless, was to confirm that these transgenic hESCs expressing 

normal (control) or high levels of endogenous αSyn can efficiently generate cortical 
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neurons. Some studies in the literature have suggested that αSyn alters cell fate decisions 
and impairs neuronal differentiation (Flierl et al., 2014; Oliveira et al., 2015; Schneider et 

al., 2007; Zasso et al., 2018). However, these studies are limited by the possibility of clonal 
variation and none of these studies explored the impact of sustained high αSyn over-
expression on neurogenesis. The differentiation protocol used in this work was adapted 

and optimised (details in next section) from a published protocol (Shi et al., 2012). I chose 
to use the parental non-transgenic line (Shef4), control transgenic hESC lines (S9 and 

S34) and αSyn over-expressing hESC lines (S8 and S37) for my experiments; see 
Appendix 1.  Both αSyn over-expressing lines were comparable and similarly produced 

at least a five-fold over-expression of αSyn, while αSyn levels reported for patient-derived 
triplication SNCA iPSC lines were two-fold higher than wild-type levels (Devine et al., 

2011).  
 

In this chapter, I show that hESC lines harbouring a greater than five-fold level of 
endogenous αSyn expression were able to differentiate equally and efficiently into cortical 

neurons compared to controls. There were some subtle differences in transcripts for axon 
guidance signalling between high αSyn neurons vs control neurons which may reflect 
differences in neuronal maturity or patterning. However, these results validated that I had 

produced comparable sets of neurons for testing my hypothesis on propensity to Lewy-
like pathology upon αSyn PFF addition. I found that αSyn over-expressing cortical 

neurons readily developed pS129-αSyn structures following αSyn PFF addition whereas 
control neurons did not. Overall, this data adds to the body of knowledge by showing that 

high endogenous αSyn does not impair human cortical neuron differentiation and imparts 
greater susceptibility to Lewy-like pathology, as observed in rodent models.  This work 

provides an invaluable human PD model to investigate an accelerated disease process. 
 

 

3.2 Optimising the cortical neuron differentiation protocol 
 

The adapted protocol used to generate cortical neurons from hESCs is outlined in Figure 
3.1. It includes the key timepoints for cell lifting and plating, as well as the addition of the 

small molecule inhibitors SB431542 (SB) and LDN-193189 (LDN). These inhibit Smad 
signalling by targeting the kinase domain of the Transforming growth factor beta (TGF-ß) 

and Bone morphogenic protein (BMP) receptors, respectively. Dual Smad inhibition 
directs the hESCs towards a neuronal fate (Chambers et al., 2009). Beyond day 25, the 
neurotrophic factors BDNF and GDNF were added to promote maturation of the post-

mitotic neurons. In contrast to the published protocol, which recommended expansion of 
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hESCs on a layer of mouse embryonic fibroblasts (MEFs), I expanded RC17 hESCs (a 
robust test cell line) on Laminin-521-coated 6-well plates without using any MEFs (Shi et 

al., 2012). This allowed a simple and efficient method for expansion of the hESCs over a 
relatively short time period. For neural induction, I lifted these cells using EDTA (not 
dispase) and plated them onto a Laminin-111-coated 24-well plate in neural induction 

medium. This also differed from the referenced protocol which suggested waiting until the 
hESCs reached 100% confluency, washing the cells with PBS and then adding the neural 

induction medium without a cell lift. 
 

 
 

 
 
Figure 3.1 Adapted cortical neuron differentiation protocol 

 
Timeline summarising key stages of the cortical neuron differentiation protocol, adapted from 
(Shi et al., 2012). Cell lifts were done at day 0, 12, 17 and 25 and the experiment ended at day 
83. The other timepoints (represented by short blue vertical marks) on the timeline show days 
when the media was changed (half media changes done after day 25). Dual Smad inhibition 
using SB and LDN was employed early to drive neural induction and cortical identity and the 
growth factors BDNF and GDNF were used to promote neuronal maturation after day 25 when 
immature neurons began to extend axonal processes. 
 

 
 

I examined whether these initial adaptations were sufficient to generate PAX6-positive 
cortical progenitors by day 9 and tested different combinations of SB and LDN. I observed, 

that without SB and LDN, PAX6 and ßIII-Tubulin staining was poor (data not shown). With 
SB or LDN alone, staining for both markers improved but the most homogenous PAX6 

was observed when SB and LDN were added in combination. There were also visibly 
more ßIII-Tubulin-positive cells when these small molecules were used in combination. 
Once I had established that cortical progenitors could be efficiently produced via the 

(aforementioned) adapted method, I chose to differentiate the transgenic control hESC 
line S9, which had an αSyn level similar to parental Shef4 hESCs. I established that for 

day 12 and day 17, the cells could be lifted using the enzyme collagenase IV (instead of 
dispase). This is advantageous from a practical aspect, given that if all the dispase is not 

fully removed following the cell lift, this can lead to problems with cells adhering to the 
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Laminin-111 matrix once plated (leading to cell death). I was also able to determine the 
optimal split ratio (1:1.5 at day 12 and 1:2 at day 17) as at these timepoints the cells 

needed to be lifted and plated as clumps. At day 25, I used Accutase to lift the cells and 
plated them at two different densities. I found that this enzyme dissociated the lifted cells 
into a single cell suspension enabling accurate counting prior to the final re-plating at this 

timepoint. A higher cell density for the subsequent experiments provided better neuronal 
networks. 

 
 
3.3 αSyn over-expression is maintained after cortical 
neuron differentiation 
 

The level of total endogenous αSyn expression in transgenic hESCs or cortical neurons 
is contingent on several factors such as, promoter type, site of transgene integration and 

the SNCA copy number acquired following transfection. Its expression can change not 
only during neuronal differentiation (assuming transgenic over-expression does not impair 
the differentiation process itself) but also over prolonged passaging of self-renewing cells. 

Often, the transgenic expression itself can suppress the normal (non-transgenic) levels 
(Liew et al., 2007). Thus, it was important to first delineate the levels of total, transgenic 

and non-transgenic (i.e. expression of αSyn from the native and non-transgenic SNCA 
alleles) at the beginning and end of cortical differentiation. Day 25 was a suitable time 

point to assess αSyn expression because the final cell lift is performed on this day prior 
to the maturation of immature neurons. This 25-day time period is where the differentiation 

process could have the greatest impact on αSyn levels. Western blot analysis at day 0 
also showed (qualitative data) that the αSyn protein levels match the over-expression 

indicated in the qRT-PCR data (Figure 3.2). Ratsuda Yapom had previously shown that 
these transgenic clonal lines had similar rates of proliferation (Appendix 3) and neural 

differentiation potential by assessing the expression of neural markers NCAM and MAPT 
at day 11 (Yapom, 2016). The selected lines used in this study (S8 and S37 for high αSyn 

and Shef4, S9 and S34 for controls) were thus appropriate and each had a similar level 
of αSyn at day 0 per high αSyn or control group.  
 

Figure 3.2 shows a diagrammatic representation of the regions of the SNCA mRNA that 
were amplified on qRT-PCR by primers for total, transgenic and non-transgenic αSyn. 

The coding region was specifically targeted for total αSyn (i.e. to detect both transgenic 
and non-transgenic αSyn together). Primers for transgenic αSyn detected and amplified 

the Internal ribosome entry site (IRES) region and thus represented levels of αSyn mRNA 
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transcribed from the transgenic SNCA alleles. For non-transgenic αSyn the 5’UTR region 
was targeted in addition to the coding region in order to only detect αSyn mRNA produced 

from the native SNCA alleles. Each (undifferentiated or differentiated) cell line was 
regarded as a biological replicate (N) and technical replicates as the number of wells 
processed per cell line (n). During each qRT-PCR, 3 technical repeats were done for 

samples obtained from each well. Data for both total and transgenic αSyn is collated from 
3 experiments (AN4, AN5 and AN6) and the data for non-transgenic αSyn is preliminary 

as it is for one experiment (AN6). Given the small sample number and no overt evidence 
of skewed data, a parametric statistic approach was chosen. A 2-way ANOVA was 

conducted to look for statistically significant difference in the expression of total and 
transgenic αSyn at the two time points. The independent variables were high αSyn vs 

control group and experiment (AN4, AN5 or AN6). This was done to account for potential 
bias between experiments due to technical considerations and reagents. The main effect 

for group on total αSyn mRNA (regardless of time point) was statistically significant 

(estimated marginal mean (EMM) ± SEM for high αSyn 10.4 ± 0.7 and control 1.2 ± 0.9; 

F(1,14) = 67.7, p < 0.001, high αSyn N = 12 and n = 12, control N = 8 and n = 8). The 

interaction between group and experiment was not statistically significant (F(2,14) = 3.7, 
p = 0.051, high αSyn N = 12 and n = 12, control N = 8 and n = 8). Examining each time 

point individually showed that once again, at day 0, the main effect for group on total αSyn 

mRNA was statistically significant (EMM ± SEM for high αSyn 9.5 ± 1.0 and control 1.2 ± 

1.2; F(1,4) = 28.5, p = 0.006, high αSyn N = 6 and n = 6, control N = 4 and n = 4). The 
interaction between group and experiment, at day 0, was not statistically significant (F(2,4) 

= 1.8, p = 0.272, high αSyn N = 6 and n = 6, control N = 4 and n = 4). Equally at day 25, 

the main effect for group on total αSyn mRNA was statistically significant (EMM ± SEM 

for high αSyn 11.3 ± 1.3 and control 1.1 ± 1.7; F(1,4) = 22.3, p = 0.009, high αSyn N = 6 

and n = 6, control N = 4 and n = 4). The interaction between group and experiment, at day 
25, was not statistically significant (F(2,4) = 1.1, p = 0.416, high αSyn N = 6 and n = 6, 

control N = 4 and n = 4). 
 

Once confirmed that experiment as an independent variable does not significantly bias 
the data for total αSyn expression, pairwise comparisons were done using t-tests with 

Welch correction. At day 0, total αSyn levels were significantly higher in the high αSyn vs 

control hESCs (Mean ± SEM for high αSyn 9.5 ± 1.9 vs control 1.4 ± 1.4; tWelch(6.4) = 4.0, 

p = 0.006, CI95%(3.3, 12.9), high αSyn N = 6 and n = 6, control N = 4 and n = 4). At day 

25, high αSyn vs control neurons also had higher total αSyn (Mean ± SEM for high αSyn 

11.3 ± 2.1 vs control 1.6 ± 1.2; tWelch(7.5) = 4.0, p = 0.004, CI95%(4.1, 15.4), high αSyn N 
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= 6 and n = 6, control N = 4 and n = 4). In order to test if αSyn levels changed over the 
two time points in both high αSyn and control groups, pairwise comparisons were 

performed. Total αSyn did not significantly increase over time for both high αSyn (Mean 

± SEM for day 25 11.3 ± 2.1 vs day 0 9.5 ± 1.5; tWelch(9.9) = -0.628, p = 0.545, CI95%(-8.1, 

4.5), day 0 N = 6 and n = 6, day 25 N = 6, n = 6) and control groups (Mean ± SEM for day 

25 1.6 ± 1.2 vs day 0 1.4 ± 0.7; tWelch(4.9) = -0.078, p = 0.941, CI95%(-3.7, 3.5), day 0 N = 

4 and n = 4, day 25 N = 4, n = 4). 

 
Using a similar statistical approach for transgenic αSyn, the main effect for group on 

transgenic αSyn mRNA (regardless of time point) was statistically significant (EMM ± SEM 

for high αSyn 5.4 ± 0.4 and control 0.3 ± 0.5; F(1,14) = 72.7, p < 0.001, high αSyn N = 12 

and n = 12, control N = 8 and n = 8). The interaction between group and experiment was 

not statistically significant (F(2,14) = 2.2, p = 0.150, high αSyn N = 12 and n = 12, control 
N = 8 and n = 8). At day 0, the main effect for group on transgenic αSyn mRNA was 

statistically significant (EMM ± SEM for high αSyn 5.0 ± 0.6 and control 0.4 ± 0.8; F(1,4) 

= 21.3, p = 0.010, high αSyn N = 6 and n = 6, control N = 4 and n = 4). The interaction 

between group and experiment, at day 0, was not statistically significant (F(2,4) = 1.1, p 
= 0.424, high αSyn N = 6 and n = 6, control N = 4 and n = 4). At day 25, the main effect 

for group on transgenic αSyn mRNA was statistically significant (EMM ± SEM for high 

αSyn 5.8 ± 0.7 and control 0.2 ± 0.9; F(1,4) = 25.8, p = 0.007, high αSyn N = 6 and n = 6, 

control N = 4 and n = 4). The interaction between group and experiment, at day 25, was 

not statistically significant (F(2,4) = 0.6, p = 0.601, high αSyn N = 6 and n = 6, control N = 
4 and n = 4). Pairwise comparisons were now performed after confirming that experiment 

as an independent variable did not bias the transgenic αSyn mRNA data. At day 0, 
transgenic αSyn levels were significantly higher in the high αSyn vs control hESCs (Mean 

± SEM for high αSyn 5.0 ± 0.9 vs control 0.3 ± 0.3; tWelch(5.8) = 5.0, p = 0.003, CI95%(2.4, 

7.1), high αSyn N = 6 and n = 6, control N = 4 and n = 4). At day 25, high αSyn vs control 

neurons also had higher transgenic αSyn (Mean ± SEM for high αSyn 5.8 ± 0.9 vs control 

0.3 ± 0.3; tWelch(6.4) = 6.0, p = 0.001, CI95%(3.3, 7.7), high αSyn N = 6 and n = 6, control 

N = 4 and n = 4). Transgenic αSyn did not significantly increase over time for both high 

αSyn (Mean ± SEM for day 25 5.8 ± 0.9 vs day 0 5.0 ± 0.9; tWelch(10.0) = 0.6, p = 0.534, 

CI95%(-2.0, 3.6), day 0 N = 6 and n = 6, day 25 N = 6, n = 6) and control groups (Mean ± 

SEM for day 25 0.3 ± 0.3 vs day 0 0.3 ± 0.3; tWelch(5.7) = 0.2, p = 0.869, CI95%(-1.0, 1.1), 

day 0 N = 4 and n = 4, day 25 N = 4, n = 4). As expected, no transgenic αSyn was detected 
in the Shef4 (AN6) sample in the control group. While it was not possible to perform 

statistical analysis on the data for non-transgenic αSyn, it suggests that at both timepoints 
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there is no difference in αSyn levels between the high αSyn and control groups. This 
suggests that the (randomly) integrated transgene is not impairing non-transgenic αSyn 

levels but more biological repeats are needed to confirm this. Preliminary data for αSyn 
expression at day 71 is shown in Appendix 4.  
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Figure 3.2 αSyn over-expression is maintained following cortical neuronal 

differentiation of transgenic hESCs 

 
A) Schematic illustration of the regions of SNCA mRNA (grey = endogenous and blue = 
transgenic human SNCA) amplified by primer sets during qRT-PCR for total (red), transgenic 
(orange) and non-transgenic (green) αSyn. Amplification of the 5’UTR and coding sequence 
allowed detection of non-transgenic αSyn whereas transgenic αSyn was detected via 
amplification of the IRES region within the transgenic construct. Note that in these transgenic 
hESCs the green fluorescent Venus protein was not expressed and thus did not impair 
detection of other epitopes of interest, specifically pS129-αSyn. B) Day 0 Western blot data 
confirms markedly high endogenous αSyn protein in the over-expressing lines. C) to E) qRT-
PCR data for total, transgenic and non-transgenic αSyn, respectively, at the self-renewing (day 
0) and immature cortical neuron (day 25) time points. N = number of biological replicates 
(differentiated cell line) and n = technical replicates (number of wells per cell line). Mean 
expression relative to TBP shown and error bars represent SEM. For both total and transgenic 
αSyn, control (N = 4, n = 4) and high αSyn (N = 6 and n = 6), and for non-transgenic αSyn 
(preliminary data), control (N = 1, n = 1) and high αSyn (N = 2, n = 2). αSyn over-expression 
is preserved following cortical differentiation. Statistical comparisons were done using the 
Welch t-test and ** = 2-tailed p < 0.01.  
 
 

 

3.4 High endogenous αSyn has a minimal impact on the 
transcriptional profile of both hESCs and cortical neurons  
 
In order to investigate the developmental impact of high endogenous αSyn expression, 
both hESC and day 25 (immature) cortical neurons were analysed using 3’UPX RNA-seq 

to explore the transcriptional space. 17 samples were analysed in total; high αSyn hESCs 
(n = 6), control hESCs (n = 4), high αSyn cortical neurons (n = 3) and control cortical 

neurons (n = 4). Principal component analysis was done using DESeq2 transformed 
(variance stabilising) counts (Figure 3.3). It showed that hESC and cortical neuron 

samples had a large variance (80%) in differentially expressed transcripts and the 
difference in these groups between high αSyn and control samples was small (9%). Both 

PC1 and PC2 together explain 89% of the observed variance. Similarly, for the top 50 
differentially expressed genes, PC1 was 87% and PC2 was 7% (together PC1 and PC2 

explain 94% of the variance). The high αSyn and control cortical neuron samples appear 
to cluster with one sample (experiment AN4, cell line S9) associating more closely with 

the high αSyn cluster. The large difference in transcriptional profile between self-renewing 
and neuronal cells is expected but the variable of interest (level of endogenous αSyn) had 
a minimal impact overall. Figure 3.4 shows a more detailed view of the top 50 genes with 

the largest variance across all samples, in the form of a heatmap. It again highlights that 
most differences appear between hESC and neuronal samples but other difference, such 

as transcripts of axon guidance appear to be different between high αSyn and control 
cortical neuron groups (discussed in more detail below).  
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Examination of the significant (p < 0.05; not corrected for multiple comparisons) 
differentially expressed gene as pairwise comparisons showed that control neurons vs 

control hESCs (group C vs A; 4318 genes) and high αSyn neurons vs high αSyn hESCs 
(group D vs B; 4688 genes) had the largest gene sets (Figure 3.5). This contrasts with 
high αSyn hESCs vs control hESCs (group B vs A; 203 genes) and high αSyn neurons vs 

control neurons (group D vs C; 572 genes). The intersection between C vs A (black dot 
on Upset plot) showed 969 differentially expressed genes that were common to this 

pairwise comparison and 1243 genes common to the D vs B comparison. The intersection 
between C vs A and D vs B (connected black dots) showed 3007 genes common to both 

of these sets of comparisons, which was the largest intersection size observed in the 
whole dataset. Thus, differentiation of hESC into cortical neurons led to the largest change 

in gene transcription and most of these genes were similar in high αSyn and control 
cortical neurons generated from high αSyn and control hESCs, respectively. Upon 

correction for multiple comparisons, using the Benjamini-Hochberg (BH) method (padj < 
0.05), 1621 differentially upregulated and 1345 downregulated transcripts were observed 

in the intersection between pairwise group comparisons for C vs A and D vs B; shown in 
the Venn diagrams in Figure 3.5. This again highlights the same point made in the Upset 
plot. Furthermore, only 104 differentially expressed genes were unique to group D vs C 

(p < 0.05) and after BH correction, 42 genes were noted to be differentially upregulated 
and 44 downregulated in this group comparison. This suggests that high endogenous 

αSyn has a minimal impact throughout the differentiation process.  
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Figure 3.3 hESCs and cortical neurons segregate clearly, and a small variance is 

observed between high αSyn and control groups 

 
Each data point represents one sample used for RNA-seq analysis in each respective group 
(17 in total). Immature cortical neurons were day 25 in culture when they were collected and 
processed for this data. The process of cortical differentiation induces a large change in the 
transcriptional profile (which is expected). However, the small variance (PC2) between the 
high αSyn and control groups suggests that αSyn itself has a minimal impact on the 
transcriptional profile of these cells.  
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Figure 3.4 Hierarchical cluster analysis of the top 50 differentially expressed genes 

 
Visual representation of the top 50 differentially expressed genes for all 17 samples, showing 
differences in the expression of groups of genes for each subset of samples. Whilst the hESC 
samples do not segregate based on αSyn level, the cortical neurons appear to do so in some 
gene clusters. Note that SNCA does not appear in this list because the transcriptomic analysis 
did not detect transgenic αSyn transcripts. Thus, potential bias in analysis was minimised. 
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Figure 3.5 The majority of significantly differentially expressed genes overlap in the 

hESC vs cortical neuron group comparisons 

 
A) Upset plot shows the size of each gene set (or significant differentially expressed genes; 
log2(fold change) ≤ -1 and ≥ 1; p < 0.05) in each of the four pairwise group comparison (B vs 
A, C vs A, D vs B and D vs C). Of these, the largest gene sets were observed between the 
cortical neuron vs hESC comparisons (i.e. C vs A and D vs B). The black dots indicate the 
selected pairwise group comparison and the black lines connecting these dots show the 
intersection (common genes) amongst the indicated pairwise group comparisons. The bars 
show the intersection size and thus the number of common genes for the intersection 
described. Overall, cortical neurons versus hESCs (i.e. intersection of C vs A and D vs B) had 
the largest intersection size (3007 common genes). Thus, most of the changes in transcription 
occur following the differentiation process and most of these genes overlap in the high αSyn 
vs control group comparisons. B) Using FDR correction (BH method; padj < 0.05) the Venn 
diagrams show the significantly up or down regulated genes for each pairwise comparison and 
their intersections to highlight the same point shown in the Upset plot. The vertical bars show 
the number of significant (BH-correction) differentially expressed genes for each pairwise 
group comparison and the horizontal bars show the number of genes either unique to one or 
shared between two or three of these pairwise group comparisons. In D vs C, the number of 
common genes is relatively small (as well as the total number of differentially expressed 
genes) suggesting that high endogenous αSyn has a minimal impact on the transcriptional 
state and overall development of cortical neurons. Venn diagrams created using JVenn web-
application (Bardou et al., 2014). 
 
 

 
Starting with the first pairwise comparison of high αSyn hESCs vs control hESCs (group 
B vs A), a total of 300 genes were differentially expressed (151 upregulated and 149 

downregulated; log2(fold change) ≤ -1 and ≥ 1 respectively). Of these, 203 genes (98 
upregulated and 105 downregulated) were significant (DESeq2 Wald test p < 0.05). After 

BH correction, 4 genes (1 upregulated and 3 downregulated) were significant (padj < 
0.05), shown in Figure 3.6. Gene set enrichment analysis, using g:GOSt (Raudvere et al., 

2019), was only possible for the 3 significant downregulated genes and highlighted the 
Herpes simplex virus 1 (HSV1) infection pathway (term ID: KEGG:05168, padj = 3.84E-

04, term size = 487, intersection size = 2). ZNF253, encodes a zinc finger protein 
implicated in the HSV1 infection pathway, was downregulated in both B vs A and D vs C 

gene sets. Caggiu et al., report that autoimmune mechanisms following prior HSV1 
infection may lead to the demise of (sensitive) αSyn-harbouring neurons, due to high 

homology of αSyn with different parts of the HSV1 proteome (Caggiu et al., 2016). Its 
downregulation in both hESCs and cortical neurons over-expressing αSyn may allude to 
a mechanism for the functional role of αSyn and the pathogenicity of brain-penetrant viral 

infections (Beatman et al., 2015). It is important to note that the 3’UPX RNA-seq 
performed here is biased for polyA transcripts and so micro RNAs (miRNAs) or long non-

coding RNAs (lncRNAs) that are polyA may able be detect, such as AC010615.2. 
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Validation (qRT-PCR) of such transcripts and more in-depth analysis would be needed to 
determine their significance.  

 
 
 

 
 

Figure 3.6 The transcriptomes of high αSyn hESCs and control hESCs are similar 

 
The volcano plot shows a small number of significant differentially expressed genes (log2(fold 
change) ≤ -1 and ≥ 1; padj < 0.05) between high αSyn hESCs and control hESCs. Red circles 
= upregulated genes, blue circles = down regulated genes, yellow circles = top 10 differentially 
expressed gene. The table shows the top upregulated (red) and downregulated (blue) genes. 
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In the control cortical neuron vs hESC comparison (Figure 3.7), a large number of genes 
were differentially expressed (4464 genes; 2481 upregulated and 1983 downregulated; 

log2(fold change) ≤ -1 and ≥ 1 respectively). Of these, 4318 genes (2374 upregulated and 
1944 downregulated) were significant (p < 0.05). After BH-correction, 4020 genes (2174 
upregulated and 1846 downregulated) were significant (padj < 0.05). Comparison of high 

αSyn cortical neurons and high αSyn hESCs (D vs B) revealed again a large number of 
differentially expressed genes (4785 genes; 2590 upregulated and 2195 downregulated; 

log2(fold change) ≤ -1 and ≥ 1 respectively). Of these, 4688 genes (2550 upregulated and 
2138 downregulated) were significant (p < 0.05). Following BH-correction 4496 genes 

(2463 upregulated and 2033 downregulated) were significant (padj < 0.05). 
 

Six of the top ten upregulated genes in the high αSyn neurons vs high αSyn hESC group 
comparison (SOX5, NPAS3, MALAT1, MAP2, PCDH9 and AC108025.2; Figure 3.8) were 

also in the top ten upregulated gene list for the control neurons vs control hESCs 
comparison. The majority of these genes have a broad role in embryonic development. 

SOX5 encodes SRY-related HMG-box transcription factor 5 which has a broad role in 
embryonic development and has been linked to cognitive impairment (Lee et al., 2013; 
Wunderle et al., 1996). NPAS3 encodes the neuronal PAS domain protein 3, a basic helix-

loop-helix (bHLH) protein, that is enriched in the developing brain (and cerebral cortex) 
but also in non-neuronal tissues (Brunskill et al., 1999). Dysregulation or loss of this 

protein has been linked to psychiatric illness such as Schizophrenia (Kamnasaran et al., 
2003). MALAT1 encodes a lncRNA, metastasis-associated lung adenocarcinoma 

transcript 1; named following the discovery of its prognostic value in non-small cell lung 
cancers (Ji et al., 2003). In the context of this study it possibly has a broad role in 

embryonic development and is not perturbed by changes in αSyn. Microtubule-associated 
protein 2, encoded by MAP2, has a key role in neurogenesis and specifically microtubule 

assembly (Neve et al., 1986). PCDH9, encoding Protocadherin 9, is also enriched in the 
brain (and blood) and linked to autism spectrum disorder (Marshall et al., 2008; Strehl et 

al., 1998). It is interesting that the lncRNA novel transcript, AC108025.2, was present in 
both top ten upregulated gene lists, suggesting that it may have a role in embryonic or 

neuronal development. Other genes in the top ten upregulated gene sets for cortical 
neurons vs hESCs include NRCAM (encodes neuronal cell adhesion molecule), ZEB1 
(encodes Zinc finger E-box-binding homeobox 1 protein) and DCC (encodes a netrin 

receptor for axon guidance) which play a role in neurogenesis (Grumet et al., 1991; Keino-
Masu et al., 1996; Wang et al., 2019). It is interesting that ZEB1 was found in the top ten 

upregulated genes for the high αSyn neurons vs high αSyn hESC gene set because 1) it 
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is found in neural progenitors and downregulated in differentiated neurons and 2) it has 
been implicated in the immune system (Genetta et al., 1994; Wang et al., 2019). This may 

point to subtle differences in the neuron maturing process when αSyn is over-expressed, 
as well a potential link to its role in cellular immunity. Sequence-specific ssDNA–binding 
protein 2, encoded by SSBP2, was also in this top ten list and has a role in DNA repair 

but also maintenance of haematopoietic stem cells (Li et al., 2014). This is interesting as 
αSyn is highly expressed in the brain and in blood (Scherzer et al., 2008). Genes such as 

SOX6 have a broad role in development and have been reported as essential for the 
formation of cortical interneurons (Batista-Brito et al., 2009). 

 
Once again, six of the top ten downregulated genes in the control neuron vs control hESC 

comparison were also in the top ten downregulated genes list for the high αSyn neurons 
vs high αSyn hESCs comparison. These were L1TD1, XACT, DPPA4, DNMT3B, RBM47 

and AC104304.1; most of which are involved in maintenance of pluripotency. L1TD1 
encodes an RNA-binding protein, LINE-1 type transposase domain containing 1, which is 

important for the maintenance of pluripotency in human cells and can interact with proteins 
such as NANOG (Emani et al., 2015). X active coating transcript, encoded by XACT, is 
abundant in human pluripotent cells and leads to X-chromosome inactivation (Vallot et al., 

2013). DPPA4, encoding developmental pluripotency associated protein 4, is essential for 
maintaining stem cell pluripotency and also during embryogenesis (Madan et al., 2009). 

DNMT3B encodes a DNA methyltransferase enzyme and important in embryogenesis 
and neurogenesis (Hu et al., 2012). RNA-binding motif protein 47, encoded by RBM47, 

has a key role in cell fate acquisition (Radine et al., 2020). The novel transcript 
AC104304.1 may also have an important role in maintenance of pluripotency, cell fate 

acquisition or both. 
 

In both of the above comparisons (neurons vs hESCs), the relevant top upregulated 
KEGG pathways were for axon guidance and signalling pathways regulating pluripotency 

of stem cells and top downregulated pathways including metabolic pathways (Table 12 – 
15). These reflect the change in cell state following differentiation. Nine of the top ten 

upregulated KEGG pathways and 7 of the top ten downregulated KEGG pathways were 
the same for high αSyn and control groups when comparing neurons vs hESCs. Thus, if 
αSyn over-expressing has any impact it is likely to be subtle as the majority of differentially 

expressed genes and pathways are identical in these group comparisons.  
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Figure 3.7 Differentiation of control hESCs leads to upregulation of neurogenesis genes 

 
Many genes are significantly upregulated (n = 2174) and downregulated (n = 1846) following 
cortical differentiation of control hESCs (log2(fold change) ≤ -1 and ≥ 1; padj < 0.05). 
Pluripotency genes are downregulated as neurogenesis genes are upregulated. Red circles = 
upregulated genes, blue circles = down regulated genes, yellow circles = top 10 differentially 
expressed gene. The table shows the top 10 upregulated (red) and downregulated (blue) 
genes. 
 
 

 
The main comparison was that of high αSyn cortical neuron vs control cortical neuron (D 

vs C; Figure 3.9) comparison, a smaller number of genes were differentially expressed 
(678 genes; 358 upregulated and 320 downregulated; log2(fold change) ≤ -1 and ≥ 1 

respectively). Of these, 572 genes (319 upregulated and 253 downregulated) were 
significant (p < 0.05). After BH-correction, 166 genes (113 upregulated and 53 

downregulated) were significant (padj < 0.05). AGBL4 encodes ATP/GTP Binding Protein 
Like 4 which has role in the deglutamylation of tubulins and thus may affect microtubule 

dynamics within high αSyn cortical neurons (Alim et al., 2004). ENC1 encodes ectoderm-
neural complex protein 1, which is an actin binding protein and its expression is dynamic 
during neurulation; it is important for cytoskeleton organisation and neural cell fate 

specification (Hernandez et al., 1997). RAB31 encodes a brain-enriched protein involved 
in intracellular trafficking and has been specifically shown to be expressed in neural 

progenitors (Chua et al., 2014). TLE1 encodes Transducin-like enhancer of split-1 and is 
highly expressed in both proliferating neural progenitors and mature post mitotic neurons 

(more likely the former in the context of this work) and has an important role in forebrain 
development (Yao et al., 2000). NCALD encodes a brain-enriched protein which has a 

fundamental role in neurogenesis and interacts with actin and clathrin during endocytosis 
(Upadhyay et al., 2019). KIRREL3 encodes a transmembrane protein widely expressed 

in the CNS and important in neurogenesis and synaptogenesis (Tamura et al., 2005). 
GLI3 encodes a transcription factor in the SHH signalling pathway and is essential for the 

maintenance of cortical progenitors (Wang et al., 2011). FAT4 encodes a large cadherin 
protein important for the membrane architecture of neural progenitors (Ishiuchi et al., 
2009). Overall, these genes point to a possible difference in neuronal maturity, migration 

or patterning due to αSyn over-expression. This may be particularly pertinent given that 
αSyn levels increase with ageing and so developmentally early (and sustained) αSyn 

over-expression may delay the normal process of neuronal maturation (Chu and 
Kordower, 2007). Analogous to this idea, Huntington’s disease patient-derived iPSCs 

differentiated into cortical neurons show delayed functional maturity (Mehta et al., 2018). 



 

    

 

 
Table 12 KEGG pathway analysis for significantly upregulated genes in control neurons vs control hESCs 
 

 
 

 



 

    

 

 
Table 13 KEGG pathway analysis for significantly downregulated genes in control neurons vs control hESCs 
 



Chapter 3 

Ammar Natalwala | 2020   96 

 

 



Disease modelling using human cortical neurons over-expressing αSyn 

Ammar Natalwala | 2020   97 

 

Figure 3.8 High αSyn hESCs upregulate similar genes following neuronal differentiation 
 
Compared to the control hESC versus control cortical neuron comparison, 6 of the 10 top ten 
differentially expressed genes are the same in high αSyn neurons vs high αSyn hESCs. Red 
circles = upregulated genes, blue circles = down regulated genes, yellow circles = top 10 
differentially expressed gene; padj < 0.05 and Log2 fold change cut off is -1 to 1. The table 
shows the top 10 upregulated (red) and downregulated (blue) genes. 
 

 

 

The downregulation of SPON1 and LHX8 point to some differences in neuronal maturity 

or patterning. SPON1 encodes a protein highly expressed in the ventral floor plate and 

has a role in axon guidance (Klar et al., 1992). LHX8 encodes LIM homeobox protein 8, 

which is important for cholinergic neuron differentiation during development (Zhao et al., 

2003). Other downregulated genes such as SFTA3 encoding surfactant-associated 

protein 3, considered as an immunomodulatory protein of the lung, were less biologically 

relevant (Schicht et al., 2014). PDPN and BCL2 downregulation (in addition to SSBP2 

and PIK3R3 upregulation in the D vs B comparison) suggests a difference in cell survival 

mechanisms due to high αSyn. PDPN encodes podoplanin, a mucin-type transmembrane 

sialoglycoprotein, expressed in multiple tissues including brain and lung. It is upregulated 

in neuronal apoptosis and neuroinflammation while BCL2 encodes an anti-apoptotic 

regulator protein (Song et al., 2014; Yuan et al., 2008). Analysis of the top ten up- and 

down-regulated KEGG pathways for the high αSyn neurons vs control neurons highlights 

the axon guidance pathway, suggesting differences in neuronal maturity, patterning or 

growth (Table 16 – 17).  

 

Using a biased approach to explore selected genes (Figure 3.10), the data shows that the 

pluripotency genes NANOG and POU5F1 (OCT4) were downregulated following cortical 

neuron differentiation (p < 0.001 for both C vs A and D vs B comparisons, equally) 

(Chambers et al., 2003; Nichols et al., 1998). There was no difference in the expression 

of these genes in both sets of hESCs (B vs A). DPPA4, a pluripotency associated gene 

(Madan et al., 2009), was found in the unbiased screen showed the same differences in 

these groups. Furthermore, three transcription factors which can induce a direct 

conversion of fibroblasts into functional neurons, ASCL1, POU3F2 (BRN2) and MYT1L 

(Vierbuchen et al., 2010), were equally upregulated in the neuronal groups (p < 0.001 for 

both C vs A and D vs B comparisons) and there was no significant difference in high αSyn 

vs control neurons (D vs C). NPAS3 and ZEB1, found in the unbiased screen, are involved 

in neuronal differentiation and showed the same significant differences between the 

groups as ASCL1, POU3F2 and MYT1L did (Erbel-Sieler et al., 2004; Wang et al., 2019). 



 

    

 
Table 14 KEGG pathway analysis for significantly upregulated genes in high αSyn neurons vs high αSyn hESCs 
 
 
 

 



 

  

 
Table 15 KEGG pathway analysis for significantly downregulated genes in high αSyn neurons vs high αSyn hESCs
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Figure 3.9 Over-expression of αSyn in cortical neurons alters genes for axon guidance 
 
Some genes involved in axon guidance signalling are differentially expressed in high αSyn 
cortical neurons relative to control neurons. The top ten differentially expressed genes are 
different to the previous sets of comparisons. Red circles = upregulated genes, blue circles = 
down regulated genes, yellow circles = top 10 differentially expressed gene; padj < 0.05 and 
Log2 fold change cut off is -1 to 1. The table shows the top 10 upregulated (red) and 
downregulated (blue) genes. 
 

 

 

PTB downregulation was recently shown to directly convert astrocytes into (dopaminergic) 

neurons in vivo (Qian et al., 2020), and this gene was downregulated in the neuronal 

groups vs hESC groups regardless of  αSyn (p < 0.001 for both C vs A and D vs B 

comparisons) and there was no significant difference in high αSyn vs control neurons (D 

vs C). This data suggests equal and sufficient conversion of hESCs into neurons  despite 

different levels of endogenous αSyn. 

 

Additional confirmation that high αSyn and control hESCs were equally making the correct 

cell type (i.e. neurons) following differentiation is present in the expression of markers of 

other cell types. SLC1A2 encodes the astrocyte-specific glutamate transporter, GLT-1, 

and is significantly upregulated in the differentiated groups (p < 0.001 for both C vs A and 

D vs B) but is not significantly different in the neuronal groups (D vs C) (Rothstein et al., 

1994). Markers for immature (OLIG2) and mature (RTN4) oligodendrocytes were 

significantly higher in the differentiated groups (p < 0.01 and p < 0.05 respectively for both 

C vs A and D vs B) but is not significantly different in the neuronal groups (D vs C) 

(GrandPré et al., 2000; Lu et al., 2000). QKI encodes a protein regulator of myelination 

and was detected in the unbiased screen. It follows the same pattern between groups to 

OLIG2 and RTN4 (p < 0.001 for C vs A and D vs B) and no significant difference in D vs 

C (Hardy et al., 1996). Together these results suggest that some other glial cell types may 

be formed during the differentiations, but they are not significantly different between the 

high αSyn and control neuron groups.  As an additional check, genes such as HNF4A, a 

marker of hepatocytes and PDX1, a marker of pancreatic cells were not detected in any 

of the groups, suggesting that the differentiations did not generate unwanted cell types 

(Ang et al., 2018). 

 

Microtubule-associated protein 2 and bIII-tubulin encoded by MAP2 and TUBB3 

respectively, are common antigens to detect neurons in experimental studies (Izant and 

McIntosh, 1980; Lee et al., 1990). The significant upregulation of both was observed in 
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the neuronal groups (P < 0.001 for both C vs A and D vs B) and there was no significant 

difference in either of these genes between the neuronal groups (D vs C; Figure 3.11). 

Netrin 1, encoded by NTN1, is a chemotropic factor similar to SHH and has an important 

role in axon guidance (Kennedy et al., 1994). Whilst the expression of NTN1 was 

significantly higher in both of the neuronal groups (p < 0.001 for both C vs A and D vs B), 

its expression was also higher in control neurons (p < 0.01 D vs C). DCC encodes the 

receptor for Netrin 1 and was in the top ten upregulated genes as described above (Keino-

Masu et al., 1996). Its expression was significantly higher in the neuronal groups (p < 

0.001 for both C vs A and D vs B) and no different between high αSyn and control neurons. 

LRRC4C encodes Netrin-G ligand-1 which is considered to have a role in axon outgrowth 

and excitatory synapse formation (Kim et al., 2006). Its expression was upregulated in 

both neuronal groups (p < 0.001 in both C vs A and D vs B) but also in the high αSyn 

neurons than control neurons (p < 0.01 D vs C). Netrin G is similar to Netrin 1 but does 

not bind to the DCC receptor protein. Another axon guidance pathway involves ROBO1 

and SLIT2 which are important for neural progenitors in the developing brain (Borrell et 

al., 2012). Both of these were significantly upregulated in the differentiated cells (p < 001 

in both C vs A and D vs B) and no different within the neuronal groups (D vs C). The 

Ephrin signalling pathway has also been implicated in axon guidance and proliferation of 

neural progenitors (Lim et al., 2008). The selected gene EPHB1, encoding Ephrin receptor 

B1, was significantly higher in both neuronal groups (p < 0.001 for both C vs A and D vs 

B) and no different due to high αSyn (D vs C). However, EPHA3 (top 50 differentially 

expressed gene) encoding a negative regulator of neural progenitor differentiation (Jiao 

et al., 2008), showed the same trend but also increased expression in high αSyn neurons 

vs control neurons (p < 0.001 D vs C). Neural cell adhesion molecule, encoded by 

NCAM1, has a key role in axon guidance in the cerebral cortex (Enriquez-Barreto et al., 

2012) and was equally increased in the neuronal groups (p < 0.001 for both C vs A and 

D vs B) and not between the neuronal groups (D vs C). SEMA5A is expressed in the 

developing telencephalon and has an important role in axon guidance (Hilario et al., 

2009). Its expression was increased in the neuronal groups (p < 0.001 for both C vs A 

and D vs B) but was also lower in the high αSyn neurons vs control neurons (p < 0.01 D 

vs C). SNPs in SEMA5A as well as DCC, EPHB1, SLIT3 and NTNG1 have been reported 

in PD GWAS data and their role in predicting PD outcome is controversial (Fung et al., 

2006; Maraganore et al., 2005; Papapetropoulos et al., 2006). The data in this work shows 

some subtle axon guidance pathway differences in the high αSyn neurons vs control 

neurons and this may reflect either different stage of maturity or patterning. It could also 

be due to clonal variation as mentioned before.       



 

  

 
Table 16 KEGG pathway analysis for significantly upregulated genes in high αSyn vs control cortical neurons 
 

 
 

 
 

 
 

 



 

  

 
Table 17 KEGG pathway analysis for significantly downregulated genes in high αSyn vs control cortical neurons 
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Figure 3.10 Transgenic hESCs equally downregulate pluripotency and upregulate 
neurogenesis genes following cortical differentiation 
 
A) Pluripotency genes are down regulated and B) neurogenesis genes upregulated equally 
following cortical differentiation, despite differences in endogenous αSyn levels. DPPA4, ZEB1 
and NPAS3 were top differentially expressed genes in the unbiased screen. 
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Figure 3.11 Specific axon guidance genes are differentially regulated in the neuronal 
groups 
 
Genes such as NTN1, LRRC4C and SEMA5A are significantly different between the high αSyn 
and control cortical neurons whereas other axon guidance genes are not. Thus, high 
endogenous αSyn may impart subtle effects in axon growth and development. 
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Figure 3.12 Synaptic markers are not significantly different in the neuronal groups 
 
High αSyn does not influence the expression of A) synaptic development genes, B) pre-
synaptic and C) post-synaptic genes.  
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Figure 3.13 Maturing neurones equally express telencephalic markers 
 
A) Both high αSyn and control neurons equally express cortical progenitor markers and radial 
glia markers. B) They also equally expressed deep layer markers and not the superficial layer 
marker CUX1. C) There was no significant difference in the expression of the cell migration 
gene DCX but there was a difference in SHH expression. 
 

 

 

CADM1 encodes cell adhesion molecule 1 and is important for synapse formation and 

neuronal plasticity (Stagi et al., 2010). It was upregulated in both neuronal groups (p < 

0.001 in both C vs A and D vs B) and no different between the neuronal groups (D vs C; 

Figure 3.12). PCDH9 was found in the unbiased screen and plays an important role in the 

development of the synaptic connectome (Kim et al., 2007). It has the same upregulated 

expression in the neuronal groups (p < 0.001 in both C vs A and D vs B) but not between 

the high αSyn neurons and control neurons. However, KIRREL3 (found in unbiased 

screen) has an important role in synapse formation and was significantly upregulated only 

in the high αSyn neuron group (p < 0.001 D vs B and also D vs C) (Tamura et al., 2005). 

The pre-synaptic markers SYP and SNAP25 were both significantly higher in the neuronal 

groups (p < 001 in both C vs A and D vs B) and no different between groups D and C 

(Oyler et al., 1989; Wiedenmann and Franke, 1985). The post-synaptic marker DLG4, 

encoding post synaptic density protein 95, was upregulated in both neuronal groups (p < 

0.01 C vs A and p < 0.05 D vs B) (Cho et al., 1992). The post-synaptic cell surface protein 

Neuroligin 1, encoded by NLGN1, was upregulated in the neuronal groups (p < 0.001 in 

both C vs A and D vs B) (Ichtchenko et al., 1995). Both post-synaptic proteins were no 

different in the high αSyn neurons or control neurons. The data suggests small differences 

in axonal maturity and synapse development. 

 

The cortical progenitor markers FOXG1, PAX6, LHX2 and EMX2 all have an important 

role in the development of the cerebral cortex, and some of these transcription factors can 

induce a direct conversion of fibroblasts to neurons (Raciti et al., 2013). The first three 

were significantly increased in the neuronal groups (FOXG1 p < 0.001 C vs A and D vs 

B; PAX6 p < 0.01 C vs A and p < 0.001 D vs B; LHX2 p < 0.001 C vs A and D vs B; Figure 

3.13) and no different between high αSyn neurons and control neurons. EMX2 was only 

increased in the high αSyn neurons (p < 0.001 D vs B). This could represent a difference 

in migration or patterning during telencephalon development. FABP7, a radial glia marker 

and PAX 6 downstream gene was only upregulated in high αSyn neurons (p < 0.01 D vs 

B) (Arai et al., 2005). RELN affects branching of radial glia during corticogenesis and was 

only increased in the high αSyn neurons (p < 0.001 D vs B) (Chai et al., 2015). Given that 
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the neuronal samples were 25 days in culture, the deep cortical layer markers, CTIP2 and 

TLE4, were upregulated in these samples (p < 0.001 C vs A and D vs B) and not 

significantly different due to high αSyn. The superficial layer marker, KITLG, SATB2 and 

CUX1 was no different in all four groups (Mariani et al., 2012). Finally, doublecortin, 

encoded by DCX is important in neuronal migration during telencephalon development 

and SHH for neuronal patterning (Gleeson et al., 1999; Komada et al., 2008). While DCX 

expression was significantly higher in the neuronal groups (p < 0.001 C vs A and D vs B) 

and no different due in high αSyn neurons and control neurons, SHH expression was 

lower in the high αSyn neurons relative to control neurons (p < 0.001 D vs C). Thus, the 

neurons acquire cortical identity equally but may have some differences in migration or 

patterning within the telencephalon due to high αSyn levels.  

 

I used a second platform to do pathway analysis; Qiagen’s Ingenuity Pathway Analysis 

(IPA, https://www.qiagenbioinformatics.com/products/ingenuitypathway-analysis), as a 

further check to the results so far (Krämer et al., 2014). IPA compared my data to over 

57,000 published datasets giving a more detailed overview of the biological relevance of 

my data. Figure 3.14 shows a hierarchical cluster diagram based on p values (darker 

suggests smaller p value) and that the canonical pathways which appear are similar to 

the analysis using g:GOSt. Axon guidance and synaptogenesis pathway are the main 

ones being differentially regulated. The biological functions outlined in table 18 point 

towards embryogenesis and neurogenesis and confirm what has been observed so far.  
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Figure 3.14 Hierarchical cluster analysis using the Ingenuity pathway analysis (IPA) 
 
A second pathway analysis platform highlights canonical pathways affect by differential gene 
expression in the analysed groups. Log2(fold change) cut off -1 to 1 used and -log(padj < 0.05) 
shown in purple (darker colour indicated smaller p value).  
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Table 18 High αSyn vs control cortical neurons comparison using IPA 
 

 

 

 

Finally, it is evident that both sets of hESCs (high αSyn and control) produce similar 

networks of neurons. The majority of DAPI positive cells were neurons and this was similar 

across each cell lines (Figure 3.15). Despite high total endogenous αSyn, both sets of 

neurons at day 12, showed comparable and homogenous immunostaining for the cortical 

progenitor marker PAX6. At day 45, immature neurons stained positively for the early 

cortical markers, T-box brain 1 transcription factor protein (TBR1) and Coup-TFI 

interacting protein 2 (CTIP2; Figure 3.16). 
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Figure 3.15 Control and αSyn over-expressing hESCs differentiate into mature neurons 
equally and efficiently 
 
A) βIII-Tubulin (blue) staining shows the formation of similar healthy neuronal networks despite 
different levels of endogenous αSyn. Scale bar, 50 μm. B) Quantification of βIII-Tubulin relative 
to a neuronal marker such as DAPI (white) showed no significant difference (Welch t-test used) 
in the percentage of neurons formed following cortical differentiation. N = number of biological 
replicates (differentiated cell line) and n = technical replicates (number of wells per cell line); 
control (N = 2, n = 5) and high αSyn (N = 3, n = 8). 
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Figure 3.16 Maturing neurons equally express telencephalic markers 
 
A) At day 12 both high αSyn and control neurons similarly express the cortical progenitor 
marker, PAX6 (green), scale bar 50 μm. B) At day 45, immature neurons express deep cortical 
layer markers TBR1 (green) and CTIP2 (red) relative to βIII-Tubulin (blue). Scale bar, 50 μm. 
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3.5 Exogenous αSyn PFFs induce ‘Lewy-like’ pS129-αSyn 
pathology which is intra-neuronal and can be quantified 
relative to total ßIII-Tubulin staining 
 

In order to optimise αSyn PFF seeding and develop a method to quantify pS129-αSyn 

staining, high αSyn expressing cortical neurons were initially seeded with exogenous 

αSyn PFFs for one week and fixed and stained after a further two weeks to allow time for 

the structures to form. Details of the experimental paradigm are outlined below in Figure 

3.17 below.  

 

 

 

 

 
Figure 3.17 Paradigm used to induce pathology in differentiated transgenic cortical 
neurons 
 
Cortical neurons treated under 3 conditions; unseeded or seeded with 5 µg/ml of exogenous 
αSyn monomers or PFFs. A full media change was performed a week after seeding and the 
cells fixed and immunostained after a further 2 (or 3) weeks later for pS129-αSyn and βIII-
Tubulin. 
 

 

 

Specifically, exogenous αSyn PFFs led to the formation of pS129-αSyn structures in both 

control and high endogenous αSyn neurons. Fixation and immunostaining after two or 

three weeks following αSyn PFF exposure was a suitable balance to allow pS129-αSyn 

structures to form and cellular toxicity (data not shown). The pS129-αSyn staining was 

observed along the length of axons and within the cell bodies. Figure 3.18 shows an 

example of these inclusions in high αSyn cortical neurons. The same degree of staining 

was not observed for unseeded and monomer seeded neurons. A co-stain was done for 

oligomeric forms of αSyn using an antibody which recognises this specific state of αSyn. 

Oligomeric αSyn staining was noted to often overlap with pS129-αSyn. However, the 
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oligomeric αSyn antibody was able to detect oligomers that were both intra- and extra-

neuronal and was thus not suitable to use for quantification in αSyn PFF seeded neurons 

(Figure 3.18).  

 

 

 

Figure 3.18 αSyn PFF exposure leads to pS129-αSyn structures in αSyn over-
expressing cortical neurons 
 
These mature cortical neurons, either unseeded or seeded with αSyn PFFs, show that pS129-
αSyn (green) structures form in the latter group of neurons with high endogenous αSyn. Albeit 
qualitative data, it seems that even without the addition of αSyn PFFs, high αSyn neurons 
have more oligomeric αSyn (red) relative to βIII-Tubulin (blue) and are thus primed for 
pathology. Scale bar, 10 μm. 
 

 

 

In order to confirm that the observed pS129-αSyn inclusions were intra-neuronal, confocal 

imaging was performed on PFF-seeded αSyn over-expressing cortical neurons. 

Orthogonal views at high magnification suggest that pS129-αSyn staining was indeed 

intra-neuronal. I found that some of the pS129-αSyn structures co-localised with p62, a 

multifunctional ubiquitin-binding protein that is often found in Lewy bodies (Kuusisto et al., 

2003). Thus, such inclusions may represent human Lewy-like pathology and confirm the 

validity of this PD model (Figure 3.19).  
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Figure 3.19 pS129-αSyn structures are intra-neuronal and Lewy-like 
 
A) Confocal image with adjacent orthogonal views to show the intra-neuronal localisation of 
pS129-αSyn (green) relative to βIII-Tubulin (blue). Scale bar, 1 μm. B) These pS129-αSyn 
structures also co-localise with the p62 (red) protein which has also been observed in Lewy 
bodies, suggesting the formation of Lewy-like pathology, Scale bar, 20 μm. The images in both 
panels represent mature αSyn PFF-seeded αSyn over-expressing neurons. 
 

 

 

pS129-αSyn staining was quantified relative to βIII-Tubulin. These two image channels 

were binarized and a Boolean ‘AND’ function performed on Fiji image processing software 

to filter only pS129-αSyn which overlapped with βIII-Tubulin (i.e. to exclude debris). The 

area of the resulting image was measured, and a percentage total pS129-αSyn was 

calculated using total βIII-Tubulin as the denominator (Figure 3.20). This method has 

some potential to remove real signal, but it was more important to exclude debris. 



Chapter 3 

Ammar Natalwala | 2020   118 

 

 
 
 
Figure 3.20 Method used to quantify pS129-αSyn relative to βIII-Tubulin 
 
A) The pS129-αSyn (green) staining is quantified relative to βIII-Tubulin (blue), as a 
percentage area. B) Images are first binarized and then a Boolean AND function is conducted 
between the pS129-αSyn and βIII-Tubulin binary masks in order to measure the overlapping 
area, i.e. intraneuronal pS129-αSyn. Any debris is therefore excluded from the analysis. 
 

 

 

3.6 αSyn over-expressing cortical neurons are highly 
susceptible to Lewy-like pathology following exposure to 
exogenous αSyn PFFs  
 

Multiple images were taken of each well and deconvolved to aid the quantification 

process. Whilst taking the images, βIII-Tubulin channel was used to scan for areas of 

neuronal density, at random, in order to minimise bias in terms of capturing areas with the 

highest pS129-αSyn. It is important to note that these structures were only visible at 

magnifications greater than 20x and so care was taken to ensure an unbiased approach 

was used (multiple images per well and random selection of regions to image and multiple 

control samples including unseeded and monomer seeded wells).  
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A general linear model, more specifically a 3-way ANOVA test, was used investigate the 

significance of 3 independent variables (control vs high αSyn group, type of seeding and 

experiment) on acquisition of pS129-αSyn pathology. A similar statistical approach to that 

mentioned in section 3.3 was used to see if experimental variability did or did not 

significantly bias these results. Steps were taken to ensure that the acquired data within 

and between experiments was comparable (same microscope settings, image 

deconvolution settings etc), but this was to control for any minor experimental differences 

which could not be accounted for. The analysis showed that the statistically significant 

main effects were group (EMM ± SEM for high αSyn 0.10 ± 0.01 and control 0.02 ± 0.01; 

F(1,10) = 25.8, p < 0.001) and type of seeding (EMM ± SEM for unseeded 0.03 ± 0.01, 

monomer seeded 0.02 ± 0.01 and PFF seeded 0.12 ± 0.01; F(2,10) = 18.1, p < 0.001). 

The interaction between group and type of seeding was significant, (F(2,10) = 12.4, p = 

0.002). The interactions between group and experiment (F(3,10) = 0.3, p = 0.795), and 

type of seeding and experiment, (F(5,10) = 0.8, p = 0.563) were not significant. Therefore, 

any inter-experimental variability did not significantly confound these results.  

 

The simple effects, based on estimated marginal means, for the pairwise comparisons 

between group and type of seeding are shown in the table in Figure 3.21. In the high αSyn 

group the unseeded EMM ± SEM was 0.05 ± 0.02 (CI95% 0.01, 0.09), monomer seeded 

0.04 ± 0.02 (CI95% -0.01, 0.08) and PFF seeded 0.20 ± 0.02 (CI95% 0.17, 0.24). In the 

controls, EMM ± SEM for unseeded neurons was 0.01 ± 0.02 (CI95% -0.03, 0.05), 

monomer seeded 0.01 ± 0.02 (CI95% -0.03, 0.06) and PFF seeded 0.03 and 0.02 (CI95% -

0.01, 0.06). The simple effects of seeding type in the high αSyn group were statistically 

significant (F(2,10) = 32.9, p < 0.001) due to PFF seeding (Figure 3.21) and not significant 

for the control group (F(2,10) = 0.2, p = 0.811). The simple effects of group on seeding 

type showed that there was a significant difference for PFF seeding between high αSyn 

and control groups (F(1,10) = 59.7, p < 0.001) but not for monomer seeding (F(1,10) = 

0.6, p = 0.448) or unseeded neurons (F(1,10) = 2.0, p = 0.189).  
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Figure 3.21 Human αSynWT PFFs trigger pS129-αSyn pathology in αSyn over-
expressing cortical neurons 
 
A) Unseeded and monomer seeded control cortical neurons (at day 71) did not acquire pS129-
αSyn (green) relative to bIII-Tubulin (blue). The (3 week) αSyn PFF seeded control neurons 
sparsely showed regions of positive pS129-αSyn staining which followed along the length of 
affected axons. The image shown for this is an example of such region. B) High αSyn 
expressing mature cortical neurons showed abundant pS129-αSyn structures following αSyn 
PFF seeding but not in unseeded or monomer seeded conditions. Scale bar, 20 μm for main 
image and 10 μm for focussed image in each panel. C) Quantification of pS129-αSyn relative 
to bIII-Tubulin as a percentage area (as described in methods above). Each data point 
represents one differentiated cell line (biological replicate) over 4 experiments. The cells lines 
used for these experiments include 2 control (Shef4 and S9) and 2 high αSyn lines (S8 and 
S37). N = number of biological replicates and n = technical replicates (number of wells). 
Control neurons (unseeded N = 4, n = 6; monomer seeded N = 3, n = 5; PFF seeded N = 5, n 
= 12) and high αSyn neurons (unseeded N = 5, n = 13; monomer seeded N = 4, n = 9; PFF 
seeded N = 6, n = 21). A 3-way ANOVA was performed to account for group (control v high 
αSyn), type of seeding and experiment as independent variables. The main effects for group 
(p < 0.001) and type of seeding (p < 0.001) were significant and experiment was not significant 
(p = 0.056). Interactions for group and type of seeding (p = 0.002) was significant and group 
and experiment (0.795) and type of seeding and experiment (0.563) were not significant. The 
table below the quantification chart shows the simple effects pairwise comparisons and 
significant results (in red) are also highlighted on the graph (*** = 2-tailed p < 0.001). This data 
shows that the only high αSyn expressing cortical neurons acquired Lewy-like pS129-αSyn 
structures following seeding with αSyn PFFs. Reasons for why control neurons seeded with 
αSyn PFFs did not acquire any significant pS129-αSyn pathology is discussed in the main 
text.   
 

 

 

3.7 Summary 
 

The data in this chapter shows that transgenic human αSyn over-expression in hESCs 

does not impair their ability to generate neuronal networks. There may be some subtle 

differences in axonal guidance, maturity or patterning but overall these sets of neurons 

were comparable for the subsequent PFF work. Using a disease trigger, such as the 

addition of αSyn PFFs, I showed that cortical neurons with high endogenous αSyn were 

highly susceptible to the formation of Lewy-like pathology. Note that the term ‘αSyn 

seeding’ in this work refers to both addition of αSyn monomers or PFFs and the process 

of proteopathic seeds recruiting endogenous αSyn to form aggregates. This adds to our 

understanding of why certain groups of neurons appear to have far more LBs and LNs in 

PD and could lead to treatments targeting vulnerable neurons with higher endogenous 

αSyn. 

 

The RNA-seq data shows a useful overview of the transcriptional landscape at a snapshot 

in time during the development process. The strength of this work is that the key 
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timepoints day 0 and day 25 were analysed using several clonal lines (including the non-

transgenic parental line Shef4) and also the sustained over-expression of αSyn in the test 

lines. It is important to acknowledge the limitations of this approach which are that 3’UPX 

RNA-seq only examines the polyA transcripts and the possibility of clonal variation could 

still apply. PolyA or protein-coding transcripts are the ones of interest, however, and 

several clonal lines were used to minimise the bias of clonal variation. The observed 

segregation in the PCA plot and further detailed transcript analyses are concordant with 

transcriptional change following cortical differentiation. Simply observing the top ten up- 

or downregulated genes in pairwise comparisons shows a large similarity despite a large 

difference in endogenous αSyn levels. Transgenic SNCA expression was not detected in 

the transcriptomic analysis and thus the data analysis was not skewed or biased in this 

regard. The most interesting pairwise comparison was that of high αSyn neurons and 

control neurons which highlighted differences in axon guidance. In several axon guidance 

pathways, some genes were not significantly different between these groups and some 

were. This suggests subtle differences in neuronal maturity or patterning which is difficult 

to extrapolate on further and would require an in vivo model (with a similar level of αSyn 

over-expression) and detailed phenotyping experiments. It would be interesting to include 

day 71 samples in the transcriptomic analysis above to ascertain if αSyn truly has a 

prominent role in the maturation and patterning of these cortical neurons. 

Electrophysiological tests and calcium flux assays could be used to test for functional 

maturity of these neuronal networks at this timepoint. 

 

The transgenic lines and differentiated cortical neurons provided an excellent PD model 

to investigate the extent of pS129-αSyn pathology following addition of αSyn PFFs. It 

could be argued that dopaminergic neurons would have been more representative of PD 

but synucleinopathy is not limited to dopaminergic neurons in PD. From a developmental 

perspective, generation of cortical neurons can be viewed as the default neuronal subtype 

and addition of other factors at key timepoints leads to the generation of other neuronal 

subtypes such as dopaminergic neurons. Specifically, the timing and delivery of these 

developmental cues needs to direct these neurons to the midbrain floorplate and towards 

A9 dopaminergic neurons. This represents a general challenge for the field in modelling 

PD and does introduce additional variables and the need for meticulous optimisation for 

each clonal cell line. Although conceptually more representative of PD, the complexity 

and potential confounding factors for this experiment would increase. I believe that for this 

reason I was not able to complete the cortical versus dopaminergic neuron comparisons, 

detailed in Table 2. However, to claim that αSyn over-expression does not specifically 
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impair dopaminergic differentiation would require further work incorporating a similar 

approach as above but for this neuronal subtype. Nonetheless, there was a clear 

difference in the cortical neurons with high endogenous αSyn in that the pS129-αSyn 

Lewy-like structures were more abundant and appear well-formed than the control groups. 

This experiment had many controls which were not only neurons with normal αSyn levels 

but also unseeded and monomer seeded neurons in each group which would not be 

expected to acquire this pathology. However, the control neurons seeded with αSyn PFFs 

should have acquired significantly more pS129-αSyn, but this was not the case (Gribaudo 

et al., 2019). Possible explanations may be due to αSyn PFF potency (although these a 

screened for efficacy when each batch is created) or due to the fact that most of the control 

lines were S9 and may be relatively resistant to this pathology due to clonal variation. 

Having data for αSyn levels at day 71 would have been useful to confirm this and 

repeating the experiment with different types of αSyn PFFs, perhaps re-sonicated, may 

have overcome this problem. Another approach would be to use an inhibitor of autophagy 

which also increases the appears of these structures in culture (Karpowicz et al., 2017). 

It is interesting to note that pS129-αSyn was higher in unseeded and monomer seeded 

neurons compared to the control groups, but this was not statistically significant. It may 

indicate that transgenic over-expression alone starts a pathological process which is 

further augmented with PFFs. Although not addressed in this work, the kinetics of the 

disease process may not necessarily be linear and would be interesting to look at in future 

work. It would be useful to quantify perinuclear vs axonal structures in future work and the 

use of dyes such as Amytracker480 which can detect fibrils as they form; useful for live 

imaging to detect fibril formation over time. Although my attempt to compare high αSyn 

cortical vs dopaminergic neuron susceptibility failed, the impact of cell type would be a 

valuable addition to our knowledge and could be investigate and optimised in future work. 

 

The PD model described in this chapter could be used to gain further mechanistic insight 

into the development of Lewy-like pathology. PFF-seeded cortical neurons with normal or 

high αSyn endogenous levels could be processed for transcriptomic or proteomic analysis 

to identify downstream pathways perturbed by this synucleinopathy. This model could 

also be used for high throughput screening of drug libraries to identify compounds that 

prevent or reverse Lewy-like inclusion formation. The data in this chapter was 

complementary to our published paper by Chen et al., which reports the impact of 

knocking down αSyn and reducing disease susceptibility in αSyn PFF seeding 

experiments (Chen et al., 2019). Over-expression increases susceptibility and the wider 

application of this work is that it provides a possible explanation of why specific groups of 
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neurons acquire Lewy pathology more readily than other and strategies to reduce αSyn 

levels may protect neurons from PD. This work not only provides an invaluable 

‘accelerated PD model’ but is particularly relevant to the current work using pluripotent 

stem cell-derived dopaminergic grafts to replace dopaminergic neurons in PD (Kikuchi et 

al., 2017). These grafts could be genetically engineered to either express lower level or 

no αSyn; rendering them resistant to Lewy pathology (Kunath et al., 2019). 
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Chapter 4 
 
 

SNCAG51D/G51D rats are more susceptible to 
Lewy-like pathology following stereotaxic 

injection with αSyn PFFs 
 

4.1 Introduction 
 

The premise of this chapter is to investigate the impact of another endogenous state of 

αSyn, namely the αSynG51D point mutation. It is known from human data that this point 

mutation leads to a clinically severe phenotype and disease onset and progression is 

accelerated; similar to that of SNCA multiplication but arguably more severe in some 

cases (Kiely et al., 2013; Lesage et al., 2013; Singleton et al., 2003). We know that 

αSynG51D is mis-localised from the synapse in the SNCA
G51D/G51D rats (West, 2020), and 

so the hypothesis is that these mutant rats would be more susceptible to Lewy-like 

pathology following intracerebral injection of αSynWT PFFs.   

 

The approach used to address hypothesis three is novel for two reasons; firstly, αSyn PFF 

seeding has been performed in αSyn over-expressing rodents (Thakur et al., 2017) but 

not in an animal with an endogenous αSynG51D mutation. Secondly, this CRISPR-

engineered rat model itself is novel and does not rely on transgenic or viral expression of 

mutant αSyn protein. In the literature there is a report of a mini-pig model containing 

αSynG51D (in combination with αSynE46K and αSynH50Q) mutations, but no mention of Lewy-

like pathology or αSyn PFF seeding in this model (Zhu et al., 2018). Phenotypic analysis 

of SNCA
G51D/G51D showed that the mutation alone is not sufficient to give Lewy-like 

inclusions at one year of age (West, 2020). This is in stark contrast to the same 

heterozygous mutation in humans which leads to abundant Lewy pathology (Lesage et 

al., 2013). Therefore, I used αSyn PFFs to augment the disease process in SNCA
G51D/G51D 

rats which did lead to abundant Lewy-like pathology.  

 

The first careful consideration was the site of injection for αSyn PFFs and duration of time 

to investigate initiation and propagation of pathology. Preliminary data at 6 weeks post-
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injection showed a marked difference between PFF-injected SNCA
G51D/G51D and SNCA

+/+ 

rats where the former had pS129-αSyn pathology around the injection site, which was not 

observed in the injected SNCA
+/+ rats. The frontal cortex was chosen as the site of 

injection to see if interconnected structures including olfactory bulb (OFB), striatum and 

SN would be differentially susceptible. If the αSyn PFFs had been simply injected into the 

striatum, then one would expect overt pathology in the striatum and substantia nigra which 

are directly connected. The indirect approach of injecting the frontal cortex was more 

relevant for information on differential regional susceptibility, covering a large number of 

connected regions which are most vulnerable in PD (OFB, striatum, SN etc).  

 

Only a few studies have injected αSynWT PFFs into frontal cortex (Bassil et al., 2020; Hao 

et al., 2018; Osterberg et al., 2015; Reyes et al., 2014) and one paper reports injection of 

αSynG51D PFFs leading to both neuronal and oligodendroglial inclusions (Hayakawa et al., 

2020). The first observation in this work is that the qualitative distribution of pathology is 

different between PFF-injected SNCA
G51D/G51D and SNCA

+/+ rats. The wild-type rats had 

more peri-nuclear structures whereas the mutant rats had abundant axonal LN-like 

structures. This may reflect a difference in disease mechanism due to the mutation or a 

different stage of LB or LN formation, which may be more advanced in the mutant rats. It 

is clear that the propagation of disease in both genotypes was along interconnected 

anatomical regions and the susceptible regions in PD also exhibited pathology at six 

months post-injection. Interestingly, in the SNCA
G51D/G51D rats there was more pS129-

αSyn in the striatum although this was not statistically significant. More sophisticated 

quantification of peri-nuclear and axonal structures may elucidate these differences 

further. Assessment of pathology in other cell types, such as oligodendrocytes, would be 

of high interest. This work shows that the SNCA
G51D/G51D rats are primed for pathology, 

developing extensive and advanced pathological structures, and that the injection site 

used is highly relevant and important to investigate regional susceptibility in PD. This 

novel rat model is an invaluable tool to investigate disease mechanisms of PD, including 

where αSyn may be mislocalising, how this affects formation of Lewy-like structures at the 

cellular level, and the downstream events following these processes. 

 

 

4.2 Frontal cortex chosen as site of αSyn PFF injection 
 

Initial αSyn PFF injection into transgenic and WT mice was done by Luk and team, which 

demonstrated that the biological process of disease propagation can be recreated in an 

experimental setting (Luk et al., 2012a, 2012b). Several studies showed that this occurs 
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along anatomically connected regions and a striking example is that of αSyn PFF injection 

into the vagus nerve leading to pathology in the DMNV (Ulusoy et al., 2015). As shown in 

Table 1, most experimental studies employ an approach to inject into olfactory bulb, 

striatum, SN or the hippocampus. Few studies injected αSyn PFFs into the frontal cortex. 

Both striatum and frontal cortex are large structures but anatomically one could argue that 

it is more difficult to inject into frontal cortex and expect consistent results. This is not only 

contingent on the co-ordinates chosen, but also the accuracy and precision of stereotaxic 

injection between rats. Having said this, if it was possible to maintain the accuracy and 

precision, careful selection of co-ordinates in the frontal cortex opens more possibilities to 

investigate disease propagation due to the anatomical connections involved, in 

comparison to structures such as the striatum. Injecting into striatum, which we know is 

vulnerable in PD, does not itself show that the disease is selectively propagating to this 

region. The data described in this chapter shows the pattern of disease propagation in 

both SNCA
G51D/G51D and SNCA

+/+ rats which was observed in at least 2 rats per group. 

Despite the challenges described, this work shows that it is possible to maintain 

consistency and have the advantage of more insightful information on disease 

propagation. 

 

In a preliminary experiment, the right frontal cortex (AP 3.2 ML -1.5 DV -2.5) was injected 

in a SNCA
G51D/G51D and SNCA

+/+ rat and corresponding non-operated controls were 

analysed for pS129-αSyn and 6 weeks post-injection. These results indicated three 

important points; first, that the αSyn PFF injection (and DAB IHC for pS129-αSyn) was 

working, second the SNCA
G51D/G51D rats appear more susceptible to Lewy-like pathology 

and third, a longer duration of time was needed to assess disease propagation in other 

regions. The first point was crucial because of a number of technical challenges involving 

αSyn PFF injection, including accurate, precise and complete delivery of the PFFs, 

minimising reflux, αSyn PFF potency and optimisation of the detection method (tissue 

fixation, antigen retrieval, DAB IHC all without a positive control). While this type of 

experiment is reported in the literature, this is the first time this had been undertaken in 

our laboratory as I had established the entire stereotaxic injection set up. Given that only 

LB and LN-like structures were seen at the injection site in the mutant rats and not in the 

WT operated and the two non-operated controls (Figure 4.1), this suggested that the 

mutant rats were more susceptible to Lewy-like pathology which biological corresponds 

with previous phenotype data regarding mislocalisation of αSyn from the synapse (West, 

2020). Finally, in the preliminary work there was no pathology observed beyond the site 

of injection and we know that the disease process advances over time and so a longer 
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time period was needs to assess the impact on interconnected regions; for the main 

experiment the 6-month time point was chosen.  
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Figure 4.1 Preliminary data using stereotaxic cortical αSyn PFF injection into G51D 
homozygous rats suggests they are ‘primed for pathology’ 
 
DAB immunostaining for pS129-αSyn on rat brain sections from injected G51D homozygous 
and wild type Fischer 344 rats as well as non-operated controls. Injected rats received 10 µg 
αSyn PFFs into the right frontal cortex and were perfusion fixed after 6 weeks. Only the injected 
G51D homozygous mutant rat showed Lewy body and Lewy neurite-like pathology in the 
frontal cortex near the injection site (examples I and II) and the olfactory bulb, suggesting it is 
primed to develop this pathology. Scale bar 50 µm each image and 10 µm zoomed-in image, 
n = 1 rat for each genotype and experimental condition. 
 

 

 

4.3 pS129-αSyn pathology is most abundant at the injection 
site and a different pattern of staining is observed in G51D 
mutant and WT rats at six months 
 

Based on the preliminary work, I performed two sets of independent stereotaxic αSyn PFF 

injections, but this time used a longer end point of six months. This included six 

SNCA
G51D/G51D and four SNCA

+/+ rats in the first set of injections and three SNCA
G51D/G51D 

and two SNCA
+/+ rats in the second set. 6 SNCA

G51D/G51D and 4 SNCA
+/+ age and gender-

matched rats were used as non-operated controls (Table 10). Figure 4.2 shows 5 µm thick 

sections immunostained for pS129-αSyn (DAB) for SNCA
+/+ and SNCA

G51D/G51D rats, 

respectively. These correspond to the site of injection, which is particularly visible as a 

tract in the ipsilateral secondary motor area (M2) in Figure 4.2B. The initial observation 

for both genotypes is that human αSynWT PFFs successfully induced extensive pS129-

αSyn pathology at six months. In these sections particularly, it is evident that these 

pathological structures not only extend beyond the site of injection into adjacent regions 

of the frontal cortex (ventral optic (VO), lateral optic (LO) and insular cortex) but also into 

the olfactory bulb. It appeared that the medial part of the olfactory bulb (piriform cortex or 

Pir) was affected and that the pS129-αSyn pathology was also present on the 

contralateral corresponding structures but to a lesser extent. This is reflected by disease 

pathology in anatomical structures crossing the midline such as the anterior commissural 

fibres (aca) (Brodal, 1948). Equally, one must note that other regions such as the lateral 

olfactory tract (lo) appear to be relatively spared.  

 

In addition to regional pathology, the cellular localisation of pS129-αSyn was different 

between PFF-injected mutant and WT rats. The WT rats showed predominantly 

perinuclear and cytoplasmic staining whereas the mutant rats had more axonal pS129- 

αSyn structures that appeared to be more characteristic of Lewy-like structures. An 
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interesting structure, termed ‘Islands of Calleja’ (ICj), was observed to be affected by 

diffuse pS129-αSyn pathology one PFF-injected WT rat but not the G51D mutant rats, 

shown in Figure 4.2A. It encompasses a group of granule cells within the olfactory tubercle 

that include dopaminergic and other monoaminergic fibres, and may explain in part the 

presence of pathology in limbic structures described below (Gurevich et al., 1999; Meyer 

et al., 1989). 
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Figure 4.2 SNCAG51D/G51D PFF-injected rats have more abundant and mainly axonal 
pS129-αSyn pathology in the frontal cortex and olfactory bulb 
 
pS129-αSyn DAB (brown) and haematoxylin (blue) nuclear staining on A) SNCA+/+ and B)  
SNCAG51D/G51D PFF-injected rats. Both sections approximately correspond to Figure 8  of the 
Rat Brain Atlas (injection site) (Paxinos and Watson, 2017). Both genotypes had bilateral 
pS129-αSyn inclusions in the frontal cortex and olfactory bulbs. Mutant rats had more defined 
axonal and perinuclear inclusions whereas WT rats had more perinuclear staining. Schematic 
diagram in the top right-hand corner shows an approximate visual representation of pS129-
αSyn pathology. Abbreviations: aca = anterior commissure, fmi = forceps minor of corpus 
callosum, ICj = Island of Calleja, lo = lateral olfactory tract, M1 = primary motor cortex, M2 = 
secondary motor cortex, MO = Medial orbital cortex, VO = Ventral orbital cortex, LO = Lateral 
orbital cortex and Pir2 = Piriform cortex layer 2. Scale bar, 30 µm.  
 

 

 

4.4 Caudal extension of pS129-αSyn pathology appears 
along interconnected regions and is more prominent in the 
striatum of SNCAG51D/G51D rats 
 

Exploration of pS129-αSyn pathology in the anterior striatum (Figure 4.3) and associated 

regions showed disease propagation along anatomically connected regions. For both 

genotypes, there were pS129-αSyn structures in M2 but not in the primary somatosensory 

cortex (S1). PFF-injected SNCA
+/+ rats shows the same diffuse staining in the Pir2 region 

and SNCA
G51D/G51D rats also had staining (perinuclear) in this region. Ipsilateral regions 

had more abundant Lewy-like pathology. Small dots of pathology were observed in 

structures connecting the hemispheres, corpus callosum (cc) and aca. However, the 

cardinal observation was the occurrence of defined pS129-αSyn structures in the anterior 

striatum (CPu) and nucleus accumbens (AcbC) of mutant rats (Figure 4.3). Both 

perinuclear and axonal deposits were observed in the anterior striatum for both genotypes 

but more so in the mutant rats. This suggests selective propagation in PD-related regions.  

 

In Figure 4.4, these sections show the posterior striatum and other structures such as the 

Nucleus basalis of Meynert (B), internal capsule (IC). Particularly in the mutant rats, 

defined axonal and cytoplastic inclusions of pS129- αSyn were observed in the posterior 

striatum. Other structures such as M2, Pir2 and the insular cortex continued to show these 

inclusions but to a lesser extent, in both genotypes, than that shown in Figure 4.3. This 

corroborates time and distance as independent variables in disease propagation. pS129-

αSyn pathology was rarely present in Nucleus basalis of Meynert, IC and cc for both 

genotypes. Whilst anatomical boundaries are maintained, it is clear that disease 

propagation occurs over a large distance and structures such as the striatum appear 

highly vulnerable in the SNCA
G51D/G51D rats. 
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Figure 4.3 More striatal inclusions are observed in the SNCAG51D/G51D PFF-injected rats 
compared to WT rats 
 
pS129-αSyn DAB (brown) and haematoxylin (blue) nuclear staining of A) SNCA+/+ and B)  
SNCAG51D/G51D PFF-injected rats. Both sections approximately correspond to Figure 27  of the 
Rat Brain Atlas with a focus on the anterior striatum (Paxinos and Watson, 2017). Both 
genotypes had bilateral pS129-αSyn inclusions which were more abundant in the injected 
(ipsilateral) hemisphere. Mutant rats had more defined axonal and perinuclear inclusions in 
the striatum. WT rats had diffuse pathological staining in Pir2 (perinuclear in the mutant rats). 
This region is connected anatomically to the OFB. Somatosensory areas were spared. 
Schematic diagram in the top right-hand corner shows an approximate visual representation 
of pS129-αSyn pathology in the section. Abbreviations: aca = anterior commissure, AcbC = 
accumbens nucleus, CPu = caudate putamen, striatum, ec = external capsule,  M1 = primary 
motor cortex, M2 = secondary motor cortex, Pir2 = Piriform cortex layer 2 and S1 = primary 
somatosensory cortex. Scale bar, 30 µm.  
 
 

 

4.5 Diffuse cerebral peduncle and hippocampal pathology 
observed in the SNCA+/+ but not SNCAG51D/G51D rats 
 

In the PFF-injected WT control rats, there was diffuse pS129-αSyn in the cerebral 

peduncle (cp), ipsilateral more than contralateral, indication propagation of disease along 

the corticospinal tract fibres. The substantia nigra also had some diffuse staining, 

however, the stratum lucidum (SLu) mossy fibre layer of the hippocampus was also 

evidently affected by the same pathology. This staining was observed in serial sections 

and between different rats, confirming that this is a consistent finding. The granule layer 

of the dentate gyrus (GrDG) has the same diffuse staining. Other regions of the 

hippocampus including CA1 and CA2 regions as well as the cortical amygdala (CoA) 

showed perinuclear staining. This suggests spread of pathology in the limbic system. The 

medial mammillary nucleus (ML) was also noted to have perinuclear pS129-αSyn staining 

bilaterally. Other structures connected to the olfactory tract, including the dorsolateral 

entorhinal cortex (DLEnt), ectorhinal cortex (Ect) and perirhinal cortex (PRh) all contained 

pathological structures. Whilst there was some mild staining in the primary and secondary 

visual cortices (V1 and V2), the somatosensory cortex appeared to be spared.  

 

In the PFF-injected mutant rats, on the other hand, did not show the diffuse pS129-αSyn 

staining observed in the WT rats. There were some pathological structures observed in 

the GrDG, CA2 and also CoA, and Pir2 regions (Figure 4.5). The PRh and V2 had axonal 

structures, more so on the ipsilateral hemisphere. Interestingly, the substantia nigra pars 

compacta (SNpc) had well defined inclusions bilaterally. This may suggest that whilst the 

WT animals show a more diffuse and widespread pattern of pathology, the mutant rats 

had more defined structures particularly within the nigrostriatal system.  
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Figure 4.4 pS129-αSyn pathology is abundant in the posterior striatum of the mutant 
compared to WT rats 
 
pS129-αSyn DAB (brown) and haematoxylin (blue) nuclear staining on A) SNCA+/+ and B)  
SNCAG51D/G51D PFF-injected rats. Both sections approximately correspond to Figure 41  of the 
Rat Brain Atlas with a focus on the posterior striatum (Paxinos and Watson, 2017). Mild 
pathological staining is observed in the motor regions and cortices connected to the olfactory 
tract as before. However, most strikingly there is continuing defined pathology in the posterior 
striatum in the mutant rats. Schematic diagram in the top right-hand corner shows an 
approximate visual representation of pS129-αSyn pathology in the section. Abbreviations: B 
= Nucleus basalis of Meynert, CPu = caudate putamen, striatum, DEn = dorsal endopiriform 
nucleus, ec = external capsule, EGP = Globus pallidus externa, f = fornix, IGP = Globus 
pallidus interna, M1 = primary motor cortex, M2 = secondary motor cortex, Pir2 = Piriform 
cortex layer 2, PT = paratenial thalamic nucleus, S1 = primary somatosensory cortex  and vhc 
= ventral hippocampal commissure. Scale bar, 30 µm. 
 

 

 

4.6 Quantification of pS129-αSyn pathology 
 

Total pS129-αSyn was quantified using QuPath software as area of positive staining over 

total tissue area once a detection threshold was set (Figure 4.6). Stain vectors were set 

to be the same for each image and any areas of debris were excluded. N described one 

rat per group (biological replicate) and n described one section (technical replicate 

analysed in duplicate or triplicate) per rat. Quantification showed that overall pS129-αSyn 

was higher in the SNCA
G51D/G51D vs SNCA

+/+ rats, but this was not statistically significant 

(mean ± SEM for SNCA
G51D/G51D 0.020 ± 0.004, N = 5, n = 21 vs SNCA

+/+ 0.011 ± 0.004, 

N = 4, n = 16; tWelch(34.9) = 1.5, p = 0.148, CI95%(-0.003, 0.019)). Analysis of certain 

regions of interest including OFB, striatum and SN showed that particularly in the striatum, 

the mutant rats had more pS129-αSyn but again this was not statistically significant (mean 

± SEM for SNCA
G51D/G51D 0.032 ± 0.012, N = 5, n = 10 vs SNCA

+/+ 0.004 ± 0.001, N = 4, 

n = 7; tWelch(9.2) = 2.2, p = 0.052, CI95%(-0.000, 0.056)). A similar (non-statistically 

significant) result was observed for OFB (mean ± SEM for SNCA
G51D/G51D 0.068 ± 0.048, 

N = 5, n = 5 vs SNCA
+/+ 0.048 ± 0.030, N = 4, n = 4; tWelch(6.5) = 0.4, p = 0.731, CI95%(-

0.115, 0.155)). The number of biological repeats was too small to analyse the data for SN. 

Overall, the quantification gives an indication but not the entire picture that is observed 

qualitatively. More refined quantification methods and increased biological replicates may 

be able to uncover significant differences in the future.  
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Figure 4.5 Diffuse pathology observed in the cerebral peduncles of SNCA+/+ rats and 
some defined structures in the SN of SNCAG51D/G51D PFF-injected rat 
 
pS129-αSyn DAB (brown) and haematoxylin (blue) nuclear staining on A) SNCA+/+ and B)  
SNCAG51D/G51D PFF-injected rats. Both sections approximately correspond to Figure 71  of the 
Rat Brain Atlas with a focus on the substantia nigra and hippocampus (Paxinos and Watson, 
2017). Over six months the pS129-αSyn pathology extended along the cranio-caudal axis to 
the hippocampus and substantia nigra. The most evident staining was diffuse and in the 
cerebral peduncle in the WT rats. Specific regions of the hippocampus including the stratum 
lucidum were diseased. The mutant rats did not have the diffuse staining but showed defined 
pathology in the substantia nigra and cornu ammonia 2 of the hippocampus. This again 
suggests a predilection for nigrostriatal circuits in the mutant rats.  Schematic diagram in the 
top right-hand corner shows an approximate visual representation of pS129-αSyn pathology 
in the section. Abbreviations: cp = cerebral peduncle, CA1, CA2, CA3 = cornu ammonis of the 
hippocampus, CoA = Cortical amygdalar area, DLEnt = dorsolateral entorhinal cortex, Ect = 
ectorhinal cortex, GrDG = granule layer of dentate gyrus, ML = medial mammillary nucleus, 
Or = oriens layer of the hippocampus, Pir2 = piriform cortex layer 2, PRh = perirhinal cortex, 
SLu = stratum lucidum of hippocampus, SNR = substantia nigra pars reticulata, SNpc = 
substantia nigra pars compacta, V1 = primary visual cortex and V2 = secondary visual cortex. 
Scale bar, 100 µm (larger image focussing of diffuse pathological stain) and 30 µm. 
 
 

 

 

 

 

 

 

 

 

 



Disease modelling in a novel SNCAG51D mutant rat 

Ammar Natalwala | 2020   146 

 

 



Chapter 4  

Ammar Natalwala | 2020   147 

 

Figure 4.6 Quantification of pS129-αSyn structures in SNCAG51D/G51D and SNCA+/+ rats in 
whole brain, olfactory bulb, striatum, and substantia nigra 
 
Quantification of pS129-αSyn area of positive staining relative to total area of the section 
analysed. Each data point represents one rat (biological replicate). A) Overall, the total 
%pS129-αSyn was higher in the SNCAG51D/G51D rats but was not statistically significant. B) This 
was also true for the striatum but again not statistically significant. Abbreviations: OFB = 
olfactory bulb and SN = substantia nigra. 
 

 

 

4.7 Summary 
 

The data in this chapter examines formation of synucleinopathy in a novel PD rat model 

with the SNCA
G51D familial mutation. When unperturbed the mutation alone does not 

cause Lewy-like pathology, but upon αSyn PFF stereotaxic injection the mutation 

synergistically induces a synucleinopathy that is different from rats with wild-type αSyn. 

The data also suggested disease pathology may be propagating to disease-relevant 

areas. This provides a foundation for not only an accelerated model of PD, but also a 

platform to investigate the regions of the brain most vulnerable to Lewy-like pathology. 

 

Certain patterns of propagation documented in the literature were expected and observed 

in this work, which supports the data. These include more pathology over time (six weeks 

versus six months), more pathology closer to the injection site (and ipsilateral hemisphere) 

and pathology within interconnected regions. It is interesting that in both control and 

mutant animals, there was florid disease pathology in the medial part of the olfactory bulb 

and more caudal structures have been shown to be connected to the OFB, including the 

piriform cortex, insular cortex and cortical amygdala (Hayakawa et al., 2020; Mason et al., 

2016; Rey et al., 2018). The fact that in the piriform cortex, of the mutant rats the staining 

was also perinuclear (Figure 4.2) suggests two possibilities. Firstly, that this may be truly 

axonal propagation of disease and not merely extracellular transmission of disease 

because the nature of pathology is different and at the boundary of OFB and frontal cortex 

there is no pathology on the section. Secondly, it may be that because the OFB is further 

away from the injection site, a longer duration would lead to axonal pS129-αSyn structures 

forming after the cytoplasmic ones had been established. An interesting finding in this 

work was that the striatum in particular was noted to be most susceptible to Lewy-like 

pathology in the SNCA
G51D/G51D rats and this may provide a mechanistic link into why 

nigrostriatal dysfunction in central to PD. It can also provide insight into DLB, and how 

motor symptoms may occur in the natural progression of this disease.  
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This model also suggests that pathology starts as faint or diffuse perinuclear structures 

and then extends to become well defined axonal and cytoplastic inclusions, which were 

more abundant in the mutant rats. It may be that the disease is more advanced in the 

mutant rats and so qualitatively it appears different. Although not statistically significant, 

there was more pS129-αSyn pathology in the mutant rats and more so in the striatum. 

The method of quantification may have incompletely captured the overt qualitative 

differences in pS129-αSyn immunostaining in the two genotypes. A refined method of 

quantification which incorporates subcellular localisation of Lewy-like pathology would be 

useful to further elucidate these differences in addition to further biological repeats, 

including analysis of the second set of injected rats (not processed due to the current 

COVID19 pandemic situation), to improve statistical power.  

 

One must note that although this model reports propagation of Lewy-like pathology in 

differentially susceptible regions, I have not demonstrated a loss of dopaminergic neurons 

in the striatum or SN as observed in PD and not shown that the striatal inclusions are 

specific to dopaminergic neurons. This will be tested in future work along with co-

immunostains for Lewy body markers such as p62 or ubiquitin. Although motor 

behavioural tests were not performed since funding to perform this with collaborators was 

not available. However, testing for odour detection may be a useful test given the extent 

of olfactory pathology observed in these rats. Other limitations of this approach include 

those associated with αSyn PFFs (pathogenicity, delivery reproducibility), variability in 

anatomical tracts and lack of data on other cell types such as oligodendrocytes, and the 

role of inflammation. The αSyn PFFs used were also used in the cell culture work in 

chapter 3. It may be that the overall pathology observed by six months should have been 

greater and this may be a reflection of PFF potency (Polinski et al., 2018). Whilst this may 

be true if the αSyn PFFs were more pathogenic, if the pathology load was too high in this 

experiment it would be more difficult to ascertain a difference between genotypes. This 

work, nonetheless, has wider implications for the field suggesting that while αSyn 

mislocalisation or dysfunction has an important role in pathogenesis, it is not the only 

factor which leads to PD. Earlier work by our group suggested a role for synaptic 

dysfunction at 12 months comparing non-operated SNCA
+/+ and SNCA

G51D/G51D rat 

brainstems (West, 2020).  

 

In future work, it would be pertinent to study where αSyn mislocalises to and how the 

cellular environment changes on an mRNA and protein level after PFF-seeding. Other 

experimental approaches including primary neuronal cultures, from pups of either 
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genotype, or slice cultures could be challenged with αSynWT or αSynG51D PFFs. This would 

reaffirm my third hypothesis regarding differences in susceptibility between these 

genotypes. Transcriptomic or proteomic analysis of different brain regions in PFF-injected 

rats for each genotype may provide further insight into the downstream aberrations 

caused by αSynG51D protein. This may corroborate the hypothesis that mitochondrial and 

synaptic pathways are perturbed. Direct striatal or nigral αSyn PFF injection would be 

more likely to induce nigral deposits and neuronal loss and may lead to motor function 

deficits whose severity may depend on the rat genotype. 
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Chapter 5 
 
 

Discussion, conclusion and future 
directions 

 

The research outlined above describes the creation of two accelerated disease models of 

PD, based on our knowledge so far regarding SNCA mutations that confer the greatest 

phenotypic severity. They include, a cell culture model where transgenic αSyn is over-

expressed within human cortical neuronal networks and an animal model with a G51D 

point mutation in the endogenous rat SNCA gene, both of which were exposed to αSyn 

PFFs to trigger Lewy-like pathology. Evidence to support the three main hypotheses, and 

how it was obtained, is outlined in detail below. The first hypothesis was that αSyn may 

have a role in neurodevelopment and specifically in directing neuronal differentiation and 

second hypothesis that the endogenous level of αSyn in human neurons can influence 

the propensity for forming pathological structures. The third hypothesis was that rats 

harbouring the SNCA
G51D mutation are more vulnerable to developing Lewy-like pathology 

than WT rats. Briefly, I was able to show, using multiple differentiation experiments as 

well as transcriptomic analysis, that over-expression of αSyn protein does not impair the 

ability of human embryonic stem cells to differentiate into cortical neurons. This agrees 

with some literature and is in contrast with other studies but provides assurance of 

comparable neurons for αSyn PFF seeding (Prots et al., 2018; Schneider et al., 2007; 

Zasso et al., 2018). I show that transgenic human cortical neurons that over-express αSyn 

rapidly accumulate Lewy-like pathology, following the addition of exogenous αSyn PFFs, 

relative to control neurons. The addition of αSyn monomers did not induce or augment 

disease pathology in any cell line. Further, when the same αSyn PFFs were unilaterally 

injected into the frontal cortex of SNCA
G51D/G51D rats, Lewy-like deposits occurred in a 

stereotypical manner in both hemispheres and key structures such as OFB, striatum and 

SN were affected. The mutant rats had more well-defined and axonal inclusions than WT 

rats injected with αSyn PFFs. These observations suggest that the endogenous state of 

αSyn, namely the level of αSyn expression in human cortical neurons and the SNCA
G51D 

mutation in our novel rat model, confers greater susceptibility to Lewy-like pathology.  
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Figure 5.1 shows a visual representation of the key concepts from this work in conjunction 

with theories based on the current literature to propose a possible mechanism for disease 

progression in PD. In keeping with a two-hit hypothesis, it appears that an external trigger 

is nearly always needed and, in this case, exogenous αSyn PFFs fulfilled this role. This 

could be a common pathogen, environmental toxin or other trigger which most people are 

exposed to, but genetic susceptibilities and life history will be major determinants of 

whether PD onsets or not. The inherent neuronal vulnerabilities will also likely play a major 

role in the type and severity of synucleinopathy. In neurons with normal or low αSyn, a 

slow molecular pathology process may occur as intrinsic protein clearance and 

disaggregation systems are not challenged and therefore work efficiently. However, in 

neurons with high endogenous αSyn, the autophagic and lysosomal mechanisms are 

more likely to be overwhelmed as there is 1) more substrate to clear or secrete and 2) 

inclusions form more readily due to the presence of more substrate for the proteopathic 

seeds. Thus, the critical threshold to tip into a pathological state is lower based on the 

level of increased αSyn expression. Clinical heterogeneity in SNCA duplication cases, for 

example, may thus be attributed to the timing of the ‘second-hit’ or due to a combination 

of more than one genetic risk factor (Robak et al., 2017) to surpass the disease threshold. 

The disease process then begins to occur in a stereotypical manner and clinical symptoms 

of PD manifest. It appears that if a mutation in the αSyn protein is present, in particular 

the G51D mutation, then although the quantity of αSyn is not markedly different, the 

aberrant conformation can lead to 1) mis-localised protein that is readily able to form 

inclusions and 2) mutant αSyn protein that can be easily transferred to other cell types 

such as oligodendrocytes to form GCIs. Neurons struggle to clear these inclusions and it 

appears that the pathogenic conformation of the protein has a stronger impact towards 

disease propagation than αSyn over-expression alone. This is certainly concordant with 

clinical and histopathological data from patients (Kiely et al., 2015; Lesage et al., 2013; 

Singleton et al., 2003). Neurons with relatively higher αSynG51D protein are subsequently 

the most vulnerable to pathology. Inclusions at this point become widespread and well-

defined and correspond with a severe clinical phenotype as seen in MSA. Age itself 

exacerbates the process because cellular defence mechanisms weaken (Cuervo and 

Dice, 2000) and endogenous αSyn levels increase with age (Chu and Kordower, 2007). 

Neuronal subtypes themselves have inherent differences in coping methods and thus 

disease susceptibility. The section below discusses the results, interpretation, application 

and relevance, strengths and limitations in detail. 
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Figure 5.1 The endogenous state of αSyn influences neuronal vulnerability and thus the 
rate of disease progression in PD 
 
A schematic summary of a disease model based on findings in this thesis and current 
knowledge of αSyn disease propagation. The focus here is on the endogenous state of αSyn 
which increases neuronal vulnerability to Lewy inclusions. Aberrant conformation appears to 
have a more profound impact on neuronal vulnerability than αSyn over-expression based on 
a critical threshold for pathology (Kiely et al., 2015; Singleton et al., 2003). Neurons can cope 
with high endogenous αSyn to some extent, but the system reaches the threshold more quickly 
as there is more αSyn substrate to bind aberrantly shaped αSyn protein. In the αSynG51D 
scenario, the protein quantity is not necessarily increased but is mis-localised and aggregates 
and transfers to other cells readily and is also harder to clear. The neurons at most risk are 
ones that have a relatively higher endogenous level of mutant αSyn. All of these processes, 
including stages of LB formation are exacerbated by age (weaker proteostasis mechanisms) 
and fit with the clinical spectrum of α-synucleinopathy (Cuervo and Dice, 2000). In my 
experiments αSyn PFFs were used as a disease trigger and this seems to be required to 
generate pathology, supporting the two-hit hypothesis. This may explain the clinical variation, 
for example in SNCA duplication, where the genetic lesion is the same, but the point when the 
second hit occurs varies. 
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5.1 Neuronal differentiation is not impaired due to 
endogenous αSyn over-expression 
 

The first hypothesis was that αSyn may have a role in neurodevelopment and specifically 

in directing neuronal differentiation. This forms the key foundation to address the second 

hypothesis, regarding neuronal vulnerability to Lewy-like pathology, when endogenous 

αSyn in over-expressed, because the high αSyn and control cortical neurons need to be 

comparable. It also addresses conflicting results in the literature, arguably more 

definitively for the reasons mentioned below, where some authors report aberration in 

neuronal development due to αSyn and other groups (including our own) have not 

observed this result (Chen et al., 2019; Flierl et al., 2014; Oliveira et al., 2015; Prots et al., 

2018). 

 

hESC-derived neuroectodermal progenitors have been used to suggest that  transgenic 

αSynWT over-expression delays the natural gliogenic switch, promotes cytotoxicity and 

impairs generation of TH-positive neurons (Schneider et al., 2007). Although this work 

was done in a human model system, the lentiviral transfection was done at day 25 

(providing modest αSynWT over-expression) and so this yields no information on the role 

of αSyn during the development phase of these neurons. Only one cell line was used (H9) 

and at the timepoint when TH-positive cells were quantified, cell death is occurring and 

so it is impossible to state that αSyn is influencing differentiation or selective vulnerability. 

A number of these caveats also apply to a study using AF22 cells transfected with a pLVX-

TetOn-Puro-human-αSyn vector and differentiated into dopaminergic neurons. 750 ng/ 

mL doxycycline was used to induce αSyn expression for several days and more than half 

of the Nurr1 and bIII-Tubulin-positive neurons were lost (Zasso et al., 2018). While this is 

again a human disease model and precise control of αSyn levels is possible allowing 

dose-response analysis, the high αSyn expression (13-fold) is not consistent during the 

whole developmental period and AF22 cells may have inherent iPSC-related problems 

such as reprogramming efficiency. Such a model system is also prone to pleotropic effects 

(albeit low risk) from the doxycycline as well as puromycin (used for clone selection). 

Other groups used patient-derived iPSCs with the SNCA triplication mutation to suggest 

that dopaminergic differentiation is impaired due to αSyn over-expression. The reported 

αSyn over-expression is similar to our finding for the AST18 line (Devine et al., 2011), 

however, these studies are limited due to the lack of independent clonal lines investigated 

(Flierl et al., 2014; Oliveira et al., 2015). In fact, our previous work showed that genotype 

itself (AST18 versus NAS iPSC lines; the latter was from a first-degree non-affected 

relative) did not alter neuronal differentiation whereas different clones for each of these 
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lines did show a difference (Devine et al., 2011). In addition to clonal variation, other 

issues such as incomplete iPSC reprogramming, the variability in neural differentiation 

and response to different neuronal differentiation protocols must be considered as 

potential sources of bias in these papers. The other consideration when using patient-

derived lines is that high αSyn levels may not be the only reason for aberrant neuronal 

development and thus the use of isogenic controls is paramount. Technical problems with 

differentiation are often not reported or not fully acknowledged in the literature. For 

example, the dopaminergic neuron protocol in particular is challenging as small changes 

in CHIR99021 (Wnt pathway activator) concentration lead to variable TH-positive neuron 

outputs (Kirkeby et al., 2012). Patients with SNCA triplication have severe dopaminergic 

cell loss on autopsy which is likely a manifestation of accelerated disease rather than a 

developmental problem (Zafar et al., 2018). Conversely, the starting number of 

dopaminergic neurons and the rate of age-related decline would potentially also influence 

this result (von Linstow et al., 2020). Animal studies often focus on the end point where 

dopaminergic neurons are lost due to Lewy-like pathology and so no information is gained 

on the role of αSyn during development. There are some studies, however, reporting on 

olfactory progenitor populations being diminished by high αSyn (in young but not aged 

mice) but this was determined by using a cell migration marker, DCX, and so another 

explanation may be altered maturation or migration of these cells during developmental 

patterning (Winner et al., 2008, 2004).  

 

The experimental approach used to address the first hypothesis, was transcriptomic 

analysis of differentiated (immature cortical neurons) and undifferentiated Tg-hESCs 

over-expressing αSyn, in order to overcome several of the caveats in the existing literature 

described so far. Further, it could be debated that the results in this work are more 

definitive because the level of endogenous αSyn is consistently higher than the previous 

studies throughout the differentiation process. αSyn over-expression in Shef4-derived Tg-

hESCs (negating iPSC-related confounding factors) has been shown not to alter 

proliferation or neural induction potential when multiple clones were examined at day 0 

and day 11 (Yapom, 2016). Thus, my data builds on an existing large body of work with 

these cell lines. Modelling with cortical rather than dopaminergic neurons was less 

technically challenging and thus reproducibility was higher. Using a transcriptomic 

approach allowed broad investigation into αSyn-related changes in gene expression at 

the key timepoints of day 0 (self-renewing cells) and day 25 (immature cortical neurons). 

However, prior to this analysis it was also important to establish a suitable differentiation 

protocol that was pragmatic, reproducible and with minimal factors for confounding. By 
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virtue of opting for cortical neurons compared to dopaminergic, the protocol required far 

less factors and optimisation for each line, thus aligning with the points above. Further 

adaptations were made to the published protocol by Shi et al., including negating the need 

to use a MEF layer, plating cells onto a Laminin-111 coated plate at day 0 to initiate 

differentiation and using collagenase instead of Dispase to lift cells at day 12 and 17, 

which resulted in less cell death (Shi et al., 2012). Accutase was used at day 25 to lift cells 

as single cells for plating. This enabled differentiation of Tg-hESCs to immature cortical 

neurons for assessment of their transcriptome. The strengths of this work are that firstly, 

several distinct clonal lines were differentiated successfully in multiple experiments 

regardless of level of endogenous αSyn. Ideally differentiating more clones would have 

strengthened the observations further and so the clonal variability argument may still 

apply. Data, which is not shown in the thesis but mentioned in the methods section in 

Table 2, showed that an iPSC-derived allelic series with four, two and zero copies of 

SNCA successfully differentiated into midbrain dopaminergic neurons (experiment AN13). 

Although the endogenous levels of αSyn were comparably lower in the cells with 4 SNCA 

copies compared to the Tg-hESCs, it provides further evidence that 1) neuronal 

differentiation is not impaired and 2) other more complex neuronal subtypes can be 

generated. Further, my data shows that αSyn over-expression was sustained throughout 

the differentiation process (Figure 3.2) which one would expect to the be the main time 

period where αSyn could have any effect on neuronal specification. Having said this, if 

the main function of αSyn occurs in the post-mitotic period to aide synaptic maturity then 

this effect would have been missed in this work. Conversely, dose-response effects are 

missed in non-inducible expression but if an effect is not observed at a high αSyn 

concentration then lower graded concentrations are less likely to affect differentiation.  

 

Transcriptomic profiles of cortical neurons versus self-renewing cells showed a large 

number of differentially expressed genes, which is expected since the developmental 

stages of these two cell types are dramatically different. PCA showed that the high αSyn 

hESC and control hESC samples did not segregate. The high αSyn cortical neurons 

showed a possible small degree of segregation from control cortical neurons but one 

control sample (AN4 S9) did cluster closer to the high αSyn cortical neuron group (Figure 

3.3). While this could be a technical variation in that one differentiation, overall this data 

still suggests a lack of true difference due to αSyn during the development process. In 

pairwise comparison, most of the differentially expressed genes in high αSyn cortical 

neurons versus high αSyn hESCs, compared to control cortical neurons versus control 

hESCs were the same (Figure 3.5). Further evidence for a lack of effect of high 
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endogenous αSyn was observed because 1) more than half of the top ten differentially 

expressed genes in the cortical neuron versus hESC comparisons were the same 

regardless of αSyn levels (Figure 3.7 and 3.8) and 2) only a relatively small number of 

genes were differentially expressed in high αSyn cortical neurons versus control cortical 

neurons (Figure 3.9). Thus, any actual differences due to αSyn are likely to be subtle. 

Only four genes were significantly different in expression between high αSyn hESCs and 

control hESCs and interestingly, the HSV1 infection pathway was highlighted, by KEGG 

pathway analysis, which links together with a role for αSyn in innate immunity (Caggiu et 

al., 2016). The common top ten differentially expressed genes in both cortical neuron 

versus hESC comparisons were mainly those implicated in axon guidance, microtubule 

assembly and neurogenesis (e.g. SOX5, NPAS3 and MAP2) that were upregulated and 

pluripotency genes that were downregulated (e.g. DPPA4, L1TD1 and XACT). Biased 

analysis showed that classical pluripotency markers such as NANOG were 

downregulated and genes which are sufficient to induce neuronal conversion, ASCL1, 

MYT1L and POU3F2, were all upregulated in cortical neurons compared to hESCs 

regardless of endogenous αSyn level (Vierbuchen et al., 2010). More recently, a study 

showed that modulation of a single gene, PTBP1, is sufficient to induce conversion of 

astrocytes into (dopaminergic) neurons and in my data this gene is downregulated in both 

of the cortical neuron versus hESC comparisons (Qian et al., 2020). For the same sets of 

comparisons, the common KEGG pathways were axon guidance signalling, pathways in 

cancer (upregulated) and metabolic pathways (downregulated), which aligns with the 

neuronal differentiation of hESCs (Tables 12 to 15).  

 

The most interesting comparison was between high αSyn and control cortical neurons, 

and two independent methods of pathway analysis, KEGG and IPA, showed that axon 

guidance signalling differs in these neurons. Other pathways of interest were human 

embryonic stem cell pluripotency and synaptogenesis pathways (Tables 16 to 17). While 

this may suggest subtle differences, TUBB3 and MAP2 were not differently expressed in 

the high αSyn versus control neurons, and this was also true for several axon guidance 

genes including SLIT2, EPHB1 and NCAM1. Other axon guidance genes were 

differentially expressed in this pairwise comparison, including NTN1 and LRRC4C, which 

is perhaps the reason for axon guidance signalling being highlighted during pathway 

analysis (Figure 3.11). Interestingly, SPON1 (implicated in axon guidance) was reported 

as a top differentially expressed gene in mutant Huntingtin containing iPSC-derived 

mature cortical neurons, which are reported to have impaired neuronal maturation (Mehta 

et al., 2018). SPON1 was downregulated in high αSyn versus control cortical neurons. 
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αSyn has been suggested to alter the maturity of other cell types such as 

oligodendrocytes. May et al., found a higher number of striatal oligodendrocyte 

progenitors (OPCs) in MSA-P brains and using a mouse over-expressing human αSynWT 

showed that OPC maturation is impaired due to αSyn (May et al., 2014). If αSyn does 

alter neuronal maturity, then these effects are subtle because both high αSyn  and control 

neurons formed equally extensive neuronal networks by day 71. Focussing on synaptic 

development, common synaptic markers such as SYP and DLG4 (PSD95) were no 

different in high αSyn and control neurons, but KIRREL3, which has a role in synaptic 

development (Tamura et al., 2005), was higher in the former group of neurons and a top 

ten upregulated gene. This does not provide definitive evidence for any differences in 

synaptic development or function due to αSyn, particularly as the time point examined 

was day 25. Albeit a crude method, nuclear co-stain with bIII-Tubulin counts in mature 

cortical networks showed that neuronal numbers were similar (over 90%) in high αSyn 

and control groups (Figure 3.15), and the RNAseq data suggested the presence of other 

cell types (including oligodendrocytes) was minimal. In terms of cortical identity, there was 

no difference in cortical progenitor and deep layer markers in high αSyn and control 

neurons (Figure 3.13), confirmed using immunohistochemistry (Figure 3.16). Differential 

expression of SHH may indicate a difference in developmental patterning but this is 

difficult to assess in vitro. Thus, both sets of cortical neurons are generated efficiently and 

are comparable and their generation was not affected by αSyn over-expression. This is in 

agreement with our own published work using the AST18 line, as well as αSyn null lines, 

showing that dopaminergic differentiation is no different (Chen et al., 2019). Independent 

data from another group showed that iPSC-derived cortical neurons containing the SNCA 

duplication mutation were no different to control neurons, albeit the endogenous 

expression of αSyn is lower than reported here (Prots et al., 2018). Further work could be 

done to confirm this data using qRT-PCR for key genes and a method to investigate 

synaptic maturity in more detail would be to isolate the synaptic fraction from mature (day 

71) cortical neurons and investigate the levels of relevant proteins by western blotting or 

quantitative mass spectrometry. 

 

3’UPXseq was advantageous because it allowed a relatively small quantity of RNA to be 

processed for detection of polyA, biologically relevant, transcripts. RNA integrity was 

similar in each sample (Table 3). The unique molecular identifier (UMI) tag system 

employed during the RNA-seq process reduced sampling bias and duplicate reads. 

However, the limitations of the approach used to address the first hypothesis, include the 

generic problems with using transgenic lines including random insertion, pleiotropic 
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effects, and αSyn levels depending on copy number and promoter efficiency. In view of 

the evidence above, these lines are stable and efficient and give reproducible 

differentiations. Future work could incorporate Tg hESCs derived from a different parental 

hESC line, such as RC17. Assessment of the impact on neuron subtype due to αSyn in 

these cell lines during development would be interesting to explore. I attempted to perform 

a cortical vs dopaminergic differentiation but was unable due to the challenges of titrating 

conditions for this comparison. While it seems simple, refining the optimisation for each 

line, including plating density and other factors, was challenging. Recent work using 

patient-derived lines showed αSyn over-expressing dopaminergic neurons were more 

vulnerable than the cortical counterparts and increased SNCA dose did not alter the 

development of either type of neuron (Brazdis et al., 2020). Nonetheless, this work shows 

that both high αSyn and control αSyn cortical neurons were comparable to test in the αSyn 

PFF seeding work.  

 

The wider implication of hypothesis 1 being proven correct is that αSyn may have a 

defined function after development of the neurons is complete. Synaptic function/maturity 

or innate immune functions could be significantly different in fully mature cortical neurons 

with high versus wild-type levels of αSyn expression. From a disease modelling 

perspective, these lines provide adequate cortical neurons that are comparable in their 

differentiation efficiency and not significantly affected by αSyn over-expression.  

 

 
5.2 Cortical neurons with high endogenous αSyn are highly 
susceptible to Lewy-like pathology following αSyn PFF 
exposure 
 

The second hypothesis was that the endogenous level of αSyn in human neurons can 

influence the propensity for forming pathological structures. Once again, cortical neurons 

are a good choice for disease modelling because 1) these neurons are avidly affected in 

PD dementia and DLB and GTEx data suggests higher αSyn in cortical areas versus 

striatum and SN (Aguet et al., 2019). The endogenous αSyn level is likely to increase 

further as they develop and mature (Chu and Kordower, 2007). The first point of interest 

in my data was that despite a pronounced supraphysiological level of αSyn in cortical 

neurons, this is not enough on its own (i.e. without the addition of αSyn PFFs) to lead to 

Lewy-like inclusions. The report by Zasso and team demonstrates a comparably high level 

of endogenous αSyn (in dopaminergic neurons) compared to my work, and describes 

‘spots’ of total αSyn in their model, but there was no pS129-αSyn detection or other assays 
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to show actual LB-like structure formation (Zasso et al., 2018). Prots and colleagues 

showed greater oligomer formation in SNCA duplication containing cortical neurons and 

a higher proportion of insoluble αSyn on western blot (Prots et al., 2018). Whilst there was 

a trend towards more pS129-αSyn in unseeded cortical neurons with high αSyn relative 

to controls, further biological repeats or a longer neuronal maturation period may have 

deemed this observation to be statistically significant. A similar approach to quantify 

oligomeric αSyn as well as the insoluble fraction of αSyn via western blot, reported by 

Prots and colleagues, may have given insight into the extent of disease due to αSyn over-

expression that is not detected with the pS129-αSyn immunostaining method alone. 

Qualitative data from my work, shown in Figure 3.18, supports this theory. It is interesting 

that a similar approach in vivo, specifically the BAC-Tg rat model, Lewy-like inclusions do 

occur, and this may reflect a model system where neurons are fully mature and have an 

altered critical threshold or other αSyn-independent factors may augment LB formation 

(Nuber et al., 2013).  

 

The αSyn PFF model has been well established since 2012 and although authors report 

variability in findings likely due to PFF potency, this mode of triggering Lewy-like pathology 

is widely accepted (Luk et al., 2012a, 2012b; Peelaerts et al., 2015; Rey et al., 2016). 

Guidelines have been developed to minimise variability (Polinski et al., 2018). Factors that 

influence potency include, the method in which the recombinant protein is produced (e.g. 

E. coli or HEK cells; the latter for the PFFs used in this work), species barrier and cross-

seeding, fibril size and structure and the neuronal ability to internalise and clear the 

proteopathic seeds (Karpowicz et al., 2017; Luk et al., 2016; Patterson et al., 2019b). 

Nonetheless, the ability of recombinant αSyn PFFs to act as a seed or an aberrant 

template upon which endogenous αSyn can be readily recruited to form Lewy-like 

pathology. Without this seed, high levels of αSyn monomer can be readily cleared by 

neurons. Synthetic αSyn PFFs do not necessarily match the exact biophysical 

characteristics of PD and MSA patient derived Lewy body aggregates, but Lewy-like 

structures induced from PD brain lysate are comparable to αSyn PFF-induced pathology 

(Recasens et al., 2014; Strohäker et al., 2019). Thus, the phrase ‘Lewy-like’ pathology is 

used throughout this thesis.  

 

While αSyn PFF experiments have been established in animal models, including rodents 

and primates (Patterson et al., 2019a; Shimozawa et al., 2017), there is a paucity of data 

within human systems. A human in vitro model would hold the advantage of pathology 

being observed over weeks rather than months compared to in vivo experiments. A recent 
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paper by Gribaudo and colleagues showed that two types of αSyn PFFs seeded onto 

normal human cortical neurons led to the formation of Lewy-like pathology. While only 

approximately 5% of neurons expressed the cortical markers TBR1 and CTIP2 at day 30 

(their peak), it still shows in a human network that two structurally different αSyn PFFs 

induced pS129-αSyn inclusions in naïve iPSC-derived cortical neurons (Gribaudo et al., 

2019). Further, the data suggests that from day 7 to 30 the kinetics of inclusion formation 

appear to be exponential which again ties in with the concept of a critical threshold or a 

point of ‘no return’ because disease accelerates rapidly. Although not in a human system, 

Luna et al., and more recently Courte et al., explored αSyn PFF-induced pathology due 

to differences in regional or cellular subtype differential αSyn expression. The first group 

used an anatomically well-organised structure, the hippocampus, and the second group 

included regions such as the striatum to implicate endogenous αSyn as a key proponent 

of extent and rate of disease acquisition (Courte et al., 2020; Luna et al., 2018). Thus, 

vulnerable neurons reach the threshold more quickly than others, but a trigger is required, 

in this case PFFs. There are reports on post-mortem studies that αSyn levels increase 

with age in SN but no data on human cells over-expressing αSyn and seeded with αSyn 

PFFs, except for our Chen 2019 paper, where the AST18 line was seeded with PFFs 

(Chen et al., 2019). The relative over-expression of αSyn is higher in the lines used in this 

thesis and future work to compare the triplication line with high αSyn Tg-hESC-derived 

neurons after αSyn PFF addition would be of interest.  

 

The strength of my work is that human αSynWT PFFs were used to seed hESC-derived 

cortical neurons and thus providing an increased chance of disease formation over rodent 

neurons. Multiple differentiations were performed and two independent αSyn over-

expressing clonal lines were used. Further, the parental hESC line and Tg control lines 

were differentiated to give a range of control samples. αSyn monomer exposure was 

employed as a control for type of seeding and concentration noted to be 5 µg/ ml as per 

αSyn PFFs but acknowledging the fact that it is not possible to accurately measure αSyn 

PFF concentration and to determine a precisely comparable αSyn monomer 

concentration is not possible. During data acquisition, the bIII-Tubulin channel was used 

to visualise the neurons and randomly take images, thus avoiding bias in selecting regions 

of high or low pS129-αSyn inclusions. Subsequent image analysis was done using a 

method to minimise artefact from debris (Figure 3.20). The Tg-hESC lines maintained the 

same level of αSyn over-expression throughout the whole differentiation process and the 

concentration of PFFs used to seed the neurons followed the paradigms described in 

other well-cited papers (Fares et al., 2016; Luk et al., 2012a, 2012b). This work is valuable 
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because it provides an accelerated model of PD in a human system. While some would 

argue that this is supraphysiological and results could be artefactual, the counter 

argument may be that a substantial over-expression of αSyn is needed to see the desired 

effect, particularly if PFF potency is weak or variable. The data were complementary to 

our paper, Chen et al., which investigates the impact of PFF-seeding when αSyn is 

knocked down (Chen et al., 2019). The fact that monomers did not lead to inclusions 

corresponds with the published animal model data and reaffirms the importance and 

necessity of aberrant proteopathic seed structure. The neurons can cope with monomeric 

but not oligomeric or PFF forms of αSyn. As shown in Figure 3.21, αSyn PFF exposure 

led to a significant increase in pS129-αSyn inclusions in high αSyn cortical neurons, but 

this was not the case for αSyn PFF-seeded control cortical neurons. A possible 

explanation for control cortical neurons not acquiring significant Lewy-like pathology may 

be due to a lack of αSyn PFF potency or that endogenous αSyn in the control group, 

where most samples were S9-derived cortical neurons, may have reduced endogenous 

αSyn levels by day 71. Robust quantification of endogenous αSyn in unseeded high αSyn 

and control cortical neurons would be useful in future work to confirm this possible reason 

for lack of pathology in the control cortical neurons. Further differentiation of the Shef4 

line would have been useful in the control group and may have yielded results concordant 

with αSyn PFF data for human cortical neurons with normal endogenous αSyn levels 

(Gribaudo et al., 2019). 

 

The limitations of the approach used to address hypothesis two, include the fact that I was 

unable to assess dose-response of endogenous αSyn and Lewy-like pathology formation, 

and so I was not able to determine if the kinetics of inclusion formation are linear or not. 

Secondly, the PFFs used had been tested for efficiency by UCB Pharma but were not as 

potent as expected. Although best practices were maintained in handling and using the 

PFFs, factors specific to the PFFs or the neurons tested may have influenced their 

pathogenicity. In future work I could try to use a CMA blocker to augment inclusion 

formation but this may introduce an additional form of bias (Karpowicz et al., 2017). 

Another observation was that pS129-αSyn inclusions were not homogenous in each well 

and some neurons showed more abundant pathology than others. This may reflect 

differences in proteostasis between each cortical neuron in culture and whole well imaging 

would have been useful (although less pragmatic) to give a better indication of the extent 

of pathology. To reduce observer bias, images were taken using the bIII-Tubulin channel 

(and not the pS129-αSyn channel) but having an additional independent observer for both 

image acquisition and (blinded) analysis would have minimised this bias further. The 
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method of pS129-αSyn quantification was relatively simple, and a more complex 

approach to analyse perinuclear versus axonal pathology within the neuronal networks 

may have been more informative. It is important to consider the impact of the pS129-αSyn 

post-translational modification (PTM) itself. Does it lead to a self-perpetuating cycle? My 

data, albeit qualitative, suggests the phosphorylation occurs once αSyn aggregates reach 

a certain size, rather than small oligomeric forms of αSyn (Figure 3.18). This may facilitate 

further pS129-αSyn inclusion formation in (αSyn PFF-seeded) human cortical neurons 

with higher endogenous αSyn. No overt cell death was observed in PFF-seeded neurons 

(in any group) and this agrees with published work using potent αSyn ‘ribbons’ in cortical 

neurons (Gribaudo et al., 2019). Neuronal cell death could be formally quantified, using 

for example an LDH assay, in future work.  

 

I have shown that endogenous αSyn over-expression increases susceptibility to Lewy-

like pathology in cortical neurons. Other factors including neuronal age and maturity as 

well as cell type may also have an important role in disease susceptibility (Brazdis et al., 

2020; Chu and Kordower, 2007). These factors, in combination, partly explain why the 

stereotypical pattern of disease propagation may occur in PD and αSyn PFFs provide a 

useful disease trigger that mimics the ‘second-hit’ (Braak et al., 2004). High endogenous 

αSyn cortical neurons, seeded with αSyn PFFs, provide an excellent accelerated human 

disease model of PD that can be explored further for  insight into the mechanism of PD.  

 

 

5.3 Lewy pathology is more advanced and has a 
predilection towards the striatum in αSyn PFF-injected 
SNCAG51D/G51D rats at six months 
 

The third hypothesis was that rats harbouring the SNCAG51D mutation are more vulnerable 

to developing Lewy-like pathology than WT rats. This is in view of clinical data of patients 

with the G51D mutation and recent work showing mis-localisation of αSyn from the 

synapse, theoretically increasing the chance of aggregate formation (West, 2020). 

Injected αSynWT PFFs were the same as the type used for the cortical neuron seeding 

work (also used in the Chen et al., paper) and for the second set of injections αSynWT 

PFFs (from our collaborators, Luk and team, and possibly more potent) were generated 

in E. coli and injected at the same co-ordinates (Chen et al., 2019). These have proved to 

be a useful tool to induce Lewy-like pathology, not only in my cell culture work so far but 

also in several in vivo studies reported in the literature (refer to Table 1). However, it is 

not the only method that can be employed in animal models and examples of other 
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methods include the β-sitosterol β-d-glucoside (BSSG) or dextran sodium sulfate (DSS) 

colitis models (Kishimoto et al., 2019; Van Kampen and Robertson, 2017). The former is 

based on the amyotrophic lateral sclerosis (ALS)/parkinsonism-dementia complex (ALS-

PDC) of Guam and recapitulates several features of sporadic PD and the latter on the 

theory that PD starts in the gut and triggers such as inflammation or infection can lead to 

the observed neuropathology in PD. These models are not without their own limitations 

and may provide a more global trigger for Lewy-like pathology than αSyn PFFs which are 

injected at a defined concentration and location, and either seed pathology or are cleared. 

It would be interesting in future work to compare the impact of different disease triggers 

on the pattern of pathological inclusion formation in our G51D mutant rat, but intracerebral 

injection of αSyn PFFs is more pragmatic and fulfils several disease criteria and allows 

comparison of disease propagation within the two genotypes. Interestingly, an approach 

using a modified rabies virus glycoprotein (RVG9R) to promote transvascular transduction 

of αSyn PFFs into the CNS following peripheral intravascular injection, led to both central 

and enteric nervous system pathology in regions considered vulnerable in PD (Kuan et 

al., 2019). This could have been a valid approach to compare the two genotypes, negating 

the caveats of stereotaxic injection, and while the neurodegeneration was mild in the WT 

rats it may be prominent in SNCA
G51D/G51D rats.  

 

Another valid alternative to the model used here would be the BAC-hSNCA-Tg rat model 

to investigate the impact of αSyn over-expression on neuronal vulnerability following αSyn 

PFF injection. Although this would provide a useful extension of the cell culture data, this 

model contains the same limitations regarding transgene expression, and other groups 

have already alluded to αSyn over-expression as a driver to inclusion formation in rodent 

and primate models (Courte et al., 2020; Nuber et al., 2013; Shimozawa et al., 2017). 

Thus, using our rat model for αSyn PFF exposure was entirely novel and perhaps provides 

more information regarding the pattern of disease progression. Future work could also 

incorporate SNCA
G51D/+ rats as a test group to ascertain if this genotype leads to a 

‘halfway-house’ in the disease process between the groups compared so far or if other 

features of disease progression occur that are not yet fully appreciated. 

 

Our understanding of the Lewy body has changed over the last century and is continuing 

to develop as our imaging techniques continue to advance. It is important to appreciate 

the stages of LB formation as well as stages of αSyn aggregate formation because these 

are central to the idea of disease progression; one of the key elements to the hypothesis 

in this section. Using a combination of imaging techniques including correlative light 
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electron microscopy (CLEM), stimulation emission  depletion microscopy (STED) and 

coherent anti-Stokes Raman scattering (CARS), LBs were shown to be a conglomerate 

of dysfunctional intracellular organelles and components assembled between protein 

aggregates (Shahmoradian et al., 2019). The controversy surrounds the quantity and form 

of αSyn within LBs as the authors suggest ‘non-fibrillar’ αSyn is the main component but 

this is a broad term which could include oligomeric αSyn and no attempt was made to 

characterise the different αSyn structures (Lashuel, 2020). αSyn can be imaged at a 

nanoscale using techniques such as aptamer DNA PAINT (points accumulation in 

nanoscale topography), which uses amyloid-specific DNA aptamers linked to short, 

single-stranded DNA docking strands and repeated transient binding of complementary 

imaging strands combined with total internal reflection (TIRF) microscopy to overcome 

the diffraction limit (Whiten et al., 2018). Using such methods may show broader 

differences between the genotypes that are not detected with the pS129-αSyn detection 

method alone. It may reveal at what stage difference neurons are beyond their critical 

threshold. Further, it may give insight into the purpose of aggregates as currently it seems 

less likely that aggregates serve to protect the cell because 1) neurons can cope with a 

very high level of monomeric and oligomeric αSyn, 2) the subcellular location of inclusions 

is variable and the inclusions recruit organelles potentially rendering them non-viable and 

3) aggregates themselves would be harder to clear or release from the cell. What is more 

plausible is that they are a manifestation of system overload and a failing neuron. Glia 

may try to support neurons and take some of the disease burden and may have a different 

threshold or tolerance to inclusions than neurons.  

 

Prior characterisation of our rat model and preliminary work that I performed showed that 

the homozygous mutant rats did not develop Lewy-like pathology naturally with ageing. 

The limitation of this is that the rats were up to one year in age and perhaps older rats 

may develop inclusions. This is an interesting species difference observed between 

rodents and humans. Another example of this species difference is the naturally occurring 

SNCA
T53

 amino acid in rodents (as well as all vertebrates except apes and Old World 

monkeys), which is a familial PD mutation in humans (Larsen et al., 2009). Minipigs 

compared to mice or rats have a closer genetic landscape to humans and if the G51D 

mutation was introduced without the other additional point mutations in the study by Zhu 

et al., it would have been interesting to see if this were sufficient to induce inclusions in 

aged minipigs (Zhu et al., 2018). Equally, the G51D mutation could be introduced into a 

primate model which would be a better yet but less so from a pragmatic perspective of 

disease modelling. While there was no evidence of our SNCA
G51D/G51D spontaneously 
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formation inclusions, we do know from characterisation work that there is evidence of 

early synaptic dysfunction in this rat model (West, 2020). This is considered to prime the 

mutant rats for Lewy-like pathology following a disease trigger. 

 

The site of injection for the disease trigger is a key consideration for the disease model 

when investigating disease propagation. Few studies have chosen the frontal cortex 

(Bassil et al., 2020; Dhillon et al., 2019; Hao et al., 2018; Osterberg et al., 2015; Reyes et 

al., 2014) and most focus on SN, striatum, OFB or hippocampus (Chu et al., 2019; Rey et 

al., 2016; Sorrentino et al., 2020). These structures have defined connections such as the 

nigrostriatal dopaminergic projections, and particularly the hippocampus with its defined 

and distinct anatomical arrangement of neurons. However, these methods may limit the 

true potential of investigating disease spread because the methodology relies on these 

known connections and pre-empted efforts to produce pathology along these tracts. The 

idea behind injecting the frontal lobe in this study, near the frontal pole (AP 3.2, ML -1.5, 

DV -2.5), was 1) that αSyn PFFs would not diffuse directly to the underlying striatum and 

2) that if limbic structures were genuinely more vulnerable the disease would propagate 

to these areas more readily. They are connected to the pre-frontal cortex as ‘reward 

pathways.’ The studies referenced above that report a frontal cortex injection did so within 

1 mm of bregma and thus overlying striatum. None of the studies reported have utilised 

similar injection co-ordinates as described in this work. In the study by Bassil and 

colleagues, WT and 5xFAD mice received intrahippocampal and intracortical mouse αSyn 

PFF injection and this led to inclusions in CA3, entorhinal cortex and amygdala and to a 

lesser extent the motor and pre-frontal cortex. Whilst the study shows 5xFAD mice were 

more vulnerable to Lewy-like inclusions it provides information on network connectivity 

with a view to disease propagation (Bassil et al., 2020).  

 

The first observation was that interconnected anatomical areas were diseases following 

PFF injection. This is consistent with the literature and adds validity to the approach used. 

The secondary motor cortex was injected and at this coronal section plane, the injection 

site was a significant pathology burden as well as the OFB. The ipsilateral more so than 

the contralateral side. This is true for both control and mutant rats. In more caudal 

sections, in the control rat there was diffuse pathology observed in the cerebral peduncles 

suggesting disease along the corticospinal tract. At the anatomical border between cortex 

and OFB there is no pathology and the inclusions in the OFB are different and appear 

perinuclear in both genotypes. This further suggests anatomical propagation of disease 

rather than a diffusion effect. Further, on caudal sections, structures connected to the 
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OFB such as the entorhinal cortex, piriform cortex and perirhinal cortex were also affected. 

This agrees with papers injecting the OFB with PFFs and other work on electrical 

stimulation of the OFB to investigate the connected regions (Mouly and Di Scala, 2006; 

Rey et al., 2013). In the control rats it appears that regions with higher endogenous αSyn 

are more readily affected. Figure 5.2 shows total αSyn perinuclear staining in the WT rat 

piriform cortex and the same pattern is observed in the αSyn PFF-injected rats in this 

region with perinuclear pS129-αSyn (Andringa et al., 2003). However, in the mutant rats 

there appeared to be a predilection for the striatum. Without a TH counterstain it is difficult 

to comment on if these are dopaminergic neuron inclusions but from the image data the 

inclusions do appear well-defined and mature. Intrinsic neuronal vulnerability due to 

αSynG51D  and neuronal subtype may contribute to this observed phenomenon. 

 

 

 

 

Figure 5.2 Lewy-like inclusions form within regions of higher endogenous αSyn 
regardless of genotype but are well-defined in the mutant rats  
 
Total αSyn staining (Syn-1 monoclonal antibody) in the WT rat piriform cortex in the image on 
the left (Andringa et al., 2003). In my data, both mutant and control αSyn PFF-injected rats 
had avid pS129-αSyn in the piriform cortex but the inclusions appeared to be more mature in 
the mutant rats. Scale bar 20 µm for my data and 50 µm for the image on the left. 
 

 

 

In patients by the time they get to autopsy the pathology is so widespread it is difficult to 

comment on sites of predilection. In this in vivo model it is possible to obtain early 

mechanistic insights into G51D-aSyn pathology with the method employed and time point 

used. In the data from Kiely et al., which includes a neuropathological assessment of 

human SNCA
G51D/+ pathology, the regions with abundant inclusions were the frontal and 

motor cortex, hippocampus, amygdala, striatum, entorhinal cortex SN, LC and DMNV as 

well as the cerebellar white matter (Kiely et al., 2013). The same regions (except DMNV 
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and cerebellum not examined as yet) acquired pS129-αSyn inclusions in both 

SNCA
G51D/G51D and SNCA

+/+ rats, however, it is interesting to note the difference in 

appearance of pS129-αSyn pathology. In the control rats it is largely diffuse and in the 

mutant rats it appears more defined and axonal. This is likely to represent different stages 

of LB formation and that the endogenous G51D mutation accelerates this process. This 

may explain why more than one CNS cell type is affected (GCIs also form) and why 

patients progress quickly through the disease process. A different method of quantification 

which can differentiate between perinuclear and axonal staining would be more 

informative to elucidate this qualitative difference. Other prior studies suggest that the 

G51D mutation promotes transmission to other cells rather than aggregate formation but 

in the context of disease progression, this works synergistically to promote widespread 

and accelerated inclusion formation in  this model and perhaps in patients with the G51D 

mutation (Fares et al., 2014).  

 

A different approach was used by Hayakawa and team where they injected αSynG51D 

PFFs (Hayakawa et al., 2020). This has implications for cross-seeding, and in our rats the 

G51D mutation is in all cells whereas injected mutant PFFs will only enter a small 

percentage of cells. It is interesting that they found oligodendrocytes to be affected with 

Lewy-like pathology and it may be that not each cell needs to have the mutation and a 

limited exposure to mutant αSyn can trigger a similar pathological process. As mentioned, 

this novel CRISPR-engineered rat model was not made with a transgene, and therefore 

does not suffer any of the drawbacks associated with transgenesis, such as random 

integration and silencing. Furthermore, the experiments included wild-type littermate 

control rats injected with αSyn PFFs and non-injected controls. They were used within the 

remit of a well-established paradigm of αSyn PFF exposure, albeit using a different site 

of injection. Multiple sets of independent injections were performed, and the experiment 

reasonably powered. Further, two types of fibrils were used to test the hypothesis. The 

new findings in my work include the fact that Lewy-like pathology in SNCA
G51D/G51D rats 

appears to be more defined and advanced than control PFF-injected rats, and PFF-

injection was required to induce these structures, as the mutation alone was not sufficient. 

There appeared to be a predilection for pathology in the striatum in the mutant rats which 

is interesting in the context of vulnerable regions in PD. 

 

The limitations of this approach are that it is difficult to confidently state that the exact 

same quantity of PFFs are introduced each time. Some PFFs may adhere to the syringe 

or needle and in the process of PFF generation there may be inherent variability in the 
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shape of the PFFs and their pathogenicity. In the main experiments, the injected animals 

were of young age and if older rats were available at the time then this would have been 

perhaps more informative, and more pathology expected. Arguably mouse or rat PFFs 

may have been more potent to produce Lewy-like lesions but equally if the pathology 

burden was very high it may be harder to observe true differences between the genotypes. 

The site of injection also means that behavioural tests, particularly motor function would 

be confounded by induction of pathology directly into the motor area. Thus, this approach 

would exclude the animals for certain behavioural tests. As yet I have not been able to 

determine whether any TH cell loss has occurred or if other cell types such as 

oligodendrocytes are affected. This would give a more complete outline of the pathogenic 

process. Six months to allow inclusions to develop was a reasonable time frame given the 

preliminary findings at 6 weeks. Another key point is that small errors in target acquisition 

could potentially cause pathology to transmit along different anatomical tracts, however, 

in the rats sectioned and stained so far there are at least 2 rats per genotype with a similar 

pattern of staining for pS129-αSyn. Further, performing IHC for oligomeric forms of αSyn 

would also be informative because this may be increased in the mutant rats and explain 

the differences observed. Additional work on exploring the inflammation status following 

PFF injection in the mutant and control rats may delineate further reasons. This could 

include immunostaining for microglia markers such as CD68 and Iba-1, both of which are 

highly expressed in activated microglia and to lesser extent in steady state microglia 

(Greter et al., 2015). RNAseq of  αSyn PFF-injected rat brains from either genotype could 

also indicate these changes at a transcriptional level. We know that αSyn PFF injection 

leads to an inflammatory response (Duffy et al., 2018) but the extent of it due to each 

genotype would be interesting to explore. Improving the method of quantification may help 

to outline the differences statistically. Being able to quantify the density of inclusions would 

be useful as well as proximity to each other and the nuclei. Based on published work in 

other PFF models, we would have expected to see more pathology by six months, but 

this may reflect the PFF potency or cross-seeding efficiency in our rats. While the 

sectioning method for 2D stereology is useful it is arguably not as accurate at 3D 

stereology. I would argue that certain small brain regions would be missed on serial 

sectioning for 3D stereology and so this approach allows focus on region of interest. It 

would be interesting to try and inject αSynG51D PFFs into the mutant and control rats to 

see if the disease process is accelerated further, particularly in the mutant rats. A head-

to-head comparison of over-expression vs the G51D mutation could also be performed 

but this would require the generation of an αSynWT over-expressing rat with a Fischer 344 

background. Other point mutations cluster around lipid binding domain and alter the 
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kinetics of inclusion formation. It may be that structural change induced by the G51D 

mutation and reduced interaction with lipid membranes contribute to acceleration of the 

disease process.  

 

 

5.4 Conclusion 
 

Overall, this work shows two models of accelerated pathology in PD. We know that 

neurons can be more or less susceptible to Lewy-like pathology, and this could be due to 

different levels of endogenous αSyn expression, as well as neuronal subtype. I have 

shown that neurons are able to form efficiently from hESCs despite a significant level of 

αSyn over-expression. However, a disease trigger in the form of proteopathic αSyn PFF 

seeds, is needed to attain Lewy-like pathology in αSyn over-expressing neurons. The 

intracellular αSyn aggregates then become phosphorylated as they mature. In the same 

light, a cell with αSynG51D, has almost the same amount of total αSyn as control neurons 

but due to mis-localised protein it may have a lower barrier to form aggregates, and these 

may be harder to clear. The mis-localisation also means that diseased protein may easily 

transfer to other cells such as oligodendrocytes. This represents the most advanced 

stages of disease when GCIs form and if αSynWT neurons could undergo the disease 

process for longer, then they would reach this milestone eventually. Thus, the concept of 

a lower critical disease threshold ties this together. The key disease proponent in all 

regards is the trigger and the endogenous state influences how quickly the cells succumb 

to disease. Finally, an all-encompassing theory would include αSyn as a synaptic protein 

involved in neurotransmission and its role in the nucleus as DNA modulator (Logan et al., 

2017; Schaser et al., 2019). Loss of αSyn leads to loss of transcriptional regulation during 

innate immune system function and thus vulnerability to brain viruses (Massey et al., 

2020). Before ageing αSyn may serve to protect neurons via its innate immune function, 

but with ageing αSyn may develop pathogenic proteoforms that become increasingly 

difficult to clear. A pathogenic trigger then initiates the cascade of events described above.  

 

The wider implications of this work give some insight into how these endogenous states 

of αSyn influence clinical severity. PD-vulnerable regions acquire disease but at a faster 

rate and so the maturity of LBs should be taken into consideration. The general consensus 

was that once LB formation occurs then this is irreversible and cell death ultimately 

ensures, however, work by Mallucci and team in a prion mouse model show that the 

process can be reversed by blocking the unfolded protein response (UPR) (Moreno et al., 

2013). A recent paper by Torpey and colleagues shows that Cyclophilin D, a mitochondrial 
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peptidylprolyl isomerase that regulates the opening of the mitochondrial permeability 

transition pore, can not only prevent but also reverse the aggregation process caused by 

αSyn PFFs (Torpey et al., 2020). This represents a potential therapeutic strategy in 

advanced PD in contrast to simply knocking down endogenous αSyn expression. This 

would raise the critical threshold of disease regardless of the endogenous state of αSyn. 

The cell culture data suggests high endogenous αSyn alone seems to be indolent unless 

there is a disease trigger, thus finding these triggers or a reversal strategy maybe more 

pertinent.  

 

Finally, most lines of investigation in PD are very linear but data shows that several 

‘neurodegenerative proteins’ are misfolded in dementia and research going forward 

should consider the spectrum of misfolded proteins in a particular disease (Karanth et al., 

2020). Other neurodegeneration-associated proteins such as tau and amyloid-b are 

amongst several IDPs with similar properties to αSyn and in tauopathy models, for 

example, human brain homogenates induce tau inclusions in transgenic (ALZ17) mice 

(Clavaguera et al., 2013). Thus, there may be a common underlying pathological 

mechanism amongst neurodegenerative diseases and one of the variables is the aberrant 

protein that becomes misfolded.  
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Appendix 
 

 

 
Appendix 1. Shef4-derived transgenic hESC lines over-expressing αSyn 
 
A) Diagram to show the construct transfected into Shef4 cells to generate the clonal lines. I) 
Shows the construct with the human SNCA gene and subsequent clones are labelled with an 
‘S’ preceding the line number. II) Shows the control construct and lines containing this have a 
‘V’ preceding the line number. Both contain a CAG promotor (to drive expression of αSyn from 
the SNCA gene), a puromycin cassette to select transfected clones, and Internal ribosome 
entry site (IRES) and Venus protein tags to identify the transfected cells during the creation of 
clonal lines. B) Total αSyn mRNA in self renewing transgenic clones generated from the 
parental Shef4 line. Data were normalised to 18S rRNA. Each bar represents the mean and 
standard deviation of 3 technical replicates. The arrows highlight the lines chosen for further 
experiments. Figures adapted from (Yapom, 2016). 
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Appendix 2. Immunocytochemistry for total αSyn in self-renewing cells 
 
DAPI (blue), OCT4 (red) and total αSyn (green) immunostaining on the cell lines used for 
subsequent experiments in this thesis. Transgenic expression of αSyn due to the construct 
developed by Ratsuda Yapom led to different levels of αSyn in these lines. S9 had αSyn levels 
similar to the parental control, whereas S8 and S37 had higher αSyn expression. Images from 
(Yapom, 2016). 
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Appendix 3. Cell proliferation is similar across the transgenic hESC lines  
 
An MTS assay was used to show that cell lines with both low (A) and high (B) αSyn had a 
similar rate of proliferation over a 10-day period. A single sample per line was tested in three 
technical repeats and means of absorbance at 490nm were plotted. Data from (Yapom, 2016). 
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Appendix 4. Preliminary data showing that expression of αSyn remains high at day 71 
 
Data for day 71 has been added to the graphs from Figure 3.2 in the thesis. The preliminary 
αSyn ELISA data is also included. All of the day 71 data were derived from experiment AN6 
which included Shef4 as the control line and S8 and S37 as the αSyn over-expressing lines 
with one differentiation per cell line. A) to C) qRT-PCR data for total, transgenic and non-
transgenic αSyn, respectively, at the self-renewing (day 0), immature cortical neuron (day 25) 
time points and now mature cortical neurons (day 71). N = number of biological replicates 
(differentiated cell line) and n = technical replicates (number of wells per cell line). Mean 
expression relative to TBP shown and error bars represent SEM. For both total and transgenic 
αSyn, control (N = 4, n = 4) and high αSyn (N = 6 and n = 6) at day 0 and 25, and for non-
transgenic αSyn (preliminary data), control (N = 1, n = 1) and high αSyn (N = 2, n = 2) at day 
0 and day 25. D) αSyn ELISA data at day 0 (N = 2, n = 3) for control and (N = 2, n = 4) for high 
αSyn, day (N = 2, n = 3) for control and (N = 2, n = 4) for high αSyn and day 71 (N = 1, n = 1) 
for control and (N = 1, n = 2) for high αSyn. The data in each panel shows that αSyn over-
expression is preserved following cortical differentiation up until the mature neuron stage. 
There is a trend towards an increase in non-transgenic αSyn at day 71, particularly in the 
control group. Statistical comparisons were done using the Welch t-test and ** = 2-tailed p < 
0.01.  
 


