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Parkinson’s disease (PD) is a complex multisystem neurodegenerative disorder with no cure. 

Many PD patients will develop dementia, referred to as Parkinson’s disease dementia (PDD).  

The characteristic neuropathological hallmarks of PD are Lewy bodies (LBs) and Lewy neurites 

(LNs) that are composed primarily of misfolded a-synuclein. a-Synuclein pathology spreads 

to different regions of the brain as disease progresses and the presence of LBs and LNs 

correlate closely with the clinical features of PD. However, it is not yet understood which 

events are necessary to cause dementia in PD. With this in mind, it is important to understand 

events that facilitate the spread of phosphorylated a-synuclein to neuroanatomically 

connected regions, and the consequences of this spread on cellular events that lead to altered 
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cognition. In rodents, injection into the brain of a-synuclein preformed fibrils (PFFs) has 

previously been shown to induce human-like Lewy body pathology, leading to 

neurodegeneration after prolonged periods of time, whereas injection of the free radical 6-

hydroxydopamine (6-OHDA) induces rapid neurotoxicity of dopaminergic neurons and motor 

deficits in the apparent absence of a-synuclein modifications.  

To further investigate the brain changes underlying cognitive dysfunction in PD, the PD-

related effects of PFFs and 6-OHDA were examined following their unilateral stereotactic 

injection into the medial forebrain bundle (MFB) of Sprague-Dawley (SD) rats. Behaviour tests 

to measure motor, executive and visuospatial related cognitive impairments were used. 

Tissues were collected at 60, 90 and 120 days post injection (d.p.i.) of PFFs or vehicle. 

Phosphorylated a-synuclein was examined in regions connected to the MFB, with a focus on 

the frontal cortex and hippocampal areas that control cognition. These areas were also 

examined for changes in tau, synaptic proteins, oxidative stress and astrocyte reactivity. 

Synaptic disruptions underlie cognitive decline. Synaptic fractions were therefore isolated 

from rat tissues and immunoblotting techniques were used to study changes in synaptic 

proteins. To investigate the impact of rapid neuronal loss in the substantia nigra (SN) on 

a-synuclein spreading and neurodegenerative events important for cognition, a similar 

experimental approach was taken following unilateral MFB lesions with 6-hydroxydopamine 

(6-OHDA). Validation tests were conducted at 3 weeks post injection (w.p.i.) to confirm 

dopaminergic loss within the SN.   

 

Results from this thesis established that injection of a-synuclein PFFs into rat MFB can lead 

to phosphorylation of endogenous a-synuclein and apparent “spreading” of phosphorylated 

a-synuclein to regions connected to the MFB. However, a-synuclein PFF injection did not 
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cause alterations in tau, synapses or cause disruptions to rat behaviour or cognition up to 120 

d.p.i., in partial agreement with previous findings. In contrast, 6-OHDA injection into rat MFB 

resulted in rapid mass neuronal loss in the SN, phosphorylation and “spreading” of 

phosphorylated a-synuclein to MFB connected regions that was associated with altered 

synaptic marker levels, and cognitive impairments. These results extend previously published 

reports and suggest that rapid neuronal loss in the SN may initiate a cascade of events that 

facilitates the phosphorylation and/or spread of a-synuclein, ultimately leading to cognitive 

deficits. 

 

The study elucidates events that facilitate a-synuclein modifications and neurodegenerative 

changes linked to cognitive dysfunction in PD. Oxidative stress-induced rapid neuronal loss 

may stimulate neuronal alterations that lead to the induction of oxidative stress and the 

appearance of phosphorylated a-synuclein in neuroanatomically connected regions, synaptic 

changes and cognitive abnormalities, whereas a-synuclein alone does not cause these 

neurodegenerative changes, at least not at the time points examined here. A future 

therapeutic intervention to reduce dementia related to a-synuclein in PD may therefore be 

an antioxidant or neuroprotective agent, rather than a-synuclein targeted therapy. Such a 

therapy could prevent the progression of a full-blown neurodegeneration cascade that results 

in PDD.  

 

(An abstract of exactly 584 words) 
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Chapter 1 Introduction 

1.1 Parkinson’s disease 

1.11 A brief history of Parkinson’s disease  
 
Parkinson’s disease (PD) was first described over two hundred years ago by the English 

neurosurgeon James Parkinson in “An Essay on the Shaking Palsy”. In his essay, James 

Parkinson described his encounters with a handful of patients, all of whom displayed tremor 

at rest, bradykinesia, akinesia accompanied with stooped posture and festinating gait (Goetz, 

2011). A clear distinction in tremor was also distinguishable between those with passive and 

resting tremor in Paralysis agitans compared to tremor from those due to excess alcohol 

consumption, advanced aging or brain lesions (Goetz, 2011). It is now known as the most 

prevalent movement disorder (Alexander, 2004) and the second most common form of 

neurodegenerative disorder, after Alzheimer’s disease (Cabreira and Massano, 2019).  

 

PD was initially mentioned from as early on as the 12th century B.C, where the symptoms were 

described in the Bible, in Egyptian papyrus and Leonardo da Vinci’s notebooks (Raudino, 

2010). A Hungarian physician, Ferenc Papai Pariz (1649-1716) also noted some of the clinical 

symptoms of PD in a textbook (Bereczki, 2010). Later in the Ming Dynasty, Yikvi Sun, further 

recorded that tremors involved the head, hands and feet (Raudino, 2001).     

 

Although ancient literature provided descriptive features of PD-like symptoms in abundance, 

James Parkinson first observed that patients suffering from Paralysis agitans originally had 

their intellect and senses spared, although he noted that further disease progression usually 

led to a common end stage phenomenon of “constant sleepiness, slight delirium and extreme 
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exhaustion”. This was suggestive that the disease was far more complex and beyond the 

visible motor impairment.  

  

Fifty years later, a French neurologist Jean-Martin Charcot further elaborated on the 

comprehensive description and anatomopathological basis of the disease. Charcot denoted 

the name Parkinson’s disease as a distinctive clinical entity to credit James Parkinson’s work. 

Charcot identified differences in the variations of tremors. Tremors were either of slow 4-6 

Hz or of high frequency 8-9 Hz, with the former being characteristic of PD. Charcot also 

observed the non-motor symptoms Parkinson previously mentioned, such as autonomic 

dysfunctions, fatigue and pain (Garcia-Ruiz et al., 2014). Brissaud further suggested that the 

substantia nigra (SN) was the possible lesion site in PD (Okun and Koehler, 2007). However, it 

was not until much later that Tretiakoff (1919) provided neuropathological evidence of 

changes in the SN in PD (Holdorff, 2002; Lees et al., 2009). Depigmentation of the SN was 

observed to occur as a result of the loss of SN neurons. The microscopic loss of neuromelanin-

positive neurons was also associated with gliosis and Lewy bodies (LBs), so named after their 

description by Fredrich Lewy in 1912. These lesions are now a central focal point of 

neuropathological studies of PD. Surprisingly initial observations described LB inclusions as 

being absent in the SN, but localised within the dorsal nucleus of the vagus nerve and 

substantia innominate (Holdorff, 2002). 

 

Dopamine dysregulation was first recognised as contributing to PD in the 1900s. Fluorescent 

and histochemical methods showed that dopamine is present in vertebrate brain (Carlsson et 

al., 1958), and that the striatum has the highest brain concentration of dopamine (Carlsson, 

1959; Sano et al., 1959). However, it was Carlsson et al. (1957) who reported the functional 
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role of dopamine and showed that the dopamine precursor, L-3,4-dihydroxyphenylamine (L-

DOPA) was sufficient to reverse reductions in dopamine levels (Lees et al., 2015). This further 

encouraged George Cotzias to treat PD patients with L-dopa, and this treatment remains as 

the gold standard today (Lees et al., 2015).   

 

Great advances have since been made in understanding the origin and pathogenesis of PD, 

and several alternative treatments for PD have been discovered, including deep brain 

stimulation (DBS), and stem cell therapy (in animal models) (Bjorklund et al., 2002), with many 

other disease-modifying therapies under investigation (Bjørklund et al., 2020). Several animal 

models of PD have been developed, and these will be discussed in more detail below. Rodent 

models in which the neurotoxins 6-hydroxydopamine (6-OHDA) and 1-methyl-4-phenyl1-

1,2,3,6-tetrahydropyridine (MPTP) are injected are commonly used to study preclinical PD 

(Kin et al., 2019). The identification of familial causative PD gene mutations (Aharon-Peretz 

et al., 2004; Polymeropoulos et al., 1997) led to the generation of many genetically modified 

rodent models (Lee et al., 2012). Braak and colleagues proposed a staging system for PD based 

on the specific pattern of a-synuclein spread in postmortem PD brain (Braak et al., 2003). 

More recently, the identification of “cell to cell transmission” and propagation of a-synuclein 

(Luk et al., 2012a) (Luk et al., 2012b) has led to a colossal number of studies investigating the 

progressive spread of pathology in models of PD, including investigates of the strain of 

a-synuclein that allows spread and/or leads to neurodegeneration (including this 

investigation). Figure 1.1 summarises some of the key figures and their contributions during 

the 200-year history of PD.
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Figure 1.1 A brief history of Parkinson’s disease from 2000 BC, through to 20th Century. Key discoveries in shaping the understanding of 
Parkinson’s disease are highlighted, experimental discoveries and clinical trial results are excluded. PD, Parkinson’s disease, SN, substantia nigra, 
ST, striatum, DBS, deep brain stimulation, LB, Lewy bodies.  
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1.2  PD as a multifaceted disorder 
 
PD is a chronic, progressive neurodegenerative movement disorder, with no cure for the 

disease and treatments address only symptoms (Bandres-Ciga et al., 2020). From 2016 there 

were an estimated 6 million PD cases globally and the number of cases is predicted to increase 

to over 12 million by 2040 (Feigin et al., 2020). Incidentally, PD is also the fastest growing 

neurological disorder (Feigin et al., 2020). Age is an irrefutable risk factor for PD with average 

age of onset being approximately 60 years of age. Typically, a diagnosis under the age of 40 

is considered as early onset PD and these patients tend to have a longer disease duration 

compared to patients diagnosed at the age of 70 and over, where there is a more rapid 

disease progression (McCann et al., 2014). Men are disproportionately affected by PD 

compared to women (Wright Willis et al., 2010). The progression of PD symptoms varies upon 

the individual but can take fifteen to twenty years or more to develop (Davie, 2008). The 

symptoms of PD are both complex and diverse, involving both motor and non-motor 

components. Key characteristic clinical symptoms of PD include the presence of two or more 

of the cardinal motor symptoms bradykinesia, rigidity, gait instability and resting tremor 

(Poewe et al., 2017). A wide range multifactorial causes including genetic and environmental 

factors have been proposed to contribute to PD etiology (Blauwendraat et al., 2020), though 

the molecular basis remains not entirely clear. Potential triggering causes include 

mitochondrial dysfunction, oxidative stress and the misfolding of a-synuclein. It is unlikely 

that these factors act independently, but their complex interplay is likely to contribute to PD 

pathogenesis (Obeso et al., 2010).  
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1.2.1 Genetics of PD 
 
The majority of PD cases (90-95%) are sporadic without an identified genetic component 

(Duffy et al., 2018a). A small percentage of cases are known to harbour mutations in known 

PD genes that have large effects and cause familial forms of PD, which include genes that 

encode synuclein (SNCA), Leucine-rich repeat kinase 2 (LRRK2), vacuolar protein sorting-

associated protein 35 (VPS35), parkin RBR E3 ubiquitin protein ligase (PRKN), PTEN induced 

kinase 1 (PINK1), glucocerebrosidase (GBA) and DJ-1 (PARK7) (Polymeropoulos et al., 1997; 

Zimprich et al., 2011; Bonifati et al., 2003; Valente et al., 2004; Tayebi et al., 2001; Vilarino-

Guell et al., 2011; Liu et al., 2014; Oczkowska et al., 2013). Pathogenic variants of PARK7, 

PRKN, PINK1 and DJ-1 have been implicated in mitochondrial and mitophagy functions, while 

GBA, LRRK2 and VPS35 are thought to be associated with lysosomal and trafficking pathways 

(Blauwendraat et al., 2020).  Mutations in the SNCA gene were first identified in 1997 in a 

large Italian kindred and three unrelated Greek families (Polymeropoulos et al., 1997). A 

causative missense mutation was identified at A53T, and additional mutations at A30P, E46K 

and H50Q and A53E have since been identified (Kruger et al., 1998; Lesage et al., 2013). In 

addition to point mutations in SNCA, duplications or triplications of wild-type SNCA also cause 

familial PD (Duffy et al., 2018a) and show gene-dosage effects with SNCA triplication carriers 

exhibiting earlier and more rapid progression compared to those with duplications (Singleton 

et al., 2003); (Farrer et al., 2004);(Olgiati et al., 2015). In contrast, evidence supporting 

elevated mRNA and protein levels of a-synuclein in idiopathic patients is lacking (Tan et al., 

2005); (Su et al., 2017). Postmortem analysis reveals only modest changes in a-synuclein 

protein levels compared to age-matched controls (Zhou et al., 2011). Therefore, examining 

total expression levels of a-synuclein is a useful means of distinguishing familial from 
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sporadic forms of the disease. However, both familial and sporadic PD brain exhibits changes 

in membrane association, solubility and the abundance of post-translationally modified forms 

of a-synuclein (Tong et al., 2010; Burre et al., 2018). A notable shift in the ratio of soluble to 

insoluble a-synuclein is observed, but without changes in total a-synuclein. A decrease in 

soluble monomeric a-synuclein occurs with concurrent increases in soluble phosphorylated 

a-synuclein in susceptible regions such as the SN and cortex in sporadic and SNCA triplication 

carriers (Gibb and Lees, 1988b); Irizarry et al., 1998; Tong et al., 2010). Together, these 

findings emphasise the critical role of a-synuclein phosphorylation in PD pathophysiology in 

both sporadic and familial forms of PD.  

 

Additional gene variants are associated with PD, including in the genes encoding 

transmembrane protein 230 (TMEM230), low-density lipoprotein receptor-related protein 10 

(LRP10), NUS1 dehydrodolichyl diphosphate synthase subunit (NUS1) and arylsulfatase A 

(ARSA) (Blauwendraat et al., 2020). However, the consequences of these variants for PD risk 

are still debated and additional studies are required to elucidate their involvement in PD 

etiology.  
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Table 1.1 Summary of genes implicated in PD, indicating the primary biological pathways in 
which their encoded proteins function. 
 

 

 

 

 

PD related genes Biological consequence References 

Alpha-synuclein (SNCA) Misfolding of aSyn protein Polymeropoulos et al., 1997 

Vacuolar protein sorting-

associated protein 35 (VPS35) 
Associated with lysosomal and 

trafficking pathways 

Vilarino-Guell et al., 2011 

Glucocerebrosidase (GBA) Tayebi et al., 2001 

Leucine-rich repeat kinase 2 

(LRRK2) 
Li et al., 2014 

DJ-1 (PARK7) 

Mitochondrial and mitophagy 

functions 

Bonifati et al., 2003 

Parkin RBR E3 ubiquitin protein 

ligase (PRKN) 
Oczkowska et al., 2013 

PTEN induced kinase 1 (PINK1) Valente et al., 2004 

Transmembrane protein 230 

(TMEM230 

 

Implications unknown, 

additional studies required 

Blauwendraat et al., 2020 

Low-density lipoprotein 

receptor-related protein 10 

(LRP10), 

NUS1 dehydrodolichyl 

diphosphate synthase subunit 

(NUS1 

Arylsulfatase A (ARSA) 
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1.2.2 Motor impairment and the basal ganglia  
 

The basal ganglia (BG) circuitry consists of several important neuroanatomical regions in the 

brain that are affected in PD. This circuitry has a critical role in controlling goal-directed 

behaviour and habits. The loss of dopamine in PD leads to the disruption of the two main 

striatal projection systems resulting in the inability to respond appropriately to cortical and 

thalamic signals, causing bradykinesia (Zhai et al., 2018). The main components of the BG 

include the striatum, which itself consists of the dorsal striatum (caudate nucleus and 

putamen) (Lipton et al., 2019). The dorsal striatum receives dopaminergic input from the SN 

and has long been demonstrated to play a central role in compulsion, goal-directed and 

habitual reinforcement as indicated by animal studies (Ahmari, 2016), while the ventral 

striatum which is made up of nucleus accumbens and olfactory tubercle is associated with the 

“reward pathway” and addiction (Luscher, 2016). Other anatomical components of the BG 

include the globus pallidus, the ventral pallidum, the substantia nigra and the subthalamic 

nucleus.   

 

By understanding the BG network, it is possible to appreciate the importance of dopamine 

for motor output and to understand the detrimental consequences of dopaminergic neuron 

loss in the midbrain and how this leads to circuit-level changes that underlie the motor 

symptoms of PD.   

 

The striatal medium spiny neurons (MSNs) can be considered as two populations - the direct 

and indirect pathway MSNs, depending on their projection targets. In the direct pathway, 

MSNs project directly to the BG and decrease BG output, disinhibiting the thalamus and hence 

promoting movement. Conversely, indirect pathway MSNs project to the BG indirectly via the 
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GPe and STN. They also express Gi-coupled D2-like dopamine receptors (Gerfen et al., 1990; 

Mahul-Mellier et al., 2020; McGregor and Nelson, 2019). Activating the indirect pathway to 

increases BG output and inhibits the thalamus thereby reducing movement. Dopamine is 

thought to have opposing effects on these two populations, increasing or decreasing MSN 

activity. The overall effect of dopaminergic signalling is to promote movement by suppressing 

BG output from the GPi. However, in PD, dopamine loss leads to imbalanced activity between 

the two pathways, especially at the striatal level. Excessive indirect pathway activity is 

thought to supress GPe firing, increase STN activity and result in an increased GPi-mediated 

thalamic inhibition. In contrast, diminished direct pathway firing disinhibits GPi neurons and 

further suppresses the thalamus and cortex (Figure 1.2).  
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Figure 1.2 Left panel: basal ganglia diagram highlights the role of dopamine on both direct and indirect 
pathway activity and motor output. The centre diagram represents “healthy condition” where 
dopamine from the SNc to the striatum activities the direct pathway and inhibits the indirect pathway 
MSNs. This subsequently decreases GPi output, releasing inhibition on the thalamus and cortex and 
promoting movement.  The right panel diagram represents Parkinsonian conditions. The loss of SNc 
dopamine leads to hypoactivity of the direct pathway and hyperactivity of the indirect pathway 
leading to excessive GPi output. This ultimately causes over-inhibition of the thalamus and cortex and 
suppression of movement. Figure taken from McGregor and Nelson (2019), with permission.  
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1.2.3 Cognitive impairment in Parkinson’s disease 
 
Robust evidence has shown that in comparison with age matched controls without PD, those 

with PD are at a much higher risk of developing dementia and show a tendency for cognitive 

decline involving several cognitive domains (Aarsland et al., 2017). The prevalence of 

cognitive impairment in PD is approximately 30 % (Aarsland et al., 2003), while approximately 

80 % of longitudinally followed patients with PD developed dementia over the course of their 

disease progression, if they survived for more than 10 years after diagnosis (Hely et al., 2008); 

(Aarsland et al., 2003); (Irwin and Hurtig, 2018). The onset of dementia in PD leads to a 

diagnosis of Parkinson’s disease dementia (PDD). The major cognitive domains affected in 

PDD are executive function, visual perceptual ability, attention and memory (Gratwicke et al., 

2015; Aarsland et al., 2017).  

  

Executive function encompasses various cognitive abilities such as inhibition, problem solving, 

planning/sequencing, rule-shifting/maintenance, task switching and manipulation of working 

memory (Marshall et al., 2019). The fronto-striatal network, strong functional connections 

between the prefrontal cortex and the striatum via parallel dopamine dependent cortico- 

striatal loops, is partially responsible for executive function (Lewis et al., 2003). However, the 

mesocortical dopamine network, which originates in the midbrain ventral tegmental area 

(VTA) (A10) and projects diffusely to neocortical areas such as the cingulate cortices, insular 

and prefrontal regions may also contribute to executive dysfunction (Gratwicke et al., 2015). 

Visuospatial deficits include subtle difficulties in perception of personal space (Levin et al., 

1991); (Montse et al., 2001) and evidence from voxel-based morphometry MRI analysis found 

that in PD patients with mild cognitive impairment (PD-MCI), alterations in occipito-temporal 

and dorsal parietal connections underlie cognitive deficits (Pereira et al., 2012). Attention is 
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considered to comprise of three different subsystems; executive control, alerting and 

orienting, and involve the fronto-parietal, cortico-occipital cholinergic and noradrenergic 

networks (Petersen and Posner, 2012).  

 

The mechanisms leading to cognitive decline in PD are still poorly understood. Cognition itself 

is rarely dominated by a single neural network, but is instead influenced by several interacting 

neural networks including cholinergic, serotonergic, noradrenergic and glutamatergic 

systems (Del Tredici et al., 2002); (Braak et al., 2003). Evidence from the Tg2576 mouse model 

of AD that expresses mutant human APP demonstrated that progressive dopaminergic 

neuron loss within the mesolimbic pathway is correlated with impairment in CA1 plasticity 

and memory performance (Nobili et al., 2017).  

 

In addition to cognitive impairment in PD, some of the non-cognitive disturbances in PD may 

involve the following (as listed in Table 1.2): autonomic system (sexual dysfunction, 

hypotension), gastrointestinal (constipation, difficulty in voiding bowels), sensory (dystonia, 

visceral pain), sleep (REM sleep disorders) and neuropsychiatric (depression) features leading 

to a significant reduction in quality of life (Chaudhuri et al., 2006; Mahul-Mellier et al., 2020); 

(Docherty and Burn, 2010).  
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Table 1.2 The main symptoms of PD. Table summarises the clinical features presented during 
PD progression. An individual may not necessarily experience all of these symptoms and may 
show secondary prior to primary symptoms.  
 

 

 

Parkinson’s disease symptoms 

Early symptoms 

-Mild tremors,  

-Lack of movement of limbs, 

-Abnormal facial expression,  

Primary Motor 

- Tremor 

- Rigidity 

- Bradykinesia 

- Postural instability 

Secondary motor 

- Muscle cramps, dystonia 

- Difficulty in swallowing, chewing 

- Sexual dysfunction 

Primary non-motor 

- Dementia (executive dysfunction, 

hallucinations) 

- Fatigue, REM sleep disorders 

- Pain 

Secondary non-motor 

- Constipation 

- Hypotension  

- Emotional changes 
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1.3 Pathological proteins in PD  
 
1.3.1 Neuropathological hallmarks of PD 
 

The characteristic neuropathological hallmarks of PD include the loss of nigrostriatal 

dopaminergic neurons and the presence of intraneuronal proteinaceous cytoplasmic 

inclusions, referred to as Lewy bodies (LBs). The cell bodies of nigrostriatal neurons in the SN 

contain conspicuous quantities of neuromelanin (Marsden, 1983) and therefore 

depigmentation is evident upon neuronal loss (Figure 1.3). The extent of SN cell loss parallels 

the decline of dopamine (DA) transporter expression (Uhl et al., 1994). Typically, at the onset 

of motor symptoms 60% of the dopaminergic neurons within the SN are lost, and putamenal 

DA has been depleted by 80% (Uhl et al., 1985).  
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Figure 1.3 Loss of substantia nigra (SN) neurons in PD compared to control brain. In 
Parkinson’s disease, there is evident loss of dopaminergic neurons in contrast to dense 
pigmentation caused by neuromelanin-positive dopaminergic neurons in the SN observed 
in controls. Figure adapted from Mercer University of Medicine 
(www.Medicine.tamu.edu). Copyright permission from Dr Klatt.  
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Spillatini et al (1998) were the first to discover that a-synuclein is the main constituent of LBs, 

along with neurofilaments, p63 and ubiquitin. The formation of LBs consists of several phases, 

starting with the pre-Lewy body where phosphorylated a-synuclein is minimal. Typically, LBs 

observed during postmortem investigations appear as immature LBs, also referred to as pale 

bodies, at early stages of disease. As disease progresses, pale bodies develop into intracellular 

diffuse and granular eosinophilic material with ill-defined borders. At advanced stages of PD, 

mature cytoplasmic LBs dominate over pale bodies (Gibb and Lees, 1988a); (Irizarry et al., 

1998); (Stefanis, 2012). Mature LBs and accompanying Lewy neurites (LNs) show dense cores 

with radiating filaments that stain positive for thioflavin S, and are resistant to digestion by 

proteinase K (Neumann et al., 2002). As LBs mature, they contain an increased abundance of 

phosphorylated a-synuclein, and the cytosolic to membrane ratio of a-synuclein also 

changes. Pre-Lewy bodies consist of 2:1 cytosolic/membrane-bound a-synuclein, while in 

mature LBs, approximately equal forms of a-synuclein are found in the cytosolic and 

membrane-bound (Zhou et al., 2011);(Murphy and Halliday, 2014). An image depicting the 

various a-synuclein pathology is shown in Figure 1.4.  

 

Lewy-related pathology, particularly in the cortex, is considered to be most important for the 

development of cognitive impairment in PD since it correlates closely with dementia in PD 

(Aarsland et al., 2003{Halliday, 2014 #1613; Compta et al., 2011; Irwin et al., 2012).  
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Figure 1.4 Images of a-synculein pathology at postmortem. a) shows large Lewy Body next 
to a nucleus, with lewy surrounding lewy neurites b) cytoplasmic lewy bodies that are 
smaller in size with other aggregates in neurites. Arrows point to Lewy neurites. Images 
are taken from Alforum.org, courtesy of Dennis Dickson, Mayo Clinic.    
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1.3.2 Alpha Synuclein 

 
1.3.2.1 Alpha synuclein structure  
 
a-Synuclein is a relatively small protein of 140 amino acids, first reported by Maroteaux and 

Scheller (1991). Biochemically a-synuclein consists of three main domains; the N-terminus, 

residues 1-60, which is rich in leucine and has seven highly conserved hexameric motifs that 

form the amphipathic alpha-helix structure (Uversky, 2007). A point mutation at amino acid 

53, A53T, leads to familial PD. The “NAC” region in the middle of the molecule contains the 

non-amyloid binding component (residues 61-95). The hydrophobicity of this region 

contributes to the ability of a-synuclein to self-aggregate. The C-terminus of a-synuclein, 

amino acids 96-140, is enriched with charged residues and contains multiple phosphorylation 

sites, one of which is Serine 129 (Ser129) (Figure 1.5).  
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Figure 1.5 A representation of the biochemical structure of a-synuclein. The N-terminus, 
consisting of four amphipathic repeats typically gives rise to b-helix structures. The non-
amyloid-binding component (NAC) is hydrophobic and is prone to aggregate into b-sheet 
structures. The C-terminal domain includes many phosphorylation sites including Ser129. 
R denotes repeat regions. Figure created by Cindy Pang.  
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1.3.2.2 Alpha synuclein functions in health and disease 
 
Within the central nervous system (CNS), a-synuclein is predominantly expressed by neurons 

and is found in presynaptic vesicles. When a-synuclein exists in the physiological, soluble and 

monomeric form, it participates in regulating exocytosis, vesicle membrane fusion, vesicle 

clustering, and within dopaminergic neurons mediates presynaptic neurotransmitter release 

(Duffy et al., 2018a);(Chandra et al., 2005). Mice lacking the SNCA gene show impaired release 

of dopamine (Abeliovich et al., 2000). Knockout of a-synuclein alone gives rise to only modest 

phenotypes (Burre et al., 2010), whereas ablation of all three synuclein members leads to 

premature death of small presynaptic boutons (Greten-Harrison et al., 2010).  

 

Under environmental conditions  where the rate of nucleation, growth and fragmentation are 

favorable,  a-synuclein protein is capable of spontaneously generating amyloid structures 

due to protein misfolding (Jucker and Walker, 2013). This property is not unique to 

a-synuclein as all proteins are capable of doing so (Dobson, 1999). In the process of 

amyloidogenesis, intermediate assemblies occur, referred to as oligomers and protofibrils 

(Jucker and Walker, 2013). The aggregation of proteins can result in loss of functions, whereby 

molecules are sequestered within aggregates, disrupting their physiological functions. The 

aggregates may in turn cause toxic gains of function. Figure 1.6 provides a schematic 

representation of the conversion from monomeric synuclein to toxic, aggregated and fibrillar 

forms of a-synuclein. 

 

Misfolded, oligomeric and aggregated forms of a-synuclein can induce a variety of toxic 

effects including mitochondrial dysfunction and oxidative stress (Lin and Beal, 2006), impaired 



 47 

axonal transport (Volpicelli-Daley, 2017) and altered protein clearance and degradation 

(Xilouri et al., 2009).   
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Figure 1.6 Schematic diagram representing the steps in producing a-synuclein fibrils from 
native monomeric a-synuclein. In response to changes in the local environment, native 
monomeric forms of a-synuclein misfold and form oligomers. Some of the oligomeric 
a-synuclein may form fibrils, which can accumulate inside neurons to form Lewy bodies. 
Figure created by Cindy Pang. 
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1.3.2.3 Spreading of alpha synuclein  
 

The pathologic changes observed in PD occur gradually and progressively over many years 

(Halliday et al., 2014). In 2003, Braak and colleagues conducted a detailed neuropathological 

examination of a large number of PD and control cases. This led to the proposition that the 

a-synuclein neuropathology spreads through the brain in a region specific and predictable 

manner (Braak et al., 2003).  

 

At stage 1, a-synuclein pathology is present in the olfactory nucleus and dorsal motor nucleus 

of the vagus nerve (Ordonez et al., 2018), which may provide an explanation for the enteric 

system involvement and hyposmia reported at early stages of disease (Marras and Chaudhuri, 

2016);(Holmqvist et al., 2014). By stage 2, a-synuclein pathology can be observed in the 

medulla oblongata and pontine tegmentum with both the raphe nuclei and locus coeruleus 

affected, leading to depressive symptoms (Boeve et al., 2007). Only at stage 3 of the disease 

is pathology found within the midbrain, affecting predominantly the SN and amygdala. This 

stage is considered as the pre-symptomatic stage and rapid eye movement (REM) sleep 

disorder and motor impairments are common (Boeve et al., 2007). Pathology spreads into the 

anteromedial temporal mesocortex at stage 4, when overt parkinsonism is evident. The 

neocortex remains minimally involved at this stage. In the final two stages (stage 5 and 6), 

pathology reaches prefrontal neocortex, premotor areas and primary sensory areas, including 

the primary motor field. The key feature of stage 6 is the involvement of almost the entire 

neocortex. PD patients manifest the full spectrum of clinical symptoms and cognitive 

impairment is most apparent at these stages (Braak et al., 2003) (Figure 1.7) 
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Figure 1.7 Illustration depicting Braaks hypothesis on the origin and spread of a-synuclein 
pathology in Parkinson’s disease. According to Braak et al (2003), PD originates in the 
enteric nervous system, and spreads to the CNS along the vagus nerve to the dorsal vagus 
motor nucleus. a-Synuclein pathology then spreads in a spatiotemporally defined manner 
into medulla areas, followed by the midbrain, mesocortex and lastly to all neocortical 
regions. Figure created by Cindy Pang.  

Stage 1 & 2 

Stage 3 & 4 

Stage 5  

Stage 6  

Proposed origin 

 
Proposed origin= Peripheral and enteric nervous system, Stages 1 & 2= Medulla 
oblongata and Pontine tegmentum, Stages 3 & 4= Basal mid and forebrain, 
hypothalamus, thalamus, Stage 5= Mesocortex, allocortex. Stage 6= Neocortex 
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Braak’s hypothesis is not without controversy. Although many cases do indeed follow Braak’s 

proposed staging system, there are cases where the distribution of pathology does not follow 

the proposed spreading pattern. Eighty-three percent of PD patients appear to follow Braak’s 

staging, however, approximately 7-11% do not show Lewy pathology in the dorsal motor 

nucleus of vagus, despite other brain regions being affected (Kalaitzakis et al., 2008). Some 

cases also do not show the predicted clinical symptoms (Colosimo et al., 2003); (Galvin et al., 

2006), with 55% of PD cases exhibiting Braak stage 5-6 pathology but lacking clinical evidence 

of dementia (Parkkinen et al., 2008); (Gratwicke et al., 2015). In some cases, 

neurodegeneration in the SN also precedes Lewy pathology (Milber et al., 2012). An 

alternative theory suggests that instead of a stepwise accumulation of Lewy pathology, the 

spread of Lewy pathology occurs in parallel and is based upon differential vulnerability 

profiles of the different cell types within different regions (Engelender and Isacson, 2017).  

 

Many experimental studies corroborate the spreading hypothesis proposed by Braak et al 

(2003), whereby initiation of a-synuclein pathology in the enteric system spreads to the CNS. 

For example, when a-synuclein preformed fibrils (PFFs) were injected into the duodenal wall 

of rats, it spread through the vagal nerve to the dorsal motor vagus nerve and from there into 

the rest of the CNS (Holmqvist et al., 2014). Injection of a-synuclein PFFs into the duodenal 

and pyloric muscularis layers also led to the spreading of a-synuclein along the vagus nerve 

into relevant regions such as dorsal motor nucleus, caudal portions of the hindbrain including 

locus coeruleus and the basolateral amygdala, dorsal ralphe nucleus and SN. Importantly, 

truncal vagotomy prevented the spread of a-synuclein pathology from gut to brain and the 

associated behavioural deficits in mice (Kim et al., 2019).  
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Evidence for CNS spread of a-synuclein includes intracerebral injection of a-synuclein PFFs 

into various anatomical regions of rodents (Polinski et al., 2018);(Patterson et al., 2019), 

resulting in inclusions that closely resemble human Lewy pathology. Depending on the site of 

injection, pathology can be observed both contralateral and ipsilateral to the injection site 

(Luk et al., 2012a; Rey et al., 2013). For an extensive list of a-synuclein PFF rodent studies, 

see Table 1.3.  

 

a-Synuclein is also known to interact with other neurodegenerative disease proteins. For 

example, studies using DLB-AD transgenic mice in which the M83-h line (expressing A53T 

mutant human a-synuclein) of mice were crossed with 3xTg (transgenic) AD mice (expressing 

mutant human APP (amyloid precursor protein), PSEN1 (presenilin) and MAPT (microtubule 

associated tau protein) genes, have shown that a-synuclein, Ab  and tau act synergistically 

to exacerbate pathology, behavioural impairments and neurodegeneration (Clinton et al., 

2010). b-Amyloid species present in amyloid plaques in the 5xFAD mouse model of AD were 

found to facilitate the seeding and spreading of fibrillar a-synuclein, causing further 

degeneration (Bassil et al., 2020), while in the 3xTg AD mouse model, reduction of 

a-synuclein led to a reversal of AD pathology (Spencer et al., 2016).  

 

1.3.2.4 Mechanism of transmission  
 
The mechanism of cell-to-cell a-synuclein transmission involves pathological seeds from a 

donor cell acting as a template to induce endogenous counterparts in recipient cells to misfold, 

resulting in the amplification of the pathological protein conformation (referred to as 

“templated amplification”) (Peng et al., 2020). The mechanism underlying the formation of 

pathological seeds remains unclear, but this is considered to be a result of the local cellular 
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environment leading to native a-synuclein protein misfolding, becoming oligomerised and 

forming small aggregates with the capacity to be released from donor cells, internalised by 

recipient cells and sequester endogenous proteins.  Thus, the transmission process can be 

divided into three parts; intracellular transportation, release of pathological seeds and lastly 

internalisation by recipient cells (Figure 1.8).  

 

The initial transmission process occurs when pathological seeds are formed and amplified in 

the donor cell. These pathological seeds are transported intracellularly to the site of release, 

where exosome-based secretion is thought to mediate their release. Exosomes are nano sized 

(30-130 nm) membrane bound extracellular vesicles, that are formed as internal vesicles of a 

multivesicular body. They are released into the extracellular environment after fusion with 

the plasma membrane (Turturici et al., 2014). Cell culture and human plasma and CSF studies 

have shown the presence of a-synuclein within exosomes (Emmanouilidou et al., 

2010);(Poehler et al., 2014);(Danzer et al., 2012). Alternatively, seeds may enter the 

extracellular space as “free” proteins.  

 

The released pathological seeds must then be internalised by recipient cells. Primary 

hippocampal culture experiments suggest that endocytosis is the most prominent pathway 

that allows their internalisation (Wu et al., 2019); (Volpicelli-Daley et al., 2011). However, 

alternative mechanisms have been proposed including direct penetration of the plasma 

membrane by macropinocytosis (Holmes et al., 2013), or fluid-phase endocytosis (Guo and 

Lee, 2011). Lastly, nanotubes have also been proposed to transfer a-synuclein PFFs between 

neurons inside lysosomes (Wani et al., 2011). Stressed lysosomes that function as the vehicle 

of transport inside the nanotubes have been suggested to allow fibrils to escape, enabling the 
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seeding of cytosolic protein (Kanimalla et al., 2013). Introduction of a-synuclein PFFs to the 

medium of cultured cells also led to an increase in the number of tunneling nanotubes 

(Costanzo et al., 2013);(Abounit et al., 2016). The intercellular transmission and templated 

amplification of these pathological seeds can lead to the spread of pathological protein 

aggregates along neuronal networks, in both anterograde and retrograde directions (Rietdijk 

et al., 2017). 
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Pathological aggregates 

Donor cell Recipient cell  

Extracellular space 

Monomer 

Cytosol 

Nanotubes 

Exosomes 

Pathological seeds 
Pathological Seeds 

1. 
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Figure 1.8 The transmission mechanism of a-synuclein PFFs. Pathological seeds are released from the donor cell into the extracellular space. 

Pathological seeds are a results of spontaneous protein misfolding, leading to the formation of oligomers and fibrils which eventually 

accumulate inside neurons as Lewy bodies. Small protein aggregates (seeds) can enter into the extracellular space either as free protein or in 

association with exosomes. Uptake from the extracellular space to recipient cells can be via several means; 1) receptor mediated endocytosis, 

2) direct uptake across the plasma membrane, 3) fluid phase endocytosis, 4) internalization via fusion with vesicles in the plasma membrane, 

5) nanotubes, protrusions that extend from plasma membrane facilitating the communications between cells. Templated amplification occurs 

where pathological seeds induce further native protein monomers (orange circle) to misfold. Figure adapted from (Peng et al., 2019) and 

created by Cindy Pang. 



 56 

 

Inside the recipient neuron, pathological seeds can rupture vesicles (Flavin et al., 2017) and 

exit the endosomal vesicle to gain access to cytosolic proteins and begin the amplification 

process (Falcon et al., 2018). The seeds require an available substrate to template, which is  

generally the native form of the pathological protein in the cytoplasm. The difference in 

expression level of the normal protein in different cell types/sub-types has been proposed as 

a key factor that could explain the selective vulnerability of different neuronal populations 

(Luna et al., 2018).   
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1.3.3 Tau  
 
Human tau is encoded by the MAPT gene, located on chromosome 17. It is comprised of 16 

exons and alternative splicing of exons 2 and 3 leads to tau isoforms with 0, 1 or 2 N-terminal 

inserts. Exclusion or inclusion of exon 10 gives rise to tau isoforms with three (3R) or four (4R) 

microtubule binding repeats. Thus, tau can exist as six isoforms in the adult human CNS. The 

expression of tau isoforms is developmentally regulated. In foetal brain, only a single tau 

isoform (0N3R) is present. The ratio of 3R:4R isoforms in the healthy CNS is approximately 

equal, but can be altered in some tauopathies (Narasimhan et al., 2017).   

 

Tau is best recognised as a microtubule-associated protein that maintains the cell 

cytoskeleton and regulates axonal transport. Several additional functions of tau have recently 

been identified including membrane-associated cell signaling and DNA protection (Guo et al., 

2017). Disruption to tau homeostasis can result in several loss and gain of functions that 

contribute to tauopathies (Guo et al., 2017).  

 
1.3.3.1 Structure, function and dysfunction of tau  
 
Tau is a highly phosphorylatable protein, containing 85 phosphorylation sites - 45 Serine, 35 

threonine and 5 tyrosine residues. Tau is highly phosphorylated in tauopathy brain. For 

example, tau phosphorylated at pS396/404 (PHF1) is characteristic of abnormally modified 

tau in disease, and tau phosphorylated at S404 and S396 individually can be found at basal 

levels in control human brain, but phosphorylation at these sites is increased in AD (Hanger 

et al., 2007). Abnormal and hyperphosphorylation of tau is believed to contribute to disease 

by effecting tau structure and propensity to aggregate, protein interactions and localisation 

(Noble et al., 2013; Hanger et al., 2009);(Guo et al., 2017).  
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In healthy brain, tau is localised predominantly in the axons of mature neurons with low levels 

of tau found in somatodendritic compartments, nuclei, mitochondria and the plasma 

membrane. Low levels of tau are also found in human astrocytes and oligodendrocytes. 

Retention of tau within the axonal compartment is ensured via several mechanisms. Firstly, 

low basal levels of phosphorylation promote tau binding to microtubules. Secondly, the axon 

initial segment enables tau to enter axons but prevents it from travelling back towards the 

dendrites and soma (Guo et al., 2017; Hanger et al., 2019). However, elevated tau 

phosphorylation reduces the affinity of tau for microtubules, leading to cytosolic tau 

accumulation and the mis-sorting of tau from axons into the somatodendritic compartment. 

This subsequently leads to a compromised axonal microtubule integrity and disruptions in 

synaptic function (Hanger et al., 2019).  

 

A number of studies have corroborated the notion that synaptic tau disrupts synaptic function 

(Pooler et al., 2014); (Hanger et al., 2019); (Noble and Spires-Jones, 2019). Synapses from post 

mortem AD, but not control brain contain phosphorylated tau oligomers (Tai et al., 2012; 

Zempel and Mandelkow, 2014). Indeed, the presence of hyperphosphorylated soluble tau 

multimers in the synaptic compartment correlates with dementia in AD (Perez-Nievas et al., 

2013. This tau mislocalisation may result from A� causing increased tau phosphorylation, tau 

detachment from microtubules and trafficking to dendritic spines where tau mediates 

excitotoxic responses {Ittner, 2010 #2043; Hoover et al., 2010) or pre-synapses where 

phosphorylated tau disrupts synaptic vesicle release (McInnes et al., 2018).  Indeed, soluble 

forms of tau and Ab  may act in concert at the synapse causing neural network dysfunction 

(Crimins et al., 2013) 
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1.3.3.2 Tau in Parkinson’s Disease  
 

Modified tau has been reported in PD and PDD brain (Irwin et al., 2012; Irwin et al., 2013); 

(Irwin and Hurtig, 2018). It is also not uncommon to see neurofibrillary tangles (NFTs) and LBs 

present within the brain or cell (Iseki et al., 2003). NFTs have been noted in the SN of PD 

patients (Schneider et al., 2006) and the presence of phosphorylated tau is seen in 

dopaminergic neurons of PD and PDD subjects (Wills et al., 2010). Similarly, increases in 

a-synuclein and phosphorylated tau at Ser396/404, detected by the PHF-1 antibody was 

observed in the striatum of PD patients compared to control subjects (Haggerty et al., 2011). 

Carriers of LRRK2 mutations that cause familial PD also demonstrate AD-like tau features, 

including neuritic plaques, neurofibrillary tangles and neuropil threads. This phenomenon 

was not observed in control or schizophrenic cases (Henderson et al., 2019b). PD cases with 

A53T mutations show severe tau pathology with an increased tendency to develop early 

onset cognitive impairments (Teravskis et al., 2018). Lastly, phosphorylated tau at epitopes 

Ser396, Ser202, 396/404 have also been noted in PD cortex synapses (Muntane et al., 2008).  

 

Cell culture and rodent studies have also reflected the co-occurrence of tau and a-synuclein 

as seen in human patients. Using K114 fluorometry as a sensitive and quantitative measure 

for the presence of amyloid fibril formation, co-incubation of tau and a-synuclein led to 

greater K114 fluorescence (Giasson et al., 2003). Although a-synuclein alone also resulted in 

the generation of amyloid-like polymers, an increased polymerisation was evident at higher 

a-synuclein concentrations. In comparison, incubation of tau T40 (2N/4R), the longest tau 

isoform expressed within the CNS, did not lead to notable K114 fluorescence. This was also 

reflected in rodent studies. In a Tg mouse model with overexpression of human A53T, in 
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addition to the motor phenotype and a-synuclein inclusion, a subset of mice also exhibited 

abundant tau-positive grains, threads and spheroids. Inclusions were not noted in control 

mice and from co-labelling pathological inclusions were composed of either both tau and 

a-synuclein, or tau, or a-synuclein (Giasson et al., 2003).  

 

Several studies utilising the 1-methyl-4-phenyl1-1,2,3,6-tetrahydropyridine (MPTP) mouse 

model, found an upregulation in levels of phosphorylated tau, a-synuclein and glycogen 

synthase beta 3 (GSK-3b)  within the hippocampus and SN (Hu et al., 2020) and striatum (Duka 

et al., 2006). The presence of a-synuclein contributes to GSK-3b  activation, subsequently 

hyperphosphorylation of tau.  In a-synuclein -/- mice there was a lack of phosphorylated tau 

formation (Duka et al., 2009). Inhibitors of GSK-3b  (lithium) reversed phosphorylated 

a-synuclein accumulation and tau hyperphosphorylation in SHSY-5Ycells (Duka et al., 2009). 

In an another Tg mouse model of PD, with overexpression of the human a-synuclein 

transgene under the platelet derived growth factor (PDGF) promoter, tau pathology was 

associated with an age-dependent increase in the expression of a-synuclein. Phosphorylated 

tau was only observed in 11 month-old mice where a-synuclein pathology was present, but 

not in 4 month old mice in the absence of synuclein pathology (Haggerty et al., 2011). Lastly, 

in symptomatic A30P a-synuclein mutant mice, phosphorylated tau changes were observed 

at sites Ser202 and Ser396/404 in the brainstem. Other regions were unfortunately not 

examined (Frasier et al., 2005).  
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1.3.3.3 a-Synuclein and Tau interaction in disease   
 
 
Proteins associated with neurodegenerative disorders have long been postulated to act 

synergistically to exacerbate neurodegeneration (Clinton et al., 2010) and co-pathology is a 

common finding in postmortem brain (Spires-Jones et al., 2017); (Compta et al., 2011). In PD 

post mortem cases, in addition to a-synuclein pathology, Ab (plaque) and tau (neurofibrillary) 

pathology are frequently observed (Irwin and Hurtig, 2018). Indeed, AD pathology is the most 

prominent pathology alongside aSyn pathology in PD/PDD (Hely et al., 2008). In the presence 

of A53T a-synuclein mutations that cause PD, tau pathology was present particularly within 

the parahippocampus and hippocampal regions of the brain (Nishioka et al., 2020). This co-

pathology phenomenon is also noted in animals models since tau pathology was also found 

in a subset of mice expressing mutant human A53T a-synuclein (Waxman and Giasson, 2011). 

Furthermore, tau aggregation is promoted by a-synuclein seeds (Waxman and Giasson, 2011) 

and specific strains of aSyn can induce tau phosphorylation (Guo and Lee, 2011).   

 

Although a-synuclein and tau show differently distributions under physiological conditions 

with tau being predominantly axonal and a-synuclein residing in presynaptic vesicles, both 

proteins share some common features. Both are abundant neuronal proteins, and adopt an 

unfolded confirmation in healthy environments, but polymerise into fibrils in disease. 

a-Synuclein can self-polymerise whereas it appears that tau requires co-factors (Meade et 

al., 2019). a-Synuclein is a small protein of 140 amino acids, and its middle hydrophobic 

region which drives filament formation is exposed. It is believed that this may facilitate 

intermolecular interactions leading to fibrillisation (Meade et al., 2019). In contrast, tau is a 

larger protein and the repeat region of tau which is required for filament formation is likely 
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shielded by the flanking region, which renders tau less susceptible to misfolding (Meade et 

al., 2019).  

 

Protein kinases may facilitate the synergistic interactions of a-synuclein and tau. For example,  

a-synuclein was found to stimulate protein kinase A when bound to tau, leading to further 

tau phosphorylation at residues Serine 262 and 356 (Jensen et al., 1999). In PC12 cells, 

extracellular a-synuclein increased tau phosphorylation at Serine 396 and led to microtubule 

destabilisation, which was prevented by addition of a GSK-3b inhibitor. In an MPTP-based 

mouse model of PD, GSK-3b was found to be activated in brain regions displaying 

phosphorylated a-synuclein and tau. The utilisation of the GSK-3b inhibitor AZD1080 reduced 

the levels of phosphorylated tau and reversed motor impairments in these animals (Hu et al., 

2020). These examples highlighting the involvement of protein kinases as a potential linking 

mechanism between tau and a-synuclein abnormalities in PD (Gassowska et al., 2014).  Other 

co-factors are likely to exist, but are not yet identified (Hijaz and Volpicelli-Daley, 2020). 
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Figure 1.9  The potential interplay between a-synuclein and tau. Under pathological 
conditions, influenced by environmental factors  and spontaneous events, normal highly 
soluble a-synuclein and tau may misfold and converted into pathological and larger 
species may fibrillise and convert into LB’s and Lewy neurites or paired helical filaments 
(PHFs) and neurofilbrillary tangles (NFTs). Once this occurs, normal cellular mechanisms 
(ubiquitin system, phagosome/lysosome system) are not able to counteract such changes 
or reverse protein misfolding and they remain as pathological aggregates and amyloid 
fibrils. Figure adpated from Tenreiro et al., 2014.   
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1.4 Oxidative stress in PD   
 
Oxidative stress is the imbalance of redox states, involving the excessive generation of 

reactive oxygen species (ROS) and a dysfunctional antioxidant pathway (Kim et al., 2015; 

Andersen, 2004). ROS are a group of reactive molecules derived from oxygen. Due to the two 

unpaired electrons present in the outer electron shell, oxygen is more susceptible to free 

radical formation (Bolisetty and Jaimes, 2013) and through consecutive reduction of oxygen 

through additional electrons, a variety of ROS are generated. The ROS family includes: free 

radicals (superoxide, O2-), hydroxyl radicals (·OH) and non-radicals (hydrogen peroxide, H2O2) 

(Figure 1.9). Prolonged elevation of oxidative stress levels can induce a diverse range of 

effects, including cell membrane damage from lipid peroxidation, structural damage to DNA 

and changes in protein structure and function due to protein oxidation (Hwang, 2013). The 

brain is particularly vulnerable to ROS due to its high oxygen demand. Metals such as iron or 

copper exist abundantly in the CNS which are both involved in catalysing ROS (Zhao and Zhao, 

2013); (Blesa et al., 2015).  
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Figure 2.1 A summary of the PD associated gene products and their prospective sites of 
cellular function and contribution in ROS generation. The dysfunction of protein 
degradation components, including mechanisms associated with lysosome and autophagy 
and ubiquitin proteasome system are thought to contribute to PD pathogenesis. 
Impairment in protein clearance is assumed to promote misfolding of proteins leading to 
a blocked intracellular trafficking and increased cytotoxicity. Mutations in Parkin (an E3 
ubiquitin ligase), ubiquitin C terminal hydrolase-1 (UCHL-1), lysosomal ATPase (ATP13A2) 
and glucocerebrosidase (GBA) have been further implicated in protein degradation. Genes 
linked to mitochondrial function, DJ-1, PTEN-induced kinase (PINK1) are thought to be 
contributors to ROS generation  which in turn accelerate protein damage and 
neurodegeneration. Mutation in LRRK2 protein is the most heritable mutation in PD. Figure 
adapted from Caldwell and Caldwell, 2008.  
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Oxidative stress is a complex process that can arise due to both exogenous and endogenous 

influences. Exogenous sources include ultraviolet light and ionising radiation, while 

environmental toxins and chemicals can also produce ROS as a by-product of their 

metabolism (Chen et al., 2012). Endogenous production of ROS is mediated by mitochondrial 

and non-mitochondrial ROS generating enzymes including xanthine oxidase (XO), cytochrome 

P450 from the endoplasmic reticulum, flavin oxidases from peroxisomes and nicotinamide 

adenine dinucleotide phosphate (NADPH) oxidase (Nox). Under physiological conditions, ROS 

regulate key cellular pathways and enzymes necessary for cellular homeostasis, including 

mitogen-activated protein kinase and phosphoinositide 3-kinsase pathways (Fujino et al., 

2007). However, the persistent imbalance of redox states with elevated levels of ROS is 

problematic and is considered to be a major contributor to disease pathogenesis across 

neurodegenerative disorders (Andersen, 2004).  

 

In PD, genetic or environmental insults can lead to induction of oxidative stress responses. 

This in turn, can exacerbate the effects of misfolded proteins which themselves further 

activate oxidative stress pathways leading to a vicious cycle of elevated oxidative stress 

(Ganguly et al., 2017). PD patients are prone to oxidative stress insults as the 

neurotransmitter DA is normally stored in vesicles, but excess cytosolic DA can be easily 

oxidised making DA a source of oxidative stress itself (Hwang, 2013); (Andersen, 2004). 

Postmortem examinations revealed an increase in the intensity of oxidative stress markers 

such as cytoplasmic 8-hydroxyguanosine (8OHG) (Zhang et al., 1999) and 4-hydroxy-2-

nonenal (4HNE) (Yoritaka et al., 1996) in the SN of PD brain, further highlighting the 

association between oxidative stress and PD pathogenesis.  
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Compelling evidence from animal and cell culture studies shows a link between a-synuclein 

pathology and oxidative stress levels (Scudamore and Ciossek, 2018). Oxidative stress was 

proposed to cause alterations in a-synuclein itself, further contributing to protein misfolding 

and reduced degradation of a-synuclein (Norris and Giasson, 2005). In a recent rat 

hippocampal cell culture study, a-synuclein PFFs induced toxicity that was dependent on a-

synuclein and mediated by oxidative stress (Luna et al., 2018). The exposure to simultaneous 

treatments of superoxide and nitric oxide led to the formation of a-synuclein aggregates in 

transfected HEK cells (Paxinou et al., 2001). In addition when N,N’-dimethyl-4-4’-bipiridinium 

(paraquat) was used as an oxidative reagent, vagal neurons exhibited parkinsonian pathology 

with enhanced intracellular a-synuclein transfer (Musgrove et al., 2019). Therefore, 

a-synuclein and oxidative stress may act bi-directionally to form a vicious cycle of 

neurodegeneration in PD.  

 

1.5 Non-neuronal contributions to PD 
 
The term neuroinflammation defines the inflammatory process occurring in the central 

nervous system. Neuroinflammation can induce both beneficial and harmful effects, including 

at different stages of disease (Guzman-Martinez et al., 2019).   

 

Findings from clinical studies (Gerhard et al., 2006) and rodent models of PD (Duffy et al., 

2018a) have confirmed a role for oxidative stress and pro-inflammatory responses in 

dopaminergic degeneration early in PD. It has been proposed that a-synuclein pathology may 

act in parallel with inflammatory changes in the brain and periphery (Kannarkat et al., 2013). 

The application of inflammatory interventions for reducing dopaminergic cell death have long 
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been deliberated (Gagne and Power, 2010) yet the precise contribution of neuroinflammation 

in PD remains poorly understood.  

 

1.5.1 Astrocytes 
 
Astrocytes are the most abundant cells in the brain and contribute to the development and 

plasticity of the CNS (Gelders et al., 2018); (Joe et al., 2018). In normal physiological states, 

astrocytes play a critical role in regulating glucose metabolism in the brain by taking up 

glucose from blood and through glycolysis supplying energy to neurons in the form of lactate 

(Jha and Morrison, 2018). Astrocytes are also crucial for maintaining the blood brain barrier 

(BBB), which is known to be disrupted in PD (Gray and Woulfe, 2015).  But, in response to 

injury or an altered local environment, astrocytes can become activated/reactive and 

astrogliosis occurs. Astrogliosis occurs with the intention to control and contain the damage 

however, prolonged states of reactivity can harbor more damaging than beneficial 

consequences (Sofroniew and Vinters, 2010). Depending on the stimulus detected, astrocytes 

can produce anti-  and/or pro-inflammatory mediators (Heneka et al., 2015).   

  

Reactive astrogliosis is a common feature in PD (Mirza et al., 2000). Emerging evidence 

suggests that astrocytes play a beneficial role in PD and contribute to clearing extracellular 

a-synuclein aggregates (Loria et al., 2017; Sacino et al., 2017);(di Domenico et al., 2019). 

When astrocytes derived from induced pluripotent stem cells (iPSC) from donors with familial 

LRRK2 mutations were co-cultured with healthy neurons, the neurons showed signs of 

neurodegeneration including a reduced number of neurites, abnormal a-synuclein in the 

soma and neurite arborisation. In contrast, co-culturing healthy astrocytes with PD derived 

neurons led to a partial rescue of neurodegeneration (di Domenico et al., 2019). These data 
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indicate that astrocytes in PD are altered such that they promote neuronal toxicity. In co-

cultures of primary neurons and astrocytes (Loria et al., 2017), fibrillar a-synuclein efficiently 

transferred between astrocytes and neurons, via lysosomes (Loria et al., 2017); (Sacino et al., 

2017)), suggesting that astrocytes might aid in clearance of a-synuclein aggregates. 

Interestingly, however, some astrocytes showed large intracellular deposits of a-synuclein, 

suggestive of an overwhelmed endo-lysosomal machinery leading to incomplete digestion of 

a-synuclein aggregates (Lindstrom et al., 2017); (Sacino et al., 2017)). Together, these 

findings suggest that upon an initial encounter with a-synuclein aggregates, astrocytes may 

act to protect neurons by internalizing seeds via endocytosis to clear extracellular a-synuclein 

aggregates. However, as the a-synuclein burden increases, a threshold is reached and as the 

endo-lysosomal system is compromised astrocytes can no longer digest the remaining 

a-synuclein aggregates (Filippini et al., 2019). Thus, the role of astrocytes in PD may depend 

on disease stage. 

 
1.6 Animal models of Parkinson’s disease  
 
Several animal models have been developed that recapitulate aspects of PD. Neurotoxin 

models are based on local (intracerebral) or systemic administration of substances. A classic 

systemic model uses MPTP, whereby administration of MPTP into primates produces features 

highly reminiscent of human disease (DeLong, 1990; Wichmann and DeLong, 2003) including 

LB inclusions following chronic administration (Fornai et al., 2005). However, LB-like 

inclusions are less consistent when rats are injected with MPTP, possibly due to reduced 

sensitivity to MPTP and differential MPP+ sequestration (toxic metabolite from the prodrug 

MPTP) (Schmidt and Ferger, 2001). Rotenone is a potent inhibitor of the mitochondrial 

enzyme complex I. Rotenone administration to rats causes nigrostriatial damage and 
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development of LB-like inclusions, but also has a high mortality rate in rats (Fleming et al., 

2004).    

 

Genetically modified models (Dawson and Dawson, 2010) and virally induced models of PD 

(Kirik et al., 2003) have also been generated. As PD is primarily a sporadic disorder and genetic 

models rely on expression of familial PD-causing genetic mutations, genetically altered 

rodents may not replicate features of sporadic PD. Virally induced gene expression is ideal for 

targeting expression of a gene to a specific area of interest, but most leads to limited spread 

of pathology, and findings can be very variable (Volpicelli-Daley et al., 2016).  

 

Recently, since the emergence of the cell to cell transmission hypothesis, models of a-

synuclein spread have also been generated. In line with the aims and objectives of this 

thesis, only the classic PD mimetic 6-OHDA and the a-synuclein PFFs model of spread will 

be further elaborated below. 

 

1.6.1 6-hydroxydopamine (6-OHDA)  
 
Since 1968 when Ungerstedt demonstrated that injection of 6-OHDA into the SN was able to 

induce anterograde degeneration of the nigrostriatal dopaminergic system (Ungerstedt, 

1968), 6-OHDA has remained one of the most popular neurotoxins of choice for experimental 

modelling of PD (Blandini et al., 2008). Depending on the site of toxin injection, varying 

degrees of nigrostriatal lesions can be achieved, enabling the study of the various stages of 

disease. Common sites of injection include the SN and medial forebrain bundle (MFB) which 

causes rapid and full lesions (Park et al., 2018), whereas injection into the striatum results in 

partial lesions (Winkler et al., 2002). Although less common, 6-OHDA has also been utilised in 
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other animal species including guinea pigs, dogs, cats and monkeys (Bezard and Przedborski, 

2011).  

 

6-OHDA is typically injected into one hemisphere only, leaving the unlesioned side as an 

internal control. To ensure success of injection, systemic injection of dopamine receptor 

agonists (apomorphine, L-dopa) or dopamine releasing compounds such as amphetamine can 

be used to induce asymmetric rotational behaviour. Ipsilateral rotational behaviour is caused 

by amphetamine which acts as a presynaptic stimulator, due to the release of dopamine from 

striatal terminals especially on the intact side (Meredith and Kang, 2006). The magnitude of 

lesions correlates with the severity of circling motor behaviour (Ungerstedt and Arbuthnott, 

1970). However, a major disadvantage of this neurotoxin is that LB inclusions are not 

commonly associated with this model, as seen in human disease (Bove et al., 2005).  

 
1.6.2 Administration of a-synuclein preformed fibrils (PFFs) to rodents 
 

In addition to WT mouse a-synuclein PFFs, some studies also utilise human WT a-synuclein 

PFFs to induce a-synuclein pathology in rodents (Luk et al., 2012;  Masuda-Suzukak et al.,  

2014; Sacino et al,  2014; Paumier et al.,  2015). However,  possibly due to a species barrier 

human PFFs were found to seed far less efficiently in rodents compared to WT 

mouse a-synuclein PFFs. The molecular and biology compatibility with host α-synuclein is a 

key influencer in fibril pathogenicity (Luk et al., 2016). The sequence of the a-synuclein PFFs 

is important for efficient seeding, as is the correct preparation of PFFs. Various protocols have 

been published describing the generation of a-synuclein PFFs (Polinski et al., 2018; Patterson 

et al., 2019; Volpicelli-Daley et al., 2014) that may account for variation in the reported 

findings. Furthermore, adequate quality control checks are essential to include when 



 72 

generating a-synuclein PFFs, and these are not always reported.   For this study WT 

mouse a-synuclein PFFs were made from recombinant mouse a-synuclein monomers and 

these were sonicated to generate 50 nm fibrils (Volpicelli-Daley et al., 2011). Once introduced 

to neuron cell cultures, PFFs are internalised by neurons, where they can recruit and template 

endogenous a-synuclein into inclusions of insoluble a-synuclein (Luk et al., 2009); (Volpicelli-

Daley et al., 2011); (Volpicelli-Daley et al., 2014a), making a-synuclein PFFs an ideal tool for 

studying the cell to cell spreading of a-synuclein. The toxicity of a-synuclein PFFs is 

predominantly influenced by the presence of endogenous a-synuclein since in a-synuclein 

deficient neurons, no a-synuclein inclusions are observed upon application of PFFs 

(Volpicelli-Daley et al., 2014b). However, it is still unclear if a-synuclein PFFs act in a dose- 

dependent manner, since a wide range of concentrations has been used in publications as 

shown in Table 1.3 (Page 72).  

 

Direct intracerebral injection of rodent and human a-synuclein PFFs into rats, mice and non-

human primates can recapitulate features of human PD, including Lewy pathology strikingly 

similar to that observed in human brain (Paumier et al., 2015); (Luk et al., 2012a); 

(Manfredsson et al., 2018). Phosphorylated a-synuclein will typically be observed in regions 

that are anatomically connected to the injection site. For example, injection into the 

ipsilateral striatum of WT mice lead to the appearance of phosphorylated a-synuclein in the 

ipsilateral striatum, SN, contralateral neocortex, amygdala and frontal cortex regions (Luk et 

al., 2012a) whereas injection into the olfactory bulb of mice resulted in a-synuclein pathology 

in the anterior olfactory nucleus, entorhinal cortex, hippocampus, piriform cortex and other 

areas (Rey et al.,2018). Bilateral development of pathology due to ipsilateral injection is less 

frequently observed in mice, but is more common in rats (Paumier et al., 2015; Abdelmotilib 
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et al., 2017). The reasoning for this is not entirely clear, however, brain extracts of tau 

aggregates were demonstrated to spread through white matter tracts that interconnect 

anatomical regions (Ahmed et al.,2014) therefore, a-synuclein PFFs may also be transmitted 

via this manner, particularly in rats. Neurons that develop a-synuclein inclusions ultimately 

degenerate (Osterberg et al., 2015). Early inclusions in the SN resulting from a-synuclein PFF 

injection resemble pale bodies, and can be granular, diffuse and cytoplasmic (Duffy et al., 

2018a. In due course, these inclusions condense and form compact aggregates {Mahul-

Mellier, 2020 #3148; Mahul-Mellier et al., 2020)Inclusions co-localise with markers commonly 

observed in human LBs (Baba et al., 1998) such as p62, ubiquitin, thioflavin S, and they are 

proteinase K resistant (Giasson et al., 2000), mimicking the inclusions seen in late stages of 

PD.  

 

The presence and spread of LB and LN pathology in rodents injected with a-synuclein PFFs 

are highly dependent on accurate preparation of the PFFs and the site of injection. Table 1.3 

provides a compilation of rodent studies in which a-synuclein PFFs have been used. Typically, 

PFFs are able to spread to regions that innervate the initial injection site. This is in support of 

the concept of retrograde transport and templating of endogenous a-synuclein within 

neurons, and appears to confirm that axon terminals are able to internalise PFFs (Halliday et 

al., 2011). The distribution of a-synuclein inclusions appears to show selective vulnerability 

and degeneration of specific neuronal subpopulations (Luna et al., 2018; Maingay et al., 

2006). 
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Injection site Time point Background strain/ species 
of animal Concentration of PFFs Main findings Author(s) 

Striatum 

30, 90 and 180 
d.p.i. 

C57BL6/C3H F1, C57BL6/SJL 
F1, and CD1 mice 

5 µg mouse α-syn per 
hemisphere 

aSyn pffs were able to induce and 
transmit disease pathology and incur 
neurodegeneration in non-Tg mice. 
Progressive dopaminergic cell loss in SN 
with reduced dopamine innervations in 
dorsal striatum. Motor deficits noted at 
180 d.p.i. 

Luk et al., 2012 

30, 60 and 180 
d.p.i. 

6 week old, adult male 
Sprague-Dawley rats  

8 μg of mouse or 
human aSyn PFFs 

 
aSyn PFFs sufficient to seed, propagate 
and convert endogenous form to 
pathological. Bilateral reductions in 
nigral dopamine neurons at 180 d.p.i. 
No motor impairment overall. 
 

Paumier et al., 
2015 

3 and 6 m.p.i. 3-month-old C57BL/6J mice 

5 μL of 10 μg/μL aSyn 
monomer, 2 μg/μL 
LPS(−) fibril seed, and 
2 μg/μL LPS(+) fibril 
seed 

In the presence of LPS, aSyn showed 
self-renewal and resulted in a 
structurally distinct fibril strain. 
Exposure to exogenous pathogens, led 
to amyloid fibrils with self-renewable 
structures which cause distinct type of 
proteinopathies. 
 

Kim et al., 2016 

60 d.p.i. 
2- to 4-month-old male and 
female wild-type 
C57BL6/C3H mice and α-

4.25 μg (4 μL) of WT 
PFFs, phosphorylated 
S129 PFFs and 

All three types of PFFS caused seeding of 
endogenous aSyn. Only pSyn S129 PFFS 
triggered the greatest formation of aSyn 
inclusions within the SN, exacerbated 

Karampetsou, 
et al. 2017 
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Syn-/- mice (C57BL6/JOlaHsd 
mice) 

phosphorylation S129 
incompetent PFFs. 

pathology in the cortex and 
dopaminergic neuronal loss, 
accompanied by fine motor impairment 
by 60 d.p.i. Early changes in innate 
immune response including 
macrophage recruitment and IL-10 
release noted. pSyn S129 PFFs 
facilitated fibril uptake in neurons 
 

6 m.p.i. 

8-10 week old mice 
(C3H/HeJ and C57BL/6J 
strain) and rats (Sprague 
Dawley) 

10 μg (mice) or 20 μg 
(rats) of mouse or 
human aSyn PFFs 

C3H/HeJ strain is more sensitive to fibril 
exposures than C57BL/6J, with more 
dopaminergic degeneration and 
inclusions. In rats, injection into the SN 
led to inclusion spread and 
dopaminergic degeneration similar to ST 
injections. Inclusion correlated with 
dopaminergic neurodegeneration. 
 

Abdelmotilib et 
al.2017 

1 and 6.5 w.p.i.  3 
and 6 m.p.i. 

2- to 3-month-old C57BL/6J 
mice 

5 μg/2.5 μL of 
recombinant mouse or 
human aSyn PFFs 

aSyn seeds rapidly disseminated 
through neuronal circuits after injection 

Okuzumi et al. 
2018 

6 m.p.i. 
2-month-old male Fischer 
mice 

2μL of 2 μg/μl, mouse 
aSyn PFFs 

Reactive microglia morphology 
observed in the SN 2 months following 
injection and 3 months prior to nigral 
neuronal loss. Correlation between SN 
pSyn inclusion and the number of MHC-
II expressing microglia. 
 

Duffy et al 
2018 

4 m.p.i. C57BL/6 mice 
5 μg (2.5 μL) of human 
aSyn PFFs 

Upon aSyn PFF injection, DNA damage 
(YH2AX and 53BP1) and activation of 
DNA damage response is noted, 
involving oxidative stress and 
mitochondrial dysfunction. Effects 

Milanese et al. 
2018 
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reversed by either endo or exogenous 
antioxidants. 
 

3 m.p.i. 10-week-old C57BL/6J mice 
5 μL (150 μM) of 
human WT or 
truncated aSyn PFFs 

The truncation of aSyn can influence its 
prion like pathogenicity. C terminally 20 
residue truncated fibrils exhibited 
enhanced seeding activity in cultured 
cells. N terminally 10- or 30 residue 
truncated human aSyn fibrils induced 
more abundant aSyn pathologies than 
WT fibrils in mice. 
 

Terada et al. 
2018 

6, 7, w.p.i. 
2-3 month old, male Wistar 
rats 

1 µL of 1 mg/ml 
human aSyn PFFs per 
site 

Visuospatial learning deficits, 
accompanied with reduced function of 
GluN2A NMDA receptor subunit 
(suggestive of specific targeting of this 
subunit). Treatment with aSyn targeted 
antibodies reduced the loss of long term 
potentiation and synaptic localisation of 
GluN2A NMDA receptor subunit (may 
counteract synaptic dysfunction). 
 

Durante et al., 
2019 

2, 4 or 6 m.p.i. 3 month old Fisher rats 
8 or 16 μg aSyn PFFs in 
total 

A quantity dependent increase in the 
magnitude of ipsilateral SN inclusion 
formation (2 mpi), bilateral loss of nigral 
dopamine neurons at 6 mpi. 16ug 
resulted in modest sensorimotor deficits 
at 6 mpi. 
 

Patterson et 
al., 2019 
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Somatosensory 
cortex and 
dorsal 
neostriatum 

30 and 
90 d.p.i. 

M83 mice on C57BL/C3H 
background, aSyn -/- mice 
maintained on C57BL/6 
background 

5 μg human aSyn 
or 
WT full length human 
aSyn 

Synthetic PFFs can initiate PD like 
LBs/LNs and transmit disease in vivo.  
Cell to cell propagation and cell 
transmission of misfolded aSyn underlie 
the spread of CNS LBs/LNs 
 

Luk et al 2012 

Dorsal 
striatum 

30, 60 and 90 
d.p.i., 
5 and 9 m.p.i. 

2 month old (PDGF-h-aSyn) 
mice 

5 μL (25 μg) of mouse 
aSyn PFFs 

Detrimental effects of seeded aSyn 
aggregates on dendritic architecture. 
Spine loss and dystrophic deformation 
of dendritic shafts in layer V pyramidal 
neurons.   
 

Blumenstock 
et al.2017 

 1, 3, or 6 m.p.i. 
G2019S mice and non Tg 
mice C57BL/BJ 

5μg (2.5 μl) 
aSyn PFFs 

aSyn pathology through the brain 
connectome is modulated by a) 
anatomical connectivity b) endogenous 
a-synuclein expression. G2019S LRRK2 
expression selectivity enhances aSyn 
pathology in resilient populations of 
neurons. Rate of connectivity based 
spread of aSyn pathology is globally 
reduced in G2019S mice. 
 

Henderson et 
al. 2018 

Inferior 
colliculus and 
caudate 
putamen 

3 m.p.i. 26 month old marmosets 
50 μL of 4 mg/mL 
mouse aSyn PFFs 

Dissemination of aSyn pathology does 
not necessarily follow neuroanatomical 
connections. Intra-astrocytic pathology 
suggests glial cells have a role in aSyn 
transmission.   
 

Sorrentino et 
al. 2017 
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Substantia 
nigra, striatum 
and 
intravenous 

4 m.p.i. 
6-7 week old, female Wistar 
rats 

2 µL of 5 µg/µL aSyn 
PFFs 

Out of fibrils, oligomers and ribbon, 
fibrillar aSyn was the most toxic strain 
leading to progressive motor 
impairment and cell death. Ribbons 
cause histopathological phenotype 
similar to MSA. aSyn PFFs cross BBB and 
into CNS following intravenous 
injections. Distinct aSyn strains display 
differential seeding capacities. 
 

Peelaerts et al. 
2015 

Substantia 
nigra and 
ventra 
tegmental area 

10 d.p.i. 
9 week old, female Sprague 
Dawley rats 

2.5 μL of full-length 
recombinant human 
aSyn PFFs (10 μg total) 
per site 

Combined approach of AAV mediated 
overexpression of human aSyn and 
human aSyn PFFs can reproduce 
cardinal features of human disease, 
Lewy like pathology, neuroinflammation 
and progressive dopaminergic cell loss. 
Short time span, ideal for 
neuroprotection studies. 
 

Thakur et al. 
2017 

Substantia 
nigra 15 m.p.i. 

4- to 6-month-old female 
C57BL/6J mice 

10 µg of mouse or 
human aSyn PFFs 

Injections led to abundant LBs/LNs like 
pathology, whereas injection of soluble 
aSyn did not. Endogenous mouse aSyn 
accumulated 3mpi, while human aSyn 
PFFs disappeared in 1 week.  

Masuda-
Suzukake et al. 
2013 

Hippocampus 1,2 and 4 m.p.i. 
2-month-old M83 mice and 
M20 mice 

4 μg mouse PFFs of 
human 21–140 aSyn 
PFFs or 71–82 aSyn  
(Only mouse PFFs and 
human 21-140 aSyn 
PFFs are 
amyloidogenic) 

A broad disruption of proteostasis 
occurs after injection, glial activation, 
markers of neuronal injury response.   

Sacino et al. 
2014 



 79 

Hippocampus 
and cortex 

3 m.p.i. and 6 
m.p.i. 

5xFAD Tg mice (Tg6799 line, 
overexpress familial AD 
(FAD) mutations in APP, 
under Thy1 promoter 

Mouse aSyn PFFs, 
2μg/μl, 5ug per site 

Feed forward mechanism, Ab  plaques 
enhance aSyn seeding over time 

Bassil et al., 
2020 

 3,6, and 9 m.p.i. 
2- to 3-month-old PS19 mice 
or C57BL6/C3H F1 mice 

5 μg of aSyn PFFs 

Strain A demonstrated rare cells with 
abnormal accumulation of phospho Tau 
near injection site. Strain B, exhibited 
substantially more tau inclusions, in 
more rostral and caudal area 
(brainstem, locus coeruleus), also 
contralateral to injection site. 

Guo et al. 2013 

Anterior 
Hippocampus 45 or 90 d.p.i. 

Female C57Bl6/C3H 
 

5 μg of aSyn PFFs 

Selective vulnerability of hippocampal 
neuron subpopulations. GABAergic 
neurons general more susceptible to 
aSyn toxicity, GABAergic neurons more 
resilient. 
 

Luna et al., 
2018 

Cortex 2,3, and 4 m.p.i. 
2- to 3-month-old α-syn-GFP 
mice 

2.5 µL of 2 mg/mL 
mouse WT aSyn PFFs 

aSyn PFFs seed aggregation of both 
transgenically expressed and 
endogenous aSyn in neurons. Somatic 
inclusions undergo phases of 
maturation. Compaction coinciding with 
decreased soluble somatic and nuclear 
aSyn with progression. Mature 
inclusions bear post-translational 
hallmarks human LB. 

Osterberg et al 
2015 

Intravascular 
injection 2, 4 m.p.i. 

8 week old, female Sprague 
Dawley rats 

aSyn PFFs was mixed 
at a 10:1 molar ratio 
with peptide to form 
peptide/protein 
complex. 

Systemic aSyn injection trigger selective 
neuronal pathology analogous to PD 
patients 

Kuan et al., 
2019 
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Intramuscular 
(biceps 
femoris) 

4, 8, and 12 m.p.i. 
2-month-old M83 mice and 
M20 mice 

10 μg of mouse PFFs, 
human 21–140 aSyn 
PFFs or Δ71–82 aSyn 
(Only mouse PFFs and 
human 21-140 aSyn 
PFFs are 
amyloidogenic) 

M83 Tg mice developed widespread 
aSyn inclusions. Astrogliosis, 
microgliosis and motor impairments. 
WT mice, aSyn inclusion pathology in 
spinal cord, motor function remained 
intact. Transection of sciatic nerve in 
M83 Tg mice delayed spreading of aSyn 
pathology and motor symptoms. 
 

Sacino et al. 
2014 

Duodenal and 
pyloric 
muscularis 
layer 

 
C57BL.6J mice and aSyn 
knockout mice 

2.5μl/ul, total 
2.5μl/location (total of 
12.5μg) 

Gut injection converted endogenous 
form of aSyn to pathological species and 
spreading into the brain. Vagotomy and 
aSyn KO prevented neuropathology and 
neurobehavioral phenotypes. 
 

Kim et al. 2019 

Intramuscular, 
intravenous 
and 
intraperitoneal 

180 d.p.i. and 210 
d.p.i. 

M83 Tg and M20 Tg mice 
(human aSyn A53T mutation 
and WT human aSyn, driven 
by prion promoter) 

20µg for 
intramuscular, 20µg 
for intravenous and 50 
µg for intraperitoneal 

The efficiency of aSyn PFF to invade the 
CNS differs via multiple routes of 
peripheral administration. All induce 
robust pathological aSyn, some led to 
paralysis phenotype. 
 

Ayers et al. 
2018 

Muscle 1,2,3, and 4 m.p.i. 2-month-old M83+/- mice 
2,5, or 10 μg of mouse 
aSyn fibrils 

aSyn induced phenotype is largely dose-
independent. Motor neuron cell death 
and aSyn pathology occur within 2 
months, astrogliosis appears at a later 
time point. Neuroinflammation is 
thought of a consequence rather than 
trigger. At 3mpi, immune activation 
dominates revealed by transcriptome 
analysis.   
 

Sorrentino et 
al. 
2018 
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Sciatic nerve 
(unilateral) 1,2,4, m.p.i. 

M83 Tg and M20 Tg mice 
(human aSyn A53T mutation 
and WT human aSyn, driven 
by prion promoter) 

2 μL of 2 mg/mL 
mouse WT or human 
Δ71–82 aSyn PFFs 

Injection site is efficient in triggering the 
spreading of pathological aSyn and 
leading to paralytic symptoms. Axonal 
transport is a mechanism of spread and 
seeding. Human aSyn PFFs containing 
E46K mutation exhibited reduced ability 
to undergo aggregation. 
 

Ayers et al. 
2018 

Enteric 
neurons of the 
descending 
colon 

1, 6, 12 m.p.i. 
 
12 m.p.i. (normal 
human primates) 

6 weeks old male Sprague 
Dawley rats 
 
and  
 
Non-human primates 
(Macaca fascicularis) 

6×5 µl of 2 μg/μl 
mouse or human aSyn 
PFFs 
 
or  
10 injections of 10 µL 
(2 µg/µL) 

Minor aSyn pathology was observed in 
the brainstem at 1 mpi but not at later 
time points, in rats. Enteric aSyn 
pathology correlated with decreased 
gastrointestinal motility in both rats and 
non-human primates. ENs inoculations 
led to persistent aSyn pathology in both 
models. aSyn pathology in the enteric 
nervous system in the colon correlated 
with transient aSyn pathology in 
brainstem in rats. Induction of enteric 
aSyn pathology is insufficient to induce 
sustained brain pathology in both 
models. 
 

Manfredsson 
et al. 2018 

Vein 12 h.p.i. 2-month-old C57BL/6 mice 
5 μg of Atto 488-
labeled aSyn fibrils or 
ribbons 

Intraperitoneal LPS injection prior to 
system intravenous delivery aSyn PFFs in 
WT mice led to increase brain resident 
microglia and leukocytes towards the 
spinal cord and brain aSyn can be 
internalised by LPS primed 
inflammatory monocytes. A differential 
recruitment of CD4+ and CD8+ T cells 
after LPS priming was noted compared 
to control mice. 

Peralta Ramos 
et al. 2019 
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Gastric Wall 45 d.p.i. 
2-month-old male C57BL/6J 
mice 

3 μL of 2 μg/μL mouse 
aSyn PFFs 

No cell type specificity in neurons 
containing aSyn inclusions. Inoculation 
of aSyn PFFs into gastric wall triggers LB 
like aggregates in brainstem via vague 
nerve. 
 

Uemura et al., 
2018 

Olfactory Bulb 1,2,3,6,9,12,18 and 
23 m.p.i. 

3-month-old female 
C57BL/6J mice 

0.8 μl of 5 mg/ml WT 
mouse or human aSyn 
PFFs 

aSyn PFFs associated with early 
neuronal loss. At longer time points, lack 
of continual progression, speculate due 
to compromised neuronal circuitry or, 
activation of proteolytic mechanism to 
counterbalance the spread and seeding 
by degradation of pathogenic aSyn.  
 

Rey et al., 2018 
 

Peritoneum, 
tongue 13 m.p.i. 

Tg (M83+/−:Gfap-luc+/−) 
and (Gfap-luc+/−) mice 
(A53T mutant human of 
aSyn and firefly luciferase) 

5 μl (intraglossal) or 
50 μl (intraperitoneal) 
of 1 ug/ul aSyn PFFs 

Intraperitoneal: mice developed 
sarkosyl insoluble aSyn aggregates in 
brain and spinal cord, colocalised with 
p62 ubiquitin, accompanied by gliosis.  
Intraglossal: 1 of 5 developed aSyn 
pathology in CNS 

Breid et al., 
2016 

 
Table 1.3 Summary of a-synuclein PFF animal studies, since 2012. Information shown, authors who conducted the study, the site of injection, the time point 

and duration of experiments, the species of animal, background strain and age of the rodent used. The main findings of the studies are also summarised. SN= 

substantia nigra, ST, striatum. h.p.i = hours post injection d.p.i. = days post injection, w.p.i. = weeks post injection, m.p.i=months post injection, aSyn=alpha 

synuclein, pSyn=phosphorylated a-synuclein. M83 Tg mice express human a-synuclein with the A53T mutation, M20 Tg mice express WT human 

a-synuclein driven by the mouse prion protein promoter. G2019S leucine-rich repeat kinase (LRRK2) is a risk factor for PD. Where known, age of rodents is 

stated.   Studies which are particularly relevant to the work conducted in this thesis are shaded  as yellow. 
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1.7 Aims and objectives of my thesis work 
 

My hypothesis is that despite a-synuclein being a critical factor in PD pathogenesis, 

a-synuclein alone is not sufficient to trigger neurodegeneration at early stages of disease. 

Rather, additional factors such as oxidative stress are required to promote synapse and 

neuronal degeneration, compounded by a-synuclein spread from damaged synaptic 

terminals.  

 

In order to address my hypothesis, I have carefully planned my study into two specific aims. 

Aim 1 is to investigate the consequences of a-synuclein PFFs in triggering neurodegenerative 

changes when injected into the MFB of Sprague Dawley (SD) rats. This allows understanding 

of the consequences of a-synuclein spread in the absence of any other neurodegenerative 

disease-associated factors. This extends previous work in this area since injection into the 

MFB allows study of a-synuclein spread following its injection into a fibre tract consisting of 

both axons and fibres, and that has direct and indirect connections to many areas affected in 

PD, including those important for executive dysfunction. Previous reports have shown that 

injection of a-synuclein PFFs into rodent brain can trigger mild behavioural phenotypes 

characteristic of PD, including motor impairments that are associated with dopaminergic 

neuron loss (Luk et al., 2012a).  

Here, behaviour tests such as the asymmetric cylinder test were used to detect asymmetric 

motor impairments, while the Morris water maze (MWM) and 5-choice serial reaction time 

task (5-CSRTT) were used to monitor visuospatial and executive cognitive impairments, 

respectively. Tissues were collected at 60 d.p.i., 90 d.p.i. and 120 d.p.i. and were used to 

investigate the consequences of a-synuclein PFFs on key neurodegenerative changes 
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associated with PD in regions connected to the MFB, including the distribution and abundance 

of phosphorylated a-synuclein and tau, synaptic proteins, oxidative stress and astrocyte 

reactivity.  

 

In Aim 2, the classic neurotoxin 6-OHDA was injected into rat MFB to allow further 

understanding of how rapid neuron loss may allow widespread oxidative stress-mediated 

neurodegenerative changes in MFB-connected regions. This includes the emergence of 

protein and cellular changes in regions connected to the MFB and SN including the frontal 

cortex and hippocampus, and the consequences for cognitive and behavioural abnormalities.  

 

The significance of aim two is to understand if high levels of neuron death affect connected 

brain regions to facilitate the neurodegenerative cascade by mediating changes associated 

with neurodegeneration such as a-synuclein and tau phosphorylation and synapse  synaptic, 

thus promoting cognitive and behavioural changes.   

 

I administered 6-OHDA by stereotaxic injection into the MFB of SD rats. 6-OHDA lesion in the 

MFB of rodents is a common approach to experimental model PD, in which oxidative stress 

responses cause degeneration of dopaminergic neurons in the SN, damage to key cellular 

pathways, and enable a damaging bidirectional interaction with pathogenic proteins. This 

could induce release and spread of a-synuclein from damaged terminals. This results in a 

vicious cycle whereby more ROS are produced to promote disease progression (Dias et al., 

2013). Similarly, to the experimental approach to the a-synuclein PFF injected rats, 6-OHDA-

lesioned rats underwent behaviour tests at 3 w.p.i. to confirm dopaminergic loss within the 

SN. This was followed by additional behaviour tests for motor and cognitive impairment. 
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Immunohistochemical staining was performed to detect the presence of oxidative stress and 

changes in tau and a-synuclein proteins. Subsequent changes in synaptic proteins were 

monitored using biochemical techniques.   

 

The significance of these experiments is that this work will elucidate the relationship between 

a-synuclein and oxidative stress in PD pathogenesis. Specifically, it may be that rapid 

neuronal loss, induced in these studies by oxidative stress, is necessary for cognitive decline 

in PD.  
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Chapter 2 Materials and methods 
 
 

2.1 Materials 
 
Unless stated otherwise, reagents for the experiments performed in the UK were purchased 

from Thermo Fisher Scientific (Paisley, UK) and all other chemicals and reagents were 

purchased from Sigma-Aldrich (Dorset, UK). Stock solutions and buffers were prepared using 

ultrapure water from an Elga Maxima Purification System, Veolia Water, (London, UK). A full 

list of primary and secondary antibodies used in this thesis can be found in Table 2.2 and Table 

2.3. 

 

2.1.1 General buffers and reagents  
 
1 x Phosphate-buffered saline (PBS)   

140 mM NaCl, 2.689 mM KCL, 12.54 mM Na₂HPO₄, 1.98 mM KH₂ PO₄ in ultrapure H₂O, 

adjusted to pH 7.4   

 

1 x PBS-tween (PBS-T)                         

PBS with 0.05% (v/v) Tween-20, National diagnostics (Hull, UK) 

 

1 x tris-buffered saline (TBS)  

50 mM Tris-HCl, 150 mM NaCl in ultrapure water, adjusted to pH 7.4 

 

0.9% Saline solution 

NaCl in ultrapure water  
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4% fixation agent             

16% (w/v) paraformaldehyde, diluted 1:3 in PBS to give a 4% (v/v) working solution 

 

Bovine serum albumin (BSA) protein standard 2 mg/mL albumin in 0.9% saline,  

Thermo Fisher Scientific (Waltham, MA, USA)               

 

Ethylenediaminetetraacetic acid (EDTA)   

500 mM EDTA in ultrapure water, pH 8.0 stock solution 

 

Protease inhibitor cocktail   

cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail Roche (Basel, Switzerland)    

 

Phosphatase inhibitor cocktail 

Phos-Stop™ tablets, Roche (Basel, Switzerland)  

         

Sarkosyl N-Lauroylsarcosine  

(sarkosyl) sodium salt solution, 20% (w/v) 

             

2x Sample buffer   

2x Protein loading buffer blue National Diagnostics (Hull, UK) 

 

Precision Plus Protein™ All blue prestained proteins standards, Biorad Hercules (CA, USA) 

 

Or 
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Precision Plus protein™ Dual colour standards, Biorad Hercules (CA, USA) 

 

TBS-tween (TBS-T)     

TBS with 0.05% (v/v) Tween-20, National diagnostics (Hull, UK) 

 

2.1.2 Human Brain Tissues 
 
Postmortem human brain samples from control and clinically and pathologically confirmed 

and staged cases of Alzheimer’s disease and Parkinson’s disease, according to BrainNet 

Europe (BNE) protocol for assessment (Braak and Braak, 1991; Alafuzoff et al., 2008; Alafuzoff 

et al., 2009), were obtained from the Medical Research Council Neurodegenerative Diseases 

Brain Bank, King’s College London. All tissue collection and processing procedures were 

carried out under the regulations and licensing of the Human Tissue Authority, in accordance 

with the UK Human Tissue Act (2004), and following ethical approval (Research Ethics 

Committee reference: 08/MRE09/38 + 5). 

 

Tissue sections were from 10% (v/v) formalin-fixed, paraffin-embedded brain sections, 7 µm 

thick, were from the temporal cortex region of Braak stage VI AD cases. Frozen human brain 

tissue (200 mg) was obtained from the frontal cortex of Parkinson’s disease dementia cases, 

see Table 2.1 for further information. 
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ID 
Age 

(years) 
Gender 

PMD 

(hours) 
Pathological diagnosis 

Ctrl-1 74 M 72 
Very mild ageing changes according to 

BrainNetwork Europe (BNE), stage 1 

Ctrl-1 73 F 27 Early ageing changes, BNE stage 1 

PDD-1 85 M 29.5 Diffuse Lewy body disease, BNE Braak VI 

AD-2 79 M 31 Alzheimer’s disease BNE Braak stage VI 

AD-2 73 M 30 
Alzheimer’s disease BNE modified Braak stage 

VI, and severe cerebral amyloid angiopathy. 

Table 2.1 Human brain samples used in this study. Samples of control, AD and PDD brain 
were obtained from Brains for Dementia Research/The Medical Research Council London 
Neurodegenerative Disease Brain Bank at King’s College London. Pathological assessment 
was according the BrainNet Europe (BNE) protocol. Tissue sections were from the 
temporal cortex region of control and AD cases, while frozen tissue samples were from 
the frontal cortex region from PDD cases. Age, gender, and postmortem delay (PMD), and 
pathological diagnosis are shown.  
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2.1.3 Synthesis of a-synuclein preformed fibrils 
 
a-Synuclein was subcloned into the NdeI and HindIII restriction sites of bacterial expression 

vector pRK172 (1-1304). Respective proteins were then expressed in Escherichia coli BL21 

(DE3) cells, Thermo Fisher Scientific (Waltham, MA,USA). The protocol for the synthesis of 

a-synuclein preformed fibrils was as mentioned from Volpicelli-Daley et al. (2014). Other 

studies have also successfully synthesised recombinant a-synuclein using the same protocol 

(Patterson et al., 2019). The choice of using Escherichia coli BL21 (DE3) cells to expression has 

several advantages; a high protein concentration can be obtained (up to 30 mg/ml), the 

choice of final buffer can be controlled, and purification of a-synuclein can be prepared in 

the absence of a tag that may interfere with fibrillisation. This protocol can successfully and 

equally purify both recombinant human and mouse a-synuclein.  In cell culture, the resultant 

pathology from these a-synuclein PFFs are strikingly similar to those found in human 

synucleinopathies. The aggregates initially form within axons, sequestering endogenous 

a-synuclein from pre-synaptic terminals, followed by propagation into the somata and 

eventually the formation of the a-synuclein aggregates lead to selective alterations in 

synaptic protein, compromised of neuronal excitability and eventually neuronal death 

(Volpicelli-Daley, 2017; (Volpicelli-Daley et al., 2011).  

 

S.O.C. medium  

2% tryptone, 0.5% yeast extract,  

10 mM NaCl, 2.5 mM KCl, 10 mM MgCl2, 10 mM MgSO4 and 20 mM glucose   

 
Terrific broth (TB) 

12 g/L bacto-tryptone, 24 g/L yeast extract, 4% (v/v) glycerol, 
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 17 mM KH2PO4 and 72 mM K2HPO4 

 

1x Phosphate-buffered saline    

137 mM NaCl, 2.7 mM KCl, 8 mM Na2HPO4, 2 mM KH2PO4.      

 

High Salt buffer 

750 mM NaCl, 10 mM Tris pH 7.6, 1 mM EDTA, 1 mM PMSF,  

 

Dialysis buffer  

10 mM Tris pH 7.6, with 50 mM NaCl, 1 mM EDTA, 1 mM PMSF 

 

Dialysis tubing  

SpectrumLabs, Spectra/Por molecular porous membrane tubing 12-l4 kDa  

 

Gel Filtration Buffer  

10 mM Tris, pH 7.6 with 50 mM NaCl, 1 mM EDTA  

 

Amicon Ultra Centrifugal Filter devices  

Amicon Ultra 15 3.5K molecular weight cut-off (MWCO)  

 

Buffer A  

10 mM Tris pH 7.6, 25mM NaCl, 1 mM EDTA, 1 mM PMSF  
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Buffer B  

10 mM Tris, 1M NaCl pH 7.6, 1 mM EDTA, 1 mM PMSF  

 

Dialysis buffer  

10 mM Tris pH 7.6, with 50 mM NaCl  

 

2.1.4 Quality control assays for a-synuclein preformed fibrils 

 

2.1.4.1 Thioflavin T assay  
 
1 mM Thioflavine T in ultrapure water  

100 mM Glycine pH 8.5   

384-well Black polystyrene (PS) assay plate (NUNC 262260) 

 

2.1.4.2 Sedimentation assay 
 
a-Synuclein monomer in 10 mM Tris pH 7.6, 50 mM NaCl or tissue culture grade sterile 

filtered Dulbeccos PBS without Mg2+ or Ca2+ pH 7.0  

1.5 mL eppendorf tubes or Axigen PCR tubes 

 
2.1.5 Cell culture and treatment of rat primary neurons with a-synuclein PFFs  
 
Coating substrate  

25μg/mL poly-L-lysine, Sigma-Aldrich (Missouri, USA) 

 

Dissection solution 

1xPBS with 18 mM glucose  
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Complete Neurobasal medium Gibco, (Waltham, Massachusetts, USA) 

Neurobasal medium containing 2mM glutamax, 25 μM b-mercaptoenthanol, 50 U/ml 

penicillin 50 μg/ml streptomycin and 2% B-27 serum-free supplement.  

 

Supplemented minimal essential medium (SMEM) Gibco, (Waltham, Massachusetts, USA) 

supplemented with 18 mM glucose, 2 mM L-glutamine, 25 μM b-mercaptoenthanol, 50 

U/ml penicillin, 50 μg/ml streptomycin, 30% glucose (w/v), 5% heat inactivated fetal bovine 

serum  

 

2.1.6 Stereotaxic Injections 
 
Injection needle 

Hamilton syringe, 10 μl, 33G needle, 701 SN, Hamilton (Reno, USA)  

Anaesthetic agent 

Ketamine, Xylazine and sodium pentobarbital, Alfasan International (Worerden, Holland) 

 

Local analgesic 

Lidocaine   

 

Stereotaxic frame  

Narishige Scientific Instruments Lab, (Japan) 

 

Sutures 

Ethilon © size 4-0, polyamide 
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Pain relief 

Metacam ®, Meloxicam, (Boehringer, Ingelheim, Germany) 

 

6-hydroxydopamine (6-OHDA)   

L-Ascorbic acid 

 

Chicago Skyblue dye, Sigma-Aldrich (Missouri, USA) 

 

2.1.7 Immunohistochemistry 
 
Microscope slides  

SuperFrost Plus, Menzel Glaser microscope slides, Thermo Fisher Scientific, (Gerhard Menzel, 

Saarbruckener, Germany). 

 

Or 

 

PCS-13, Positive Charged Adhesion microscope slides, Ground Edge  

(Lab’IN Co, Tsuen Wan, N.T, Hong Kong) 

 

Blocking solution   

3% (w/v) BSA, 2% (v/v) Foetal Bovine Serum (FBS), 1% (v/v) triton-x-100 in 0.1M Tris,  

 

OR 
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10% (w/v) normal goat serum in PBS containing 0.3% (v/v) Triton-x-100  

Peroxidase blocking solution 

3% (v/v) H₂O₂ in TBS 

 

Antigen retrieval solution 

Antigen unmasking solution, citric acid based, Vector Laboratories (Peterborough UK) in 

ultrapure water, pH 6.0 

 

OR 

 

0.01 M sodium citric, pH 6.0 

 

OR 

 

EDTA 1 mM, pH 9.0 

 

Immunohistochemical (IHC) diluent  

0.3% (v/v) Triton-x-100 in PBS 

 

Avidin-biotin peroxidase 

Vectastain ABC kit, Vector Laboratories (Peterborough UK)  

 

Cytoseal 60 

Cytoseal mountant for histology, Thermo Fisher Scientific (Waltham, MA, USA) 
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Fluoromount-G™, with DAPI    

Clear liquid medium containing fluorescent nuclear stain, Thermo Fisher Scientific, 

(Waltham, MA, USA) 

 

Glass coverslips  

24 x 50 mm, borosilicate glass coverslips, VWR (Leighton Buzzard, UK) 

 

3,3’-diaminobenzidine (DAB solution)   

DAB Peroxidase (HRP) Substrate Kit, Vector Laboratories (Peterborough, UK) 

 

100% ethanol, Fisher Chemical (Loughborough, UK) 

 

90% ethanol 

100% ethanol diluted 9:1 in ultrapure water 

 

70% ethanol 

100% ethanol diluted 7:3 in ultrapure water 

 

Xylene solution, Fisher Chemical (Loughborough, UK) 

 

Sudan black solution  

1% (w/v) of Sudan Black B in 70% ethanol, Fisher Chemical (Loughborough, UK) 
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2.1.8 Synaptoneurosome isolation 
 
Glass-teflon tissue grinder 

OR 

Omni Tissue Master 125 homogenizer (Kennesaw, USA) 

 

Easy Pressure Filter Holder 25 mm, PALL (Portsmouth, UK) 

 

Nylon Filter 80 um, 25 mm, Merck Millipore (Watford, UK) 

 

Acrodisc filter, 32 mm, Supor membrane with 5 um pores, PALL (Portsmouth, UK) 

 

Tube adapters (303313) 6.5ml, PALL (Portsmouth, UK) 

 

Beckman polycarbonate tubes, 2-2.5 ml, Fisher scientific (Rockford, IL, USA) 

 

Buffer A 

25 mM HEPES pH 7.5 

120 mM NaCl 

5 mM KCl 

1 mM MgCl2 

2 mM CalCl2 

in ultrapure H20 

plus  

cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail 
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Phos-Stop™ tablets, Roche (Basel, Switzerland)  

  

Buffer B 

50 mM Tris pH7.5 

1.5% (w/v) SDS  

2 mM DTT 

in ultrapure H20 

  

2.1.9 Isolation of proteins using sarkosyl  
 
Beckman polycarbonate tubes, 2-2.5 ml, Fisher scientific, (Rockford, IL, USA) 

 

1x PBS  

 

Tris buffer 

50 mM Tris-HCl pH 7.4, 10 mM NaF, 5 mM EDTA 

 

High salt buffer (HS)  

50 mM Tris-HCl pH 7.4, 750 mM NaCl, 10 mM NaF, 5 mM EDTA 

 

HS-Triton-x (Tx) 100 buffer 

Nine parts HS buffer, 1 part 10% (v/v) Triton-x 

 

HS-Sarkosyl (Sark) buffer 

Nineteen parts HS buffer, 1 part 20% (v/v) Sarkosyl 
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2.1.10 SDS - polyacrylamide gel electrophoresis (SDS-PAGE) 
 

Resolving buffer  

4x ProtoGel resolving buffer (1.5M Tris-HCL, 0.4% (w/v) SDS, pH = 8.8,  

National Diagnostics (Hull, UK) 

 

 

Stacking buffer 

4x ProtoGel stacking buffer (500mM Tris-HCL, 0.4% (w/v) SDS, pH = 6.8,  

National Diagnostics (Hull, UK) 

 

Acrylamide  

ProtoGel (30% (w/v) acrylamide/methylene bisacrylamide solution,  

National Diagnostics, (Hull, UK) 

 

N, N, N’ N’- TEMED-ultra pure water 

Tetramethylethylenediamine (TEMED), National Diagnostics (Hull, UK) 

 

Ammonium persulphate (APS) 

10% (w/v) APS in ultrapure water 

 

10% resolving gel 

10% (v/v) acrylamide, 25% (v/v) resolving buffer, 0.1% (v/v) TEMED, 1% (w/v) APS  
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in ultrapure water 

 

12% resolving gel 

12% (v/v) acrylamide, 25% (v/v) resolving buffer, 0.1% (v/v) TEMED, 1% (w/v) APS  

in ultrapure water 

 

4% Stacking gel  

4% (v/v) acrylamide, 25% (v/v) stacking buffer, 0.1% (v/v) TEMED, 0.1% (w/v) APS 

 

Pre-cast gels 

NuPage® 10%, 4-12% or 4-20% bis-tris 1.0 mm x 15 well gels  

Thermo Fisher Scientific (Paisley, UK) 

Running buffer 

10X tris-glycine-SDS PAGE buffer National Diagnostics, (Hull, UK), diluted to 1X in ultrapure 

water 

 

Or 

 

20x Bolt™ MES SDS running buffer, Thermo Fisher Scientific (Paisley, UK) 

 

Transfer buffer 

10x tris-glycine electroblotting buffer National Diagnostics, (Hull, UK), diluted to 1x in 20% 

(v/v) methanol and ultrapure water. 
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Blocking buffers  

Odyssey Blocking Buffer, Li-Cor Biotechnology, (Cambridge, UK) diluted 1:1 in TBS  

Or 

5% (w/v) skimmed milk powder in TBS 

 

Washing buffers   

TBS-T 

Coommassie blue stain Bio-Rad, (Biorad Hercules, CA, USA)  

 

2.1.11 Enzyme-linked immunosorbent assay (ELISA) 

 

ELISA buffer 

50 mM TBS (pH 7.4), 2 mM EGTA, 1 mM PMSF, 10 mM NaF, 1 mM Na₃VO₄ 

cOmplete™, Mini, EDTA-free Protease Inhibitor Cocktail 

Phos-Stop™ tablets, Roche (Basel, Switzerland)  

  

Blocking buffer  

2.5% (w/v) BSA in 1x TBS 

 

Antibody diluent 

5% (w/v) BSA in 1x TBS 

 

Chromagen substrate solution 

1-Step™ Ultra TMB-ELISA substrate solution, Thermo Fisher Scientific, (Rockford, IL, USA) 
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Stop solution 

1 N Hydrochloric acid  

 

ELISA Washing buffer 

TBS, 0.05% Tween-20 
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Antibody Specificity Host Clonality Immunogen Dilution 
Source 

(product code) 
Pretreatment 

β-actin 

Mouse, rat, 
rabbit, horse, 
chicken, cow, 

dog, human, pig 
and zebrafish 

Rat (Rb) Polyclonal 

Mouse, rat and 
human beta-actin 

(amino acids 1-
100, exact 

sequence is 
proprietary) 

 

1:5000 (WB) 
Abcam Plc., 

Cambridge, UK 
(ab8227) 

N/A 

β-actin 

Mouse, rat, 
rabbit, horse, 
chicken, cow, 

dog, human, pig 
and zebrafish 

Mouse 
(M) 

Monoclonal 

Mouse, rat and 
human beta-actin 

(amino acids 1-
100, exact 

sequence is 
proprietary) 

1:5000 (WB) 
Abcam Plc., 

Cambridge, UK 
(ab8226) 

N/A 

a- synuclein 

Phosphorylated 
and non-

phosphorylated 
a-synuclein. 

Rat (QC testing), 
Human, Mouse 

Mouse 
(M) 

Monoclonal 
Rat Synuclein-1 aa. 

15-123 
  

1:1000 (WB) 
BD Transduction 

laboratories (610787) 
N/A 
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a-synuclein 
(pSer129) 

Human 
Mouse 

(M) 
Monoclonal 

Raised against a 
synthetic peptide 
corresponding to 
amino acids 124-

134 of 
a-synuclein, 

phosphorylated at 
Serine 129 

1:10,0000 
(IHC) 

Virginia Lee, Centre of 
neurodegenerative 
diseases,  University 

of Pennsylvania, USA. 

Microwave 
(medium 

heat) 10 min 
0.01M 
sodium 

citrate buffer 
(pH 6) 

4-
hydroxynonenal 

(4HNE) 

Species 
independent 

Mouse 
(Ms) 

Monoclonal 

Chemical/small 
molecule [HNE-J-

2] to 4 
hydroxynonenal 

1:50 (IHC) 
Abcam Plc., 

Cambridge, UK. 
(ab138501) 

N/A 

8-Hydroxy-2-
deoxyguanosine 

Species 
dependent, 

Mouse 
(M) 

Monoclonal 

Chemical/ Small 
Molecule 

corresponding to 
DNA/RNA 

Damage. 8-
hydroxy-

guanosine-BSA 
and -casein 
conjugates. 

 

1:150 (IHC) 
Abcam Plc., 

Cambridge, UK. 
(ab62623) 

N/A 

AT8 

Tau 
phosphorylated 

at Ser 202, 
Thr205. Reacts 

Mouse 
(M) 

Monoclonal 
Partially purified 
human PHF-Tau 

1:500 (WB) 
1:50 (IHC) 

Thermo Fisher 
Scientific, Waltham, 
Massachusetts, USA 

(MN1020) 

Microwave 
(medium 

heat) 10 min 
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with human tau, 
but published 

species include; 
chicken, dog, 

fruit fly, 
hamster, 

human, mouse, 
non-human 

primate, rabbit 
and rat. 

0.01M 
sodium 

citrate buffer 
(pH 6) 

BT2 
Bovine, primate 

(various, 
human, rat 

Mouse 
(Ms) 

Monoclonal 

Recognises tau 
between amino 

acids 194-198 but 
not PHF tau 

1:1000 (WB) 
Pierce Thermo 

Scientific (MN-1010B) 
N/A 

CP13 Human, mouse, 
rat 

Mouse 
(Ms) 

Monoclonal 
Epitope around 

phosphoserine 202 
1:1000 (WB) 

Peter Davies, 
Department of 

pathology, Albert 
Einstein College of 

Medicine, The Feinstein 
institute for Medical 

Research, USA 

N/A 

DA31 
Human, mouse, 

rat 
Mouse 

(Ms) 
Monoclonal 

Pan-tau antibody, 
maps amino acid 
region 150-190 of 

tau 

1:1000 (WB) 

Peter Davies, 
Department of 

pathology, Albert 
Einstein College of 

Medicine, The 
Feinstein institute for 

N/A 
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Medical Research, 
USA 

DAKO total-tau 

Mouse, rat and 
human total 

(phosphorylated 
and non-

phosphorylated) 
tau (amino acids 

243-441) 

Rabbit 
(Rb) 

Polyclonal 

Recombinant 
human tau protein 

expressed in E. 
coli, 

corresponding to 
the C-terminal 

part (amino acids 
243-441) 

containing the 
four repeated 

sequences 
involved in 

microtubule 
binding 

 

1:5000 (WB) 
1:500 

(ELISA) 

DAKO/Agilent 
Technologies, Santa 

Clara, CA, USA. 
(A0024) 

N/A 

Glial fibrillary 
acidic protein 

(GFAP) 

Mouse, rat and 
human glial 

fibrillary acidic 
protein (GFAP) 

Rabbit 
(Rb) 

Polyclonal 
GFAP isolated 

from cow spinal 
cord 

1:200 (IHC) 
1:1000  
(WB) 

DAKO/Agilent 
Technologies, Santa 

Clara, CA, USA. 
(Z0334) 

N/A 

GSK-3b 
Mouse, rat, 
human and 

xenopus 

Mouse 
(Ms) 

Monoclonal 

Produced in 
mouse against 
recombinant 

Xenopus laevis 
protein 

1:1000 (WB) 

Thermo Fisher 
Scientific, Waltham, 
Massachusetts, USA 

(44-610) 

N/A 
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Phosphorylated 
GSK-3b 

Mouse, Rat and 
Human 

Rabbit 
(Rb) 

Polyclonal 

Immunising 
animals with a 

synthetic 
phosphopeptide 
corresponding to 
the sequence of 
human GSK-3b 

1:1000 (WB) 
Cell Signalling #9336, 

Hamilton House 
Mabledon Place 

London 
 

MJF-R 1 
Mouse, Rat and 

Human 
Rabbit 

(Rb) 
Monoclonal 

Recombinant full 
length protein 
within human 
a-synuclein 

aggregate aa 1 to 
the C-terminus. 

The exact 
sequence is 
proprietary 

 

1:1000 
Abcam Plc., 

Cambridge, UK 
(ab138501) 

N/A 

Neuronal nuclei 
(NeuN) 

Avian, chicken, 
ferret, human, 
mouse, pig, rat 
and salamander 

Mouse 
(M) 

Monoclonal 
Purified cell nuclei 
from mouse brain 

 
1:500 (IHC) 

Merck Millipore, 
Billerica MA, MUSA 

(MAB377) 
N/A 

Nitrotyrosine 
Chemical, 

Human 
Rabbit 

(Rb) 
Polyclonal 

Keyhole limpet 
hemocyanin (KLH) 

containing 
nitrated tyrosines 

 

1:500 

Thermo Fisher 
Scientific, Waltham, 
Massachusetts, USA. 

(A212-85) 

Microwave 
(medium 

heat) 10 min 
0.01M 
sodium 
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citrate buffer 
(pH 6) 

Ubiquitin 
Mouse, human, 

yeast, crab-
eating monkey 

Rabbit 
(Rb) 

Polyclonal 

Ubiquitin isolated 
from cow 

erythrocytes and 
conjungated to 

chicken 
gammaglobulins 

with 
glutaraldehyde. 

 

1:400 (ICC) 
DAKO/Agilent 

Technologies, Santa 
Clara, CA, USA (Z0458) 

N/A 

Paired helical 
filament 1 

(PHF1) 

Human, epitope 
around  

phosphorylated 
Ser396 and Ser 
404 of human 

tau. 

Mouse 
(M) 

Monoclonal 

Epitope around 
Ser396 and Ser404 

phosphorylated 
sites 

 

1:100 (IHC) 

Peter Davies, The 
Feinstein institute for 

Medical Research, 
USA 

Microwave 
(medium 

heat) 10 min 
0.01M 
sodium 

citrate buffer 
(pH 6) 

Postsynaptic 
density protein 

(PSD-95) 

Human, mouse 
and rat 

Rabbit 
(Rb) 

Polyclonal 

Synthetic peptide 
corresponding to 

residues of human 
PSD95. 

 

1:1000 (WB) 
Cell signalling, MA, 

USA (2507S) 
N/A 

Synaptophysin 
(SYP D4) 

Mouse, rat and 
human 

Mouse 
(M) 

Monoclonal 
raised against 

amino acids 221-
1:1000 (WB) 

Santa Cruz 
Biotechnologies Inc., 

N/A 
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313 of SYP of 
human origin 

 

Santa Cruz, CA, USA 
(sc-17750) 

Tau (phospho 
S396) 

Human, mouse, 
rat, bovine 

Rabbit 
(Rb) 

Polyclonal 

Antiserum 
produced against 

a chemically 
synthesized 

phosphopeptide 
derived from the 
region of human 
tau that contains 

serine 396. 

1:100 (IHC) 
1:100 

(ELISA) 

Thermo Fisher 
Scientific, Waltham, 
Massachusetts, USA. 

(44-752G) 

Microwave 
(medium 

heat) 10 min 
0.01M 
sodium 

citrate buffer 
(pH 6) 

Tau (phospho 
S404) 

Tau 
phosphorylated 

at serine 404 

Rabbit 
(Rb) 

Polyclonal 

Antiserum 
produced against 

a chemically 
synthesized 

phosphopeptide 
derived from the 
region of human 
Tau that contains 

serine 404. 

1:20 (IHC) 

Thermo Fisher 
Scientific, Waltham, 
Massachusetts, USA. 

(44758G) 

Microwave 
(medium 

heat) 10 min 
0.01M 
sodium 

citrate buffer 
(pH 6) 

Tyrosine 
hydroxylase 

(TH) 

Human, rat, 
mouse Ferret, 
Squid, Feline, 

drosophila and 
mollusk 

Rabbit 
(Rb) 

Polyclonal 

Denatured 
tyrosine 

hydroxylase from 
rat 

pheochromocytoa 

1:1000 (IHC) 
Millipore, Billerica, 

USA (AB152) 

Microwave 
(medium 

heat) 10 min 
0.01M 
sodium 
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 citrate buffer 
(pH 6) 

 
 
Table 2.2 Details of the primary antibodies used in this thesis. Table provides information about host, clonality, specificity (sequence 
information is given when available), concentration used, pretreatment and source. 
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Table 2.3 Details of the secondary antibodies used in this thesis. Table provides information about clone name, specificity (sequence information 
is given when available), concentration used and source.

Antibody Dilution (application) Source 

Goat anti-Mouse IgG (H+L) AlexaFluor® 488  1:400 (IHC) Thermo Fisher Scientific,  Paisley, UK 

Goat anti-Mouse IgG (H+L) AlexaFluor® 568 1:400 (IHC) Thermo Fisher Scientific, Paisley, UK 

Goat anti-Mouse IgG IRDye® 800CW 1:5000 (WB) Li-Cor Biotechnologies Inc., Lincoln, NE, USA  

Goat anti-Mouse IgG IRDye® 680CW 1:5000 (WB) 
Li-Cor Biotechnologies Inc., Lincoln, NE, USA 

 

Goat anti-Rabbit IgG IRDye® 800CW 1:5000 (WB) Li-Cor Biotechnologies Inc., Lincoln, NE, USA 

Goat anti-Rabbit IgG IRDye® 680CW 1:5000 (WB) Li-Cor Biotechnologies Inc., Lincoln, NE, USA 

Goat anti-Rabbit IgG (H+L) AlexFluor® 568  1:400 (IHC) Thermo Fisher Scientific, Paisley, UK  

Biotinylated Goat Anti-Rabbit IgG Antibody 1:400 (IHC) Vector Laboratories, Peterborough, UK 

Biotinylated Goat Anti-Mouse IgG Antibody 1:400 (IHC) Vector Laboratories, Peterborough, UK 

Goat anti-rabbit IgG-HRP Antibody 1:500 (ELISA) Thermo Fisher Scientific,  Paisley, UK 
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2.2 Methods 
 

2.2.1 Synthesis of a-synuclein preformed fibrils (PFFs) 
 
2.2.1.1 Transformation, expression in Escherichia coli 
 
 
WT mouse a-synuclein was cloned into the ampicillin resistant bacterial expression vector, 

pRK172 (bp 1-1304). Next, plasmids were transformed into BL21 (DE3) RIL-competent E.coli 

(Thermo Fisher Scientific, Waltham, MA, USA, (230245) which were streaked onto LB-agar 

plates containing ampicillin. A single colony was picked and transferred to 4 ml of SOC 

medium, which was incubated with shaking for 1-2 h at 37°C to initiate a starter culture. After 

shaking, 0.5 ml of starter culture was added into each of two 4 litre flasks containing ampicillin 

and 500 ml of Terrific Broth (12 g per litre of Bacto-tryptone, 24 g per litre of yeast extract, 

4% (v/v) glycerol, 17 mM KH2PO4 and 72 mM K2HPO4). Cultures were incubated at 37°C 

overnight with shaking.  

 

2.2.1.2 Harvesting cells 
 
Bacteria were pelleted by centrifugation of cultures at 6,000 g, for 10 min at 4°C (Beckman 

Coulter rotor JA-10, California, USA). The pellet was collected and resuspended in high salt 

buffer containing protease inhibitors and 1 mM PMSF. The pellet was sonicated using a probe 

tip of at least 0.25 inch and at 60% power, for a total time of 5 min (in a sequence of 30 s 

pulse on, 30 s pulse off). To precipitate unwanted proteins, the samples were boiled for 15 

min, followed by immediate cooling on ice. The suspension was centrifuged at 6,000 g for 20 

min at 4 °C, the supernatant containing a-synuclein was collected and dialysed, as described 

by (Luk et al., 2016).   
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2.2.1.3 Purification 
 
Recombinant a-synuclein was purified according to methods described in (Luk et al., 2016). 

Briefly, using 3.5 kDa molecular weight cut-off Amicon ultra centrifuge filter devices, 

a-synuclein protein was concentrated, and the concentrated protein filtered through a 0.22 

µm syringe filter, before loading onto a Superdex 200 gel filtration column. Approximately 30 

1mL fractions were collected. 10 μl of 2x Laemmli buffer was added to 10 μl of each fraction 

to allow analysis by SDS-PAGE using 4-20% (w/v) acrylamide gradient gels. Proteins in the 

resulting gels were stained with Coomassie blue. Samples yielding bands that corresponded 

to the predicted molecular weight of pure a-synuclein (approximately 15 kDa) were re-

dialysed and the purified protein applied to Hi-Trap Q HP anion-exchange columns (GE 

Healthcare Life Sciences) and run along a linear gradient ranging from 25 mM NaCl to 1 M 

NaCl. a-Synuclein was eluted at approximately 300 mM NaCl. Approximately 50 fractions, 

each of 2 mL were collected, and 10 μl of each fraction was combined with 10 μl of 2x Laemmli 

buffer prior to SDS-PAGE using 4-20% polyacrylamide gradient gels and Coomassie staining of 

proteins. Samples yielding bands of approximately 15 kDa were again dialysed, and 

concentrated to 30 mg/ml. These samples, containing monomeric a-synuclein, were 

aliquotted and stored at -80°C until required.   
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2.2.1.4 a-Synuclein  
 
As a native protein, a-synuclein exists as a monomer, but for reasons still unclear the native 

protein can misfold, leading to the formation of oligomers and eventually protofibrils/fibrils, 

which are deemed to be toxic (Jucker and Walker, 2013). a-Synuclein monomers were added 

to sterile-filtered dPBS (without Ca2+ or Mg2+) to a final concentration of 5 mg/ml.  

a-synuclein PFFS were made from pure recombinant monomeric a-synuclein that was 

shaken on an orbital shaker (Eppendorf ThermoMixer ®, Enfield, USA) at 100 rpm for 7 days 

at 37°C. Samples were then vortexed to reduce turgidity.  

 

2.2.1.5 Quality check assays; Thioflavin and Sedimentation 
 
Thioflavin T (ThT) and sedimentation assays are commonly used to characterize the assembly 

of fibrils from monomer. Results of ThT assays fluctuate with time and do not measure the 

direct amount of amyloid structures present, but do detect the presence of cross beta-sheet 

structures within the sample (Patterson et al., 2019). The binding of ThT to tertiary protein 

structures leads to increased fluorescence. Briefly, samples were diluted 1:50 in glycine and 

10 μl of each diluted sample was added to 384-well black PS assay plates in triplicate. 1mM 

of ThT solution was added to each well and incubated for 1 h, before any resulting 

fluorescence changes were detected on a SpectraMax M50 spectrophotometer at 450 nm 

excitation and 510 nm emission. 
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Sedimentation assays were also used to detect the proportion of a-synuclein that has been 

fibrillised. In this assay, monomers are found in the supernatant whereas fibrils sediment in 

the pellet. Briefly, a-synuclein PFF stocks were diluted ten-fold in dPBS (without Ca2+ or Mg2+) 

and centrifuged at 45,000 g (Beckman Coulter rotor JA-10, California, USA) for 30 min at 23°C. 

The supernatant was collected as the soluble fraction and the pellet was immediately 

resuspended in an equal volume of dPBS. Samples of supernatant and pellet were mixed with 

2X sample buffer and loaded onto a 4-20% SDS gel, which was electrophoresed until the dye 

front reached the bottom of the gel. Proteins in the gel were detected by staining with 

Coomassie blue.  
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2.2.2. Rat primary hippocampal neuron culture  
 
Experimental procedures in Section 2.2.2 and Section 2.2.2.1 were conducted by final year 

project student, Mr Cyrus Liu.  Experimental procedures followed the guidelines of the 

Committee on the Use of Live Animals in Teaching and Research, at the University of Hong 

Kong. Sprague-Dawley (SD) rats were used to prepare primary cultures of hippocampal 

neurons. Pregnant rats underwent euthanasia with carbon dioxide. Embryos at embryonic 

day 18 (E18) were collected and transferred to a class I tissue culture hood (Edgegard EG-

5252, Stanford, Maine, US). Using a Leica MZ8 microscope (Leica, Germany), the hippocampi 

of the embryos were isolated and dissected in medium consisting of 1xPBS with 18 mM 

glucose. Hippocampal tissues were minced and then centrifuged for 5 min at 300 g (Rotofix 

32A, Hettich, Germany).  Following centrifugation tissues were dissociated using 

supplemented Minimum Essential Medium (Gibco, Waltham, Massachusetts, USA). 

Hippocampal neuronal cells were seeded at a cell density of 1 x 105 onto 15 mm coverslips 

(Thermo Scientific, Waltham, Massachusetts, USA) pre-coated with poly-L-lysine (Sigma-

Aldrich, St. Louis, Missouri, USA) at a concentration of 25 μg/ml. Neurons were maintained in 

Neurobasal medium (Gibco, Waltham, Massachusetts, USA) supplemented with Minimum 

Essential Medium, at a ratio of 2:1. Neurobasal medium was supplemented with 2% B-27 

supplement (Thermo Fisher Scientific, Waltham, Massachusetts, USA) and Minimum Essential 

Medium was supplemented with 5% heat inactivated foetal bovine serum (Gibco, Waltham, 

Massachusetts, USA). To inhibit non-neuronal cell growth 5’-deoxy-5’-fluorouridine (dFUR) (2 

μM) was added into neuronal cultures one day after seeding.  
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2.2.2.1 Rat primary neuron treatment, incubation of a-synuclein PFFs 
  

To confirm that the a-synuclein PFFs prepared were able to induce seeding and aggregation 

of native a-synuclein, PFFs were incubated with primary hippocampal neurons according to 

previously published protocols (Volpicelli-Daley et al., 2014b). Briefly, primary hippocampal 

neurons were treated with either α-synuclein PFFs at a concentration of 2 μg / cover slip at 7 

days in vitro (DIV 7). a-Synuclein PFFs were added into cell culture medium in a 6-well plate 

where cells were seeded on coverslips. The control group was treated with PBS (Gibco, 

Waltham, Massachusetts, USA) at 2μL / cover slip. Cells were fixed at DIV 21 for 

immunostaining. 
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2.2.3 Rodent studies  
 
Animal experiments were conducted according to National Institute of Health (USA) 

standards and were approved by the Committee for the Use of Live Animals in Teaching and 

Research (CULATAR) in the University of Hong Kong’s Laboratory Animal Unit (LAU). CULATAR 

license reference numbers: 4479-17. 

 

Male SD rats (Outbred; Charles River Lab, USA) weighing 230 - 250 g were obtained from the 

LAU, University of Hong Kong. Rats were housed in cages with no more than three animals 

per cage and were kept in a 12 h light/dark cycle at 22 ºC, with water and food available ad 

libitum throughout the study. For CULATAR under the reference number 4551-17, a subset of 

rats underwent food restriction for 3-7 days, until the target weight was reached (85-95% of 

free-feeding weight) prior to a 5-choice serial reaction time task (5-CSRTT). Food restriction 

was necessary for the group of animals that underwent 5-CSRTT task as the task was 

dependent on the rat’s motivational behaviour and rats tend to comply better with diet 

restriction, as indicated in previous literature (Mar et al., 2013) 

2.2.3.1 Accuracy of stereotaxic injection into the medial forebrain bundle (MFB) of rats 
 
The medial forebrain bundle (MFB) was chosen as the site of injection primarily due to its 

relatively accessible location and its connectivity to a wide range of structures that are 

affected in PD. The MFB has direct projections with the striatum and substantia nigra (SN), 

and is part of the nigrostriatal pathway. Additional regions of interest include the fronto-

striatal network, where the striatum has connectivity to the frontal lobe (Gratwicke et al., 

2015). Connectivity between the hippocampus and MFB is not fully elucidated. However, 

previous studies have shown outputs to the hippocampus from the rat MFB (Nieuwenhuys et 

al., 1982) (Figure 2.6).  
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Projection from St to 
Hippo 

Projection from SN to 
St and Fc  

Figure 2.2. Illustration depicting the location of the MFB and the key regions of 
interest. Direct and indirect innervations between anatomical regions are 
shown. Blue tracts indicate direct projections from the MFB and red tracts 
indicate indirect inputs to regions of interest. Frontal cortex (FC), striatum (ST), 
hippocampus (HIPPO) and substantia nigra (SN).    
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The MFB is a relatively expansive structure and there is some variation in the literature 

concerning precise injection sites (Lehmkuhle et al., 2009; Goren et al., 2009; Mertens et al., 

2009). Utilising the rat brain atlas (Paxinos and Watson, 7th Ed) co-ordinates were selected for 

injection: AP-4, ML-1.2, DV +7.5 and nose bar at 3.3 mm below interaural line from bregma. 

To verify that the injection co-ordinates were correct, 2.5 μl of Chicago sky blue dye was 

injected into the MFB using a 10 μl Hamilton syringe. Following injection the rat was 

immediately sacrificed. The brain removed from the skull and sections were prepared at AP-

4 based on the rat atlas (Paxinos and Watson, 7th Ed) using a rat brain matrix. The lesion site 

was apparent from Chicago blue staining and was found to be consistent (Figure 2.7). These 

parameters were then used for injection of 30 μg of 6 μg/μl of a-synuclein PFFs into 230 – 

250 g rats. An equivalent volume of PBS was used as a vehicle control. For 6-OHDA, previous 

studies within the lab group established a total dosage of 12 μg was sufficient to induce 

significant nigrostriatal dopaminergic loss within 3 weeks after injection (Shah et al., 2019). 

The amount of a-synuclein PFFs injected was guided by previous literature governed by the 

site of injection and animal species. A total of 60 μg was injected into 6 weeks old SD rats 

(Manfredsson et al., 2018) into the enteric neurons of the descending colon.  A total of 8 μg 

was injected into unilateral striatum  (Paumier et al., 2015) although this quantity of PFFs was 

deemed insufficient given the increase in size of the rat brain compared to a mouse brain. 

Therefore, given the relative size of the rat brain and delicate structure of the MFB, also taking 

into consideration the time of the experimental design, a total of 30 μg a-synuclein PFFs was 

injected unilaterally into the rat MFB.  
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Figure 2.2 Verification of stereotaxic injection into rat MFB. Left: coronal section of rat 
brain, at AP -4, adapted from rat brain atlas (Watson and Paxinos, 2007). The red dot 
represents the site of injection into the MFB. Right: Representative image showing 
Chicago blue dye at the site of injection and along the injection track (AP-4, ML-1.2, (from 
bregma), DV +7.5 (from dura) and nose bar 3.3 mm below interaural line). Adult rats 
weighing approximately 230 - 250 g were used.  
 



 122 

2.2.4 Stereotaxic lesioning of the medial forebrain bundle (MFB) in rats with 
a-synuclein PFFs or 6-hydroxydopamine 
 

Adult male SD wild type rats, 230 – 250 g at the time of surgery, were used. Animals were 

obtained from Centre for Comparative Medicine Research (an AAALAC member), LKS Faculty 

of Medicine, The University of Hong Kong. On the day of surgery, PFFs were thawed, sonicated 

as previously described (Polinski et al., 2018; Luk et al., 2012a) and kept at room temperature 

during surgical procedures. 6-Hydroxydopamine (6-OHDA) was made up with 0.02% mg of L-

ascorbic acid and kept in the dark on ice to prevent oxidation prior to the surgical procedure. 

Surgical procedures were adapted from (Zhang et al., 2019) for PFFs and (Shah et al., 2019) 

for 6-OHDA. After aseptic procedures such as shaving and disinfecting surgical regions, rats 

were deeply anaesthetised with ketamine hydrocholoride (100 mg/kg, i.p) and xylazine (10 

mg/kg, i.p). Only when the animal showed no response to the tail pinch reflex test was it 

immobilised onto the stereotaxic frame (Narishige Scientific Instruments Lab, Japan). Rats 

were aseptically stereotaxically injected in one hemisphere of the MFB: AP-4, ML -1.2 and DV 

7.5, relative to the bregma and from dura either with recombinant a-synuclein PFFs (6 μg/μl; 

30 μg) or 6-OHDA (3 μg/μl; 12μg) or an equivalent volume of PBS containing 0.02% of ascorbic 

acid as control. A total of 5 μl PBS was injected into the a-synuclein PFF control group and 4 

μl of PBS was injected for the 6-OHDA control group.  Injections were performed using a 10 

μL syringe, gauge 33 (Hamilton, NV) at a rate of 2 μl/min. The needle was left in situ for a 

further 5 min to allow for diffusion before retraction of the needle and suturing of the wound 

with non-absorbent Ethilon© size 4-0, polyamide sutures. During surgery rats received 

subcutaneous injections of 3 mL of saline solution and post-surgery rats received Metacam® 

(Meloxicam, Boehringer, Ingelheim, Germany) at 1 mg/kg into their drinking water as 

analgesia. Animals were monitored regularly, and were provided wet palatable food. 
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2.2.5 Behavioural testing 
 
Behavioural testing of rats was assisted by research assistants Ms Becky Stell and Ms Maja 

Sorenseng from the Laboratory of Neurodegenerative Diseases. All members involved in the 

behavioural testing were blinded to the groups wherever possible.  

 

2.2.5.1 Open field test  
 
After injections of either a-synuclein PFFs (at time points of either 60 d.p.i., 90 d.p.i., or 120 

d.p.i.) or 6-OHDA (3 w.p.i.), locomotor activity and anxiety like behaviour was assessed using 

the open field test using a protocol adapted from (He et al., 2018). After habituation for 30 

min, rats were placed individually into the centre of the square arena with a floor area of 100 

cm x 100 cm and black opaque walls of 30 cm in height. Movement of rats was recorded 

immediately after animals were placed in the open-field arena. Each trial lasted for 10 min 

with a total of three trials. The open field arena was divided into two zones, outer and inner. 

The percentage of time spent within the inner zone and the total distance travelled during 

the behaviour test was quantified. Trials were recorded using Panlab Smart 3.0 software 

(Shenzhen, China).  

 

2.2.5.2 Apomorphine induced rotation test  
 
Apomorphine hydrochloride at 0.2 mg/kg was intraperitoneally injected. Following the 

injection, the rat was placed inside a 30 cm diameter cylindrical container and were allowed 

10 min to acclimatize. Contralateral rotation activity of the rat was recorded for 30 min. The 

total number of full (360°) contralateral rotations were counted during the 30 min period of 

testing. 
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2.2.5.2. Asymmetric cylinder test  
 
Rats were tested for forelimb use asymmetry by the cylinder test according to previously 

published protocols (Heuer et al., 2013). Rats were placed in a glass cylinder of 30 cm in height 

and 20 cm diameter. A total of 10 forepaw touches (or the number of forepaw touches within 

a maximum time of three min) were recorded. Exploration activity such as wall touching, 

push- off and landing were also counted. To enable analysis of the forelimb movement when 

the animal was rearing with its back facing the camera, two mirrors angled at approximately 

120° was placed behind the cylinder.  The total percentage of left (contralateral) paw usage 

was determined using the following equation:  

 

[Number of contralateral forelimb use + ½ number of simultaneous forelimb use/ number of 

ipsilateral forelimb use + number of contralateral forelimb use + number of simultaneous 

forelimb use] x 100. 

 

2.2.5.3. Rotarod test  
 
Rotarod analysis was performed on an accelerating rotarod (IITC Life science, USA California). 

The protocol was adapted from Animal Models of Movement Disorders (Hickey and Chesselet, 

2012). All rats received an initial training session of three days, and rats were tested after 

their recovery from surgery. An average of three readings of their latency to fall from the 

rotarod were recorded. Data was analysed using one-way ANOVA. 
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2.2.5.4. Morris water maze (MWM) 
 
Protocol was adapted from (You et al., 2019). A pool of 150 cm in diameter was filled with 

water and care was taken to ensure it was maintained at an ambient temperature of 21 ºC at 

all times. Surgical curtains were used to surround the tank to minimise distraction, and spatial 

cues were positioned on the curtains. Coloured tapes were stuck on the floor to divide the 

tank into four quadrants.  A platform of 10 - 15 cm in width was secured to one of the 

quadrants. Training for the Morris water took five days with four trials per day. Rats were 

placed facing in each quadrant facing the edge of the tank. Each training day had a 

randomised order. The time taken for each animal to reach the platform was recorded and 

timed. On the 6th day, a probe test was conducted where the platform was removed from the 

water tank and rats were given 1 min in which the time spent in the target quadrant and the 

number of crossings of where the platform was placed, were recorded. Spatial learning for 

the Morris water maze was analysed using repeated measures, one-way ANOVA while the 

number of platform crossing and percentage of time spent in the target was analysed using 

t-test.  

 

2.2.5.5 5-choice serial reaction time task (5-CSRTT) 
 
The 5-choice serial reaction time task (5-CSRTT) can be tailored to probe for different aspects 

such as visual attention processing, working memory, pattern separation and executive 

function. For the purpose of this investigation, the protocol was adapted from (Mar et al., 

2013) for assessing executive function in rodents. Schematic diagram shown in Figure 2.3. 
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Preparation of rats 
 
Rats were acclimatised for seven days, and the weight of the rats four days after 

acclimatisation were recorded for three consecutive days. During this period, rats received 

food and water ad libitum. During this period, the mean weight of the free-feeding rats was 

determined. Food restriction followed over three to seven days, until the target weight of 85-

95% of free-feeding weight, (7 g food per 100 g of body weight) was reached. Solid rewards 

(banana/tropical flavoured food pellets) were scattered onto the cage floor, and the rats were 

further habituated for 1 - 3 days.  

 
Pre-training 
 
Rats were placed into their assigned chambers for 30 min (stage 1) with rewards for two 

consecutive days. When rewards were consumed, training moved to the next stage. Stages 

2-5 of pre-training are shown in Figure 2.8. In brief, for stages 2-4, sessions were only 

considered as completed after 60 min or when 100 trials were reached. Only when rats 

completed all 60 trials within the 60 min time period were they moved to the next stage.  For 

stage 5, only rats that completed all trials with a score greater than 60% accuracy within 60 

min for two consecutive trials were allowed to proceed to the training phase of this test.  

 

Training  
 
Training was carried out once daily for 5 - 7 days per week. The following parameters were 

set up for the training procedure. A stimulation is shown for 8 seconds. This is followed by an 

intertrial interval (ITI) of 5 s where the rat can respond and select the correct illuminated 

screen. If the rat does not select anything, all options will be illuminated for a further 5 s 
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followed by a time out of 5 s to signify the end of that particular trial. Each rat was assigned 

a chamber and the session was initiated, where the duration of the task was set for 60 min 

(or completion of 100 trials). Once a rat reached the criterion of completing all trials with ≥ 

60% response accuracy and ≤ 20% trial omissions (with 8 s stimulus duration), training 

continued with a gradual reduction of stimulus from 4 s to 2 s. As different subjects reached 

this criterion at different rates, a hybrid approach was used, whereby animals were “rested” 

followed by reminder sessions until the entire group had attained the desired pre-training 

criterion.  

 

Probe test 
 
The probe test was conducted following recovery from surgery. Various stimulus durations 

were applied ranging from 2 s to 1.5 s, 1 s, 0.8 s, 0.6 s, 0.4 s or 0.2 s. Data relating to executive 

function, including accuracy, omission, premature responses was obtained.  
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Figure 2.4 5-choice serial reaction time task (5-CSRTT) training flow chart. A) In stage 2, 
rats are placed into the chamber with a stimulus presented to them for 30 seconds. Once 
they respond to the stimulus, the stimuli are switched off and a reward (flavoured pellet) 
is released from the magazine followed by ITI to signify the end of trial. B,C) In stages 3 
and 4, a stimulus is again presented to the animal inside the chamber. Following a correct 
response, a reward pellet is released from the magazine. D) In stage 5, rats must complete 
all trials and score above 60% in accuracy within 60 min and for 2 consecutive trials before 
proceeding onto the official training. E) During the training period, a stimulus is presented 
for 2 s and rats have 5 s to respond (limited hold) before making a choice. If the choice is 
incorrect, the stimulus is stopped, are given a time out of 5 s (black out) before the 
procedure is repeated. Should the rat make a choice before the presentation of the 
stimulus, it is regarded as a premature response. When the rat selects the correct stimulus, 
a reward is given through the magazine. Diagram adapted from (Mar et al., 2013).   
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2.2.6 Htau and wild-type (WT) mouse lysates 
 
All animal housekeeping and procedures were carried out in accordance with the UK Scientific 

Procedures (Animals) Act (1986) under the authority of Project and Personal Licences.  

 

Human tau (htau) mice were purchased from The Jackson Laboratory, Bar Harbor, ME, USA 

and bred and maintained at the Institute of Psychiatry, Psychology and Neuroscience.  Htau 

mice were generated by mating 8c mice (Duff et al., 2000) with tau knockout (KO) 

mice (Tucker et al., 2001).  The former express the full human tau gene (MAPT) under control 

of the MAPT promoter, whilst the latter were generated by upon targeted disruption of the 

mouse tau gene Mapt gene by insertion of cDNA for enhanced green fluorescent protein 

(EGFP) into exon one of Mapt.  The resulting offspring, known as htau mice, are hemizygous 

for the full-length human tau gene and express all six tau isoforms of human tau in the 

absence of endogenous tau.  Htau mice progressively develop hyperphosphorylated and 

aggregated tau, alongside synaptic and cognitive deficits (Kelleher et al., 2007; Polydoro et 

al., 2009). WT mice of an identical background strain (C57Bl/6J) were used as controls.    

 

Brain tissue from Htau and WT mice was homogenised at 100 mg/ml in extra strong lysis 

buffer (100 mM Tris-HCl (pH 7.5), 0.5% (w/v) sodium dodecyl sulphate (SDS), 0.5% (w/v) 

sodium deoxycholate, 1% (v/v) Triton X-100, 75 mM sodium chloride, 10 mM 

ethylenediaminetetraacetic acid, 2 mM sodium orthovanadate, 1.25 mM sodium fluoride and 

protease inhibitor cocktail for mammalian tissues), prior to centrifugation at 16 000 g for 

20 min at 4 °C. The protein concentration of supernatants was measured using a BCA protein 

assay kit (Pierce Endogen, Rockford, IL, USA) and samples were standardised to equal protein 

concentration before being used for western blotting. 
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2.2.7 Preparation of formalin fixed paraffin embedded rodent brain  
 
Rats were euthanised by an overdose of sodium pentobarbitol (120 mg/kg body weight, i.p.), 

with a tail-pinch test used to confirm depth of anaesthesia. Rats were transcardially perfused 

with first 0.9% (v/v) saline to remove remaining blood, and then with 4% (v/v) 

paraformaldehyde (PFA) at a steady flow rate, until the brain was sufficiently fixed. The brain 

was carefully extracted and immersed in 4% (v/v) PFA overnight at 4°C to ensure full brain 

fixation. 6 cm coronal sections through the entire brain were taken using a rat brain matrix 

(Zivic Instruments, Pittsburgh, USA). Sections were immersed in PBS for at least 5 h to ensure 

the removal of excess PFA. Sections were then immersed in a graded series of ethanol (30% 

(v/v), 30% (v/v), 50% (v/v), 50% (v/v)) for 1 h each at room temperature (RT), and were stored 

in 70% (v/v) ethanol overnight at 4 °C. The following day brain slices were immersed into an 

increasing concentration of ethanol (80% (v/v), 90% (v/v), 95% (v/v), 95% (v/v), 100%, 100%, 

100%, all for 1 h each at RT) on a shaker (Stuart Scientific, Essex, London). This was followed 

by immersion in xylene (15 min, 15 min, 30 min) and then tissues were placed into molten 

wax (Fisher Scientific, MA, USA) in an oven (Memmert, Shanghai, China) set at 60°C for 1 h, 

followed by 2 x 1 h with vacuum (Memmert, Shanghai, China). Finally, tissues were manually 

embedded into paraffin blocks, using a Leica (HistoCare Arcadia H) embedding 

machine/system. Blocks were cooled on ice for approximately 3 min, prior to being sectioned 

at 7 μm using a Leica (RM2125 RTS) microtome and floated into a 40 – 43°C water bath. 

Sections were collected and mounted on SuperFrost microscope slides and air dried in a 37°C 

oven.  
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2.2.8 Histological staining 
 
 
Dewaxing and coverslipping 

  
Tissues sections were dewaxed in xylene (2 x 5 min), rehydrated through a series of 

decreasing concentrations of ethanol (100%, 100%, 90% (v/v), 70% (v/v); 3 min each) and 

rinsed in ultrapure water (5 min) and tap water (5 min). Following labelling, tissues were 

dehydrated and cleared in increasing concentrations of ethanol (70% (v/v), 90% (v/v), 100%, 

100%; 5 min each) and xylene (2 x 5 min), before cover-slipping with either Distrene-

Plasticiser-Xylene (DPX) or Cytoseal™.   

 

2.2.8.1 Immunohistochemistry 
 
For immunohistochemistry of phosphorylated of a-synuclein, a 1:20 series of sections was 

used for each brain and quantification was for the entire brain. For all other 

immunohistological and immunofluorescence staining 3 consecutive sections per region were 

quantified. The area of quantification was 500 mm² and counter were performed manually. 

Tissue sections were dewaxed and rehydrated as above. To quench endogenous peroxidase 

activity, sections were immersed into 1% (v/v) hydrogen peroxide in PBS (pH 7.4) for 30 min 

at RT, followed by washing with ultrapure water for 5 min. When required (Table 2.2), antigen 

retrieval was performed. Tissue sections were immersed in the appropriate antigen retrieval 

solution and underwent heat treatment of approximately 95°C for 10 min.    

 

Sections were cooled and rinsed with ultrapure water (5 min) and PBS (3 x 5 min), before 

incubation with primary antibody at 4°C overnight. Antibodies were all diluted in 

immunohistochemical (IHC) diluent consisting of PBS containing 0.3% (v/v) Triton-X-100 and 
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2% -10% (v/v) species-appropriate serum. Primary antibody was removed and sections were 

washed in PBS (3 x 5 min; RT), followed by incubation with the appropriate species of 

biotinylated secondary antibodies, diluted in IHC diluent for 1 hr at RT. After a further 3 x 5 

min washes in 1x PBS, sections were incubated with VECTASTAIN Elite ABC kit reagents 

according to the manufacturers’ instructions, mixed with immunohistochemical diluent (PK-

6100; Vector Laboratories, UK) for 1 hr at RT. Subsequently, tissues were washed in PBS (3 x 

5 min) and developed with DAB for approximately 5 min (developing times varied depending 

on the antibody).  

  

2.2.8.2 Immunofluorescence  
 
Immunofluorescence labelling was performed as described above, except the appropriate 

species of AlexaFluor coupled secondary antibodies were added for 1 hr at RT. In some cases, 

autofluorescence was quenched by dipping slides in Sudan black solution for 20 s followed by 

3x washes in PBS. Once slides had no residues of Sudan black remaining, coverslips were 

mounted using mounting media containing the DNA dye DAPI to stain nuclei (Thermo Fisher 

Scientific, Paisley, UK).  

 
2.2.9 Isolation of proteins with sarkosyl  
 
Insoluble proteins were isolated from brain tissue using a protocol adapted from Peng et al. 

(2018) (Peng et al., 2018) for rat tissue. Four parts volume (vols) of cold HS buffer containing 

protease inhibitors and phosphatase was used to homogenise brain tissue in Beckman 

ultracentrifuge tubes (Rockford, USA) with an Omni Tissue Master 125 homogenizer 

(Kennesaw, USA). Samples were incubated on ice for 20 min, followed by centrifugation at 

126, 000 g or 30 min at 4°C using a Beckman Optima MAX-XP benchtop ultracentrifuge and 
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TLA55 centrifuge rotor. The supernatant is collected as the high salt (HS) fraction. The 

remaining sample was re-homogenised and centrifuged as before, and the supernatant/wash 

discarded. Next, the pellet was homogenised in 4 vols of HS-Tx buffer and centrifuged at 

126,000 g for 30 min at 4°C. The supernatant is collected and labelled as HS-Tx fraction. The 

pellet was homogenised in 4 vols of cold HS-Tx buffer containing 30% (w/v) sucrose, and 

centrifuge as described above. Following centrifugation, the floating myelin was removed. 

The pellet was then homogenized in 4 vols of 1% (v/v) sarkosyl buffer and samples nutated at 

RT for 1 hr. Samples were then centrifuged at 20°C for 30 min at 100,000 g, the supernatant 

was collected as the sarkosyl-soluble fraction. The pellet was washed by adding 1% (v/v) 

sarkosyl buffer and centrifugation for 10 min at 100,000 g. The supernatant was discarded 

and the resulting pellet (sarkosyl-insoluble fraction) was collected and resuspended in 2 x 

sample buffer.   

 

2.2.10 Synaptoneurosome isolation 
 
Prior to homogenisation, filter holders assembled with two layers of 80 µm nylon filters were 

precooled. All materials were kept at 4°C throughout the procedure to inhibit phosphatase 

and protease activities. Brain tissue was homogenised according to weight (200 mg/ml) in 1.5 

ml ice cold buffer A with 2 mL glass-teflon homogenisers, with a rotor setting of 40% for seven 

strokes. The samples were then loaded into 3 ml syringes, and an additional 0.6 ml of Buffer 

A was added to reduce dead volume. Filters and holders were added and the samples filtered.   

200 µl of each homogenate was collected. To this, 200 µl of ultra-pure water and 70 µl of 10% 

(w/v) SDS was added and the sample passed through a 27G needle three times to shear DNA. 

Samples were boiled for 5 min and centrifuged at 15,000 g for 15 min. A sample of the 

supernatant was collected as total extract. The remaining homogenate was centrifuged at 
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5000 g for 3 min to remove nuclei and the supernatant was loaded in syringes with 5 µm 

filters, and another 0.6 ml of Buffer A was added to reduce dead volume. The samples were 

passed through the 5 µm filters.  The filtrates were centrifuged for 10 min at 1000 g, the pellet 

collected and labelled as P1 and the supernatant as S1. The P1 pellets were resuspended in 1 

ml of buffer A, split into two tubes and each was centrifuged at 1000 g for 10 min giving rise 

to two P1’ synaptoneurosome pellets. The supernatant was discarded. One of the P1’ pellets 

was resuspended in 200 µl buffer B, boiled for 5 min, centrifuged at 15,000 g for 15 min, and 

the supernatant saved as the SNS fraction.  The remaining P1’ pellet was frozen in liquid 

nitrogen and stored at -80°C as a back-up. To generate the cytosolic fraction, the S1 fraction 

was centrifuged at 100,000 g for 45 min to remove organelles/microsomes. The supernatant 

was collected, 70 µl of 10% (w/v) SDS was added for each 400 µl, and samples boiled for 5 

min. Samples were mixed with an equal volume of 2x SB for biochemical analysis. To check 

the purity of fractions, samples were western blotted using synaptic markers such as PSD-95 

or synaptophysin.  Figure 2.9 shows a schematic diagram of this method.  
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Figure 2.5 Schematic diagram of the synaptoneurosome isolation methods used to isolate 
synaptic fractions from human postmortem or rat brain tissue. Three fractions were obtained 
using this protocol, referred to as the total fraction, cytosolic fraction and synaptic fraction. 
After homogenisation of the tissue, to obtain the total fraction, samples are mixed with H2O 
and SDS. To obtain the cytosolic fraction or synaptic fraction, homogenised tissue undergoes 
multiple filtration and centrifugation steps. 
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2.2.11 Protein Assay 
 
To determine the concentration of protein present in samples the BCA assay kit (Thermo 

Fisher Scientific, Paisley, UK) was used according to the manufacturer’s instructions. Briefly, 

BSA standards were diluted in the same buffer as that used to homogenise/lyse samples. A 

total of eight concentrations of BSA standards (including blank standard) were produced 

ranging from 0-2 mg/mL. Samples were diluted 1:4 in homogenisation buffers, and 25 µl of 

sample or standard was pipetted into a 96-well plate (Thermo Nunc, Roskilde, Denmark) in 

duplicate. The BCA reagent was prepared according to the manufacturer’s instructions and 

200 µl was added into each well, followed by a 30 min incubation in the dark at RT. The 

absorbance of the purple reaction product was determined using a Wallac 1420 Victor3TM 

plate reader (Perkin Elmer, Waltham, MA, USA) or FluoStar Omega plate reader (BMG 

LabTech, Aylesbury, UK) at 562 nm. The absorbencies of the protein standards were used to 

construct a standard curve from which the protein concentrations of the samples could be 

verified using the equation y=mx+b where y is the absorbance. The samples were then 

standardised to equal protein concentration following dilution using the appropriate buffer.   

 

2.2.12 SDS-PAGE and Western Blotting 
 
Samples were mixed with an equal volume of 2x sample buffer and heated to 85°C on a digital 

heat block, followed a brief centrifugation at 16,300 x g with a Spectrafuge 24D centrifuge 

(Jencons PLS, East Grinstead, UK) for 15 seconds.  

 

1.0 mm or 1.5 mm 10% or 12% (w/v) polyacrylamide gels were cast using glass plates (Biorad 

Hercules, CA, USA). Compositions of gels are described in Section 2.1.10. Gels were inserted 

into Mini-PROTEAN®TGX™ tanks (Biorad Hercules, CA, USA) and the buffer reservoir filled 
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with running buffer. At least one lane was retained for loading an appropriate volume (usually 

2.5 µl) of protein ladder. Proteins were electrophoresed at 90 V for 15 min using a Bio-rad 

PowerPac™ (Biorad Hercules, CA, USA). Once the dye had stacked in a straight line, the 

voltage was increased to 120 V for 60-90 min, until the dye front reached the bottom of the 

gel.  

 

Gels were placed onto Protran® nitrocellulose membranes of pore size 0.45 μm (Whatman, 

Maidstone, UK) sandwiched between Grade 1 filter paper (Whatman) and immunoblotting 

sponges (Thermo Fisher Scientific, Paisley, UK) in a Mini Trans-Blot cell (Biorad Hercules, CA, 

USA). The electrode assembly was inserted into the Mini Trans-blot cell electrophoresis 

system and immersed in 1 x Transfer buffer. Proteins were transferred onto nitrocellulose 

membrane. Depending on the protein of interest, transfer times varied but all proteins 

examined in the thesis with the exception of phosphorylated a-synuclein (transfer time of 

45 min) were transferred over a 90 min period under a constant 230A. To reduce the effects 

of heating, an ice pack was inserted inside the Mini Trans-Blot cell.  

 

Once the transfer was finished, the membrane was collected and to reduce non-specific 

binding of antibodies, the membrane was incubated with blocking buffer for 60 min at RT. 

This was followed by incubation with primary antibody overnight at 4°C with rocking on a 

SSL4 see-saw rocker (Cole- Palmer, Straffordshire, UK). The membrane was washed three 

times with washing buffer, followed by incubation with the appropriate species of 

fluorescently-tagged secondary Infra-Red Detection System antibodies (Li-Cor 

Biotechnologies Inc., Lincoln, NE, USE). 800 nm and 680 nm channels were used to detect 

infrared- and green-fluorescent antibodies respectively. Intensity of individual bands were 
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determined using ImageStudio Lite version 5.0 software (Li-Cor), subtracting background as 

necessary.  

 

2.2.12.1 Alternative apparatus  
 
The procedure was identical to the above, except that pre-cast gels were used, in combination 

with 1x NuPAGE® MES SDS running buffer diluted in ultrapure water from 20x stock. Proteins 

were transferred from the gel to the membrane using XCell II™ blot module (Thermo Fisher 

Scientific, Paisley, UK).  

 

2.2.13 Semi-quantitative ELISA 
 
To quantify tau protein amounts in total and synaptoneurosome fractions, semi-quantitative 

ELISA was used. Samples were diluted to equal protein concentration in ELISA buffer (802 

µg/µL for total lysates and 373 µg/µL for synaptoneurosomes). 50 µg/µL of each sample or 

ELISA buffer only (as control) were loaded onto 96-well Nunc™ MaxiSorp™ plates (BioLegend, 

UK) in duplicate. Plates were incubated in 60 °C oven, uncovered and in a non-humidified 

environment for 2 hr - 4 hr to allow proteins to adsorb onto the substrate of the plate. A 

blocking solution of 2.5% (w/v) BSA in TBS was applied to each well for 1 hr at RT. Blocking 

buffer was removed and primary antibody diluted in blocking solution added overnight at 4°C 

with shaking (SSL4 see-saw rocker, Cole-Palmer, Straffordshire, UK). The antibody was 

removed by washing five times with ELISA washing buffer. Secondary anti-rabbit or anti-

mouse-IgG HRP-conjugated antibodies, diluted in 2.5% BSA blocking solution were added for 

2 hr at RT with rocking (SSL4 see-saw rocker, Cole-Palmer, Straffordshire, UK). Secondary 

antibodies were removed, followed by further washing (5 x TBS-T). TMB chromogen solution 

(Thermo Fisher Scientific, MA, USA) was added into each well, and the reaction developed 
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until a blue colour appeared (approximately 1 - 2 min) at which point stop solution (IN HCl) 

was added. The absorbance of each well was then read at 450 nm on a Wallac 1420 Victor3™ 

plate reader (Perkin Elmer, Waltham, MA, USA).   

 
2.2.14 Statistical analysis    
 
The number of samples or animals analysed per experiment and the statistical analysis 

performed, including the p values for all results, are stated within the figure legends. The 

reported n represents the number of animals. Data was first tested for normality tests; 

D’agostino-pearson. For comparisons between two groups such as control and a-synuclein 

PFF, or control and 6-OHDA, a t-test was used for parametric data, otherwise a Mann-Whitney 

U test was used for non-parametric data (e.g. number of platform crossing from Morris water  

maze, total distance travelled as a measure of locomotor activity). Unpaired t-test was also 

used for the difference between pre-post post groups of control and PFF or 6-OHDA (rotarod), 

and for the difference between contralateral and ipsilateral hemisphere between control, PFF 

or 6-OHDA treated groups (immunoblot analysis and immunohistochemical analysis). For IHC 

quantification Table 2.4 consists all actual values of cell counts use for statistical analysis 

within control and a-synuclein PFF animals. Repeated measures two-way ANOVA was used 

for data with two variables and when data was obtained from the same the subjects with 

repeated measures (e.g. learning curve during the Morris water maze task). Sidak’s multiple 

comparisons test followed as post-hoc test. Statistical analysis was performed using Prism 

V6.0 (GraphPad Software, Inc., USA). All data is presented as mean ± SEM. The level of 

significance was set at p < 0.05.  
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Fc 60 d.p.i 90 d.p.i 120 d.p.i 
Contra 7 7 3 21 21 6 8 31 24 
Ipsi 4 14 11 65 45 7 21 10 16 
ST          
Contra 2 2 2 9 14 1 17 10 0 
Ipsi 3 2 1 11 8 1 7 8 7 
Hippo          
Contra 3 0 0 9 5 2 3 1 0 
Ipsi 1 0 0 12 9 2 0 0 1 
Crtx          
Contra 2 1 0 13 6 19 0 2 2 
Ipsi 2 3 3 8 4 20 0 0 1 
SN          
Contra 1 0 0 1 3 0 0 2 0 
Ipsi 0 2 0 5 8 0 0 2 2 

Time point:  
90 d.p.i 
 
Marker: 
8OHG, FC 
 

Contralateral Ipsilateral 

Control 2.6 1,7 3.4 1.4 1.1 1.6 
PFFS 2.9 1.5 4.2 3.7 1.8 2.1 
Time point:  
90 d.p.i 
 
Marker: 
8OHG, CA1 
 

Contralateral Ipsilateral 

Control 3.8 3.1 5.2 4.5 4.8 5.9 
PFFS 5.4 6.4 9.5 6.3 6.0 7.6 
Time point:  
90 d.p.i 
 
Marker: 
8OHG, CA3 
 

Contralateral Ipsilateral 

Control 3.6 5.4 3 8.3 2.8 4.6 
PFFS 6.8 4.3 11.3 2.7 1.6 8.31 
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Table 2.4 a)Values of actual cell counts in control and a-synuclein PFF animal groups, used 
for statistical analysis through the thesis. 
 
  

Time point:  
60 d.p.i 
 
Marker: 
GFAP, FC 
 

Contralateral Ipsilateral 

Control 3.4 1.3 4.7 1.4 0.5 5.1 
PFFS 1.8 5.8 1.6 0.6 5.3 0.7 
Time point:  
90 d.p.i 
 
Marker: 
GFAP, FC 
 

Contralateral Ipsilateral 

Control 4.0 3.1 4.3 4.3 5.10 4.10 
PFFS 1.2 8.3 11.4 0.38 13 8 
Time point:  
120 d.p.i 
 
Marker: 
GFAP, FC 
 

Contralateral Ipsilateral 

Control 0.89 4.30 2.4 5.5 7.6 1.5 
PFFS 1.70 3.20 3.10 0.8 4.6 12.2 
Time point:  
120 d.p.i 
 
Marker: 
TH, SN 
 

Contralateral Ipsilateral 

Control 57 55 50 51 55 59 
PFFS 60 57 50 30 25 28 
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Fc FC ST Hippo Crtx  
Control 0 0 0 0 0 0 0 0 0 0 0 0 
6-OHDA 38 23 27 7 17 7 37 6 8 20 6 14 

Marker: 
pTau404, FC 
 

Contralateral Ipsilateral 

Control 10 12.7 19 13.3 14.7 12.3 
6-OHDA 42.7 25.7 11.7 50 18.7 17.7 
Marker: 
pTau404, CA1 
 

Contralateral Ipsilateral 

Control 0.3 0.7 2.7 2.3 0 2.3 
6-OHDA 16.3 29 25.3 2.7 12.7 5.7 
Marker: 
pTau404,CA3 
 

Contralateral Ipsilateral 

Control 4.3 4.3 4.3 2.7 5 14.3 
6-OHDA 13.3 23 24.3 21.7 9.3 6.3 
Marker: 
PHF1, FC 
 

Contralateral Ipsilateral 

Control 7.0 2.7 3 6 0 3.7 
6-OHDA 71 23.7 0 62 0 7.3 
Marker: 
PHF1, CA1 
 

Contralateral Ipsilateral 

Control 4.3 2.7 0.7 3.7 1.7 3.0 
6-OHDA 14 7.7 2.0 11.3 2.3 2.0 
Marker: 
PHF1,CA3 
 

Contralateral Ipsilateral 

Control 25.3 2 0.3 5.7 4 6.7 
6-OHDA 19.3 4.3 2 10 7.3 3.7 
Marker: 
8OHG, FC 
 

Contralateral Ipsilateral 

Control 7.8 4.8 2 9 4 2 
6-OHDA 9.5 9.5 12.9 13 7 13 
Marker: 
8OHG, CA1 
 

Contralateral Ipsilateral 

Control 3.8 3.1 5.2 4.5 4.8 5.9 
6-OHDA 5.4 6.4 9.5 6.3 6 7.6 
Marker: 
8OHG,CA3 
 

Contralateral Ipsilateral 

Control 4.2 5 8.8 6.6 5.2 6.3 
6-OHDA 11.6 5.5 9.4 10.5 6.1 13.9 
Marker: 
NIT, FC 
 

Contralateral Ipsilateral 

Control 7.8 4.8 2 9 3.6 1.9 
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Table 2.4 b) Values of actual cell counts in control and 6-OHDA animal groups, used for 
statistical analysis through the thesis. 
  

6-OHDA 5.4 6.4 9.5 6.3 6 7.6 
Marker: 
NIT, CA1 
 

Contralateral Ipsilateral 

Control 3.8 3.1 5.2 4.5 4.8 5.9 
6-OHDA 11.6 5.5 12.9 10.5 6.1 9.4 
Marker: 
NIT,CA3 
 

Contralateral Ipsilateral 

Control 4 5 8 6 6 6 
6-OHDA 9.5 9.5 12.6 13 7 13 
Marker: 
TH,SN 
 

Contralateral Ipsilateral 

Control 128 102 102 146 75 103 
6-OHDA 116 89 89 29 14 30 
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Chapter 3- Alpha synuclein preformed fibrils (PFFs) 
 
 
 
3.1 Introduction  
 
One of the most extensively studied proteins is the 140 amino acid protein, a-synuclein 

(Spillantini et al., 1997; Spillantini et al., 1998a). Misfolding and aggregation of a-synuclein is 

the main culprit responsible for Parkinson’s disease (PD) (Spillantini et al., 1997; Trojanowski 

and Lee, 1998), and abnormal aggregation of a-synuclein can trigger downstream cascades 

leading to neuroinflammation and neurodegeneration (Duffy et al., 2018a).   

 

Cell-to-cell propagation is a key underlying mechanism of disease-related pathological protein 

transfer in neurodegeneration (Peng et al., 2020) (Luk et al., 2009; Luk et al., 2012a). The 

pathological seeds act as templates to induce normal endogenous proteins to misfold leading 

to an amplification of the pathological protein (Guo and Lee, 2011) (also referred to as 

“templated amplification”) (Peng et al., 2020). Recently, the spreading phenomenon has been 

successfully modelled using synthesised a-synuclein preformed fibrils (PFFs). PFFs can 

sufficiently induce the conversion of normal proteins into insoluble aggregates, even when 

used in small quantities. The a-synuclein PFFs also induce Lewy-like pathology that is 

strikingly similar to that observed in post mortem PD brain (Duffy et al., 2018b). Spreading 

(cell to cell transmission) of pathological seeds is a sequential via neural connections that can 

be observed throughout the brain and is dominated by 1) the endogenous expression of 

a-synuclein and 2) anatomical connectivity (Henderson et al., 2019a; Okuzumi et al., 2018), 

mimicking the natural progression of the disease (Braak et al., 2003). Unlike transgenic 

rodents which typically over-express wild-type or mutant a-synuclein in widespread brain 
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regions and are prone to overexpression artefacts, injection of a-synuclein PFFs into the 

olfactory bulb of mice has been demonstrated to induce accumulation of misfolded or 

aggregated a-synuclein with ageing (Rey et al., 2018). Thus, a-synuclein PFFs are thought to 

represent a more physiological approach to modelling PD (Duffy et al., 2018a).   

 

The non-motor components, particularly cognitive deficits are difficult to replicate in animal 

models. In a model of synucleinopathy, to test the role of tau in mediating cognitive deficits, 

transgenic TgA53T mice were mated with tau knockout mice to generate TgA53T/mTau–/– 

mice. Post-synaptic deficits and memory deficits were ameliorated in TgA53T/mTau–/– mice 

compared to TgA53T mice; suggesting that both synaptic abnormality and memory 

impairment are mechanistically linked via tau. Tau also plays a critical role as the mediator in 

A53T a-synuclein-mediated abnormalities (Singh et al., 2019). The contribution of 

a-synuclein to cognition has also been evaluated extensively. The deletion of either γ or 

a-synuclein in mice was not sufficient to impair cognition. Only the inhibition of both forms 

of synuclein was enough to impair cognitive function on the T-maze task (Senior et al., 2008). 

Similarly, when the importance of a-synuclein was examined in a spatial learning task using 

mice with a-synuclein deficiency (a-synuclein -/-), no notable differences were found in the 

Morris water maze (MWM) task at 6 months (Chen et al., 2002) compared to wild type (WT) 

mice. Therefore, the absence of a-synuclein is not considered a critical contributor for 

cognition. In contrast, findings based on overexpression models of either mutated or WT 

human a-synuclein under different promoters describe progressive worsening of cognitive 

deficits (Freichel et al., 2007; Chen et al., 2002; Masliah et al., 2011). These studies suggest 

that a-synuclein has a role in triggering and contributing to cognitive deficits, though the 

relationship between the two remains poorly understood. 
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Synaptic disturbance is detected in early PD (Picconi et al., 2012) and alterations in synapse 

functions in response to the accumulation of abnormal a-synuclein have been proposed to 

underlie cognitive and behavioural changes in PD (Bridi and Hirth, 2018). In a mouse line 

overexpressing human WT a-synuclein under the platelet-derived growth factor (PDGF) 

promotor, the mice display intraneuronal inclusions that are positive for a-synuclein and 

ubiquitin in olfactory bulb and neocortex (Freichel et al., 2007). These mice exhibit impaired 

MWM performance compared to WT by 12 months of age. The cognitive deficit was 

accompanied by notable decreases in both post-synaptic densities and pre-synaptic terminals 

in the temporal cortex (Masliah et al., 2011). Using a conditional model of mutant A53T 

a-synuclein under the calmodulin kinase II (CaMKII) promoter, mice displayed a progressive 

impairment in contextual fear memory that was accompanied by synaptic structural deficits 

in the hippocampus. The deficit was reversed once the transgene was turned off, further 

implying a link between a-synuclein, synaptic disruption and memory impairment (Lim et al., 

2011).  

 

This association between a-synuclein and synapse alteration has been mimicked in cell 

models. For example, the addition of exogenous a-synuclein PFFs to cultured neurons causes 

Lewy-like pathology along with synaptic dysfunctions that ultimately result in neuronal death 

(Volpicelli-Daley et al., 2011). Similarly, infusion of a-synuclein PFFs into single primary 

hippocampal mouse neurons caused a widespread accumulation of phosphorylated 

a-synuclein and a reduction in synaptic activity within 10 min (Wu et al., 2019). The findings 

demonstrate the detrimental effects of a-synuclein on synapse functions in cell models is 

convincing. However, it is important to better understand the consequences of other 
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a-synuclein-induced changes, including the phosphorylation of a-synuclein, changes in 

oxidative stress, tau proteins and synaptic proteins, in contributing to behavioural deficits. 

This can only be achieved using animal models. To decipher potential changes triggered by 

a-synuclein PFFs at pre-established time points of 60 days post injection (d.p.i.), 90 d.p.i. and 

120 d.p.i., a-synuclein PFFs were prepared and intracerebrally injected into the medial 

forebrain bundles (MFB) of rats. 

 
 
3.2. Aims and Objectives   
 
The specific goal of this chapter is to evaluate the consequences for key PD-like features, 

including spreading and transmission of a-synuclein, leading to cognitive and motor 

phenotype after a-synuclein PFF injections into the MFB of rats.  

 

Key objectives are to evaluate any behavioural phenotypes relevant to PD that are apparent 

at 60, 90, and 120 d.p.i. of a-synuclein PFFs, including impairment of executive functions 

and/or visuospatial memory impairment. Following behavioural analysis, further analysis was 

carried out to determine if endogenous a-synuclein was modified and a-synuclein PFFs 

induced phosphorylation of a-synuclein at the site of injection in the MFB and in anatomically 

associated regions, i.e. spreading and transmission of phosphorylated a-synuclein. Next, the 

assessment of changes in key PD-associated events including tau phosphorylation, oxidative 

stress, and changes in synaptic proteins indicating synaptic dysfunction, with attention to 

frontal cortex and hippocampus regions. The consequences of a-synuclein PFFs on cellular 

interactions were explored by observing astrogliosis within the frontal cortex region.  
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3.2 Methods 
 
A total of 198 (66 per time point) male Sprague-Dawley (SD) rats weighing between 230 – 250 

g aged 7-8 weeks, were used for the experiments described in this chapter. Male rats were 

used to limit the effects of hormonal interplay. All rats were handled and kept in accordance 

with international ethical guidelines at The University of Hong Kong, which are based on 

National Institutes of Health (USA) animal ethics and British Society of Animal Science - Ethical 

guidelines for research in animal science: the three R reduction guidelines (replacement, 

reduction and refinement). Rats were grouped randomly according to their designated 

behaviour tests: Morris water maze, n = 7; cylinder test, n = 10; Rotarod, n= 10  (same group 

as cylinder animal), 5-choice serial reaction time task, n = 6 and open field test, n = 10. Due to 

the nature of some behaviour tests, separate groups of animals were required to prevent 

conditioning and prior influence/exposure that would potentially affect the overall results. In 

the case where some behavioural tests do not have the same number of animals, this is either 

due to death during surgical procedure or that the animal did not comply with the task and 

had to be omitted. Tables 3.1-3.3 provide further details. After pre-training and stereotaxic 

injection, rats were tested according to predetermined time points, followed by tissue 

collection (Figure 3.1A). Immunohistochemical staining was performed on 3 - 4 rats per 

control and a-synuclein PFFs group, and biochemical analysis were conducted on 5 - 6 rats 

per control and a-synuclein PFFs group. Table 3.1 shows the compilation of animal groupings, 

weight prior surgery and at time of sacrifice after final behavioural tests. Only valid 

behavioural tests were included in the table., the 5-CSRTT and rotarod tests were excluded. 

The methods and materials, such as stereotaxic injections, immunohistochemistry, sarkosyl 

extraction methods and immunoblotting methods have been described in Chapter 2.  
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Behaviour at 60 

d.p.i. 
Rat ID 

Weight at 
surgery (g) 

Weight at 
sacrifice (g) 

 
Comments 

 
Morris Water 

Maze 

1 230 430  
2 230 410  
3 240 470  
4 250 460  
5 250 460  
6 250 550  
7 250 530  
8 230 430  
9 230 520  
10 230 540  
11 250 440  
12 250 480  
11 235 480  
13 250 460  
14 240 510  

 
Cylinder 

1 240 620  
2 240 490  
3 240 480  
4 245 460  
5 250 470  
6 235 410  
7 235 460  
8 235 490  
9 235 410  
10 235 480 Didn’t comply 
11 230 490  
12 240 400  
13 245 470  
14 245 510  
15 250 460  
16 240 400  
17 250 500 Didn’t comply 
18 235 480  
19 320 470  
20 240 460  

Open field test 
 

5 250 560  
2 240 460  
3 245 490  
4 233 400  
7 240 500  
8 250 410  
9 235 480  
10 245 420  
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11 250 400  
12 240 500  
13 230 490  
14 235 480  
15 250 470 Froze in test 
16 250 490  
17 235 480  
18 230 510  
19 245 460  
20 250 410  
21 245 400  
22 235 400  
23 230 410  

Table 3.1 A compilation of a-synuclein PFFs and control injected animals organised according 
to animal behavioural testing at 60 d.p.i. Information on exclusion criteria, animal ID and 
animal’s weight at time of surgery and at end of final behaviour test prior to sacrifice. Orange= 
a-synuclein PFFs, Blue=Control 
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Behaviour at 90 
d.p.i 

Rat ID 
Weight at 
surgery (g) 

Weight at 
sacrifice (g) 

 
Comments 

 
Morris Water 

Maze 

1 250 500  
2 250 570  
3 255 490  
4 250 530  
5 235 539  
6 235 546  
7 230 530  
8 230 630  
9 235 570  
10 340 530  
11 240 560  
12 250 560  
11 245 530  
13 240 540  
14 245 650  

 
Cylinder 

1 255 600 Didn’t perform 
2 235 620 Didn’t perform 
3 230 570  
4 230 650  
5 235 640 Didn’t perform 
6 235 655  
7 235 600  
8 240 640  
9 250 600  
10 250 570  
11 235 650  
12 230 505  
13 230 570  
14 235 480 Didn’t perform 
15 250 600  
16 250 570 Died during 

surgery 
17 245 500  
18 245 530  
19 245 520  
20 240 490  

Open field test 
 

5 250 620  
2 230 600  
3 230 610  
4 235 530  
7 230 620  
8 250 640  
9 255 580  
10 240 500  
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13 245 600  
14 245 560  
15 240 540  
16 240 490  
17 250 560  
18 250 580  

 
Table 3.2 A compilation of α-synuclein PFFs and control injected animals organised according 
to animal behavioural testing at 90 d.p.i. Information on exclusion criteria, animal ID and 
animal’s weight at time of surgery and at end of final behaviour test prior to sacrifice. Orange= 
α-synuclein PFFs, Blue=Control 
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Behaviour at 120 
d.p.i 

Rat ID 
Weight at 
surgery (g) 

Weight at 
sacrifice (g) 

 
Comments 

 
Morris Water 

Maze 

1 235 570  
2 255 590  
3 240 650  
4 250 640  
5 250 600  
6 250 640  
7 230 600  
8 235 680  
9 230 700 Died in surgery 
10 240 700  
11 240 815  
12 250 700  
11 250 650  
13 230 735  
14 240 610  

 
Cylinder 

1 240 640  
2 240 650  
3 240 660  
4 230 700  
5 230 640  
6 245 735 Didn’t perform 
7 250 570  
8 250 620  
9 255 640  
10 230 730  
11 230 650  
12 230 800  
13 235 700  
14 245 815  
15 245 630  
16 230 650 Didn’t perform 
17 255 600  
18 235 630  
19 255 650  
20 235 800  

Open field test 
 

5 245 700  
2 240 720  
3 240 730  
4 250 810  
7 250 800  
8 240 690  
9 250 650  
10 250 800  
13 240 720  
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14 230 700 Died in surgery 
15 235 800  
16 235 790  
17 235 700  
18 255 760  

Table 3.3 A compilation of a-synuclein PFFs and control injected animals organised according 
to animal behavioural testing at 120 d.p.i. Information on exclusion criteria, animal ID and 
animal’s weight at time of surgery and at end of final behaviour test prior to sacrifice. Orange= 
α-synuclein PFFs, Blue=Control 
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Figure 3.1 Timeline of experimental design for a-synuclein PFF and control rats. A) Rats arrived at approximately 230 g in weight and were allowed 
to acclimatise prior to behavioural pre-training. Pre-training began when animals were 7 weeks old. Depending on the behavioural group 
allocation, rats underwent pre-training for rotarod, 5-choice serial reaction time task (5-CSRTT). For tests that do not require pre-training, they 
were directly tested at predetermined time points of 60 days post injection (d.p.i.), 90 d.p.i. and 120 d.p.i. Collection of rat brain tissue followed, 
immunohistochemistry and biochemical analysis were performed on collected rat brain tissues.  
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3.4  Results: Characterisation of a-synuclein PFFs 
 
a-Synuclein PFFs were made using recombinant WT mouse a-synuclein following previously 

established protocols (Volpicelli-Daley et al., 2011; Luk et al., 2016) as described in further 

detail in Chapter 2, 2.2 Methods. Upon transformation procedures using BL21 (DE3) RIL-

competent E.coli, recombinant a-synuclein was purified, firstly according to size using a fast 

protein liquid chromatography (FPLC) column, then later according to charge using a high  

performance liquid chromatography (HPLC) column according to methods described in Luk et 

al. (2016) to obtain pure a-synuclein monomer. The amount of recombinant protein purified 

from total protein loaded into columns is dependent on previous trial and error attempts. To 

increase purity a second day of fractionation is needed to achieve >90% purity where majority 

of C-terminal is removed. For this batch (originally from 1L, 30mg were produced).   

 

Figure 3.2 shows a schematic diagram of the initial purification step using fast protein liquid 

chromatography (FPLC). Fractions eluted from the FPLC column according to size; due to 

a-synuclein being a relatively small protein, larger proteins were eluted off and were not 

collected. Figure 3.3 shows a schematic diagram for the second step of purification using high 

performance liquid chromatography (HPLC). Here, fractions were eluted through the HPLC 

column according to charge. Using a range of buffers with increasing salt concentrations, 

fractions containing a-synuclein were isolated.   

 

a-Synuclein monomers underwent a fibrillisation procedure and to ensure the success of 

fibrillisation Thioflavin and sedimentation assays were utilised to confirm the presence of 

fibrils. Thioflavin can detect the presence of amyloid structure and sedimentation will provide 
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information on the amount of materials fibrilised. Analysis of the PFFs generated for this 

project are shown in Figure 3.4. Monomeric mouse a-synuclein gave readings of 40 a.u., 

similar to that of glycine, which was used here as a control. a-Synuclein PFFs showed 

increased ThT reactivity and a reading of approximately 70 a.u., demonstrating that 

predominantly a-synuclein fibrils with high beta-sheet structure are present. Monomeric 

a-synuclein has an absorbance value lower than fibrillised material (Luk et al., 2016). 

Although not performed here, it would have been useful to determine the proportion of PFF 

generated relative to monomer. The sedimentation assay was used only to check for the 

presence of fibrils.  Results from the sedimentation assay (Figure 3.5) demonstrate that the 

monomeric form of a-synuclein PFFs (15 kDa) is predominantly found in the supernatant 

fraction and a-synuclein PFFs are predominantly distributed in the pellet. Of the total sample 

loaded, >60% of a-synuclein PFFs was found to be present in the pellet fraction relative to 

the supernatant. Thus, this assay further indicates efficient fibrillisation of mouse WT 

a-synuclein.  

 

Finally, the last quality check assay to ensure the a-synuclein fibrils at hand were are able to 

induce seeding, propagation and aggregation as demonstrated in current literature, 

(Volpicelli-Daley et al., 2014b), a-synuclein fibrils were incubated with primary hippocampal 

neurons. In brief, primary hippocampal neurons were treated with either α-synuclein PFFs at 

a concentration of 2 μg / cover slip at 7 days in vitro (DIV 7). The control group was treated 

with PBS (Gibco, Waltham, Massachusetts, USA) at 2μL / cover slip. Cells were fixed at DIV 21 

for immunostaining. Protocol was adapted from (Volpicelli-Daley et al., 2014b), and further 

detail of this protocol is further described in Chapter 2, Section 2.2.2.1.  
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To detect a-synuclein aggregates, neurons were immunolabelled with antibodies against 

a-synuclein phosphorylated at Ser129 and ubiquitin, features of a-synuclein observed in 

Lewy pathology (Gomez-Tortosa et al., 2000). Neurons were able to efficiently internalize and 

accumulate a-synuclein PFFs and Figure 3.6A shows this qualitatively. Thus, a-synuclein PFFs 

with seeding capacity have been successfully synthesised. To quantitate the number of a-

synuclein puncta internalised by cells, fluorescent imaging could be used to calculate the 

intensity of a-synuclein pS129 puncta relative to cell area in comparison to vehicle-treated 

cells, in a minimum of three biological replicates.  
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Figure 3.2 a) Schematic diagram of fast protein liquid chromatography (FPLC) column. In 
the first purification step, a-synuclein underwent gel filtration according to size. Larger 
proteins will elute first, followed by relatively small a-synuclein. b) Once peaks that 
correspond to a-synuclein were identified, the corresponding fractions were loaded onto 
a 4-20% gradient gel. c) Samples from fractions corresponding to monomeric a-synuclein 
in size (approximately 15 kDa). Fractions outlined by the red box were selected for input 
into FPLC columns for filtration according to affinity. Alternate eluted fractions from 10-28 
were loaded onto gel as indicated by blue line.   
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Figure 3.3 a) Schematic diagram of high performance liquid chromatography (HPLC) 
column. The second purification step filters a-synuclein according to charge. a-synuclein 
is a negatively charged protein, therefore will bind to column beads and as the buffer salt 
concentration increases, a-synuclein is eluted. b) Peaks that correspond to a-synuclein 
are identified and the corresponding samples are loaded onto a 4-20% gradient gel for 
verification. Bands that correspond to a-synuclein are then selected to input into the HPLC 
column for a final round to polish content. c) Immunoblot of a-synuclein-containing 
fractions, highlighted by red box. Alternate eluted fractions from 10-28 were loaded onto 
gel as indicated by blue line.   
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Figure 3.4 Example of ThioflavinT assay results. Graph shows absorbance at 450 nm in 
arbitrary units (a.u) for glycine (control), mouse a-synuclein monomers (mono), and 
mouse a-synuclein PFFs (PFFs), demonstrating efficient fibrillisation of a-synuclein 
monomers into beta-sheet containing filaments. Samples were run in triplicate.  
 

10kdDa 

15kDa 

Figure 3.5 Example of a Coomassie-stained gel from a sedimentation assay. Supernatants and 
pellets from a sedimentation assay were electrophoresed, alongside a protein ladder. Soluble 
monomeric (mono) a-synuclein is mostly retained in the supernatant (sup) (15 kDa), whereas 
fibrillised a-synuclein (PFFs) sediments in pellets (15 kDa). Image shows two sections from 
the same gel. 
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Figure 3.6 Internalisation of a-synuclein PFFs by primary cultured hippocampal neurons. 
Representative images of primary hippocampal neurons treated with a-synuclein PFFs or 
control for 14 days, fixed and immunolabelled with antibodies against a-synuclein 
phosphorylated at serine 129 (pS129) and ubiquitin (green). Images were obtained using 
a 40x oil objective on a Carl Zeiss LSM 700 confocal microscope. Scale bar is 50 μm. 
Accumulation of phosphorylated a-synuclein was indicated by immunoreactivity for both 
phosphorylated a-synuclein (pS129) and ubiquitin following addition of PFFs, but not in 
control cultures (no PFF treatment). Image adapted from the project thesis of final year 
project student, Mr Cyrus Liu, submitted in 2017.   
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3.5. Results: Behavioural characterisation of a-synuclein PFF-injected rats   
 
A total of 30μg of a-synuclein PFFs at 5 μg/μL were injected unilaterally into the medial 

forebrain bundle (MFB) of randomly assigned SD rats aged 7-8 weeks, 230-250 g. The dosage 

was chosen on the basis of use in previous literature (Table 1.3) with the size of the rat brain 

taken into consideration, compared to a mouse brain. Due to the significant increase in 

structure size, the quantity of a-synuclein PFFs was adjusted as suggested by Paumier et al. 

(2015). Unilateral injection was chosen as this allowed assessment of spreading of 

a-synuclein PFFs from one side of the brain. The MFB site of injection has not previously been 

extensively studied. It was used as the site of injection here since it connects the nigrostriatal 

pathway, mesolimbic and fronto-striatal pathways and allows study of  spread from the MFB 

bundle to anatomically connected regions that are affected in PD and that regulate executive 

functions. Rats were aged for 60, 90, and 120 d.p.i. Rats underwent a battery of behavioural 

tests prior to tissue collection to determine any consequences of presumed a-synuclein 

spread.  

 

3.5.1 a-Synuclein PFFs did not affect gait imbalance on the rotarod  
 
Firstly, to explore if injection of a-synuclein PFFs into the MFB induced any motor co-

ordination deficits, the rotarod test was used. Previous work in which a-synuclein PFFs were 

injected into mouse dorsal striatum found a progressive motor impairment from 60 d.p.i. 

through to 180 d.p.i. when tested with the rotarod (Luk et al., 2012a). Using a protocol similar 

to that described by Luk et al. (2012), rats were trained prior to surgery at 230 g, 

approximately 7 weeks of age, and were then assessed at 60, 90, and 120 d.p.i.  
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Rotarod gives an indication of motor ability by allowing measurement of how long an animal 

can remain on a spinning rod. Animals with a motor impairment perform less well than 

healthy animals. Here, there were no significant differences between pre-post surgery for 

control or PFF groups at any of the time points. The results indicate that a-synuclein PFFs 

injected into the MFB were not sufficient to induce any motor deficits within the time frame 

investigated. It should be noted that technical difficulties were encountered during this 

experiment. The reduced latency of both control and PFF pre-treated groups at 90 d.p.i. and 

at 120 d.p.i. post-surgery was due to the significant increase in weight with age which meant 

animals were performed poorly on the rotarod test. It should be noted that rats did not 

receive re-training between the initial injection till the desired time-point and in hindsight it 

may have been beneficial for the animals to have had to re-training session to familiarise 

them with the rotarod procedure. Still, the significant increase in weight of the animals 

rendered them unable to perform on the rotarod test.  
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Figure 3.7. Motor function was not altered after a-synuclein PFF injections into rat MFB. 
A rotarod was used to determine if there are changes in motor function/gait following 
injection of rat MFB with a-synuclein PFFs. Rats were tested pre-surgery (pre) at 7 weeks 
and at 60, 90, and 120 d.p.i. (post) relative to controls. The speed of the rotarod was 
gradually increased from 0 rpm to 40 rpm over a 5 min period. Bar graphs show mean 
latency to fall (s) of total three trials for pre- and post-surgery for a-synuclein PFF and 
control-injected rats at A) 60 d.p.i. (control n = 9; PFFs n= 8) B) 90 d.p.i. (n = 8 for control 
and PFFs) and C) 120 d.p.i. (n = 9 or control and PFFs). Analysis with unpaired t-test on the 
difference between pre and post-surgery between control and PFF groups did not indicate 
any statistical significance for any time points.   
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3.5.2 A transient asymmetric deficit was observed at 90 days post injection only 
 

In addition to rotarod, I further examined motor functions by cylinder asymmetric test. The 

results showed subtle reductions in the use of the contralateral forepaw in a-synuclein PFF 

injected rats at all time points. These were found not to be statistically significant at 60 and 

120 d.p.i. but PFF injected rats showed significantly reduced contralateral forepaw usage at 

90 d.p.i. relative to control group (**p < 0.001). Thus,a-synuclein PFFs might cause a 

transient motor impairment (Figure 3.8A-C).  
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90 d.p.i. 

120 d.p.i. 

Figure 3.8. Transient asymmetric forelimb deficits in a-synuclein PFF injected rats. An 
asymmetric cylinder test was used to determine if there are changes in contralateral forelimb 
usage following injection of rat MFB with a-synuclein PFFs. Rats were tested post-surgery at 
60, 90, and 120 d.p.i. Bar charts show percentage of contralateral forepaw usage at A) 60 
d.p.i. control n = 9, PFF, n = 9, B) 90 d.p.i. control n = 7, PFF n = 8 and C) 120 d.p.i. (n = 9) Data 
are shown as mean ± SEM, * p < 0.05. Statistical analysis used was unpaired t-test.  
 



 169 

 
3.5.3 a-Synuclein PFFs did not induce deficits in executive functions  
 
Rats were tested according to predetermined time points with pre-established testing 

parameters (Table 3.1).  A protocol adapted from (Horner et al., 2013) and (Mar et al., 2013), 

as described in Chapter 2 was used. Results from the test is shown in Figure 3.9 

 

 

 
 
 
 
 

 

 

  

Executive function 
domain 

Activity tested Readout from 5-CSRTT 

Global attention 
processing 

Attention 
Spatially divided attention 

Accuracy (number of correct 
responses) 

Inhibitory control Sensitivity 
Premature responses 

(response before stimulus 
onset) 

Motivation Processing 
Time taken (seconds) (time 

taken to complete the pre-set 
task) 

Table 3.4. The range of executive deficits that can be tested using the 5-choice serial 
reaction time task (5-CSRTT). Table shows the activities used to assess the a-synuclein PFF 
injected and control rats, with readouts associated with specific executive functions. 
Stimulus was presented as an illuminated square inside the 5-choice chamber. The 
activities were set prior to training and testing.  
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Figure 3.9. The 5-CSRTT at 90 d.p.i.  as a means of assessing executive dysfunction in 
a-synuclein PFF injected rats. Rats were tested prior to surgery at 7-8 weeks of age (pre-
surgery) and again following injection of control- or a-synuclein PFFs (post-surgery). Bar 
charts show A) percentage of accuracy during the training and testing phase for control 
and a-synuclein PFF injected rats. B) Time taken in seconds (s) during the training and 
testing phase for control and a-synuclein PFF injected rats. C) Percentage of omission 
during the training and testing phase for control and a-synuclein PFF injected rats. D) 
Premature responses during the training and testing phases for control and a-synuclein 
PFF injected rats. Analysis with unpaired t-test on the difference between pre-post-surgery 
for control and PFF group did not indicate a statistical significance (A-D).  
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Analysis of these measures indicated no significant effects of a-synuclein PFF relative to 

control at 60, 90 and 120 d.p.i. Sample data for 90 d.p.i. is shown in Figure. 3.9. There was no 

significant difference in task accuracy, a measure of attention, before or after surgery or 

between a-synuclein PFF and vehicle-treated groups (Figure 3.9A). The time taken to 

complete the task, which required rats to travel back and forth within their “chambers”, 

showed slight increase after surgery (Figure 3.9B). Omission was defined as lack of response 

during a trial and indicates spatially divided attention and global attention. Both control and 

a-synuclein PFF injected animals exhibited a similar baseline reading prior to surgery, and no 

effect of treatment. However, there were significant differences following surgery in both PFF 

and control-injected rats, again indicating an effect of the surgical procedures (Figure 3.9C) 

or alternatively the age of the rats may also be an additional factor for the reduction  in speed 

of completing the task particularly in control animals. Premature responses are responses 

detected before stimulus onset, part of inhibitory control. There were no significant changes 

in the number of premature responses before or after surgery, or in response to treatment 

(Figure 3.9D).  

 

These data did not show any significant effect on frontal cortex-associated executive 

functions following a-synuclein PFF injection into rat MFB. It should, however, be noted that 

although the 5-choice serial reaction time task (5-CSRTT) is a very informative behaviour task, 

it is a very complex protocol to follow for inexperienced users. Subsequently, some technical 

errors meant the behavioural task would benefit from being repeated when these technical 

errors are able to be resolved.  
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3.5.4 No sustained impairment in spatial learning and memory were induced by 
a-synuclein PFFs 
 
Rats were trained and tested according to a previously established protocol (You et al., 2019). 

Testing was conducted at previously established time points (Figure 3.10). Spatial learning of 

a-synuclein PFF injected and control rats was assessed throughout the 5-day training 

protocol, and reference memory was tested on the probe test day (6th day), where the 

platform was removed. In the probe trial, the number of times the platform location was 

crossed and time spent in the target quadrant were measured. a-Synuclein PFF and control 

injected rats showed improvements in latency to escape the maze (time taken to find the 

platform) across the 5 training days. a-Synuclein PFF injected rats did not exhibit any deficits 

in spatial learning at 60, 90 or 120 d.p.i. relative to controls. Indeed, the control and 

a-synuclein PFF groups showed a similar learning curve throughout the 5-day training 

protocol (Figure 3.10A-C). Similarly, there were no significant differences in the number of 

platform crossings during the probe trial, indicating no deficits in reference memory following 

a-synuclein PFF injection (Figure 3.10D-F), or proportion of time spent in the target quadrant 

(Figure 3.10 G-I). Therefore, when injected into rat MFB a-synuclein PFFs were not sufficient 

to induce deficits in visuospatial learning or reference memory.   
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Figure 3.10. a-Synuclein PFFs did not result in cognitive impairment using the MWM task, 
at any of the time points investigated. The learning curve during the MWM task. Rats 
injected with a-synuclein PFFs at A) 60 d.p.i. B) 90 d.p.i. and C) 120 d.p.i. show no 
impairment in their learning ability on the MWM task compared to control rats as 
determined when the latency to escape the water maze was measured on each of the 
five days of training. The number of times that rats cross the area from which the platform 
was removed was determined as a measure of visuospatial memory during the probe test, 
D) 60 d.p.i. (n = 7), E) 90 d.p.i. (n = 7) or F) 120 d.p.i., control n = 6, PFF n = 7. G-I) The time 
spent in each quadrant during the probe trial at G) 60 d.p.i. (n = 7), H) 90 d.p.i. (n = 7) or 
I) 120 d.p.i. (control n = 6, PFF n = 7). Analysis with repeated 2-way ANOVA (A,B,C) 
indicated a significant effect of training days on visuospatial impairment  at all time points 
and no effect of treatment or a training days x treatment interaction (Appendix 1). 
Analysis with repeated 2-way ANOVA (G,H,I) did not indicate a significant effect of training 
days on visuospatial impairment at all time points and no effect of treatment, surgery or 
a surgery x treatment interaction (Appendix 1). Analysis for (A, B, C and G, H, I) repeated 
2-way ANOVA, unpaired t-test (D,E,F).  Data shown as mean ± SEM.  
 

G 

I 
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3.5.5 a-Synuclein PFF animals did not trigger anxiety-like behaviour 
 
Results from the open field test showed that a-synuclein PFFs did not cause any changes in 

anxiety-like behaviour at 60, 90, or 120 d.p.i. since 60, 90, and 120 d.p.i. control and 

a-synuclein PFF injected groups spent equal amounts of time within the centre zone (Figure 

3.11A-C) and no significant alterations in trajectory/path (Fig. 3.11D). 120 d.p.i. animals spend 

a much longer period of time within the centre zone compared to 60 d.p.i. and 90 d.p.i. 

animals likely due to age since older animals are less anxious (Denenberg, 1969). Overall, the 

data suggested that a-synuclein PFFs do not induce any anxiety-like behaviour up to 120 d.p.i. 

in rats. 

 
 
3.4.6 a-Synuclein PFFs did not result in land-based locomotor deficits  
 
The open field test can also be used to test overall locomotion and motor activity (Chung et 

al., 2019). The distance travelled in 10 min was measured. The results showed that 

a-synuclein PFF injected rats travelled similar distances to controls at 60, 90, and 120 d.p.i. 

and therefore, they did not exhibit any locomotor deficit when compared to controls at any 

of the time points investigated (Figure 3.12A-C). The results here agree with previous studies 

where open field test measurements showed no significant alterations in locomotor activity 

caused by a-synuclein PFFs (Luk et al., 2012a; Masuda-Suzukake et al., 2013).  
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Control  90 d.p.i. PFFs 

D 

A B 

C 

Figure 3.11. No significant alterations in anxiety-like behaviour following a-synuclein PFF 
injection into MFB. Open field tests were conducted to determine if control and a-
synuclein PFF-injected rats show any alterations in anxiety-like behaviour. The bar-charts 
show the amount of time in seconds (s) spent in the centre zone for control and PFF-
injected rats at A) 60 d.p.i., control n = 9, PFF n =10, B) 90 d.p.i. (n = 8), C) 120 d.p.i., control 
n = 9, PFF n = 10. Data represents mean ± SEM, statistical analysis used was two-tailed 
unpaired t-test. D) Representative tracings of the trajectory of control and a-synuclein PFF 
injected rats at 90 d.p.i. The centre zone is bounded by red, and the outer edge of the 
arena is coloured yellow. Both groups spent approximately equal amounts of time in the 
centre zone of the arena.   
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Figure 3.12. No significant alterations in locomotor activity following a-synuclein 
PFF injection into rat MFB. Distance travelled (cm) in 10 min by control and PFF-
injected rats was measured as an indicator of locomotor activity using the open field 
test. Graphs show no significant difference between groups at A) 60 d.p.i. (n = 10), 
B) 90 d.p.i. (n = 8) and C) 120 d.p.i., control n = 9, PFF n = 10. Data represents mean 
± SEM, statistical test used, unpaired t-test. 
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3.6 Results: Intracellular changes elicited by a-synuclein PFFs  
 
Despite the lack of sustained behavioural alterations, it was unclear if any other pathological 

factors in neurons had been stimulated by a-synuclein PFFs. Therefore, both 

immunohistochemistry and biochemical techniques were used to examine change in protein 

solubility within the frontal cortex, specifically by examining tau and a-synuclein at the three 

pre-established time points. Furthermore, the spreading of phosphorylated a-synuclein into 

regions distant from the initial injection site and the ability to trigger changes in tau 

phosphorylation, was investigated. Detailed description of immunohistochemistry and the 

sarkosyl extraction technique can be found in Chapter 2.  

 

 

3.6.1 Spreading of phosphorylated a-synuclein PFFs to anatomically connected brain 

regions from the MFB.  

 
Previous publications were used to guide this work (Luk et al., 2012a; Duffy et al., 2018c). 

Sections throughout the brain from rats at 60, 90, and 120 d.p.i. were subjected to 

immunohistochemical staining using an antibody against a-synuclein phosphorylated at 

Ser129 (see Methods section 2.2.7.1). Sections were also briefly immersed in haematoxylin 

to stain cell nuclei. Positively labelled cells were apparent throughout the brain at all time 

points, including in the cortex, hippocampus, striatum and substantia nigra (SN). All these 

brain regions are either directly or indirectly connected to the MFB. The labelling was 

relatively mild compared to other reports (Duffy et al., 2018c; Rey et al., 2018), and displayed 

as faint cytoplasmic accumulations, or compact, globular perinuclear-like inclusions (Figure 
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3.13A). The immunolabelling appeared to be most dense at 90 d.p.i. relative to the 60 d.p.i. 

and 120 d.p.i. groups. No positively labelled cells were found in control-injected rats at any 

time point (Figure 3.13A).  

 

A schematic diagram was created to allow visualisation of the extent of phosphorylated 

a-synuclein immunoreactivity at each time point throughout the brain. Immunolabelling was 

apparent both contralateral and ipsilateral to the injection site, in agreement with previous 

reports (Luk et al., 2012a; Paumier et al., 2015). This analysis showed the apparent spread of 

phosphorylated a-synuclein throughout most brain regions from the MFB. The number of 

immunoreactive cells increased from 60 d.p.i. to 90 d.p.i. after which time the load of 

positively labelled cells was reduced (Figure 3.13B). These data indicated that a-synuclein 

PFF injection into rat MFB induces prion-like spread of phosphorylated a-synuclein from the 

injection site. Taken together, the results also showed that the presence of abnormal 

a-synuclein in the hippocampus and cortex was not sufficient to induce any sustained 

behavioural deficits in rats. 
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Figure 3.13 Injection of a-synuclein PFFs into rat brain induced phosphorylated 
a-synuclein. A) Using a stereological approach a 1 in 20 sequence of 7 µm coronal 
sections was taken from the entire brain from both hemisphere, contralateral and 
ipsilateral of animals injected with a-synuclein PFFs for 60, 90, and 120 d.p.i. and 
control (vehicle) for 120 d.p.i. Representative images are shown. Sections were 
immunolabelled with an antibody against a-synuclein phosphorylated at Ser129 and 
counterstained with haematoxylin to label nuclei. Phosphorylated a-synuclein 
inclusions appeared as faint cytoplasmic and denser perinuclear inclusions in the 
frontal cortex (Fc), Striatum (St), Hippocampus (Hippo), Cortex (Crtx) and Substantia 
nigra (SN), and appeared to peak at 90 d.p.i. Control animals did not show any positive 
labelling. Scale bars = 10 μm, n = 3. B) The total number of positively immunolabelled 
cells in three animals of each group were counted and the positions marked on coronal 
brain tracings. Cells positive for phosphorylated a-synuclein were observed in many 
regions including those directly and indirectly connected to the MFB, and appeared to 
peak at 90 d.p.i. The red circle indicates the site of injection MFB. Regions proximal to 
the injection site appeared to show the most abundant phosphorylated a-synuclein 
positive cells. C-G) Quantification of the number of positively immunolabelled   
a-synuclein cell in different brain regions; Fc, St, Hippo, Crtx and SN for the three time 
points on both contralateral and ipsilateral hemispheres. Analysis using unpaired t-test 
on the difference between hemispheres did not indicate a significant effect across all 
time points, in any of the regions. However, there was a trend where the most 
abundant phosphorylated  a-synuclein appeared at 90 d.p.i. Data shown as mean ± 
SEM, n=3.  
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3.5.2 Progressive reduction of dopaminergic cells in the SN after a-synuclein PFFs  
 
a-Synuclein PFFs can induce progressive dopaminergic cell death within the SN upon 

intracerebral injection into the striatum (Luk et al., 2012a) (Duffy et al., 2018c). However, it is 

unclear whether injection of a-synuclein PFFs into the MFB can also induce death of 

dopaminergic cells within the SN. Therefore, using immunohistochemical methods and an 

antibody against tyrosine hydroxylase (TH), coronal brain sections containing the SN taken 

from rats at the three experimental time points, 60, 90 and 120 d.p.i., were investigated for 

the extent of TH cell loss within the SN. Due to technical problems, no control tissues at 60 

d.p.i. were available, and an insufficient sample size meant that no comparisons between 

control and PFF injected rats at 90 d.p.i. could be made.  

 

However, at 120 d.p.i., a significant reduction in the  number of TH cells within the ipsilateral 

SN of PFF injected rats relative to controls was noted (Figure 3.14B). Lastly, although not 

analysed due to insufficient n number, comparison of all data suggested a time -dependent 

reduction in TH-expressing cells in the ipsilateral SN following a-synuclein PFF injection, 

whereas in the contralateral hemisphere, TH cell count remained fairly consistent across the 

time points (Figure 3.14C).  

 

These findings reflect results shown by others that a-synuclein PFFs can lead to progressive 

dopaminergic neuron loss (Luk et al., 2012a) (Duffy et al., 2018c).   
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Figure 3.14 Quantification of tyrosine hydroxylase (TH) positive cells in the SN of a-
synuclein PFF injected rats. A.i-iv) 7 µm coronal sections from control and PFF injected rats 
at 120 d.p.i, and PFF injected rats at 60 d.p.i, 90 d.p.i were immunolabelled using an 
antibody raised against TH. Representative images are shown. Red box identifies region of 
interest used for actual quantification B) Quantification of TH cell count for 120 d.p.i 
tissues. Analysis with unpaired t-test on the difference between pre and post-surgery 
showed a statistical difference between control and PFF groups.  Levels of significance are 
denoted by ** p < 0.01. Data shown as mean ± SEM, n=3.  C) Preliminary data showing TH-
positive cell counts in the SN of PFF-injected rats at 60 d.p.i (n= 2), 90 d.p.i (n= 3) and 120 
d.p.i (n= 3), showing a trend of reduced number of TH-positive cells in the ipsilateral SN 
with increasing time post-injection. TH-positive cell numbers remained consistent across 
the three time points in the contralateral hemisphere. Statistical analysis was not 
performed due to insufficient n number. Scale bar is 500 µm. 
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3.6.3 a-Synuclein PFFs did not lead to major changes in a-synuclein solubility  
 
To gain a better understanding of changes to endogenous a-synuclein induced by 

a-synuclein PFFs, biochemical techniques were employed to explore changes in protein 

solubility. Many neurodegenerative disorders are characterized by the gradual accumulation 

of detergent-insoluble protein aggregates in the brain (Diner et al., 2017; Haass and Selkoe, 

2007). The aggregates consist of amyloid fibers composed of repeating units of misfolded 

proteins (Haass and Selkoe, 2007; Taylor et al., 2002) (Diner et al., 2017). There has been 

much controversy in the field about which “species” of neurodegenerative disease-associated 

proteins are most toxic, ranging from monomers, dimers, oligomers, soluble and insoluble 

aggregates and fibrils (Jucker and Walker, 2013). Biochemical approaches can be used to 

isolate different types of protein on the basis of their insolubility in high salt conditions or in 

the presence of detergents. 

 

Brain regions were homogenised according to the method described in Chapter 2, Section 

2.2.8 to yield HS, Tx, SS and SI fractions. Postmortem control and PDD brain were processed 

in parallel for comparison. Samples were then immunoblotted using an antibody against 

a-synuclein (Figure 3.15A). To detect any changes in total a-synuclein, HS, Tx, SS and SI 

fractions from a-synuclein PFF injected and control rats were immunoblotted at each of the 

3 time points (60 d.p.i., 90 d.p.i. and 120 d.p.i.).  

 

From Figure 3.15A, it appeared that a-synuclein monomers were present in all of the 

fractions from the ipsilateral a-synuclein PFF injected, frontal cortex region at 120 d.p.i. and 

in the HS, Tx and SS of the human control sample, but only within the HS and Tx sample of 

the PDD sample. Only the contralateral hemisphere SI fraction was shown for the rat sample 
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as it was not expected that contralateral hemisphere would develop insoluble material given 

that that such low amount of insoluble material was present in the injected hemisphere.  

Some oligomers were detected within the HS fraction of a-synuclein PFF injected rats, human 

control and PDD sample. Surprisingly, there was no oligomeric a-synuclein detected within 

the Tx, SI or SS fraction of the PDD sample. This is likely due to the individual variability of the 

case as the amount of monomers, oligomers and aggregated a-synuclein are reflective of the 

LB burden (Bandopadhyay, 2016). The total a-synuclein protein content in the brains of 

control PBS injected and a-synuclein PFF injected rats at all 3 time points were compared. 

No notable differences were observed between control and PFF injected group at any of the 

time points (Figure 3.15B). A band for monomeric a-synuclein was detected in both HS and 

Tx fraction at 60 d.p.i. but by 90 d.p.i. it seemed that small amounts of monomeric 

a-synuclein were also detected within the SS fraction. The band intensity within the SS 

fraction was further increased by 120 d.p.i. for both control and PFF injected rats. The changes 

observed were similar for control and PFF injected rats; and therefore, there appeared to be 

no effect of PFF injection on global a-synuclein solubility.  
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  Figure 3.15. a-Synuclein PFFs did not induce changes in a-synuclein solubility. A) 
ipsilateral and contralateral frontal cortex of a 120 d.p.i. PFF injected rat, postmortem 
control and PDD brain were biochemically fractionated to yield high salt (HS), high salt-
triton (Tx), and sarkosyl –soluble (SS) and sarkosyl insoluble (SI) fractions. Samples were 
immunoblotted with an antibody against total a-synuclein (19 kDa). Dark blue lines 
indicate the hemisphere from the PFF injected rat, ipsi = ipsilateral and ctra = 
contralateral. B) Frontal cortex from contralateral (indicted by red lines) and ipsilateral 
(indicated by blue lines) hemispheres of control- and a-synuclein PFF injected rats at B) 
60 d.p.i. C) 90 d.p.i. and D) 120 d.p.i. were also immunoblotted with an antibody against 
total a-synuclein. The a-Synuclein content was mostly within the HS and HS-Tx fraction 
at 60 d.p.i. and progressively increased into the SS fraction from 90 d.p.i. to 120 d.p.i. C-
F) Quantification of the immunoblots to show the intensity of each fraction for C) a-
synuclein PPFF injected animals, human post mortem samples and PDD case, D-F) show 
quantification of 60 d.p.i to 120 d.p.i respectively. Due to insufficient n number 
statistical analysis was not performed.  
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3.6.4. a-Synuclein PFFs did not cause marked alterations in tau protein solubility 
 
Oligomers composed of one misfolded protein capable of promoting the aggregation of 

another protein is referred to as “cross-seeding” (Morales et al., 2013). When exogenous 

a-synuclein PFFs were used to promote the aggregation of endogenous a-synuclein, distinct 

strains of synthetic a-synuclein PFFs were discovered. Different strains were shown to exhibit 

differential cross-seeding ability with tau in both primary neuron cultures and PS19 mice (Guo 

et al., 2013).  

 

Since abnormal (phosphorylated) a-synuclein was found to accumulate in rat brain following 

a-synuclein PFF injection, it was important to determine if this resulted in changes to tau 

proteins. Tau is normally a highly soluble protein, but it becomes hyperphosphorylated and 

aggregates in Alzheimer’s disease (AD) and related tauopathies (Guo et al., 2017) (Simic et al., 

2016). Solubility of tau was therefore examined in the same fractions as described above for 

a-synuclein. 

 

Tau exists as six major isoforms in human and rat brain, ranging from approximately 46-68 

kDa (Guo et al., 2017). Tau bands, detected following immunoblotting with an antibody that 

detects total (phosphorylated and non-phosphorylated) tau, were apparent primarily in the 

high salt and high salt-triton fractions (HS) in control rat brain, control and Parkinson’s disease 

dementia (PDD) human brain. This is to be expected since the majority of tau proteins in 

physiological conditions are soluble. Only trace amounts of tau were visible in the sarkosyl-

soluble and sarkosyl-insoluble fractions of all tissues, the latter suggesting that tau 

aggregation was limited in these samples (Figure 3.16A).  
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The frontal cortex from the contralateral and ipsilateral hemispheres of a-synuclein PFF and 

control-injected rats at 60, 90, and 120 d.p.i. were next examined by immunoblotting with 

the same tau antibody. For these samples, no tau was found in the sarkosyl-insoluble (SI) 

fraction (data not shown) and therefore only the HS, high salt-Triton (Tx) and sarkosyl-soluble 

(SS) fractions were shown. No apparent differences in tau amounts in the different fractions 

between hemisphere, or with treatment (Figure 3.16B-D) were noted. These data indicate 

that injecting a-synuclein PFF into the MFB did not induce any major changes in either 

a-synuclein or tau solubility.  
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  Figure 3.16. Injection of a-synuclein PFFs into rat MFB did not cause changes in tau 
solubility. A) ipsilateral frontal cortex of a control-injected rat, postmortem control and 
PDD brain were biochemically fractionated to yield high salt (HS), high salt-triton (Tx), 
sarkosyl (SS)-soluble, and sarkosyl-insoluble (SI) fractions. Samples were immunoblotted 
with an antibody against total tau (46 - 68 kDa). Frontal cortex from contralateral (indicted 
by red lines) and ipsilateral (indicated by blue lines) hemispheres of control- and 
a-synuclein PFF-injected rats at B) 60 d.p.i. C) 90 d.p.i. and D) 120 d.p.i. were also 
immunoblotted with an antibody against total tau. The majority of the tau content was 
observed in the HS fraction and the HS-Tx fraction. E-H) Quantification tau in 
corresponding immunoblots after a-synuclein PFF and control injected animals. E) PFF, 
human and PDD samples, F) 60 d.p.i,  G) 90 d.p.i., H) 120 d.p.i. Due to insufficient n number, 
statistical analysis was not performed. 
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3.6.5 a-Synuclein PFF injections in rat MFB did not lead to increase in phosphorylated 

tau-immunoreactivity throughout the brain 

 
Results from immunoblots showed that total tau protein was not significantly altered due to 

a-synuclein PFFs. To investigate if there was any change in phosphorylated tau, I used 

immunohistochemical methods to detect different epitopes of phosphorylated tau. 

Immunohistochemical staining reflected the results from immunoblots and minimal 

immunoreactivity was detected in a-synuclein PFF injected and control brains (Figure 3.17A, 

B). This is not unexpected, as despite profound evidence of a synergistic relationship between 

a-synuclein and tau in Lewy body dementias (LBD) (Irwin and Hurtig, 2018; Moussaud et al., 

2014; Vasili et al., 2019), tau pathology has only been observed in very few studies within 

animal models of PD (Haggerty et al., 2011). Induction of tau phosphorylation is dependant 

due to both the strain of a-synuclein PFFs (Guo et al., 2013) and model system. Stereotaxic 

injection of a-synuclein PFFs into WT mice did not trigger changes in tau phosphorylation 

(Bassil et al., 2020), therefore it is not expected for tau to be phosphorylated within this model, 

firstly given the short timepoint investigated and the mild synuclein pathology observed 

across all time points thus only an n= 1 was performed. In contrast, a-synuclein PFFs can 

facilitate the spreading of other pathological proteins such as b-amyloid peptide (Ab) (Bassil 

et al., 2020). Subsequently, using immunohistochemistry with antibodies against 

phosphorylated tau at various epitopes (pS404; PHF1: pS396/404), no substantial 

immunoreactivity  for either epitope was noted within the frontal cortex or hippocampus of 

a-synuclein PFF and control-injected groups at 90 d.p.i. However, it would be beneficial to 

have additional studies to confirm this. 
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Figure 3.17 A) Immunolabelling of tau phosphorylated at Ser404 (pTau404). 
Sections were counterstained with haematoxylin in 7 μm paraffin embedded 
sections of the frontal cortex (Fc), hippocampal subfields CA1 and CA3. 
a-Synuclein PFFs did not cause an increase in pTau404 immunoreactivity 
compared to control rats. Images shown are from control and PFF-injected rats, 
contralateral (contra) and ipsilateral (ipsi) hemisphere. Scale bars are 20 μm. B) 
Immunolabelling of PHF1 (pTau396/pTau404) and counterstain with haematoxylin 
in 7 μm paraffin embedded sections of the frontal cortex (Fc), hippocampal 
subfields CA1 and CA3. a-Synuclein PFFs did not show a significant difference with 
an increase in PHF1 immunoreactivity compared to control. Images shown are 
from control and PFF-injected rats, contralateral (contra) and ipsilateral (ipsi) 
hemisphere. Scale bars are 20 μm, n = 1. C-H) Quantification of percentage area 
positive for pTau404 in control and  PFF-injected rats, in the frontal cortex (Fc), D-
E) hippocampal subfields CA1 and CA3 regions (CA1 and CA3). F) Quantification of 
percentage area positive for PHF1 in control and  PFF-injected rats, in the frontal 
cortex (Fc), G-H) hippocampal subfields CA1 and CA3 regions (CA1 and CA3).  
Statistical analysis was not performed due to insufficient n number of samples per 
group stained.  
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3.7 Results: Effects of a-synuclein PFFs on synaptic proteins 
 

3.7.1 a-Synuclein PFFs did not affect levels of synaptic proteins  
 
The accumulation of pathological a-synuclein following addition of a-synuclein PFFs to 

mouse primary cultures leads to selective loss of synaptic proteins (Volpicelli-Daley et al., 

2011; Wu et al., 2019). Representative blots from the frontal cortex of rats injected with 

control and a-synuclein PFFs at 90 d.p.i are shown (Figure 3.18A). Protein bands were 

detected at their expected molecular weights of N-methyl-D-aspartate receptor subunit 

(NR2B) (150 kDa), post-synaptic density protein (PSD-95) (95 kDa), synaptotagmin (60 kDa) 

and synaptophysin (38 kDa). An antibody against b-actin was used as a loading control. There 

were no apparent differences in the intensity of bands in lysates from control and PFF injected 

brains. The amount of each synaptic protein was quantified following normalization to the 

amount of b-actin in the same sample. For ease of comparison, the results were plotted as 

percentage average control, where control refers to the ipsilateral cortex of control-injected 

rats. Results showed no significant differences in the amounts of NR2B (Figure 3.18C), PSD-

95 (Figure 3.18E), synaptotagmin (Figure 3.18G) and synaptophysin (Figure 3.18I) in tissue 

from a-synuclein PFF injected rats relative to controls, or between hemispheres.  

 

Similarly, in the hippocampus (Figure 3.13B) although levels appeared more variable than in 

the frontal cortex, there were no significant changes in either of the postsynaptic proteins 

(NR2B, PSD-95) or presynaptic proteins (synaptotagmin, synaptophysin) between lysates 

from control and a-synuclein PFF injected brains in either hemisphere (Figure 3.18D, F H, J).  
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Figure 3.18 A) Immunoblots conducted on high salt fractions of contralateral (contra) and 

ipsilateral (ipsi) frontal cortex and hippocampus of control and a-synuclein PFF treated 

rats at 90 d.p.i were probed for post- and pre-synaptic proteins. Blots are of representative 

control and a-synuclein PFF treated rats in frontal cortex region, n = 5 for all. No changes 

in pre- or post- synaptic markers within the frontal cortex or hippocampal region were 

found for C) NR2B, E) PSD-95, G) Synaptotagmin or I) Synaptophysin. B) Immunoblots 

conducted on high salt fractions of contra and ipsi hippocampus from control and 

a-synuclein PFF injected animals probed for post- and pre-synaptic proteins. Blots are of 

representative control and a-synuclein PFF injected rat hippocampus, D) NR2B (n = 4), F) 

PSD-95 (n = 6), H) Synaptotagmin (n = 5) and J) Synaptophysin (n = 4 - 6). Analysis using 

unpaired t-test on the difference between contralateral and ipsilateral hemispheres of 

control and PFF groups did not indicate any significant effect on synaptic proteins (C - J). 

Data is mean +/- SEM presented as % average control where control is the ipsilateral 

hemisphere of control-injected rats. 
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The lack of changes to synaptic protein levels in the frontal cortex and hippocampus suggests 

that a-synuclein PFFs were not sufficient to perturb synaptic proteins, despite the presence 

of phosphorylated a-synuclein-positive neurons in these regions.   

 

3.7.2 a-Synuclein PFF injected rats did not induce any mislocalisation of tau 
 
Results shown above (Section 3.6.2) demonstrated that a-synuclein PFFs were not sufficient 

to induce increased tau phosphorylation in regions to which phosphorylated a-synuclein was 

found to spread, or to cause any effects on synaptic protein levels (Section 3.7.1). To confirm 

these findings, tau content in synaptic fractions were examined, since the mislocalisation of 

tau to synapses causes synaptotoxicity (Ittner et al., 2010; Glennon et al., 2020; Zhou et al., 

2017; Hoover et al., 2010).  

 

Antibodies against total tau and phosphorylated tau were used in the (Enzyme-linked 

immunosorbent assay) ELISA. In the total homogenate fraction, the results did not indicate a 

reduction in total tau amounts in this fraction of ipsilateral hemisphere in PFF injected relative 

to control-injected rats, (Figure 3.19A). The amount of phosphorylated tau in this fraction in 

PFF injected rats relative to controls was not found to be significantly elevated either (Figure 

3.19B).  

 

Lastly, using the same ELISA methods, the abundance of total and phosphorylated tau was 

measured in synaptoneurosome fractions isolated from the hippocampus of control and 

a-synuclein PFF groups (Figure 3.19C-D). Quantification of these data showed no statistical 

differences in the amounts of synaptic tau in control versus a-synuclein PFF injected rats, in 

either hemisphere (Figure 3.19C-D). 
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Taken together, my results indicate that there was no mislocalisation of tau following 

a-synuclein PFF injection into the MFB. This is in agreement with the analysis of synaptic 

proteins and behaviour, which indicates no evidence of synaptic perturbations.  
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Figure 3.19 Semi-quantitative ELISA on hippocampal homogenates following a-synuclein 
PFF injection and control rats. Semi-quantitative tau ELISA was used to determine A) total 
tau and B) phosphorylated tau at Serine 396 (pTau396) amounts in the total homogenate 
fraction derived from a synaptoneurosome preparation of contralateral (contra) and 
ipsilateral (ipsi) cortex. Absorbance was read at 450nm, and data shown is mean ± SEM 
absorbance units (a.u.). No significant difference (n.s) was noted in total tau or 
phosphorylated tau, in either control or PFF groups in either hemisphere (n= 5). Total and 
tau phosphorylated at pTau396 within the synaptoneurosome fraction were detected by 
ELISA. C) ELISA graphs of the synaptoneurosome fraction detecting for total tau, no 
statistical difference was noted between control and a-synuclein PFF rats in in either 
hemisphere, n = 5. D) Synaptoneurosome fraction of contralateral and ipsilateral 
hemispheres from control and a-synuclein PFF rats were assessed. n.s was found between 
groups (n = 5) for phosphorylated tau at pTau396. Total and tau phosphorylated at 
pTau396 within the synaptoneurosome fraction were detected by ELISA. Analysis with 
unpaired t-test on the difference between contralateral and ipsilateral hemisphere of 
control and PFF groups did not indicate any statistical difference (A -D). Data presented as 
mean ± SEM, contra. = contralateral, ipsi. = ipsilateral.  
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3.8 Results: a-Synuclein PFFs and oxidative stress 
 
3.8.1 Oxidative stress markers were not elevated in a-synuclein PFF injected rats   
 
Cells immunoreactive for 8-hydroxyguanosine (8OHG) were found throughout the frontal 

cortex in both control and PFF injected rats (Figure 3.20A). Quantification of the percentage 

area positive for 8OHG-positive cells per 100 mm2  in contralateral and ipsilateral hemispheres, 

black arrows point to cells positive for 8OHG immunoreactivity. Quantification showed no 

overall significant increase in the % area positive for 8OHG immunoreactivity cells in PFF 

injected rats compared to controls at 90 d.p.i. in either hemisphere (Figure 3.20 B,C,D). This 

suggests that DNA/RNA oxidative stress damage was not induced due to a-synuclein PFFs at 

this particular time point, within the frontal cortex region. In the hippocampus, 8OHG 

labelling appeared to be mainly cytoplasmic, in agreement with previous reports (Zhang et 

al., 1999). Labelling was also apparent in the pyramidal cell layer throughout the hippocampal 

formation. The number of 8OHG-positive cells was quantified in the CA1 and CA3 regions of 

the hippocampus. These results also did not show an overall significant increase in the 

number of 8OHG-positive cells at 90 d.p.i. in response to a-synuclein PFFs. Taken together, 

these finding suggests that oxidative stress levels are not increased in a-synuclein PFF 

injected rats, within the time frame examined here. To further confirm the results, 

nitrotyrosine, an alternative marker for probing oxidative stress was used. A similar result was 

also noted with nitrotyrosine labelling in the frontal cortex and hippocampal subfields CA1 

and CA2 of PFF injected rats. No evident immunoreactivity was detected in the a-synuclein 

PFF injected brain at 90 d.p.i. (Figure 3.20E). A later time point will need to be investigated to 

gain a better understanding of the relationship between a-synuclein and oxidative stress as 

oxidative stress build up is common during aging (Liguori et al., 2018) and a-synuclein PFFs 

may potentially induce an additive effect, further increasing oxidative stress levels. 
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Figure 3.20. Oxidative stress was not increased in the frontal cortex and hippocampal 
subfields in response to a-synuclein PFFs. A) Immunolabelling of 8-hydroxyguanosine 
(8OHG) to detect for the presence of oxidative DNA/RNA damage in 7 μm paraffin 
embedded sections of the frontal cortex (Fc), hippocampal subfields CA1 and CA3 from 
a-synuclein PFF and control injected rats. Black arrows indicate labelled cells B) 
Quantification of the percentage area of positive 8OHG cells within the frontal cortex of 
control and a-synuclein PFF injected rats. No significant difference (n.s) was found 
between either treatment groups, or either hemispheres, ipsilateral (ipsi), contralateral 
(contra). C) Quantification of the percentage area of positive 8OHG cells within the 
hippocampal subfield, CA1, of control and a-synuclein PFF injected rats. n.s was noted 
between treatment groups, and hemisphere, ipsi, contra. D) Quantification of the 
percentage area of positive 8OHG cells within hippocampal area, CA3 of control and 
a-synuclein PFF injected rats. n.s was noted between treatment groups and hemisphere, 
ipsi, contra. E) Immunolabelling of nitrotyrosine positive cells to detect for cell damage and 
inflammation, on 7 μm paraffin embedded sections from the frontal and hippocampal 
subfield CA1 and CA3 regions. a-synuclein PFF injected rats did not show any positive 
nitrotyrosine cells in the frontal cortex or hippocampal subfields (CA1) and (CA3), in either 
ipsi or contra hemisphere. Control rats not shown. Scale bar 20 μm. Analysis with unpaired 
t-test on the difference between contralateral and ipsilateral hemisphere of control and 
PFF group did not indicate any statistical significance. Data presented as mean ± standard 
error of the mean (SEM), n=3. 
 

E 
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3.9 Results: Non-neuronal effects of a-synuclein PFFs  
 

3.9.1 a-Synuclein PFFs did not induce the activation of astrocytes  
 
To gain insights into any activation of glia stimulated by a-synuclein PFF, activation states of 

astrocytes were examined in the frontal cortex and hippocampus by immunohistochemical 

analysis. These regions were selected since they show accumulation of phosphorylated 

a-synuclein and are associated with executive dysfunction and visuospatial impairments.  

 

Coronal rat brain sections of 7 μm were immunolabelled using an antibody against glial 

fibrillary acidic protein (GFAP), and nuclei were stained with 4’6-diamidinio-2-phenylindole 

(DAPI). Qualitative analysis suggested that GFAP was somewhat upregulated in tissue from 

PFF-injected rats relative to controls. Furthermore, while astrocytic morphology appeared 

similar between 60 d.p.i. and 90 d.p.i. there was a thickening of processes and increased 

number of processes at 120 d.p.i. suggestive of reactive astrocytes (Figure 3.21A). 

Quantification of GFAP signals as percentage area of positively labelled cells indicated no 

significant difference between treatment groups or across hemispheres (Figure 3.21C, D, E). 

To gain a clearer understanding of the reactive state of astrocytes, it would be beneficial to 

examine additional markers of reactive astrocytes and to quantify the number of primary 

processes leaving the soma (Wilhelmsson et al., 2006). However, due to restrictions 

imposed by COVID-19, this was not feasible. This preliminary data was used for power 

calculations to determine the sample size required to generate robust data about astrocyte 

reactivity in these samples. These calculations show that at a 5% significance level and a 

statistical power of 80%, we will require a sample size of 33.   
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Figure 3.21. Altered astrocyte features following a-synuclein PFF injection into rat MFB. A) 7 µm 
thick coronal sections of frontal cortex from control or a-synuclein PFF injected rats at 60, 90, 
and 120 d.p.i. were immunolabelled with an antibody against GFAP to detect activated astrocytes 
(green). Nuclei were stained with DAPI (blue). Sections were imaged using an Olympus VS120 
slide scanner. GFAP labelling appeared more intense in PFF injected rats, and altered morphology 
suggested that astrocytes are more reactive at 120 d.p.i. of a-synuclein PFFs. Only ipsilateral 
hemisphere is shown. Scale bar = 20 µm. B) Diagrams showing the region from which sections 
were taken in coronal and sagittal views. Quantification of the percentage area of GFAP-positive 
cells in control and a-synuclein PFF injected frontal cortex at C) 60 d.p.i. D) 90 d.p.i. and E) 120 
d.p.i. Analysis using unpaired t-test on the difference between contralateral and ipsilateral 
hemisphere for control and PFFS groups did not indicate any statistical significance. Data 
presented as mean ± standard error of the mean (SEM), n=3. 
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3.10 Discussion  
 
The goal of this chapter was to explore the effects of a-synuclein PFFs when injected into the 

MFB, at three pre-established time points. Different behavioural tests were used to detect 

for any behavioural phenotypes relating to motor and cognitive impairments. Secondly, I 

aimed to investigate a-synuclein spreading after a-synuclein PFFs were introduced into the 

MFB, including intracellular and non-neuronal changes.  

 

a-Synuclein PFFs injection into the MFB was insufficient to trigger marked behavioural 

phenotypes, with no cognitive impairment noted at any of the time points investigated.  

 

Due to the significant weight gain of older rats (90 d.p.i and 120 d.p.i), these animals 

performed poorly on the rotarod test as rats were unable to maintain themselves on the 

rotating bar. However, rats from all time points were able to participate in the asymmetric 

cylinder task as this task was not restricted by their weight. A statistically significant transient 

change in asymmetric deficit was detected in this test at 90 d.p.i., which also coincided with 

the highest load of phosphorylated a-synuclein. Therefore, it is possible that the 

accumulating phosphorylated a-synuclein induced the transient changes leading to a mild 

motor impairment. However, results from immunohistochemical findings suggest that the 

accumulation of phosphorylated a-synuclein did not further increase from 90 d.p.i to 120 

d.p.i therefore, it is feasible that a self-repairing mechanism may exist to reduce such damage 

which may have, for example, facilitated clearing of phosphorylated a-synuclein.  
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Executive function is regarded as the ability to plan, organise and regulate goal-directed 

behaviour and general cognitive flexibility (Emre, 2003; Gratwicke et al., 2015) and is known 

to be disrupted in PD/PDD (Halliday et al., 2014; Aarsland et al., 2017). The 5-CSRTT has been 

used to measure alterations in executive function in mice (Horner et al., 2013; Mar et al., 

2013). In the absence of better available alternatives for use with rats, this test was used here 

to examine any impact on executive functions of a-synuclein PFF injection into rat MFB. 

However, due to inexperience coupled with technical issues, robust data was not obtained. 

Additional executive behaviour tasks include the puzzle box which tests for higher order 

functioning and problem solving measures with varying levels (Ben Abdallah et al., 2011). 

However, due to the intricacy of the behaviour task, it was deemed more suitable for mice 

than rats.  

 

Future  suitable alternatives for detecting attentional deficit could include indirect measures 

such as immunohistochemical staining for changes in parvalbumin interneurons (White et al., 

2018b) as data from a TAR DNA binding protein-43 (TDP-43) mouse model, RNASeq revealed 

a downregulation in parvalbumin gene expression which was positively correlated with the 

number of parvalbumin interneurons and attentional deficits or measuring the 

electrophysiology recordings (Kim et al., 2016) as data from chronic electrophysiological 

recordings in mice revealed that parvalbumin interneurons within the prefrontal cortex 

region were highly active and showed increased activity during attentional and goal-driven 

processing during the 5-CSRTT (Kim et al., 2016).   

 

The lack of visuospatial memory impairment observed at all three time points after 

a-synuclein PFF injection into rat MFB differed to findings reported by Durante et al. (2019), 
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where visuospatial impairment was noted following striatal injection of human PFFs. The 

differences are possibly because Durante et al. (2019) performed the injections bilaterally 

whereas in this study injections were unilateral which may result in slower onset of 

behavioural impairment. Secondly, Durante et al. (2019) used  a novel object recognition test 

to detect short term memory impairment, whereas alternative tests were used here. 

Furthermore, despite the presence of phosphorylated a-synuclein within hippocampal 

regions it suggests in this instance that phosphorylated a-synuclein was not sufficient to 

impair spatial memory. This coincides with findings from (Kasongo et al., 2020) where chronic 

administration of a-synuclein PFFS led to phosphorylated a-synuclein, but without direct 

impairment to spatial memory when examined with the Morris water maze (MWM). This 

further implies that neuropathology requires an extended period of time to induce 

detrimental effects leading to cognitive impairment.  

 

Using immunohistochemical analysis, the ability of a-synuclein PFFs to convert nearby 

endogenous a-synuclein to a phosphorylated form was investigated in regions that are 

known to have afferent and efferent projections to and from the MFB, including but not 

limited to; septal nuclei, anterior olfactory nucleus, nucleus of the diagonal band of broca and 

caudatoputamen (Nieuwenhuys et al., 1982; Veening et al., 1982), septal septum, amygdala, 

substantia inominata and nucleus accumbens (Millhouse, 1969; Troiano and Siegel, 1978a; 

Troiano and Siegel, 1978b). Despite the vast number of studies on a-synuclein PFFs 

inoculations and injections into various sites including the striatum in rats (Paumier et al., 

2015), and in mice the striatum (Luk et al., 2012a; Luk et al., 2012b; Okuzumi et al., 2018), 

hippocampus (Luna et al., 2018; Bassil et al., 2020), olfactory bulb (Rey et al., 2018) and gut 

(Kim et al., 2019), this is the first time a-synuclein PFFs have been stereotaxically injected 
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into the MFB. The MFB is an intricate bundle structure composed of a descending and 

ascending system of fibres that connect medial and basal forebrain structures (Nieuwenhuys 

et al., 1982; McMullen et al.., 1981). Ascending axons from dopaminergic, serotonergic and 

noradrenergic neurons located in the lower brain stem also pass through the MFB structure 

(Nieuwenhuys et al., 1982, Kollensperger et al., 2007). The MFB is best known for its 

connectivity between the ST and SN, therefore making it a relevant injection site for 

investigating PD-like features in animal models. In rats, the MFB has both output and input 

projections to and from a diverse range of regions including the locus coeruleus, neocortex, 

hypothalamus, septum, thalamus and cerebellum. Injection of material into MFB therefore 

allows study of effects in projection regions such as the frontal cortex that control executive 

function. 

 

Results from the immunohistochemical staining showed that in accordance with previous 

literature (Henderson et al., 2019a), a-synuclein PFFs induce the conversion of endogenous 

a-synuclein to a phosphorylated form, and it does so according to anatomical connectivity. 

Although the phosphorylated a-synuclein detected here appeared weaker compared to 

findings reported by others (Duffy et al., 2018c), a possible explanation for this could be due 

to the difference in injection site and time frame. The MFB is a fibre system, interspersed with 

numerous neurons connecting to a diverse range of structures (McMullen and Almli, 1981; 

Shiosaka et al., 1980). In contrast, conventional injection sites have been in sites consisting of 

soma and dendrites which facilitate the uptake and spread of a-synuclein PFFs through 

multiple cellular processes including direct interactions with plasma membrane proteins and 

receptors, trafficking along the endo-lysosomal pathway (Wu et al., 2019).  Furthermore, 

upon quantification there was also no statistical significance in the load of phosphorylated a-
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synuclein between injected animals and control animals. However, by qualitative observation 

(Figure 3.13 C-G) there was a trend at 90 d.p.i. where phosphorylated a-synuclein was the 

most abundance in all brain regions. This peak was followed by a decrease by 120 d.p.i. The 

phosphorylated a-synuclein load therefore may not be high enough to result in synapse 

damage and other neurodegenerative changes, but had time permitted, a-synuclein load may 

reach a sufficient threshold enabling such damage to occur. 

 

Another determinant of the spreading ability of phosphorylated a-synuclein is time; spread 

occurs in a dose-dependent and time-dependent manner.  The results gathered from this 

chapter reflect this; the increase in phosphorylated a-synuclein load from 60 d.p.i. to 90 d.p.i. 

The plateau of phosphorylated synuclein at 90 d.p.i. is somewhat surprising. The system 

responsible for the clearance of a-synuclein accumulations is not fully understood in this 

model. Evidence has suggested a possible role of internal clearing mechanisms involving the 

ubiquitin-proteasome system or the autophagy-lysosomal system (Xilouri et al., 2013). The 

partial degradation of a-synuclein by either of these two systems can prevent further 

spreading and accumulation of phosphorylated a-synuclein. Glial cells may also participate 

in clearing of excess phosphorylated a-synuclein, as cell cultures studies have shown that 

astrocytes can degrade a-synuclein aggregates (Loria et al., 2017), while microglia are known 

to clear protein aggregates, debris and dead cells (Burke et al., 2016). Lastly, neuronal death 

may lead to a reduction of available endogenous a-synuclein, therefore perturbing the 

spread of phosphorylated a-synuclein (Rey et al., 2018) 

 

Intracerebral a-synuclein PFF inclusion were found to correlate with dopaminergic 

neurodegeneration (Abdelmotilib et al., 2017). Progressive TH reduction within the SN in mice 
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after a-synuclein PFF injections at 180 d.p.i. (Duffy et al., 2018c; Luk et al., 2012a) and in rats 

at 5-6 months post injection (Duffy et al., 2018). However, it was not known whether 

a-synuclein PFFs into the MFB would induce similar dopaminergic cell loss in the SN within 

the time frame investigated. Results from immunohistochemical findings found that at 120 

d.p.i. injection, PFFs induced a statistically significant dopaminergic cell loss within the 

ipsilateral SN compared to controls, and there was a progressive reduction in TH 

immunopositive cells from 60 d.p.i. through to 120 d.p.i. in the ipsilateral SN of PFF-injected 

rats, while contralateral hemisphere did not show any significant cell loss. Previous reports 

have shown TH cell loss is detected typically 5 months post injection. An explanation for the 

early TH cell loss observed here (by 120 d.p.i.) could be the location of injection. The MFB is 

in closer proximity to the SN than the striatum and secondly the dosage used within this 

model is substantially higher than those reported in existing literature (Paumier et al., 2015; 

Duffy et al., 2018b).  There was variability in TH positive cell loss between hemispheres. 

Although Paumier et al. (2015) reported a bilateral nigral loss post-unilateral injection, Duffy 

et al. (2018b) have shown nigral loss as being restricted to one hemisphere only after 

unilateral injection. The reasons for this variability remains unclear, however several factors 

may have influenced this phenomenon including neurofinflammation as the severity of 

neuroinflammation could potentially influence the degree of TH cell loss. An alternative 

possibility could be due to intrahemispheric imbalance where differing levels of dopamine 

can lead to subset of neuronal overactivity subsequently resulting in cell death. These 

contributors may not be exclusive but act synergistically towards unilateral TH positive cell 

loss while the contralateral hemisphere is relatively well preserved (Paumier et al., 2015). 

Furthermore,  Paumier et al. (2015)  noted that although a-synuclein pathology was present 

in both  hemispheres of the SN, degeneration only occurred in the contralateral hemisphere 
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suggesting that dopaminergic degeneration may be mediated by a mechanism other than a-

synuclein. Due to insufficient sample size, data for control animals for all the three time points 

could not be obtained, limiting the value of the findings presented here.  

 

Results from both immunohistochemical and biochemical methods show that there are 

limited changes to protein solubility and minimal overall changes to tau or synuclein in 

response to a-synuclein PFFs in this model. Sarkosyl is a mild detergent that is commonly 

used to isolate insoluble (filamentous) proteins from postmortem neurodegenerative disease 

brain and rodent models of neurodegenerative diseases (Peng et al., 2018). Sarkosyl is 

preferred over other detergents such as urea for permeabilising cells and extracting proteins 

in isolation. It is stringent enough to solubilise the majority of natively folded proteins in the 

brain but does not solubilize the misfolded protein aggregates composed of a-synuclein, tau 

and other proteins relevant to neurodegeneration including Ab , scrapie prion proteins (PrPSc) 

and TDP-43. Other detergents of increasing stringency can also be used to partition soluble 

and insoluble proteins (Diner et al., 2017). The non-ionic detergent used here was Triton-x 

which serves as a mild surfactant to break protein-lipid and lipid-lipid associations, though 

not protein-protein interactions. Non-ionic detergent generally do not denature proteins and 

so many membrane proteins can be solubilised in their native and active forms while retaining 

their protein interactors (Tao et al., 2010; Rabilloud, 2009).  No changes in the solubility of 

tau or a-synuclein were detected here is in-keeping with previous observations.  

 

Although a-synuclein can successfully promote tau fibrillisation in a synergistic manner in a 

cell culture system (Waxman and Giasson, 2011; Giasson et al., 2003), the type and strain of 

pathological seed is a critical determinant in the ability of a-synuclein and tau to cross-seed 
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(Guo et al., 2013; Castillo-Carranza et al., 2018; Strohaker et al., 2019). Phosphorylation of tau 

is generally assumed to occur prior to, and to promote, tau aggregation into insoluble forms 

(Narasimhan et al., 2017). Therefore, it is perhaps not surprising that no significant changes 

in tau phosphorylation were found here in response to a-synuclein PFFs. These findings are 

also in concordance with previous results who showing that a-synuclein PFF injection into 

WT mice at various time points also did not induce major changes in tau phosphorylation 

(Bassil et al., 2020). However, as only two tau phosphorylation sites were investigated here, 

it could be of interest to explore additional sites in the future.  

 

a-Synuclein PPFs are able to compromise synaptic activity and enhance synapse loss in cell 

culture studies (Volpicelli-Daley, 2017; Volpicelli-Daley et al., 2011; Wu et al., 2019). However, 

the contribution of a-synuclein PFFs to synapse loss in animal studies is poorly understood. 

Results from immunoblots of synaptic proteins did not show any loss of synaptic proteins 

following a-synuclein PFF injection into rat MFB. This may be a consequence of the relatively 

early time points studied here, the relatively mild accumulation of phosphorylated 

a-synuclein that resulted, or other factors such as age at time of injection, injection site 

and/or model system. Future studies could examine additional changes in synaptic proteins 

and structure including in regions more proximal to the MFB. A wider range of synaptic 

markers could be examined, or synaptic morphology examined following Golgi staining for 

example, or by electron microscopy.  

 

Several studies suggest that oxidative stress is a key underlying mechanism in 

neurodegeneration (Hwang, 2013; Blesa et al., 2015). An abundance of findings suggests a 

bidirectional relationship between a-synuclein and oxidative stress, cell culture studies (Luna 



 218 

et al., 2018; Musgrove et al., 2019) and in rodent studies, where upon intrastriatal 

a-synuclein PFF injection, DNA damage was evident, involving oxidative stress and 

mitochondrial dysfunction (Milanese et al., 2018). However, immunohistochemistry results 

did not show any effect of a-synuclein PFFs on common markers of oxidative stress. Further 

studies are necessary to investigate this difference between the animal and cell culture 

system.  

 

Oxidative stress responses are largely mediated by alterations in glial cells, and astrocytes in 

particular. To begin to determine if there are changes in astrocytes in response to a-synuclein 

PFF injection in areas local to the injection site and distally, immunohistochemical staining 

with an antibody against GFAP was performed. GFAP is a type III intermediate filament 

forming part of the cytoskeleton of mature astrocytes and upon activation, an upregulation 

of GFAP is detected making it a suitable candidate for distinguishing activated astrocytes 

(Yang and Wang, 2015), although additional and more sensitive markers of reactive astrocytes 

have been described (Zamanian et al., 2012).  

 

Despite the appearance of alterations in astrocyte morphology in the 120 d.p.i. group, 

suggestive that astrocytes become more reactive following a-synuclein injections, results 

from immunohistochemistry did not indicate any major changes in the percentage area of 

GFAP-positive labelling in the frontal cortex of control and a-synuclein PFF rats. 

 

 

Overall, these data are considered somewhat inconclusive. The findings from the 

immunohistochemical staining were variable particularly for the a-synuclein PFF groups due 
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to the limited number of astrocytic markers used and insufficient n number. Additional 

experiments will be necessary to extend these findings, including additional 

immunohistochemistry and immunoblotting using astrocytic markers such as aldehyde 

dehydrogenase 1 family member L1 (AldhL1) to detect total numbers of astrocytes as all 

astrocytes express the AldhL1 protein (Cahoy et al., 2008), and markers of reactive astrocytes 

including Lipocalin (LCN2), Serpin Family A Member 3 (SerpinA3) and Complement 3 

(Liddelow and Barres, 2017) (Liddelow et al., 2017; Zamanian et al., 2012). It would also be of 

interest to study additional brain regions, particularly with respect to the accumulation of 

phosphorylated a-synuclein. A similar approach could be applied for microglia given that  

reactive microglia are frequently present around a-synuclein positive LBs in PD and DLB, 

particularly within the proximity of dying neurons (Croisier et al., 2005).  

 

3.11 Summary  
 
The main findings described in this chapter are that injection of a-synuclein PFFs into rat MFB 

led to the appearance of phosphorylated synuclein in anatomically connected brain regions 

from as early on as 60 d.p.i., right through to 120 d.p.i. with a peak of phosphorylated 

a-synuclein at 90 d.p.i. observed. A trend of positive TH cell loss correlated with progressed 

time points within the ipsilateral SN. And, despite the presence of phosphorylated 

a-synuclein in various brain regions (frontal cortex, striatum, hippocampus, cortex and 

substantia nigra), no changes in tau and a-synuclein protein solubility were detected within 

the time frame investigated. No disruption to synaptic proteins were noted, including no 

evidence of damaging tau mislocalisation to synapses. These data indicate that a-synuclein 

PFFs are insufficient to induce damage, via changes in tau in rats. Oxidative stress levels were 

also unchanged following a-synuclein PFF injections into the MFB at 90 d.p.i. and there were 
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no marked changes in astrocytes, however further experimental studies are needed to 

provide further clarification. Data from behavioural studies also showed no sustained 

alterations in motor or cognitive functions as a result of a-synuclein PFFs. 

 

To conclude, these data suggest that despite evidence of phosphorylated a-synuclein spread 

to anatomically connected regions from the site of injection, these modifications to 

a-synuclein per se are not sufficient to induce further neurodegenerative features of PD, at 

least not at the time points studied here. Alternatively, the lack of phosphorylated a-

synuclein induced at by the dosage of a-synuclein PFFs and site of injection led to relatively 

low quantities of phosphorylated a-synuclein throughout the brain, therefore may not be 

sufficient to induce any neurodegenerative changes, therefore longer time points may be 

required for any effects to occur.  
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Chapter 4-Effects of 6-hydroxydopamine (6-OHDA) on cognitive 
dysfunctions and pathological spreading of a-synuclein 
 

4.1 Introduction 
 

6-Hydroxydopamine (6-OHDA) has been one of the most common neurotoxins used to study 

Parkinson’s disease (PD) since its initial description (Ungerstedt, 1968). It was deemed 

particularly attractive for many years as investigators thought PD to be a single system 

disorder. Therefore, targeting the dopaminergic system alone was thought to lead to a 

solution for the disease despite evidence from histological studies demonstrating alterations 

in non-dopaminergic structures (Agid et al., 1987; Cash et al., 1987). With this in mind, 6-

OHDA had clear advantages as it was able to cause nigrostriatal dopamine depletion upon 

injection in a predictable and stable manner. Other notable benefits of 6-OHDA include its 

utility for studying symptomatic therapies, understanding L-3,4-dihydroxyphenylamin (L-

dopa) induced dyskinesia and in motor fluctuation models (Duty and Jenner, 2011).   

 

6-OHDA itself is structurally similar to catecholamines (Figure 4.1) and due to its high affinity 

for catecholamine transporters, it is able to induce damage to catecholaminergic neurons 

(Luthman et al., 1989). Since 6-OHDA targets both noradrenergic neurons and dopaminergic 

neurons, researchers often use 6-OHDA in conjunction with the noradrenaline reuptake 

inhibitor desipramine to allow selective targeting of dopaminergic neurons (Bove and Perier, 

2012). Owing to its hydrophilic properties, 6-OHDA cannot pass the blood brain barrier (BBB). 

6-OHDA can be injected intraventricularly, intracisternally or most commonly intracerebrally 

to induce damage to the central catecholaminergic systems (Jonsson, 1983). Bilateral 

injections are not commonly used because of high mortality rates due to complications such 
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as adipsia, aphagia and seizures (Smith and Young, 1974). Unilateral intracerebral injections 

therefore became a regular protocol for 6-OHDA administration. Once the researcher has 

grasped the techniques of intracerebral injection, the rate of dopamine neuron degeneration 

can be manipulated through different dosages and alternate sites of injection.  

 

For complete and immediate degeneration of the substantia nigra (SN) resulting in full motor 

and neurobiological consequences, common sites of injection include the medial forebrain 

bundle (MFB) (Perese et al., 1989) and SN (Stanic et al., 2003; Park et al., 2018). The SN 

neurons tend to die within 12 h of 6-OHDA injection, accompanied by reduction in striatal 

dopaminergic terminals and dopamine depletion within 2-3 days (Deumens et al., 2002), with 

complete loss of dopamine content apparent in the striatum by 3 weeks (Sarre et al., 2004).  

The number of dopaminergic neurons in the SN also decreases over time with a near complete 

lesion (>90%) achieved approximately 5 w.p.i. In addition to the dopaminergic cell and fibre 

loss in both the ipsilateral SN and striatum (Park et al., 2018), cognitive and motor 

impairments have also been reported upon MFB lesion (Ma et al., 2014).    

 

In contrast, for a partial and progressive approach, intrastriatal 6-OHDA lesion is preferred. 

From the striatum, the toxin reaches the SN via retrograde transport along the striatal 

terminals in a progressive manner, often referred to as “dying back mechanism” (Winkler et 

al., 2002). Overall, intrastriatal injections lead to a milder pathology with low levels of tyrosine 

hydroxylase (TH) neuronal loss in the SN compared to injections into the MFB site (Sauer and 

Oertel, 1994). The prolonged rate of progressive dopaminergic depletion of approximately 1-

3 weeks (Heuer et al., 2012), allows therapeutic strategies to be tested during the 

degenerative process due to an accessible therapeutic window.   
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The extent of dopaminergic neuron depletion in response to 6-OHDA injection also varies 

with species and dosage. The efficacy of 6-OHDA in dogs, cats and monkeys has been 

evaluated although the rat remains the most common choice of experimental animal (Bezard 

and Przedborski, 2011).  
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Figure 4.1 Chemical structure of dopamine and 6-hydroxydopamine (6-OHDA). 
Comparison of the chemical structure of dopamine and 6-OHDA. Images adapted from 
Pubchem.com.  
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The neuronal damage induced by 6-OHDA is mainly due to oxidative stress caused by the 

toxin. Due to its high affinity for the dopamine transporter (DAT), 6-OHDA is transferred via 

DAT into dopaminergic neurons. Once inside the neuron, 6-OHDA accumulates in the cytosol 

and undergoes auto-oxidation or metabolic degradation producing at high rate such free 

radicals includes hydrogen peroxide, superoxide, and hydroxyl radicals (Hwang, 2013). 

Additionally, 6-OHDA can also cause mitochondrial dysfunction within dopaminergic neurons 

in the SN by accumulating within the mitochondria and inhibiting mitochondrial respiratory 

chain complex I activity  (Glinka et al., 1996) and decreasing mitochondrial membrane 

potential (Prajapati et al., 2017). Dopamine itself is also an unstable molecule that will 

undergo auto-oxidative leading to the formation of dopamine quiones and additional free 

radicals. The reaction is catalysed by oxygen, metals and enzymes such as tyrosinase, MAO 

and catechol O-methyl transferase (COMT). Together they are involved in dopamine 

metabolism. MAO-A and MAO-B, located in the outer mitochondrial membrane also degrade 

excess dopamine in the cytosol by catalysing it’s oxidative deamination (Munoz et al., 2012; 

Jenner and Langston, 2011) 

 

Together, the two mechanisms of 6-OHDA toxicity result in lipid peroxidation, protein 

oxidation and DNA oxidation (Hwang, 2013) that ultimately further exacerbate oxidative 

stress and mitochondrial dysfunction (Hwang, 2013).  

 

In PD, evidence from post mortem brain demonstrated the presence of oxidative stress 

products such as 4-hydroxyl-2-nonenal (HNE) (Yoritaka et al., 1996), a by-product of lipid 

peroxidation, and 8-hydroxy-deoxyguanosine (8OHG) (Zhang, 1999), a DNA/RNA oxidation 

production as well as the reactive nitrogen species nitrotyrosine (Duda et al., 2000) in affected 
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brain regions. Although it is evident that oxidative stress is associated with PD, the 

mechanisms linking oxidative stress to neurodegeneration and cognitive decline have not 

been fully worked out.  

 

In models of Alzheimer’s disease (AD), oxidative stress has been shown to mediate changes 

in tau phosphorylation and synapses, ultimately resulting in cognitive decline (Chen and 

Zhong, 2014) (Zhao and Zhao, 2013). Therefore, a similar mechanism may be occurring in PD. 

The previous chapter focused predominantly on a-synuclein preformed fibrils (PFFs) induced 

neurodegenerative pathways. In this chapter, the primary focus is on 6-OHDA induced 

oxidative stress and SN neuron loss, and the downstream consequences of these events 

including phosphorylated a-synuclein spread, tau phosphorylation and loss of synaptic 

proteins that are associated with behavioural outcomes following 6-OHDA injection into rat 

MFB.   

 

4.2 Aims and objectives 
 
Oxidative stress has long been regarded as a key underlying mechanism across several 

neurodegenerative disorders. However, the precise association between oxidative stress, 

cognitive impairment and neurodegeneration remains poorly understood. We propose that 

substantial and rapid loss of SN neurons in a primed environment of elevated oxidative stress 

resulting from 6-OHDA injection allows rapid release of a-synuclein from damaged nerve 

terminals, subsequent a-synuclein spread and the rapid development of neurodegeneration 

resulting in cognitive and behavioural abnormalities. The objective of this chapter is therefore 

to elucidate the effects of rapid neuronal loss in the presence of increased oxidative stress 

levels, in regions that extend beyond the initial MFB injection site and site of neuron loss in 
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the SN. Changes in tau and a-synuclein phosphorylation were examined via 

immunohistochemical and biochemical techniques. Changes in synaptic protein amounts 

were measured as an indicator of synapse function, and behavioural phenotypes resulting 

from 6-OHDA injection were also investigated.  The main objectives were to investigate the 

following. 

 

Firstly, behavioural tests such as rotarod and Morris water maze (MWM) were used to assess 

any alterations in motor behaviour and cognition. To further understand the causes of the 

behavioural phenotype, neuropathological analysis was conducted to examine markers of 

oxidative stress, changes in tau and a-synuclein phosphorylation and extent of a-synuclein 

spread. Biochemical techniques were used to examine intracellular changes in protein 

solubility and phosphorylation. Finally, synaptic proteins were examined as an indicator of 

alterations in synapse structure. 

 

4.3 Methods 
 

A total of 82 male Sprague-Dawley (SD) rats weighing between 230 - 250 g were used for the 

experiments described in this chapter. Male rats were used to limit the effects of hormonal 

interplay. All rats were handled and kept in accordance with the international ethical 

guidelines at The University of Hong Kong, which are based on National Institutes of Health 

(USA) animal ethics and British Society of Animal Science - Ethical guidelines for research in 

animal science: the three R reduction guidelines (replacement, reduction and refinement). 

Experimental rats were injected unilaterally with 6-OHDA into the MFB. Control and 

experimental rats were grouped randomly for behavioural tests: induced rotational 
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behaviour, n = 9; Morris water maze, n = 10; rotarod and cylinder, n = 10; 5-choice serial 

reaction time task, n = 6 and lastly open field test, n = 6. Immunohistochemical studies were 

performed on 3-4 rats per control and 6-OHDA group and a designated area of 100mm² was 

quantified. Furthermore unless stated quantification were conducted as cell counts, 

otherwise expressed as % area positive of marker of interest.  Biochemical analyses were 

conducted on 5-6 rats per control and 6-OHDA group. A table with information regarding 

animal ID, groupings and weight can be found in Table 4.1.  

 

Full methods for all experimental procedures described in this chapter can be found in 

Chapter 2. Experimental timeline for this chapter is shown is (Figure 4.2).  
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Behaviour Rat ID Weight at 
surgery (g) 

Weight at 
sacrifice (g) 

 
Comments 

Apomorphine 

40 239 260  
42 237 263  
53 230 250  
54 225 239  
57 236 241  
70 358 270  
93 250 270  
94 250 271  
60 233 240  
62 230 240  
47 240 250  
71 245 255  
73 246 260  
90 242 250  

179 232 240  
43 250 263  
41 250 267  
91 250 260  

 
Rotarod and 
cylinder test 

1 240 260  
2 250 260  
3 245 259  
4 247 260  
5 244 260  

70 242 260  
72 250 269  
57 230 265  
58 235 240  
59 244 250 Didn’t perform 
6 242 250  
7 241 258  
8 257 268  
9 230 234  

10 250 265  
11 251 260  
12 230 245  
51 233 258  
71 245 250  
47 250 260  

 
 
 
 
 
 

40 234 250  
42 246 260  
44 241 260  
46 241 260  
70 246 263  
72 240 246  
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Morris water 

maze 

75 240 260  
76 234 255  
78 243 260  
84 245 262  
81 245 269  
41 250 270  
43 241 265  
45 240 260  
47 246 261  
71 248 260  
73 250 265  
77 249 270  
79 239 247  
80 240 261  
82 243 268  

5- Choice serial 
reaction time 
task (5-CSRTT) 

1 240 261 Didn’t perform 
2 230 255  
3 239 252  
4 240 261  
5 241 262  
6 247 268  
7 250 266  
1 250 271  
2 250 267  
3 250 273  
4 241 260  
5 243 264  
6 244 260  
7 250 271  

Open field test 

1 240 264  
2 247 270  
3 249 276 Didn’t move 
4 225 240  
5 225 246  
6 227 247  
7 230 250  
8 231 255  
9 232 250  

10 230 250  
11 230 254  
12 250 253  

Table 4.1 A compilation of 6-OHDA and control injected animals organised according to 
animal behavioural testing. Information on exclusion criteria, animal ID and animal’s weight 
at time of surgery and at end of final behaviour test prior to sacrifice. Orange=6-OHDA, 
Blue=Control
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Figure 4.2 Timeline of experimental design for 6-OHDA and control rats. Rats arrived at approximately 230 g in weight and were allowed to 

acclimatise prior to behavioural pre-training. Pre-training began when animals were 7 weeks old. Depending on the behavioural group allocation, 

rats underwent pre-training for rotarod or 5-choice serial reaction time task (5-CSRTT). For tests that do not require pre-training, they were directly 

tested at 3 weeks post injection (w.p.i.). Collection of rat brain tissue followed by, immunohistochemical analysis and biochemical analysis were 

performed on those collected rat brain tissues.  
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4.4 Results: Validation of 6-OHDA neurotoxin model at 3 weeks post injection 
 
 
4.4.1 6-OHDA led to induced rotational behaviour 
 
Control and 6-OHDA rats at 3 w.p.i. received a subcutaneous injection of the dopamine 

agonist, apomorphine (0.2 mg/kg) according to a previously established protocol (Shah et al., 

2019). 6-OHDA-injected rats exhibited an increase in contralateral rotations within the 30 min 

testing period compared to control (PBS injected) rats. Figure 4.3 indicates  marked sensitivity 

towards apomorphine due to the reduction in dopamine in 6-OHDA-injected rats.  
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Figure 4.3 6-OHDA injected animals exhibited an increase in contralateral rotations in a 
drug induced rotational test following injection with apomorphine. The bar chart shows 
the number of contralateral rotations within a 30 min time frame. The number of rotations 
is proportional to dopamine loss. 6-OHDA-injected rats showed significantly more 
rotations than control rats. Error bar denotes mean ± standard error of mean (SEM), 
control, n = 7, 6-OHDA, n = 5,****p<0.0001, statistical test used unpaired, t-test.    
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4.4.2 6-OHDA caused dopaminergic neuron depletion within the SN  
 
Immunohistochemical analysis using an antibody against TH was performed to assess the 

severity of dopaminergic loss within the SN resulting from 6-OHDA injection.  

 

Previously (Shah et al., 2019) observed that at 3 weeks after unilateral 6-OHDA injection into 

rat MFB only approximately 28% TH immunoreactivity remained on the ipsilateral side 

compared to the contralateral side in the SN of 6-OHDA-injected rats. Similarly, in this work  

substantial reduction of TH-positive cells was found in the ipsilateral SN of 6-OHDA-injected 

rats compared to the contralateral side, and relative to control rats (Figure 4.4A). A significant 

difference was noted in total TH cell count between control and 6-OHDA treated rats.   
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A 

 

 

Figure 4.4. Reduction of tyrosine hydroxylase (TH) immunopositivity in 6-OHDA-injected 
rats. A) 7 µm sections from control and 6-OHDA-injected rats, 3 weeks post-injection, were 
immunolabelled using an antibody raised against TH. 6-OHDA injected animals 
demonstrated an ipsilateral loss of TH +ve cells in the substantia nigra compared to control 
animals. Red box indicates region of interest for counting TH positive cells. B) Graph shows 
the quantification of the number of TH positive total cell count in control and 6-OHDA 
animals, in contralateral and ipsilateral. Analysis using unpaired t-test on the difference 
between pre and post-surgery of control and 6-OHDA indicated a statistical significance, 
and demonstrated a substantial reduction in positive TH cells within the ipsilateral 
hemisphere of 6-OHDA rats compared to control. Levels of significance are denoted by ** 
p < 0.01 Data presented as mean ± standard error of the mean (SEM), n=3. 
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4.5 Results: Behavioural deficits due to 6-OHDA  
 
The primary manifestations of PD include abnormalities in movement, difficulties with gait 

and imbalance, slowness in movement and a resting tremor (Mazzoni et al., 2012). The cause 

of such motor symptoms in PD is due to the loss of nigral dopaminergic neurons and 

dopamine depletion in the basal ganglia (Alexander, 2004). PD patients are also at higher risk 

of developing dementia-related symptoms compared to the general population (Aarsland et 

al., 2003) with approximately 80% of longitudinally tracked patients with PD eventually 

developing dementia during the course of disease (Hely et al., 2008).   

 

To assess for motor impairments within this model, rotarod and asymmetric cylinder tests 

were used and the MWM test with the 5-choice serial reaction time task (5-CSRTT) was used 

to assess cognitive deficits.  

 
4.5.1 6-OHDA induced motor deficit 
 
The rotarod test was adapted from a previously established protocol (Iancu et al., 2005). 

Consistent with findings from the drug-induced apomorphine rotation test, 6-OHDA injected 

rats clearly demonstrated reduced latency on the spinning rotarod at 3 w.p.i. compared to 

control group (Figure 4.5A). 
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Figure 4.5 Rotarod test for control and 6-OHDA injected rats. A reduction in latency to fall 
following 6-OHDA injection (post) compared to the initial baseline measures obtained 
during training (pre), demonstrates that 6-OHDA injection induces a motor deficit. Control 
and 6-OHDA groups showed similar baseline measurements during training. Analysis with 
unpaired t-test on the difference between pre and post-surgery of control and 6-OHDA 
indicated a statistical significance.  Levels of significance are denoted by * p < 0.05, data is 
mean ± SEM, n = 10.  

A 
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4.5.2 6-OHDA induced asymmetric deficits 
 
Rats that received unilateral 6-OHDA lesions exhibited marked preferential use of the 

ipsilateral forepaw, and thus reduction in the usage of the contralateral (impaired) forepaw 

relative to control animals (Figure 4.6A). Activities including pushing off, touching and landing 

were also noted within the time frame (Figure 4.6B). Due to variances in animal behaviour 

tasks, 1 rat did not comply with the asymmetric cylinder test therefore had to be excluded 

from the task.  
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Figure 4.6 6-OHDA injected rats show reduced use of contralateral paws. A) Graph shows 
that 6-OHDA injected animals show a contralateral forepaw impairment, with significantly 
reduced use of the contralateral forepaw compared to control animals during the 
asymmetric cylinder test, signifying a fine motor deficit. Data is mean ± SEM, control, n = 
10, 6-OHDA, n = 9. **p<0.01, statistical test used, unpaired t-test. B) Snap shots from the 
asymmetric cylinder task from a representative rat. Activities including push off, wall 
exploration and landing were noted within the 5 min time frame or 10 total touches. 

A 

B 
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The results from the two motor tasks are consistent with findings reported in previous 

literature, whereby unilateral injection of 6-OHDA into the MFB can induce motor deficits and 

a asymmetric forepaw impairment (Rozas et al., 1997)  (Iancu et al., 2005; Heuer et al., 2012).  

 
4.5.3 6-OHDA-injected rats did not exhibit executive dysfunction 
 
Results for the percentage of accuracy and premature responses obtained from the 5-CSRTT 

are shown in Figure 4.7A-B. The percentage of accuracy reflects the attention maintained 

throughout the task, while premature responses detect responses before stimulus onset and 

is part of inhibitory control. The percentage of accuracy depicts the attention.  

 

The percentage of accuracy measured in control and 6-OHDA groups prior to surgery were 

very similar. Three weeks post-surgery, the control and 6-OHDA rats showed similar increase 

in the percentage of accuracy measure, and there were no significant differences between 

groups.   Prior to surgery, control rats showed a slightly higher premature response compared 

to 6-OHDA pre-surgery animals. However this did not reach statistical significance, and both 

groups showed only a minor reduction is this measure post-surgery.  
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Figure 4.7. The 5-CSRTT was used to assess executive dysfunction in control and 6-OHDA 
rats. A) Graphs show percentage of accuracy during the training and testing phases for 
control and 6-OHDA-injected rats. 6-OHDA post-surgery rats showed a slight, but non-
significant, increase in the percentage of accuracy compared to control post-surgery rats. 
Overall there were no significant differences between pre-and post-surgery measures for 
either group, or when comparing groups, n = 7. B) Graphs for the number of premature 
responses measured during training and testing phases for control and 6-OHDA-injected 
rats. Control post-surgery rats exhibited a slight, but non-significant, reduction in the 
number of premature responses relative to 6-OHDA-injected rats. Analysis using unpaired 
t-test on the difference between pre and post-surgery of control and 6-OHDA did not 
indicate any statistical significance (A,B).  Data is mean ± SEM, n = 6. Pre = pre-surgery, 
Post =post-surgery.   
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4.5.4 6-OHDA induced both spatial and memory impairment 
 
Using a similar approach as described in Chapter 3 the MWM was used to test for any spatial 

learning deficits and/or reference memory impairments. Rats were trained accordingly, using 

a protocol previously published by (You et al., 2019) as described in Chapter 2, Section 2.2.5.4.  

 

Control rats were able to learn the location of the platform throughout the training days with 

a progressively shorter latency to escape time, while 6-OHDA injected rats plateaued by day 

2 of training and the latency to escape time remained fairly consistent with limited 

improvement over time (Figure 4.8A). These findings reflected the results shown on the probe 

test day as 6-OHDA rats also showed reduced number of platform crossings relative to control 

rats, indicating an impairment in reference memory (Figure 4.8B). Subsequently, the 

percentage of time spent within the “target quadrant” which is where the platform was 

located prior to its removal, was reduced by 6-OHDA (Figure 4.8C).   

 

These results demonstrated that similarly to Carvalho et al. (2013) and Ma et al. (2014)  

unilateral injection of 6-OHDA into the MFB induced cognitive deficits relating to spatial 

awareness and reference memory within 3 w.p.i. Furthermore, a study looking at reduction 

of somatostatic like immunoreactivity in cortex and hippocampus of control and rats injected 

with cysteamine (neurotoxin), noted that despite visuospatial impairment induced by 

neurotoxin group, there were no notable differences in swim speed between the two groups 

(Fitzgerald and Dokla, 1989). This suggests that locomotion and visuospatial impairment are 

mediated differently and locomotion does not impact visual ability. However, for future 

experiments using the MWM task as a measure for visuospatial awareness, using more 

sophisticated software capable of detecting the swim speed of animals would be beneficial. 
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Finally, despite the lack of cognitive impairment demonstrated with the 5-CSRTT, due to 

inexperience in running the 5-CSRTT task, the effects of 6-OHDA on executive function 

remained inconclusive and cannot be used to compare with findings from the MWM.   
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Figure 4.8. 6-OHDA-injected rats show impairments in visuospatial and reference memory 
in the Morris water maze. A) The graph shows the learning curve during training days 1-5. 
6-OHDA-injected rats showed a learning deficit throughout the task compared to control 
animals where there was a reduction in escape latency from the initial training day. 6-
OHDA-injected rats took significantly longer than control rats to escape the MWM on days 
4 and 5. Analysis with repeated 2-way ANOVA indicated a significant effect of treatment 
on escape latency but no effect of timepoint or a timepoint x treatment interaction 
(Appendix 1). Post-hoc analysis by Tukey’s multiple comparisons test did show significance 
in control or 6-OHDA-treated groups on 4th and 5th day of training. Levels of significance 
are denoted by * p < 0.05, **p < 0.01.  Data is mean ± SEM, n = 10. B) The number of 
platform crossings during the probe test day indicated that 6-OHDA-injected rats showed 
a deficit in reference memory compared to PBS-injected controls with fewer numbers of 
platform crossings. C) Percentage spent in the target quadrant during the probe test day 
of MWM also indicated that 6-OHDA-injected rats spent less time in the target quadrant 
compared to control animals. D) Percentage of time spent per quadrant during probe test 
day. Analysis with repeated 2-way ANOVA indicated a significant effect of treatment on 
quadrant preference but no effect of timepoint or a time point x treatment interaction 
(Appendix 1). Post-hoc analysis by Sidaks’s multiple comparisons test did show significance 
in control or 6-OHDA-treated groups. Levels of significance are denoted by **p < 0.01.  
Data is mean ± SEM, n = 10. 
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4.5.5 6-OHDA did not induce anxiety-like behaviour or lead to alterations in land-based 
locomotor activity 
 

The open field test was conducted using a protocol adapted from (Kim et al., 2019). The 

results showed that 6-OHDA did not cause any anxiety-like activity as both control and 6-

OHDA lesioned rats spent similar amount of time within the centre zone (Figure 4.9A). 

 

Measurement of the total distance travelled throughout the task indicate that although 6-

OHDA lesioned rats demonstrated a slightly reduced overall distance travelled there was no 

significant difference between the two groups (Figure 4.9B). Trajectories obtained from 

PanLab analysis software also demonstrate the similarity in movement patterns between the 

two groups of rats (Figure 4.9C-D).   
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Figure 4.9. 6-OHDA did not-induce alterations in anxiety-like behaviour or land-based 
locomotor activity in the open field test. A) Measures of time spent in seconds inside the 
centre zone as an indication of anxiety-like behaviour using the open field test shows no 
difference between control and 6-OHDA groups. B) Land-based locomotor activity was 
measured as total distance travelled in centimetres. Control and 6-OHDA rats travelled 
similar distances. For C) control and D) 6-OHDA-treated rats, the black lines show the 
trajectories of representative animals during the open field task. Yellow box represents 
outer zone, blue square is the middle zone and the red box indicates the inner zone of the 
open field arena. Data were expressed as mean ± SEM, control, n = 6, 6-OHDA, n = 4. 
Statistical test used Mann-Whitney U (A-B).  
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4.6 Results: Changes in oxidative stress and phosphorylation of a-synuclein due to 
6-OHDA  
 
Dementia is considered to be resulted from the loss of connectivity within cognitive circuits 

(Braak et al., 2004; Braak et al., 2003) and the accumulation of pathological factors (Goedert 

et al., 1998). The presence of LBs and LNs correlate closely with dementia in PD (Irwin et al., 

2013). By assessing pathological changes in a-synuclein and neurodegenerative events 

including tau modifications and oxidative stress, it was hoped that fundamental insights into 

the causes of the behavioural phenotypes identified in 6-OHDA-injected rats could be 

elucidated.  

 

4.6.1 6-OHDA induced robust increase in oxidative stress levels  
 
To investigate oxidative stress responses resulting from injection of rat MFB with 6-OHDA, 

immunohistochemical analysis was performed on brain sections from 6-OHDA-injected rats 

using antibodies against markers of oxidative stress, 8-hydroxy-deoxyguanosine (8OHG), a 

DNA/RNA oxidation production, and reactive nitrogen species, nitrotyrosine.  

 

Increased oxidative stress responses in the frontal cortex and hippocampal subfield, CA1 were 

confirmed using an antibody specific to 8OHG as shown in (Figure 4.10A,C,D). Although 

hippocampal CA3 also demonstrated an increase in 8OHG labelling, it was not significant 

when comparing 6-OHDA injected rats to controls (Figure 4.10E). The additional oxidative 

stress marker nitrotyrosine was also examined and although there was a trend of increase, 

this was not deemed significant overall (Figure 4.10B,G). These data suggest that 6-OHDA 

induced a robust increase in oxidative stress levels.  
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  Figure 4.10 6-OHDA induced a robust oxidative stress response. A) Using an antibody 
raised against anti-8-hydroxyguanosine (8OHG) to detect for damage in DNA/RNA, 7 μm 
paraffin embedded rat brain sections from control and 6-OHDA injected rats were 
immunolabelled. Regions of the brain shown include frontal cortex and hippocampal 
subfields, CA1 and CA3, both contralateral (contra) and ipsilateral (ipsi) hemispheres. Scale 
bar 20 μm. B) Using an antibody raised against anti-nitrotyrosine to detect for cell damage 
and inflammation, 6-OHDA injected animals showed an increase in anti-nitrotyrosine 
positive cells in both the frontal cortex and hippocampal CA1 and CA3, compared to 
control animals, n=1. Scale bar 20 μm. Analysis with unpaired t-test on the difference 
between contralateral and ipsilateral hemisphere of control and 6-OHDA showed a 
statistical significance in Fc region (C) while CA1 and CA3 did not indicate any statistical 
significance (D,E).  Analysis of the percentage area positive for anti-nitrotyrosine did not 
show any statistical significance between control and 6-OHDA group in Fc, CA1 or CA3 (F, 
G, H). Data is mean ± SEM, n = 3.  
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4.6.2 6-OHDA triggered phosphorylation of a-synuclein   
 
To investigate whether the elevated level of oxidative stress induced by 6-OHDA can trigger 

changes leading to phosphorylation of a-synuclein, immunohistochemistry was performed 

on 7 µm thick tissues from both control and 6-OHDA injected rats, using an antibody raised 

against phosphorylated a-synuclein. Line drawings of the frontal cortex, striatum and 

hippocampal sections are shown in Figure 4.11A, where red circles indicate the regions 

immunolabelled. Positively labelled cells containing phosphorylated a-synuclein appearing 

similar to those triggered by a-synuclein PFFs were found in regions of interest including 

frontal cortex, striatum, hippocampus and cortex (left panel). Immunoreactivity for 

phosphorylated a-synuclein was not noted in control injected rats that received PBS (right 

panel, Figure 4.11B). Quantification of total phosphorylated a-synuclein load induced by 6-

OHDA injection versus control is shown in Figure 4.11C.  

 
The presence of phosphorylated a-synuclein from 6-OHDA unilateral lesion coincides with 

existing literature that an environment of elevated oxidative stress can trigger changes in 

a-synuclein including increased phosphorylation (Musgrove et al., 2019; Scudamore and 

Ciossek, 2018; Norris and Giasson, 2005).  

 

 

 

 

 

 

 



 251 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

  

 

6-OHDA 



 252 

 
  Figure 4.11 A) Immunohistochemistry was performed on 7 µm thick brain tissues from rats 
unilaterally injected with PBS (control) or 6-OHDA into the MFB. An antibody raised against 
phosphorylated aSyn at serine 129 (81A) was used to label cells containing phosphorylated a-
synuclein. Control rats (right panel) did not show any 81A immunoreactivity, while cells showed 
faint positive labelling for phosphorylated a-synuclein in Fc, St, Hippo and Crtx in response to 
6OHDA. Red scale bar 20 µm, black scale bar, 5 µm n = 3. Blue and red arrows indicate 
phosphorylated a-synuclein-positive cells. Insets showed higher magnification of cells containing 
phosphorylated aSyn. Images are from representative rodents. Fc = Frontal cortex, St = Striatum, 
Hippo = Hippocampus and Crtx = cortex.  Representative illustrations showing the Fc, striatum, 
hippocampus and cortical areas from which sections were obtained and immunolabelled 
(indicated with red circles). B) The total number of positively immunolabelled cells in three animals 
of each group were counted and the positions marked on coronal brain traces. Cells positive for 
phosphorylated a -synuclein were observed in many regions including those directly and indirectly 
connected to the MFB after 6-OHDA injection. The green circle indicates the MFB site of injection. 
C) Graph of total phosphorylated a-synuclein load in various brain regions after a-synuclein- PFF 
injection into the MFB region. Analysis with unpaired t-tests on the difference between pre and 
post-surgery for control and 6-OHDA did not indicate any statistical significance for each of the 
regions (Fc, ST, Hippo, Crtx and SN). Results were presented as mean ± SEM, n=3. 
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4.7 Results: Effects of 6-OHDA on protein solubility  
 
Following a protocol based on that published by (Peng et al., 2018), the solubility of a-

synuclein and tau proteins in 6-OHDA injected and control brain tissues were analysed. Brain 

regions were homogenised according to the method described in Section 2.2.8 to generate 

high salt (HS), high-salt plus Triton-x (Tx), sarkosyl-soluble (SS) and sarkosyl-insoluble (SI) 

fractions. Samples were then immunoblotted using antibodies against a-synuclein and tau 

as previously described in Chapter 3.  

 

4.7.1 Sarkosyl extraction: 6-OHDA did not lead to change in the solubility of a-synuclein or 
tau 
 
To determine if 6-OHDA caused changes in the solubility of a-synuclein or tau, such as would 

be expected should these proteins aggregate, the amounts of each protein extracted in 

increasingly stringent buffers were examined. When blots were probed with an antibody 

against a-synuclein antibody, bands were only observed in both the HS and HS plus Tx 

fractions; no apparent a-synuclein band was found in the SS fraction (Figure 4.12C) or the SI 

fraction (Figure 4.12 A,B). There were no differences in a-synuclein amounts in different 

fractions between hemispheres, or with treatment (Figure 4.12C). Tau was detected using the 

DAKO total tau antibody. Tau was present primarily in the HS, Tx and SS fractions from the 

frontal cortex of control and 6-OHDA- injected rats (Figure. 4.12D). No tau band was found in 

the SI fraction (data not shown). Tau that is insoluble in sarkosyl is aggregated and 

filamentous (Noble et al., 2003). The absence of sarkosyl-insoluble tau suggests that tau is not 

aggregated in the control rat brain and that tau aggregation is not induced by 6-OHDA. The 

results indicated that 6-OHDA did not induce any major changes in either a-synuclein or tau 

solubility, although these data must be interpreted cautiously. 
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Figure 4.12. A,B) PDD, postmortem brain and  ipsilateral and contralateral frontal cortex of 6-OHDA 

injected rat were biochemically fractionated to yield high salt (HS), high salt-triton (Tx), sarkosyl-

soluble (SS) and sarkosyl insoluble (SI) fractions. Samples were immunoblotted with an antibody 

against a-synuclein and tau. Blots A and B were not quantifiable due to the quality of immunoblots. 

Injection of 6-OHDA into rat MFB did not cause changes in the solubility of a-synuclein or tau. 

Proteins from the ipsilateral (blue lines) and contralateral (red lines) hemispheres of frontal cortex 

from a control-injected and 6-OHDA injected rat were biochemically fractionated using high salt 

(HS), high salt-Triton x (Tx), and sarkosyl (SS) -soluble fractions. Samples were immunoblotted with 

an antibody against C) total a-synuclein (19 kDa), D) total tau (46 kDa-68 kDa), n= 1. The majority 

of the tau and a-synuclein content was observed in the HS fraction.  a-synuclein was also 

prominent in the Tx fraction. E,F) Show the quantification of the corresponding immunoblots, C) 
a-synuclein between control and 6-OHDA samples and D) tau between control and 6-OHDA.  
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4.7.2 Optimisation of antibodies against total and phosphorylated tau 

A series of optimisation procedures were conducted to identify suitable tau antibodies for the 

rat brain tissue and to detect any degradation products. The initial optimisation step was to 

find compatible antibodies against total tau and phosphorylated tau. Two samples from the 

HS fraction of the frontal cortex region were immunoblotted with a series of total tau 

antibodies (Tau-5, BT2 and DA31) (Figure 4.13A) and two antibodies against phosphorylated 

tau (rabbit polyclonal pTau404 and mouse monoclonal CP13 which detects pSer202) (Figure 

4.13B). All three total tau antibodies showed tau bands of the expected molecular weight (46-

64 kDa), but also a strong unexpected band of lower molecular weight (green arrows). A 

similar non-specific band was also apparent when the CP13 antibody was used, suggesting 

cross reactivity with the secondary anti-mouse IgG antibody. The in question band was still 

visible, though less intense when the rabbit polyclonal pTau404 antibody was used (black 

arrow). Furthermore, when the monoclonal DA31 and polyclonal pTau404 antibodies were 

used together (Figure 4.13C.i), although both antibodies were expected to detect presumed 

tau bands at 46-64kD, overlap of the additional bands detected was incomplete, suggesting 

that pTau404 is not detecting only phosphorylated tau. Another brand of secondary anti-

mouse IgG antibody (secondary A) was next used (Figure 4.13C.ii.). Under these 

circumstances, the non-specific bands at 37-50kDa were no longer detectable, but neither 

were the expected bands around 46-64 kDa; instead only a single strong band was detected 

at 50 kDa (red arrow).  

 

An antibody against pTau396 was also used, and this detected bands of the expected 

molecular weight for tau and a strong band of approximately 25 kDa, (pink arrow) (Figure 

4.13D.i). The 25 kDa band remained when membranes were incubated with the pTau396 
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antibody in the absence of secondary antibody, purple arrow (but not vice versa), suggesting 

cross-reactivity of the primary antibody with the rat samples (Figure 4.13Dii-D.iii.). A blank 

membrane void of any antibodies was also included as a negative control. No signal was 

detected, suggesting that the bands in question were probably due to cross reactivity of 

antibodies or degradation of the samples. The results suggested that neither of the 

phosphorylated tau antibodies (pTau404 or pTau396) was suitable for further use (Figure 

4.13D.iv). 

 

A rabbit polyclonal antibody against total tau was next tested using the high salt fraction. The 

total tau antibody (DAKO) is raised against the middle of the tau molecule, and identifies full 

length tau, C and N terminal fragments (Figure 4.14A). The AT8 antibody that recognises the 

double phosphorylated tau epitope of serine 202 and threonine 205, often regarded as a 

suitable marker for late stage filamentous tau (Augustinack et al., 2002), was also tested. Blots 

were incubated sequentially with the total tau and phosphorylated tau antibodies (Figure 

4.14B). Due to the secondary antibodies being tagged with different fluorophores, it was 

possible to detect signals detected by both antibodies simultaneously using a Li-Cor Odyssey 

scanning system. Both the total tau and phosphorylated tau bands that were detected 

corresponded in molecular weight, showing bands at sizes predicted for tau, along with the 

non-specific band at 50 kDa (Figure 4.14C). Samples from wild-type mouse brain and htau 

mouse brain were run in comparison. Htau mice express the entire wild-type human tau gene 

on a mouse tau knockout background and so all six tau isoforms present in the adult human 

central nervous system (CNS) are present in htau brain (Andorfer et al., 2003). 
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Figure 4.13 Testing of tau antibodies for detection of tau in brain samples from control and 
6-OHDA groups. Proteins were isolated from brain tissue samples (S1 and S2) using a high 
salt (HS) buffer.  A) Samples were immunoblotted with three antibodies against total tau 
(Tau-5, BT2 and DA31) (46 kDa-68 kDa). B) The same samples were also immunoblotted 
with two different antibodies against phosphorylated tau (pTau404 and CP13/pTau202). A 
nonspecific band at approximately 37 kDa was apparent (green arrows) for all mouse 
monoclonal antibodies, that was also apparent though less intense for the rabbit 
polyclonal pTau404 antibody (black arrow). C.i) Western blot showing signals when mouse 
monoclonal DA31 antibody against total tau and a rabbit polyclonal, against pTau404 were 
used. Some bands at the expected molecular weight were detected, but the signals did not 
appear to be specific for tau. ii) When an alternative secondary anti-mouse IgG was used 
(secondary antibody A), the original nonspecific band was no longer apparent, however a 
new unidentifiable band was observed at 50 kDa, (red arrow). D.i) Samples were incubated 
with the pTau396 antibody and a rabbit secondary antibody. When the primary and 
secondary antibodies were both used, tau bands were detected alongside the non-specific 
25kDa band (pink arrow). When the membrane was incubated with ii) primary or iii) 
secondary antibody only, no tau bands were detected, primary antibody only conditions 
showed the non-specific band (purple arrow) iv) Negative control. No primary or 
secondary antibodies were incubated with the membrane. No signals were detected.  



 259 

 

 

 

 

C 

B A 

Figure 4.14 Optimisation of tau antibodies, AT8. Proteins from the contralateral (contra) 
and ipsilateral (ipsi) frontal cortex of a control-injected rat and 6-OHDA injected rat were 
extracted in high salt (HS) buffer, n= 2. Samples were immunoblotted sequentially with A) 
DAKO total tau antibody (46-68 kDa) and B) AT8 antibody against phosphorylated tau (46-
68 kDa). C) Channel merge shows overlap of bands detected by the total tau (red) and AT8 
(green) antibodies, including bands at the predicted molecular weight for tau. Samples of 
wild-type mouse brain and htau mouse brain were run in parallel for comparison. D) b -
actin (42 kDa) as loading control. 
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Sequential immunoblotting with two primary antibodies was then used for the DAKO total 

tau antibody together with CP13. CP13 detects pTau202, often regarded as a marker for early 

changes in tau phosphorylation, typically pre-tangles and intracellular neurofibrillary tangles 

(NFT) (Espinoza et al., 2008). Immunoblots showed tau bands at 46-64 kDa for DAKO, of which 

some bands were also reactive for CP13 (Figure 4.15A-C). The DAKO total tau antibody also 

detected some lower molecular weight bands that were not detected by CP13 and which are 

likely degradation products.  
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Figure 4.15 Optimisation of tau antibodies, CP13. Proteins from the contralateral (contra) 
and ipsilateral (ipsi) frontal cortex of a control-injected rat and 6-OHDA injected rat were 
extracted in high salt (HS) buffer, n = 2. Samples were immunoblotted sequentially with A) 
DAKO total tau antibody (46-68 kDa) followed by B) CP13 which detects tau 
phosphorylated at Ser202. C) Channel merge shows overlap of bands detected by the 
DAKO total tau antibody (green) and CP13 (red). Both antibodies detected a band of the 
expected molecular weight for tau. DAKO also detected additional bands that represent 
tau not phosphorylated at Ser202, alongside cleaved/degraded tau.  
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4.7.3 6-OHDA did not lead to changes in tau phosphorylation as detected by western blot 
 
The HS fraction, in which most tau was extracted, from the frontal cortex (Figure 4.16A) and 

hippocampus (Figure 4.16B) of control and 6-OHDA injected rats was immunoblotted with 

antibodies against tau that were previously optimised in these tissues - total tau (DAKO), AT8 

pTau205/208 and CP13 (pTau202). Immunodetection of b-actin was used to indicate loading 

control. Quantification of total tau amounts relative to b-actin in the same sample showed no 

effect of 6-OHDA treatment in frontal cortex (Figure 4.16C) or hippocampus (Figure 4.16F). 

Quantification of phosphorylated tau relative to total tau amounts in the same sample 

showed no effect of 6-OHDA treatment for AT8 in frontal cortex (Figure 4.16D) or 

hippocampus (Figure 4.16G). Similarly, there was no change in relative intensity of CP13 

bands relative to total tau in frontal cortex between groups (Figure 4.16E). These data indicate 

that 6-OHDA does not cause tau phosphorylation, at least not that is sufficient to be detected 

when whole brain regions are homogenised and examined by western blot.  
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Figure 4.16 Western blots of total and phosphorylated tau in the high salt fraction from 
both hemispheres of the frontal cortex and hippocampus of control and 6-OHDA injected 
rats at 90 d.p.i. A) Representative western blots showing AT8, CP13, and total tau (46-68 
kDa) in samples of frontal cortex. b-actin (42 kDa) was used as a loading control. B) 
Representative western blots showing AT8, total tau and b-actin in hippocampal samples. 
Graphs show four frontal cortex samples B) AT8/total tau C) CP13/total tau and D) total 
tau/ b -actin. Graphs show four hippocampal samples F) AT8/total tau and G) total tau/ b 
-actin. Data is shown as percentage average of control, where control is the contralateral 
hemisphere of control rats. Control, n = 5, 6-OHDA n = 4. Analysis using unpaired t-test on 
the difference between contralateral and ipsilateral hemisphere of control and 6-OHDA 
did not indicate any significance for tau proteins. Data is mean +/- SEM presented as % 
average control where control is the ipsilateral hemisphere of control-injected rats. 
Contra. = contralateral, ipsi. = ipsilateral.  
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4.7.4 Increased tau phosphorylation after 6-OHDA injection was detected via 

immunohistochemical staining  

 
Immunohistochemistry was performed on 7 µm sections of control and 6-OHDA injected rat 

brain containing the frontal cortex and hippocampus. The antibodies used detected tau 

phosphorylated at Ser404 and Ser396 (pTau404 and pTau396) or at both of these sites (PHF1).  

Phosphorylation of tau at pTau396 and pTau404 is found at basal levels in control human 

brain, but levels are abnormally elevated in AD (Hanger et al., 2007).  Figure 4.17A shows the 

presence of elevated pTau404 levels in human AD postmortem sections, which serves as a 

positive control for the tau antibody. PHF1 is characteristic of abnormally modified tau in 

disease (Hanger et al., 2007).  

 

When antibodies against pTau396 and pTau404 were used, immunoreactivity was apparent 

in hippocampal subfields of both control and 6-OHDA lesioned rats (Figure 4.17B-E and Figure 

4.18A-E). When the number of immunoreactive cells were quantified, a statistically significant 

increase in the abundance of neurons positive for pTau404 was demonstrated in both CA1 

and CA3 hippocampal subfields of sections from 6-OHDA injected rats relative to controls 

(Figure 4.17C). Sections containing the frontal cortex also displayed tau neurons 

immunoreactive for pTau404. While labelling was denser for 6-OHDA injected rats, there was 

variability between samples (Figure 4.17D, white arrow) and no significant difference was 

found between groups or hemispheres (Figure 4.17E), although labelling in the contralateral 

hemisphere appeared to be more cytoplasmic than the membranous labelling apparent in 

the ipsilateral cortex.  
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An increase in pTau396-containing neurons as a result of 6-OHDA stimulation was also noted 

within the CA1, CA3 subfield of the hippocampus (Figure 4.18B, Figure 4.18C), however this 

was not deemed significant.  The MFB also has indirect projections to the frontal cortex, and 

immunohistochemistry of sections containing the frontal cortex with an antibody against 

pTau396 showed an apparent (Figure 4.18D), but not statistically significant increase, in the 

number of pTau396 immunoreactive neurons in the 6-OHDA injected group compared to 

controls for both contralateral and ipsilateral sides of the frontal cortex (Figure 4.18E).  
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Figure 4.17 Immunohistochemical analysis of phosphorylated tau (pTau404) in the frontal 
cortex and hippocampus in sections from 6-OHDA and control injected rats. A) 
Immunohistochemical staining was performed on 7 μm paraffin embedded sections from 
the temporal cortex of a postmortem AD brain. Inset shows higher magnification of 
immunoreactive neurons. For rat brain, 7 μm paraffin embedded sections were labelled 
with antibodies against pTau404. (B) Representative images of pTau404 immunolabelling.   
Sections were counterstained with haematoxylin. Both control and 6-OHDA injected 
animals showed labelling of pTau404 in CA3. pTau404 labelling was also apparent in CA1 
of 6-OHDA animals, but not control animals. Scale bars in main images are 500 μm, and 5 
μm scale bars are used in insets.  Graphs show the C) CA1 D) CA3 F) Fc. Analysis with 
unpaired t-test on the difference between contralateral and ipsilateral hemisphere of 
control and 6-OHDA demonstrated a statistical significance in CA1 region and CA3 (C, D). 
No statistical differences were noted in Fc region (F). Levels of significance denoted by *** 
p < 0.001. Scale bar 20 μm. Data shown is mean ± SEM, n = 3.  
 



 269 

 
 

 

 

 

 

 

 

 

 

 

 

 

  

contra 
ipsi 

ipsi contra 

6-
O

H
D

A
 

C
on

tr
ol

 

 

CA1 CA3 

Fc 

A 

B 

D 

E 

C 

Control 6-OHDA 



 270 

  
Figure 4.18 Immunohistochemical analysis of phosphorylated tau (pTau396) in the frontal 
cortex and hippocampus in sections from 6-OHDA and control injected rats. For rat brain, 
7 μm paraffin embedded sections were labelled with antibodies against pTau396. A) 
Representative immunofluorescence labelling of pTau396 with DAPI (blue) used as a 
nuclear marker. Control rat brain showed less immunoreactivity compared to 6-OHDA-
treated rats. Yellow and blue boxes indicate regions of CA3 and CA1, respectively, that are 
shown at higher magnification in insets. Scale bars in main images are 500 μm, and 5 μm 
scale bars are used in insets. Graphs show the B) number of pTau396 positive cells per 
mm² in the contralateral (contra) and ipsilateral (ipsi) CA1 and C) CA3 regions. D) Fc, white 
arrows indicate area shown at higher magnification in insets. Scale bar 20 μm. E) Fc 
quantification.  Analysis with unpaired t-test on the difference between contralateral and 
ipsilateral hemisphere of control and 6-OHDA group did not indicate any statistical 
significance. Data shown is mean ± SEM, n = 3. 
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Tau phosphorylated at pS396/404 (PHF1) is characteristic of abnormally modified tau in 

disease (Hanger et al., 2007) (Figure 4.19A). Faint PHF1 immunoreactivity was observed in the 

hippocampus of 6-OHDA injected rats, that was mostly absent from control rat hippocampus 

(Figure 4.19B-C), although no significant difference was found between groups for either CA1 

or CA3 (Figure 4.19D-E). Sections containing the frontal cortex also displayed PHF1 

immunoreactive neurons. Labelling was not drastically different for 6-OHDA injected rats and 

controls (Figure 4.19F), therefore despite the slight increase in 6-OHDA group no significant 

difference was found between groups or hemispheres (Figure 4.19G).  
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Figure 4.19 Immunohistochemical staining of rat brains using an antibody against tau 
phosphorylated at Serine 396/404, PHF1. 7 μm paraffin embedded sections of rat brains 
using an antibody against tau phosphorylated at Serine 396/404, PHF1.  A) PHF1 
immunolabelling in human AD disease. Inset showed higher magnification of 
immunoreactive neurons.  B) Control animals showed limited positivity for PHF1 staining, 
while C) 6-OHDA injected animals showed positive PHF1 staining in both contralateral 
(contra) and ipsilateral (ipsi) sides. Data presented are of representative animals. All 
images with a purple scale bar: 5 μm; black scale bars 500 μm. D) The number of positive 
PHF1 cells per mm2 in the CA1 region. E) CA3 region F) PHF1 immunolabelling of frontal 
cortex region. G) PHF1 quantification. Analysis with unpaired t-test on the difference 
between contralateral and ipsilateral hemisphere between control and 6OHDA did not 
indicate any statistical significance(D,E,G). Data shown is mean ± SEM, n = 3. 
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4.7.5 Exploring potential changes in tau kinases in response to 6-OHDA 
 
Several kinases are known to phosphorylate tau, and amongst them, glycogen synthase 

kinase-3 beta (GSK-3b) is one of the most studied, and is involved in the phosphorylation of 

tau at the epitopes studied here (Hanger et al., 2009; Lee et al., 2011). Therefore, to 

understand if the increased tau phosphorylation observed by immunohistochemistry is 

related to changes in GSK-3b  activity, samples of rat brain hippocampus were immunoblotted 

with antibodies against GSK-3b  (Figure 4.20A).   

 

GSK-3b , unlike conventional kinases, is constitutively active and its substrates often require 

pre-phosphorylation by other kinases to be phosphorylated by GSK-3 (Beurel et al., 2015). 

GSK-3 activation is determined by its phosphorylation. Phosphorylation at Ser9 is inhibitory, 

whereas phosphorylation at Tyr216 activates GSK-3b. Immunoblots were incubated with 

antibodies raised against total GSK-3b  and GSK-3b phosphorylated at Ser9 (Figure 4.20A-B). 

Bands were detected at the expected molecular weight (46 kDa) that overlapped when 

channels were overlaid (Figure 4.20C). No apparent differences in either total or 

phosphorylated GSK-3 amounts were apparent in immunoblots, suggesting that 6-OHDA did 

not affect GSK-3b  activity.  
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Figure 4.20 Immunoblots of hippocampal samples in high salt buffer were 
immunoblotted with antibodies against GSK-3b .  A) Western blot showing total GSK-
3b  (46 kDa) and B) GSK-3 phosphorylated at Ser9 (46 kDa). C) Overlap of signals from 
both total GSK-3b  (green) and phosphorylated GSK-3 (red) antibodies.  Contra= 
contralateral, ipsi. =ipsilateral. N= 3. D-E) quantification of corresponding 
immunoblots, D) total GSK-3b for control and 6-OHDA, E) GSK-3 phosphorylated at 
Ser9. 
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4.8 Results: Effects of 6-OHDA on synaptic proteins  
 
4.8.1 Disruption of post-synaptic markers within the frontal cortex is triggered by 6-OHDA 
 
High salt fractions from the frontal cortex and hippocampal regions of 6-OHDA and control 

injected rats, were immunoblotted with proteins present in pre- and post-synapses, as 

described in Chapter 3 (Figure 4.21A,B). No changes in the post-synaptic protein, N’methyl D-

aspartate receptor subtype 2B (NR2B), or the presynaptic proteins synaptophysin or 

synaptotagmin, were observed in frontal cortex or hippocampus as a result of 6-OHDA (Figure 

4.21 C-I).  However, a specific loss of the postsynaptic protein, postsynaptic density protein 

95 (PSD-95), was observed in frontal cortex (Figure 4.22 A, B), but not hippocampal (Figure 

4.20 B, F), samples as a result of 6-OHDA.  
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Figure 4.21 Immunoblots of pre- and post-synaptic markers in high salt fractions from the 
frontal cortex and hippocampal regions of 6-OHDA and control injected rats. A-B) 
Representative immunoblots of samples from contralateral (contra) and ipsilateral (ipsi) 
hemispheres probed with antibodies against NR2B (150 kDa), PSD-95 (95 kDa), 
synaptophysin (38 kDa) and synaptotagmin (60kDa), with b -actin (42kDa) used as a loading 
control. Graphs show quantification of frontal cortex synaptic proteins relative to b-actin 
for C) NR2B (control, n = 5, 6-OHDA, n = 5), E) Synaptotagmin (control, n = 5, PFF, n = 4) 
and G) Synaptophysin (control, n = 6, 6-OHDA, n = 4). Graphs show quantification of 
hippocampal synaptic proteins relative to b -actin for D) NR2B (control, n = 6, 6-OHDA, n = 
4). F) Synaptotagmin (n = 6) and H) Synaptophysin (control, n = 5, 6-OHDA, n = 6). Analysis 
using unpaired t-test on the difference between contralateral and ipsilateral hemisphere 
of control and 6-OHDA groups (C-H). Data is mean +/- SEM presented as % average control 
where control is the ipsilateral hemisphere of control-injected rats.  
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Figure 4.22 Immunoblots of PSD-95 in the high salt fraction of frontal cortex from 6-OHDA 
and control injected rats. A) Representative immunoblots from A) frontal cortex B) 
hippocampus, probed with an antibody against the post-synaptic marker, PSD-95 (95 kDa). 
b-actin was used as a loading control (42 kDa). C) The dot plot shows marked reduction in 
the amount of PSD-95 relative to b-actin in frontal cortex of 6-OHDA injected rats relative 
to controls. Control, n = 5, PFF, n = 4. D) the dot plot shows no significant difference found 
as a result of treatment or between hemispheres in the hippocampus regions, control n = 
5, PFF n = 6. Analysis using unpaired t-test on the difference between pre-post did not 
indicate any statistical significance for PSD-95 in Fc or Hippo (C,D). Data is mean +/- SEM 
presented as % average control where control is the ipsilateral hemisphere of control-
injected rats. 
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4.9 Discussion 
 
The primary aim of this chapter was to investigate the consequences of elevated oxidative 

stress induced by the 6-OHDA neurotoxin on molecular, histological and cognitive features 

indicative of PD and Parkinson’s disease dementia (PDD). Immunohistochemical analysis 

together with the induced apomorphine rotation test confirmed the success of the 6-OHDA 

injection, with results reflecting those established by existing literature (Shah et al., 2019).   

 

Asymmetric circling behaviour correlates with the magnitude of dopaminergic depletion 

within the nigrostriatal pathway (Grealish et al., 2010; Bove and Perier, 2012). When 

dopaminergic agonists such as apomorphine or L-dopa are administered, rats typically exhibit 

contralateral rotational behaviour, away from the lesion site. Apomorphine can induce 

rotation as this DA receptor agonist can act post-synaptically and as a result of 

hyperstimulation of supersensitive DA receptors in the denervated striatum will lead to 

rotation in the opposite contralateral direction (away from the lesioned side) (Bjorklund and 

Dunnett, 2019). But the drug induced rotation test cannot be used as the sole parameter for 

detecting dopaminergic loss due to potential misleading results owing to the effects of 

priming, sensitisation or conditioning (Norman et al., 1993).  

 

To ensure there was dopaminergic depletion due to 6-OHDA toxicity, immunohistochemical 

methods were also used. Immunohistochemical analysis using an antibody against TH was 

performed to assess the severity of dopaminergic loss within the SN resulting from 6-OHDA 

injection. TH is the rate limiting enzyme in dopamine synthesis, and is commonly used as a 

marker for dopaminergic neurons (Kirik et al., 1998; Morales et al., 2015). Therefore, decrease 

in the number of TH neurons provides a good indicator of the death of dopaminergic neurons 
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in the SN (Hernandez-Baltazar et al., 2017; Stanic et al., 2003). These results showed a marked 

and rapid loss of TH neurons in the SN.  

 

Another typical phenotype of the 6-OHDA model is the presence of motor impairment. The 

rotarod test is a well-established behavioural deficit test in rat models of hemiparkinsonism, 

and is a useful mean of evaluating basic motor abilities (Rozas et al., 1997). The rotarod test 

is also considered one of the most sensitive motor tests to detect deficits resulting from the 

loss of TH cells within the SN (Iancu et al., 2005), and can help to distinguish rats with severe 

dopaminergic neuron loss from rats with only partial lesions (Rozas et al., 1997). Results 

obtained at the 3 w.p.i. time point coincide with previous findings (Carvalho et al., 2013). As 

a unilateral lesion of the MFB was performed, the asymmetric cylinder test provided an ideal 

additional motor impairment test to confirm forelimb impairment in 6-OHDA injected rats. 

Rats are an ideal species for investigating skilled limb movements, and they show very similar 

motor components to humans (Cenci et al., 2002). The asymmetric cylinder test is a simple 

yet efficient test of motor function and several research groups have used this as a measure 

of fine motor impairment (Paumier et al., 2015; Kim et al., 2019; Heuer and Dunnett, 2013).   

 
 
Although PD is mostly known as a movement disorder, those suffering from PD are at a higher 

risk of developing dementia related symptoms compared to the general population (Aarsland 

et al., 2003). Therefore, it was also necessary to investigate if an increased environment of 

oxidative stress, in which there has been substantial neuron loss in the SN, could result in 

cognitive impairment. The primary cognitive domains affected in PD include executive 

function, visuospatial and reference memory (Aarsland et al., 2017). To find if rats would 
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exhibit such impairments, the MWM test was utilised and an attempt was also made to assess 

deficits associated with executive function using the 5-CSRTT.  

 

The significant loss of visuospatial and reference memory at 3 w.p.i. of 6-OHDA injection into 

the MFB echoed findings from  Ma et al. (2014). Due to limitations, data concerning the rats 

swim speed was not recorded during the MWM task, however by gross observation of 

recordings during the trials, it was noted that there was an obvious deficit in swim speed 

between groups. Furthermore, a study conducted by Fitzgerald and Dokla (1989) concluded 

that visuospatial memory is not associated with swim speed as injection of the neurotoxin 

cysteamine led to reduction of somastatin like immunoreactivity neurons, followed by deficits 

in spatial learning. However, this memory impairment did not correlate with swimming deficit. 

Lastly escaping from water was found to be unrelated to activity or body mass. Additionally, 

land based motor deficits (assessed with open field) does not necessarily imply a deficit in 

swimming ability and so the MWM test was deemed a suitable test for assessing cognition in 

experimental PD (Vorhees and Williams, 2006)  (Ma et al., 2014).  

 

The lack of experience in using the 5-CSRTT rendered difficulty in obtaining valid data points 

for executive function impairment upon unilateral 6-OHDA injection into the MFB. However, 

other research groups have also studied the role of 6-OHDA in executive function (Marshall 

et al., 2019). Although Marshall and colleagues did not use the 5-CSRTT task, they instead 

used a series of attentional set shifting tasks. They documented that while rodents exhibited 

deficits in simple discrimination, no deficits were noted in reversal or extradimensional shifts. 

They also reported no notable differences in novel object recognition tasks. Thus, they 

concluded that injection of 6-OHDA into the MFB may not lead to executive impairment.  
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Mammals tend to freeze when exposed to both strange or noxious stimuli. The stimuli will 

also trigger autonomic nervous system activity, typically defecation. Therefore, to construct 

such stimuli for the rat, a simple method is to place the rat into a novel environment, such as 

an open field arena and monitor their behaviour (Denenberg, 1969). Anxiety-like behaviour 

induced by 6-OHDA was observed and attributable to dysregulation of neurotransmitter 

systems in such brain regions such as the prefrontal cortex, amygdala and striatum all being 

involved with anxiety (Vieira et al., 2019). Although some studies reported anxiety-like 

behaviour as early as one-week post lesion (Su et al., 2018), some studies reported 

contradictory findings. For example (Carvalho et al., 2013) did not detect any deficit in 

anxiety-like behaviour after unilateral MFB lesion in rats. The discrepancies are likely due to 

differences in the site of lesion, dosage and time post-injection, and also variation in the  

protocols used (Kim et al., 2019) (Su et al., 2018) (He et al., 2018). Here, 6-OHDA injection into 

rat MFB was found not to induce any anxiety-like behaviour. 

 

LBs and aberrantly phosphorylated a-synuclein are characteristic hallmarks of PD (Spillantini 

et al., 1997; Spillantini et al., 1998b). One of the major drawbacks of experimental models 

that use 6-OHDA is that they do not develop LB inclusions  (Tieu, 2011) (Meredith et al., 2008).  

A possible rationale for the lack of a-synuclein pathology being detected within the 6-OHDA 

model could be due to the lack of attempt from research groups to validate the presence of 

a-synuclein pathology given that 6-OHDA was primarily utilised for assessing drug induced 

dyskinesia and also for investigating behavioural deficits due to impairment of the 

nigrostriatal pathway. As alternative animal models of PD exist for examining neuropathology 

(a-synuclein PFFs, MPTP, paraquat and rotenone) less effort was focussed on 6-OHDA and 

a-synuclein pathology.  Additionally, given that 6-OHDA mechanistically also impairs 
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mitochondrial function, similarly to other neurotoxin models (MPTP, paraquat and rotenone), 

it is not impossible that 6-OHDA may also induce and increase the aggregation of a-synuclein. 

Lastly, evidence from cell culture studies suggested that oxidative stress disrupts a-synuclein 

equilibrium, initiating the phosphorylation of a-synuclein (Musgrove et al., 2019; Scudamore 

and Ciossek, 2018) and 6-OHDA is known to trigger oxidative stress. The results shown within 

this thesis reflects this rationale, given that oxidative stress levels were elevated bilaterally 

concomitant with phosphorylated a-synuclein which was present bilaterally. Although TH 

cell loss was only apparent unilaterally, a number reasons could explain the presence of 

oxidative stress and phosphorylated a-synuclein but without cell death. Firstly, it was 

previously  reported by Paumier et al. (2015) that cell loss within the nigra can be unilateral 

despite bilateral  a-synuclein pathology therefore suggestive that an alternative mechanism 

may be responsible for mediating cell loss, other than a-synuclein. Secondly, in a more recent 

paper where a-synuclein was administered chronically into mice hippocampus, despite the 

presence of a-synuclein pathology, cell loss was absent (Legname et al., 2020).   

 

Modified tau is also known to contribute to synapse loss in dementia. In a study comparing 

the contributions of total tau, phosphorylated tau and amyloid-beta (Ab) to cognitive decline 

in the 3xTg-AD mouse model, it was noted that the most significant correlate of cognitive 

decline was increased phosphorylated tau levels (Huber et al., 2018). When phosphorylated 

tau levels were reduced in the Tg2576 mouse through passive immunotherapy using tau 

oligomer-specific monoclonal antibody treatment, cognitive impairments were reversed 

(Castillo-Carranza et al., 2014). A similar mechanism may contribute to cognitive deficits in 

PD, as accumulations of modified tau were reported in PD and PDD brain (Irwin and Hurtig, 

2018; Irwin et al., 2013).  
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Although increases in tau phosphorylation in 6-OHDA-injected hippocampus were detected 

using immunohistochemical staining, this was not apparent by western blotting. The reasons 

for this discrepancy are not clear, although the presence of multiple tau fragments is 

indicative that the samples may have been degraded and this reason could also explain the 

high variation in total tau expression in Figure 4.16 E and Figure 4.16 G. The other possibility 

could also be due to natural variances in animals, but it is likely that as these samples and blot 

were repeated several times, some samples have undergone degradation more so than other 

samples in the same group contributing to the variability in total tau expression. Nevertheless, 

the results from immunohistochemical analysis demonstrate elevated levels of 

phosphorylated tau within the 6-OHDA injected rats. The findings are highly suggestive that 

oxidative stress induces tau changes that may contribute to cognitive deficits. The increase in 

levels of phosphorylated tau noted in hippocampal subfields indicates that unilateral lesions 

in the MFB, and or loss of SN neurons, can lead to further damage in connected regions. The 

hippocampus CA1 region is thought to be associated with spatial learning and impairment. 

Therefore, statistically increased levels of tau in CA1 in 6-OHDA rats, are in line with previous 

findings (Fu et al., 2017; Hatch et al., 2017; Ciupek et al., 2015). 

 
A large number of kinases were shown to phosphorylate tau at various sites (Hanger et al., 

2009). Glycogen synthase kinase 3-beta (GSK-3b) plays a critical role in many cellular 

functions including regulating microtubule affinity of tau, modulating microtubule dynamics 

and cell survival (Hanger et al., 2009). In SH-SY5Y cells, a cell line that shows similarity to SN 

neurons, (Chen et al., 2004) showed that 6-OHDA can regulate GSK-3b activity and 

significantly inhibited phosphorylation of GSK-3b at Ser9, therefore it was of interest to 



 286 

understand from a exploratory aspect whether 6-OHDA would show findings similar to 

previously reported.  However, here no changes in total or phosphorylated (inactive) GSK3b 

amounts were detected. 6-OHDA did induce the hyperphosphorylation of Tyr216, but Chen 

et al. (2004) showed that despite this little effect was shown on GSK-3b activity.  There given 

the time restraint Tyr216 was not investigated within this thesis, but it should also be noted 

that the data here is preliminary and further experiments are required to explore potential 

roles for GSK-3b  in this model.   

 

Synaptic dysfunction is considered as one of the earliest events in the pathogenesis of 

neurodegenerative disorders, that underlies clinical features of the disease (Guo et al., 2017; 

Hanger et al., 2019; Rodriguez-Martin et al., 2013). Therefore, proteins present in synapses 

were examined by immunoblotting, as previously described.  

 

No alterations in the pre-synaptic proteins examined in the cortex or hippocampus of 6-

OHDA-injected rats relative to controls were noted. The post-synaptic protein, NR2B was also 

found unaltered in response to 6-OHDA. Interestingly, PSD-95 was reduced in the frontal 

cortex, but not the hippocampus following 6-OHDA injection, this could be associated with 

the changes found in tau phosphorylation, since tau is not only necessary for post-synaptic 

density maintenance (Guo et al., 2017) but small amounts of tau within dendrites are known 

to regulate PSD-95 levels (Guo et al., 2017). However, as it was only the hippocampus where 

phosphorylated tau was elevated but not in the frontal cortex, while in contrast PSD-95 was 

only elevated in the frontal cortex, additional experiments will need to performed to elucidate 

this.  
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4.10 Summary 
 
To summarise the main results of this chapter, 6-OHDA led to depletion of dopaminergic cells 

within the nigrostriatal pathway. General gait imbalance and asymmetric fine motor 

impairment were also apparent, accompanied by deficits in cognition. Neuropathological 

examination revealed mild phosphorylation of a-synuclein in various brain regions, robust 

increase in oxidative stress levels, and increased tau phosphorylation in the hippocampus 

region. Lastly, minor reduction was noted in the post-synaptic marker PSD-95 within the 

frontal cortex, suggestive that 6-OHDA could play a role in influencing synaptic health in 

regions distinct from the site of injection. A reduction in interaction has previously been 

reported between NMDARs and Membrane-associated guanylate kinase (MAGUKs) in the 

striatum of the 6-OHDA lesion model (Gardoni et al., 2006). The normal role of MAGUKs are 

the major scaffolding proteins at the post synaptic density and they correlate with synaptic 

maturation strength, and are essential for the anchoring of AMPA and NMDA receptor 

complexes (Chen et al., 2015) while NMDARs have an integral role in controlling synaptic 

plasticity and memory function.  In human PD cases analysis of Synapse-associated protein 

97 (SAP97), GluA2 and GluN1 within the post-synaptic density compartment revealed a 

decrease in GluA2 within the ST, but an increase in SAP97 was observed in the hippocampus 

(Fourie et al., 2014). The normal role of SAP97 is regulation of  interaction between receptors 

and downstream signalling molecules (Nash et al., 2005), while GluA2 and GluN1 are part of 

AMPA and NMDA receptors respectively, they are involved in maintenance of synaptic 

plasticity, memory function and transmission, therefore despite the degree of variability in 

overall synaptic protein expression levels, the proteins within the post synaptic compartment 

are associated in function and interlinked. Subsequently, it will be of interest to investigate 

firstly, if such changes noted by previous groups were firstly region specific and secondly, 
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influenced by changes in PSD-95 levels. Overall, further investigations are required to 

determine the mechanisms underlying this synaptic protein loss.  

 

Taken together, these data suggest that 6-OHDA induces a robust increase in oxidative stress, 

and the elevated oxidative stress levels in turn contribute to the loss of SN neurons. The 

increase in oxidative stress and neuron loss within the SN is likely to release additional toxic 

factors to distal regions from the initial injection site to other regions in the brain and in turn, 

contribute to trigger cognitive abnormalities associated with mild increases in tau and a-

synuclein phosphorylation in brain religions such as the frontal cortex and hippocampus. 

These data further elucidate the contributions of oxidative stress to disease progression and 

dementia in PDD.  
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Chapter 5-Discussion 
 

 
5.1 Hypothesis of thesis 
 
My hypothesis for the thesis work is that despite a-synuclein being a critical factor in 

Parkinson’s disease (PD) pathogenesis, a-synuclein alone may not be sufficient to trigger 

neurodegeneration at early stages of the disease. Rather, it may be that additional factors 

such as oxidative stress are required to promote synapse and neuronal degeneration and in 

turn, a-synuclein spread from damaged synaptic terminals.  

 

To test the hypothesis, two experimental PD models were established in parallel. Either a 

synuclein preformed fibrils (PFFs) or the classic neurotoxin 6-hydroxydopamine (6-OHDA) 

were stereotaxically injected into the medial forebrain bundle (MFB) region of Sprague 

Dawley rats. Rats were assessed in a series of behavioural tests, and brain tissues were 

collected and used for immunohistochemical and biochemical experiments.  

 

In summary, the main findings deduced from the work of this thesis firstly demonstrated that 

a-synuclein PFFs can induce the phosphorylation of endogenous a-synuclein in locations 

which are distal to the MFB. These findings suggested that a-synuclein seeds spread from the 

MFB, mimicking the conventional spreading of pathological protein phenomenon as 

previously reported in the literature (Peng et al., 2018). However, despite a-synuclein spread, 

there were minimal changes in oxidative stress, tau phosphorylation or synaptic protein levels 

within the frontal cortex and hippocampal areas, and these were insufficient to cause robust 

behavioural phenotypes. A reduction in dopaminergic neurons within the substantia nigra (SN) 

was noted at 120 days post injection (d.p.i.). This was in line with previous findings where 
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progressive dopaminergic neuron loss occurs due to a-synuclein PFF (Paumier et al., 2015; 

Duffy et al., 2018; Abdelmotilib et al., 2017).  

 

In contrast, 6-OHDA caused rapid neuronal death in the SN within a short time frame of 3 

weeks post injection (w.p.i.). 6-OHDA also triggered the phosphorylation of tau in the 

hippocampus, and a-synuclein in regions distal from the injection site such as the frontal 

cortex and hippocampus. The induction of oxidative stress in conjunction with neuronal death, 

may be key in facilitating the spread of modified tau and a-synuclein, leading to 

neurodegenerative changes in regions related to cognition. These alterations likely underlie 

the deterioration of cognitive functions observed in 6-OHDA injected rats. Thus, data from 

this thesis supports the main hypothesis. 

 

The three time points used here were established using previous literature as guidance (Luk 

et al., 2012a; Duffy et al., 2018c; Abdelmotilib et al., 2017). The conversion of endogenous 

a-synuclein to a phosphorylated pathological counterpart after a-synuclein PFF injection was 

noted from as early as 60 d.p.i. and was maintained until the last time point examined (120 

d.p.i.). The phosphorylated a-synuclein was present in regions that were both in close 

proximity and distal to the MFB pathway. Structures such as the frontal cortex, striatum, 

hippocampus and SN region showed positive immunoreactivity for phosphorylated 

a-synuclein. For the first time, work from this thesis demonstrated that introducing a-

synuclein PFFs into a bundle structure consisting of both axons and fibres, allows spread of 

abnormal a-synuclein.  
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Results from this thesis demonstrated that when injected stereotaxically into the MFB fibre 

system a-synuclein PFFs allowed the appearance of phosphorylated a-synuclein in 

neuroanatomically connected regions from 60 d.p.i. However, the phosphorylated a-

synuclein noted across the 3 time points was less prominent compared to  findings reported 

by others (Duffy et al., 2018a; Luk et al., 2012a). This is likely due to the injection site as the 

MFB consists predominantly of white matter tracts and is a complex fibre system thus uptake 

of PFFs may not be as efficient. Secondly, compared to other studies the rat brain is 

substantially bigger in size therefore it may require an extended time frame in order for more 

intense phosphorylated a-synuclein pathology to develop.  

 

Despite the observation of phosphorylated a-synuclein pathology in various brain regions this 

was insufficient to trigger a motor or cognitive phenotype. The weak a-synuclein pathology 

also did not lead to changes in tau phosphorylation. This was anticipated as past literatures 

have rarely reported a-synuclein PFFs inducing tau phosphorylation in animal studies, unless 

with specific species of a-synuclein (Guo et al., 2013) or within a cell culture system (Waxman 

and Giasson, 2011). However, we were interested to investigate if there were any changes 

locally and thus we performed IHC, which confirmed few tau changes. However, due to the 

limited sample size additional experiments will be necessary to confirm these data. Based on 

the minimal IHC changes observed in phosphorylated tau, it was not unexpected that no tau 

changes were observed by western blot. In this model, injection of a-synuclein PFFs also did 

not lead to changes in synaptic protein levels. Past studies that have shown differences in 

synaptic protein amounts in response to PFFs have directly introduced PFFs to cultured 

neurons (Volpicelli-Daley et al., 2107) or via direct diffusion through patch clamp to single 

neurons (Wu et al.,2018). Overall, findings from this thesis add to a growing body of 
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knowledge that neuropathology requires an extended period of time to induce 

neurodegeneration. Furthermore, neuropathology may also not be sufficient to result in 

neuron loss. Although there was a trend in TH cell loss across the time points, there were 

brain regions with phosphorylated a-synuclein but absent of cell loss therefore suggesting 

that neuron loss is not solely dependent on the presence of phosphorylated a-synuclein.  

 

6-OHDA is a neurotoxin commonly used as a mimetic for experiment model of PD. The TH cell 

loss along with motor impairments observed at 3 w.p.i. are consistent with findings from our 

lab and others (Shah et al., 2019; Ma et al., 2014). The visuospatial impairment is also 

consistent with findings reported by Ma et al. (2014). The observation of phosphorylated a-

synuclein was unusual but not unexpected on the basis that other agents such as rotenone 

and MPTP also impair mitochondrial dysfunction leading to elevated oxidative stress and 

subsequently phosphorylation of a-synuclein (Scudamore et al., 2018). Therefore, as 6-OHDA 

is a free radical and is known to induce oxidative stress and impair mitochondria, it is likely 

for 6-OHDA to induce phosphorylation of a-synuclein. Additionally, since it has been long 

known that 6-OHDA does not induce LB pathology, it is possible that researchers have not 

further investigated this aspect. Secondly, 6-OHDA neurotoxin has not been used for the 

purpose of studying neuropathology, but rather for drug-induced dyskinesia and motor 

impairment therefore the possibility of 6-OHDA inducing phosphorylated a-synuclein may 

have been neglected.  Tau phosphorylation within a 6-OHDA may not have been investigated 

too extensively previously, further previous studies have not clearly shown the correlation 

between elevation of tau and 6-OHDA. The precise mechanism underlying the increase in tau 

phosphorylation is possibly due to the elevated levels of oxidative stress induced by 6-OHDA. 

However, further studies will need to be conducted to better understand the mechanisms 
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involved. Although, increased levels of phosphorylated tau are shown to be associated with 

brain injury (Edwards et al., 2020) it is likely not to be the cause of elevated phosphorylated 

tau levels observed in Figure 4.17-4.19 as the contralateral hemisphere of control animals 

also show increased levels of tau phosphorylation. Injections were only performed on 

ipsilateral hemisphere.    

 

Taken together, findings from the 6-OHDA model have shed insight into the role and 

importance of oxidative stress in PD-related neurodegeneration. In the context of this study, 

while neuropathology may not be sufficient to cause overt neurodegeneration, substantial 

increases in oxidative stress levels due to neuron loss and ROS (induced by 6-OHDA) can 

further trigger and promote disruptive changes throughout connected regions and contribute 

to neurodegeneration that may be mediated by changes in phosphorylated tau and reflected 

in reduced synaptic protein levels.  

 

5.2 Limitations of this study 
 
Uptake of a-synuclein PFFs within the MFB 
 
A caveat to injecting a-synuclein PFFs into the MFB, is the inability to monitor whether uptake  

of a-synuclein PFFs is solely due to neuronal cells. Evidence has demonstrated that a-

synuclein PFFs can also be transferred via astrocytes (Filippini et al., 2019), therefore nearby 

non-neuronal cells within the vicinity of the MFB site could potentially be involved  in uptake 

and spread of a-synuclein. Further studies will need to investigate the transmission process.  
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Testing executive function in rats 
 
The 5-choice serial reaction time test (5-CSRTT) was used here to examine executive function 

in rats, since this is the cognitive domain most affected in PDD. Due to technical difficulties 

and inexperience with the 5-CSRTT equipment, the data gathered from this test were 

considered inconclusive. Executive function tests for rats are currently limited. Therefore, it 

is desirable to repeat the 5-CSRTT with expert guidance, for example from Professor Tim 

Bussey at the University of Cambridge. It may also be of interest to extend this work to include 

labelling of parvalbumin expressing interneurons as demonstrated by (White et al., 2018a) 

which was found to be linked to changes in attention, at least in a mouse model of 

frontotemporal dementia/amyotrophic lateral sclerosis.  

 

Neuron loss 

There was a trend of neuron loss by 120 d.p.i. in the SN line with previous studies (Duffy et 

al., 2018; Luk et al., 2012) and it is likely a result of this structure being in close proximity to 

the MFB injection site. However, due to insufficient n numbers it is not possible to perform 

statistical analysis. Neuron loss was not investigated in the frontal and hippocampal regions 

this time but neurodegenerative changes in structures that are more distal from the MFB, 

may require an extended period of time to show degenerative changes, therefore it will be 

interesting to do so in future studies and at extended time points post injection.  

 
 
Examination of phosphorylation at different tau sites and other tau modifications 
 

Increases in tau phosphorylation were found here by immunohistochemistry but not Western 

blot. The immunohistochemistry data suggested that there were clusters of neurons 
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containing phosphorylated tau in the frontal cortex and hippocampus, as might be expected 

if there was a seeding event. These localised changes may therefore not be detectable when 

whole brain regions were homogenised for immunoblotting. Furthermore as only some 

modified species of a-synuclein can induce the accumulation of abnormal tau (Guo et al., 

2013; Lim et al., 2019). The data obtained here suggest that the low abundance of 

phosphorylated tau observed in frontal cortex and hippocampus was not sufficient to induce 

tau phosphorylation. Alternatively, it may be that other neurodegeneration-associated 

cellular changes were not induced sufficiently by a-synuclein PFFs.  

 

Nevertheless, it will be of interest to examine phosphorylation of tau at additional epitopes 

such as Tyr18 and Thr231 since phosphorylation at these two sites is suggested to occur at 

earlier disease stages than the epitopes examined in this thesis (Neddens et al., 2018). 

Moreover, phosphorylation at Tyr18 and Thr231 is suggested to promote disease progression 

(Neddens et al., 2018). Alternatively, additional tau modifications could be studied, for 

example using antibodies that detect conformational changes in tau such as MC1 (Jicha et al., 

1997). Alterations in tau conformation represent the transition of tau from soluble to 

aggregated forms and is one of the earliest pathological alterations of tau in AD (Jeganathan 

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

 

Tau cleavage is also suggested to play a role in changes in tau phosphorylation and 

aggregation (Noble et al., 2013; Rissman et al., 2004; Cho and Johnson, 2004). Tau cleavage 

is typically assessed using immunoblots with antibodies directed against different parts of the 

tau molecules. This work may be hindered by the apparent degradation of the samples used 

for western blotting here. However, such studies elucidate changes in tau in response to the 
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treatment with a-synuclein or 6-OHDA that are associated with synaptic alterations and 

dementia in these rat models.  

 

Tau mislocalisation from cytoplasm to synaptic compartments is associated with synaptic 

degeneration and dementia (Ittner et al., 2010; Hoover et al., 2010; Perez-Nievas et al., 2013). 

No alterations in synaptic tau amount was detected even at the latest time examined (120 

d.p.i.) in rats injected with a-synuclein PFFs. Similarly, there were minimal changes if any, in 

synaptic proteins in these animals; and they exhibited no cognitive disruptions. In contrast, 

loss of the post-synaptic marker PSD-95 and deficits in spatial and reference memory were 

apparent in rats injected with 6-OHDA. Had time allowed, it would have been interesting to 

explore whether tau mislocalisation occurred within the 6-OHDA group.  

 

Investigate glial involvement in detail 
 
Due to time restraint, it was not possible within this thesis to further investigate in detail the 

involvement of glia within the two models. Although preliminary findings from this thesis did 

not show astrocytic activation, several studies have shown that glia is actively involved in 

a-synuclein PFF models. Reactive microgliosis precedes nigral degeneration after PFF 

administration (Duffy et al., 2018) and an increase in pro-inflammatory response in microglia, 

with elevated cytokine production was been shown (Su et al., 2008; Klegeris et al., 2008). Both 

microglia and astrocytes are thought to participate in clearing and degradation of 

extracellular a-synuclein (Ferreira and Romero Ramos, 2018; Fillipini et al., 2019), therefore 

it would be of interest to pursue the involvement of glia in the context of this PFF model.  

Given that the load of phosphorylated a-synuclein appeared to have declined from 90 d.p.i. 

to 120 d.p.i. it is plausible that glia was involved in clearing the phosphorylated a-synuclein. 
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Secondly, despite profound evidence demonstrating that 6-OHDA triggers activation of both 

astrocytes and microglia (Kuter et al., 2018), it is still necessary to examine the presence of 

astrocytes in addition to the frontal cortex region, such as the hippocampus. Furthermore, 

the use of GFAP as an astrocytic marker is ideal for detecting the cytoskeleton, though 

revealing little information about the morphology. Analysis of astrocytic morphology will 

provide a better indication of activation. An increase in the number of primary processes from 

the soma and the thickness of the processes from the soma is indicative of reactive astrocytic 

activity (Wilhelmsson et al., 2006). It is crucial to first detect changes in microglia as well given 

that both astrocytes and microglia are thought to act in combination in response to the insult 

(Guzman-Martinez et al., 2019; Vainchtein and Molofsky, 2020). 

 
Examination of synaptic changes  
 
Alterations at synapses underlie the clinical features of neurodegenerative diseases (Bereczki 

et al., 2016; (Bereczki et al., 2018; Aarsland et al., 2017). Synaptic changes are commonly 

assessed in tissues by measuring changes in the abundance of specific synaptic proteins. Here, 

two pre-synaptic (synaptophysin and synaptotagmin), and two post-synaptic proteins (NR2B 

and PSD-95) were assessed. Synaptic changes are highly variable amongst DLB and PD 

patients (Bridi and Hirth, 2018), therefore it may be necessary to assess additional synaptic 

proteins to gain a more comprehensive understanding of potential changes to synapses in the 

two models. Additional markers could include Synapsin 2, SNAP25, or Synphilin 1 which were 

found downregulated in PD postmortem studies (Dijkstra et al., 2015; Bereczki et al., 2016). 

Most animal model studies that have demonstrated synaptic changes are based on 

overexpression of a-synuclein (Lim et al., 2011; Masliah et al., 2011), or application of 

synuclein PFFs to cultured rodent neurons in culture (Wu et al., 2019; Volpicelli-Daley et al., 
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2017). Thus, it is still unknown whether synaptic changes occur due to a-synuclein PFFs in a 

WT model system.  

 

Lastly, the immunoblotting method used here may have resulted in some loss of synaptic 

protein content. Therefore, additional approaches, such as using super-resolution structured 

illumination microscopy (SIM) to quantify the synapse density (Hong et al., 2016) should be 

considered in conjunction with the immunoblotting technique to detect for synaptic protein 

changes.  

 

The importance of specific regional effects  
 
This thesis primarily focused on changes in the frontal cortex and hippocampus that are 

associated with alterations in motor function and cognition. However, due to the 

dopaminergic loss observed within the SN at 120 d.p.i., it would be beneficial to also examine 

this region for changes in tau phosphorylation and localisation, and synaptic protein 

disruptions. This will further clarify the mode of degeneration induced by a-synuclein PFFs in 

terms of selective vulnerability, location to lesion site and time required. In the 6-OHDA model, 

it is important to test the assertion that the rapid and extensive loss of neurons in this area is 

sufficient to drive a-synuclein spread and/or degeneration in the frontal cortex and 

hippocampus. This could be performed by selectively knocking down SNCA gene expression 

in the SN, or by administering a neuroprotective agent alongside 6-OHDA.   

 
5.3 Future perspectives and remaining questions  
 
Remaining questions and future studies which would complement the findings described in 

this thesis include the following suggestions.  
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It will be important to demonstrate that a-synuclein PFFs spread via the MFB pathway. 

Sagittal sections of the MFB at each of the three time points could be co-immunolabelled with 

MAP2, a marker for axons, and phosphorylated a-synuclein to detect the spread of α-

synuclein PFFs along the MFB pathway. The extent of damage of neurons along the MFB was 

also not examined here, although it is plausible that damage to interneurons along the MFB 

may facilitate the spreading of pathological proteins to connecting regions. To investigate this, 

tissue could be cleared (Lai et al., 2018; Liu et al., 2016), and a-synuclein aggregates, 

phosphorylated tau and neurons can be co-labelled and visualised as a 3D reconstruction to 

enable better understanding of the relationship between these features, not just along the 

MFB pathway, but throughout the brain. Similarly, to find further if neuronal death in the SN 

contributes significantly to the spreading of pathological seeds and/or leads to a cascade of 

neurodegeneration events, structural magnetic resonance imaging (MRI) could be conducted 

to detect atrophy. 

 

5.4 Overview of thesis  
 
PD was discovered approximately 200 years ago by the British neurosurgeon James Parkinson. 

Since the initial discovery, great advances have been made in understanding the disease from 

all dimensions, from familial form to sporadic form with countless animal models being 

developed to mimic the disease. Despite this, there is still no cure for this debilitating disease. 

The aim of this thesis was not to provide a cure or drastic discovery that will immediately 

change the lives of those suffering from PD. However, this thesis did investigate a small yet 

critical aspect of the disease, namely to assess under which conditions dementia arises in PD. 

By understanding the importance of a-synuclein PFFs and oxidative stress in initiating 

neurodegenerative changes and cognitive abnormalities, it is hoped that a clear therapeutic 
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approach can be used to impede the onset of PD-related neurodegeneration. The data 

presented in this thesis indicate that a-synuclein alone is not sufficient to cause dementia in 

PD, and that accompanying marked oxidative stress and/or neuronal loss are required to 

induce cognitive decline. 

 

a-Synuclein has been the centre piece of PD research since its initial discovery by Spillantini 

in 1997 (Spillantini et al., 1997). Lewy bodies (LBs) are a cardinal hallmark of postmortem PD 

brain. However, as it is not possible to detect end-stage α-synuclein pathology until 

postmortem examination, many of the earlier events leading to the final stages of disease 

remain unclear. Animal models created for studying PD have the tendency to exhibit end 

stage disease with full blown pathology and behavioural phenotypes. With this in mind, this 

thesis investigated the importance of a-synuclein PFFs independently. It is known that a-

synuclein plays a key role in neurodegeneration and can influence the fibrillisation of tau 

(Giasson et al., 2003), as well as facilitating the spread of Ab (Clinton et al., 2010; Bassil et al., 

2020). As α-synuclein is the central component of LBs and also the main pathological hallmark 

of the disease, it is not surprising that α-synuclein is considered as the main villain that 

underlies neurodegeneration in PD.  

 

However, results from this thesis suggest that a-synuclein PFFs require a prolonged period 

of time to exert neurodegenerative changes. Findings from a cellular seeding based model 

suggest that LB formation is the critical driving force for neurodegeneration, through the 

disruption of cellular functions including mitochondrial damage and synaptic deficits (Mahul-

Mellier et al., 2020). Therefore, despite the abundance of phosphorylated a-synuclein 

induced by a-synuclein PFFs, due to the scarce LB inclusions in this model and the time frame 
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investigated, changes in tau phosphorylation and synaptic markers remained minimal and 

there was little impact on behavioural phenotypes. In contrast, concomitant with past 

literature, the role of oxidative stress seems integral for the neurodegeneration process. 

Oxidative stress leads to exacerbated disease progression in AD (Zhao and Zhao, 2013; Blesa 

et al., 2015) and findings from this thesis also suggest that a similar mechanism underlies the 

pathogenesis of PD. In the presence of elevated oxidative stress, acute changes associated 

with neurodegeneration occur, even in regions distal to the MFB (frontal and hippocampal 

regions).  

 

PD is a multifaceted disease and the complex impairment of multiple cellular systems and 

neurotransmitters contribute to disease progression. The initiation site of PD remains unclear, 

while mechanisms such as impairment in ubiquitin proteasome system (UPS) system, 

mitochondria and environmental factors are triggers for sporadic PD (Aarsland et al., 2017). 

Spreading of pathological a-synuclein seeds to differential anatomical regions, reflect the 

fluidity of the disease (Braak et al., 2003). Selective vulnerability has led to some sub-neuronal 

populations being affected more than others (Luna et al., 2018). 

 

Yet, findings from this thesis suggest that prior to the multifaceted impairment of cellular 

mechanisms, oxidative stress induced by 6-OHDA causes rapid and extensive neuron loss, and 

may also provide a primed environment where upon encounter with an external trigger, the 

neurodegeneration cascade proceeds. This results in impairment of multiple systems and 

development of modified proteins, spreading of pathology, and synaptic disruptions that 

ultimately cause both motor and cognitive impairment. 
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5.5 Conclusions 
 
Oxidative stress is a key factor in initiating neurodegenerative changes that may contribute 

to the cognitive decline underlying dementia in PD. a-Synuclein alone does not appear 

sufficient to cause neurodegenerative changes leading to cognitive decline, at least not within 

a relatively short time span. Findings from this thesis provide key insights into the 

mechanisms of PD pathogenesis and suggest that attenuation of oxidative stress and/or 

neuroprotective strategies may confer therapeutic benefit for impeding the progression of 

PD-related dementia.  
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Appendix 1- Statstistics table for all data within thesis 
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Treatment (Veh vs PFFs) 

Timepoint (training day) 

Interaction (treatment x timepoint) 

 

Treatment (Veh vs PFFs) 

Timepoint (training day) 

Interaction (treatment x timepoint) 

 

 

Treatment (Veh vs PFFs) 

Performance (target quadrant 

crossings) 

Interaction (treatment vs 

performance) 
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Performance (target quadrant 

crossings) 

Interaction (treatment vs 

performance) 

 

 

Treatment (Veh vs PFFs) 

Performance (target quadrant 

crossings) 

Interaction (treatment vs 

performance) 

 

F (4, 24) = 25.49 

F (1, 6) = 1.819 

F (4, 24) = 0.1110 

 

 

F (4, 24) =1.827 

F (1, 6) = 32.07 

F (4, 24) = 1.170 

 

 

F (4, 20) = 0.06062  

F (1, 5) = 36.34 

F (4, 20) = 0.5010 

 

 

 

F (3, 48) = 0.9696 

F (3, 48) = 0.06062 

F (1, 48) = 1.186 

  

 

 

 

F (3, 36) = 0.9628 

F (1.977, 23.73) = 
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F (1, 12) = 0.07314 

 

 

 

F (3, 24) = 10.63 

F (1, 20) = 10.09 

F (3, 20) = 3.106 

 

 

P=02261 

P<0.0001 
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P<0.0001 
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P<0.0001 
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P=0.0017 
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Figure 4.8 MWM 
 

A)Training curve  

 

 

 

B) Quadrant 

preference 
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Timepoint (training day) 

Interaction (treatment x timepoint)  

 

Treatment (Veh vs PFFs) 

Performance (target quadrant 

crossings) 

Interaction (treatment  vs 

performance) 

 

 

F (4, 36) = 11.68 

F (1, 9) = 17.75 

F (4, 36) = 1.888  
 

F (3, 27) = 11.19 

F (1, 9) = 1.326 

F (3, 27) = 6.070 

 

 

 

 

 

P P<0.0001 

P=0.0023 

P=0.1338 

 

 

P<0.0001 

P=0.2791 

P=0.0027 

 

 

 

 

 


