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Summary
The pathological hallmark of many age-related neurodegenerative diseases is the
presence of proteinaceous inclusions in nerve cells and glial cells. Alpha-synuclein is
the main component of the inclusions of Parkinson’s disease, dementia with Lewy
bodies and multiple system atrophy, as well as of rarer diseases, collectively called
synucleinopathies. For a long time, it was widely believed that neurodegenerative
diseases were cell-autonomous; however, a more recent hypothesis has suggested that
some misfolded proteins resemble prions. Thus, aggregated alpha-synuclein shares
features of PrP , the scrapie form of the prion protein.
Sc

The aim of this thesis was to further characterize the prion-like properties of
aggregated alpha-synuclein by studying the pathways of seeded aggregation, and to
identify the species of alpha-synuclein responsible. I present evidence, using a HEK
293T cell model, that filamentous protein was the most seed-potent form of alphasynuclein. Recombinant aggregated protein, aggregated alpha-synuclein from mice
transgenic for A53T alpha-synuclein, as well as alpha-synuclein aggregates from
Parkinson’s disease and multiple system atrophy brains, seeded aggregation.
The mechanisms of alpha-synuclein internalization and intracellular trafficking, and
how these processes affect seeded aggregation, are not fully understood. I showed that
internalization of alpha-synuclein aggregates occurs through clathrin- and dynaminindependent, Cdc42-, actin- and PI3K-dependent endocytosis. Alpha-synuclein
aggregates are trafficked to the endolysosomal pathway; a small fraction of lysosomes
ruptures, which induces aggregation of expressed cytoplasmic alpha-synuclein, and
disruption of autophagy, which in turn enhances seeded aggregation.
These findings expand knowledge of the prion-like properties of assembled alphasynuclein and identify novel mechanisms with therapeutic potential.
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1. Introduction
Neurodegenerative diseases are insidious late-onset disorders characterized by the
progressive deterioration of specific neurons and glia within the central nervous
system (CNS). There are many late-onset neurodegenerative diseases with diverse
clinical phenotypes. The clinical presentation of a given disease is determined by the
region-specific loss of neurons within the CNS. There are many proposed etiologies
that cause various neurodegenerative diseases. However, the main risk factor for
developing a neurodegenerative disease is age (Goedert 2001). With an increasing
aging population, the prevalence of neurodegenerative diseases is increasing and thus
they are a significant burden on health services worldwide (Kowall et al. 2013).
The pathological hallmark of most neurodegenerative diseases is the presence of
proteinaceous inclusions within neurons and glia. These inclusions are composed of
misfolded and insoluble proteins, that under physiological conditions are soluble. For
the vast majority of neurodegenerative diseases, only a few proteins are found within
proteinaceous inclusions. They include: alpha-synuclein, tau, amyloid-β, prion protein
(PrP), superoxide dismutase 1 (SOD1), huntingtin (Htt), TAR DNA-binding protein
43 (TDP-43) and fused in sarcoma (FUS) (Fig 1.1). The main proteinaceous
components of inclusions define specific neurodegenerative diseases (Table 1.1).
Under physiological conditions, these proteins do not misfold or form aggregates;
what is more, they share only few structural and functional similarities. However,
they all appear to have an intrinsic propensity to aggregate (Brettschneider et al.
2015). In disease, these misfolded proteins aggregate into insoluble filamentous
assemblies. The majority of filaments have amyloid properties and adopt cross-βsheet conformations, a possible exception being TDP-43 (Ross & Poirier 2004).
There are shared pathological features in neurodegenerative diseases: the aggregation
of normally soluble proteins, as well as the spread and amplification of aggregate
pathology over time (Goedert 2015). For a long time, it was believed that cellautonomous mechanisms accounted for aggregation events in neurodegenerative
diseases. However, recently, there has been increasing evidence to suggest that a noncell autonomous mechanism could underlie pathogenesis. The prion paradigm has
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emerged as a unifying principle for the pathogenesis of many age-related
neurodegenerative diseases, not just prion diseases (Prusiner 2012).
The main pathological event that occurs in most neurodegenerative diseases is the
conversion of soluble proteins into insoluble aggregates. Thus, understanding the
molecular processes that lead to the conversion of soluble proteins into insoluble
filamentous aggregates, is essential for understanding neurodegenerative diseases.
Moreover, the prion paradigm opens up new avenues for therapy, such that by
targeting aggregates, the progression and amplification of disease might be halted.

Figure 1.1: Proteinaceous inclusions characteristic of Alzheimer’s, Parkinson’s and
Creutzfeldt-Jakob diseases A. Alzheimer’s disease brain immunostained for amyloid-β
(brown) and hyperphosphorylated tau (purple), shows amyloid plaques and neurofibrillary
tangles B. Lewy pathology in the substantia nigra in Parkinson’s disease immunostained for
alpha-synuclein (dark brown) C. PrP immunoreactivity (purple) and spongiform degeneration
in the neocortex of Creutzfeldt-Jakob disease. Scale bar, 50μm, adapted from (Walker &
Jucker 2015).
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Protein inclusions
α-Synuclein

Neurodegenerative diseases
Parkinson’s disease (PD), dementia with Lewy bodies (DLB),
multiple system atrophy (MSA), neurodegeneration with iron
accumulation
Amyloid-β
Alzheimer’s disease (AD)
Tau
AD, tangle-only dementia (TD), Pick’s disease (PiD),
argyrophilic grain disease (AGD), progressive supranuclear
palsy (PSP), corticobasal degeneration (CBD), chronic
traumatic encephalopathy (CTE)
PrP
Prion diseases e.g Creutzfeldt-Jakob disease (CJD) (table 1.2)
Htt
Huntington’s disease (HD)
SOD-1
Inherited amyotrophic lateral sclerosis (ALS)
TDP-43
ALS (97% of ALS cases have TDP-43 inclusions) and
Frontotemporal lobar degeneration associated with TDP-43
(FTLD-TDP)
FET proteins
ALS and FTLD
Table 1.1: Protein inclusions and associated neurodegenerative diseases
1.1 Synucleinopathies
The pathological hallmark of neurodegenerative diseases is the presence of
proteinaceous inclusions within neurons and glia. Synucleinopathies is the name
given to a group of neurodegenerative diseases that are defined pathologically by the
presence of assembled insoluble and filamentous alpha-synuclein (Spillantini 1999).
Alpha-synuclein inclusions define many neurodegenerative diseases, the most
prevalent of which are: Parkinson’s disease (PD) and Parkinson’s disease with
dementia (PDD), dementia with Lewy bodies (DLB) multiple system atrophy (MSA)
and neurodegeneration with brain iron accumulation (Trojanowski & Lee 2003)
(Table 1.1). These diseases have diverse clinical manifestations; however, the
development of insoluble alpha-synuclein is a common feature. Therefore, the
fundamental pathological event in synucleinopathies is the conversion of the normally
soluble alpha-synuclein protein into insoluble ordered filamentous assemblies.
Understanding how and why alpha-synuclein converts into insoluble filaments is
crucial for understanding the pathogenic processes that lead to the development of
these devastating diseases.
1.1.1 Parkinson’s disease
PD is the second most common neurodegenerative disease after AD; it has a clinical
prevalence of 1% at age of 65, and 5% by the age of 85 (Shulman et al. 2010). PD is

18

the most common synucleinopathy, and the most common movement disorder. It is
characterized by the development of bradykinesia – slowness of movement, and at
least one of the following: muscle rigidity, resting tremor and postural instability
(Jankovic 2008). Additional non-motor symptoms (hyposmia, constipation, sleep
disruption and depression) precede the development of motor impairment (Hawkes et
al. 2009).
PD is a heterogeneous clinical disease; not all PD cases show the same clinical
manifestations or the same regional pathology. PD can be divided into typical PD,
where motor impairments are the predominant manifestation, and PD with dementia
(PDD), where there is pronounced development of dementia as well as classical
Parkinsonism. The development of dementia occurs late in disease, after the
appearance of motor symptoms.
The pathology that defines Parkinson’s disease is termed Lewy pathology, after
Friedrich Lewy who described intracytoplasmic inclusion bodies in the dorsal motor
nucleus of the vagus nerve of patients with PD (Lewy 1912). Lewy pathology consists
of Lewy bodies (LBs) and Lewy neurites (LNs). LBs are predominantly cytoplasmic
spherical inclusions, 5-25 μm in diameter, but LBs can also be found in nerve cell
processes and the neuropil. Typically, LBs have a dense eosinophilic core and a clear
surrounding halo (Duffy et al. 1965) (Fig 1.2). LBs in different regions of the brain
have been observed to have slightly different morphologies; brainstem LBs have a
dense core of filamentous and granular material, whereas cortical LBs have a less
well defined spherical shape, they lack the core and halo found in LBs of the
brainstem (Goedert 2001). LNs are abnormal neurites, dendritic or axonal, that
contain aggregated protein. A seminal discovery was made in 1997, when the main
proteinaceous component of LBs and LNs in PD and DLB was determined to be
alpha-synuclein (Spillantini et al. 1997). This discovery subsequently led to the
identification of alpha-synuclein within the proteinaceous inclusions of MSA
(Spillantini et al. 1998a; Wakabayashi et al. 1998; Tu et al. 1998). Since then,
research has focused on understanding why alpha-synuclein aggregates in disease.
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The classical clinical motor features of PD are caused by the death of dopaminergic
neurons within the substantia nigra pars compacta. The death of a subset of
dopaminergic neurons leads to the gradual decline in dopamine within the midbrain,
and the dysregulation of the basal ganglia, and thus to the disinhibition of movement
(Braak & Del Tredici 2008). It is important to differentiate PD and Parkinsonism. The
clinical characteristics that define PD are termed Parkinsonism. We use the definition
of PD as Parkinsonism due to neuronal death caused by the development of Lewy
pathology within the CNS. PD is defined by the pathology, and thus is diagnosed at
post mortem. The death of a specific subset of neurons within the substantia nigra can
also be caused by the mitochondrial toxin 1-methyl-4-phenyl-1,2,3,6tetrahydropyridine (MPTP) (Langston et al. 1983). In the 1980s a group of individuals
developed Parkinsonism after the intravenous administration of MPTP. The pesticides
rotenone and paraquat have also been shown to cause dopaminergic cell loss in
animal models (Cannon et al. 2009; Shulman et al. 2011).
The only effective treatment for the dysregulation of movement in PD is L-DOPA.
This therapy only alleviates symptoms of disease and does not prevent the
neurodegenerative process. What’s more, other nonmotor symptoms such as
depression and dementia are not alleviated by L-DOPA. There is a great demand for
therapies that seek to prevent or halt the neurodegenerative process.

Figure 1.2: Lewy pathology in PD
Lewy pathology consists of Lewy bodies (A) and Lewy neurites (B) which are shown by
immunohistochemistry with alpha-synuclein antibody (brown), Scale bar (A), 10 μm, (B) 90
μm. These inclusions are composed of filaments of alpha-synuclein (C) shown by
immunoelectron microscopy. Scale bar, 100nm. Images adapted from (Spillantini et al.
1998b).
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1.1.2 Dementia with Lewy bodies
DLB is the second most common neurodegenerative dementia, after AD (Donaghy &
McKeith 2014). The predominant clinical feature of DLB is the development of an
early-onset and progressive dementia. Patients show persistent memory impairment,
fluctuating cognition, depression, attention deficits, recurrent visual hallucinations
and Parkinsonism (Aarsland et al. 2004).
DLB is characterized by the presence of abundant Lewy pathology within the
substantia nigra, locus coeruleus, nucleus basalis, striatum, amygdala, limbic system
and neocortex (Kosaka 1978; Tsuboi et al. 2007). It differs from PD, but has
pathological and clinical similarities to PDD. DLB is not a pure synucleinopathy, as it
can overlap neuropathologically with AD. One third of cases are thought only to
develop Lewy pathology, but the majority also develop amyloid-β and tau pathologies
(Mrak & Griffin 2007). The major difference between PDD and DLB is that DLB
patients develop dementia earlier and are also confounded by tau and amyloid-β
pathologies, whereas the onset of dementia in PDD develops at least 1 year after the
development of parkinsonism (Janvin et al. 2006; Mollenhauer et al. 2010). However,
it is thought that PDD and DLB exist on a clinical spectrum, with classical PD with
minor cognitive impairment and cortical pathology at one end, and DLB with severe
cognitive impairment, and severe cortical pathology, with or without PD, at the other
end (Spillantini & Goedert 2000; Jellinger 2009).
1.1.3 Multiple system atrophy
MSA is an aggressive neurodegenerative disease; the mean age of onset is 54 years,
with death occuring on average six years after disease onset (Wenning et al. 1997;
Burn & Jaros 2001). There are two subtypes defined according to the predominant
motor impairment and neuropathology, MSA with Parkinsonism (MSA-P) and MSA
with cerebellar ataxia (MSA-C); however, there is clinical and pathological overlap
(Gilman et al. 2009). Both subtypes exhibit autonomic failure, which comprises
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urinary incontinence and orthostatic hypotension. MSA-P is the predominant form,
Parkinsonism develops in ~84% of cases, and pure cerebellar forms account for ~16%
(Burn & Jaros 2001).
MSA is characterized pathologically by the presence of argyrophilic alpha-synuclein
inclusions within glia and neurons (Papp et al. 1989; Tu et al. 1998; Wakabayashi et
al. 1998). Alpha-synuclein aggregates are predominantly found in the cytoplasm of
oligodendrocytes, these inclusions are termed glial cytoplasmic inclusions (GCIs).
Neuronal nuclear inclusions (NNIs) and neuronal cytoplasmic inclusions (NCIs) also
define MSA pathology, but they are found to a lesser extent (Burn & Jaros 2001).
GCIs are eosinophilic inclusions that displace the nucleus, and are positive using
silver staining and ubiquitin (Castellani 1998), but are negative for thioflavin S and
Congo red (Burn 2001). However, insoluble filaments of alpha-synuclein are present
(Spillantini et al. 1998a). They have similar morphologies as those extracted from PD
and DLB brains (Goedert 2001).
MSA-P patients have striatonigral degeneration and GCI pathology, whereas MSA-C
patients have olivopontocerebellar degeneration and GCI pathology. In MSA-P there
is degeneration of the putamen. In MSA-C there is degeneration of the cerebellum,
cerebellar peduncle, pons, medulla and posterolateral putamen. There is a significant
correlation between the frequency of GCIs and the severity of neurodegeneration
(Ozawa et al. 2004). Although the main clinical presentation of MSA-P is
Parkinsonism, olivopontocerebellar pathology is also present in most cases (Ozawa et
al. 2004).
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Fig 1.3: Alpha-synuclein pathology in MSA
The defining pathology of MSA is the presence of GCIs (A), Immunohistochemistry for
alpha-synuclein reveals GCI pathology within cerebellar white matter (A) and NCI (B, double
arrows) and NNI (B, triple arrows) pathologies in pontine nuclei. Images adapted from (Burn
& Jaros 2001). Scale bar, 30 μm.

1.1.4 Heterogeneity of synucleinopathies
The aggregation of alpha-synuclein in PD, DLB and MSA results in different
neurodegenerative diseases. These diseases have different ages of onset and severity
of progression. They also show different alpha-synuclein inclusion morphologies,
with differing neuronal and glial populations affected. It is not known what induces
alpha-synuclein to aggregate in these diseases. It also remains to be determined how
the mechanisms underlying inclusion body formation relate to neuronal and glial cell
loss.
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1.2. Familial synucleinopathies
In 1997 linkage analysis of families with autosomal-dominant PD led to the
identification of the A53T mutation in the alpha-synuclein gene (SNCA)
(Polymeropoulos 1997). This was the first evidence that linked alpha-synuclein to
PD, and was the first observed monogenetic cause of the disease. To date, seven point
mutations have been discovered in SNCA that give rise to PD, PDD and/or DLB:
A30P, E46K, H50Q, G51D, A53T, A53E and A53V (Polymeropoulos 1997; Krüger
et al. 1998; Zarranz et al. 2004; Appel-Cresswell et al. 2013; Lesage et al. 2013; Kiely
et al. 2013; Pasanen et al. 2014; Yoshino et al. 2017). A53T is the most common
mutation in SNCA (Klein & Westenberger 2012).
All missense mutations in SNCA lead to the formation of alpha-synuclein inclusions
within neurons and glia of the CNS with age. However, SNCA missense mutations do
not cause one distinct synucleinopathy. The clinical phenotypes and regional alphasynuclein pathology caused by the seven missense mutations differ, giving rise to PD,
PDD and MSA-like disorders (Nussbaum 2017). The A53T mutation causes an earlyonset, rapidly progressive PD. It is believed that point mutations within SNCA
generally cause earlier onset forms of PD that are more aggressive than sporadic PD.
An exception is the H50Q mutation, which causes late-onset PDD, the ages of onset
being 60 years and 71 years (Appel-Cresswell et al. 2013; Proukakis et al. 2013).
Moreover, pathologically, the H50Q mutation causes a synucleinopathy that
resembles idiopathic PD. On the other hand, the E46K mutation causes PDD with
prominent psychiatric abnormalities (Zarranz et al. 2004). The G51D mutation
displays an unusual PD phenotype; the disease was of an early-onset and rapidly
progressive, and had pathological characteristics of both PD and MSA (Kiely et al.
2013; Lesage et al. 2013; Kiely et al. 2015). There were widespread cortical and
subcortical neuronal alpha-synuclein inclusions, as well as inclusions within
oligodendrocytes resembling GCIs. The A53E mutation also causes atypical PD with
an early-onset, at 36 years of age. There was a high abundance of Lewy pathology
throughout the brain and spinal cord, and both neuronal and glial inclusions were
observed (Pasanen et al. 2014).
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Moreover, increased gene dosage of SNCA is sufficient to cause PD; heterozygous
and homozygous duplications and heterozygous triplications of SNCA have been
reported in both familial and sporadic cases of PD (Singleton et al. 2003; ChartierHarlin et al. 2004; Ibanez et al. 2004; Ikeuchi et al. 2008) (Fig 1.4). Duplication of
SNCA leads to an increase in alpha-synuclein concentration of 50%, which causes a
late-onset form of PD, which is indistinguishable from idiopathic PD. Triplication of
SNCA, leads to an increase in alpha-synuclein concentration of 100% and this
produces an earlier onset (by ~10 years) and a more aggressive form of PD (Klein &
Westenberger 2012; Konno et al. 2016). Seventeen cases of SNCA duplication have
been reported, 13 from familial PD kindreds, and 4 from sporadic cases (Klein &
Westenberger 2012). These findings have proved that the expression level of alphasynuclein is a major risk factor for developing PD. There is a dosage effect with age
of onset and severity correlating with the number of copies of SNCA.
Other genes have also been implicated in the development of alpha-synuclein
pathology. The Leucine-rich repeat kinase 2 (LRRK2) gene (LRRK2) has been
genetically linked to the development of familial PD. Mutations in LRRK2 are a
frequent cause of late-onset autosomal-dominant PD, as well as sporadic PD (Klein &
Westenberger 2012). LRRK2 encodes a large 2527 amino acid enzyme, the precise
physiological function of which is unknown. However, recent studies have suggested
that LRRK2 functions in autophagic protein degradation, neurite outgrowth,
cytoskeletal maintenance and vesicle trafficking (Li et al. 2014). PD caused by
LRRK2 mutations progresses slowly, and dementia is uncommon. Although LRRK2
mutations are the most frequent cause of PD, it is important to note that not all PD
cases with LRRK2 mutations have Lewy pathology (Marti-Masso et al. 2009). An
autosomal dominant PD kindred, with alpha-synuclein pathology, was discovered to
have mutations within TMEM230, a gene of previously unknown function. Deng et al
propose that the gene codes for a neuronal transmembrane protein that is localized to
synaptic vesicles, adding to the idea that disrupted vesicle trafficking plays an
important role in PD pathogenesis (Deng et al. 2016).
MSA is rarely familial (Soma et al. 2006); no genetic mutations were linked to the
disease until recently (Ozawa 2006). Despite the presence of alpha-synuclein
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pathology, there is little genetic evidence to link SNCA to MSA. Polymorphisms in
SNCA have been identified and are thought to influence disease susceptibility (AlChalabi et al. 2009; Scholz et al. 2009), and the G51D and A53E SNCA mutations
result in MSA-like pathologies (Kiely et al. 2013; Lesage et al. 2013; Pasanen et al.
2014; Kiely et al. 2015). On the other hand, a genome-wide association study
(GWAS) found no association between MSA and SNCA (Sailer et al. 2016).

Fig 1.4: The genetics of SNCA
Multiplications, both duplications and triplications, of SNCA cause familial PD. Missense
mutations also cause dominantly inherited forms of familial PD and DLB; the seven known
missense mutations in SNCA are shown above, figure adapted from (Goedert 2015).
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1.3 Sporadic synucleinopathies
The majority of synucleinopathy cases are sporadic; around 90% of PD cases have no
identifiable cause (Thomas & Beal 2007). DLB and MSA are considered to be largely
sporadic disorders. The etiology of sporadic PD, DLB and MSA remains unknown,
but there is evidence to suggest that increases in alpha-synuclein levels are a risk for
disease. The dosage effect, shown to cause familial PD, has been further supported by
a GWAS, which revealed that common genetic variants significantly increased PD
risk by upregulating SNCA expression, such as the NACP-Rep1 allele (Tan et al.
2000; Maraganore et al. 2006; Cronin et al. 2009). Moreover, a significant association
between risk for PD and the number of single nucleotide repeats located at both 5’
and 3’ ends of SNCA has been shown (Nalls et al. 2014).
The most common genetic risk factor for developing idiopathic PD are mutations
within GBA1 (Swan & Saunders-Pullman 2013). GBA1 codes for glucocerebrosidase,
a lysosomal enzyme. Homozygous mutations lead to the loss of enzymatic activity of
glucocerebrosidase, which causes Gaucher’s disease (GD) (Sardi et al. 2015; Schapira
2015). It was discovered that some patients with GD develop features of
Parkinsonism, and at post mortem individuals showed the development of Lewy
pathology (McKeran et al. 1985). Its significance in PD pathogenesis was further
demonstrated when it was found that the frequency of GBA1 mutations within
sporadic PD population was significantly higher than in healthy controls; 5-10% of
sporadic PD individuals have mutations within GBA1 (Lesage et al. 2011). These
observations established a link between lysosomal dysfunction and alpha-synuclein
accumulation. It is thought that GBA dysfunction does not initiate Lewy pathology,
but acts to enhance alpha-synuclein aggregation by increasing the levels of alphasynuclein within the CNS (Goedert et al. 2013).
It has been proposed that environmental pathogens can also induce alpha-synuclein
aggregation; this was proposed after the observation that alpha-synuclein pathology
appears to be initially located to the enteric nervous system (ENS) and olfactory bulbs
in sporadic PD (Braak et al. 2006). It was hypothesized that an external agent could
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be internalized by the body and induce alpha-synuclein aggregation (Braak, Del
Tredici, et al. 2003). Moreover, a large-scale epidemiologic evaluation of patients
who received full vagotomies revealed a significantly reduced risk of developing
sporadic PD (Svensson et al. 2015; Lui et al. 2017). No such pathogen or toxin has yet
been identified, and it is thought that the pathogen could be aggregated alphasynuclein itself.
1.4 Alpha-synuclein
Alpha-synuclein belongs to a family of proteins, collectively termed the synucleins,
which consists of three members: alpha-synuclein, beta-synuclein and gammasynuclein (George 2001).
1.4.1 From gene to protein
SNCA encodes alpha-synuclein; the gene is around 112kb in length and consists of
five exons. Alternatively spliced variants of alpha-synuclein lacking exon 3 or exon 5
exist; however, the predominant form present in brain is the full-length non-spliced
protein (Jellinger 2003).
Alpha-synuclein is a 140 amino acid protein, which has little secondary structure, and
is natively unfolded. It can be split into three distinct regions, the amphipathic Nterminal region (amino acids 1-60), the non amyloid β component (NAC) core (amino
acids 61-95) and the highly acidic and proline-rich C-terminal tail (amino acids 96140) (Fig 1.5).
The primary structure of alpha-synuclein alludes to its functional properties. The
amphipathic lysine-rich amino terminus modulates interactions with lipids (Eliezer et
al. 2001; Lashuel et al. 2013). The amino-terminus contains seven imperfect 11residue repeats (XKTKEGVXXXX) that include a highly conserved KTKEGV motif
(Davidson et al. 1998). Apolipoproteins have similar KTKEGC repeats and it has
been shown that they also facilitate lipid binding. Alpha-synuclein adopts an alpha-

28

helical conformation upon lipid binding, which is facilitated by these repeat motifs
(Davidson et al. 1998; Ulmer et al. 2005) (Fig 1.6).
The central region of alpha-synuclein is hydrophobic; it comprises amino acids 61-95
and was purified from AD plaque preparations and termed the non-amyloid β
component (NAC) region (Ueda et al. 1993). The NAC region is critical for
aggregation; deletion of residues 71-82 inhibits protein aggregation (Giasson et al.
2001; Waxman & Giasson 2009).
The carboxy terminus of alpha-synuclein is unstructured. The C-terminus contains
many negatively charged residues; it contains 10 glutamate and 5 aspartate residues,
which have been proposed to be essential for maintaining solubility (Ulmer et al.
2005). The carboxy terminus is thought to be important in interacting with other
proteins (Bendor et al. 2013).

Fig 1.5: Schematic of alpha-synuclein
The amphipathic N-terminal region contains seven imperfect KTKEGV repeats, shown in
grey. The NAC domain spans from amino acids 61-95 and is the aggregation core of alphasynuclein. The C terminal tail is unstructured. Image adapted from (Wang & Hay 2015).

1.4.2 The physiological form of alpha-synuclein
The tertiary structure of alpha-synuclein, and its naturally occurring multimeric
assemblies, under physiological conditions, are subject to debate; multiple
conformations have been proposed to be the physiological form of the protein (Pineda
& Burré 2017).
It is widely accepted that in solution alpha-synuclein exists as a natively unfolded
protein, with no secondary structure (Weinreb et al. 1996; Chandra et al. 2003; Fauvet
et al. 2012; Burré et al. 2013). Recombinant alpha-synuclein purified from E.coli was
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determined by nuclear magnetic resonance (NMR) to exist as an unfolded monomer
(Eliezer et al. 2001; Ulmer et al. 2005). However, upon binding to phospholipid
membranes, alpha-synuclein adopts an α-helical conformation that is believed to
mediate its physiological function (Davidson et al. 1998; Perrin et al. 2000) (Fig 1.6).
Alpha-synuclein can bind to membranes of different lipid compositions (Snead et al.
2014); this is facilitated by the imperfect KTKEGV repeats in the N-terminus of the
protein (Davidson et al. 1998; Jo et al. 2000; Perrin et al. 2000; Eliezer et al. 2001;
Chandra et al. 2003). The repeats enable the protein to make exactly three turns of a
helix and interact directly with phospholipid membranes (Bendor et al. 2013). Alphasynuclein’s ability to bind to lipid membranes requires acidic head groups, suggesting
an interaction of the membrane with lysines found on the opposite side of the α-helix
(Jo et al. 2000).
Alpha-synuclein has been reported to adopt an open or broken α-helix depending on
the lipid membrane it is binding to. Upon binding to membranes with high curvature,
it adopts a conformation, containing two α-helices from amino acids 3-37 and 45-92
in a roughly anti-parallel arrangement, with a short linking region (Ulmer et al. 2005)
(Fig 1.6C). Upon binding to lipids with low membrane curvature, alpha-synuclein
adopts an elongated single α-helix that contains amino acids 33-92 (Chandra et al.
2003; Ulmer et al. 2005; Mor et al. 2016) (Fig 1.6B). Although alpha-synuclein has
the ability to bind to a variety of membranes, it preferentially binds to membranes
with high curvature and a high abundance of acidic phospholipids (Mor et al. 2016).
Recombinant purified alpha-synuclein is believed to be unfolded; however, in the cell
under physiological conditions, its structure remains contentious. It has recently been
proposed that alpha-synuclein exists in equilibrium between a monomeric unfolded
state and a folded, helical tetrameric state (Bartels et al. 2011; Luth et al. 2014).
Bartels et al purified cross-linked alpha-synuclein from red blood cells and neurons
and reported the presence of a 60kDa species (Bartels et al. 2011). The proposed
tetramers of alpha-synuclein are stable in solution and do not aggregate readily. This
finding was reproduced using electron microscopy and NMR of alpha-synuclein
purified by non-denaturing methods (Wang et al. 2011). However, others have
reported that alpha-synuclein exists predominantly as an unfolded monomer (Fauvet
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et al. 2012; Burré et al. 2013). Burré et al showed that the native state of alphasynuclein in the brain is almost exclusively monomeric (Burré et al. 2013). Wang et
al proposed that alpha-synuclein multimers cluster synaptic vesicles and attenuate
recycling. They proposed a physiological form of alpha-synuclein that acts to
facilitate synaptic transmission at the synapse (Wang et al. 2014).
Moreover, a recent study using NMR and electron paramagnetic resonance (EPR)
spectroscopy on cells, showed that alpha-synuclein is N-terminally acetylated under
physiological conditions and adopts a compact monomeric conformation (Theillet et
al. 2016).

Fig 1.6: The structure of soluble alpha-synuclein
The N-terminal amphipathic region of alpha-synuclein can exist in two conformations, the
open helix (top panel) and a broken helix when micelle bound (bottom panel) Image adapted
from (Ferreon et al. 2009; Lashuel et al. 2013).
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1.4.3 The structure of aggregated alpha-synuclein
LBs of PD and DLB, as well as GCIs and NNIs of MSA, are composed of
filamentous and granular material, which was discovered to be predominantly
composed of aggregated alpha-synuclein (Spillantini et al. 1998a; Spillantini et al.
1998b). Electron microscopy of purified neuronal inclusions from PD, DLB and MSA
brains revealed the presence of immunopositive filaments of alpha-synuclein, which
were 10-30nm in diameter. Isolated alpha-synuclein filaments from PD and DLB
brains were similar (Goedert 2001). Two types of alpha-synuclein filaments were
observed in MSA brains: twisted and straight (Spillantini et al. 1998a).
After its identification as the main proteinaceous component of PD, DLB and MSA
inclusions, it was shown that alpha-synuclein has an intrinsic propensity to aggregate
(Crowther et al. 1998; Conway et al. 1998). Alpha-synuclein has an overall low
hydrophobicity and a high net charge, alterations to the protein environment that
increase its hydrophobicity or decrease its net charge induce partial folding.
Recombinant full-length alpha-synuclein can assemble into insoluble filaments in
vitro, under conditions of high protein concentration, physiological pH, 37 C and
o

constant agitation (Conway et al. 1998; Hashimoto et al. 1998; Narhi et al. 1999;
Wood et al. 1999). In the human diseases alpha-synuclein adopts a β-pleated sheet
conformation, and amyloid dyes, such as thioflavin S and Congo red stain Lewy body
inclusions (Nilsson 2004). This is also true of recombinant aggregates of alphasynuclein, X-ray and electron fiber diffraction revealed filaments to have cross-β
conformation (Serpell et al. 2000).
The NAC region of alpha-synuclein has been described as the aggregation core. Betasynuclein and gamma-synuclein do not aggregate in vitro under the above conditions
or in disease (Biere et al. 2000; Serpell et al. 2000; Uversky et al. 2002). Part of the
NAC region of alpha-synuclein, amino acids 73-83, is not present in beta-synuclein
and has little sequence homology to gamma-synuclein (Jakes et al. 1994; Biere et al.
2000). Indeed, the residues indispensable for aggregation have been identified as
amino acids 67-82, the deletion of residues 71-82 greatly diminishes alphasynuclein’s ability to aggregate in vitro (Giasson et al. 2001; Zibaee et al. 2007).
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Waxman et al showed that the deletion of residues 67-71 resulted in a significant
reduction in amyloid formation, but filament assembly was not completely abolished
(Waxman et al. 2009). Moreover, beta-synuclein can be rendered fibrillogenic in
vitro, by the introduction of mutations that change its sequence to resemble the NAC
region of alpha-synuclein (Zibaee et al. 2010).
Recent studies have attempted to elucidate high-resolution structures of alphasynuclein filaments, to better understand how alpha-synuclein misfolds and assembles
into filaments in disease. Two papers have been published proposing different folded
ultrastructures of filamentous alpha-synuclein. Tuttle et al published a high-resolution
structure of recombinant wild-type alpha-synuclein fibrils, which could induce alphasynuclein aggregation in primary neurons, by solid state NMR. They showed that the
alpha-synuclein fibrils exhibited parallel in-register-β-sheets with hydrogen bonding,
an intermolecular salt bridge between residues E46 and K80, steric zippers involving
the hydrophobic side chains and a glutamine ladder along the fibril axis (Tuttle et al.
2016). The structure had a compact Greek-key topology, which was facilitated by
flexible amino acids within the core of the fibril. The width of the fibrils was
determined to be 4.6nm, which is similar to the diameter of single untwisted filaments
extracted from PD brains (Tuttle et al. 2016). This Greek-key structure is
considerably more complex than the β-serpentine model previously proposed (Vilar et
al. 2008), and differs from recently proposed computational models (Atsmon-Raz et
al 2015). Moreover, the β-sheets in alpha-synuclein are not fully extended, as was
previously suggested (Comellas et al. 2011), they adopt a more compact structure and
are no longer than 7 amino acids (Tuttle et al. 2016).
Rodriguez et al synthesized a 11 amino peptide corresponding to residues 68-78 of
alpha-synuclein. The peptide was crystallized and its structure determined by
microelectron diffraction (Rodriguez et al. 2015). The resulting structure of the core
was face-to-face extended β-sheets containing a steric zipper. Rodriguez et al
revealed that the structure of the aggregated peptides showed similar diffraction
patterns to full-length alpha-synuclein filaments. However, the peptides used in this
study lacked residues that have been proposed by Tuttle et al to contribute to the
folding of the core, such as E46, Q79, K80, I88, A91 and F94.
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Multiple forms of aggregated alpha-synuclein can exist in disease and in vitro; alphasynuclein is considered to exist as an unaggregated monomer, aggregated oligomers,
and aggregated filaments in disease (Lashuel et al. 2013). The term “oligomer”
includes a wide range of alpha-synuclein species, from dimers, trimers and tetramers
to small soluble aggregated forms with spherical morphology (Lashuel et al. 2013).
Pathological oligomeric species of alpha-synuclein from brain are not well
characterized. However, it is evident from in vitro studies that many forms of
recombinant oligomeric species can exist (Goldberg & Lansbury 2000; Apetri et al.
2006; Hong et al. 2008; Nath et al. 2010; Horvath et al. 2012). Cremades et al used
Förster resonance energy transfer (FRET) to analyse the structural characteristics of
recombinant alpha-synuclein oligomers. They found that the conversion of soluble
alpha-synuclein into oligomeric species was low, indicating a high kinetic barrier.
They observed two types of oligomers, an initial oligomer, which was proteinase K
sensitive, and a second stable more proteinase K resistant oligomer with β-sheet
structure. The initial oligomer had distinct FRET peaks; however, the structures were
not persistent (Cremades et al. 2012). The extent to which recombinantly produced
oligomers resemble oligomers in disease is unknown.

Fig 1.7: The proposed atomic structures of recombinant alpha-synuclein filamentous
aggregates
A. Rodriguez et al proposed a structure showing two faces of extended β-sheets with a steric
zipper. B. Tuttle et al proposed a structure showing a compact Greek key motif and folding of
alpha-synuclein to have parallel in register β-sheets into a 5nm wide filament. Images adapted
from (Rodriguez et al. 2015; Tuttle et al. 2016).
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1.4.4 The physiological function of alpha-synuclein
Alpha-synuclein is predominantly, and widely, expressed throughout the nervous
system, comprising 0.1% of total cytosolic brain protein (Stefanis 2012). In the brain
alpha-synuclein is enriched at presynaptic nerve terminals, it is also found, to a lesser
extent, within the cell body, dendrites and axons of neurons (Iwai et al. 1995). In
presynaptic nerve terminals alpha-synuclein associates with synaptic vesicular
membranes (Kahle et al. 2008). The first function attributed to alpha-synuclein was in
neuronal plasticity. It was discovered, in canaries and zebra finches, that alphasynuclein expression in the brain correlated with plasticity in the development of bird
song (George et al. 1995); the first evidence linking alpha-synuclein to regulation of
the synapse.
A greater understanding of the function of alpha-synuclein came from the analysis of
knockout mouse models (Abeliovich et al. 2000; Cabin et al. 2002), and through
alpha-synuclein suppression using anti-sense oligonucleotides (Murphy et al. 2000).
Alpha-synuclein knockout mice were viable and showed no distinct abnormalities,
indicating that alpha-synuclein is dispensable for viability and development of the
nervous system (Abeliovich et al. 2000). However, SNCA knockout mice were
reported to show impairments in hippocampal synaptic transmission. Murphy et al
used oligonucleotides to decrease alpha-synuclein expression in primary hippocampal
neurons by 50%. They observed a decrease in synaptophysin and synapsin-1 levels
and a reduction in the number of undocked vesicles in synaptic terminals (Murphy et
al. 2000). Prolonged trains of high frequency stimulation depleted the synaptic vesicle
pool compared to wild-type mice (Fig 1.8). Electron microscopy of hippocampal
synapses revealed a selective deficiency in undocked vesicles (Murphy et al. 2000). It
was concluded that alpha-synuclein is required for the maintenance of presynaptic
vesicles and that it functions to regulate synaptic mobilization. This was further
supported by another study, which also showed that SNCA knockout mice
demonstrate vesicle abnormalities. The authors observed a decrease in the size and
number of readily releasable vesicles, and abnormal recycling of synaptic vesicles
after endocytosis (Cabin et al. 2002). Thus, alpha-synuclein appeared to promote
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neurotransmitter release, suggesting that it has an active, yet dispensable, role in
synaptic transmission.
Conversely, the effects of alpha-synuclein overexpression on synapse function have
been analysed. Transgenic mice overexpressing alpha-synuclein showed impairments
in synaptic vesicle release and reduced neurotransmitter release, as well as impaired
vesicle recycling (Yavich 2004; Scott & Roy 2012; Gaugler et al. 2012; Nemani et al.
2010). Moreover, overexpression has been found to reduce dopamine reuptake
(Lundblad et al. 2012), whereas accelerated dopamine reuptake was observed in
alpha-synuclein knockout mice (Abeliovich et al. 2000).
Direct binding of alpha-synuclein to synaptic vesicles has been demonstrated in vivo
(Fortin 2005; Wang et al. 2014). Fortin et al showed transient binding of alphasynuclein to synaptic vesicles; labelled alpha-synuclein, upon neuronal firing,
migrated away from vesicles to which it gradually returned (Fortin 2005). Moreover,
alpha-synuclein rescued the phenotype of cysteine string protein-α (CSP-α) null mice.
CSPα is an abundant synaptic vesicle protein involved in vesicle release, the deletion
of which in mice causes the loss of SNARE complex assembly and results in
progressive synaptic degeneration. In CSPα null mice, ablation of alpha-synuclein
and beta-synuclein exacerbated the degeneration of synapses. However, transgenic
expression of alpha-synuclein rescued neurodegeneration and corrected the assembly
of SNARE complex formation. Thus, it was proposed that alpha-synuclein could act
in synergy with CSPα in the assembly of vesicular SNARE complexes (Chandra et al.
2005).
Alpha-synuclein has also been shown to bind to synaptobrevin 2 (VAMP-2), and has
been directly implicated in neurotransmitter release (Burré et al. 2010). Synaptobrevin
2 is a synaptic vesicle protein involved in the docking and fusion of synaptic vesicles.
Burré et al demonstrated the binding of the C-terminus of alpha-synuclein to the Nterminus of synaptobrevin 2, which promoted SNARE complex assembly. The triple
knockout of synucleins exhibited decreased SNARE assembly, suggesting that they
act as chaperones to maintain SNARE assembly (Burré et al. 2010).
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However, as knockout mice are viable, alpha-synuclein is not an essential component
in neurotransmitter release. What’s more, alpha-synuclein is not found in
invertebrates (George 2001). A recent paper demonstrated the ability of endogenous
and overexpressed alpha-synuclein to accelerate the kinetics of individual exocytic
events and to promote cargo discharge by promoting dilation of the fusion pore during
exocytosis (Logan et al. 2017).

Fig 1.8: A physiological function of alpha-synuclein
Electron microscopy of hippocampal synapses in SNCA (A) and SNCA mice (B). SNCA
mice show fewer synaptic vesicle pools, and the number of docked vesicles remains
unchanged. Alpha-synuclein is proposed to bind to synaptobrevin 2 on synaptic vesicles (C).
Images adapted from (Cabin et al. 2002; Burré et al. 2010).
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1.5 Pathological alpha-synuclein
1.5.1 Aggregation of alpha-synuclein
The conversion of soluble alpha-synuclein into insoluble filamentous aggregates
defines the disease process of synucleinopathies. It was first shown that recombinant
alpha-synuclein truncated at the C-terminus could aggregate (Crowther et al. 1998);
subsequent work showed that wild-type full-length alpha-synuclein, as well as A53T
alpha-synuclein, could aggregate in vitro (Conway et al. 1998; El-Agnaf et al. 1998;
Narhi et al. 1999). The aggregation kinetics for the mutant forms of alpha-synuclein
differ from the wild-type form. All mutations, except A30P, G51D and A53E,
increase the propensity of alpha-synuclein to aggregate in vitro (Lashuel et al. 2013;
Fares et al. 2014; Pasanen et al. 2014). Therefore, it is believed that an increased
aggregation propensity for alpha-synuclein may lead to disease. This is supported by
genetic evidence showing that increased expression of alpha-synuclein is sufficient to
cause aggregation with age (Ibáñez et al. 2004; Singleton et al. 2003). Furthermore,
this is also observed in animal models that overexpress human alpha-synuclein, with
aged transgenic mice developing alpha-synuclein inclusions (Giasson et al. 2002).
However, not all mutations increase alpha-synuclein’s aggregation propensity,
therefore there must be other mechanisms involved in the pathogenesis of
synucleinopathies that leads to the aggregation of alpha-synuclein. The precise
mechanism by which these mutations promote aggregation in disease is unknown. It
is thought that mutant proteins accelerate oligomer formation (Conway et al. 2000), or
destabilise the N-terminal region of the protein and subsequently lose lipid-binding
ability, which would incease the cytoplasmic concentration of alpha-synuclein, thus
possibly increasing the likelihood of aggregation (Dettmer et al. 2015; Burré et al.
2015). It has been shown that A30P and G51D mutants have deficient lipid binding
compared to the wild-type protein. However, it has also been shown that lipid vesicles
can trigger alpha-synuclein aggregation by stimulating primary nucleation.
Galvagnion et al showed that the binding of alpha-synuclein to lipids enhanced the
rate of primary nucleation of alpha-synuclein by three orders of magnitude
(Galvagnion et al. 2015). However, another group, has proposed the opposite, namely
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that there is a decreased propensity of alpha-synuclein to aggregate in the presence of
lipids (Burré et al. 2015).
1.5.2 Phosphorylation of alpha-synuclein
The main pathological modification and marker for aggregated alpha-synuclein in
Lewy pathology is phosphorylation at serine 129 (Fujiwara et al. 2002). More than
90% of alpha-synuclein is phosphorylated in disease, whereas in healthy individuals
less than 4% is phosphorylated at this site (Oueslati 2016). By electron microscopy,
aggregates extracted from alpha-synuclein inclusions from synucleinopathy brains are
immunopositive for phosphorylation-independent alpha-synuclein antibodies and
antibodies specific to phosphorylation at serine 129 (pS129) antibodies (Fujiwara et
al. 2002). This suggests that this post-translational modification may play an
important role in alpha-synuclein aggregation and Lewy pathology formation.
Phosphorylation has been shown to promote many changes to alpha-synuclein’s fate
within a cell, such as regulation of turnover. However, it is not clear if
phosphorylation of alpha-synuclein influences aggregation (Oueslati 2016). It has
been observed in vitro, that phosphorylation at serine 129 diminishes aggregation
(Paleologou et al. 2008). And, in an alpha-synuclein cell seeding assay, the addition
of alpha-synuclein aggregates to HEK cells expressing soluble S129A alphasynuclein induced seeded aggregation, showing that phosphorylation of alphasynuclein was not required for aggregation (Luk et al. 2009). Moreover, it has
recently been demonstrated that phosphorylation of alpha-synuclein is a late event in
disease, and it has been suggested that it may occur after the formation of LBs
(Walker et al. 2013).
1.5.3 Ubiquitination of alpha-synuclein
Ubiquitin is a component of LBs and LNs (Kuzuhara et al. 1988), as well as of GCIs
and GNIs (Kato et al. 1991). Ubiquitin is a seven kDa protein, which is added to
substrate proteins to mark them for degradation by the proteasome (Ciechanover &
Brundin 2003). Phosphorylated alpha-synuclein found in disease was shown to be
ubiquitinated (Hasegawa et al. 2002). Anderson et al showed that phosphorylated
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alpha-synuclein extracted from DLB brains is ubiquitinated at lysine residues 12, 21
and 23 (Anderson et al. 2006). Another study has demonstrated the ability of alphasynuclein to be ubiquitinated at lysine residues 6, 10, 12, 21, 23, 32 and 34 (Nonaka et
al. 2005). Although ubiquitin is found within alpha-synuclein inclusions, not all
alpha-synuclein inclusions are positive for ubiquitin; therefore, it is considered to
occur after aggregation (Spillantini et al. 1998b).
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1.6 Pathogenesis and progression of alpha-synuclein pathology
In PD a pathological system has been proposed that describes distinct successive
disease stages. The Braak staging model of sporadic PD describes the observed
temporospatial progression of alpha-synuclein pathology from the ENS to the brain
(Braak et al. 2003; Braak et al. 2006). The presence of pathological inclusions
correlates with clinical manifestations.
This model of PD progression proposes six distinct pathological stages. Stage one
describes the appearance of Lewy pathology in the dorsal motor nucleus of the vagus
nerve. The first pathological hallmarks of this stage are the appearance of Lewy
neurites within the dorsal motor nucleus of the vagus nerve and the reticular zone.
Lewy neurites always precede the appearance of Lewy bodies in affected regions
(Braak et al. 2003). It is unclear if the Lewy neurite pathology is dendritic or axonal.
However, shortly after the appearance of LNs, LBs develop in these regions. Alphasynuclein pathology was also found within the peripheral nervous system (PNS) and
the ENS (Beach et al. 2010; Del Tredici et al. 2010). The appearance of ENS and PNS
insults precedes or coincides with the appearance of pathology in the dorsal motor
nucleus of the vagus nerve. Moreover, it was observed that the olfactory bulbs can be
afflicted with Lewy pathology (Hawkes et al. 2007). Stage one, which initially only
included dorsal motor nucleus pathology, now describes the development of LNs and
LBs in the ENS, autonomic and sympathetic ganglia, olfactory bulb and anterior
olfactory nucleus, as well as Lewy pathology within the dorsal motor nucleus of the
vagus nerve (Braak et al. 2003; Del Tredici & Braak 2016).
The Braak stages are successive; individuals with stage two pathology also have the
pathology of stage one. In stage two of the disease, LNs and LBs are found within the
ENS, and in peripheral parasympathetic and sympathetic nerves, as well as in
autonomic ganglia. Lewy pathology in the brainstem extends to include medullary
nuclei of the lower raphe nuclei and the locus coeruleus. Stages one and two show
little clinical symptoms and PD is often not diagnosed. Symptoms in these two stages
include: hyposmia, autonomic dysfunction, constipation and disrupted sleep (Braak et
al. 2003).
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By stage three the classical motor impairments that define Parkinsonism: tremor,
rigidity and hypokinesia become evident. Stage three is characterized by the
appearance of LNs and LBs within the tegmental pedunculopontine nucleus, the
substantia nigra pars compacta, upper raphe nuclei, magnocellular nuclei of the basal
forebrain, the hypothalamic tuberomammillary nucleus and the amygdala. The
appearance of the classical motor impairments correlates with neuronal loss in the
substantia nigra in stages three and four (Braak et al. 2003).
Stages four, five and six define the cognitive defects apparent in sporadic PD. At
stage four, LNs and LBs are present in temporal cortex, transentorhinal and entorhinal
cortices, as well as in the hippocampal formation. In stages five and six, pathology
progresses to the neocortex. LNs and LBs are found within the high-order sensory
association areas, the prefrontal fields and the primary sensory and motor areas.
Stages five and six are debilitating, with individuals being bedridden or wheelchairbound and presenting with cognitive impairment and dementia (Braak et al. 2003).
Braak staging revealed that only a few neuronal cell types develop Lewy pathology. It
was found that specific neuronal types had an increased propensity for developing
pathology; some neuronal cells adjacent to inclusions never develop pathology,
despite their proximity. The neurons most affected are projection neurons, with long
thin unmyelinated, or poorly myelinated axons (Del Tredici & Braak 2016). This led
to the hypothesis of there being selective neuronal vulnerability in PD that accounted
for the predictable neuronal spread of pathology over time.
Braak and collegues proposed that an external insult could initiate PD. It was
proposed that an unknown pathogen could enter the body and spread transsynaptically to vulnerable brain regions. It was suggested to enter the body via the
ENS and the olfactory bulb. This was termed the dual hit hypothesis of PD
pathogenesis (Hawkes et al. 2007; Hawkes et al. 2009). Braak hypothesized that the
unmyelinated vagal preganglionic neurons provide the route of retrograde
transmission for a pathogen from the ENS to CNS. A chemical that could trigger
alpha-synuclein pathology could be rotenone, a pesticide that when administered
intragastrically in mice induced alpha-synuclein pathology (Cannon et al. 2009).
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Braak has since speculated that the insult could be aggregated alpha-synuclein itself,
spreading in a prion-like manner (Braak & Del Tredici 2016). For sporadic PD, it
remains unclear where the disease process initiates. Lewy pathology could start in the
gut and spread to the brain via the vagus nerve. However, Lewy pathology could also
start in the dorsal motor nucleus of the vagus and spread anterogradely to the spinal
cord and gut, as well as rostrally to the locus coeruleus (Goedert et al. 2013).
Since the publication of the Braak staging scheme for sporadic PD, there have been
observations that challenge it (Jellinger 2009). A prerequisite of this model is that the
severity of Lewy pathology increases with each stage of disease. However, this is not
always observed, one study observed that more than 65% of cases had Lewy
pathology in the substantia nigra and locus coeruleus, that was equivalent to the
pathology in the dorsal motor nucleus of the vagus (Jellinger 2009). There are also
reports of severe substantia nigra pathology, without dorsal motor nucleus pathology.
However, alpha-synuclein aggregates appear to follow a defined pathological
pathway in the brain in most individuals who develop sporadic PD.

Fig 1.9: The Braak staging scheme for sporadic PD showing the apparent spread of
alpha-synuclein inclusions and the six stages of Lewy pathology.
Alpha-synuclein positive Lewy pathology ascends from the brainstem, the first inclusions are
observed in the olfactory bulb and the dorsal motor nucleus of the vagal and glossopharyngeal
nerves. From the brainstem Lewy pathology ascends to the pons and midbrain, the basal
forebrain, and then the neocortex. Figure adapted from (Goedert et al. 2013).
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1.7. Prion propagation
A common molecular mechanism has recently been proposed to underlie all
neurodegenerative diseases; this is the mechanism of prion or prion-like propagation.
Prion propagation involves the seeded aggregation of soluble proteins, the spread of
aggregate pathology and the transmission and infectivity of the prion protein within a
population (Collinge 2016). There are many shared features between prion diseases,
AD and PD; there is an accumulation of insoluble protein deposits and these
inclusions appear to disseminate throughout the CNS (Braak et al. 2006; Braak et al.
2003).
1.7.1 Prion diseases
Prion diseases are a group of neurodegenerative diseases that affect both humans and
some animals (Table 1.2). They present pathologically as spongiform
encephalopathies, they are fatal, rapidly progressive and develop late in life (Fig
1.1C). The majority of prion diseases, like the synucleinopathies, are sporadic;
approximately 10% of human prion diseases are inherited (Collinge & Clarke 2007;
Prusiner 2013). Unlike synucleinopathies, human prion diseases are relatively rare;
they affect one individual per million worldwide. Also, unlike synucleinopathies,
prion diseases can be acquired and hence are also called transmissible spongiform
encephalopathies (TSEs) (Collinge 2001) (Table 1.2).
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Human sporadic

CJD (sCJD)
Fatal insomnia (sFI)
Variably proteinase sensitive
proteinopathies (VPSPr)

Human genetic

CJD (fCJD)
Gerstmann-Sträussler-Scheinker
syndrome (GSS)
Fatal familial insomnia (FFI)

Transmitted human to human

Iatrogenic CJD (iCJD)
Kuru

Transmitted cattle to human

Variant CJD (vCJD)

Transmitted animal to animal

Bovine spongiform encephalopathy
(BSE)
Chronic wasting disease (CWD)
Scrapie

Table 1.2: Human and mammalian prion diseases
Prion diseases in humans are divided into sporadic, familial and acquired forms. The
most prevalent human prion disease is Creutzfeldt-Jakob disease (CJD); acquired
forms of CJD are rare and account for less than 1% of cases. Acquired prion diseases
include kuru, iatrogenic CJD (iCJD) and variant CJD (vCJD) (Collinge & Clarke
2007). Iatrogenic CJD are cases that have resulted from the transmission of prion
proteins through incomplete decontamination of surgical instruments (Brown et al.
1992). However, more cases of iCJD developed in children who were injected with
cadaveric human growth hormone, which was contaminated with prions (Brown et al.
1992; Swerdlow et al. 2003). vCJD cases emerged after the consumption of BSE
infected beef. Millions of people within the UK were exposed to BSE contaminated
beef; however, only 226 cases of vCJD were recorded (Jucker & Walker 2015). Oral
transmission of prions has also been observed in the transmission of kuru (Hadlow
2008). It has been demonstrated that secondary transmission of vCJD can occur by
blood transfusions (Wroe et al. 2006). Moreover, prion infectivity is seen within
populations of sheep, in the form of scrapie, and in deer as chronic wasting disease
(Table 1.2). These observations have demonstrated the infectious nature of some
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prion diseases. Infectivity is an important criterion and a defining feature of prions
(Collinge & Clarke 2007).
1.7.2 Prion discovery
The prion acronym stands for: proteinaceous infectious particle. It was coined to
describe the infectious protein that causes neurodegeneration in prion diseases
(Prusiner 1982). This was the first suggestion that an infectious agent could be devoid
of nucleic acid. Prusiner proposed a ‘protein-only’ hypothesis for prion diseases
(Prusiner 1982). According to the ‘protein-only’ hypothesis, prions are devoid of
nucleic acid and are composed of misfolded assemblies of the prion protein (PrP ),
Sc

which induce the aggregation of endogenous PrP , the cytosolic form of PrP (Prusiner
C

1982; Prusiner 2013).
The first experimental evidence that demonstrated the infectivity of spongiform
encephalopathies was the injection of kuru and CJD brain homogenates into primates,
which induced spongiform neurodegeneration (Gajdusek et al. 1966, Gibbs et al.
1968). It was thought, at the time, that a ‘slow virus’ could be causing these diseases,
as the incubation times for prion diseases are long (Roos. et al. 1973; Masters et al.
1981).
Crucial evidence that formulated the protein only hypothesis came from studies that
utilized chemical reagents that denatured proteins, but permitted isolation of
biologically active nucleic acids (Prusiner 1982). It was shown that protease digestion
inactivated the scrapie agent (Prusiner 1982). What’s more, treatment with 3 M urea,
to denature proteins, decreased the prion titre of the scrapie agent. Other chemical
agents, such as diethyl pyrocarbonate, sodium dodecyl sulfate (SDS) and chaotropic
ions, prevented scrapie infectivity, which led to the hypothesis that the scrapie agent
was comprised of a protein (Prusiner 1982). Moreover, the irradiation of prion
infectious preparations with UV, to destroy nucleic acids, did not hinder infectivity
(Prusiner et al. 1981; Prusiner 1982).
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The scrapie agent from infected hamster brains was partially purified by sucrose
gradient centrifugation (Prusiner et al. 1982). The majority of infectivity was near the
bottom, between 25% and 60% sucrose; scrapie infectivity was also observed in the
top fractions, but it was less potent at inducing disease (Prusiner et al. 1982). It was
subsequently shown that the main component of the infectious agent was a small 2730kDa protein, which was termed PrP 27-30 (Bolton et al. 1982; McKinley et al.
1983). The structure of the infectious entity was shown to be composed of β-sheet
rich aggregated filamentous PrP, or ‘rods’ (Prusiner et al. 1983; Bellinger-Kawahara
et al. 1988). These rods of PrP were aggregated amyloid filaments of PrP, which
bound amyloid selective dyes such as Congo red (Prusiner et al. 1983).
The identification of mutations in PRNP, the gene encoding prion protein, was direct
evidence for PrP causing prion disease. The first mutation described was the missense
P102L point mutation in GSS (Hsiao et al. 1989; Young et al. 1997). Since then,
genetic evidence has continued to link PrP to prion diseases. More than 40 disease
causing mutations have been discovered in GSS, CJD and FFI; 35 of these mutations
are point mutations, but deletions and expansions also cause prion diseases (Prusiner
2012). The octarepeat expansion of wild-type PRNP gives rise to fCJD. Onset is dose
dependent, one to four repeats cause late-onset disease, but five to eight repeats cause
early onset fCJD (Colby & Prusiner 2011).
PRNP gives rise to a single isoform of soluble PrP, termed PrP . It is a 209 amino acid
C

glycosylphosphatidylinositol (GPI)- anchored sialoglycoprotein, which is associated
with the cell membrane and is highly expressed in presynaptic membranes of neurons
(Herms et al 1999). The physiological function of PrP is largely unknown, but it is
C

suggested to have a role in cell adhesion or signalling (Westergard et al. 2007). Küffer
et al have suggested that the function of PrP is as an agonist of the G protein-coupled
receptor Adgrg6 (Küffer et al. 2016). Ablation of PrP causes a chronic demyelinating
C

polyneuropathy (Prusiner 2013).
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1.7.3 Molecular prion species
In prion diseases there is a conversion of soluble PrP to insoluble aggregated PrP .
C

Sc

Once formed PrP has the ability to change the conformation of PrP into pathological
Sc

C

PrP (Kocisko & Come 1994). PrP readily oligomerises and this process becomes
Sc

Sc

self-propagating, leading to an exponential amplification of PrP (Fig 1.10). The
Sc

mechanism by which this occurs, and causes disease is still largely unknown
(Collinge 2016).
PrP consists of 42% α-helix and 3% β-sheet secondary structure and is proteaseC

sensitive. In disease it undergoes conversion to PrP , which has increased β-sheet
Sc

structure (Pan et al. 1993) and is partially resistant to protease digestion. Although the
two species differ conformationally, they have the same amino acid sequence and
post-translational modifications (Stahl et al. 1993).
The formation of PrP is thought to occur via template-assisted conversion (Fig 1.10).
Sc

It is still unclear exactly which species of PrP can be used as a template, or whether
Sc

multiple conformations are capable of inducing the aggregation of PrP . It was shown
C

that PK-resistant PrP was infectious. However, there is increasing evidence that PKSc

resistance of PrP is not needed for prion infectivity (Lasmézas et al. 1997).
Sc

Moreover, the formation of amyloid forms of PrP is not an obligatory feature of all
Sc

prion diseases. In recent years, it has become evident that smaller oligomeric and PKsensitive forms of PrP are capable of infection. These studies have demonstrated the
Sc

ability of oligomeric forms of PrP to be more potent at converting PrP into PrP than
Sc

C

Sc

the fibrillar forms of PrP (Silveira et al. 2005; Kim et al. 2012).
Sc

It was shown that the ability of PrP to induce and propagate pathology is dependent
Sc

on the expression of PRNP. The inoculation of PrP into prnp mice does not induce
Sc

-/-

PrP accumulation or spongiform encephalopathy (Büeler et al. 1993). Moreover,
Sc

inoculation of PrP into prnp grafts within prnp mice, causes PrP pathology in the
Sc

+/+

-/-

Sc

grafts, but not the host (Brandner et al. 1996). These experiments showed the first
evidence for seeded templating of PrP to PrP . The concentration of PrP is important
C

Sc

C

in the transmission ability of PrP . Mallucci et al showed that the knock-out of
Sc
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neuronal PrP during brain infection completely protected mice from developing
C

spongiform encephalopathy and reversed early spongiform neuropathology.
Moreover, recovery occurred despite continued PrP production and replication
Sc

(Mallucci et al. 2003; Mallucci et al. 2007).
It was subsequently observed that recombinantly expressed PrP could form amyloid
C

filaments in vitro (McKinley et al. 1991; Legname et al. 2005; Colby et al. 2009).
Moreover, the injection of recombinant PrP into mice induced PrP seeding and
Sc

C

pathology, and this was conclusive evidence proving the propagation and seeding
ability of aggregated PrP (Legname et al. 2005; Colby et al. 2009). Moreover, the
intraperitoneal inoculation of wild-type mice with synthetic PrP has been shown to
Sc

cause a transmissible spongiform encephalopathy, with PrP accumulation and
Sc

dissemination (Wang et al. 2015). However, first passage of wild-type mice with
synthetic PrP has not been shown, one needs very high PrP expression to induce the
Sc

C

disease (Collinge 2016).
In humans, an amino acid polymorphism exists at codon 129 of PRNP (methionine or
valine), which is a powerful determinant of the genetic susceptibility to sporadic and
acquired prion diseases (Collinge & Clarke 2007). It can also restrict propagation of
prion strains. Individuals homozygous for M/M are the earliest to succumb to vCJD,
and iCJD occurs predominantly in homozygotes for V/V (Collinge et al. 1991;
Schulz-Schaeffer et al. 1996). Moreover, the importance of this polymorphism on
disease acquisition is highlighted in families with inherited prion diseases; the age of
onset is significantly later for heterozygous individuals (Collinge et al. 1991; Palmer
et al. 1991; Collinge 2005).
The polymorphism at codon 129 of PRNP has been shown to affect the generation of
strain specific PrP conformers and thus the phenotype of human prion diseases
Sc

(Wadsworth et al. 1999; Asante et al. 2002). The effects of this polymorphism are
observed in inherited prion diseases with the D178N mutation; this mutation results in
FFI or fCJD depending on the 129 genotype of the mutant allele (Goldfarb et al.
1992). Hosszu et al, however, showed that susceptibility to CJD did not depend on the
structure or global stability of PrP (Hosszu et al. 2004).
C
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Fig 1.10: Ordered assembly
A schematic showing the proposed series of events that occur in the misfolding and selfaggregation of proteins implicated in neurodegenerative diseases. The formation of seeds is
an energetically unfavourable event, which requires exposure of backbone amide groups and
a high protein concentration. Once a seed has formed, the monomeric protein can change
conformation and join the growing aggregates. The addition of soluble protein induces rapid
assembly. The assemblies that act as seeds for the templated misfolding of other molecules
can vary in size from small oligomers to large polymers; fragmentation of the aggregates
generates new seeds, accelerating aggregate formation. These seeds initiate and sustain the
disease process and may lead to the propagation of pathology. The filaments represent the end
point of aggregation. Figure adapted from (Goedert 2015).

1.7.4 Prion species barrier
Prions demonstrate cross-species infectivity; however, transmission of disease
between mammalian species is typically far less efficient than transmission within
species, this is the species barrier (Collinge & Clarke 2007). Transmission of CJD
prions to wild-type mice is difficult (Hill et al. 1997). However, mice transgenic for
human PRNP are susceptible to CJD prions (Collinge et al. 1995). Moreover, mice
transgenic for hamster PRNP are highly susceptible to hamster prions, whereas wildtype mice are not (Prusiner et al. 1990). The shortest incubation times between
inoculation and clinical signs of disease occur with prions that have identical amino
acid sequences. Moreover, incubation times for certain strains of prions are very
reproducible, latency to disease does not vary. The passage of a prion strain from one
species to another typically results in longer incubation times, and not all animals will
develop disease. The species barrier is thought to be due to differences in the primary
structure of PrP between donors and recipients (Collinge & Clarke 2007).
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1.7.5 Prion strains
Like synucleinopathies, prion diseases encompass a variety of diseases with different
clinical manifestations. A defining principle of prions is the existence of strains. It has
been observed that a given prion disease can produce distinct incubation times and
regional neuropathologies upon experimental transmission, and that these
characteristics are maintained after serial transmission.
Early inoculation studies with scrapie found that scrapie infected mice exhibited prion
diseases, which differed in the incubation times and regional brain histopathologies
(Fraser & Dickinson 1973). This raised the question of how an infectious agent
lacking nucleic acid could exhibit strain variation. It was suggested that structural
variants of PrP could underlie strain pathogenesis (Bessen & Marsh 1992; Bessen &
Sc

Marsh 1994). The first evidence to demonstrate structurally distinct prion strains
came from the study of two strains of transmissible mink encephalopathy (TME)
prions, Drowsy (DY) and hyper (HY). Hamsters infected with both TME prions
strains demonstrated markedly different phenotypes of neuropathology. Upon
proteolytic digestion, the authors found that one strain was N-terminally cleaved by ~
10 amino acids (Bessen & Marsh 1992; Bessen & Marsh 1994). These strains also
faithfully transmitted conformations during seeded aggregation in vitro. Bessen et al
provided strong evidence that TME prions DY and HY are structural conformers of
PrP (Bessen et al. 1995). It was subsequently shown that other prion diseases also
Sc

contain distinct structural conformers of PrP . Telling et al showed that PrP from
Sc

Sc

PRNP missense mutation cases, which caused distinct human prion diseases, had
different structural conformations (Telling et al. 1996). FFI mutation D178N and
fCJD mutation E200K, when injected into human-PrP chimeric mice, caused different
incubation times and neuropathologies. Moreover, FFI PrP showed a characteristic
Sc

19 kDa protease-resistant fragment, whereas fCJD PrP contained a 21 kDa proteaseSc

resistant fragment and these structural conformers were maintained through passaging
(Telling et al. 1996). This work provided strong evidence that different human prion
diseases could be caused by distinct conformers of PrP . It was taken further with the
Sc

demonstration that guanidine hydrochloride (GdnHCl) could distinguish between
prion strains (Safar et al. 1998).
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However, the first direct evidence that the conformation of protein could be
responsible for phenotypic differences came from the study of yeast prions (Wickner
1994; Tanaka et al. 2004). Tanaka et al produced three recombinant yeast prion
strains, from a fragment of Sup35, by in vitro aggregation at 4, 23 and 37 C. The three
o

strains exhibited different biophysical properties, such as resistance to heat and SDS.
The authors found that the strains produced at high temperatures were more heat- and
SDS- resistant than those produced at lower temperatures. Moreover, the prions
generated at higher temperatures gave weaker suppression phenotypes in ade1 yeast,
and this was maintained upon serial transmission (Tanaka et al. 2004). It was
subsequently shown that the more stable strains did not fragment as readily as the
strains produced at lower temperatures, thus they produced less seeds (Tanaka 2006).
Further analysis demonstrated that more stable strains of PrP were less potent at
Sc

seeding (Toyama et al. 2007).
The strain phenomenon has been recapitulated with recombinant PrP. Legname et al
produced synthetic aggregates of mouse PrP, which when inoculated intracerebrally
into transgenic mice expressing mouse PrP 82-231, caused transmissible spongiform
encephalopathy (Legname et al. 2005). Moreover, multiple conformers of
recombinant PrP were produced in vitro under differing pH, temperature and urea
conditions. The de novo PrP conformers were injected into transgenic mice
Sc

expressing full-length PrP, and the different PrP species caused distinct transmissible
Sc

spongiform encephalopathies, thus demonstrating that conformation of PrP can
Sc

determine strain identity (Colby et al. 2009).
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1.8. Prion-like propagation of assembled alpha-synuclein
It was believed for a long time that cell autonomous mechanisms were responsible for
most neurodegenerative diseases. While this could explain inherited diseases, it was
harder to explain sporadic diseases using this concept. In synucleinopathies, at post
mortem, alpha-synuclein inclusions are abundant within the brain. There is increasing
evidence that non-cell autonomous mechanisms may represent a common pathogenic
principle underlying neurodegenerative diseases (Goedert et al. 2017). As previously
mentioned, the Braak staging system of sporadic PD suggests that Lewy pathology
spreads through the brain (Braak et al. 2003; Braak et al. 2006). There is propagation
of aggregated alpha-synuclein pathology, which is a feature of PrP pathology
Sc

(Collinge & Clarke 2007).
Prion-like mechanisms of seeded aggregation and subsequent propagation through the
CNS have been proposed to underlie the disease process in synucleinopathies
(Brundin et al. 2010). The prion paradigm posits that proteins can stochastically
aggregate, and that these aggregates seed the aggregation of soluble protein. Thus, in
disease, there is an amplification of aggregation in neurons and glia. These aggregates
can then propagate and induce more aggregation and subsequent neurodegeneration.
The prion theory of seeded aggregation has gained significant support in recent years,
and there is substantial evidence that prion-like mechanisms can underlie alphasynuclein pathology (Goedert 2015).
1.8.1 Mesencephalic fetal transplants
Compelling evidence that alpha-synuclein could act in a prion-like manner came from
the observation that patients with PD who had received mesencephalic grafts, for
therapeutic relief, contained Lewy pathology within the grafts ten or more years later
(Kordower et al. 2008; Li et al. 2008; Chu & Kordower 2010). It was observed that
1.9% of the pigmented grafted neurons contained Lewy pathology 12 years after
transplantation, and in another individual 5% of cells contained Lewy pathology 16
years after implantation (Li et al. 2008). The number of cells within the graft that
contained Lewy pathology was similar to the number of neurons that have Lewy
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pathology in the substantia nigra pars compacta at death (Goedert 2015). The Lewy
pathology in the graft consisted of both LBs and LNs (Fig 1.11), and there was a
cytoplasmic relocalisation of alpha-synuclein (Li et al. 2008). This was surprising, as
the cells within the graft were only a decade old; PD is a late-onset disorder, young
healthy neurons do not develop Lewy pathology. The observation that the grafts
contained LBs suggested that alpha-synuclein could spread interneuronally, and
pathogenic alpha-synuclein from the patient’s brain could induce pathology within the
young neurons (Chu & Kordower 2010). It has been observed that the process of
spread and seeding is slow; alpha-synuclein immunoreactivity was not observed in
nerve cells 18 months after grafting, but it was observed in a non-aggregated form
after 4 years, and found in an aggregated and ubiquitinated form 14 years after
grafting (Chu & Kordower 2010). A more recent publication revealed that 11-12% of
the grafted neurons contained ubiquitinated alpha-synuclein inclusions in a 24 year
old mesencephalic graft (Li et al. 2016). It is also possible that the microenvironment
surrounding the transplants could have predisposed the healthy neurons to develop
alpha-synuclein inclusions, but there is currently no experimental evidence for this.

Fig 1.11 Host-to-graft spreading of Lewy pathology in PD
The images show cells from a patient with PD who had received a fetal human mesencephalic
graft into the putamen 16 years prior to death. Immunohistochemistry for alpha-synuclein in
the host substantia nigra revealed Lewy body inclusions (A). Immunohistochemistry in the
graft (B and C) revealed the presence of alpha-synuclein inclusions. Adapted from (Li et al.
2008).

1.8.2 Intraneuronal spread of alpha-synuclein
After the observation of host-to-graft transmission, alpha-synuclein spread was
recapitulated in vitro and in vivo. Desplats et al established a cell graft assay in
transgenic mice overexpressing human alpha-synuclein. Mouse cortical neuronal stem
cells labelled with GFP were injected into the hippocampus. After 1-4 weeks
approximately 15% of the injected cells were positive for human alpha-synuclein,
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demonstrating the inter-neuronal spread of expressed human alpha-synuclein into the
mouse stem cells (Desplats et al. 2009). Angot et al showed similar findings, in that
the proportion of grafted cells displaying human alpha-synuclein uptake depended
significantly on the time after transplantation. They found that 4 weeks after
transplantation 23% of cells displayed human alpha-synuclein (Angot et al. 2012).
Moreover, the spread of alpha-synuclein has also been observed between cells in
culture. It was demonstrated using GFP and DsRed tagged alpha-synuclein, that
alpha-synuclein could spread between SH-SY5Y cells (Hansen et al. 2011). It has
also been demonstrated that alpha-synuclein can spread from neurons to astroglia
(Lee et al. 2010). The intraneuronal spread of alpha-synuclein involves release and
subsequent uptake. The finding that alpha-synuclein could be detected in human
plasma and CSF suggested that it could be secreted (El-Agnaf et al. 2003). The exact
mechanism of alpha-synuclein release remains to be determined. It has been
suggested that exosomes release alpha-synuclein in a calcium-dependent manner
(Emmanouilidou et al. 2010), which can be exacerbated by lysosomal inhibition
(Alvarez-Erviti et al. 2011). It is thought that alpha-synuclein is internalized by
endocytosis. This will be discussed in detail later.
Freundt et al showed the transport of alpha-synuclein fibrils along axons in
microfluidic chambers (Freundt et al. 2012). This was also demonstrated by
Holmqvist et al, who injected PD lysates containing soluble and aggregated alphasynuclein into the intestinal wall and showed the transport of the protein from the gut
to the brain via the vagus nerve (Holmqvist et al. 2014). A similar experiment was
carried out in relation to the spreading of assembled alpha-synuclein, which was
injected into the olfactory bulb and shown to spread interneuronally to the brain (Rey
et al. 2013).
Thus, it has been shown that alpha-synuclein can spread along neuronal networks.
Moreover, the injection of recombinant aggregated alpha-synuclein into different
areas of wild-type mice resulted in the propagation of alpha-synuclein pathology
along specific neural networks. Injection of aggregated alpha-synuclein into the
entorhinal cortex resulted in pathology in the dentate gyrus, hippocampal CA3 region,

55

fimbria and contralateral hippocampus one month post injection. Injection into the
substantia nigra led to pathology at the injection site, as well as in amygdala and stria
terminalis (Masuda-Suzukake et al. 2014).
1.8.3 Seeded aggregation of alpha-synuclein
A fundamental feature of PrP is its ability to act as a template for the conversion of
Sc

PrP (Fig 1.10). It has been shown that aggregated alpha-synuclein can seed
C

aggregation of endogenous protein. The transgenic mouse model M83 expresses
human mutant A53T alpha-synuclein under the PrP promoter (Giasson et al. 2002).
Homozygous M83 mice develop alpha-synuclein pathology by, on average, 8 months
of age and they present with a motor phenotype of hindlimb paralysis. Heterozygous
M83 mice do not develop pathology or a motor phenotype, except some animals at
over 20 months of age. Homozygous mice show neuronal inclusions of aggregated
human alpha-synuclein, which are phosphorylated at serine 129, like in human
disease (Giasson et al. 2002; Fujiwara et al. 2002). It was shown that brain lysates
from symptomatic M83 homozygous mice, when injected intracranially into young
non-symptomatic homozygous M83 mice, induced alpha-synuclein aggregation. The
injected mice developed alpha-synuclein aggregates before the non-symptomatic
injected controls and uninjected age-matched controls (Mougenot et al. 2012; Luk et
al. 2012a). Brain homogenates from homozygous tgM83 mice contain multiple forms
of aggregated alpha-synuclein; it is not known which aggregated species is the most
seed competent.
This experiment was taken further and it was shown that recombinant aggregated
alpha-synuclein induced alpha-synuclein aggregation in transgenic mice. The
intracranial injection of both human wild-type full-length recombinant alphasynuclein aggregates and human truncated alpha-synuclein Myc tagged recombinant
1-120

aggregates induced alpha-synuclein pathology and neurodegeneration in homozygous
M83 mice (Luk et al. 2012b). The injection of M83 brain homogenates and
recombinant alpha-synuclein aggregates resulted in qualitatively equivalent
pathology, the same spatial distribution of phosphorylation-positive alpha-synuclein
pathology was observed. The potencies of the two aggregated seeds seemed to differ;
however, the concentration of recombinant aggregates that seeded the same level of
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aggregation was much higher than the injected concentration of the M83 brain lysates
(Luk et al. 2012b).
Luk et al also demonstrated that aggregation was dependent on alpha-synuclein
expression; thus, SNCA mice did not develop alpha-synuclein inclusions following
-/-

intracerebral inoculation of either tgM83 brain homogenates or recombinant
aggregated alpha-synuclein (Luk et al. 2012a). However, overexpression of alphasynuclein was not required for seeded aggregation; wild-type mice developed seeded
aggregation when inoculated with recombinant aggregated alpha-synuclein or brainderived aggregates (Luk et al. 2012b; Masuda-Suzukake et al. 2013).
More recently, it has been shown that aggregated alpha-synuclein can also spread
from the periphery to the CNS. PD brain lysates, as well as recombinant alphasynuclein aggregates, were injected into the intestinal wall of stomach and duodenum,
and were observed to spread along the vagus nerve (Holmqvist et al. 2014). Breid et
al injected recombinant aggregated alpha-synuclein intraperitoneally and
intraglossally, the intraperitoneal injections caused alpha-synuclein pathology in the
brain of tgM83 mice ~ 229 days post injection. However, the intraglossal injection
+/-

only induced pathology in one of five mice ~ 285 days post injection (Breid et al.
2016). Peelearts et al 2015 demonstrated the ability of fluorescently labelled alphasynuclein aggregates to cross the blood brain barrier after intravenous inoculation
(Peelaerts et al. 2015). The intramuscular injection of aggregated alpha-synuclein has
also been demonstrated to induce the aggregation of alpha-synuclein within the CNS
of tgM83 mice (Sacino et al. 2014b). It has been shown that the process of alpha+/-

synuclein seed dissemination occurs over short time periods; PD lysates reached the
brain within 6 days, and the spread of human alpha-synuclein to mouse cortical
neuronal stem cells had occurred by one-week after transplantation (Desplats et al.
2009; Holmqvist et al. 2014). However, synucleinopathies are age-related diseases
and aggregation occurs late in life. Moreover, there is latency until alpha-synuclein
seeded aggregation. Therefore, cellular mechanisms are probably able to clear alphasynuclein seeds and to prevent seeding.
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1.8.4 Cell models of seeded alpha-synuclein aggregation
To determine if alpha-synuclein can seed aggregation, cell-based assays have been
established. It has been shown that overexpression of alpha-synuclein within HEK
cells and the addition of an aggregated seed of alpha-synuclein results in conversion
of the soluble expressed protein into insoluble aggregates (Luk et al. 2009; Nonaka et
al. 2010; Volpicelli-Daley et al. 2011; Aulic et al. 2014). The induction of alphasynuclein seeded aggregation was demonstrated using expression of soluble myctagged alpha-synuclein. Following the addition of alpha-synuclein seeds, insoluble
myc-tagged alpha-synuclein was detected in cells (Luk et al. 2009). It has been shown
that soluble alpha-synuclein does not seed aggregation; this is a property of
aggregated alpha-synuclein (Luk et al. 2009; Volpicelli-Daley et al. 2011). The
expression of alpha-synuclein (Δ 71-82) resulted in no seeded aggregation (Luk et al.
2009). Seeded aggregation was dependent on alpha-synuclein expression, because it
did not occur in untransfected HEK cells (Luk et al. 2009). A critism of that paper
was the method of aggregate delivery, because a transfection reagent was used to get
the fibrils into the cells. However, it has since been shown that seeding can occur if
aggregate seeds are left in the cellular media, where they are internalized and can seed
aggregation. This has also been demonstrated in neurons which do not overexpress
alpha-synuclein (Volpicelli-Daley et al. 2011).
1.8.5 Alpha-synuclein strains
Structurally distinct assemblies of recombinant alpha-synuclein can be formed in vitro
and they demonstrate pathologically distinct functions. Bousset et al produced two
forms of recombinant alpha-synuclein aggregates termed fibrils and ribbons,
respectively. These two types of aggregates showed structurally distinct
conformations by NMR spectroscopy, electron microscopy, X-ray diffraction and
proteinase K digestion (Bousset et al. 2013). What is more, the authors also showed
differences in lipid binding, binding to cells and internalization by cells, toxicity and
seeding ability. The seeding assay relied on the observation of nucleation after the
addition of the two alpha-synuclein seeds to N2a cells. The authors found that fibrils
had higher nucleating and amplifying properties than ribbons, and that the serial
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propagation of inclusions in fibril-seeded cells persisted for 60 days, whereas the
ribbon inclusions only persisted for 30 days. Moreover, Guo et al, reported the
development of two structurally distinct recombinant strains of alpha-synuclein that
differentially promoted seeded aggregation of tau (Guo et al. 2013). These findings
suggest that strains of aggregated alpha-synuclein can exist in vitro; however, whether
these forms resemble the fibrils observed in human diseases is not known.
Peelaerts et al also showed evidence of recombinant strains of aggregated alphasynuclein having different seeding abilities in vivo (Peelaerts et al. 2015). The authors
injected alpha-synuclein oligomers, fibrils and ribbons into rats expressing human
wild-type alpha-synuclein. They found that fibrils and ribbons induced LB and LN
pathologies in the striatonigral pathway, but oligomers failed to induce any pathology.
The two forms of aggregated alpha-synuclein induced pathology in different areas of
the CNS, ribbons induced sparse pathology within oligodendrocytes, whereas fibrils
did not. The authors described the fibrils to be more resistant to PK digestion than
ribbons.
Further evidence for the possible existence of alpha-synuclein aggregate strains came
from the demonstration that MSA and PD brain lysates induced different incubation
periods when intracranially injected into tgM83 mice (Prusiner et al. 2015).
+/-

Differential incubation times for PrP contribute to the definition of prion strains.
Sc

MSA brain homogenates induced a motor phenotype and alpha-synuclein pathology
120 days post injection. At 15 months post injection the PD inoculated mice did not
develop motor impairment and the authors concluded that PD was unable to seed
aggregation. However, the mice did contain low levels of alpha-synuclein pathology
(Prusiner et al. 2015). MSA and PD lysates also exhibited differential seeding
potencies in HEK cells (Woerman et al. 2015). The seeding capacity of MSA was
serially propagated. Prusiner et al concluded that MSA is caused by a different
aggregate of alpha-synuclein from that of PD. There has been some opposition to this
view, as not all the features of prions have been demonstrated by MSA seeds. Thus,
MSA injected into transgenic mice expressing wild-type alpha-synuclein did not
induce pathology (Prusiner et al. 2015). MSA prions were unable to template the
conversion of wild-type alpha-synuclein into aggregates. Moreover, only neuronal
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pathology was observed in the transgenic mice after MSA brain extract inoculation,
yet MSA is a disease with predominantly glial alpha-synuclein inclusions. If MSA
was caused by a distinct strain of aggregated alpha-synuclein, it is presumed that this
strain would induce oligodendroglial pathology. However, these mouse models
express much higher levels of alpha-synuclein in neurons than in oligodendrocytes.
Furthermore, PD has been shown to seed aggregation in mice and monkeys, where the
injection of PD brain lysates into substantia nigra and striatum induced alphasynuclein pathology and neurodegeneration (Recasens et al. 2014).
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1.9 Prion-like propagation of other pathological proteins
The defining proteinaceous pathology of AD is the presence of amyloid-β plaques
and tau neurofibrillary tangles (Goedert 2015). These inclusions develop in specific
areas of the brain, and like with sporadic PD, have been observed to spread through
the CNS. Braak and Braak proposed a staging scheme of pathological spread of
NFTs; they observed a stereotypical spatio-temporal spread of pathology along
specific neuronal networks (Braak & Braak 1991).
Seeded aggregation has been demonstrated for aggregated tau. It was shown that brain
extracts from symptomatic TgP301S tau mice, when injected into the brains of Alz17
mice, induced aggregation of wild-type tau (Clavaguera et al. 2009). It was
subsequently demonstrated that these brain extracts could induce aggregation in
presymptomatic TgP301S mice after intracerebral injection (Ahmed et al. 2014). It
was also shown that aggregated recombinant tau with the P301L mutation could
induce tau aggregation in presymptomatic transgenic mice (Iba et al. 2013).
Two studies demonstrated the propagation of tau pathology along neuronal networks
(de Calignon et al. 2012; Liu et al. 2012). The trans-synaptic spread of aggregated tau
to the hippocampus was demonstrated; when mutant human P301L tau was
selectively expressed in layer II of the entorhinal cortex, aggregated tau propagated
from the entorhinal cortex to the dentate gyrus, suggesting that trans-synaptic spread
had occurred. Moreover, the propagation of tau from the periphery to the brain has
also been demonstrated, the peripheral inoculation of tau aggregates into the
peritoneum promoted tau aggregation in the brain of P301S tau transgenic mice
(Clavaguera et al. 2014).
Furthermore, the existence of different tau strains has been demonstrated. There are
many tauopathies that have distinct neuronal pathologies with unique inclusion
morphologies. Clavaguera et al showed that brain homogenates from different human
tauopathies, when injected into the brains of Alz17 mice, reproduced pathological
characteristics of the human disease (Clavaguera et al. 2013). The existence of tau
strains has also been demonstrated in HEK cells, where seeded aggregation led to
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different aggregate morphologies, which could be serially propagated into mice and
back into HEK cells (Sanders et al. 2014; Kaufman et al. 2016).
Moreover, several lines of evidence show that aggregated amyloid-β can induce
seeding. Early evidence demonstrated the induced aggregation of primate amyloid-β
following the inoculation of AD brain homogenates (Baker et al. 1993; Ridley et al.
2006). Similar experiments were subsequently carried out in transgenic mice
expressing human mutant amyloid precursor protein (APP). Intracerebral injection of
aggregated amyloid-β accelerated the formation of plaques (Meyer-Luehmann et al.
2006; Langer et al. 2011). Subsequently, it was shown that the recombinant
aggregated protein itself was sufficient to induce deposition of amyloid-β pathology.
However, recombinant aggregates were observed to be less potent at seeding than
brain-derived aggregates (Stöhr et al. 2012). What is more, distinct recombinant
amyloid-β strains have been produced in vitro; these different isoforms of amyloid-β
induce different amyloid-β plaque pathology. Aβ 1-42 fibrils induced small plaques
composed exclusively of Aβ 1-42, whereas combined Aβ 1-40 and Aβ 1-42
aggregates induced the formation of large plaques (Stöhr et al. 2014). Amyloid-β was
the first protein, apart from aggregated PrP, to be shown to be transmissible in
humans (Jaunmuktane et al. 2015). Also, like prions, amyloid-β seeds have been
shown to persist after serial passage through APP null mice (Ye et al. 2015). A study
of iCJD individuals who had received human growth hormone injections infected
with prions, upon death were positive for moderate to severe amyloid-β pathology
(Jaunmuktane et al. 2015). These findings suggest that the growth hormone
preparations may also have contained amyloid-β seeds, which induced the formation
of pathology. It is important to note, although these individuals had some amyloid-β
deposits in their brains, they did not have tau inclusions or clinical AD.
There is increasing evidence to suggest that aggregated mutant SOD1 can act in a
prion-like manner. There is in vitro evidence that some forms of aggregated mutant
SOD1 aggregates can spread between cells (Münch & Bertolotti 2010; Grad et al.
2011). Moreover, the spread of mutant SOD1 aggregates has been demonstrated in
transgenic mice. A spinal cord homogenate from symptomatic mice transgenic for
human mutant SOD1 was injected into the sciatic nerve of young mice, from where
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the pathology spread into dorsal root ganglia, the lumbar spinal cord and the cervical
spinal cord (Ayers et al. 2016). It has also been proposed that strains of aggregated
mutant SOD1 exist (Bidhendi et al. 2016).
Also, TDP-43 aggregates have been shown to seed the aggregation of the soluble
protein (Furukawa et al. 2011; Nonaka et al. 2013). Nonaka et al showed the ability of
TDP-43 aggregates, derived from pathological brains, to seed the aggregation of
expressed TDP-43 in SH-SY5Y cells (Nonaka et al. 2013).
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1.10 Factors involved in alpha-synuclein propagation
In addition to seeded aggregation, the propagation of pathological prion-like proteins
is also dependent on the intercellular transfer of aggregate seeds, which involves their
release from one cell and uptake by another cell (Prusiner 2013; Jucker & Walker
2011) (Fig 1.12). The temporospatial spread of alpha-synuclein aggregates suggests
that they can disseminate through the CNS via neuronal transfer. To seed aggregation,
the seeds need to come into contact with the soluble cytoplasmic form of the protein.
Thus, if seeds directly translocate into neurons, they will encounter the soluble protein
and seed aggregation. However, if aggregates are internalized within membranebound endosomes, they need to escape endosomes to seed aggregation, comparable to
pathogen entry and infectivity (Boyle & Randow 2013). On the other hand, seeded
aggregation could take place within endosomes under conditions of low pH, high
concentration of alpha-synuclein and aggregate seeds. How and where seeded
aggregation takes place after inter-neuronal spread, is not known. Moreover, once
aggregate seeds are internalized, they must escape the protein degradation machinery
to be able to seed aggregation (Fig 1.12).
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Figure 1.12: Possible mechanisms underlying the intercellular propagation of
aggregated alpha-synuclein
Aggregated alpha-synuclein may be released by exocytosis (B), or in free form (D), or in
exosomes (C) and be subsequently internalized by endocytosis (E, F, H), or direct
translocation across the membrane (G). Nanotubes could also be a mechanism by which
aggregated alpha-synuclein transfers between cells, in a free form (A). Once internalized
aggregated alpha-synuclein, to seed aggregation, needs to come into contact with soluble
alpha-synuclein. It needs to escape endosomes possibly by endosome rupture (I), with the
endosomes targeted for degradation by autophagy (J). Internalized endosomes could also be
trafficked through the endolysosomal pathway after internalization (K)
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1.10.1 Mechanisms of intercellular transfer
The plasma membrane acts as a physical barrier to extracellular material. Some
molecules can freely cross this barrier and gain access to the intracellular
environment. However, most extracellular material is internalized by the active
invagination of the extracellular membrane, a process called endocytosis. It is an
essential process, which ensures the internalization of nutrients, and which regulates
intercellular signalling cascades and protein trafficking. There are many pathways of
endocytosis, which are broadly classified as clathrin-dependent and clathrinindependent (Doherty & McMahon 2009).
Clathrin-mediated endocytosis (CME) is the internalization of material from the cell
surface into clathrin-coated vesicles (CCVs); it is the best characterized endocytic
pathway. CME is versatile, many different cargoes can be internalized using a variety
of accessory and adaptor proteins (McMahon & Boucrot 2011). It involves five
stages: nucleation, cargo selection, clathrin coat assembly, dynamin-mediated scission
from the membrane, and clathrin uncoating (McMahon & Boucrot 2011) (Fig 1.13).
Adaptor proteins link the external receptors to clathrin; clathrin does not bind directly
to the membrane or to cargo receptors, so it relies on adaptor proteins and accessory
proteins, such as AP2 and AP180, to be recruited to the plasma membrane.
Nucleation promotes polymerization of individual clathrins into curved lattices, these
lattices stabilize and deform the membrane to form an invaginated clathrin coated pit
(CCP). The large GTPase scission protein dynamin releases the CCP from the
membrane (Doherty & McMahon 2009).
The other main route of entry into cells is classified as clathrin-independent
endocytosis (CIE). CIE is broadly divided into dynamin-dependent and dynaminindependent processes (Figure 1.13) (Mayor & Pagano 2007). A pathway that relies
on dynamin, is caveolae-mediated endocytosis (Nichols 2001). Another, less wellcharacterized, CIE dynamin-dependent pathway is the Ras homolog (Rho) Adependent endocytosis pathway (Mayor & Pagano 2007). Many clathrin-independent
endocytic pathways are dependent on specific small GTPases to remodel the plasma
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membrane by mediating cytoskeletal changes (Doherty & McMahon 2008). RhoA
belongs to the family of Rho small GTPases; other small GTPases that also regulate
CIE pathways include Cdc42, Rac1 and Arf6 (Sandvig et al. 2011). Cdc42 has a role
in clathrin-independent carriers and GPI- enriched endocytic compartments
(CLIC/GEEC) (Lundmark et al. 2008), as well as in macropinocytosis with Rac1
(Koivusalo et al. 2010). Cdc42 dependent endocytosis is thought to account for the
majority of constitutive CIE (Howes et al. 2010). Arf6 is located on the cellular
membrane and has a potent role in actin remodelling, it stimulates the formation of
phosphatidylinositol 4,5- bisphosphate by activating phosphatidylinositol 4,5phosphate kinase (Mayor & Pagano 2007).
Major remodelling of the cytoskeleton leads to macropinocytosis, it involves actinmediated membrane ruffling of the plasma membrane. Membrane protrusions can
fold back onto themselves and fuse with the plasma membrane, creating large
intracellular vesicles termed macropinosomes (Lim & Gleeson 2011) (Fig 1.13). All
endocytosis pathways require actin on the plasma membrane; some pathways require
more extensive actin remodelling than others. Macropinocytosis is dependent on
actin, because of the formation of large membrane protrusions (Mayor & Pagano
2007). Regulators of macropinocytosis include: phosphatidylinositol-4,5-bisphosphate
3-kinase (PI3K), Rac1, Cdc42 and Arf6 (Franco et al. 1999; West et al. 2000; Garrett
et al. 2000). Small GTPases can have multiple effects on the plasma membrane, from
regulating lipid modifying enzymes to actin polymerization. Thus, they are involved
in many different forms of endocytosis (Doherty & McMahon 2008).
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Figure 1.13: Molecular pathways of endocytosis
Clathrin-dependent endocytosis (or CME) involves the formation of plasma invaginations
coated with polymerized clathrin. These vesicles bud from the membrane in a dynamindependent mechanism, and the clathrin coated pits are uncoated by hsc70. There are many
clathrin-independent pathways of endocytosis that form plasma membrane invaginations
without the facilitation by clathrin, but with other proteins such as caveolin, flotillin and
membrane-bending proteins, such as BAR domain containing proteins, like endophilin.
Clathrin-independent endocytosis can be dynamin dependent or independent. The
morphology of invaginations varies, from spherical vesicles to tubular pits. Macropinocytosis
forms plasma membrane protrusions. Large membrane ruffles formed by actin polymerization
encapsulate extracellular material. The resulting large vesicles are termed macropinosomes,
and can vary from 0.5-5μm in diameter. Endocytic vesicles are trafficked to early endosomes.

1.10.2 Internalization of alpha-synuclein
Since the experimental demonstration of alpha-synuclein dissemination within the
CNS (Mougenot et al. 2012; Luk et al. 2012b), efforts have been focused on
determining the molecular pathways by which alpha-synuclein spreads transsynaptically in the brain. This is an important area of research, because if one could
halt spreading of alpha-synuclein seeds, one might be able to halt disease progression.
Early experiments proposed that soluble alpha-synuclein could diffuse across plasma
membranes; it was not actively transported into cells (Lee et al. 2005). Further studies
showed that the expression of the dynamin-1 K44A dominant negative construct had
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no effect on soluble alpha-synuclein internalization, supporting a previous
observation of the direct translocation of soluble alpha-synuclein. However, the
dynamin-1 K44A construct inhibited alpha-synuclein aggregate internalization (Lee et
al. 2008). Subsequently, there was mounting evidence that cells could internalize
soluble alpha-synuclein via dynamin-dependent endocytosis. It was demonstrated that
the expression of dynamin-1 K44A reduced the spread of alpha-synuclein aggregates
in co-culture (Desplats et al. 2009). This was also supported by Hansen et al, who
used two endocytosis inhibitors, monodansylcadaverine and dynasore, which reduced
alpha-synuclein spread between co-cultured cells by 50% and 91% respectively
(Hansen et al. 2011). In these studies the identity of alpha-synuclein was not
determined (Desplats et al. 2009; Hansen et al. 2011). Thus, it remains ambiguous
whether dynamin-dependent endocytosis is the mechanism by which alpha-synuclein
aggregates are internalized. Holmes et al proposed that alpha-synuclein aggregates are
internalized by macropinocytosis after binding to heparan sulphate proteoglycans
(Holmes et al. 2013). Recently, the lymphocyte activation gene 3 (LAG3) receptor
was proposed as a receptor for alpha-synuclein aggregates. Upon binding, the
aggregates were internalized by HEK 293T cells (Mao et al. 2016). Moreover, Oh et
al showed that enriched mesenchymal stem cells (MSCs) inhibited alpha-synuclein
transmission by blocking the CME of extracellular alpha-synuclein via modulation of
the interaction with NMDA receptors (Oh et al. 2016).
1.10.3 Internalization of pathological protein aggregates
The molecular pathway by which PrP is internalized remains elusive. It has been
Sc

shown to be internalized in an actin-dependent and clathrin-independent manner, as
well as via caveolae-mediated endocytosis (Peters et al. 2003; Wadia et al. 2008).
This is also true of the internalization of aggregated SOD1 and tau in neuronal cells in
culture. Münch et al used a variety of small molecule inhibitors of endocytosis and
found that the pharmacological inhibition of actin and PI3K decreased SOD1
aggregate internalization. However, the inhibition of clathrin, dynamin, caveolin and
flotillin had no effect on the internalization of aggregates (Münch et al. 2011). Tau
aggregates were internalized by cells in culture by dynamin-dependent endocytosis
(Wu et al. 2013), as well as by macropinocytosis (Holmes et al. 2013). Thus, there
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appears to be more than one pathway utilized by aggregated proteins to gain entry
into cells.
1.11 Intracellular degradation mechanisms
For seeded aggregation of prion-like proteins, there needs to be replication of
aggregates that exceeds their degradation. Thus, the processes of intracellular
degradation and seeded aggregation are important factors that could influence
neurodegenerative diseases. With age the efficiency of protein clearance mechanisms
diminishes in neurons (Wong & Cuervo 2010; Carroll et al. 2013). Moreover,
degradation pathways are implicated genetically and histopathologically in
synucleinopathies, suggesting that they have a role in their pathogenesis (Klein &
Westenberger 2012; Abeliovich & Gitler 2016).
1.11.1 Autophagy
The endolysosomal pathway
The internalization of the cell membrane via endocytosis is regulated to maintain
cellular size and function by membrane recycling processes. It has been estimated that
50-180% of the cell surface membrane can be recycled in and out of the cell every
hour (Steinman et al. 1983).
Once internalized endocytosed cargo is typically delivered to early endosomes. Early
endosomes are defined as the compartment that first receives incoming cargo, they are
the main sorting station in the endocytic pathway and receive vesicles from many
different forms of endocytosis: CME, CIE, caveolar, and macropinocytosis (Huotari
& Helenius 2011). Early endosomes are localized to the peripheral cytoplasm and are
heterogeneous in morphology, composition and function. A molecular marker of early
endosomes is Rab5, which is the main regulator of the conversion of early to late
endosomes (Huotari & Helenius 2011). Late endosomes are distinguished from early
endosomes by the presence of Rab7 and increased acidification (Rink et al. 2005).
They migrate towards the nucleus, where they fuse together to form larger bodies.
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Late endosomes then fuse with lysosomes, where endocytosed material is degraded
(Luzio et al. 2007) (Fig 1.14).
Lysosomes constitute the primary degradative compartment of the cell. They receive
proteins to be degraded via endocytosis, phagocytosis and autophagy; they are the
intracellular degradation component of the autophagy-lysosomal pathway, also known
as macroautophagy, or autophagy (Fig 1.15). Lysosomes contain two main classes of
proteins: hydrolases and integral membrane proteins (Saftig & Klumperman 2009).
There are over 50 hydrolases that degrade specific substrates. There are also over 25
membrane proteins within lysosomal membranes, which have diverse functions
regulating lysosomal fusion, acidification and import cytosolic proteins, as well as the
export products of degradation back into the cytoplasm (Saftig & Klumperman 2009).
Alpha-synuclein, internalized by dynamin-dependent endocytosis, colocalized with
Rab5 and Rab7 endosomes (Desplats 2009). Moreover, alpha-synuclein aggregates
internalized by cells in culture were detected within lysosomes (Freeman et al. 2013;
Apetri et al. 2016). After internalization of aggregated alpha-synuclein, endocytic
vesicles are shuttled through the endolysosomal pathway.
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Figure 1.14: The endolysosomal pathway
Following endocytosis the endocytic vesicles form early endosomes (EEs) that are marked
with Rab5 and have a pH of 6.1-6.8. The pH decreases to 4.8-6 during maturation into late
endosome (LEs), which are marked by Rab7. Late endosomes eventually fuse with
lysosomes.

Autophagy
Macroautophagy or autophagy is an important protein degradation pathway,
especially in conditions of stress and starvation. It is also used to degrade organelles,
such as mitochondria and peroxisomes, and long-lived proteins (Ohsumi 2014).
Autophagic degradation is a key mechanism for protein homeostasis and promotes the
recycling of cellular nutrients (Kaur & Debnath 2015). The initial step of autophagy is
the formation of a double membrane-bound vesicle called the autophagosome.
Autophagosomes then fuse with lysosomes, which degrade the sequestered cytosolic
proteins (Kaur & Debnath 2015) (Fig 1.15).
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Autophagosome formation comprises three main steps: initiation, nucleation and
expansion. It requires the recruitment of 15 autophagy-related or ATG genes, which
associate into protein complexes. Atg proteins consist of functional units that drive
autophagosome formation. The Atg1/ UNC-51-like kinase (ULK) complex and WD
repeat domain phosphoinositide-interacting protein (WIPI) 1/2 assemble to initiate
autophagosome formation. The class III phosphatidylinositol 3-phosphate kinase
complex 1 (PI3Kc1) mediates the nucleation stage. Then expansion and closure are
driven by ATG12-ATG5-ATG16 and ATG8 (Mizushima et al. 2011; Zaffagnini &
Martens 2016) (Fig 1.15).

Figure: 1.15: Autophagosome and autolysosome formation
A. The nucleation of membrane at site to be degraded. B. The membrane elongates around the
cytosolic material to be degraded and closes, forming an autophagosome (C).
Autophagosomes then fuse with lysosomes to form an autolysosome and to degrade the
contents of the autophagosome.

Until recently, it was believed that autophagy was a non-selective process initiated
under conditions of cellular stress. It is now known, however, to also be a regulated
process that can be initiated by specific ‘eat me’ signals recognized by autophagy
receptors (Randow & Youle 2014). Autophagy can selectively degrade many
dysfuntional organelles and protein aggregates, through processes known as
‘aggrephagy’ (Klionsky 2007). The existence of selective autophagy requires specific
cargo-recognising autophagy receptors, which bind cargo and link it to the autophagy
machinery. Thus, autophagy receptors contain an LC3-interacting region (LIR) motif,
the region that facilitates binding to LC3 and therefore linking it to autophagosome
formation. As well as containing a LIR motif, some autophagy receptors contain
ubiquitin-associated binding (UBA) domains, such as p62 (sequestosome 1), nuclear
dot protein 52 (NDP52), optineurin and NBR1 (Svenning & Johansen 2013). These
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receptors specifically degrade ubiquitinated proteins, where polyubiquitination of host
proteins or of invading pathogens acts as ‘eat me’ signal. Molecules in the cell can
also be targeted for degradation by direct binding of autophagy receptors to cytosolic
cargo (Randow & Youle 2014) (Fig 1.16).

Figure 1.16: Selective autophagy
A. Autophagosome formation begins with the formation of a crescent-shaped double
membrane, the phagophore, which contains LC3 and other ATG8 orthologues. B. Autophagy
receptors bind LC3 to link cargo to the phagophore via ‘eat me’ signals. C. The phagophore
grows to form an autophagosome. D. The autophagosome then fuses with lysosomes and its
contents are degraded. Adapted from Boyle and Randow (2013).

The galectins are a family of cytosolic lectins that contain carbohydrate-recognition
domains and bind β-galactosidase-containing glycans (Cummings and Liu 2009).
There are at least 10 human galectins, with galectins 1, 3, 8 and 9 having been shown
to detect ruptured endosomes and lysosomes by binding to the exposed βgalactosidase containing glycans that are specific to the cell surface, and are not found
within the cytoplasm (Houzelstein et al. 2004). Galectins, therefore, are a mechanism
to detect ruptured endosomes and to target them for degradation via autophagy. It has
been shown that galectin 8 binds to the autophagy receptor NDP52 (Thurston et al.
2012) (Fig 1.17). Similar roles for galectins 1, 3, and 9 in selective autophagy remain
to be established (Randow et al. 2013). However, it was recently reported that
galectin 3 binds to TRIM16 (Chauhan et al. 2016).
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Figure 1.17: Endosome rupture and autophagic degradation
A. Internalized pathogens are encased in endosomes. B. Endosome rupture occurs exposing
glycans to the cytosol. C. These are recognized by galectins 1, 3, 8 and 9. Galectin 8 binds
NDP52, which links the ruptured endosome to autophagy.

Chaperone-mediated autophagy
Another form of selective autophagy is chaperone-mediated autophagy (CMA).
CMA is predominantly involved in the degradation of soluble proteins, 30% of
cytosolic proteins are believed to be degraded by this pathway (Dice 2007). Proteins
destined for CMA contain a targeting motif: KFERQ. This motif is recognized by
hsc70, which shuttles the tagged proteins to the lysosomal transmembrane protein
LAMP2A, where they are unfolded and translocated into the lysosome for
degradation (Dice 2007).
1.11.2 The proteasome
The ubiquitin proteasome system (UPS) is the other major pathway responsible for
the degradation of misfolded cytosolic proteins, as well as nuclear and endoplasmic
reticulum proteins. The UPS mainly degrades short-lived proteins through a multistep pathway that involves the tagging of the proteins to be degraded with ubiquitin
(Wong & Cuervo 2010). Ubiquitins can be conjugated to a single or multiple sites, to
give mono-ubiquitinated or multi-ubiquitinated proteins. Proteins are typically
degraded by the proteasome when they have chains of at least 4 ubiquitins, the first
ubiquitin is attached to a Lysine residue on the target protein. Chains can be short and
contain only two ubiquitins or long and contain more than 10 ubiquitins. Typical
chains include: Lys11-, Lys48-, Lys63- linked chains (Komander & Rape 2012). The
26S proteasome runs along the polypeptide chains of the substrate tagged with
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ubiquitin, hydrolysing ATP to ADP and cutting the protein into small peptides (Wong
& Cuervo 2010).
1.12 Protein degradation pathways and alpha-synuclein pathogenesis
With increasing age, there is evidence of the gradual malfunctioning of proteasome
(Löw 2011), lysosome (Alvarez-Erviti et al. 2013) and autophagic flux (Romero et al.
2016).
As previously mentioned, mutations in GBA are a major cause of sporadic PD.
Therefore, lysosomal degradative impairment resulting from the dysfunction of
glucocerebrosidase leads to alpha-synuclein accumulation within neurons, due to its
inefficient clearance (Siebert et al. 2014). Lysosomes have been further implicated in
alpha-synuclein biology and aggregation. It has been demonstrated that soluble alphasynuclein is degraded by CMA (Cuervo 2004). It was also shown that the expression
of A30P and A53T alpha-synuclein blocks CMA, preventing its degradation and
resulting in alpha-synuclein accumulation and aggregation (Cuervo 2004).
The accumulation of alpha-synuclein leads to inefficient degradation. Mazzulli et al
showed that accumulation of human alpha-synuclein induced lysosomal dysfunction.
Alpha-synuclein reduced lysosomal degradation capacity by disrupting hydrolase
trafficking. This paper also reported the observed phenotype of enlarged lysosomes in
PD neurons, a sign of dysfunction, which was rescued by the knockdown of alphasynuclein (Mazzulli et al. 2016a).
Moreover, another genetic risk factor for PD are mutations in ATP13A2, which
encodes a lysosomal transmembrane P-type ATPase (Abeliovich & Gitler 2016).
Mutations in ATP13A2 lead to the accumulation of dysfunctional lysosomes (Dehay
et al. 2012; Lopes da Fonseca et al. 2016). In cells expressing ATP13A2 mutations,
alpha-synuclein accumulation has been demonstrated (Lopes da Fonseca et al. 2016).
Furthermore, the dysfunction of cathepsin D has been reported to lead to alphasynuclein accumulation (Crabtree et al. 2014; Bae et al. 2015a), and the formation of
enlarged lysosomes (Bae et al. 2015b). It seems, therefore, that lysosomal disruption
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affects the levels of soluble alpha-synuclein, leading to its increase in cells. It has also
been suggested that the inhibition of lysosomes causes an increase in exosome release
by neurons, further implicating them in the promotion of alpha-synuclein aggregation,
and also in the propagation of aggregates through the CNS (Alvarez-Erviti et al.
2011).
There is evidence, from human disease and experimental alpha-synucleinopathy
models, that alpha-synuclein inclusions are targeted by autophagy. Alpha-synuclein
inclusions in PD, DLB and MSA colocalise with the autophagy receptor p62
(Kuusisto et al. 2001). Moreover, the activation of autophagy by rapamycin and
trehalose has been shown to reduce levels of insoluble alpha-synuclein and activation
of autophagy could enhance clearance of insoluble alpha-synuclein (Decressac et al.
2013). Moreover, the suppression of autophagy leads to the accumulation of p62- and
ubiquitin-positive inclusions in transgenic mice (Komatsu et al. 2006; Komatsu et al.
2007).
The proteasome is the other major degradative pathway. It has also been implicated in
synucleinopathies; since it has been suggested to degrade soluble alpha-synuclein and
most alpha-synuclein inclusions in disease are ubiquitinated (Kuzuhara et al. 1988).
However, not all inclusions are ubiquitinated. The role of the proteasome in the
degradation of alpha-synuclein inclusions, therefore, is less clear.
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1.13 Aims of this thesis
The molecular mechanisms underlying alpha-synuclein aggregate propagation and
seeded aggregation are largely unspecified. My aims were as follows:

•

To develop and characterize a cell model of alpha-synuclein aggregation in
order to enable investigation of the molecular mechanisms that lead to seeded
aggregation (Chapter 3).

•

To assess the ability of alpha-synuclein aggregates from transgenic mice and
human synucleinopathies to seed aggregation (Chapters 4 and 5).

•

To determine what species of alpha-synuclein are the most seed-competent
(Chapter 6).

•

To identify the molecular mechanisms by which alpha-synuclein is
internalized (Chapter 7).

•

To elucidate the pathways internalized alpha-synuclein follows, to study if
aggregated alpha-synuclein is targeted for degradation, and to understand
how seeded alpha-synuclein aggregation affects the cellular degradation
machinery (Chapter 8).
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2. Materials and Methods
2.1 Preparation of alpha-synuclein seeds
2.1.1 Purification of recombinant alpha-synuclein
pRK172 expression vectors encoding full-length human wild-type alpha-synuclein,
mutant A53T alpha-synuclein or truncated human mutant A53T 6-140 alphasynuclein, or human deletion mutant Δ71-82 A53T alpha-synuclein were transformed
into BL21 DE3 E.coli (Aligent Technologies). The transformed bacteria were plated
onto ampicillin agar plates and incubated for <16 h at 37 C, followed by inoculation
o

into 1L of Terrific Broth (TB). The bacteria were then grown to an OD600 of 0.6 at
37 C under conditions of constant shaking [200 revolutions per minute (rpm)].
o

Expression was induced with 0.4 mM isopropyl β-D-1-thiogalactopyranoside (IPTG)
for 3 h at 37 C. The bacteria were harvested by centrifugation at 8,000 x g for 20 min
o

at 4 C. The pellets were resuspended in 50 mM Tris-HCl pH 7.4, 2 mM ethylene
o

glycol tetraacetic acid (EGTA), 0.1 mM dithiothreitol (DTT), 0.2 mM
phenylmethylsulfonyl fluoride (PMSF) and Protease inhibitor tablet (Roche), and the
bacteria lysed using a cell disruptor at 25,000 psi (One Shot Model, Constant Systems
Ltd). The lysates were cleared by centrifugation at 18,000 x g for 20 min and passed
through a HiTrap Q anion exchange column (GE Healthcare). Alpha-synuclein was
eluted with a 10-300 mM sodium chloride gradient. The eluted fractions were
collected and precipitated using 0.25 g/ml ammonium sulphate. The resuspended
precipitate was passed through a Superdex 200 HiLoad 16/60 column (GE
Healthcare). The resulting alpha-synuclein fractions were collected and dialysed into
phosphate-buffered saline (PBS) pH 7.4. The purified protein preparation was
concentrated using Amicon Ultra-15 centrifugal filter units with a 3,000 Da cut off
(Millipore). The protein content was determined by bicinchoninic acid (BCA) assay
(Pierce BCA protein assay kit, Thermo), and protein was concentrated to 400 μM.
Aliquots of alpha-synuclein were frozen and stored at -80 C. To obtain soluble alphao

synuclein, the purified recombinant protein centrifuged at 100,000 x g for 1 h at 4 C
o

and the supernatant used. For analysis by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE), 4x lithium dodecyl sulfate (LDS)- loading buffer (Life
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Sciences) containing 4% β-mercaptoethanol (βME) was added to protein samples and
loaded onto 4-12% BisTris gels (Novex) with 2-(N-morpholino) ethanesulfonic acid
(MES) running buffer for 40 min at 200V. Protein was detected by staining gels with
0.1% Coomassie Brilliant Blue (Sigma) in 50% methanol and 10% glacial acetic acid.
2.1.2 Aggregation of recombinant alpha-synuclein
Recombinant alpha-synuclein, at 400 μM in PBS pH 7.4, was assembled by shaking
on a flat orbital shaker (Innova® 40) at 450 rpm, at 37 C. After 5 days, the protein
o

preparation was spun at 100,000 x g at 4 C for 1 h. The supernatant was removed and
o

the pellet resuspended in PBS. The kinetics of alpha-synuclein aggregation was
monitored by thioflavin T fluorescence. Protein samples were diluted to 70 μM and
15 μM thioflavin T (Sigma) was added. Aggregation was measured in a 96-well plate,
total volume of 90 μl using a plate reader (Safire , Tecan), with excitation and
2

emission filters set to 444 and 485 nm, respectively. Fluorescence measurements were
taken every 30 min, with 30 s shaking prior to reading.
2.1.3 Preparation of tgM83 brain homogenates
Homozygous mice transgenic for human mutant A53T alpha-synuclein (tgM83

+/+

mice) with severe hindlimb paralysis were culled by cervical dislocation, followed by
exsanguination (Giasson et al. 2002). Whole brains were dissected, frozen on dry ice
and stored at -80 C. They were homogenised at 10% (w/v) in sterile PBS using a
o

Polytron (PT 2100, Kinematica AG). The protein content was determined by BCA
assay.
2.1.4 Preparation of sarkosyl-insoluble tgM83 seeds
+/+

TgM83 brain homogenates [10% (w/v)] were diluted to 5 mg/ml in A68 buffer [10
+/+

mM Tris HCl, pH 7.4, 0.8 M sodium chloride, 1mM EGTA, 5 mM ethylene diamine
tetraacetic acid (EDTA), 10% sucrose], supplemented with Complete Ultra proteaseinhibitor and PhosStop phosphatase-inhibitor cocktails (Roche). The lysates were
centrifuged at 20,700 x g at 4 C for 20 min and the supernatants retained and held on
o
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ice. The pellets were resuspended in half the original volume of A68 buffer and
centrifuged again at 20,700 x g at 4 C for 20 min. The lysates were combined and
o

10% sarkosyl (w/v) added to make a final concentration of 1% sarkosyl (v/v). The
lysates were shaken at 700 rpm on a flat rotating shaker for 1 h at room temperature,
then centrifuged at 100,000 x g for 1 h at 4 C. The supernatants were discarded and
o

the resulting pellets resuspended in 50 mM Tris HCl pH 7.4. Samples were stored at
4 C for a maximum of 1 week.
o

2.1.5 Preparation of PD and MSA brain homogenates
Fresh frozen idiopathic PD substantia nigra samples and MSA cerebellum samples
(provided by Bernardino Ghetti, Indianapolis) and several brain regions from a case
of the G51D kindred of familial PD (putamen, parietal cortex, subiculum and
cerebellum) (provided by Janice Holton, London) were homogenised in sterile PBS to
200 mg/ml, using a Polytron (PT 2500 E, Kinematica AG). Samples were kept on ice
and centrifuged at 5000 rpm at 4 C for 5 min. The supernatants were retained and
o

stored at -80 C.
o
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Sample

Brain area

Case

2008-040

Substantia Nigra

Sporadic Parkinson’s disease

2009-058

Substantia Nigra

Sporadic Parkinson’s disease

2009-060

Substantia Nigra

Sporadic Parkinson’s disease

2009-071

Substantia Nigra

Sporadic Parkinson’s disease

2009-104

Substantia Nigra

Sporadic Parkinson’s disease

2009-004

Substantia Nigra

Sporadic Parkinson’s disease

2008-022

Substantia Nigra

Sporadic Parkinson’s disease

2008-035

Substantia Nigra

Sporadic Parkinson’s disease

2005-027

Cerebellum

Sporadic Multiple System
Atrophy

2007-147

Cerebellum

Sporadic Multiple System
Atrophy

2009-045

Cerebellum

Sporadic Multiple System
Atrophy

2008-058

Cerebellum

Sporadic Multiple System
Atrophy

2008-080

Cerebellum

Sporadic Multiple System
Atrophy

2010-055

Cerebellum

Sporadic Multiple System
Atrophy

G51D

Putamen, parietal cortex,

Familial G51D Parkinson’s

subiculum and cerebellum

disease

Table 2.1: Human brain samples used
2.1.6 Preparation of sucrose gradient fractionated tgM83 brain homogenates
++

Sucrose gradient centrifugation was performed of tgM83 10% (w/v) PBS
+/+

homogenates. The protein concentrations of the 10% (w/v) tgM83 homogenates
+/+

were determined and they were diluted to 15mg/ml in PBS. 50%, 40%, 30%, 20%
and 10% sucrose in sterile PBS was prepared and layered into Beckman Coulter
Ultra-Clear Tubes 7/16 x 2 3/8 (11x60 mm). The volumes were: 0.5 ml 50% sucrose,
0.5ml 40%, 0.5ml 30%, 0.5ml 20% and 1 ml 10% sucrose at the top, the interfaces of
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the layers were marked on the tubes. Care was taken to form interfaces between the
sucrose layers; if any sheer in a layer occurred, the layering was repeated. One ml of
total tgM83 brain homogenate was layered onto the 10% sucrose fraction (Fig 2.1).
+/+

The tubes were loaded into a Beckman Coulter SW 60 Ti rotor and spun at 281,000 x
g for 4 h at 20 C (protocol adapted from Maeda et al 2006; Jackson et al 2016). The
o

brain lysates were spun at 20 C to maintain the sucrose viscosity. The fractions were
o

recovered by carefully pipetting off the sucrose fractions. The tgM83 pellet was
+/+

resuspended in 0.5 ml PBS. The samples were stored at -80 C until use.
o

Figure 2.1: Sucrose gradient centrifugation
The sucrose gradient fractions were layered into Beckman Coulter Ultra-Clear Tubes
7/16 x 2 3/8 (11x60 mm) using a needle syringe, applying constant pressure to ensure
perfect layering of the sucrose densities.
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2.2 Molecular cloning of alpha-synuclein into pRK172 and pcDNA3.1
2.2.1 Polymerase chain reaction
Alpha-synuclein cDNAs were amplified from pRK172 expression vectors by
polymerase chain reaction (PCR). PCR reactions contained 10-50 ng of template
DNA, 2.5 μM of each primer, 10 μM deoxynucleoside triphosphates, 5μl 10x PFU
Turbo polymerase buffer and 1 μl PFU Turbo polymerase and water to 50 μl. The
PCR programme denatured DNA at 95 C for 45 s, primer annealing was done at 58 C
o

o

for 45 s and elongation at 72 C for 3 min. Thermocycles were performed using a
o

Veriti 96-well thermal cycler (Applied Biosciences). The primers used in the PCR
reaction contained the Kozak sequence ACCACC and the restriction endonuclease
sites (5’) HindIII and (3’) EcoRV. The primer sequences were:
Alpha-synuclein 1-140 forward primer for pcDNA3.1:
5’ AAGCTTCCACCATGGATGTATTCATG 3’
Alpha-synuclein 6-140 forward primer for pRK172:
5’ CATATGAAAGGACTTTCAAAGGCC 3’
Alpha-synuclein reverse primer for pcDNA3.1:
5’ GATATCTTAGGCTTCAGGTTC 3’
Alpha-synuclein reverse primer for pRK172:
5’ AAAAGCTTTTAGGCTTCAGGTTC 3’
2.2.2 Restriction enzymes
HindIII and EcoRV (New England Biolabs) were used to digest alpha-synuclein
cDNAs and pcDNA3.1 expression vector (Invitrogen). The PCR products were
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column purified (Qiagen) and incubated with 10 U of each restriction enzyme with 5
μl 10x Smart buffer (New England Biolabs) and water to 50 μl. Five μg pcDNA3.1
expression vector was incubated with 10 U of each restriction enzyme with 5 μl 10x
Smart buffer and water to 50 μl. The constructs were incubated for 1 h at 37 C and
o

column purified. The digests were run on 1% agarose gel at 70V for 1 h, the inserts
excised and purified (Qiaquick Gel Purification Kit, Qiagen). The pcDNA3.1
expression vector was then dephosphorylated with 5 U calf intestinal alkaline
phosphatase (New England Biolabs) at 37 C for 1 h.
o

2.2.3 Ligation of DNA fragments
Digested alpha-synuclein cDNAs were ligated into digested pcDNA3.1 at molar ratios
of 3:1 and 5:1. One μl digested vector was mixed with 1 μl 10x T4 ligation buffer, 1
μl T4 ligase (New England Biolabs) and water to make 10 μl total volume and
incubated at room temperature for 1 h.
2.2.4 Transformation of competent bacteria
Chemically competent XL-10-Gold bacteria (Agilent) 50 μl were transformed with 10
μl ligation mixture. The bacteria and plasmid mix were incubated on ice for 10 min
and heat-shocked at 42 C for 30 s. The bacteria were then plated out onto agar plates
o

containing amplicillin.
2.2.5 DNA sequencing
Colonies were picked and grown in 6 ml 2XTY at 37 C with shaking for ~16 h. The
o

bacteria were harvested and plasmids purified using Qiagen Mini prep kit. DNA
sequencing was done commercially (GATC).
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2.2.6 Site-directed mutagenesis
Site-directed mutagenesis was performed on pcDNA-human WT expression vector to
produce alpha-synuclein constructs pcDNA-A53T, pcDNA-G51D and pcDNA-Δ7182. I designed and ordered two complementary oligonucleotides containing the
desired mutation flanked by the unmodified nucleotide sequence.
The primers used to perform A53T mutagenesis:
Forward 5’ GTGCATGGTGTGACAACAGTGGCTGAG 3’
Reverse 5’ CTCAGCCACTGTTGTCACACCATGCAC 3’
The primers used to perform G51D mutagenesis:
Forward 5’ GGAGTGGTGCATGATGTGGCAACAGTG 3’
Reverse 5’ CACTGTTGCCACATCATGCACCACTCC 3’
The primers used to perform Δ71-82 mutagenesis:
Forward: 5’ ACAAATGTTGGAGGAGAGGGAGCAGGGA 3’
Reverse: 5’ TCCCTGCTCCCTCTCCTCCAACATTTGT 3’
Site-directed mutagenesis was performed by PCR amplification. The reaction
contained 5 μl of 10x reaction buffer, 5 μl (25 ng) of pcDNA expression vector, 1.25
ng of oligonucleotide forward primer, 1.25ng of oligonucleotide reverse primer, 1 μl
of dNTP mix, 1.5 μl QuikSolution reagent and 1 μl Quik Change Lightening Enzyme
(Aligent QuikChange Lightening Site-Directed Mutagenesis Kit) made up to 50 μl
final volume.
The PCR programme used for Quik Change Lightning site-directed mutagenesis
started with one cycle at 95 C for 2 min, 18 cycles at 95 C for 20 s, at 60 C for 10 s, at
o

o

o

68 C for 2 min, followed by one cycle at 68 C for 5 min.
o

o

Two μl of DpnI were added to the PCR reaction and incubated at 37 C for 5 min.
o

Chemically ultracompetent XL-10-Gold cells were thawed on ice and aliquoted into
45 μl and 2 μl of the DpnI digested PCR product was added to the cells, which were
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incubated on ice for 10 min. The cells were then heat-shocked at 42 C for 30 s. Preo

heated 2XTY was added and the cells were incubated for 1 h at 37 C. They were then
o

plated on ampicillin-containing agar plates and incubated for ~16 h at 37 C. Colonies
o

were picked and their DNA sequenced.

Figure 2.2: Maps of bacterial pRK172 expression vector and mammalian
expression vector pcDNA3.1 (+). Alpha-synuclein was previously cloned into
pRK172 at restriction sites NdeI and HindIII. This was used to PCR amplify alphasynuclein cDNA and insert into pcDNA3.1 (+) at restriction sites HindIII and
EcoRV. The plasmids created in this thesis included: pRK172-6-140 alpha-synuclein,
pRK172-A53T Δ71-82 alpha-synuclein, pcDNA3.1-human WT alpha-synuclein,
pcDNA3.1-A53T alpha-synuclein, pcDNA3.1-A53T Δ71-82 alpha-synuclein,
pcDNA3.1-G51D alpha-synuclein.

87

2.3 Cell culture
Human embryonic kidney (HEK) 293T cells, HEK 293 cells stably expressing human
A53T alpha-synuclein, SH-SY5Y cells and HeLa cells were grown in Dulbecco’s
Modified Eagle medium (DMEM) containing Glutamax and 10% fetal-calf serum
(FCS), as well as penicillin-streptomycin (5 U/mL, Thermo). HeLa cell autophagy
receptor knockout lines were provided by Richard Youle (Lazarou et al. 2015). Cells
were passaged by incubation with 0.025% Trypsin/EGTA for 5 min at 37 C.
o

2.4 Transfection
Transfection of HEK 293T cells was carried out with pcDNA3.1-A53T alphasynuclein, pcDNA3.1-G51D alpha-synuclein, pcDNA3.1-A53T Δ71-82, alphasynuclein and pcDNA3.1-human wild-type alpha-synuclein using Lipofectamine
2000 (Invitrogen). One μg DNA of the expression vector was transfected per well in a
6 well plate (0.8 x10 cells). The DNA was diluted into Opti-MEM with 100 μl used
6

per μg DNA. Lipofectamine was also diluted in Opti-MEM with 4 μl used per μg
DNA. The DNA lipofectamine Opti-MEM was mixed and incubated for 15 min. The
mixture was then added to cell media and incubated overnight. The media were then
removed and replaced with fresh media.
2.5 Alpha-synuclein cell seeding assay
2.5.1 Fractionation of cell lysates
HEK 293T A53T seeded cells were collected with 0.025% trypsin and resuspended in
DMEM in 1.5 ml Eppendorf tubes and spun at 500 x g at 4 C for 5 min. The media
o

were removed and the cell pellets resuspended in 250 μl lysis buffer [50 mM TrisHCl pH 7.4, 1% TritonX-100 and Protease cocktail inhibitor (Roche) and PhosStop
(Roche)]. The cells were incubated on ice for 30 min and sonicated using a hand held
sonicator at output 3 for 5 s (Misonix, Microson Ultrasonic Cell Disruptor). The cell
lysates were spun at 100,000 x g for 30 min at 4 C. The supernantants were retained
o

for the soluble cell fraction, and 10 μl kept for BCA assay. The pellets were washed
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in lysis buffer, resuspended in 80 μl 50 mM Tris-HCl buffer and sonicated for 5 s
with 10 μl being retained for BCA assay. 4x LDS with 4% 2-mercaptoethanol (βME)
was added to the soluble and insoluble fractions and heated to 95 C for 5 min. The
o

protein concentrations of the cell fractions were determined by BCA assay.
2.5.2 Western blotting
Cell lysates were loaded on 4-12% BisTris gels with MES buffer and run for 40 min
at 200V. Twenty μg of protein from the TritonX-100 soluble cell fractions and 50 μg
from the TritonX-100 insoluble fractions was loaded onto the gels. Transfer onto
polyvinylidine fluoride (PVDF) membranes used the Biorad semi-dry transfer system.
The membranes were blocked with 5% milk and 0.2% Tween in PBS (PBST) for 1 h.
They were incubated in primary antibody overnight at 4 C or 1 h at room temperature,
o

three 10 min washes with PBST, then incubated in secondary horseradish peroxidase
(HRP) conjugated antibodies for 1 h.
2.6 Antibodies
Antibody

Species

Company

Order number

Syn1

Mouse

BD Biosciences

610786

Syn211

Mouse

Santa Cruz

sc12767

Syn303

Mouse

Convance

MMS-5085-10

pS129 clone M81A

Mouse

Convance

MMS-5091-10

pS129 [EP1536Y]

Rabbit

Abcam

ab51253

GAPDH

Mouse

Millipore

MAB374

Ubiquitin

Rabbit

Abcam

ab7780

Ubiquitin K48

Rabbit

Abcam

ab140601

Ubiquitin K63

Rabbit

Cell Signalling

D7A11

SQSTMI (p62)

Rabbit

Abcam

ab92547

LAMP2

Mouse

Abcam

ab25631

LC3

Rabbit

MBL

PM036

Rab 5

Rabbit

Abcam

ab18211

Rab 7

Rabbit

Abcam

ab50533

Rab 11

Rabbit

Abcam

ab3612
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Optineurin

Rabbit

Abcam

ab151240

NDP52

Rabbit

Abcam

ab68588

NBR1

Mouse

Abcam

ab55474

GBA

Rabbit

Abcam

ab128879

Proteasome 20S

Rabbit

Enzo

PW8155-0025

IgG-Alexa Fluor 488

Rabbit

Life

A11034

Technologies
IgG-Alexa Fluor 488

Mouse

Life

A11001

Technologies
IgG-Alexa Fluor 594

Mouse

Life

A11005

Technologies
IgG-Alexa Fluor 594

Rabbit

Life

A 11012

Technologies
IgG-Alexa Fluor 647

Mouse

Life

A21235

Technologies
IgG-Alexa Fluor 647

Rabbit

Life

A21244

Technologies
IgG-gold 10nm

Mouse

Sigma

G7652

IgG-gold 10nm

Rabbit

Sigma

G7402

Table 2.2: Antibodies used
2.7 Fluorescence imaging
2.7.1 Immunohistochemistry
HEK 293T cells were grown on poly-L-Lysine coated coverslips (BD Biosciences),
and where indicated, fixed with 4% paraformaldehyde (PFA) for 20 min at 37 C. Cells
o

were permeabilised with 0.1% TritonX-100, or 0.1% saponin (Sigma) and blocked
with 3% bovine serum albumin (BSA) in PBS for 1 h. Primary antibodies were
diluted in staining buffer (0.1% TritonX-100, 1% BSA in PBS) and incubated
overnight at 4 C or for 3 h at room temperature. Three PBS washes, 15 min each, were
o

carried out before incubating the cells for 1 h with secondary fluorescent antibodies.
Cells were washed again in PBS and mounted in Prolong-Gold with DAPI mounting
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medium. Confocal images were acquired using a Zeiss710 or Zeiss780 confocal
microscope with a x60 oil objective.
2.7.2 Thioflavin S staining
Cells fixed with 4% PFA on glass coverslips were dehydrated with 100% ethanol for
5 min. They were then incrementally hydrated with 90% ethanol for 5 min, 70%
ethanol for 5 min, 50% ethanol for 5 min, and then water. One percent thioflavin S
was added for 8 min at room temperature. Stained slides were protected from light as
much as possible. The cells were then washed with 80% ethanol, three times for 5
min, then 90% ethanol, three times for 5 min, followed by three 5 min washes with
water. The coverslips were analysed within 24 h and kept at 4 C in the dark.
o

2.7.3 Luminescent oligothiophene staining
Luminescent conjugated oligophiophene (LCO) probes pFTAA, HS68 and HS169
were added to 4% PFA fixed cells permeabilised with 0.1% TritonX100 and blocked
with 3% BSA; 0.6 μM of the LCO probes were added to the permabilisation medium
and incubated for 3h. The cells were washed three times for 5 min in PBS and
mounted onto slides with Prolong-Gold with DAPI (Cell Signalling) mounting
medium.
2.7.4 Phalloidin staining
HEK 293T cells were grown on poly-L-lysine coated coverslips (BD Biosciences),
and incubated with DyLight labelled aggregated alpha-synuclein, washed with PBS
and fixed with 4% PFA for 10 min at room temperature. The cells were then
permeabilised with 0.1% TritonX-100 and blocked with 1% BSA for 1 h at room
temperature. They were washed in PBS and stained with 2.5% (v/v) fluorescently
labelled phalloidin methanol stock (Life Sciences) in PBS with 1% BSA for 20 min at
room temperature. This was followed by three washes with PBS and mounting onto
slides with ProLong-Gold (Cell Signalling).
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2.7.5 Cell Mask staining
HEK 293T cells were grown on coverslips to 80% confluency. They were stained
with CellMask (Thermo) plasma membrane stain 1X solution (1:1,000 dilution of
TM

the stock). After 30 min, 1 μM DyLight-594 labelled alpha-synuclein aggregates were
added to the cell media and further incubated for 30 min. The cells were then washed
with PBS and fixed in 4% PFA at 37 C for 20 min. They were washed in PBS and
o

mounted onto slides with ProLong-Gold (Cell Signalling).
2.7.6 LysoTracker staining
HEK 293T cells were grown on coverslips to 80% confluency. They were preincubated, for various times, with DyLight-488 labelled alpha-synuclein aggregates.
The cells were stained with 75 nM LysoTracker (1:10,000 dilution of the stock,
TM

Thermo) for 30 min. LysoTracker containing medium was then removed and replaced
with fresh DMEM and the cells were analysed by live imaging (Andor Revolution
Spinning disk confocal microscope).
2.8 Fluorescent labelling of alpha-synuclein
DyLight conjugated to N-hydroysuccinimide (NHS)-ester (Thermo) was used to
fluorescently label recombinant A53T alpha-synuclein, following the manufacturer’s
instructions. Briefly, 2.5mg/ml alpha-Synuclein in 50 mM sodium borate pH 8.5 or
with PBS pH 7.4 was incubated with 100 μg/ml DyLight-594 NHS-ester for 1 h at
room temperature. The labelled alpha-synuclein was then dialysed overnight into PBS
at 4 C using a 3,000 Da cutoff, Slide-A-Lyzer G2 (Thermo). The molar concentration
o

of DyLight labelled alpha-synuclein was determined by absorbance spectroscopy and
the Beer-Lambert Law,
c=A

protein

/ I*ε

where c is the concentration in moles, A

protein

is the absorbance, I is the pathlength and ε

the extinction coefficient at 280 nm (5.96x10 M cm for A53T alpha-synuclein). A
3

-1

-1

protein

was calculated using a correction factor to account for the contribution of the DyLight
label as,
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A

protein

=A –A
280

Where A280 is the absorbance at 280nm, A

* CF

Dylight

Dylight

is the maximal absorbance of the

DyLight label and CF is the correction factor (A280/A

Dylight

). The molar concentration

of conjugated DyLight label was calculated as:
C=A
Where ε

DyLight

DyLight

/ I* ε

DyLight

is the extinction coefficient at the maximal absorbance of the DyLight

label. The labelled protein was analysed by SDS-PAGE, 4x LDS-loading buffer (Life
Sciences) containing 4% βME was added to the labelled protein and run on 4-12%
BisTris gel (Novex) with MES running buffer for 40 min at 200V. The protein bands
were visualised with 0.1% Coomassie Brilliant Blue, and the fluorescence labelling
resolved with a Typhoon FLA 7000 gel scanner (GE Healthcare).
2.9 Electron microscopy
Samples were placed on 400 meshed Formvar/ carbon film-coated copper grids
(Sigma) for 3 min, blocked with water plus 0.1% gelatin (Sigma) for 10 min, and
incubated with Syn211 (1:50), pS129 (1:50) in blocking buffer for 3 h. Grids were
then washed by serial dilution in water and incubated with secondary antibody 10 nm
gold conjugate (1:25; Sigma) in blocking buffer for 1 h before being washed and
stained with 0.1% uranyl acetate. Images were taken on a Philips Spirit transmission
electron microscope, and measurements made in Fiji (Fiji/ImageJ).
2.10 Biochemical analysis of aggregated alpha-synuclein
2.10.1 Proteinase K digestion
Alpha-synuclein seeds were digested with 0.5-10 μg/ml proteinase K (Promega) in
PBS for 1 h at room temperature. Digestion was stopped by the addition of 4x LDSloading buffer (Life Sciences) containing 4% βME and heated to 95 C for 5 min. The
o

samples were then analysed by SDS-PAGE on 4-12% BisTris gels with MES running
buffer for 40 min at 200V. Alpha-synuclein was detected with Syn-1 antibody by
Western blotting.
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2.10.2 Guanidine hydrochloride disaggregation
Alpha-synuclein seeds were disaggregated with 0.5-7 M guanidine hydrochloride
(Sigma) in 50 mM Tris HCl, pH 7.4 for 1 h at room temperature. The samples were
then centrifuged at 100,000 x g at 4 C for 1 h. The pellets were washed and
o

resuspended in 10 μl 50 mM Tris HCl pH 7.4, with 4x LDS-loading buffer (Life
Sciences) containing 4% βME. The samples were heated to 95 C for 5 min and loaded
o

onto 4-12% BisTris gels with MES running buffer and run for 40 min at 200V.
Alpha-synuclein was detected by Western blotting with Syn-1.
2.11 Alpha-synuclein uptake
2.11.1 Cell preparation
HEK 293T cells were grown to 90-100% confluence and treated with fluorescent
soluble and aggregated A53T alpha-synuclein at the concentrations and incubation
times stated in the Figure legends. HEK 293T cells were also incubated with 50 μg/ml
dextran conjugated to Alexa-594 (10,000 Da, Invitrogen), 10 μg/ml transferrin
conjugated to Alexa-594 (Invitrogen), or 10 μM HIV-1 transactivator of transcription
(TAT) protein conjugated to carboxytetramethylrhodamine (TAMRA) (Anaspec),
phalloidin Alexa-594 (Invitrogen), CellMask

TM

Green (1:5000, Invitrogen). HEK

293T cells were then fixed with 4% PFA and processed for immunohistochemistry or
flow cytometry.
2.11.2 Flow cytometry
HEK 293T cells were grown to 90-100% confluency in 12- well dishes and washed
with PBS. In experiments using transferrin, they were acid washed with pre-warmed
20 mM sodium acetate pH 4.6, 150 mM sodium chloride, 1 mM calcium chloride for
30 s at room temperature, to remove any extracellularly bound transferrin. The cells
were then washed with PBS and incubated with 0.025% trypsin for 5 min at 37 C.
o

DMEM + 10% FCS was added to inactivate trypsin. The cells were spun at 500 x g at
4 C for 5 min, the pellets resuspended in 100 μl PBS and fixed with 3.6% PFA for 10
o

94

min at room temperature. The cells were spun again at 500 x g at 4 C for 5 min, then
o

resuspended in PBS and analysed immediately on a Sony Eclipse or BD LSRII (BD
Biosciences) analyser.
2.11.3 Small molecule inhibitors
HEK293T cells were grown to 90% confluence and pre-incubated with small
molecule inhibitors of endocytosis in OptiMEM (Thermo) for 30 min at 37 C.
o

DyLight labelled aggregated alpha-synuclein was then added and the cells were
processed for flow cytometry analysis 1 h later. The small molecule inhibitors used
were: Dynasore (dynamin inhibitor, used at 80 μM), Dyngo-4a (dynamin inhibitor,
used at 20 μM), monodansylcadaverine (MDC, a clathrin-mediated endocytosis
inhibitor, used at 100 μM), genistein (caveolae inhibitor, used at 200 μM), 5-(NEthyl-N-isopropyl) amiloride (EIPA, actin polymerisation inhibitor, used at 100 μM),
latrunculin A (actin inhibitor, used at 200 nM), cytochalasin A (actin inhibitor, used at
200 nM) and wortmannin (broad P13K inhibitor, used at 25 nM, Sigma). Transferrin
conjugated to Alexa-594 (clathrin-mediated endocytosis cargo, 10 μg/ml, Invitrogen)
was used as a control.
HEK 293T cells were also treated with small molecule inhibitors of lysosome
degradation and autophagy. The lysosomal inhibitor bafilomycin A1 (Sigma) was
used at 100 nM, the autophagy activator rapamycin (Sigma) at 100 nM and the
autophagy inhibitor 3-methyladenine (3MA) at 10 mM (Sigma). Chloroquine was
used to inhibit lysosomes at 50 μM (Sigma). Inhibitors and activators were diluted in
DMEM + 10% FCS and incubated with HEK 293T cells for 72 h.
2.11.4 Dominant-negative endocytosis mutants
HEK 293T cells grown in 12-well dishes were transfected at 60% confluence using
lipofectamine 2000 (Invitrogen) with 1 μg pDEST encoding dominant-negative
mutant proteins tagged with EGFP and incubated for 24 h to approximately 90%
confluence. Fluorescently labelled DyLight-594 soluble and aggregated alphasynuclein was added to the cells for 1 h, followed by processing for flow cytometry.
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EGFP-positive cells were recorded to analyse cells that expressed the dominantnegative mutant proteins. The latter were: Dynamin ΔPH (dynamin inhibitor), AP180
C-terminus (clathrin-mediated endocytosis inhibitor), Cdc42 N19 (Cdc42 inhibitor),
RhoA T19N (RhoA inhibitor), Arf6 T27N (Arf 6 inhibitor), Rac1 N19 (Rac1
inhibitor), endophilin A2 ΔAH (endophilin-mediated endocytosis inhibitor). The
pDEST vectors were provided by Harvey McMahon.
2.12 CytoID staining
HEK 293T cells were grown to 90% confluence and treated with 500 nM, 5 μM or
50μM rapamycin for 16 h. They were treated with 0.025% trypsin for 5 min at 37 C,
o

resuspended in DMEM and spun at 500 x g at 4 C for 5 min. The pellets were
o

resuspended in 250 μl PBS supplemented with 5% FCS and stained with 1X CytoID
(1:1000). The cells were incubated for 30 min at 37 C and protected from light,
o

followed by a spin at 500 x g at 4 C for 5 min and resuspension in 100 μl PBS,
o

followed by fixation in 4% PFA. The cells were fixed for 20 min at 37 C, spun at 500
o

x g at 4 C for 5 min and resuspended in 500 μl PBS. They were then analysed by flow
o

cytometry (Eclipse).
2.13 RNAi treatment
Small interfering RNAs (siRNAs) were purchased from GE Healthcare. I used
SMARTpool: ON-TARGETplus siRNAs, which consist of a cocktail of 4 siRNAs to
the protein of interest. The siRNAs targeted: ATG8 (LC3), LAMP2 and GBA1
(glucocerebrosidase).
The sequences of the ATG8 siRNAs:
5’ GUAGAAGAUGUCCGACUUA 3’
5’ CUAGAUAGUUACACACAUA 3’
5’ GGGUAGACAUUUCUGGUUU 3’
5’ GCAUGUCAGUUGUGGAGAA 3’
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The sequences of the LAMP2 siRNAs:
5’ CUCAAUAGCAGCACCAUUA 3’
5’ GCAUGUAUUUGGUUAAUGG 3’
5’ GCAUUGGAACUUAAUUUGA 3’
5’ AAAUGCCACUUGCCUUUAU 3’
The sequences of the GBA siRNAs:
5’ CCAAUUGGGUGCGUAACUU 3’
5’ CGACAGUCCCAUCAUUGUA 3’
5’ UGAAGAAGGAAUCGGAUAU 3’
5’ GGGCAAAGGUGGUACUGAC 3’
siRNAs were transfected into HEK 293 cells stably expressing human A53T alphasynuclein using lipofectamine 2000. The HEK 293 cells were incubated for 72 h to
allow for the knockdown of the target, seeded with 1 μM aggregated alpha-synuclein
and incubated for 72 h. The cells were then harvested and processed for Western blot
analysis, using protocols 2.6 and 2.7.
2.14 Endosome rupture
Rupture of endosomes in HeLa cells expressing galectin-8 fused to YFP has been
described (Thurston et al. 2012). HeLa cells were incubated in hypertonic medium
(0.5M sucrose in PBS with 10% polyethylene glycol (PEG 1000) for 10 min at 37 C.
o

They were washed twice with PBS, incubated in hypotonic medium (60% PBS) for 3
min at 37 C, incubated with growth medium for 20 min at 37 C and fixed with 4%
o

o

PFA for 20 min.
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3. Aggregation of human A53T alpha-synuclein with recombinant A53T alphasynuclein seeds in HEK 293T cells
The apparent temporospatial spread and amplification of alpha-synuclein aggregation
in human brain (Braak et al. 2003), as well as the development of Lewy pathology in
mesencephalic grafts in PD patients (Kordower et al. 2008; Li et al. 2008), provided
strong evidence in favour of a prion-like phenomenon of alpha-synuclein aggregation
and propagation in the brain in synucleinopathies.
To investigate the mechanisms that underlie this prion-like phenomenon, robust
models are needed. Cell-based models permit genetic and environmental
manipulation to elucidate molecular mechanisms and pathways that lead to the seeded
aggregation of alpha-synuclein, in an inexpensive and high throughput manner.
I established and characterized a HEK 293T model of alpha-synuclein aggregation,
using expression of human mutant A53T alpha-synuclein. It was adapted from a
previous model (Luk et al. 2009) and faithfully recapitulates key aspects of alphasynuclein aggregation.
3.1.1 Preparation of alpha-synuclein seeds
To examine the ability of alpha-synuclein to seed aggregation in cell culture, I
purified recombinant full-length human mutant A53T alpha-synuclein, and
recombinant truncated 6-140 human mutant A53T alpha-synuclein. Recombinant
alpha-synuclein was expressed in E.coli and purified by anion exchange
chromatography (Fig 3.1 A&B), precipitation with ammonium sulphate, followed by
size exclusion chromatography (SEC) gel filtration (Fig 3.1 C&D).
Purified recombinant alpha-synuclein assembles into filamentous aggregates in vitro
at high concentration, 37 C, physiological pH and under constant agitation (Crowther
o

et al. 1998; Conway et al. 1998). I assembled recombinant alpha-synuclein at 400 μM,
using 450 rpm rotational shaking for 5 days in PBS. The assembled protein was spun
at 100,000 x g for 1 h, the supernatant removed and the pellet resuspended. Thioflavin
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T, an amyloid dye, which binds to cross-β-sheet rich amyloid proteins (Eisenberg &
Jucker 2012), was used to monitor the assembly of alpha-synuclein over time (Fig
3.2A). The aggregation kinetics of alpha-synuclein exhibit a nucleation phase, which
is not detected by thioflavin T. It is followed by the elongation phase, when
aggregates of alpha-synuclein lengthen and fragment (Jarrett & Lansbury 1993). The
lag phase for 400 μM alpha-synuclein was ~12 h. The protein then exhibited a rapid
growth phase that reached a plateau at ~24 h; 140 μM alpha-synuclein had a lag phase
of ~48 h and the growth phase was slower than for 400 μM alpha-synuclein (Fig
3.2A). When analysed by SDS-PAGE and Coomassie blue staining, soluble alphasynuclein runs as a 15 kDa protein, and aggregated alpha-synuclein as a smear with
some aggregates not migrating into the gel (Fig 3.2B). By electron microscopy,
assembled alpha-synuclein formed straight, unbranched filaments, whereas the
soluble protein did not (Fig 3.2C). Recombinant alpha-synuclein aggregates were
subjected to sonication for 30 s to produce filaments of shorter length, as unsonicated
filaments can be many μm long. After sonication (Misonix XL, output 10) the mean
filament length was 445 nm (n=50) (Fig 3.3B).
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Figure 3.1: Purification of recombinant alpha-synuclein
A. Coomassie blue-stained SDS-PAGE of anion exchange purified E.coli lysates expressing
A53T alpha-synuclein; the fractions eluted in 5% and 8% NaCl were retained for further
purification (shown by the arrows). B. Protein absorbance at 290 nm of anion exchange
chromatography, the arrow indicates the fractions retained C. Coomassie blue stained SDSPAGE of size exclusion chromatography gel filtration purified E.coli lysates D. The protein
absorbance at 290 nm of fractions from size exclusion chromatography, the second arrow
indicates the fractions that were retained E. Coomassie blue stained SDS-PAGE of final
purified recombinant alpha-synuclein, dialysed in PBS.
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Figure 3.2: In vitro aggregation of recombinant alpha-synuclein
A. Fluorescence spectroscopy of thioflavin T (excitation 444nm, emission 482 nm) binding
kinetics during aggregation induced by constant agitation at 37 C (RFU= relative fluorescent
units) of different concentrations of recombinant A53T alpha-synuclein. Samples were run in
triplicate, the results are the means ± SD. B. Coomassie stained SDS-PAGE of unassembled
and assembled recombinant A53T alpha-synuclein. Some assembled alpha-synuclein protein
was stuck in the well of the gel, some ran as a smear. C. Electron microscopy of unassembled
and assembled alpha-synuclein at 400 μM, the samples were diluted 1:100. Scale bar 0.5 μm.
o
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3.1.2 Seeded aggregation of expressed human A53T alpha-synuclein in HEK
293T cells
I chose to work on HEK 293T cells, which offer a robust system to perform alphasynuclein seeding. HEK 293T cells do not express alpha-synuclein, thus cells were
transfected with pcDNA3.1 with human mutant A53T alpha-synuclein. To test the
parameters of seeded aggregation, 16 h post transfection, the cells were incubated
with 1 μM non-aggregated or aggregated alpha-synuclein. Alpha-synuclein was
incubated in the media for 3 h, removed and the cells incubated for a further 72 h in
fresh media. Cells were trypsinised and resuspended in equal part cell medium, then
spun at 500 x g for 5 min at 4 C. The medium was removed and the pellets were
o

resuspended in lysis buffer (50mM Tris-HCl pH.7.4 with 1% TritonX-100) and
separated into TritonX-100 soluble and insoluble fractions by a 100,000 x g spin and
analysed by Western blot analysis with antibody Syn-1 and anti-GAPDH antibody,
for the TritonX-100 soluble fractions, and the phosphorylation dependent alphasynuclein antibody pS129 for the TritonX-100 insoluble fractions. Phosphorylation of
alpha-synuclein at serine 129 occurs in human synucleinopathies, 90% of pathological
aggregated alpha-synuclein is phosphorylated at this residue (Fujiwara et al. 2002).
The addition of recombinant alpha-synuclein aggregates induced the aggregation of
A53T alpha-synuclein expressed in HEK 293T cells into insoluble and
phosphorylated inclusions (Fig 3.3 C&D). Western blot analysis of the TritonX-100
soluble cell lysate fractions with Syn-1 revealed the presence of soluble expressed
alpha-synuclein in transfected, but not in untransfected HEK 293T cells. The TritonX100 insoluble cell lysate fractions showed the presence of pS129 alpha-synuclein in
cells seeded with aggregated alpha-synuclein, but not in those seeded with nonaggregated alpha-synuclein (Fig 3.3C). HEK 293T cells not expressing A53T alphasynuclein and seeded with aggregated alpha-synuclein did not develop insoluble
pS129 positive aggregates (Fig 3.3C). Thus, expression of alpha-synuclein is
important for seeded aggregation; like the in vitro aggregation of recombinant alphasynuclein, seeded aggregation was concentration-dependent. However, the expression
of A53T alpha-synuclein alone, without seeding, did not induce aggregation. These
results agree with previous findings (Luk et al. 2009).
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Initially, to ensure internalization of alpha-synuclein, I delivered soluble and
aggregated alpha-synuclein to cells using lipofectamine (Luk et al. 2009). HEK 293T
A53T alpha-synuclein cells seeded with aggregated alpha-synuclein developed
aggregates, with and without lipofectamine (Fig 3.3C). As I wanted to follow the
pathways of seeded aggregation from internalization, endosome release and induced
aggregation, I did not use lipofectamine in the ensuing studies.
To further show the induction of alpha-synuclein aggregation, I analysed seeded cells
using immunohistochemistry, which allowed visualization of pS129 inclusions in
HEK 293T A53T alpha-synuclein cells, but not in HEK 293T cells, which agrees with
the Western blot data (Fig 3.3 D&E). Cells contained pS129 positive inclusions of
different morphologies; I observed inclusions that filled the entire cell or were skeinlike and perinuclear (shown by the asterisk Fig 3.3D). The pS129 inclusions were also
positive with thioflavin S (Fig 3.3E), as well as with the LCOs, pentameric formyl
thiophene acetic acid (pFTAA) and HS169, which detect a range of amyloid proteins
(data not shown) (Sigurdson et al. 2007; Klingstedt et al. 2011). In HEK 293T A53T
alpha-synuclein seeded cells, thioflavin S staining colocalised with pS129 alphasynuclein (Fig 3.3E). Thioflavin S staining also revealed small aggregate puncta
within seeded cells (shown by asterisk Fig 3.3E). I hypothesized that thioflavin S may
detect the internalized seeds (chapter 8). Seeded alpha-synuclein aggregates are large
and phosphorylated at S129, which the small puncta are not; alpha-synuclein seeds
are not phosphorylated upon internalization, this modification is specific to seeded
aggregates, not the seeds.
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Figure 3.3 (previous page): Induced aggregation of A53T alpha-synuclein in HEK 293T
cells
A. A schematic of the HEK 293T A53T cell-seeding assay. B. Electron microscopy of nonaggregated and sonicated aggregated recombinant A53T alpha-synuclein, scale bar 500 nm.
Filament lengths of recombinant A53T aggregates were measured. The results are the means
± SD (n=50 filaments). C. Western blot analysis of HEK 293T cell lysates separated into
TritonX-100 soluble and insoluble fractions with Syn-1 antibody and anti-GAPDH antibody,
for TritonX-100 soluble fractions, and anti- pS129 antibody for TritonX-100 insoluble
fractions. Twenty μg TritonX-100 soluble and 50 μg TritonX-100 insoluble protein was run
on 4-12% BisTris SDS-PAGE. D. Immunohistochemistry of HEK 293T and HEK 293T
A53T alpha-synuclein expressing cells seeded with A53T alpha-synuclein aggregates and
stained with anti-pS129 antibody (green). Nuclei were visualized with DAPI (blue), scale bar
10 μm. E. Immunohistochemistry of HEK 293T and HEK 293T A53T expressing cells
seeded with A53T aggregates and stained with anti-pS129 antibody (red) and thioflavin S
(green). Nuclei were visualized with DAPI (blue), scale bar 10 μm. Confocal images are
compiled z-stacks (E&F).

3.1.3 Proof of concept of the seeded aggregation of human A53T alpha-synuclein
in HEK 293T cells
To show that pS129 inclusions were positive for expressed alpha-synuclein, I wanted
to get direct evidence that expressed A53T alpha-synuclein aggregated after the
addition of seeds. Thus, I designed a difference between seed and soluble alphasynuclein in HEK 293T cells. I cloned, purified and aggregated a truncated form of
A53T alpha-synuclein, which missed the first 5 amino acids, 6-140 A53T alphasynuclein. Comparison of the full-length and truncated purified recombinant proteins
revealed a slight shift in electrophoretic mobility for 6-140 A53T alpha-synuclein
(Fig 3.4B). Western blot analysis with Syn-1 showed both the full-length and the
truncated proteins. However, the Syn303 antibody, which binds to the first 5 amino
acids of alpha-synuclein, did not detect 6-140 A53T alpha-synuclein recombinant
protein, but did detect the full-length protein. Thus, I could use this antibody to detect
induced aggregation of expressed full-length alpha-synuclein when seeded with 6-140
A53T alpha-synuclein aggregates (Fig 3.4 A&B).
Although changes to the primary sequence can alter the aggregation propensity of
alpha-synuclein (Crowther et al. 1998), I found that recombinant truncated 6-140
A53T alpha-synuclein could assemble into filaments at 400 μM. The aggregates were
sonicated, using the same protocol as previously stated, and analysed by electron
microscopy (Fig 3.4C). The addition of 6-140 A53T alpha-synuclein aggregates to
HEK 293T cells expressing full-length A53T alpha-synuclein resulted in the
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aggregation of full-length alpha-synuclein, which was demonstrated by the presence
of Syn303 positive alpha-synuclein in the TritonX-100 insoluble fraction, which was
also positive for pS129 (Fig 3.4D). Immunohistochemical analysis of HEK 293T cells
expressing A53T alpha-synuclein and seeded with aggregated 6-140 A53T alphasynuclein showed the presence of alpha-synuclein inclusions positive for Syn303 and
pS129 (Fig 3.4E).

Figure 3.4 (next page): Aggregation of 1-140 A53T alpha-synuclein with 6-140 A53T
alpha-synuclein seeds.
A. Schematic showing the binding sites of antibodies: Syn303, Syn-1 and pS129 alphasynuclein. B. Coomassie blue staining of recombinant A53T 1-140 and 6-140 alpha-synuclein
and Western blot analysis with Syn-1 and Syn303. C. Electron microscopy of A53T 6-140
aggregates, scale bar 500 nm. D. Western blot analysis of HEK 293T A53T alpha-synuclein
expressing cells seeded with A53T 6-140 alpha-synuclein aggregates using Syn-1 and antiGAPDH antibodies for the TritonX-100 soluble fractions and pS129 and Syn303 alphasynuclein antibodies for the TritonX-100 insoluble fractions. Twenty μg TritonX-100 soluble
and 50 μg TritonX-100 insoluble total protein was run on 4-12% BisTris SDS-PAGE. E.
Immunohistochemistry of cells treated with and without A53T 6-140 aggregate seeds, in
HEK 293T cells expressing A53T alpha-synuclein with anti-Syn303 antibody (red) and antipS129 antibody (green). The confocal images are single Z-plane images; the nuclei were
visualized with DAPI (blue), scale bar 20 μm.
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3.1.4 Aggregation of human A53T alpha-synuclein in HEK 293T cells is
concentration dependent
To further establish parameters essential for seeded aggregation, I wanted to
determine the optimal concentration of soluble A53T alpha-synuclein in HEK 293T
cells that would permit seeded aggregation. I expressed different amounts of
pcDNA3.1-A53T alpha-synuclein using, 0, 0.5, 1 and 2 μg DNA. The cells were
seeded with 1 μM recombinant aggregated alpha-synuclein for 3 h, washed and
incubated for a further 72 h. They were harvested and analysed by Western blotting.
The total level of insoluble aggregated pS129 alpha-synuclein increased with
increasing concentrations of soluble alpha-synuclein (Fig 3.5A &C). Doubling the
expression of alpha-synuclein from 0.5 μg to 1 μg DNA, doubled the level of
insoluble pS129 alpha-synuclein, which was not observed for 1 μg and 2 μg DNA
(Fig 3.5 B&C).
I also wanted to determine whether the level of seeded aggregation was dependent on
the concentration of the aggregate seed. I serially diluted recombinant aggregated
alpha-synuclein and seeded HEK 293T A53T expressing cells with the indicated
concentrations (Fig 3.5D). Western blot analysis of the soluble cell lysate fractions
revealed, for the same level of total protein, a decrease in soluble alpha-synuclein
levels with increasing seed concentration (Fig 3.5 D&E). There was a recruitment of
soluble alpha-synuclein into the insoluble fraction, as with increasing alpha-synuclein
aggregate seed concentration there was an increasing level of insoluble pS129 alphasynuclein (Fig 3.5 D&F). The level of seeded alpha-synuclein aggregation was
proportional to the concentration of the seed (Fig 3.5 F).
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Figure 3.5 (next page): The effects of seed concentration and soluble alpha-synuclein
concentration on seeded aggregation.
A. Western blot analysis of HEK 293T cells transfected with different concentrations of
pcDNA-A53T alpha-synuclein and seeded with 1 μM A53T alpha-synuclein aggregates.
TritonX-100 soluble cell lysates were blotted for Syn1 and anti-GAPDH, and TritonX-100
insoluble cell lysates for pS129 alpha-synuclein. Twenty μg of TritonX-100 soluble and 50
μg TritonX-100 insoluble total protein was run on 4-12% BisTris SDS-PAGE. The Western
blots were developed for the same time. B. Densitometric analysis of TX-100 soluble Syn-1
band intensities. C. Densitometric analysis of TX-100 insoluble pS129 band intensities. The
Western blots were developed for the same time. The results are the means ± SD (n=3). D.
Western blot analysis of HEK cells treated with increasing concentrations of aggregate seed,
and expressing 1 μg pcDNA-A53T alpha-synuclein. TritonX-100 soluble fractions were
blotted for Syn-1 and anti-GAPDH, and TritonX-100 insoluble fractions with Syn-1 and antipS129. One representative blot is shown. E. Densitometry of TritonX-100 soluble Syn-1 band
intensities. F. Densitometry of TritonX-100 insoluble pS129 band intensities. The results are
the means ± SD (n=3).
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3.1.5 Percentage of HEK 293T cells with seeded aggregates
I wanted to assess the percentage of cells that developed seeded aggregates. All HEK
293T cells internalized alpha-synuclein aggregates (chapter 7); however, only a subset
developed inclusions. By immunohistochemistry, I showed that the percentage of
cells transfected for alpha-synuclein was 72%, and that of these 18% were positive for
pS129 aggregates (n=300) (Fig 3.6 A&B). This was further characterized using the
LCO probe HS169 (Fig 3.6 C). HEK 293T A53T alpha-synuclein expressing cells
were seeded with 1 μM aggregated A53T and stained with HS169 and analysed by
flow cytometry (Fig 3.6 D). The percentage of cells positive for HS169 was 18%
(n=30,000) (Fig 3.6 D).
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Figure 3.6 (previous page): The percentage of seeded aggregation in HEK 293T cells
A. Immunohistochemistry of HEK 293T A53T transfected cells seeded and non-seeded,
immunostained with Syn-1 (green) and pS129 (red) antibodies, nuclei visualized with DAPI
(blue), scale bar 10 μm. B. The percentage of cells positive for Syn-1 and pS129 was
quantified (n=300). C. Immunohistochemistry of HEK 293T A53T transfected cells seeded
and non-seeded stained with LCO probe HS169 (red). Nuclei were visualized with DAPI
(blue), scale bar 10 μm. D. Flow cytometry analysis of HEK 293T A53T seeded and
unseeded cells stained with HS169. The results are the means ± SD, 10,000 cell/ condition
(n=3).

3.1.6 Aggregation dependence of seeded aggregation
The aggregation core of alpha-synuclein, the region that is indispensible for
aggregation, has been identified as amino acids 71-82. Deletion of this region perturbs
the ability of alpha-synuclein to aggregate and form filaments (Giasson et al. 2001;
Waxman et al. 2009; Zibaee et al. 2007). I cloned and purified recombinant A53T
Δ71-82 and full-length A53T alpha-synuclein (Fig 3.7 A) and monitored the
aggregation of both proteins over time with thioflavin T. Full-length A53T alphasynuclein aggregated, but the A53T Δ71-82 protein did not (Fig 3.7 B&C). The
A53T Δ71-82 construct was cloned into pcDNA3.1 and transfected into HEK 293T
cells. I compared the ability of aggregated alpha-synuclein to induce aggregation in
HEK 293T cells expressing full-length A53T alpha-synuclein with that in cells
expressing A53T Δ71-82 alpha-synuclein. Expression of full-length A53T alphasynuclein seeded with full-length alpha-synuclein aggregates induced the seeded
aggregation of soluble alpha-synuclein (Fig 3.7 D). Expression of A53T Δ71-82
seeded with full-length alpha-synuclein aggregates did not induce seeded aggregation,
indicating that seeded aggregation of alpha-synuclein was dependent on the templated
conversion of the soluble protein into filamentous aggregates (Fig 3.7 D&E). I also
wanted to determine whether the deletion mutant A53T Δ71-82 (non-aggregated and
aggregated) could induce aggregation in the HEK 293T cell-seeding model, as a
further control, to check that soluble protein cannot induce seeded aggregation (Fig
3.7 B&C). The expression of full-length A53T alpha-synuclein in HEK 293T cells
seeded with A53T Δ71-82 non-aggregated and aggregated alpha-synuclein did not
induce aggregation of the soluble expressed protein (Fig 3.7 D). Conversely, the
expression of A53T Δ71-82 alpha-synuclein and treatment with A53T Δ71-82 nonaggregated and aggregated alpha-synuclein also did not induce aggregation of the
soluble expressed protein (Fig 3.7 D).
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Figure 3.8 (next page): The aggregation dependence of seeded aggregation
A. Schematic of the alpha-synuclein constructs purified and expressed in HEK 293T cells. B.
Fluorescence spectroscopy of recombinant full length A53T alpha-synuclein and Δ71-82
A53T alpha-synuclein with thioflavin T (excitation 444nm, emission 482nm), samples from
one protein preparation were run in triplicate). C. Electron microscopy of purified aggregated
full-length A53T alpha-synuclein, non-aggregated Δ71-82 A53T alpha-synuclein and
aggregated Δ71-82 A53T alpha-synuclein. Proteins were assembled by agitation at 450 rpm
at 37 C for 5 days. D. Western blot analysis of HEK 293T cells expressing full length A53T
alpha-synuclein and Δ71-82 A53T alpha-synuclein seeded with 1 μM full-length alphasynuclein aggregates. TritonX-100 soluble cell lysates were blotted with Syn-1 and antiGAPDH antibodies. The TritonX-100 insoluble cell lysates were blotted with anti-pS129
antibody. Twenty μg of TritonX-100 soluble and 50 μg TritonX-100 insoluble total protein
was run on 4-12% BisTris gels. E. Densitometry of the TritonX-100 insoluble pS129 band
intensities (p<0.001). F. Western blot analysis of HEK 293T cells expressing full length
A53T alpha-synuclein and Δ71-82 A53T alpha-synuclein seeded with 1 μM aggregated and
non-aggregated Δ71-82 A53T alpha-synuclein. TritonX-100 soluble cell lysates run with
anti-GAPDH and Syn-1. The TritonX-100 insoluble cell lysates were run with anti-pS129
antibody. G. Densitometry of the TritonX-100 insoluble pS129 band intensities (not
significant). The results are the means ± SD (n=3).
o
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3.2 Discussion
3.2.1 The seeded aggregation of alpha-synuclein
The apparent amplification and spread of alpha-synuclein pathology in human
synucleinopathies, and the presence of alpha-synuclein pathology in fetal
mesencephalic transplants in PD patients, suggested that alpha-synuclein could act
like a prion (Braak et al. 2003; Braak & Del Tredici 2016; Li et al. 2008; Kordower et
al. 2008). A key feature of prions is the ability to induce neuropathology and
neurodegeneration in healthy animals after inoculation of assembled PrP . Seeds
Sc

induce the incorporation of PrP into PrP , a process known as seeded aggregation
C

Sc

(Prusiner 2013). Seeded conversion of PrP into PrP induces amplification of
C

Sc

aggregated PrP within neurons, and for prion pathology to disseminate throughout
Sc

the brain, it is believed PrP transmits between neurons, causing amplification of
Sc

pathology (Prusiner 2013). Thus, for a protein to be prion-like, seeded aggregation of
the native protein by an assembled conformer has to occur.
In this chapter, I have demonstrated the seeded aggregation of soluble human alphasynuclein after the addition of filamentous assemblies. This work adds to the literature
showing seeded aggregation of alpha-synuclein in cell models (Luk et al. 2009;
Volpicelli-Daley et al. 2011; Aulic et al. 2014). I showed recruitment of soluble
alpha-synuclein into an aggregated insoluble state following the addition of a seed.
This assay has allowed me to differentiate between exogenous added aggregate seeds
and seeded aggregation. This is in contrast to some aggregation studies that use FRET
and bimolecular fluorescence complementation, which do not necessarily show
aggregation but nucleation or transient dimerization, and may give rise to false
positives (Desplats et al. 2009; Kfoury et al. 2012; Bae et al. 2014; Mirbaha et al.
2015). Moreover, other aggregation assays use amyloid markers or antibodies to
detect seeded aggregation (Danzer et al. 2007; Danzer et al. 2009), but exogenous
alpha-synuclein aggregates can themselves be detected by amyloid dyes, as found in
this chapter. I observed full-length A53T alpha-synuclein in the TritonX-100
insoluble cell lysate fraction, which was positive for Syn303, an antibody that binds to
full-length alpha-synuclein, but not to 6-140 A53T alpha-synuclein seeds. Moreover,
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full-length TritonX-100 insoluble alpha-synuclein was positive for pS129, which is a
pathological modification in synucleinopathies (Fujiwara et al. 2002). This, and the
evidence from immunohistochemistry showing that the internalized seeds are not
phosphorylated, and that pS129 seeded inclusions stain with both thioflavin S and
Syn303, shows that the pS129 modification is specific for seeded alpha-synuclein
aggregates. Thus, in HEK 293T A53T alpha-synuclein cells, one can form inclusions
that resemble those found in human diseases. These findings clearly demonstrate that
inclusion formation in alpha-synuclein overexpressing cells can be initiated by the
presence of fibrillar alpha-synuclein seeds. Once inside cells, seeds actively recruit
and convert soluble endogenous alpha-synuclein into a misfolded state, leading to the
formation and growth of detergent-insoluble structures. The precise molecular events
leading to inclusion formation remain unclear.
I further confirmed that non-aggregated alpha-synuclein did not induce alphasynuclein aggregation. Seeds were needed to induce aggregation. In human
synucleinopathies and models thereof, aggregated forms of alpha-synuclein abound. It
is unclear if oligomeric forms or only filamentous alpha-synuclein can induce seeded
aggregation. There is evidence to suggest that oligomeric forms of alpha-synuclein
either can (Danzer et al. 2007; Danzer et al. 2009) or cannot induce aggregation
(Aulic et al. 2014). The cell model described here could be used to test this (Chapter
6).
It is important to highlight that only a fifth of A53T alpha-synuclein expressing cells
developed aggregates. Therefore, there may be ways by which HEK 293T cells can
clear aggregate seeds to prevent the seeded aggregation. In chapter 7, I show that
approximately 100% of HEK 293T cells internalized alpha-synuclein aggregates, thus
this is not a limiting factor for seeded aggregation. However, I do not know whether
each cell takes up equal amounts of aggregates, but as shown in this chapter, seeded
aggregation is concentration-dependent. Assuming all HEK 293T A53T cells
internalized alpha-synuclein seeds, of the approximately 80% that expressed alphasynuclein, 18% developed alpha-synuclein inclusions. Similar findings have been
observed in fetal mesencephalic graft transplant studies; not all the mesencephalic
neuronal cells developed Lewy pathology. After 14 years, 5-12% of mesencephalic
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graft neurons contained Lewy pathology (Li et al. 2008). Therefore, HEK 293T cells
and neuronal grafts must be able to clear alpha-synuclein to prevent the formation of
aggregates, or glial cells clear alpha-synuclein in the brain, or other processes prevent
seeded aggregation in some cells.
The TritonX-100 insoluble alpha-synuclein inclusions in HEK 293T cells resemble
those seen in synucleinopathies. I observed different types of inclusions, skein-like,
perinuclear and aggregates that filled the whole cell. The inclusions were also positive
for thioflavin S and pS129, which is a predominantly aggregation-specific
modification; more than 90% of insoluble alpha-synuclein is phosphorylated at serine
129 compared to 4% of the soluble protein (Fujiwara et al. 2002). As these inclusions
closely resemble those in disease, it is likely that this process of inclusion formation
also occurs in disease.
3.2.2 The level of soluble alpha-synuclein and the concentration of seeds affect
aggregation
In the HEK 293T A53T cell seeding assay the level of seeded aggregation is
dependent on both the level of expressed alpha-synuclein and the level of alphasynuclein seeds. It is known that the elevated expression of alpha-synuclein can cause
PD, with earlier onset in individuals with a triplication of SNCA compared to a
duplication (Singleton et al. 2003; Ibáñez et al. 2004). Moreover, with age, the level
of alpha-synuclein within neurons has been reported to increase (Chu & Kordower
2007). Thus, reduction of the concentration of soluble alpha-synuclein could be a
preventive therapy for synucleinopathies. Moreover, the level of alpha-synuclein
aggregation was observed to be dose-dependent; higher concentrations of alphasynuclein seeds induced higher levels of seeded aggregation.
Alpha-synuclein expressed in a HEK 293T cell model does not spontaneously
aggregate; however, many previous studies used overexpression models to induce the
aggregation of alpha-synuclein, without seeds. This HEK 293T A53T alpha-synuclein
cell-seeding model allows one to study the early events that lead to Lewy body
formation. It is not known how initial aggregates of alpha-synuclein form; however,
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the molecular pathways of potential propagation and amplification can be studied
using this model.
It has been shown using fetal mesencephalic grafts that the formation of Lewy
pathology occurs over decades. Mesencephalic fetal grafts, 18 months and 4 years
after transplantation, were not observed to contain Lewy pathology, but were
immunoreactive for non-aggregated alpha-synuclein (Chu & Kordower 2010). The
grafts that developed Lewy body inclusions were 12-16 years old. This could suggest
that the lag phase until aggregation may be due a lag phase in seeded aggregation,
rather than alpha-synuclein transfer between cells. What’s more, the spread of alphasynuclein to neighbouring neurons has been demonstrated to be relatively fast
experimentally. Human alpha-synuclein was observed in mouse cortical neuronal
stem cells grafts one week after transplantation in mice transgenic for human alphasynuclein (Chu & Kordower 2010; Desplats et al. 2009; Hansen et al. 2011).
Moreover, injection experiments into the gut and olfactory bulbs have demonstrated
the rapid spread of alpha-synuclein along neuronal networks; alpha-synuclein injected
into the gut spread to the dorsal motor nucleus of the vagus nerve after 72 h in wildtype mice (Holmqvist et al. 2014; Rey et al. 2013). In humans synucleinopathies, it is
likely that a range of conditions make it more likely for alpha-synuclein aggregation
to occur. The work in this chapter highlights the importance of soluble alphasynuclein expression for aggregation. Thus, it is possible that the endogenous level of
alpha-synuclein, in young neurons, is not high enough for seeded aggregation;
however, over time alpha-synuclein levels may rise, enabling the formation of Lewy
pathology (Chu & Kordower 2007). In this HEK 293T A53T alpha-synuclein cellseeding assay, aggregation occurs rapidly after seed addition, which makes it ideal for
studying the initial aggregation events.
3.2.3 Alpha-synuclein aggregation is required
In this chapter, I have confirmed the need for the presence of amino acids 71-82 for
the aggregation of alpha-synuclein (Giasson et al. 2001; Zibaee et al. 2007; Waxman
et al. 2009). Expression of A53T Δ71-82 alpha-synuclein completely prevented
seeded aggregation; the addition of alpha-synuclein aggregates did not induce
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aggregation, whereas in HEK 293T cells expressing full-length A53T alphasynuclein, aggregation was induced. This adds to previous work that has
demonstrated protection against seeded aggregation by expressing Δ71-82 alphasynuclein (Luk et al. 2009). I have also shown that the expression of A53T alphasynuclein seeded with aggregated and non-aggregated alpha-synuclein Δ71-82 did not
induce aggregation of the expressed protein. This agrees with Sacino et al, who
showed that the addition of Δ71-82 alpha-synuclein to neuronal cultures expressing
human wild-type alpha-synuclein for 8 days did not induce pS129 inclusion formation
(Sacino et al. 2013a). However, it was also shown that non-aggregated Δ71-82 alphasynuclein induced alpha-synuclein aggregation in M20 transgenic mice, which
express human wild-type alpha-synuclein. The intracranial and intramuscular
injection of non-aggregated Δ71-82 alpha-synuclein induced pS129 aggregation
(Sacino et al. 2013b; Sacino et al. 2014a). My results support the findings that Δ71-82
alpha-synuclein cannot seed aggregation.
Thus, this work shows that expressed alpha-synuclein has a big influence over
whether seeded aggregation will occur. The addition of non-aggregated Δ71-82
alpha-synuclein to M20 transgenic mice induced aggregation; however, it is possible
that small amounts of aggregates of Δ71-82 alpha-synuclein had formed. It has been
shown at high concentrations that Δ71-82 alpha-synuclein can form filaments (Zibaee
et al. 2007). Moreover, high concentrations (5 mg/ml) of Δ71-82 alpha-synuclein
were injected into M20 and M83 transgenic mice, and these mice overexpress human
wild-type and mutant alpha-synuclein. Although the two papers demonstrated the
induced aggregation of alpha-synuclein with Δ71-82 alpha-synuclein, the pathology
was less severe and widespread compared to that caused by full-length alphasynuclein seeds (Sacino et al. 2013b; Sacino et al. 2014a).
This work suggests that seeded aggregation is not induced by indirect pathways such
as inflammation via activation of reactive oxygen species, but by the recruitment of
the soluble protein into insoluble aggregates. Another study showed that expressing
human Δ71-82 alpha-synuclein in Drosophila was not toxic, whereas expression of a
human truncated form, which has an increased aggregation propensity, was toxic. The
authors showed the critical role of aggregation in mediating toxicity to dopamine
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neurons (Periquet et al. 2007). My results demonstrate the necessity of the
aggregation core of alpha-synuclein for seeded aggregation. This makes this region a
valuable target for aggregation inhibitors or targeted antibody therapies, since
aggregation inhibitors would be expected to inhibit seeded aggregation.
3.2.4 Sensitivity and applications of HEK 293T A53T alpha-synuclein cellseeding assay
The ease of genetic manipulation of the HEK 293T cell-seeding assay allows it to be
used to investigate the effects of factors thought to influence alpha-synuclein
aggregation, such as mutant glucocerebrosidase and leucine-rich repeat kinase 2
(Abeliovich & Gitler 2016). The cell-seeding assay could also be used to screen antiamyloid compounds by flow cytometry.
Moreover, this seeding assay also amplified the aggregation of alpha-synuclein, with
concentrations in the nanomolar range inducing aggregation of larger amounts of
expressed soluble alpha-synuclein. This assay could also be used to test the seed
potencies of different alpha-synuclein species, such as transgenic mouse and human
aggregates (chapters 4 & 5).
Intracerebral and peripheral inoculation studies demonstrated that the injection of
aggregated alpha-synuclein initiated the propagation of alpha-synuclein pathology
throughout the spinal cord and brain in transgenic mice (Luk, et al. 2012a; Luk, et al.
2012b; Sacino et al. 2013b; Breid et al. 2016). These experiments resembled
inoculation studies, which resulted in the amplification of PrP , consistent with seeded
Sc

aggregation, and induced spongiform neurodegeneration (Prusiner 2013). It was
therefore hypothesized that the spontaneous production of alpha-synuclein aggregates
could recruit soluble alpha-synuclein to aggregate by seeded aggregation, suggesting
that synucleinopathies might be non-cell autonomous diseases. Thus, it is important to
study the conditions under which alpha-synuclein seeded aggregation can occur, as
well as the underlying mechanisms, which is imperative for developing new
therapeutics.
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4. Aggregation of A53T alpha-synuclein with tgM83 alpha-synuclein seeds in
+/+

HEK 293T cells
Endogenous human alpha-synuclein can misfold to form β-sheet rich aggregates. This
process can occur sporadically with age; it always happens in individuals with
duplications and triplications of SNCA or disease-causing missense mutations
(Goedert 2015). Alpha-synuclein aggregation also occurs in transgenic mice
expressing human mutant A53T alpha-synuclein (Giasson et al. 2002). This
conversion of soluble monomeric alpha-synuclein into insoluble aggregates is
believed to underlie the pathogenesis of sporadic synucleinopathies; the conditions
under which aggregation initiates and propagates are still unknown (Goedert et al.
2014).
Recombinant purified alpha-synuclein also assembles into β-sheet rich aggregates in
vitro (Crowther et al. 1998; Conway et al. 1998). When injected into alpha-synuclein
transgenic mice and wild-type mice, seeds can induce the formation of alphasynuclein inclusions (Luk, et al. 2012a). It is also known that the intracerebral
injection of pathological brain lysates from symptomatic transgenic mice into young
presymptomatic mice, induces the aggregation of endogenous human alpha-synuclein
(Mougenot et al. 2012; Luk, et al. 2012b). Alpha-synuclein derived from transgenic
mouse models is thought to be more potent at seeded aggregation, compared to
synthetic alpha-synuclein aggregates. This phenomenon is also true for PrP , tau and
Sc

amyloid-β (Makarava et al. 2010; Ahmed et al. 2014; Stöhr et al. 2014).
The aim of this chapter was to extract filaments from symptomatic tgM83 mice and
+/+

to investigate whether they could seed aggregation in the HEK 293T A53T alphasynuclein cell-seeding model, and to compare the seed potency of assembled
recombinant alpha-synuclein with that of tgM83 alpha-synuclein aggregates.
+/+

4.1.1 Filamentous aggregates from the brains of tgM83 mice
+/+

The tgM83 transgenic mouse line expresses human mutant A53T alpha-synuclein
under the control of the PrP promoter. Homozygous mice (tgM83 ) develop a
+/+
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phenotype of hindlimb paralysis at ~ 8 months of age, and have abundant neuronal
alpha-synuclein inclusions in the spinal cord and brain (Giasson et al. 2002). The
inclusions are positive for phosphorylation at serine 129 (Fujiwara et al. 2002).
Homozygous tgM83 mice also develop abundant brainstem pathology; age-matched
+/+

heterozygous tgM83 mice do not develop alpha-synuclein pS129 positive inclusions
+/-

(Fig 4.1A). Total brain lysates of the tgM83 brains were prepared at 10 mg/ml (w/v)
+/+

in cold PBS. By Western blot analysis the brain lysates contained abundant alphasynuclein, which ran as a 15kDa band, the lysates stained with total synuclein
antibody, Syn-1 and with the alpha-synuclein pS129 antibody (Fig 4.1B). They were
extracted to obtain sarkosyl-insoluble alpha-synuclein filaments; these fractions were
also positive for Syn-1 and pS129 (Fig 4.1B). Alpha-synuclein pS129 positive
sarkosyl-insoluble filaments of tgM83 were observed by electron microscopy and
+/+

determined to be 325 + 112 nm in length (n=50) (Fig 4.1C &D). Recombinant A53T
aggregated alpha-synuclein was also sarkosyl extracted and analysed by electron
microscopy. Different sonication protocols were used to produce filaments that were
of similar lengths to those from the tgM83 brains. Sonication for 30 s produced
+/+

filaments of 388 ± 173 nm (n=50) in length (Fig 4.1C &E).

Figure 4.1 (next page): Aggregation of alpha-synuclein in tgM83 transgenic mice
A. Light microscope images of 4% PFA fixed tgM83 and tgM83 brainstem sections
immunostained for pS129 with biotinylated DAB secondary antibody (purple). Scale bar, 50
μm (prepared by Annabelle Curry). B. Western blot analysis of tgM83 total brain lysate and
sarkosyl-insoluble brain lysate with Syn-1 and pS129 antibodies. C. Electron microscopy of
recombinant A53T alpha-synuclein sonicated aggregates, and immunoelectron microscopy of
tgM83 sarkosyl-insoluble brain lysates with pS129 primary antibody and secondary 10 nm
gold conjugated antibody. Scale bars, 200nm and 50 nm. D. Filament lengths of recombinant
sonicated A53T aggregates. E. Lengths of tgM83 sarkosyl-insoluble purified filaments. The
results are the means ± SD, (n=50 filaments).
+/+

+/-

+/+

+/+

+/+

+/+
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4.1.2 Stability of tgM83 and recombinant A53T alpha-synuclein filaments
+/+

To examine the biophysical properties of recombinant A53T and tgM83 alpha+/+

synuclein filaments, I used previously described assays used to differentiate PrP

Sc

strains: proteinase K (PK) digestion (Bessen et al. 1995) and guanidine hydrochloride
(GdnHCl) disaggregation (Safar et al. 1998).
I incubated sarkosyl-insoluble recombinant A53T and tgM83 alpha-synuclein
+/+

filaments with increasing concentrations of PK at 22 C for 1 h. The digestion patterns
o

were analysed by Western blot analysis with Syn-1. The tgM83 filaments were
+/+

digested at low concentration of PK, with 1 μg/ml of PK completely digesting them.
However, the recombinant aggregates were more resistant (Fig 4.2A &B). What is
believed to be the monoubiquitinated form of tgM83 alpha-synuclein was resistant to
+/+

PK degradation, it has been previously proposed that this form of alpha-synuclein is
more resistant to degradation (Fig 4.2 A&B) (Haj-Yahya et al. 2013). The band
intensities of 15 kDa Syn-1 alpha-synuclein, for the recombinant and tgM83 digested
+/+

fractions were measured and plotted (Fig 4.2 B). The tgM83 aggregates were more
+/+

easily degraded than the recombinant aggregates. To test this further, I also digested
sarkosyl-insoluble recombinant A53T alpha-synuclein aggregates and tgM83

+/+

aggregates with pronase. Similar results were seen to those of PK treatment. The
recombinant A53T aggregates were more resistant to degradation than the tgM83

+/+

aggregates (Fig4.2 C &D).
I also examined disaggregation following GdnHCl treatment of sarkosyl-insoluble
recombinant A53T and tgM83 alpha-synuclein aggregates. The two aggregates were
+/+

incubated with increasing concentrations of GdnHCl. They were then spun at 100,000
x g for 1 h and the pellets resuspended and analysed by Western blot analysis with
Syn-1. The recombinant A53T alpha-synuclein filaments were more resistant to
disaggregation than the tgM83 alpha-synuclein filaments (Fig 4.2 E&F).
+/+
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Figure 4.2: Analysis of sarkosyl-insoluble recombinant A53T and tgM83 alphasynuclein aggregates
A. Western blot of proteinase K (PK) digested sarkosyl-insoluble recombinant A53T alphasynuclein and tgM83 alpha-synuclein aggregates, for 1 h at 22 C, with Syn-1. The
concentrations of PK used are indicated. B. Densitometry of the 15 kDa Syn-1 band was
measured and plotted, the results are the means ± SD (n=3). C. Western blot of pronase
digested recombinant sarkosyl-insoluble A53T alpha-synuclein aggregates and sarkosylinsoluble tgM83 alpha-synuclein aggregates, for 1 h at 22 C, with Syn-1. D. Densitometry of
the 15 kDa Syn-1 band was measured and plotted, the results are the means ± SD (n=3). E.
Treatment of recombinant A53T and tgM83 alpha-synuclein aggregates with the indicated
GdnHCl concentrations indicated below. All samples were run on 4-12% BisTris SDSPAGE. F. Densitometry of the 15 kDa Syn-1 band intensity for the recombinant A53T
aggregates and tgM83 sarkosyl-insoluble aggregates. The results are the means ± SD, (n=3).
+/+

+/+

o

+/+

o

+/+

+/+
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4.1.3 Seeded aggregation with tgM83 brain-derived seeds
+/+

I wanted to examine whether tgM83 brain lysates could seed aggregation in the HEK
+/+

293T A53T alpha-synuclein cell-seeding assay. Total brain lysates from tgM83 mice
+/+

were spun at 100,000 x g for 1 h to obtain the soluble supernatant and the insoluble
pellet. Sarkosyl extraction was also performed on the total lysate. The four seeds: total
lysate, soluble lysate, insoluble lysate and sarkosyl-insoluble lysate were used to seed
aggregation in HEK 293T A53T alpha-synuclein cells. Western blot analysis revealed
the presence of pS129 alpha-synuclein aggregates in the cells treated with total,
insoluble, and sarkosyl-insoluble brain lysates (Fig 4.3 A&B). The soluble lysates did
not seed aggregation (Fig 4.3A). To ensure that the insoluble phosphorylation signal
detected was not from the added seeds, tgM83 seeds were added to untransfected
+/+

HEK 293T cells. The addition of the tgM83 fractions to HEK 293T cells did not
+/+

induce pS129 aggregation in the TritonX-100 insoluble cell lysate fraction. No
TritonX-100 insoluble pS129 alpha-synuclein was detected in the untransfected HEK
293T cells, the level of pS129 from aggregate seeds was too low to be detected and
there was amplification of alpha-synuclein aggregation within HEK 293T A53T
alpha-synuclein expressing cells (Fig 4.3A).
Immunohistochemical analysis of HEK 293T cells and HEK 293T cells expressing
A53T alpha-synuclein seeded with sarkosyl-insoluble tgM83 revealed the presence
+/+

of pS129 positive inclusions only within HEK 293T A53T alpha-synuclein expressing
cells (Fig 4.3 C). The inclusions observed in HEK 293T A53T alpha-synuclein cells
seeded with sarkosyl-insoluble tgM83 aggregates were also immunostained for p62,
+/+

an autophagy receptor, which colocalises with aggregates, and for ubiquitin, which
also colocalises with alpha-synuclein inclusions in disease (Fig 4.3 C) (Kuzuhara et
al. 1988; Kuusisto et al. 2001). Inclusions formed by tgM83 filaments resembled
+/+

those formed after seeding with recombinant A53T alpha-synuclein aggregates.
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Figure 4.3 (next page): Seeded aggregation with tgM83 brain lysates
A. Western blot analysis of HEK 293T cells seeded with tgM83 total brain lysate, soluble
lysate, insoluble lysate and sarkosyl-insoluble lysate using anti-GAPDH and Syn-1 for
TritonX-100 soluble cell lysate fractions and anti-pS129 alpha-synuclein antibody for
TritonX-100 insoluble cell lysate fractions. Twenty μg total protein was run for the TritonX100 soluble cell lysate fractions and 50 μg for the TritonX-100 insoluble cell lysate fractions
were run on 4-12% BisTris SDS-PAGE. The red squares highlight the conditions analysed by
immunohistochemistry in panel C. B. Densitometry of the TritonX-100 insoluble pS129 band
intensities. C. Immunohistochemistry of tranfected and untranfected HEK 293T cells seeded
with sarkosyl-insoluble tgM83 brain lysates with anti-p62 antibody (green), anti-ubiquitin
antibody (green) and anti-pS129 antibody (red) and thioflavin S amyloid dye (green). Single
z-plane confocal images, nuclei visualized with DAPI (blue) and scale bar 10 μm.
+/+

+/+

+/+
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4.1.4 TgM83 and recombinant alpha-synuclein aggregate seed potency
+/+

I compared the abilities of sarkosyl-insoluble recombinant A53T and tgM83 alpha+/+

synuclein aggregates to seed alpha-synuclein in a recombinant in vitro thioflavin T
aggregation assay and in the HEK 293T A53T cell-seeding model. The concentration
of sarkosyl-insoluble recombinant A53T aggregates was normalized to tgM83 levels
+/+

by Western blot analysis with Syn-1 (Fig 4.4A). The normalized seeds were used to
seed 70 μM recombinant monomeric A53T alpha-synuclein. The ability of both seeds
to induce aggregation was assessed by thioflavin T. They seeded aggregation of
soluble A53T alpha-synuclein with similar aggregation kinetics, as judged by lag
phases and total fluorescence (Fig 4.4C). The alpha-synuclein aggregate seeds and the
resulting seeded aggregates produced in the recombinant alpha-synuclein seeding
assay were analysed by electron microscopy (Fig 4.4B)
I further assessed the potencies of both normalized alpha-synuclein seeds to seed
aggregation in HEK 293T A53T alpha-synuclein cells. For the same standardized
amounts of seeds, different seeding potencies were observed. Densitometry of
insoluble pS129 aggregates showed that the tgM83 seed was 50 times better at
+/+

seeding than the recombinant seeds (Fig 4.4 D&E). These differences in seeding
potency were not due to different filament lengths, as the lengths of both filaments
were similar.
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Figure 4.4 (next page): Seeding potencies of sarkosyl-insoluble tgM83 brain lysates and
recombinant A53T alpha-synuclein aggregates
A. Western blot analysis of recombinant A53T alpha-synuclein and tgM83 seeds with Syn-1.
B. Schematic diagram of in vitro seeded aggregation. Aggregated alpha-synuclein seeds (red)
were added to 35 μM monomeric recombinant alpha-synuclein and 15 μM thioflavin T
(green). The thioflavin T signal was monitored over time to detect seeded aggregation (dark
green). C. Electron microscopy of aggregates seeded by tgM83 and recombinant A53T
sarkosyl-insoluble seeds, scale bar 100 nm D. Fluorescence spectroscopy of 70 μM
recombinant A53T alpha-synuclein seeded with sarkosyl-insoluble recombinant A53T
aggregates or sarkosyl-insoluble tgM83 brain lysate. The results are the means ± SD (n=3),
samples run in triplicate E. Fluorescence spectroscopy of timepoints 0, 12, 24, 48 and 72 h of
Figure 4.4D. F. Western blot analysis of transfected and untransfected HEK 293T cells
seeded with tgM83 total brain lysate, soluble lysate, insoluble lysate and sarkosyl-insoluble
lysate using anti-GAPDH and Syn-1 antibodies for TritonX-100 soluble fractions and antipS129 alpha-synuclein antibody for TritonX-100 insoluble fractions. Twenty μg total protein
was run for the soluble fractions and 50 μg for the insoluble fractions. G. Densitometry of
TritonX-100 insoluble fractions, (n=3), Student’s t-test with (ANOVA).
+/+

+/+

+/+

+/+

+/+
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4.2 Discussion
4.2.1 Characterisation of tgM83 filaments
+/+

The conversion of alpha-synuclein from a soluble monomeric state into an ordered
aggregate underlies the synucleinopathies. TgM83 mice develop alpha-synuclein
+/+

inclusions within neurons of the spinal cord and brain (Giasson et al. 2002), which are
sarkosyl-insoluble and phosphorylated at serine residue 129 as determined by
immunohistochemistry and Western blot analysis. Aggregated alpha-synuclein from
human synucleinopathies is also phosphorylated at serine residue 129 (Fujiwara et al.
2002; Hasegawa et al. 2002). Western blot analysis of tgM83 brain lysates revealed
+/+

the presence of alpha-synuclein that runs at 25 and 30kDa. There bands are believed
to correspond to ubiquitinated aggregated alpha-synuclein. Hasegawa et al showed
that the 25 kDa and 30 kDa sarkosyl-insoluble alpha-synuclein bands from DLB
brains immunostained for ubiquitin (Hasegawa et al. 2002) (chapter 8). I also
observed this modification in the tgM83 brain lysates. By electron microscopy the
+/+

sarkosyl-insoluble filaments formed in this transgenic mouse line resembled those
from human synucleinopathies (Spillantini et al. 1997; Spillantini et al. 1998b).
Recombinant alpha-synuclein assembled into straight filamentous aggregates, when
seeded with recombinant aggregates. The ultrastructure of the filaments looked the
same as that of tgM83 seeded alpha-synuclein; however, higher resolution imaging
+/+

is needed to determine whether these two aggregates of alpha-synuclein have the
same conformation. The existence of several human synucleinopathies has led to the
suggestion that different molecular conformers (or strains) of aggregated alphasynuclein may exist (Bousset et al. 2013; Guo et al. 2013; Peelaerts & Baekelandt
2016). However, the structures of filaments across synucleinopathies appear similar,
whereas in the tauopathies there are distinct fibril morphologies in some diseases
(Goedert & Spillantini 2017).
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4.2.2 Properties of tgM83 and recombinant A53T alpha-synuclein seeds differ
+/+

It is believed that aggregation-prone proteins can misfold into a range of forms. The
variety of prion diseases has been linked to differences in PrP aggregate
Sc

conformation. A diverse clinical and pathological range of prion diseases occurs in
humans, from FFI to CJD. One theory explaining how one aggregated protein can
cause multiple neurodegenerative diseases is the strain phenomenon (Collinge 2005).
There are a range of neurodegenerative diseases characterised by alpha-synuclein
aggregation and the clinical presentation and regions of neuropathology of the
diseases vary (Goedert 2001). I assessed the ability of alpha-synuclein to form
different conformational aggregates by analyzing the biophysical properties of
sarkosyl-insoluble recombinant and tgM83 alpha-synuclein by PK and pronase
+/+

digestions, as well as by GdnHCl disaggregation; similar methods have been used to
distinguish PrP strains (Safar et al. 1998; McKinley et al. 1983). I found that
Sc

recombinant aggregates were more protease resistant than those from tgM83 mouse
+/+

brains. This suggests that the recombinant filaments of alpha-synuclein could have a
different conformation from tgM83 filaments. Recombinant filaments are more
+/+

stable and resistant to protease degradation than tgM83 filaments.
+/+

Similar results have previously been obtained for aggregated tau. TgP301S sarkosylinsoluble tau was more PK- and GdnHCl-sensitive than recombinant aggregated
sarkosyl-insoluble tau. These properties were retained after seeded aggregation with
recombinant and tgP301S tau aggregates (Falcon et al. 2015).
4.2.3 TgM83 brain lysates seed aggregation
+/+

The injection of brain lysates from symptomatic tgM83 mice into young healthy
+/+

mice promotes the aggregation of alpha-synuclein (Mougenot et al. 2012; Luk et al.
2012a). I wanted to see whether tgM83 brain lysates could induce seeded
+/+

aggregation in the HEK 293T A53T alpha-synuclein cell-seeding model. Soluble
tgM83 brain lysates did not induce aggregation of alpha-synuclein. However, total
+/+

tgM83 brain lysates, as well as insoluble and sarkosyl-insoluble brain lysates, seeded
+/+

aggregation. The sarkosyl-insoluble fraction seeded aggregation more efficiently than
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the total lysate fraction; this is likely due to the increased concentration of fibrillar
alpha-synuclein.
The addition of tgM83 aggregates to HEK 293T A53T alpha-synuclein cells induced
+/+

the aggregation of endogenous alpha-synuclein. Cells contained pS129 alphasynuclein aggregates, which were thioflavin S-positive, as well as ubiquitin- and p62positive, similar to human synucleinopathies (Kuzuhara et al. 1988; Fujiwara et al.
2002; Kuusisto et al. 2003). The morphologies of pS129 inclusions resembled those
observed when seeding was done with recombinant aggregated alpha-synuclein.
There was no obvious difference in the appearance of inclusions between the two
seeds.
4.2.4 TgM83 sarkosyl-insoluble alpha-synuclein is more potent at inducing
+/+

seeded aggregation than recombinant aggregates
TgM83 sarkosyl-insoluble seeds were more potent than seeds of recombinant
+/+

aggregated alpha-synuclein of the same concentration and filament length. In
transgenic mouse studies, brain homogenates from symptomatic tgM83 mice
+/+

inoculated into young tgM83 mice resulted in the development of alpha-synuclein
+/+

pathology (Mougenot et al. 2012; Luk et al. 2012). The same experiment has been
carried out with recombinant alpha-synuclein aggregates; the latency until motor
hindlimb paralysis was similar, even though the concentration of the recombinant
aggregates was significantly higher than that in the tgM83 (Luk et al. 2012a; Luk et
+/+

al. 2012b). A direct comparison of the seed potency of recombinant alpha-synuclein
and alpha-synuclein aggregates derived from brain has not been previously carried
out. The phenomenon that aggregates extracted from brain are more potent at seeding,
is not specific for alpha-synuclein; it has also been observed for amyloid-β, prion and
tau protein (Makarava et al. 2010; Falcon et al. 2015; Stöhr et al. 2014; Guo et al.
2016).
For prions there is an inverse correlation between PrP stability and seeding potency;
Sc

the more stable the aggregate, the less potent the seed, probably because
fragmentation is important for seeded aggregation. Tanaka et al showed that the
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physical basis of prion strains was determined by their conformation (Tanaka et al.
2006). This also seems to be true of alpha-synuclein; the more protease- and GdnHClresistant recombinant aggregates were less potent at seeding aggregation than tgM83

+/+

aggregates.
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5. Aggregation induced by human synucleinopathy seeds
The intracerebral inoculation of presymptomatic tgM83 mice with brain lysates from
+/+

symptomatic mice promoted aggregation of endogenous alpha-synuclein (Mougenot
et al. 2012; Luk et al. 2012a). Moreover, brain lysates from individuals with MSA
induced alpha-synuclein aggregation, when injected intracerebrally into transgenic
mice expressing either human wild-type or mutant A53T alpha-synuclein (Watts et al.
2013; Prusiner et al. 2015; Bernis et al. 2015). This was also true of PD and DLB
brain lysates when injected intracerebrally into wild-type mice (Masuda-Suzukake et
al. 2013; Recasens et al. 2014). By contrast, brain lysates from sporadic PD cases
were incapable of seeding alpha-synuclein aggregation in tgM83 mice and in cells in
+/-

culture (Prusiner et al. 2015; Woerman et al. 2015).
I wanted to assess if human brain alpha-synuclein aggregates could seed aggregation
in vitro and in cells. I set out to study sporadic PD brain lysates and to compare their
seeding abilities with those of brain lysates from MSA patients. Alpha-synuclein
aggregates can populate different cells within the brain in a given disease; it has
therefore been suggested that distinct strains of aggregated alpha-synuclein may exist
(Woerman et al. 2015). I wanted to determine if brain lysates of an individual from a
familial PD kindred, with the G51D mutation, which leads to the formation of alphasynuclein aggregates in neurons and glia (Kiely et al. 2013; Lesage et al. 2013; Kiely
et al. 2015), could seed aggregation and if different populations of alpha-synuclein
aggregates might have different seeding potencies.
5.1.1 Seeded aggregation of human wild-type alpha-synuclein in HEK 293T cells
with sporadic PD and MSA brain lysates
I first tested the ability of sporadic PD and MSA brain lysates to seed the aggregation
of alpha-synuclein in vitro. Sporadic PD brain homogenates were prepared from
substantia nigra, which was homogenized in cold PBS at 200 mg/ml protein and spun
for 5 min at 500 x g at 4 C. The resulting supernatants were stored at -80 C. The same
o

o

protocol was used to prepare sporadic MSA brain homogenates; frozen cerebellar
tissue was homogenized at 200 mg/ml protein, spun and stored at -80 C.
o
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I examined the ability of PD and MSA brain lysates to seed aggregation of
recombinant alpha-synuclein in vitro using thioflavin T (Fig 5.1A). Three PD and
three MSA samples were added to 35 μM recombinant human alpha-synuclein.
Recombinant alpha-synuclein without seeds did not aggregate over this time (Fig
5.1C&D). Moreover, non-symptomatic tgM83 brain lysates did not induce alpha+/-

synuclein aggregation (Fig 5.1C&D) and aggregation was not observed with PBS
plus PD or MSA seeds (data not shown). However, all three PD and MSA brain
lysates induced the aggregation of human wild-type alpha-synuclein. The lag phase
for the three PD brain lysates was comparable to that of the three MSA samples at ~
24 h (Fig 5.1C&D). There were no significant differences between the lag phases of
PD and MSA brain lysates (Fig 5.1B). There were also similar levels of aggregates at
96 h between samples seeded by PD and MSA lysates. There were no significant
differences in the abilities of PD and MSA brain lysates to seed aggregation of human
recombinant alpha-synuclein (Fig 5.1D). By electron microscopy, PD and MSA
lysates seeded human wild-type alpha-synuclein into filaments (Fig 5.1E). When
human recombinant alpha-synuclein was assembled at 400 μM, under constant
rotational shaking at 450 rpm at 37 C, the filaments had similar morphologies to those
o

formed after seeded aggregation with PD and MSA lysates; two representative
examples are shown (Fig 5.1E). To assess whether there were differences in
morphologies between PD seeded and MSA-seeded filaments compared to assembled
recombinant protein, filament widths were measured (n=50). All filaments had similar
widths (Fig 5.1E).
I next assessed the ability of PD and MSA lysates to seed aggregation in HEK 293T
cells transfected with wild-type alpha-synuclein. The level of alpha-synuclein in three
PD and three MSA brains was assessed by Western blot analysis with Syn-1 (Fig
5.1A). These samples were then added to HEK 293T cells expressing human wildtype alpha-synuclein for 16 h. The cells were harvested and divided into TritonX-100
soluble and insoluble fractions. Western blot analysis of the insoluble fractions with
anti-pS129 alpha-synuclein antibody revealed the presence of alpha-synuclein
aggregates in all three MSA seeded cells and in two of the PD seeded cells (Fig
5.2B). Western blot analysis of the PD and MSA brain lysates revealed differing
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levels of alpha-synuclein (Fig 5.2A). When densitometry of the TritonX-100
insoluble cell lysates with pS129 alpha-synuclein antibody was used, MSA lysates
induced more aggregation than PD lysates (Fig 5.2C). To assess whether there was a
dose-dependent relationship, the Syn-1 signal from PD and MSA brain lysates was
also analysed by densitometry and plotted against the resulting pS129 signal (Fig
5.2D). There was a correlation between the amount of Syn-1 alpha-synuclein and the
level of seeded aggregation. Although, the level of alpha-synuclein in the PD 2008040 lysate was comparable to that of MSA 2005-027, the PD sample induced 15 times
less seeded aggregation than the MSA sample; thus, MSA seeds may be more potent
than PD seeds.
I wanted to confirm by immunohistochemistry the presence of insoluble aggregated
alpha-synuclein inclusions in PD and MSA seeded HEK 293T cells expressing human
wild-type alpha-synuclein. Seeded cells were positive for perinuclear, spherical and
skein-like pS129 positive alpha-synuclein inclusions, which were also positive for
p62 (Fig 5.2E). Similarly, alpha-synuclein inclusions are positive for pS129 and p62
in disease (Kuusisto et al. 2001; Fujiwara et al. 2002). Untransfected HEK 293T cells
seeded with PD and MSA brain lysates were negative for pS129 inclusions (Fig
5.2E).

138

200
8-0
PD
200 40
8-0
58
PD
200
9-0
MS
60
A2
005
-02
MS
7
A2
007
-14
MS
7
A2
008
-05
9

B

PD

A
100kDa
75kDa

PBS
!syn -

1250

PD 2008-040
PD 2008-058

50kDa

1000

25kDa

PD 2009-060
MSA 2005-027

RFU

37kDa

750

MSA 2007-147
MSA 2008-059

ns

500

20kDa
15kDa

250

24

0

96

0

Total alpha-synuclein
(Syn-1)

Time (h)

C

D
1500

1500

1250

1250

1000

1000

PBS

750

RFU

!syn tgM83-//+

500

PBS
!syn -

750

PD 2008-040

tgM83-//+
MSA 2005-027

500

PD 2008-058

48

72

0

96

0

24

48

Time (h)

human WT alpha-synuclein
+ PD 2008-040

96

human WT alpha-synuclein
+ MSA 2005-027

human WT alpha-synuclein

ns

Width (nm)

20
15
10
5

59

47
-1

08

07
20
T

+

M

SA

20

27

60

-0

05
SA
M
hW

59

-0
09

20

SA
M

+

+

T

T

T
hW

hW

40

-0
20

+

PD

20

08

-0

20

PD
+

T

hW

T

PD

hW

08

-s

ee

d

0

+

E

72

Time (h)

-0

24

T

0

MSA 2008-059

250

hW

0

MSA 2007-147

PD 2009-060

250

hW

RFU

ns

1500

139

Figure 5.1 (previous page): In vitro seeded aggregation of recombinant human wild-type
alpha-synuclein with human sporadic PD and MSA total brain lysates
A. Western blot analysis of PD and MSA total brain lysates (200 mg/ml) with Syn-1
antibody, 1 μg protein was run on SDS-PAGE. B. Analysis of thioflavin T fluorescence
spectroscopy at 0, 24 and 96 h. Samples were run in triplicate, the data are means ± SD,
p=0.0547 (ANOVA) no significant differences. C. Fluorescence spectroscopy of thioflavin T
(excitation 444 nm and emission 482 nm) binding kinetics during in vitro seeded aggregation
of 35 μM recombinant human wild-type alpha-synuclein with three PD total brain lysates
10% (v/v) in PBS. D. Fluorescence spectroscopy of thioflavin T (excitation 444 nm and
emission 482 nm) binding kinetics during in vitro seeded aggregation of 35 μM recombinant
human wild-type alpha-synuclein with three MSA total brain homogenates 10% (w/v) in
PBS. E. Electron micrographs of 400 μM human wild-type alpha-synuclein assembled for 5
days under rotational agitation at 450 rpm and 37 C and diluted to 35 μM, and of human wildtype alpha-synuclein seeded with PD 2008-040 and MSA 2005-027 after 96 h, samples from
panel C and D. Scale bars, 200 nm and 50 nm.
o

Figure 5.2 (next page): The seeded aggregation of HEK 293T cells with sporadic PD and
MSA total brain lysates
A. Western blot analysis of PD and MSA total brain lysates (200 mg/ml) with Syn-1
antibody, 1 μg protein was run on SDS-PAGE (same as figure 5.1A). Below the
densitometric analysis of the Syn-1 bands is shown. B. Western blot analysis of HEK 293T
cells expressing human wild-type alpha-synuclein seeded with 1 μg protein of PD and MSA
brain homogenates, with Syn-1 and anti-GAPDH antibodies for the TritonX-100 soluble
fractions, and anti-pS129 antibody for the insoluble fractions. Twenty μg total protein of
TritonX-100 soluble cell lysates and 50 μg total protein of TritonX-100 insoluble cell lysates
was run on 4-12% BisTris SDS-PAGE. C. Densitometric analysis of Syn-1 seeds and
insoluble pS129 cell lysates. The red squares show the conditions analysed by
immunohistochemistry (panel E). D. Densitometric analysis of pS129 positive TritonX-100
insoluble cell lysates. The results are the means ± SD. E. Immunohistochemical analysis of
untransfected HEK 293T cells and HEK 293T cells expressing human wild-type alphasynuclein seeded with 1 μg brain homogenates of PD 2008-040 and MSA 2005-027 with antip62 (green) and anti-pS129 (red). Nuclei were visualized with DAPI (blue), scale bar 20 μm
and 5 μm.
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5.1.2 Seeded aggregation of human wild-type alpha-synuclein in HEK 293T cells
with the sarkosyl-insoluble fractions from sporadic PD and MSA cases
Sarkosyl extraction of PD and MSA brain lysates purifies insoluble alpha-synuclein
aggregates (Spillantini et al. 1998b). I wanted to determine whether differences in
seeding between PD and MSA exist after sarkosyl extraction. I extracted two PD and
two MSA lysates that seeded aggregation and had similar levels of alpha-synuclein:
PD 2008-058 and 2008-040, as well as MSA 2005-027 and 2007-147. Western blot
analysis of the sarkosyl extracted lysates revealed the presence of pS129 insoluble
aggregates (Fig 5.3B). By electron microscopy, the sarkosyl-insoluble fractions were
positive for pS129 alpha-synuclein (Fig 5.3A). They were used to seed HEK 293T
cells expressing human wild-type alpha-synuclein. The seeds were added to the cell
media for ~16 h, removed and the cells incubated for a further 72 h. They were then
harvested and analysed by Western blotting. The TritonX-100 insoluble fractions
revealed aggregation in HEK 293T cells seeded with the sarkosyl-insoluble fraction
from MSA brains, but not with that from PD brains (Fig 5.3C). For similar levels of
alpha-synuclein seeds, MSA samples seeded aggregation, whereas PD samples did
not.
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Figure 5.3: Seeded aggregation of HEK 293T cells expressing wild-type human alphasynuclein with the sarkosyl-insoluble fractions from sporadic PD and MSA cases
A. Immunoelectron microscopy of PD 2008-040, PD 2008-058, MSA 2005-027 and MSA
2007-147 sarkosyl-insoluble brain lysates with anti-pS129 primary antibody and immunogold conjugated secondary antibody (10 nm), Scale bar, 200 nm. B. Western blot analysis of
sarkosyl-insoluble seeds of PD 2008-040, PD 2009-058, MSA 2005-027, MSA 2007-147
brain lysates with anti-pS129 antibody. C. Western blot analysis of HEK 293T cells,
expressing human wild-type alpha-synuclein, seeded with PD and MSA sarkosyl-insoluble
seeds, with Syn-1 and anti-GAPDH antibodies for the TritonX-100 soluble fractions, and
anti-pS129 antibody for the TritonX-100 insoluble fractions. Twenty μg total protein of
TritonX-100 soluble cell lysates and 50 μg total protein of TritonX-100 insoluble cell lysates
was run on 4-12% BisTris SDS-PAGE.
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5.1.3 The seeding potency of human synucleinopathy brain lysates is affected by
the amino acid sequence of expressed alpha-synuclein
The primary sequence of PrP affects the infectivity of PrP ; PrP is more infectious if
C

Sc

Sc

its primary sequence is the same as that of PrP (Collinge & Clarke 2007). This could
C

also be the case of seeded alpha-synuclein aggregation; a disparity between the amino
acid sequence of aggregates and that of soluble alpha-synuclein could hinder
aggregation. The PD and MSA brain samples used in this chapter were from sporadic
cases; therefore, their aggregates are composed of human wild-type alpha-synuclein. I
compared the ability of PD 2008-022 and MSA 2005-027 samples to seed HEK 293T
cells expressing either human wild-type or A53T alpha-synuclein. I separated brain
lysates into soluble and insoluble fractions, by a 100,000 x g spin. The supernatant
was used as the soluble and the pellet as the insoluble fraction. I seeded cells with
soluble and insoluble fractions and incubated them for 72 h, followed by Western blot
analysis. I found that the soluble fractions of PD and MSA did not induce aggregation
in HEK 293T cells expressing either human wild-type or A53T alpha-synuclein (Fig
5.4 A). The insoluble MSA fraction seeded aggregation in both human wild-type and
A53T alpha-synuclein expressing cells; however, the insoluble PD fraction failed to
seed aggregation. I observed that the expression of human A53T alpha-synuclein
resulted in a significant increase in the seeded aggregation caused by insoluble MSA,
when compared with that of human wild-type alpha-synuclein seeded with insoluble
MSA (Fig 5.4A &B). Thus, the A53T mutation increases the seeding potency of
MSA lysates.
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Figure: 5.4: Seed potency of sporadic PD and MSA brain lysates in HEK 293T cells
expressing either human wild-type or A53T alpha-synuclein.
A. Western blot analysis of HEK 293T cells, HEK 293T cells expressing human wild-type
alpha-synuclein and HEK 293T cells expressing human mutant A53T alpha-synuclein seeded
with soluble and insoluble PD 2008-022 and MSA 2005-027 brain lysates, with anti-GAPDH
and Syn-1 antibodies for the TritonX-100 soluble cell lysate fractions and pS129 for the
TritonX-100 insoluble fractions. Twenty μg TritonX-100 soluble and 50 μg TritonX-100
insoluble protein were run on 4-12% BisTris SDS-PAGE. B. Densitometric analysis of pS129
TritonX-100 insoluble bands for MSA 2005-027 samples. The results are the means ± SD. C.
Densitometric analysis of human wild-type pS129 TritonX-100 insoluble bands. D.
Densitometric analysis of human A53T alpha-synuclein pS129 TritonX-100 insoluble bands.
The results are the means (n=2).
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5.1.4 Screening PD and MSA brain lysates for their ability to seed alphasynuclein aggregation
To further examine whether there is a difference in seeding potency between PD and
MSA seeds, I quantified the level of alpha-synuclein using the Syn-1 antibody in six
PD and six MSA cases by dot-blot analysis (Fig 5.5A). Brain lysates were diluted
1,000-fold and run in quadruplicate with recombinant phosphorylated alpha-synuclein
standards. The level of alpha-synuclein (μg/ml) was then determined (Fig 5.5B). The
concentration of alpha-synuclein added to HEK 293T cells was standardized to 1 μg.
It was added to HEK 293T expressing A53T alpha-synuclein cells for ~ 16 h,
followed by 72 h of growth. Western blot analysis revealed TritonX-100 insoluble
pS129 alpha-synuclein aggregates in all MSA-seeded cells and in three of the six PDseeded cells (Fig 5.4C). By densitometry, the level of seeded aggregation for the
positive PD lysates was 1476 ± 199 (a.u) and for the MSA lysates 43520 ± 1137 (a.u)
(Fig 5.5 D). There was some variation in seeded aggregation between MSA samples.

Figure 5.5 (next page): Seeding potency of PD and MSA brain homogenates
A. Dot-blot analysis of homogenates from six PD and six MSA cases and recombinant alphasynuclein protein standards, with anti-Syn-1 antibody. B. Densitometric analysis of dot-blots,
run in quadruplicate. C. Western blot analysis of HEK 293T cells expressing human A53T
alpha-synuclein seeded with 1 μg of alpha-synuclein from six PD and six MSA cases using
Syn-1 and anti-GAPDH antibodies for the TritonX-100 soluble, and anti-pS129 alphasynuclein antibody for the TritonX-100 insoluble fractions. Twenty μg protein of TritonX100 soluble cell lysates and 50 μg protein of TritonX-100 insoluble cell lysates was run on 412% BisTris SDS-PAGE. The volumes loaded were <10 μl. D. Densitometric analysis of
pS129 band intensities of TritonX-100 insoluble fractions. The results are the means ± SD,
(n=3).
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5.1.5 Aggregation of expressed A53T alpha-synuclein using PD brain and serially
diluted MSA brain seeds
I wanted to assess how much more potent MSA samples were compared to a PD
sample. I seeded HEK 293T human A53T alpha-synuclein expressing cells with 0.48
μg alpha-synuclein from PD 2009-104 and MSA 2005-027 samples, then serially
diluted the MSA sample to 0.24, 0.12, 0.048, 0.0048 and 0.00048 μg. The level of
aggregation seeded by 0.48 μg PD was equal to that of 0.0048 μg MSA. Thus, PD
was approximately 100 times less efficient at seeding aggregation than MSA (Fig
5.6A&B).

Figure 5.6: The seeding potency of PD seeds compared to that of MSA seeds
A. Western blot analysis of HEK 293T cells seeded with 0.48 μg brain homogenate from PD
2009-104 and MSA 2005-027 brain lysates with Syn-1 and anti-GAPDH antibodies for the
TritonX-100 soluble cell lysates, and with anti-pS129 antibody for TritonX-100 insoluble cell
lysates. MSA 2005-027 brain lysates were diluted and used to seed HEK 293T cells
expressing A53T alpha-synuclein. Twenty μg protein of TritonX-100 soluble cell lysates and
50 μg protein of TritonX-100 insoluble cell lysates was run on 4-12% BisTris SDS-PAGE. B.
Densitometric analysis of the TritonX-100 insoluble cell lysates with anti-pS129 antibody.
The results are the means ± SD (n=3), ** p<0.01, *** p<0.001 (ANOVA) with Student’s ttest.
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5.1.6 Seeded aggregation of G51D alpha-synuclein in HEK 293T cells with
familial PD G51D brain lysates
G51D was the first known mutation in SNCA to give rise to familial PD with the
pathological characteristics of both PD and MSA (Kiely et al. 2013; Lesage et al.
2015; Kiely et al. 2015). Patients have numerous cytoplasmic alpha-synuclein
neuronal inclusions and smaller numbers of oligodendroglial inclusions that resemble
GCIs. Alpha-synuclein inclusions were observed in temporal, cingulate and parietal
cortices, as well as in hippocampus, striatum, putamen and cerebellum (Kiely et al.
2015). To examine potential differences in the seeding abilities of the two types of
aggregated alpha-synuclein, I prepared the sarkosyl-insoluble fraction from pontine
white matter (glial inclusions), subicular cortex white matter (glial inclusions),
parietal gyrus grey matter (neuronal inclusions) and cerebellar grey matter (neuronal
inclusions) from the brain of a patient with familial PD and the G51D mutation in
SNCA. These areas contained numerous alpha-synuclein inclusions. Western blot
analysis of HEK 293T cells expressing mutant G51D alpha-synuclein revealed seeded
aggregation with all four seeds (Fig 5.7B). The four brain regions did not show
differences in seeding potency (Fig 5.7D). This was further determined by the
aggregation kinetics of G51D subicular cortical white matter and parietal gyrus grey
matter lysates in the thioflavin T aggregation assay (Fig 5.7C).
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Figure 5.7: Seeding abilities of grey matter and white matter sarkosyl-insoluble
fractions from a case with the G51D mutation in SNCA.
A. Western blot analysis of two white matter (WM) sarkosyl-insoluble fractions, pontine and
subiculum tissue, and two grey matter (GM) areas, parietal gyrus and cerebellum, with antipS129 antibody. B. Western blot analysis of HEK 293T cells seeded with sarkosyl-insoluble
G51D brain lysates with Syn-1 and anti-GAPDH antibodies for TritonX-100 soluble
fractions, and anti-pS129 antibody for TritonX-100 insoluble fractions. Twenty μg protein of
TritonX-100 soluble cell lysates and 50 μg protein of TritonX-100 insoluble cell lysates was
run on 4-12% BisTris SDS-PAGE (n=2). A representative Western blot is shown. C.
Fluorescence spectroscopy of thioflavin T (excitation 444 nm and emission 482 nm) binding
kinetics during in vitro seeded aggregation of 35 μM human recombinant G51D alphasynuclein in 15 μM thioflavin T with 10% (w/v) sarkosyl-insoluble G51D brain lysates,
samples were subiculum WM and parietal gyrus GM. Samples were run in triplicate. D.
Densitometric analysis of TritonX-100 insoluble cell lysate fractions with anti-pS129
antibody. The results are the means, (n=2).
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5.2. Discussion
In this chapter I demonstrated the ability of alpha-synuclein from PD and MSA brains
to seed aggregation of soluble alpha-synuclein in an in vitro aggregation assay and in
HEK 293T cells expressing human wild-type, A53T and G51D alpha-synuclein.
5.2.1 PD and MSA brain lysates can seed the aggregation of recombinant alphasynuclein in vitro
The ability of human brain-derived aggregates of alpha-synuclein to seed aggregation
of native alpha-synuclein has been shown in mice (Watts et al. 2013; MasudaSuzukake et al. 2013; Recasens et al. 2014; Prusiner et al. 2015). Bernis et al
demonstrated the ability of brain lysates from alpha-synuclein transgenic mice
injected with incidental Lewy body disease (iLBD) and MSA brain extracts to induce
aggregation of recombinant human wild-type alpha-synuclein in vitro (Bernis et al.
2015). This was the first demonstration that lysates from iLBD and MSA brains could
induce aggregation of recombinant human wild-type alpha-synuclein in vitro.
The assembly of alpha-synuclein into filamentous aggregates has been shown to be a
nucleation dependent process consisting of a lag phase (nucleation) and a growth
phase (elongation) (Narhi et al. 1999; Wood et al. 1999). The lag phase can be
bypassed by the addition of seeds (Yonetani et al. 2009). After the addition of either
PD or MSA lysates to monomeric human wild-type alpha-synuclein, I still observed a
lag phase of ~ 24 h. It is unclear what this lag phase means. It could suggest monomer
addition to alpha-synuclein aggregates (elongation) does not occur instantly for brainderived seeds. Morozova et al seeded recombinant monomeric tau with tau aggregates
from AD brain; a lag phase of ~ 60 h was observed (Morozova et al. 2013). This is
similar to what I observed with PD and MSA brain-derived aggregates. It could be
that the concentration of the aggregate seeds necessary for aggregation was low. The
rate of seeded aggregation, has been shown to be affected by concentration of the
seed; higher concentrations of amyloid-β seeds decreased the lag time to aggregation;
this has also been shown for PrP (Salvadores et al. 2014; Stöhr et al. 2008).
Sc
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It is well established that the addition of seeds allows one to bypass the nucleation
phase. This has been shown for many protein aggregates, including PrP , amyloid-β,
Sc

tau and alpha-synuclein (Jarrett & Lansbury 1993; Stöhr et al. 2008; Yonetani et al.
2009; Herva et al. 2014; Falcon et al. 2015). In vitro incubation of recombinant wildtype alpha-synuclein with recombinant seeds has been shown to induce aggregation
(Yonetani et al. 2009; Herva et al. 2014; Bousset et al. 2013). Moreover, Falcon et al
reported aggregation of recombinant P301S tau when seeded with P301S tau
aggregates from transgenic mice (Falcon et al. 2015).These studies observed instant
elongation, consistent with the elongation of aggregates by monomer addition and
filament fragmentation (Jarrett & Lansbury 1993; Knowles et al. 2009). However, this
was not true of the experiments of this chapter.
The prion concept postulates that the conformational properties of PrP are
Sc

maintained during seeding of PrP and that they determine the neuropathological
C

features of the disease. This is evident from studies of yeast prions, which
demonstrated the serial propagation of strain characteristics (Tanaka et al. 2006).
However, the seeded aggregation of PrP by brain derived PrP , without any coC

Sc

factors, to produce de novo PrP with the same potency as that of the seed, has not yet
Sc

been achieved on first passage (Collinge & Clarke 2007). It has been speculated that
this is due to molecular composition, conformation, co-factors or aggregation
conditions (Caughey et al. 2009).
It has been shown that recombinant human mutant alpha-synuclein aggregates have
distinct structural properties in vitro, and that they can impart these properties onto
the monomeric protein. Yonetani et al observed seeded aggregation of human wildtype alpha-synuclein using A30P alpha-synuclein filaments; the seeded filaments had
morphologies and properties that resembled those of the seeds (Yonetani et al. 2009).
This suggests that alpha-synuclein aggregates templated the seeded aggregation of the
human wild-type protein into the conformation adopted by the seed. However, it is
not known if these two seeds have different potencies in cells, or if their
conformations can be maintained through serial passaging. Future work will need to
solve the structures of the aggregate seeds and of seeded aggregates, to assess whether
they have the same ultrastructure. Biophysical characterisation is needed to determine
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whether PD and MSA seeds have different conformations. Filaments from PD, DLB
and MSA brains have similar morphologies, but higher resolution structures are
needed (Spillantini et al. 1998a; Spillantini et al. 1998b).
In the recombinant in vitro aggregation system, the seeding potencies of the PD and
MSA samples were not significantly different at inducing aggregation of alphasynuclein. Human wild-type alpha-synuclein was used, so that aggregation would not
be hindered by sequence differences, which could be introduced by point mutations
within alpha-synuclein’s primary sequence, as can be the case of PrP (Collinge &
Sc

Clarke 2007). These results suggest that in an in vitro recombinant system the ability
to induce alpha-synuclein to aggregate is equal for PD and MSA filaments, suggesting
that the two seeds have similar potencies. However, there are differences in disease
progression between the two synucleinopathies, but it is still not known what causes
these differences (Fanciulli & Wenning 2015). I observed that the PD and MSA
induced alpha-synuclein filaments had similar morphologies and filament widths by
electron microscopy, which were not significantly different from those of
recombinant human wild-type alpha-synuclein aggregates.
There is a long delay between the formation of the first protein inclusions and the
appearance of clinical symptoms, which may constitute a therapeutic opportunity.
However, the concentration of aggregated protein in disease will be low initially;
thus, amplification of aggregates is required for early detection, which these
recombinant alpha-synuclein aggregation assays may provide. Similar assays are
utilized to detect prions in CSF and urine. Real-time quaking-induced conversion has
been used to amplify and detect low concentrations of prions. This assay uses
agitation to increase aggregation rates and thus sensitivity (Wilham et al. 2010).
Protein misfolding cyclic amplification uses brief sonication pulses to enhance
fragmentation during in vitro aggregation (Saborio et al. 2001). Both methods are
used to detect PrP in CSF from patients with CJD (McGuire et al. 2012; McGuire et
Sc

al. 2016). It may be possible that these assays could also be used to detect alphasynuclein aggregates in CSF (Hansson et al. 2014).
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5.2.2 PD and MSA brain lysates seed aggregation of expressed alpha-synuclein in
HEK 293T cells
I observed the aggregation of alpha-synuclein after seeding HEK 293T alphasynuclein expressing cells with brain lysates from patients with PD and MSA. The
brain lysates induced aggregation of expressed alpha-synuclein and induced the
formation of pS129 aggregates, which were also positive for p62. The inclusions
observed by immunohistochemical analysis resembled those formed in the HEK 293T
A53T alpha-synuclein seeding assay when seeded with filaments of recombinant
alpha-synuclein and tgM83 filaments. Alpha-synuclein inclusions were spherical,
+/+

skein-like or perinuclear.
5.2.3 MSA seeded aggregation with both human wild-type and A53T alphasynuclein
A feature of prion diseases is the species barrier, where differences in the amino acid
sequence between PrP and PrP can slow cross-species transmission and seeding
C

Sc

(Collinge & Clarke 2007). There is evidence in the literature that seeded alphasynuclein aggregation can occur when the amino acid sequences of the seed and
soluble alpha-synuclein differ; thus, Lewy body enriched brain extracts induced
murine alpha-synuclein pathology (Recasens et al. 2014). Moreover, the injection of
sarkosyl-insoluble DLB brain extracts into wild-type mice induced the aggregation of
murine alpha-synuclein (Masuda-Suzukake et al. 2013).
In transgenic mice expressing human mutant A53T alpha-synuclein the incubation
times for aggregation were longer and less robust for PD than for MSA brain lysates.
When injected into tgM83 mice, MSA lysates were seed-competent (Prusiner et al.
+/-

2015). However, these authors did not observe seeded aggregation when MSA brain
lysates were inoculated into wild-type mice or into mice transgenic for wild-type
human alpha-synuclein (Prusiner et al. 2015). However, for wild-type mice, PD
lysates have been shown to induce pathology (Recasens et al. 2014). Moreover,
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Bernis et al have shown that MSA extracts were seed-competent in mice transgenic
for wild-type human alpha-synuclein (Bernis et al. 2015).
Prusiner et al reported that the A53T mutation facilitated seeded aggregation when
MSA lysates were used (Prusiner et al. 2015). However, Bernis et al showed that this
mutant form of alpha-synuclein was not essential, because MSA brain lysates also
induced aggregation in a mouse line transgenic for wild-type human alpha-synuclein
(Bernis et al. 2015). In this chapter I demonstrated the ability of PD and MSA lysates
to induce aggregation of soluble expressed human wild-type and A53T alphasynuclein. I also compared the seeding activities of PD and MSA brain samples in
HEK 293T cells expressing either human wild-type or A53T alpha-synuclein and
observed an increase in the seeding ability of MSA extracts. Thus, this difference in
the amino acid sequence of alpha-synuclein appears to favour aggregation, when
using MSA seeds. This raises the question if MSA brain lysates could be more seed
competent in the presence of recombinant A53T than wild-type alpha-synuclein in a
recombinant in vitro aggregation assay. Future experiments will tell.
5.2.4 Soluble PD and MSA brain lysates are seeding-incompetent
Sarkosyl extraction of PD and MSA brain lysates revealed, that for an equal amount
of insoluble alpha-synuclein, MSA filaments were more potent at seeding than PD
filaments. The sarkosyl-insoluble fraction of PD did not seed aggregation. I wanted to
examine whether this was due to an increased seeding activity in the soluble fraction.
I therefore fractionated brain lysates into soluble and insoluble fractions, but found
that only the insoluble fractions were seed competent. This adds further support to the
conclusion of chapter 6, that most seed-competent species of aggregated alphasynuclein in disease are filamentous aggregates.
5.2.5 The potency of MSA and PD seeds
I also seeded HEK 293T alpha-synuclein expressing cells with both total brain
lysates, which included soluble and insoluble alpha-synuclein aggregate species, and
sarkosyl-insoluble brain lysates. Total brain lysates of both MSA and PD could seed
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aggregation. However, sarkosyl extracted PD brain lysates, for the same amount of
MSA seed, did not seed aggregation of endogenous alpha-synuclein.
The results in this chapter show the distinct difference in seeding potency between
MSA and PD brain-derived seeds in HEK 293T cells expressing alpha-synuclein. A
similar difference has been demonstrated previously; however, the amount of total
brain protein was standardized and not that of alpha-synuclein (Woerman et al. 2015).
I compared the seeding potencies of six sporadic PD and six MSA brain homogenates
using a standardized amount of alpha-synuclein. The difference in seeding ability
between MSA and PD extracts was approximately 100-fold.
Previous publications have shown that MSA brain homogenates, when injected
intracerebrally into tgM83 mice, induced disease and alpha-synuclein
+/-

neuropathology ~120 days post injection (Watts et al. 2013; Prusiner et al. 2015). By
contrast, PD brain homogenates did not induce disease and only a small amount of
alpha-synuclein pathology (Prusiner et al. 2015). I also found that PD brain lysates
were less potent seeds than MSA lysates. A difference between my results and those
of Prusiner et al is that they concluded that PD brain lysates were unable to seed
aggregation. I found that PD samples were significantly less potent at seeding
aggregation of alpha-synuclein than MSA extracts; however, for some PD samples,
seeded aggregation was observed in the HEK 293T model. Overall, the seeding
abilities of PD brain lysates were close to the detection limits of the techniques used.
This probably explains why the results obtained with some extracts were somewhat
variable and why some PD brain lysates did not seed at all.
Woerman et al also showed, in a HEK alpha-synuclein cell-seeding assay, that no
Lewy body lysates seeded aggregation; of which they tested nine (three PD, three
PDD and three DLB cases) (Woerman et al. 2015). However, the addition of a YFP
tag to alpha-synuclein might have reduced seeded aggregation. Moreover, they relied
on a fluorescence readout for seeded aggregation, which might not have detected low
levels of aggregation.
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It is important to note that in an in vitro thioflavin T binding assay, there was no
significant difference between the seed potencies of PD and MSA lysates. The
presence of seeds from either disease induced aggregation of soluble alpha-synuclein
equally well. Thus, differences in seeding potency may only become apparent in a
cellular environment. It is clear from the literature, and from my results, that MSA
seeds are more potent than those from PD; however, some PD aggregates could still
seed aggregation. Why MSA alpha-synuclein aggregates are more potent than PD
aggregates remains to be determined. A possible reason could lie in aggregate
conformation. MSA is a more aggressive and rapidly progressive neurodegenerative
disease than PD (Fanciulli & Wenning 2015). Thus, more seed competent forms of
alpha-synuclein could result in more aggressive synucleinopathies. This is a feature of
prion strains; fragmentation-prone aggregates give rise to more aggressive, seedpotent prions (Tanaka et al. 2006).
It has been suggested that MSA is a prion disease (Woerman et al. 2015; Prusiner et
al. 2015). The authors showed that homogenates from MSA brains caused a rapidly
progressive synucleinopathy when inoculated into tgM83 mice. The incubation times
+/-

until disease were ~ 120 days, and infectivity and incubation times could be serially
transmitted to tgM83 mice (Watts et al. 2013; Prusiner et al. 2015). Woerman et al
+/-

also proposed that multiple strains of MSA exist; they found that MSA cases had
distinct neuropathologies. Moreover, the addition of seeds from different areas of
MSA brains induced different levels of seeded aggregation in their HEK cell-seeding
assay. Thus, the aggregates from different brain regions had different seed potencies
(Woerman et al. 2015). Between the six MSA cerebellum samples I assessed, there
was significant variation in the level of seeded aggregation.
Alpha-synuclein inclusions define PD and MSA; however, the cellular populations
these inclusions are found in differ. MSA predominantly affects oligodendrocytes,
whereas in PD alpha-synuclein inclusions are found in neurons (Spillantini et al.
1997; Tu et al. 1998; Wakabayashi et al 1998). Exceptions, such as the G51D and
A53E kindreds of familial PD, have alpha-synuclein aggregates within both neurons
and glia (Kiely et al. 2013; Lesage et al. 2013; Pasanen et al. 2014; Kiely et al. 2015).
It can be hypothesized that these aggregates might have different properties and could
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therefore exhibit different seeding potencies. However, in this chapter, lysates from
white matter of an individual with the G51D mutation (Kiely et al. 2015) did not seed
aggregation more efficiently than lysates from grey matter. All four brain areas
seeded equally well, despite their different neuropathologies. Because the aggregates
had similar seeding potencies, it is likely that they also had similar conformations;
however, structural characterization of the aggregates from G51D cases is needed to
establish this more firmly.
If MSA was a true prion disease, the inoculation of MSA aggregates into transgenic
mice would be expected to induce the neuropathology of the host, with mice
developing inclusions within oligodendrocytes. This was not the case for the tgM83

+/-

MSA inoculated mice; they only developed neuronal alpha-synuclein inclusions
(Watts et al. 2013; Prusiner et al. 2015). A study using a different transgenic mouse
model has shown that MSA brain homogenates could induce alpha-synuclein
pathology in a few astrocytes and microglia, but the bulk of the aggregates was in
nerve cells and no inclusions were present in oligodendrocytes (Bernis et al. 2015). In
these lines of transgenic mice, human alpha-synuclein was mostly expressed in nerve
cells. It would be interesting to see what would happen, following the injection of
MSA brain extracts, in mouse lines expressing high levels of human alpha-synuclein
in both nerve cells and glial cells.
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6. Sucrose gradient fractionation of tgM83 and tgM83 brain lysates and seeded
+/+

+/-

alpha-synuclein aggregation in HEK 293T cells
The intracerebral injection of brain lysates from symptomatic tgM83 mice into
+/+

healthy tgM83 mice induces the aggregation of alpha-synuclein (Mougenot et al.
+/+

2012; Luk et al. 2012a). It has also been shown that the intracerebral injection of brain
lysates from PD, DLB and MSA patients induces the aggregation of alpha-synuclein
in wild-type and tgM83 mice, respectively (Masuda-Suzukake et al. 2013; Recasens
+/-

et al. 2014; Prusiner et al. 2015). Thus, brain-derived alpha-synuclein aggregates can
seed aggregation of soluble alpha-synuclein. However, there are many different
alpha-synuclein aggregates within the CNS (Haass & Selkoe 2007). Therefore, the
inoculation of pathological brain lysates introduces different conformers of
aggregated alpha-synuclein, and it is not known which of these species is the most
seed competent. Studies using recombinant alpha-synuclein showed the soluble
protein to be seed-incompetent, and fibrils to be seed-competent (Luk et al. 2009; Luk
et al. 2012b). It is unclear, however, whether oligomeric alpha-synuclein can seed
aggregation. There is evidence to suggest that recombinant oligomeric alphasynuclein either can (Danzer et al. 2007; Danzer et al. 2009; Pieri et al. 2016) or
cannot (Aulic et al. 2014; Peelaerts et al. 2015) seed aggregation in vitro.
I sought to characterise which species of alpha-synuclein from tgM83 brains are
+/+

responsible for seeded aggregation. I fractionated brains from symptomatic tgM83

+/+

mice using sucrose gradients (Maeda et al. 2006). The resultant fractions were then
used in the HEK 293T A53T alpha-synuclein cell-seeding model to assess seed
competence.
6.1.1 Biochemical analysis of sucrose gradient tgM83 and tgM83 brain lysate
+/+

+/-

fractions
Brain lysates from three symptomatic tgM83 and three age-matched asymptomatic
+/+

tgM83 mice were fractionated using sucrose gradients. The mice were culled
+/-

between 11 and 14 months of age. As shown before, alpha-synuclein phosphorylated
at serine 129 was present in the brain and spinal cord of aged tgM83 mice (Fig 4.1
+/+
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A&B) (Giasson et al. 2002). It has been shown that aggregates from prion diseases
and P301S tau transgenic mice fractionate according to size by sucrose gradient
centrifugation, allowing the comparison of seeding ability of different aggregate seeds
(Prusiner 1982; Jackson et al. 2016). In this study, whole brain lysates were
fractionated by sucrose gradient centrifugation. The sucrose densities were 50%, 40%,
30%, 20% and 10%; the alpha-synuclein species in these fractions were characterised
biochemically.
I analysed the sucrose gradient fractions of tgM83 and tgM83 brain lysates by SDS+/+

+/-

PAGE and Western blot analysis (Fig 6.1A&B). Two antibodies were used to detect
total and phosphorylated alpha-synuclein, Syn-1 and anti- pS129. All sucrose
fractions from the tgM83 brain lysates contained alpha-synuclein that ran as a 15kDa
+/+

band, as shown by Syn-1 staining (Fig 6.1A). The pS129 antibody revealed the
presence of aggregated alpha-synuclein within the 30%, 40%, 50% sucrose and pellet
fractions, with highest levels within the 40% and 50% fractions (Fig 6.1A). In 30%,
40%, 50% sucrose and pellet fractions, Syn-1 and anti-pS129 revealed the presence
of, what is believed to be, ubiquitin-positive forms of aggregated alpha-synuclein,
which ran at 25kDa and 30kDa (Hasegawa et al. 2002). Western blot analysis
revealed the presence of 15kDa alpha-synuclein predominantly in the 10% fraction
from tgM83 mice. The tgM83 brain lysates were negative for pS129 alpha+/-

+/-

synuclein, as is expected for heterozygous mice of this age (Giasson et al. 2002).
Non-denaturing gel electrophoresis and Western blot analysis were performed to
determine the sizes of the pathological alpha-synuclein species in tgM83 brain
+/+

lysates (Fig 6.1C). Syn-1 revealed soluble monomeric alpha-synuclein in the 10%
sucrose fraction that ran at approximately 15kD. Also in the 10% fraction were higher
molecular weight species that ran at approximately 150kDa (Fig 6.1C). The 20%
fraction contained a small amount of 20kDa alpha-synuclein; this fraction
predominantly contained higher molecular weight multimeric alpha-synuclein, which
ranged from approximately 150kDa to 480kDa. Aggregates of alpha-synuclein were
present in the 30% sucrose fraction that did not migrate into the gel. These high
molecular weight species of >1236kDa were also present in the 40%, 50% and pellet
fractions. The 30% fraction stained strongly for multimeric alpha-synuclein, seen as a
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smear from 150kDa to the well. The 40%, 50% and pellet fractions also showed
smearing from 150kDa to the well, but these species were not as predominant as the
immobilised aggregates. The pS129 antibody only recognised alpha-synuclein species
that were trapped in the wells of the 40%, 50% and pellet fractions. The antibody did
not recognise the smaller aggregate species of ~150kDa to 1266kDa.
To further determine which fractions contained insoluble alpha-synuclein, a sarkosylextraction was performed. The tgM83 lysates contained sarkosyl-insoluble alpha+/+

synuclein in the 40%, 50% and pellet fractions (Fig 6.1D). The high molecular weight
species of the 30% fraction were not sarkosyl-insoluble. As expected, the fractions
from tgM83 brain lysates contained no sarkosyl-insoluble alpha-synuclein (Fig
+/-

6.1D).
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Figure 6.1 (previous page): The biochemical analysis of sucrose gradient
fractionated tgM83 and tgM83 brain lysates
A. SDS-PAGE and Western blot analysis of tgM83 sucrose gradient fractionated
brain lysates with anti-alpha-synuclein antibodies: Syn-1 and pS129. B. SDS-PAGE
and Western blot analysis of tgM83 sucrose gradient fractionated brain lysates with
antibodies Syn-1 and pS129. The Western blots are representative of one sucrose
gradient fractionated tgM83 and one tgM83 brain. Densitometric analyses of three
sucrose gradient fractionated brains are shown in A & B. C. Non-denaturing gel
electrophoresis and Western blot analysis of tgM83 brain lysates with Syn-1 and
pS129. Total protein from each fraction (37 μg) was loaded onto 4-16% BisTris
native-PAGE. D. Western blot analysis with pS129 of sarkosyl-extracted sucrose
gradient fractionated tgM83 and tgM83 brain lysates; 3.75 mg/ml total protein from
each sucrose fraction was sarkosyl-extracted, and the pellets resuspended in 10 μl
TrisHCl pH 7.4 and run on 4-12% BisTris NuPAGE.
+/+
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+/+
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+/+
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6.1.2 Structural characterisation of sucrose gradient fractionated alphasynuclein from tgM83 brain lysates
+/+

The structural characteristics of alpha-synuclein tgM83 brain lysates were
+/+

determined by immuno-electron microscopy (Fig 6.2). The pS129 antibody was used
to detect aggregated forms of alpha-synuclein. The 10% fraction contained no pS129
positive alpha-synuclein. The 20% fraction contained short filaments of alphasynuclein, determined to be 77 nm ± 41 nm in length. The denser tgM83 sucrose
+/+

fractions also contained pS129 positive alpha-synuclein filaments of increasing
lengths. The filaments in the 30% fraction were 112 nm ± 30 nm; the 40% fraction
contained filaments, which were 196 nm ± 75 nm; the 50% fraction contained
filaments of 265 nm ± 103 nm (n=15) (Fig 6.2).
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Figure 6.2 Immunoelectron microscopy of sucrose gradient fractioned tgM83
brain lysates.
A. Immunoelectron microscopy with pS129 antibody of sucrose fractionated tgM83
brain lysates. The measured filament lengths (20%, 30%, 40%, 50% and pellet) are
shown beneath (n=15). Scale bar, 10%, 20%, 30% fractions, 200 nm; 40%, 50%
fractions and pellet 100 nm.
+/+

+/+

6.1.3 Quantification of alpha-synuclein in tgM83 and tgM83 brain lysate
+/+

+/-

sucrose fractions
The amount of alpha-synuclein in each sucrose fraction was quantified by dot-blot
analysis. I used the Syn-1 antibody to determine the amount of total alpha-synuclein
in the tgM83 and tgM83 sucrose gradient fractions, and the pS129 antibody to
+/+

+/-

determine the amount of insoluble alpha-synuclein in tgM83 sucrose fractions (Fig
+/+

6.3A & B). The sucrose gradient fractions were diluted 1000 fold and loaded onto the
dot-blot in quadruplicate with recombinant phosphorylated alpha-synuclein protein
standards. The tgM83 brain lysates contained more alpha-synuclein than the tgM83
+/+

+/-

brain lysates (Fig 6.3 C), and the pS129 positive alpha-synuclein was found in the
dense sucrose fractions of tgM83 mice (Fig 6.3 D). The 10% sucrose fraction of the
+/+

tgM83 brain lysates contained 12.2 μg/ml alpha-synuclein; the 10% sucrose fraction
+/-

of the tgM83 brain lysates contained 22 μg/ml alpha-synuclein. The denser sucrose
+/+

fractions of tgM83 contained 18- 44 μg/ml total alpha-synuclein (Fig 6.3 C). The
+/+

dot-blot analysis agreed with the biochemical analysis; sucrose fractions 30%, 40%,
50% and the pellet were positive for pS129 alpha-synuclein. The largest amount of
pS129 was within the 50% fraction, which contained ~49 μg/ml. This was used to
standardise the amounts of alpha-synuclein used in the seeding assay.

164

Figure 6.3 Dot-blot analysis of tgM83 and tgM83 brain lysates
A. Dot-blot analysis with anti-alpha-synuclein antibody Syn-1 of tgM83 and tgM83
sucrose fractionated brain lysates; samples were run in quadruplicate with
recombinant phosphorylated soluble alpha-synuclein standards B. Dot-blot analysis
with anti-alpha-synuclein pS129 antibody for tgM83 sucrose fractions. One
representative dot-blot is shown. C. Densitometric analysis of the tgM83 (black) and
tgM83 (blue) Syn-1 dot-blots, the dot intensities of the protein standards and the
sucrose fractions were measured for the tgM83 and tgM83 brains, (n=3). The
amount of alpha-synuclein in each fraction was calculated in μg/ml of Syn-1 for
tgM83 and tgM83 (C) and pS129 for tgM83 (D).
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6.1.4 Seeded aggregation of A53T alpha-synuclein with sucrose gradient
fractionated alpha-synuclein from tgM83 and tgM83 brain lysates in HEK
+/+

+/-

293T cells
The ability of alpha-synuclein species in tgM83 and tgM83 brain lysates to seed
+/+

+/-

aggregation was tested in HEK 293T cells transfected with A53T alpha-synuclein. A
standardised amount of alpha-synuclein from each sucrose fraction (1 μg) was added
to HEK 293T A53T alpha-synuclein cells. Lysates were incubated in the cell media
for ~16 h, the media replaced and the cells incubated for a further 72 h. The HEK
293T A53T alpha-synuclein cells were harvested and the cell lysates separated into
TritonX-100 soluble and insoluble fractions, and analysed for the presence of pS129
alpha-synuclein. The tgM83 50% sucrose fraction, which was highly phosphorylated
+/+

at serine 129, was added to HEK 293T untransfected cells. Addition to untransfected
HEK 293T cells did not seed aggregation, no pS129 was detected in the insoluble
fraction (Fig 6.4A), thus any pS129 signal in HEK 293T A53T alpha-synuclein cells I
conclude will be due to seeded aggregation, and not to the presence of the
phosphorylated seed. The 30%, 40%, 50% sucrose fractions and the pellet fraction of
tgM83 brains all induced aggregation in the HEK 293T A53T cells. The 20%
+/+

fraction seeded to a small extent, but the soluble 10% fraction never seeded
aggregation (n=3) (Fig 6.4B). One μg of Syn-1 positive alpha-synuclein from each
sucrose fraction from tgM83 was also added to HEK 293T A53T alpha-synuclein
+/-

cells; however, none of these fractions seeded aggregation. The fractions that gave the
most seeding were 40% and 50%, which contained filaments of 196 ± 75 nm and 250
± 80 nm, respectively. Immunohistochemistry with Syn303 and anti-pS129 antibodies
was used to confirm the seeded aggregation of HEK 293T A53T alpha-synuclein.
Untransfected HEK 293T cells seeded with the tgM83 50% sucrose fraction were
+/+

negative for pS129, whereas transfected HEK 293T A53T alpha-synuclein cells
seeded with the 50% sucrose fraction were positive for perinuclear pS129-positive
alpha-synuclein inclusions (Fig 6.4C).
Densitometry of the pS129 bands was measured over the three experiments and
plotted (Fig 6.4A). The 40% fraction seeded the most aggregation per normalised
amount of alpha-synuclein, followed by the 50% fraction; there was no significant
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difference between the two fractions (Fig 6.4A). Although each sample had the same
concentration of alpha-synuclein, their filament lengths were different. This was not
normalised for, expressing seeding potency per unit of aggregate would be
challenging in this system.

Figure 6.4 (next page): Induced alpha-synuclein aggregation in HEK 293T A53T
cells
A. Western blot analysis of HEK 293T A53T cells seeded with tgM83 sucrose
fractionated brain lysates. The Syn-1 Western blot of Triton-X100 soluble cell lysates
shows equal expression of alpha-synuclein, and anti-GAPDH blot soluble cell lysate
loading control. The red boxes indicate the conditions analysed by
immunohistochemistry in panel D. B. Western blot analysis of HEK 293T A53T cells
seeded with tgM83 sucrose fractionated brain lysates. The total protein loaded onto
4-12% BisTris NuPAGE for soluble fractions were 20 μg for TritonX-100 soluble and
50 μg for TritonX-100 insoluble fractions. Equal exposure times for the two pS129
blots are shown. One representative Western blot is shown, (n=3). C. Densitometry of
TritonX-100 insoluble pS129 Western blot of tgM83 seeded cells. D.
Immunohistochemical analysis of untransfected HEK 293T cells and A53T alphasynuclein transfected cells unseeded and seeded with the 50% sucrose fraction with
Syn303 (red) and anti-pS129 (green) antibodies. Scale bar, 10 μm.
+/+

+/-

+/+
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6.2 Discussion
I aimed to separate alpha-synuclein aggregates from tgM83 brains and test their
+/+

seeding potency in the HEK 293T A53T alpha-synuclein cell-seeding assay. The
intracerebral inoculation of alpha-synuclein aggregates induces assembly in animal
models (Mougenot et al. 2012; Luk, et al. 2012b). However, the most seed competent
species of alpha-synuclein are not known.
6.2.1 Sucrose gradient fractionation separates distinct alpha-synuclein aggregate
species
Sucrose gradient centrifugation of tgM83 brain lysates resulted in the separation of
+/+

biochemically distinct alpha-synuclein. Denaturing and non-denaturing gel
electrophoresis, as well as electron microscopy, confirmed the separation of different
alpha-synuclein species. The alpha-synuclein filaments of tgM83 observed by
+/+

immunoelectron microscopy resembled those observed in human synucleinopathies
(Spillantini et al. 1998b). Moreover, the lengths of filaments in the different sucrose
fractions were similar to those reported for P301S tau filaments from transgenic mice,
which were also separated by sucrose centrifugation (Jackson et al. 2016). Sucrose
gradient centrifugation allowed the biochemical characterisation of multimeric alphasynuclein from tgM83 mice. I detected sarkosyl-soluble aggregated alpha-synuclein
+/+

species that were ~150kDa in size, which is equivalent to 10 alpha-synuclein
molecules (10mers). I also detected higher molecular weight species of soluble
aggregated alpha-synuclein that were as large as 480kDa (~34mers). This is the first
report to characterise soluble aggregates, in terms of size and morphology, from the
tgM83 line. In the literature, there is a lack of biochemical and structural
+/+

characterisation of multimeric alpha-synuclein derived from alpha-synuclein
transgenic mouse models, human synucleinopathy brains and CSF (Campbell et al.
2000; Sharon et al. 2003; Paleologou et al. 2009; Hansson et al. 2014). Methods for
detecting multimeric species of alpha-synuclein depend primarily on ELISAs that
cannot distinguish between different aggregated forms (Fagerqvist et al. 2013;
Roberts et al. 2015; Ingelsson 2016). Previous studies have used sucrose gradient
centrifugation to purify Lewy bodies from DLB brains (Iwatsubo 1996), but it has not
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been used to analyse different biochemical aggregates of alpha-synuclein (Kramer &
Schulz-Schaeffer 2007). However, sucrose gradient centrifugation has been used to
separate species of PrP and aggregated tau (Prusiner et al. 1982; Jackson et al. 2016).
Sc

Therefore, I propose sucrose gradient fractionation and characterisation by SDSPAGE, non-denaturing gel electrophoresis, Western blot analysis and electron
microscopy, as an efficient way to characterise different aggregated species from
human synucleinopathy brains.
6.2.2 Short fibrils are the most seed competent species of alpha-synuclein
The 40% sucrose fraction from tgM83 brains was the most seed-competent; this
+/+

fraction contained sarkosyl-insoluble alpha-synuclein filaments of approximately 196
nm in length. It was observed that the seeding potency was relative to filament
lengths; filaments of intermediate lengths were more potent at seeding than longer
(pellet fraction) or shorter filaments (20% and 30% sucrose fractions). My results
suggest that the species responsible for the seeded aggregation of alpha-synuclein,
after the intracerebral injection of tgM83 brain homogenates into young healthy
+/+

tgM83 mice, were insoluble, pS129 positive, short filaments of alpha-synuclein (Luk
+/+

et al. 2012a; Mougenot et al. 2012).
These results agree with papers demonstrating the seed competency of filamentous
aggregated alpha-synuclein (Luk et al. 2009; Luk et al. 2012a; Luk et al. 2012b). It
has previously been shown that short filaments of recombinant alpha-synuclein
seeded aggregation in SH-SY5Y cells, whereas long filaments did not (Aulic et al.
2014). However, I observed seeding in all cells treated with filamentous alphasynuclein, and Aulic et al defined ~400 nm filaments as short and ~4 μm filaments as
long (Aulic et al. 2014). They may not have observed seeding with long filaments,
because of their inefficient internalization. This has previously been demonstrated for
tau aggregates, where long filaments were internalised less efficiently than smaller
filaments (Wu et al. 2013). However, in this HEK 293T A53T alpha-synuclein cellseeding assay, sonicated recombinant filaments of alpha-synuclein used to seed
aggregation had an average length of 380 nm (chapter 3) and were internalised
efficiently (chapter 7). Thus, as the filaments from tgM83 brains were shorter than
+/+
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the recombinant aggregates that seeded aggregation, it is unlikely that the pellet
fraction from tgM83 brains seeded less efficiently because of inefficient
+/+

internalization by HEK 293T cells. A relationship between filament lengths and
seeding ability has also been demonstrated for aggregated tau (Jackson et al. 2016). It
was shown that long filaments of P301S tau were less efficient at seeding compared
to shorter filaments. The most seed competent tau species were insoluble filaments
179 ± 12 nm in length, whereas 250 ± 15 nm tau filaments from the 50% sucrose
fraction seeded significantly less efficiently (Jackson et al. 2016). The results of this
chapter also agree with those of Tarutani et al, who reported that sonicated
recombinant filaments of alpha-synuclein were more potent at seeding than nonsonicated filaments (Tarutani et al. 2016).
It is clear from previous observations that soluble alpha-synuclein is seed
incompetent. Luk et al showed that tgM83 derived alpha-synuclein when injected
+/-

into young and healthy tgM83 mice, did not induce alpha-synuclein aggregation
+/+

(Luk et al. 2012a). Moreover, the addition of soluble alpha-synuclein to HEK cells
expressing alpha-synuclein did not induce aggregation (Luk et al. 2009). My results
agree with these reports, in that soluble alpha-synuclein from tgM83 , as well as
+/-

soluble alpha-synuclein from tgM83 mice, did not seed aggregation.
+/+

Moreover, my results agree with a recent publication that used an in vitro
recombinant alpha-synuclein aggregation kinetic model to predict the seeding potency
of filaments and oligomers (Iljina et al. 2016). The authors determined the
concentrations of oligomers and small filaments that were required to double the
initial aggregation rate of alpha-synuclein. They found that lower concentrations of
short filaments were required to double the aggregation rate of alpha-synuclein
compared to oligomers, suggesting that short filaments are more prone to seed
aggregation if present in equal concentrations to oligomeric alpha-synuclein (Iljina et
al. 2016).
These results also show that the seeding potency of aggregated alpha-synuclein is
similar to that of aggregated tau, in that short filaments were the most seedcompetent; however, it differs from PrP seeding potency. There is growing
Sc

recognition that protease resistant amyloid fibrils are non obligatory in the
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pathogenesis of prion diseases. Silveira et al highlighted oligomeric PrP as the most
Sc

infectious prion species (Silveira et al. 2005). They found that infectivity and
converting activity of PrP peaked with 300-600 kDa PrP aggregates, which were
Sc

Sc

spherical and 17-25 nm in diameter, corresponding to 14-28 PrP molecules. These
authors also showed that the smallest stable unit of seeding was larger than a 5 mer,
smaller PrP species did not seed aggregation (Silveira et al. 2005). This concurs with
Sc

a previous publication, which demonstrated that oligomers of 4-6 PrP molecules had
Sc

no seeding activity (Riesner et al. 1996). Furthermore, Kim et al assessed the seeding
potency of a broad spectrum of distinct protease-sensitive CJD prions. The authors
showed that infectivity of sCJD PrP existed as a continuum of 20-600 PrP
Sc

Sc

molecules. However, they showed that PrP with masses equivalent to 20-78
Sc

molecules was the most efficient initiator of PrP conversion; the smallest most potent
C

PrP species present in sporadic CJD brains were composed of ~20 molecules (Kim et
Sc

al. 2012). This, however, does not seem to be true for alpha-synuclein aggregates
from tgM83 brains. Soluble multimers of alpha-synuclein (10-34mers) were the least
+/+

effective at seeding per standardised concentration of alpha-synuclein, even when in
excess of filaments.
6.2.3 Soluble multimeric alpha-synuclein from tgM83 brain
+/+

The meaning of the term oligomer is unclear, because it is used to describe aggregate
species ranging from dimers to small fibrils, even though it predominantly refers to
small, soluble, spherical aggregates (Haass & Selkoe 2007). Many different types of
recombinant alpha-synuclein oligomers have been generated in vitro, which have
been described as globular or annular (Danzer et al. 2007; Näsström et al. 2009;
Näsström et al. 2011; Chen et al. 2015; Pieri et al. 2016). It is not known how relevant
recombinantly produced oligomeric forms of alpha-synuclein are for disease. I
observed soluble multimeric alpha-synuclein species in tgM83 brains, which have
+/+

not been previously characterised, and it is not known whether these species are found
in PD, DLB or MSA brains. Although non-denaturing gel electrophoresis revealed the
presence of 150-480 kDa aggregates, which correspond to 10-34 alpha-synuclein
molecules, higher resolution structural characterisation is needed.
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A significant finding was that the 10% sucrose fraction of tgM83 brain lysates,
+/+

which contained soluble multimeric aggregates of alpha-synuclein ranging from
~150-480 kDa, failed to seed aggregation. The finding that soluble multimeric alphasynuclein is seed-incompetent has been supported in vivo. Thus, the intracranial
injection of recombinant oligomeric alpha-synuclein into rats did not induce alphasynuclein accumulation, whereas equal amounts of fibrillar alpha-synuclein did
(Peelaerts et al. 2015). This could be because the energy required to convert
multimers into a filament is greater than that needed to add monomers to elongate
filaments (Cremades et al. 2012). This is supported by findings which showed that the
addition of recombinant oligomeric alpha-synuclein to alpha-synuclein fibrils in vitro
did not induce fibril elongation, whereas the addition of monomer to fibrils did
(Lorenzen et al. 2014). Other factors, such as differential clearance by protein
degradation pathways in the cell, could also explain why soluble multimeric
aggregates did not seed aggregation. Soluble multimers could for instance be more
readily degraded by the cell than filamentous aggregates.
It has also been shown that recombinant oligomeric alpha-synuclein can seed
aggregation in cells. Danzer et al generated heterogeneous populations of oligomers,
of which some but not all, could seed the aggregation of endogenous alpha-synuclein
when added to SH-SY5Y cells expressing human mutant A53T alpha-synuclein
(Danzer et al. 2007). Moreover, Pieri et al showed that dopamine-mediated and
glutaraldehyde cross-linked recombinant oligomers of alpha-synuclein composed of
~20 and ~16 monomers respectively, seeded the aggregation of soluble alphasynuclein in SH-SY5Y cells (Pieri et al. 2016). These recombinant oligomeric species
would roughly translate to the 150-480 kDa high molecular weight species identified
in tgM83 mice; however, the tgM83 species I observed did not seed aggregation. A
+/+

+/+

reason for this could be due to the concentrations of protein used to seed aggregation.
Danzer et al seeded SH-SY5Y cells with 7 μM recombinant oligomers, and Pieri et al
with 30 nM. In this chapter, 1 μg alpha-synuclein was added to cells; however, the
concentration of monomeric and multimeric alpha-synuclein in the 10% fraction is
not known. It is possible that at higher concentrations soluble multimeric alphasynuclein could seed aggregation in vitro.
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It is not known if soluble multimers of alpha-synuclein in disease are ‘on pathway’ or
‘off pathway’ and if they are capable of converting into filaments. It has been
suggested that recombinant oligomeric alpha-synuclein undergoes a conformational
change that enables it to form filaments (Cremades et al. 2012). The authors described
heterogeneous populations of alpha-synuclein oligomers that were broadly classified
into protease-sensitive and protease-resistant species, with the latter having more βsheet structure. These β-sheet enriched oligomers then became fibrils. It could be that
oligomers able to seed aggregation in vitro have significant β-sheet structure and are
thus able to template the conversion of soluble alpha-synuclein into insoluble
aggregates.
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7. Internalization of alpha-synuclein
A feature of prion-like proteins is the spread of aggregates through neuronal networks
(Goedert 2015). Alpha-synuclein aggregates appear to propagate from PD brains into
fetal mesencephalic grafts, a finding that was recapitulated in transgenic mice
(Kordower et al. 2008; Li et al. 2008; Desplats et al. 2009). The interneuronal spread
of alpha-synuclein was further demonstrated by the injection of alpha-synuclein from
PD brain lysates into the stomach wall, which spread from the gut to the brain, along
the vagus nerve (Holmqvist et al. 2014). Moreover, monomeric and fibrillar alphasynuclein injected into the olfactory bulb spread into the brain along the optic nerve
(Rey et al. 2013). Propagation, as well as amplification, of alpha-synuclein pathology
have been shown to occur in transgenic mice expressing human alpha-synuclein;
aggregates spread from the injection sites to synaptically connected areas of the brain
(Luk et al. 2012b; Masuda-Suzukake et al. 2014).
Endocytosis regulates many cell functions; it is the process by which cells bring in
extracellular material. There are many forms, which can be broadly divided into
clathrin-mediated and clathrin-independent endocytosis (CME and CIE) (Doherty &
McMahon 2009; Dutta & Donaldson 2012). The endocytosis pathway by which
aggregated alpha-synuclein is internalized is not clear. It has been suggested that its
internalization occurs via dynamin-dependent endocytosis (Lee et al. 2008; Desplats
et al. 2009; Hansen et al. 2011), whilst there is also evidence that it is internalized by
macropinocytosis via heparan sulfate proteoglycans (Holmes et al. 2013). In this
chapter I wanted to further characterize the process by which alpha-synuclein
aggregates gain entry into cells to seed aggregation. This might be important
therapeutically, because if one could stop the propagation of alpha-synuclein
aggregates, one could halt the spread of pathology.
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7.1.1 Fluorescence labelling of alpha-synuclein
I conjugated fluorophores to recombinant alpha-synuclein, in order to follow the
internalization, intracellular trafficking (chapter 8), as well as the molecular pathways
leading to seeded aggregation in HEK 293T cells (chapter 3). I labelled recombinant
A53T alpha-synuclein with DyLight fluorophores (Thermo) conjugated to aminereactive NHS-ester groups. The dye conjugates to proteins by binding to primary
amine groups. Alpha-synuclein contains 14 lysine residues; the degree of labelling
was calculated to be 2 fluorophores per molecule by absorbance spectroscopy for both
non-aggregated and aggregated alpha-synuclein. Fluorescent labels and tags have
been used in previous studies to study alpha-synuclein seeding, as well as
internalization (Desplats et al. 2009; Peelaerts et al. 2015). Alpha-synuclein is a small
14.4kDa protein; therefore, large fluorescent tags are not ideal. DyLight fluorophores
were used here, because of their small size (<1kDa). Aggregated alpha-synuclein was
labelled after assembly, so that the conjugated fluorophore would not affect
aggregation. By electron microscopy, unlabelled and labelled filaments had similar
morphologies (Fig 7.1B). Moreover, the labelling of recombinant A53T nonaggregated and aggregated alpha-synuclein did not affect its electrophoretic mobility
(Fig 7.1A).
7.1.2 Cell surface binding and internalization of alpha-synuclein aggregates
Fluorescently labelled alpha-synuclein aggregates were added to HEK 293T cells,
with the cells held at 4 C and 37 C for 1 h, to assess whether energy-dependent
o

o

mechanisms were responsible for internalization, or whether alpha-synuclein
aggregates could directly penetrate cells. At 4 C alpha-synuclein bound to the cell
o

surface. Aggregates could be removed with 0.0125% trypsin treatment for 2 min at
37 C (Fig 7.1C). No aggregated alpha-synuclein was internalized when cells were
o

held at 4 C for 1 h. Cells incubated at 37 C for 1 h internalized aggregated alphao

o

synuclein, as observed by immunohistochemistry (Fig 7.1C).
I wanted to establish an assay that would enable me to study the molecular pathways
by which alpha-synuclein is internalized. Flow cytometry is frequently used to
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analyse protein internalization. Since extracellular bound alpha-synuclein aggregates
could be degraded by trypsin treatment, I analysed alpha-synuclein internalization
using this method. In flow cytometry plotting the forward scatter (FS) and side scatter
(SS) signal intensities give size measurements of the analysed cells, and allow a
population of cells to be gated for analysis. HEK 293T untreated cells negative for
fluorescence were adjusted to zero and treated cells measured for fluorescence signal
(Fig 7.1.D). I observed robust fluorescence signal in cells treated with DyLight
labelled aggregated alpha-synuclein for 1 h at 37 C, and not in cells held at 4 C.
o

o

I wanted to analyse whether there was a difference in the level of internalization of
aggregated alpha-synuclein between cells expressing human mutant A53T alphasynuclein and untransfected HEK 293T cells. I found, by flow cytometric analysis,
that there was no significant difference in the level of internalized aggregates (Fig
7.1F). This is not surprising, as alpha-synuclein is not thought to function in cellular
endocytosis, and is not localized to the plasma membrane when overexpressed in
HEK 293T cells. However, the primary structure of alpha-synuclein resembles that of
BAR domain proteins, which bind to membranes to stabilize and generate membrane
curvature (Doherty & McMahon 2009) and a recent publication has suggested that
alpha-synuclein functions to facilitate exocytosis fusion pore dilation (Logan et al.
2017). However, expression of A53T alpha-synuclein in HEK cells did not affect the
internalization of aggregates.
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Figure 7.1 (previous page): Fluorescent labeling, surface binding and uptake of
aggregated alpha-synuclein
A. Coomassie blue-stained and fluorescence imaged (Typhoon) SDS-PAGE analysis of
unlabelled and DyLight-labelled non-aggregated recombinant A53T alpha-synuclein (S) and
recombinant A53T aggregated alpha-synuclein (A). B. Transmission electron microscopy of
unlabelled and DyLight-labelled recombinant A53T aggregated alpha-synuclein. Scale bar,
200 nm. C. Z-stack confocal images showing DyLight-488 labelled recombinant A53T alphasynuclein aggregate (green) cell-surface binding and uptake into HEK 293T cells at 4 C and
37 C, with and without 0.0125% trypsin treatment for 2 min at 37 C. Nuclei were visualized
with DAPI. Scale bar, 20 μm. D. Flow cytometry analysis of HEK 293T, showing forward
scatter (FS) and side scatter (SS) plots of HEK 293T cells, and recording of FL2, DyLight488 fluorescence measurements in cells untreated and treated with DyLight-488 labelled
recombinant A53T alpha-synuclein aggregates. E. Flow cytometry fluorescence
measurements of HEK 293T cells incubated with 500 nM DyLight labelled recombinant
A53T alpha-synuclein aggregates, at 4 C or 37 C. The results are the means ± SD n=3, 10,000
cells/ condition. F. Flow cytometry fluorescence measurements of untransfected (293T-) or
pcDNA3.1-A53T transfected HEK 293T cells (A53T+) incubated with 500 nM DyLight
labelled recombinant A53T alpha-synuclein aggregates, at 37 C. The results are the means ±
SD, 10,000 cells/ condition (n=3).
o

o

o

o

o

o

7.1.3 Kinetics of alpha-synuclein internalization in HEK 293T and SH-SY5Y
cells
Flow cytometry enabled me to measure the kinetics of alpha-synuclein internalization
by both HEK 293T and SH-SY5Y cells. I treated cells with 500 nM aggregated alphasynuclein for different lengths of time and assessed fluorescence uptake. I compared
the ability of both aggregated and non-aggregated alpha-synuclein to be internalized.
The uptake of aggregated alpha-synuclein increased linearly over time, for both HEK
293T and SH-SY5Y cells (Fig 7.2 B&D). Weak fluorescence was detected in HEK
293T and SH-SY5Y cells treated with the same concentration of non-aggregated
alpha-synuclein, and this signal only slightly increased over time (Fig 7.2 B&D).
Flow cytometry can also measure the percentage of cells that are positive for
fluorescence. I found that after 1 h incubation 26.7% ± 8.2% of HEK 293T cells were
positive for aggregated alpha-synuclein, this increased to 72.5% ± 16.3% at 3 h and
90% ± 10% of cells after 6 h. The percentage of cells positive for non-aggregated
alpha-synuclein was low compared to aggregate treated cells, after 6 h incubation
with non-aggregated alpha-synuclein 14.5% ± 9% of HEK 293T cells were positive
for alpha-synuclein (Fig 7.2 A). I wanted to compare the uptake kinetics of alphasynuclein in a neuronal cell line. I found no significant differences in the percentage
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of cells positive, or the relative fluorescence measured, for non-aggregated and
aggregated alpha-synuclein for the different times analysed. These results were not
significantly different from the percentage of SH-SY5Y cells positive for nonaggregated and aggregated alpha-synuclein (Fig 7.2 A&C).
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Figure 7.2 (previous page): Alpha-synuclein uptake
A. Flow cytometry analysis of the percentage of cells positive for DyLight-488 labelled
recombinant A53T alpha-synuclein aggregates in HEK 293T cells at 37 C. B. Flow cytometry
fluorescence analysis of HEK 293T cells incubated with 500 nM DyLight-488 labelled
recombinant A53T alpha-synuclein aggregates at 37 C. C. Flow cytometry analysis of the
percentage of cells positive for 500 nM DyLight-488 labelled recombinant A53T alphasynuclein aggregates in SH-SY5Y cells at 37 C. D. Flow cytometry fluorescence analysis of
SH-SY5Y cells incubated with DyLight-488 labelled recombinant A53T alpha-synuclein
aggregates at 37 C. The results are the means ± SD, 10,000 cells/ condition (n=3). E. Z-stack
confocal image of HEK 293T and SH-SY5Y cells incubated with DyLight-488 labelled
recombinant A53T alpha-synuclein aggregates for 3 h. Scale bar, 10 μm.
o

o

o

o

7.1.4 Colocalisation of aggregated alpha-synuclein with endocytosis markers
I used fluorescently labelled dyes and proteins that follow specific endocytosis
pathways to define the molecular mechanisms by which alpha-synuclein aggregates
are internalized. I analysed the colocalisation of endocytosis markers, at early time
points after trypsin digestion, with aggregated alpha-synuclein. Colocalisation likely
indicates internalization via the same mechanisms. This method has been used to
assess how viruses and other pathogens gain entry into cells (Mercer & Helenius
2009; Gold et al. 2010).
Labelled aggregated alpha-synuclein colocalised, at early time points (30 min), with
Cell Mask a plasma membrane dye that allows visualization of the plasma
TM

membrane (Fig 7.3A). Aggregated alpha-synuclein also colocalised with Alexa594conjugated phalloidin. Phalloidin is a bicyclic peptide that selectively binds to Factin; its fluorescently conjugated form is used to label actin filaments in cells
(Faulstich et al. 1983). I found that aggregated alpha-synuclein was internalized in an
actin dependent process, actin filaments surrounded ~1 μm vesicles (Fig 7.3 B). The
clathrin-mediated endocytosis cargo transferrin did not significantly colocalise with
aggregated alpha-synuclein after 30 min (Neutra et al. 1985). However, aggregated
alpha-synuclein colocalised with vesicles that were also positive for TAT and dextran
after 30 min (Fig 7.3 C). Dextran is a fluid phase marker of pinocytosis and is
internalized non-specifically (Swanson et al. 1989). TAT has been shown to enter
cells by macropinocytosis, and is used as a marker for this pathway. The percentage
of colocalisation between aggregated alpha-synuclein and transferrin, TAT and
dextran was quantitated (Fig 7.3 D). The percentage of transferrin vesicles that
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colocalised with aggregated alpha-synuclein was 4.5% ± 2.7%, with TAT 86.5%
±4.5% and with dextran 74.4% ± 9.8% (n=500). The vesicle diameter of alphasynuclein aggregate foci internalized within 1 h was measured, the average diameter
of vesicles was determined to be 0.51 μm ± 0.32 μm, with a minimum of 0.16 μm and
a maximum of 2.0 μm diameter (n=500). This vesicle size is not consistent with
clathrin-coated pits, which range from 60-150 nm (McMahon & Boucrot 2011).

Figure 7.3 (next page): Colocalisation experiments of aggregated alpha-synuclein and
endocytic markers
A. Z-stack confocal images showing the colocalisation of DyLight-594 labelled recombinant
A53T alpha-synuclein aggregates (red) and plasma membrane labelled with Cell Mask
(green), nuclei were visualized with DAPI (blue). B. Z-stack confocal images of DyLight-488
labelled recombinant A53T alpha-synuclein aggregates (green) and Alexa-594 labelled
phalloidin (red), nuclei were visualized with DAPI (blue). C Single Z-plane confocal images
of DyLight-488 labelled recombinant A53T alpha-synuclein aggregates (green) and Alexa594 labelled transferrin (red) and TAMRA labelled TAT (red), and TexasRed labelled
dextran (red), after 1 h incubation. Scale bar, 20 μm. D. Percentage colocalisation of
transferrin, TAT and dextran with alpha-synuclein aggregate foci. The results are the means ±
SD, 500 foci counted, (n=3). E. Vesicle size of Dextran, TAT and alpha-synuclein aggregate
containing vesicles (μm), 500 foci measured/condition, (n=3).
TM
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7.1.5 The effect of dominant-negative mutant endocytosis proteins on aggregated
alpha-synuclein internalization
To better define the mechanisms of uptake of aggregated alpha-synuclein, I used
dominant negative EGFP-tagged endocytosis constructs. These constructs have
mutations that lead to protein dysfunction, and overexpression of these proteins
creates an inhibitory phenotype in cells, which outcompetes the endogenous proteins
and their binding partners. I transfected HEK 293T cells with dominant negative
constructs and incubated them for 24 h (Fig 7.4 A). Labelled aggregated and nonaggregated alpha-synuclein at 500 nM was then added for 1 h and processed for flow
cytometry. Only GFP expressing cells were recorded and the fluorescence intensity of
alpha-synuclein measured. A transferrin control was used to assess the efficiency of
the dominant-negative proteins. Cells were kept at ~90% confluency and 10,000 cells
were counted per condition.
Endocytosis is broadly divided into CME and CIE (Doherty & McMahon 2009). The
CME pathway is well characterized; it is dynamin dependent and involves AP180,
which links clathrin to the plasma membrane via its N-terminal homology (ANTH)
domain. I used a dominant-negative form of AP180 that lacked the ANTH domain,
and only expressed the C-terminus. This protein inhibits clathrin-mediated
endocytosis, as clathrin cannot bind to the plasma membrane. As expected, and
previously reported, expression of this construct dramatically reduced transferrin
uptake (Ford et al. 2001) (Fig 7.4 B). The effect on non-aggregated alpha-synuclein
was to decrease the amount internalized by cells. The converse was true for
aggregated alpha-synuclein, with the expression of C-terminal AP180 causing an
increase in aggregated alpha-synuclein uptake (Fig 7.4 B).
CME is dynamin-dependent. Dynamin is a GTPase that buds clathrin-coated vesicles
from the membrane (Damke et al. 1994). There are also endocytosis pathways that are
clathrin-independent, but dynamin-dependent. To assess whether dynamin is
important in the internalization of alpha-synuclein, its pleckstrin homology domain
deletion mutant (ΔPH) was overexpressed. This domain binds to PIP2, with its
deletion rendering dynamin unable to bind to endosomal membranes (Achiriloaie et
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al. 1999). As expected, the expression of the dynamin ΔPH construct led to a
reduction in transferrin uptake (Fig 7.4B). It caused a decrease in non-aggregated
alpha-synuclein uptake, but increased aggregated alpha-synuclein internalization (Fig
7.4 B).
Small GTPases are responsible for membrane internalization through pathways that
are independent of clathrin and dynamin (Doherty & McMahon 2009). I expressed
dominant negative mutant forms of these proteins: Cdc42 G12V, Cdc42 T17N, RhoA
T19N, Arf6 T27N and Rac1 L17N. Except for Cdc42 G12V, they prevent the binding
of GTP, thus inhibiting GTPase activity (D’Souza-Schorey et al. 1995; Khosravi-Far
et al. 1996). The expression of RhoA T19N, Arf6 T27N, Rac1 L17N mutant proteins
did not affect transferrin internalization or non-aggregated alpha-synuclein
internalization (Fig 7.4 B). Arf 6 T27N and Rac1 L17N did, however, increase
aggregated alpha-synuclein uptake. Cdc42 G12V creates a dominant-negative protein
by decreasing the GTPase activity of Cdc42 (Khosravi-Far et al. 1996). The
expression of both Cdc42 G12V and Cdc42 T17N resulted in decreases in both nonaggregated and aggregated alpha-synuclein uptake (Fig 7.4B).
There are no specific protein markers for macropinocytosis; however it is speculated
that BAR domain proteins, which bend the plasma membrane, may be involved. One
such protein is endophilin, which is involved in both CME and CIE, and is thought to
be of special significance in neurons (Milosevic et al. 2011; Taylor et al. 2011;
Watanabe et al. 2013; Boucrot et al. 2015). The dominant negative endophilin-A used
was endophilin A2 ΔAH, which lacks the N-terminal amphipathic helix that
dimerises with endophilin-A and therefore cannot bind to the plasma membrane. The
expression of this mutant did not affect transferrin or non-aggregated alpha-synuclein
internalization, but caused an increase in aggregated alpha-synuclein internalization
(Fig 7.4 B).
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Figure 7.4: Effects of dominant-negative proteins on alpha-synuclein uptake
A. Table outlining the dominant-negative mutant proteins used in this study B. Flow
cytometry fluorescence measurements of HEK 293T cells expressing the indicated EGFPtagged dominant-negative mutant proteins incubated with 10 μg/ml Alexa-594 labelled
transferrin (black), or 500 nM DyLight-labelled non-aggregated (dark blue) or aggregated
alpha-synuclein (light blue). The results are the means ± SD, 10,000 cells/ condition n=3.
p<0.0001 two-way ANOVA, with Student’s t-test *p<0.05, ** p<0.01, *** p<0.001, ****
p<0.0001.
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7.1.6 Small molecule inhibitors and alpha-synuclein internalization
Small molecules can inhibit endocytosis and as there are no specific protein markers
for macropinocytosis, they are often used to perturb this pathway (Doherty &
McMahon 2009). I inhibited a range of endocytosis pathways with small molecules
(Fig 7.5A). HEK 293T cells were treated with the indicated inhibitors for 30 min,
DyLight-labelled alpha-synuclein aggregates were then added for a further 1 h and
fluorescence uptake was assessed by flow cytometry. As a control, fluorescently
labelled transferrin was used (Fig 7.5B).
Dynasore is a potent inhibitor of dynamin-1, dynamin-2 and Drp1, the mitochondrial
dynamin (Macia et al. 2006), as is Dyngo4a (McCluskey et al. 2013). The incubation
of HEK 293T cells with these dynamin inhibitors resulted in a decrease in transferrin
uptake, but an increase in the uptake of alpha-synuclein aggregates (Fig 7.5B).
Chlorpromazine and monodansylcadaverine (MDC) are CME inhibitors (Wang et al.
1993; Schlegel et al. 1982). The incubation of HEK 293T cells with chlorpromazine
resulted in a reduced uptake of transferrin, and a slight reduction in alpha-synuclein
aggregate uptake. Incubation with MDC resulted in a slight reduction in transferrin
uptake, but had no effect on alpha-synuclein aggregate uptake (Fig 7.5B). Genistein is
a specific tyrosine kinase inhibitor thought to block caveolae mediated endocytosis; it
slightly reduced alpha-synuclein aggregate uptake (Fig 7.5B).
Large membrane ruffles structured by actin polymerization mediate
macropinocytosis. The amiloride derivative EIPA inhibits Na /H exchangers at the
+

+

plasma membrane. Acidification caused by inhibiting this process was shown to
inhibit the activation of Rac1 and Cdc42, which initiates actin rearrangements
(Koivusalo et al. 2010). The incubation of HEK 293T cells with EIPA inhibited
alpha-synuclein aggregate uptake (Fig 7.5B). Latrunculin A prevents actin
polymerization, as does cytochalasin A, which both inhibited alpha-synuclein
aggregate internalization (Fig 7.5B). Wortmannin is a fungal steroid metabolite,
which inhibits all isoforms of PI3K (Arcaro & Wymann 1993). Treatment of HEK
293T cells with wortmannin inhibited alpha-synuclein aggregate uptake (Fig 7.5B).
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The treatment of HEK 293T cells with these macropinocytosis inhibitors had no
effect on transferrin uptake; actin has been shown to have a minimal role in CME
(Fujimoto et al. 2000).
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Figure 7.5 (previous page): Effects of small molecule inhibitors on alpha-synuclein
uptake
A. Table detailing the small molecule inhibitors used. B. Flow cytometry fluorescence
measurements of SHSY-5Y cells treated for 30 min with the indicated small molecule
inhibitors, at the concentrations stated in Materials and Methods, followed by 1 h incubation
with 10 μg/ml Alexa-594 labelled transferrin (black) or 500 nM DyLight-labelled alphasynuclein aggregates (blue) at 37 C in the continued presence of the inhibitor. Cell confluency
was kept at ~90% across experiments. The results are the means ± SD, 10,000 cells/condition
(n=3). p<0.0001 (two-way ANOVA) with Student’s t-test: *p<0.05, ** p<0.01, *** p<0.001,
**** p<0.0001.
o

7.2 Discussion
The experimental dissemination of alpha-synuclein pathology through the nervous
system suggests that there are mechanisms that allow its interneuronal spread. The
main route of communication between cells is endocytosis and there is literature
describing alpha-synuclein internalization through this route (Lee et al. 2008;
Desplats et al. 2009; Hansen et al. 2011). This process is essential for the propagation
of alpha-synuclein pathology. In this chapter I investigated the molecular pathways by
which alpha-synuclein is internalized. This is important, since the propagation along
neuronal networks requires the presence of alpha-synuclein aggregates in the
extracellular space, where they could be targeted by antibodies (Tran et al. 2014).
Moreover, a better understanding of the mechanisms of internalization could allow
the design of therapies aimed at inhibiting the uptake of alpha-synuclein aggregates.
7.2.1 Alpha-synuclein is actively internalized into membrane-bound vesicles and
colocalises with fluid phase markers
In this chapter I found that alpha-synuclein aggregates are internalized in an ATP
dependent manner. Direct translocation of alpha-synuclein aggregates across the
plasma membrane was not observed. Alpha-synuclein aggregates did not penetrate
cells at 4 C, but were internalized at 37 C. It has been observed that other protein
o

o

aggregates such as Htt can directly translocate across the plasma membrane without
vesicular uptake (Ren et al. 2009). Moreover, alpha-synuclein aggregates have been
shown, in vitro, to penetrate lipid bilayers (Volles et al. 2001; van Rooijen et al.
2009). I found that aggregated alpha-synuclein was internalized in membrane-bound
vesicles, which colocalised with actin and fluid phase markers of endocytosis, but not
transferrin. Fluid phase markers cannot efficiently distinguish between endocytosis
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pathways, many of which internalize dextran. Moreover, major restructuring of the
actin cytoskeleton occurs for all forms of endocytosis. Thus, a more precise
characterization of the internalization pathway of aggregated alpha-synuclein was
needed.
7.2.2 Internalization of aggregated alpha-synuclein is similar in HEK 293T and
SH-SY5Y cells.
The alpha-synuclein cell-seeding model used in this thesis is a HEK 293T cell model.
HEK 293T cells are non-neuronal cells. Thus, I wanted to compare the internalization
of aggregated alpha-synuclein by HEK 293T cells with that by the neuronal SHSY5Y cell line. The kinetics of uptake between the two cells lines was not
significantly different; therefore, these cell types might use the same molecular
mechanisms of uptake. However, it has been demonstrated that different cell lines can
internalize alpha-synuclein by different pathways. Park et al demonstrated the uptake
of monomeric alpha-synuclein by GM1-mediated endocytosis in microglial cells
(Park 2009). The authors showed the internalization of monomeric alpha-synuclein by
binding to GM1, and being internalized by a clathrin-, cavolae-, and dynaminindependent endocytosis. The same group has shown evidence that neuronal cell lines
internalize soluble alpha-synuclein by dynamin-dependent endocytosis (Lee, et al.
2008).
7.2.3 Aggregated and non-aggregated alpha-synuclein is internalized by different
endocytosis pathways
The dominant negative endocytosis constructs revealed that the internalization of
soluble monomeric alpha-synuclein was different from that of aggregated alphasynuclein. Internalization of soluble monomeric alpha-synuclein was dependent on
clathrin and dynamin, consistent with CME. However, AP180 and dynamin dominant
negative constructs did not inhibit aggregate internalization, they significantly
increased uptake. These results add further support to the view that alpha-synuclein
aggregates are not internalized by CME or dynamin dependent endocytosis pathways
(Holmes et al. 2013). However, previous studies have shown inhibition of alpha-
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synuclein aggregate uptake by dominant-negative dynamin. The reasons for these
discrepancies remain to be elucidated (Lee et al. 2008; Desplats et al. 2009; Hansen et
al. 2011).
7.2.4 Aggregated alpha-synuclein is internalized by a clathrin- and dynaminindependent, but Cdc42-, PI3K- and actin-dependent endocytosis pathway
Cdc42 G12N and T17N dominant-negative constructs significantly reduced alphasynuclein aggregate uptake. Cdc42-dependent endocytosis is thought to account for
the majority of constitutive CIE (Howes et al. 2010). It is evident from this and the
immunohistochemical staining with phalloidin, that large scale remodelling of the
cytoskeleton facilitates the internalization of alpha-synuclein aggregates. This is
consistent with a macropinocytosis mechanism of uptake, and Cdc42 is a key
regulator of this pathway (Garrett et al. 2000). Other small GTPases are also believed
to have a role in macropinocytosis; however, the expression of dominant negative
versions of these proteins did not inhibit alpha-synuclein aggregate internalization;
there was in fact a significant increase in uptake. Compensatory increases in other
endocytosis pathways occur when a given pathway is knocked down. It has thus been
shown that the inhibition of dynamin by dynamin-1 dominant negative constructs
increased fluid phase uptake via CIE pathways (Damke et al. 1995). The increases in
aggregated alpha-synuclein uptake I observed could have been due to the upregulation
of other CIE pathways.
Small GTPases have been implicated in the uptake of other aggregated proteins; thus,
it has been observed that the uptake of aggregated amyloid-β occurs by Arf6dependent macropinocytosis (Tang et al. 2015). Cdc42 is active in neurons, it
regulates membrane ruffling by stimulating actin nucleation through its interactions
with N-WASP and Arp2/3. N-WASP binds to Arp2/3, leading to its activation and the
activated complex then binds to actin filaments and stimulates nucleation (Rohatgi et
al. 1999). Endocytosis of large protein aggregates by neurons may seem
counterintuitive. However, neurons have been shown to internalize viruses via
macropinocytosis (Talekar et al. 2011; Hollidge et al. 2012; Kalia et al. 2012), thus
they could also internalize protein aggregates by CIE.
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To confirm and support the work of the dominant negative constructs on
internalization of alpha-synuclein, I also used small molecule inhibitors of
endocytosis. The dynamin inhibitors dynasore and Dyngo-4a increased alphasynuclein aggregate uptake, as was observed for the expression of dynamin dominantnegative constructs; however, transferrin uptake was also significantly reduced. CME
inhibitors, chloropromazine and monodansylcadaverine, significantly affected the
uptake of alpha-synuclein aggregates and inhibited transferrin uptake. However, the
reduction in aggregated alpha-synuclein uptake was small compared to the effects of
Cdc42 and the dominant negative AP180 results suggest that CME does not mediate
the uptake of alpha-synuclein aggregates. Inhibition of CME by chlorpromazine
might also have inhibited other endocytosis pathways. Thus, the combined results of
the dominant negative and small molecule inhibitors suggest that alpha-synuclein
aggregates do not enter cells through CME.
EIPA inhibits macropinocytosis. It also affects the localization and activation of Rac1
and Cdc42 (Koivusalo et al. 2010). Inhibition of aggregate uptake was achieved with
EIPA treatment, which fits with the dominant negative results, suggesting that Cdc42
has a major role in the uptake of alpha-synuclein aggregates. Actin is involved in
most endocytosis pathways, but large-scale actin rearrangements are needed for
macropinocytosis. Latrunculin A, which inhibits actin polymerization, is used to
inhibit macropinocytosis (Morton et al. 2000). Cytochalasin A prevents membrane
ruffling by binding to actin and reducing its polymerization (Cooper 1987). Both
inhibitors significantly reduced alpha-synuclein aggregate uptake.
Membrane ruffling and remodelling of the cytoskeleton that lead to macropinocytosis
are dependent on PI3K activity at the plasma membrane. Treatment of cells with
PI3K inhibitors or cytochalasin A has been shown to inhibit macropinocytosis
(Koivusalo et al. 2010). Wortmannin, a PI3K inhibitor, significantly reduced alphasynuclein aggregate uptake. The dependence of aggregated alpha-synuclein
internalization on Cdc42 and PI3K shows that internalization was dependent on actin
polymerisation. It also suggests that Cdc42 and PI3K may be required for the
recycling of a receptor, such as LAG3, which has been reported to mediate the uptake
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of alpha-synuclein aggregates (Mao et al. 2016). However, it is not known if this
receptor is linked to Cdc42 or PI3K signalling.
Moreover, inhibition of the endophilin pathway had no effect on alpha-synuclein
aggregate internalization. Thus, my results suggest that alpha-synuclein aggregates
are internalized by an endophilin-independent pathway.
The mechanisms of alpha-synuclein aggregate uptake differ from those of uptake of
other aggregated proteins. PrP has been proposed to spread between cells via
Sc

tunneling nanotubes (Gousset et al. 2009). Tunneling nanotubes have been described
in vitro and in vivo (Onfelt & Davis 2004; Chinnery et al. 2008). They are long, thin
F-actin based membranes that connect cells. Two papers have also proposed that
tunneling nanotubes allow the propagation of alpha-synuclein aggregates between
cells (Abounit et al. 2016; Dieriks et al. 2017). Dierikis et al showed the rapid and
size dependent transfer of alpha-synuclein. However, the transfer of alpha-synuclein
was not specific, because other proteins also spread between connected cells (Dieriks
et al. 2017). Tunneling nanotube formation is an active, ATP-dependent process
(Onfelt & Davis 2004). The above authors suggested that tunneling nanotubes assist
the spread of alpha-synuclein through the brain.
The internalization of aggregated tau has been shown to be actin-dependent, clathrinindependent and dynamin-dependent (Falcon, unpublished). One difference between
alpha-synuclein aggregates and tau aggregates is dynamin dependence. Thus, it seems
that there are specific pathways of internalization for aggregated proteins. The
interneuronal spread of alpha-synuclein has been suggested to be exacerbated under
disease conditions. The inhibition of lysosomes may increase the exosomal release of
alpha-synuclein (Alvarez-Erviti et al. 2011). Moreover, there is evidence to suggest
that glucocerebrosidase depletion enhances cell-to-cell transmission of alphasynuclein (Bae et al. 2014).
7.2.5 Aggregated alpha-synuclein uptake is dynamin-independent
I found that aggregated alpha-synuclein uptake was not reduced by dynamin dominant
negative proteins, or with dynasore and Dyngo-4a. These results do not agree with
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some of the literature, which has proposed that dynamin dependent endocytosis is
responsible for alpha-synuclein aggregate uptake (Lee, et al. 2008; Desplats et al.
2009). However, Desplats et al did not show evidence that their myc-tagged alphasynuclein was aggregated (Desplats et al. 2009). Lee et al used confocal microscopy
to show that dynamin K44A GFP-tagged expressing SH-SY5Y cells exhibited
decreased transferrin uptake, as well as decreased alpha-synuclein aggregate uptake.
However, the level of inhibition was not quantified and the confocal images showed
some internalized alpha-synuclein (Lee et al. 2008). Desplats et al showed the spread
of human alpha-synuclein from mouse cortical neuronal stem cells expressing human
alpha-synuclein to mouse neurons (Desplats et al. 2009). However, these foci, which
were positive for human alpha-synuclein by electron microscopy, did not contain
aggregates. Therefore, the interneuronal spread of alpha-synuclein was probably that
of the soluble proteins. They also demonstrated the spread of myc-tagged alphasynuclein from SH-SH5Y expressing cells to non-expressing cells. The authors
measured the fluorescence intensity per μm of transmitted alpha-synuclein into
2

acceptor cells without the expression of dynamin-1 K44A, the fluorescence in
dynamin expressing acceptor cells was significantly reduced, and they concluded that
aggregated alpha-synuclein uptake was inhibited (Desplats et al. 2009). I found that
monomeric soluble alpha-synuclein was internalized by clathrin-mediated
endocytosis, which was dynamin dependent. Conversely, I found that the expression
of dominant negative forms of dynamin-1 increased the uptake of alpha-synuclein
aggregates, and that the pharmacological inhibition of dynamin also increased the
uptake of alpha-synuclein aggregates. This could have been the result of the
upregulation of dynamin-independent endocytosis pathways (Damke et al. 1995).
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8. Intracellular trafficking and degradation of alpha-synuclein aggregates
Once internalised within membrane-bound vesicles, endocytosed cargoes are sorted
by the cell and trafficked through specific pathways; early endosomes mature into late
endosomes, which fuse with lysosomes, thus the endolysosomal pathway is an end
stage pathway; contents of the endosome are destined for degradation by the
lysosome (Huotari & Helenius 2011). It has been shown in vitro that alpha-synuclein
is internalized into rab5 positive early endosomes, suggesting that the endolysosomal
pathway is important for the propagation of alpha-synuclein aggregates (Desplats et
al. 2009). Moreover, pathogens, such as bacteria and viruses, can induce the rupture
of endosomes to gain entry into the cytosol (Marsh & Helenius 2006; Boyle &
Randow 2013); similar mechanisms may also underlie alpha-synuclein propagation.
The pathways that lead to seeded alpha-synuclein aggregation remain to be identified;
it is not known if endosomes containing aggregates need to rupture to expose seeds to
the cytosol, or if seeded aggregation occurs within endosomes under conditions of
low pH.
Moreover, protein degradation pathways may not only be implicated in the
propagation and amplification of aggregate seeds, but also potentially in their
degradation. It has been shown that with age there is a failure of protein degradation
pathways (Carroll et al. 2013). What’s more, genetic studies have identified mutations
in genes encoding components of the autophagy-lysosomal pathway, including
glucocerebrosidase, that are associated with increased risk for developing PD (Moors
et al. 2017). The effect of the autophagy-lysosomal pathway and the proteasome on
alpha-synuclein seeded aggregation has not been widely studied.
In this chapter I used the HEK 293T alpha-synuclein cell-seeding assay to follow the
intracellular fate of alpha-synuclein seeds and to investigate the molecular pathways
that influence seeded aggregation.
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8.1.1 Intracellular trafficking of alpha-synuclein seeds
Intracellular vesicles formed after endocytosis fuse with early endosomes, and
become part of the endolysosomal pathway (Huotari & Helenius 2011). To determine
if endocytososed DyLight-labelled alpha-synuclein aggregates were trafficked into
the endolysosomal pathway, I incubated aggregates in HEK 293T cell media for 3 h,
washed with 0.0125% trypsin for 2 min at 37 C and fixed cells in 4% PFA. The cells
o

were immunostained with anti-Rab5, anti-Rab7 and anti-Rab11, markers for early
endosomes, late endosomes and recycling endosomes, respectively (Huotari &
Helenius 2011). DyLight labelled alpha-synuclein aggregates were found within Rab5
and Rab7 positive endosomes, but not within Rab11 positive endosomes (Fig 8.1A).
Thus, alpha-synuclein containing endosomes are trafficked through the
endolysosomal pathway. Intracellular endosomes have low intraluminal pH, which
decreases along the endolysosomal pathway. To further visualize the trafficking of
alpha-synuclein aggregates I performed live cell imaging on HEK 293T cells stained
with LysoTracker, a pH indicator that labels acidic lysosomes. DyLight-488 labelled
alpha-synuclein aggregates were added to the cell media and the cells imaged. Alphasynuclein aggregates were observed budding from the cell surface and fusing with
LysoTracker positive lysosomes, as soon as 1 h after addition (Fig 8.1B). These
results agree with previous studies showing that internalized alpha-synuclein
aggregates are trafficked to lysosomes (Freeman et al. 2013; Domert et al. 2016; Jiang
et al. 2017; Karpowicz et al. 2017).
I then wanted to determine the percentage of internalized alpha-synuclein aggregates
that colocalise with lysosomes. I immunostained HEK 293T cells, incubated with
DyLight labelled alpha-synuclein aggregates, for the lysosomal marker, LAMP2, over
the timecourse indicated (Fig 8.1 C&D). Aggregates were found within lysosomes at
all timepoints analysed (Fig 8.1C). After 1 h 26.6 ± 6.4 % alpha-synuclein colocalised
to LAMP2 positive lysosomes, this increased to 47 ± 11.2 % by 2 h, 64.9 ± 17.8 % by
4 h, 75.4 ± 19.5 % by 8 h and 89.9 ± 8.8 % by 72 h (n=500) (Fig 8.1D). Thus, alphasynuclein aggregates are rapidly shuttled to lysosomes. The percentage colocalisation
between alpha-synuclein aggregates and lysosomes closely resembles data from
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Karpowicz et al, who found that after 7 d the percentage of alpha-synuclein
aggregates within lysosomes was 94 % (Karpowicz et al. 2017). This suggests that
cells are not very good at degrading alpha-synuclein aggregates, in accordance with
previous findings (Tanik et al. 2013; Karpowicz et al. 2017).

Figure 8.1 (next page): Endosome trafficking of aggregated alpha-synuclein
A. HEK 293T cells were incubated with DyLight-488 labelled alpha-synuclein aggregates
(green) for 3 h, fixed with 4% PFA and analysed by immunohistochemistry, with anti-Rab5
(red), anti-Rab7 (red) and anti-Rab11 (red) antibodies. Nuclei were visualized with DAPI
(blue), scale bar, 10 μm. B. Live cell imaging of HEK 293T cells incubated with DyLight-488
alpha-synuclein aggregates (green) and labelled with LysoTracker DeepRed (red). The single
z-plane micrographs were taken 1 and 8 h after the addition of seeds. The nuclei and cell
outline were observed by differential interference contrast microscopy (shown in white).
Scale bar, 10 μm. C. HEK 293T cells incubated with DyLight-594 labelled alpha-synuclein
aggregates for 1, 3 and 8 h were analysed by immunohistochemistry with anti-LAMP2
antibody (green). Nuclei were visualized with DAPI (blue), scale bar, 10 μm. The enlarged
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images are representive of alpha-synuclein aggregates within lysosomes for the indicated
timepoint, scale bar 2 μm. D. The percentage colocalisation between DyLight labelled alphasynuclein aggregates and LAMP2 lysosomes was quantified for the indicated timepoints; the
results are the means ± SD, 500 lysosomes counted per timepoint, (n=3).
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8.1.2 Timecourse of alpha-synuclein seeding
After the addition of alpha-synuclein seeds, I wanted to determine the time it took to
seed aggregation. I seeded HEK 293T cells expressing human A53T alpha-synuclein
with 1 μM aggregates and collected cells after 24, 48 and 72 h. I detected low levels
of pS129 positive alpha-synuclein after 24 h (Fig 8.2A); however, a more significant
increase occurred between 24 and 48 h (Fig 8.2B). To visualize early seeding events,
untransfected HEK 293T cells and cells expressing human A53T alpha-synuclein
were seeded with DyLight labelled alpha-synuclein aggregates for 3 h, washed and
incubated for a further 24 and 72 h. The cells were fixed in 4% PFA and
immunostained with anti-pS129 alpha-synuclein antibody. pS129 positive alphasynuclein aggregates formed around DyLight labelled aggregates after 24 h, which
grew to fill cells by 72 h (Fig 8.2C). Thus, I hypothesized that internalized alphasynuclein seeds, after a latency of 24 to 48 h, ruptured vesicles to induce seeded
aggregation locally, which amplified and spread through the cell.
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Figure 8.2: Timecourse of alpha-synuclein seeding
A. Western blot analysis of HEK 293T cells transfected with human mutant A53T alphasynuclein and seeded with 1 μM alpha-synuclein aggregates. The cells were harvested 24, 48
and 72 h after addition of the seeds. TritonX-100 insoluble fractions were analysed with antipS129 antibody. Fifty μg TritonX-100 insoluble protein was loaded onto 4-12% BisTris
NuPAGE gels. B. Densitometric analysis of TritonX-100 insoluble pS129 band intensities,
the results are the means ± SD, (n=3), p<0.004 (ANOVA) with Student’s t-test. C.
Immunohistochemical analysis of HEK 293T cells and HEK 293T cells expressing human
A53T alpha-synuclein seeded with DyLight-594 labelled alpha-synuclein aggregates (red)
with anti-pS129 antibody (green) at 24 and 72 h after seed addition. Nuclei were visualized
with DAPI (blue), scale bar, 10 μm.
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8.1.3 Galectins 3 and 8 detect damaged endosomes and lysosomes containing
aggregated alpha-synuclein
For seeded aggregation there needs to be an interaction between internalized
aggregate seeds and cytosolic alpha-synuclein. Thus, it is speculated that endosomes
must rupture to release aggregate seeds into the cytosol.
Galectins are evolutionary conserved glycan-binding proteins with multifunctional
properties (Lella et al. 2011). Four of the ten human galectins have been demonstrated
to detect ruptured endolysosomal vesicles by binding to exposed cell surface-derived
β-galactoside sugars on the intravesicular membrane (Dupont et al. 2009; Thurston et
al. 2012; Paz et al. 2010). Of the four galectins that mark ruptured endosomes,
galectin 3 and galectin 8 have been linked to autophagy via TRIM-16 and NDP52,
respectively (Chauhan et al. 2016; Thurston et al. 2012), downstream molecular
pathways for galectin 1 and galectin 9 in autophagy have not yet been established.
Galectins are used to identify ruptured vesicles (Maier et al. 2012; Ray et al. 2010;
Thurston et al. 2012).
To test whether internalised alpha-synuclein aggregates lead to the rupture of
endosomes, I expressed YFP-tagged galectin 1, galectin 3, galectin 8 and galectin 9 in
HEK 293 cells stably expressing human A53T alpha-synuclein. These cells were
incubated with DyLight-594 labelled alpha-synuclein aggregates for 3 h, washed and
incubated for 48 h at 37 C, fixed in 4% PFA and analysed by confocal microscopy.
o

Untreated negative controls showed diffuse staining of galectins (Fig 8.3A). Osmotic
shock induced endolysosomal rupture, which led to the localisation of galectins to
endosomes (Thurston et al. 2012) (Fig 8.3A). I found, 48 h after the addition of alphasynuclein aggregates, that galectin 3 and galectin 8 colocalised with alpha-synucleincontaining endosomes (Fig 8.3A). The percentage of galectin 3 foci that colocalised
with alpha-synuclein positive endosomes was 46%, and 10.2% for galectin 8 foci (Fig
8.3B).
I also analysed colocalisation of all four galectins with pS129 aggregates, to
determine if seeded aggregation occurs following the rupture of the endosomes.
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Galectins 3 and 8 co-labelled with pS129 positive aggregates, with positive foci in the
center of aggregates (Fig 8.3A). Galectin 1 never colocalised with pS129 with
galectin 9 colocalising with 11% of pS129 inclusions. However, galectin 8
colocalised with 26% and galectin 3 with 48% of aggregates (Fig 8.3C).
Freeman et al showed that galectin 3 recognizes alpha-synuclein aggregates within
lysosomes in SHSY-5Y cells, a finding that has been reproduced by Flavin et al
(Freeman et al. 2013; Flavin et al. 2017). However, galectin 8 has not previously been
shown to colocalise with alpha-synuclein-positive endosomes. It remains to be
determined if galectins 3 and 8 can work together to recognize damaged lysosomes,
or if different types of vesicles are recognized by different galectins. The latter seems
unlikely, as when rupture occurs, most alpha-synuclein aggregates are within
lysosomes (Fig 8.1C&D). Future work is needed to determine whether galectin 8
does also specifically detect alpha-synuclein ruptured vesicles. Unpublished work
shows that galectin 8 specifically recognizes vesicles ruptured by tau aggregates
(Falcon et al. 2017).

Figure 8.3 (next page): Endosome rupture detected by galectins
A. Immunohistochemical analysis of HEK 293 stably cells expressing human A53T alphasynuclein, and transfected with the indicated YFP-tagged galectin constructs. Negative
control HEK 293T cells were untreated for 48 h. Positive control HEK 293T cells were
exposed to hypertonic conditions with 10% PEG 1000 for 10 min, followed by hypotonic
shock with 60% PBS for 3 min to induce bulk endolysosomal vesicle rupture (+ osmotic
shock). Cells were incubated with DyLight-594 labelled aggregates for 48 h, fixed with 4%
PFA and mounted or immunostained with anti-pS129 antibody (purple). Nuclei were
visualized using DAPI (blue), scale bar, 10 μm. Asterisks indicate colocalisation of alphasynuclein aggregates and galectin 3 and galectin 8, and colocalisation of pS129 and galectin 3
and galectin 8. B. Quantification of colocalisation between DyLight-594 labelled alphasynuclein and YFP-tagged galectins. The results are the means ± SD, 50 foci were counted
per condition, (n=3). C. Quantification of colocalisation between pS129 alpha-synuclein and
YFP-tagged galectins. The results are the means ± SD, 50 foci were counted per condition
(n=3).
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8.1.4 Lysosomal rupture
After the addition of exogenous alpha-synuclein aggregate seeds, a fifth of cells
develop aggregate inclusions (chapter 3), even though 100% of cells internalize
alpha-synuclein aggregates (chapter 7). Thus, there appears to be a limiting factor to
seeded aggregation, which could be lysosomal rupture (Fig 8.1C &D). I analysed
HEK cells stably expressing human A53T alpha-synuclein, transiently expressing
galectin-3 YFP and seeded with DyLight-647 labelled alpha-synuclein aggregates for
24 h by immunohistochemistry with anti-LAMP2 antibody. I found that lysosomes
containing alpha-synuclein aggregates were positive for galectin-3 (Fig 8.4 A, C&D).
Figure 8.3A shows the colocalisation of pS129 alpha-synuclein aggregates with
galectin 3. I then wanted to determine when pS129 aggregates first appear within
seeded cells. I stained HEK cells stably expressing A53T alpha-synuclein, seeded
with DyLight-647 labelled alpha-synuclein with LAMP2 antibody. I found that pS129
positive alpha-synuclein aggregates surrounded LAMP2 lysosomes that contained
aggregated alpha-synuclein (Fig 8.4B). The results of Figure 8.2 and 8.3 suggest that
alpha-synuclein seeds are internalized by lysosomes, where a subset ruptures, which
is recognized by galectin 3, and possibly galectin 8. Aggregate seeds are released into
the cytosol, which induces seeded alpha-synuclein aggregation and thus the formation
of pS129 positive aggregates (Fig 8.4E). These results agree with the previous
literature that has shown galectin 3 recruitment to ruptured lysosomes containing
alpha-synuclein (Freeman et al. 2013; Flavin et al. 2017; Jiang et al. 2017).
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Figure 8.4: Lysosomal rupture
A. Compiled z-stack confocal images of HEK 293 cells stably expressing human A53T alphasynuclein and transfected with YFP-tagged galectin 3 (green), incubated with DyLight-594
labelled alpha-synuclein aggregates (red) and immunostained with anti-LAMP2 antibody
(white). Nuclei were visualized with DAPI (blue), scale bar 10μm. Asterisks show
colocalisation of alpha-synuclein aggregates, LAMP2 and galectin 3. B.
Immunohistochemical analysis of HEK 293T cells expressing human A53T alpha-synuclein
and seeded with DyLight-647 labelled alpha-synuclein (white) for 24 h, anti-LAMP2 (green)
anti-pS129 (red). Nuclei visualized with DAPI (blue). Scale bar, 10 μm. Asterisks mark the
colocalisation of alpha-synuclein aggregates, LAMP2 and pS129. C & D. Enlarged z-stack
confocal images of panel A. Scale bar, 1 μm. E. Schematic of lysosomes containing alphasynuclein aggregate seeds rupturing, showing galectin 3 recruitment to lysosomes and pS129
positive alpha-synuclein aggregation after lysosomal rupture.
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8.1.5 Alpha-synuclein expression and lysosomal dysfunction
Dysfunctional lysosomes are enlarged, with increased fusion and decreased fission
(Durchfort et al. 2012). I observed the presence of enlarged (>2 μm) lysosomes in
HEK 293T cells expressing A53T alpha-synuclein (Fig 8.5 A&B). Enlarged
lysosomes were also observed in HEK 293T A53T alpha-synuclein expressing cells,
which were seeded with DyLight labelled alpha-synuclein aggregates (Fig 8.5 A&B).
In HEK 293T cells there was also a significant increase in lysosomal size after seed
addition. However, the presence of giant lysosomes was not observed in HEK 293T
cells, only in HEK 293T A53T alpha-synuclein expressing cells. Thus, the expression
of A53T alpha-synuclein produced an enlarged lysosome phenotype, which was
exacerbated by seed internalization. This has been observed in previous studies, but
was thought to be a feature of seeded alpha-synuclein aggregation (Tanik et al. 2013).
These findings suggest that enlarged lysosomes are a feature of expressing high levels
of A53T alpha-synuclein. This could be linked to the observation that A53T alphasynuclein blocks CMA (Cuervo 2004). It is not known if blocking CMA can also
induce an enlarged lysosomal phenotype. For untransfected and A53T alphasynuclein expressing seeded cells, I measured the diameter of lysosomes containing
alpha-synuclein aggregates; the data suggests that there were two populations of
lysosomes, as only a subset formed giant lysosomes. I found that lysosomes
containing alpha-synuclein aggregates had a wide range in lysosomal diameter.
Since enlarged lysosomes are dysfunctional, I used immunohistochemistry to follow
the degradation of alpha-synuclein aggregates internalized by untransfected and A53T
alpha-synuclein expressing HEK 293T cells. DyLight labelled alpha-synuclein
aggregates were incubated with HEK 293T and HEK 293T A53T alpha-synuclein
cells for 3 h, the cells washed and incubated for 72h. Even after 72 h alpha-synuclein
aggregates were observed within lysosomes, exogenous internalized aggregates were
not fully degraded (Fig 8.1D & Fig 8.5C), which has been reported previously
(Karpowicz et al. 2017). Although the incomplete degradation of alpha-synuclein
suggests lysosomal dysfunction, other methods of measuring lysosomal function are
needed, as Tanik et al showed evidence that lysosomes were functional in alpha-
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synuclein seeded cells (Tanik et al. 2013). Moreover, future work needs to investigate
if the expression of A53T alpha-synuclein affects lysosomal fusion and fission.

Figure 8.5: Lysosomal morphology and alpha-synuclein seeding
A. Single z-plane images of HEK 293T cells untransfected (293T) and transfected with
human A53T alpha-synuclein (A53T), with and without DyLight-594 labelled alphasynuclein aggregate seeds (red), incubated for 24 h, fixed in 4% PFA and immunostained
with anti-LAMP2 antibody (green). Nuclei were visualized with DAPI (blue), scale bar, 10
μm. B. Lysosomal diameters (μm) of HEK 293T cells untransfected (293T) and transfected
with human A53T alpha-synuclein cells (A53T), with and without DyLight-594 labelled
alpha-synuclein aggregates (+/-). Lysosomes were measured that did and did not contain
alpha-synuclein aggregates for conditions 293T+ and A53T+, (n=150), the results are the
means ± SD, *** p<0.0001 (Student’s t-test). C. Single z-plane confocal images of HEK
293T cells and HEK 293T A53T cells seeded with and without 1 μM DyLight-488 labelled
alpha-synuclein aggregates, incubated in the cell media for 3 or 72 h. The cells were
incubated for 72 h, fixed in 4% PFA and immunostained with anti-LAMP2 antibody (red).
Nuclei were visualized with DAPI (blue), scale bar 10 μm.
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8.1.6 Lysosomal inhibition increases seeded alpha-synuclein aggregation
To elucidate whether lysosomal degradation of alpha-synuclein plays a role in seeded
aggregation, I pharmacologically inhibited lysosomal function with bafilomcyin A1
and chloroquine. Bafilomycin A1 is a vacuolar-type H(+)-ATPase inhibitor that
inhibits the acidification of endolysosomes, which is important for pH-sensitive
lysosomal proteases and fusion of autophagosomes and lysosomes (Yamamoto et al.
1998; Klionsky 2007). Chloroquine is a lysosomotropic reagent that raises the pH of
lysosomes (Mizushima et al. 2011). The addition of 100 nM bafilomycin A1 to the
cell media of HEK 293T A53T alpha-synuclein expressing cells seeded with alphasynuclein aggregates caused a significant increase in the level of TritonX-100
insoluble pS129 positive aggregates (Fig 8.6A&B). An increase in the level of LC3-II
in the TritonX-100 soluble cell lysate fraction was also observed, which indicates
impaired degradation of the autolysosome, as LC3-II is degraded by autolysosomes
(Mizushima et al. 2011) (Fig 8.6A). To ensure that the increase in pS129 positive
alpha-synuclein caused by bafilomycin A1 was due to inhibition of lysosomal
acidification and not that of autophagosomes, I also treated seeded HEK 293T human
A53T alpha-synuclein cells with chloroquine. Increasing concentrations caused a
significant increase in TritonX-100 insoluble pS129 alpha-synuclein, which was dose
dependent. Inhibition of lysosomes was shown by the conversion of LC3-I to LC3-II
(Fig 8.6 D&E).
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Figure 8.6: Lysosomal inhibition and alpha-synuclein seeding
A. Western blot analysis of HEK 293T cells seeded with 1μM alpha-synuclein aggregates and
treated with 100 nM bafilomycin A1 for 72 h. TritonX-100 soluble cell lysates were blotted
with anti-Syn-1, anti-GAPDH and anti-LC3 antibodies, 20 μg total protein was loaded.
TritonX-100 insoluble cell lysates were blotted with anti-pS129 antibody, 50 μg total protein
was loaded onto 4-12% BisTris SDS-PAGE. Cell lysates were run in triplicate. B.
Densitometry of TritonX-100 insoluble pS129 band intensities of bafilomycin A1 (++
bafilomycin) treated HEK 293T seeded cells. The results are the means ± SD, shown as a
percentage of the untreated seeded control (+) (taken as 100%), n=3, *** p<0.001 (ANOVA).
C. Western blot analysis of HEK 293T cells seeded with 1μM alpha-synuclein aggregates and
treated with 50, 100 and 200 μM chloroquine for 72 h. The TritonX-100 soluble cell lysates
were blotted with anti-Syn-1 and anti-GAPDH antibodies, 20 μg total protein was loaded.
The TritonX-100 insoluble cell lysates were blotted with anti-pS129 antibody, 50 μg total
protein was loaded onto 4-12% BisTris SDS-PAGE. D. Densitometry of TritonX-100
insoluble pS129 band intensities of chloroquine (+ CQ) treated HEK 293T seeded cells. The
results are the means ± SD, shown as a percentage of untreated seeded cells (+) (taken as
100%), n=3, *** p<0.001 (ANOVA with Student’s t-test).
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8.1.7 Glucocerebrosidase activity and seeded alpha-synuclein aggregation
The most prevalent mutations found in sporadic PD individuals are loss of function
mutations within GBA1; GBA1 codes for glucocerebrosidase a lysosomal enzyme that
breaks down glucocerebroside into glucose and ceramide inside lysosomes (Siebert et
al. 2014). It is thought that the loss of enzyme activity leads to the accumulation of
alpha-synuclein over time (Cullen et al. 2011; Mazzulli et al. 2011).
Untransfected and human A53T alpha-synuclein transfected HEK 293T cells were
stained with LAMP2 and GBA antibodies, which revealed glucocerebrosidase within
lysosomes (Fig 8.7A). Seventy % of Lewy bodies in PD individuals with
heterozygous GBA mutations contain glucocerebrosidase within the inclusions (Swan
& Saunders-Pullman 2013). HEK 293T cells expressing A53T alpha-synuclein
seeded with alpha-synuclein aggregates for 72 h were immunostained with GBA and
pS129 alpha-synuclein antibodies; no colocalisation between pS129 alpha-synuclein
aggregates and GBA was observed (Fig 8.7B).
To assess whether glucocerebrosidase plays a role in seeded aggregation of alphasynuclein, I expressed GFP-tagged wild-type (GBA-WT) and mutant GBA (GBAL444P) within HEK 293 cells stably expressing human A53T alpha-synuclein, these
cells were seeded with alpha-synuclein aggregates and incubated for 72 h. The L444P
mutation, originally discovered in Gaucher’s disease, is a common mutation that is
found in sporadic PD populations (Cormand et al. 1998; Mata et al. 2008), it has been
shown to decrease the enzyme activity to 14% of the wild-type enzyme (Montfort et
al. 2004). The mutation is common in sporadic PD cases, it has been reported in 1.8%
cases (Neumann et al. 2009). I found that the overexpression of GBA-WT and GBAL444P, by 2.7 times the endogenous level, lowered the level of soluble alphasynuclein by 74% for GBA-WT and 51% for GBA-L444P (Fig 8.7C&D). This
suggests that the overexpression of GBA results in the increased degradation of
soluble alpha-synuclein, which has been previously proposed (Yap et al. 2011).
Alpha-synuclein seeded aggregation was reduced in cells overexpressing GBA-WT;
TritonX-100 insoluble pS129 alpha-synuclein levels were 42.5% compared to the
control (Fig 8.7C&F). However, alpha-synuclein seeded aggregation was also
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reduced in cells expressing GBA-L444P, although the reduction in TritonX-100
insoluble aggregation was 75% compared to controls (n=3) (Fig 8.7C&F).
Overexpression of mutant GBA resulted in reduced alpha-synuclein seeding, which
could have been due to overexpression of a partially functional enzyme. In
accordance with this hypothesis, GBA-L444P reduced soluble alpha-synuclein levels
by 51% (Fig 8.7 C&D). Thus, to further analyse the effects of glucocerebrosidase on
seeded aggregation, I knocked down expression of GBA with siRNAs in HEK 293
cells stably expressing human A53T alpha-synuclein. It caused an 80% reduction in
glucocerebrosidase levels (Fig 8.8 A&B). This in turn resulted in a 1.8 fold increase
in TritonX-100 insoluble pS129 positive alpha-synuclein aggregates (Fig 8.8 C&D).
Thus, a reduction in glucocerebrosidase increased seeded alpha-synuclein
aggregation. This adds further support to the importance of lysosomal dysfunction for
alpha-synuclein aggregation.

Figure 8.7 (next page): Glucocerebrosidase expression and alpha-synuclein seeding
A. Single z-plane confocal images of untransfected HEK 293T cells (293T-) and human
A53T alpha-synuclein transfected HEK 293T cells (A53T-) immunostained for
glucocerebrosidase (GBA) (red) and LAMP2 (green). Nuclei were visualized with DAPI
(blue), scale bar 10 μm. B. Compiled z-stack confocal images of HEK 293T cells expressing
human A53T alpha-synuclein seeded with 1 μM alpha-synuclein aggregates and incubated for
72 h, immunostained for glucocerebrosidase (GBA) (green) and pS129 (red). Nuclei were
visualized with DAPI (blue), scale bar 10 μm. C. Western blot analysis of HEK 293 cells
stably expressing human A53T alpha-synuclein transfected with GFP-tagged wild-type
glucocerebrosidase (GBA-WT) and GFP-tagged L444P glucocerebrosidase (GBA-L444P)
and seeded with 1 μM alpha-synuclein aggregates for 72 h. TritonX-100 soluble cell lysates
were blotted with anti-Syn-1, anti-GAPDH and anti-GBA antibodies, 20 μg of protein was
run on 4-12% BisTris SDS-PAGE. Two representative blots of TritonX-100 soluble GBA
levels are shown, one of which is more exposed (OE). TritonX-100 insoluble cell lysates were
blotted with anti-pS129 antibody, 50 μg protein was run on 4-12% BisTris SDS-PAGE. D.
Densitometric analysis of TritonX-100 soluble Syn-1 band intensities. The results are the
means ± SD, shown as percentages of control (A53T) (taken as 100% as for panel E&F also)
(n=3), *** p<0.0001 (Student’s t-test). E. Densitometric analysis of TritonX-100 soluble
GBA band intensities. The results are the means ± SD, (n=3). F. Densitometric analysis of
TritonX-100 insoluble pS129 band intensities. The results are the means ± SD, (n=3), ***
p<0.0001 (Student’s t-test).

212

213

Figure 8.8: siRNA knock down of GBA and alpha-synuclein seeding
A. Western blot analysis of HEK 293T cells stably expressing human A53T alpha-synuclein
treated or not treated with non-specific siRNA or GBA specific siRNA with antiglucocerebrosidase (GBA) and anti-GAPDH antibodies. Twenty μg total protein was run on
4-12% BisTris SDS-PAGE. B. Densitometry of the TritonX-100 soluble GBA band
intensities of siRNA treated cells. The results are the means ± SD, shown as percentages of
untreated HEK cells (--) (taken as 100%), n=3, (ANOVA) with Student’s t-test ** p<0.0001.
C. Western blot analysis of HEK 293T cells stably expressing human A53T alpha-synuclein
not treated or treated with non-specific siRNA and GBA specific siRNA, seeded with 1 μM
alpha-synuclein aggregates for 72 h. TritonX-100 soluble cell lysates were blotted with antiSyn-1 and anti-GAPDH antibodies, 20 μg total protein was run. TritonX-100 insoluble cell
lysates were blotted with anti-pS129 antibody, 50 μg total protein was run on SDS-PAGE 412% BisTris gels. D. Densitometry of the TritonX-100 insoluble pS129 band intensities of
siRNA treated, seeded HEK 293T cells. The results are the means ± SD, shown as a
percentage of the untreated seeded control (+) (taken as 100%), n=3, (ANOVA) with
Student’s t-test ** p<0.0001.
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8.1.8 Autophagy and seeded alpha-synuclein aggregation
I wanted to determine whether autophagy plays a role in the seeded aggregation of
alpha-synuclein. 3-Methyladenine (3MA) inhibits autophagosome formation (Seglen
& Gordon 1982) and rapamycin activates autophagy (Yang & Klionsky 2010).
Inhibition of autophagy of seeded HEK 293T A53T alpha-synuclein cells with 10
mM 3MA for 72 h caused an increase in seeded aggregation (Fig 8.9 A). The level of
TritonX-100 insoluble pS129 positive aggregates increased 2.5 fold above that of
non-treated HEK 293T A53T alpha-synuclein cells (Fig 8.9 B). TritonX-100 soluble
LC3-II levels were increased in 3MA treated cells, showing an inhibition of
autophagic flux (Yang & Klionsky 2010). However, the addition of 500 nM
rapamycin to HEK 293T seeded cells for 72 h did not significantly reduce alphasynuclein aggregation (Fig 8.9 A&B).
LC3-II levels alone are not a reliable indicator of autophagosome accumulation;
therefore, autophagic flux was measured by flow cytometry in HEK 293T A53T
alpha-synuclein expressing cells using CytoID, an autophagosome membrane dye.
CytoID staining showed that the addition of aggregated alpha-synuclein did not
increase autophagosome formation after 72 h; however, treatment with 500 nM
rapamycin caused a significant increase in autophagic flux, as did treatment with
3MA (Fig 8.9 C). However, 500 nM rapamycin did not clear alpha-synuclein seeded
aggregation in HEK 293T A53T alpha-synuclein cells, despite it activating autophagy
(Fig 8.9 A&C).
To further assess whether autophagy can clear seeded alpha-synuclein aggregates, I
treated seeded HEK 293T A53T alpha-synuclein cells with increasing doses of
rapamycin. A significant decrease in TritonX-100 insoluble pS129 positive alphasynuclein was only observed with 50 μM.
The effects of autophagy on seeded aggregation of alpha-synuclein were further
assessed by siRNA knockdown of LC3. HEK 293 cells stably expressing human
A53T alpha-synuclein were transfected with LC3B siRNAs, the cells were incubated
for 24 h, alpha-synuclein aggregates were added to cell media for 3 h and further
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incubated for 72 h. The treatment of HEK 293 A53T alpha-synuclein cells with LC3B
siRNAs resulted in a reduction of LC3 levels to 17% of the control (Fig 8.10 A&B),
which caused a 17% increase in seeded aggregation (Fig 8.10 C&D). This was
significant by ANOVA analysis; however, the increase in LC3 knockdown was less
than the increase in seeded aggregation observed when LAMP2 and GBA were
knocked down in HEK 293 A53T alpha-synuclein cells.

Figure 8.9 (next page): Autophagosome inhibition and activation of alpha-synuclein
seeding
A. Western blot analysis of HEK 293T cells seeded with 1μM alpha-synuclein aggregates and
treated with 10 mM 3MA or 500 nM rapamycin for 72 h. TritonX-100 soluble cell lysates
were blotted with anti-Syn-1, anti-GAPDH and anti-LC3 antibodies, 20 μg total protein was
loaded. TritonX-100 insoluble cell lysates were blotted with anti-pS129 antibody, 50 μg total
protein was loaded onto 4-12% BisTris SDS-PAGE. Cell lysates were run in triplicate. B.
Densitometry of TritonX-100 insoluble pS129 band intensities of 3MA (++ 3MA) and
rapamycin (++ rapamycin) treated HEK 293T seeded cells. The results are the means ± SD,
shown as a percentage of the seed only control (+) (taken as 100%), n=3, (ANOVA) with
Student’s t-test *** p<0.001. C. Flow cytometry analysis of transfected HEK 293T cells
without (-) and with seeds (+), plus 500 nM rapamycin (++ rapamycin), and 10 mM 3MA
(++ 3MA) labelled with CytoID, a fluorescent autophagosome dye. The relative signal was
recorded (RFU). The results are the means ± SD, (n=3) *** p<0.001 Student’s t-test. D.
Western blot analysis of HEK 293T cells seeded with 1 μM alpha-synuclein aggregates and
treated with 500 nM, 5 μM and 50 μM rapamycin for 72 h. TritonX-100 soluble cell lysates
were blotted with anti-Syn-1, anti-GAPDH and anti-LC3 antibodies, 20 μg total protein was
loaded. The TritonX-100 insoluble cell lysates were blotted with anti-pS129 antibody, 50 μg
total protein was loaded onto 4-12% BisTris SDS-PAGE gels. E. Densitometry of TritonX100 insoluble pS129 band intensities of rapamycin (++ rapamycin) treated HEK 293T seeded
cells. The results are the means ± SD, shown as percentages of untreated seeded control (+)
(taken as 100%), n=3, (ANOVA) with Student’s t-test *** p<0.001.
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Figure 8.10: LC3 knockdown and alpha-synuclein seeding
A. Western blot analysis of HEK 293T cells stably expressing human A53T not treated or
treated with non-specific siRNA and LC3 specific siRNA with anti-LC3 and anti-GAPDH
antibodies. Twenty μg total protein was run on 4-12% BisTris SDS-PAGE. B. Densitrometry
of LC3 band intensities of the siRNA (+ control/ +LC3) treated HEK cells. The results are the
means ± SD, (n=3), shown as percentages of untreated cells (taken as 100%), ** p<0.001
(ANOVA). C. Western blot analysis of HEK 293T cells stably expressing human A53T
alpha-synuclein not treated or treated with non-specific siRNA and LC3 specific siRNA,
seeded with 1 μM alpha-synuclein aggregates for 72 h. TritonX-100 soluble cell lysates were
blotted with anti-Syn-1 and anti-GAPDH antibodies, 20 μg total protein was run. TritonX-100
insoluble cell lysates were blotted with anti-pS129 antibody, 50 μg total protein was run on 412% BisTris SDS-PAGE. D. Densitometry of the TritonX-100 insoluble pS129 band
intensities of siRNA (++ control/ ++ LC3) treated seeded HEK 293T cells. The results are
expressed as percentages of non treated seeded cells (taken as 100%) ± SD, (n=3), ** p<0.001
(ANOVA).
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Immunohistochemical analysis of HEK 293T A53T alpha-synuclein seeded cells with
anti-pS129, as well as anti-LC3, anti-p62, anti-LAMP2, anti-NDP52, anti-NBR1 and
anti-OPTN antibodies revealed the colocalisation of autophagy receptors p62 and
LC3 with pS129 alpha-synuclein aggregates (Fig 8.11). p62 is known to colocalise
with alpha-synuclein inclusions in synucleinopathies (Kuusisto et al. 2003).
Lysosomes were also observed to cluster around and within pS129 aggregates.
Lysosomes are known to surround Lewy bodies and can be found in inclusions
(Klucken et al. 2012). NDP52, NBR1 and OPTN did not colocalise with pS129
aggregates (Fig 8.11).
Autophagy receptors detect misfolded, as well as ubiquitinated, proteins in the cytosol
and target them for degradation by binding to LC3. I immunostained HEK 293T cells
seeded with DyLight labelled alpha-synuclein aggregates for 24 h with anti-ubiquitin,
anti-p62, anti-NDP52, anti-OPTN and anti-NBR1 antibodies. DyLight labelled alphasynuclein seeds were not ubiquitinated, nor did they label with OPTN or NBR1
antibodies. However, p62 and NDP52 colocalised with the seeds (Fig 8.12).

Figure 8.11 (next page): p62, LC3 and ubiquitin colocalise with seeded alpha-synuclein
aggregates.
Single Z-plane confocal microscopy of immunohistochemical staining of HEK 293T cells
expressing human A53T alpha-synuclein and incubated with alpha-synuclein aggregates for 3
h, followed by 72 h growth, with anti-LC3, anti-p62, anti-LAMP2, anti-NDP52, anti- NBR1
and anti-OPTN antibodies (green). Nuclei were visualized with DAPI (blue), scale bar 20 μm.
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Figure 8.12: p62 and NDP52 colocalise with alpha-synuclein seeds
Single Z-plane confocal microscopy of immunohistochemical staining of HEK 293T cells
expressing human A53T alpha-synuclein and incubated with DyLight-594 labelled alphasynuclein aggregates for 3 h, followed by 24 h growth, with anti- p62, anti-NDP52, antioptineurin, anti-NBR1 and anti-ubiquitin antibodies (green). The asterisks show
colocalisation. Nuclei were visualized with DAPI (blue), scale bar 20 μm.
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8.1.9 Selective autophagy and seeded alpha-synuclein aggregation
Selective autophagy maintains intracellular homeostasis by tageting cytoplasmic
material for autophagic degradation; thus, it may be important for preventing seeded
alpha-synuclein aggregation. To test this, I transfected HeLa cell lines (provided by
Richard Youle) negative for autophagy receptors p62, NDP52, Optineurin, TAX1BP1
and NBR1 (Lazarou et al. 2015), with A53T alpha-synuclein and seeded with alphasynuclein aggregates. The p62 knockout cell line showed significantly increased
TritonX-100 insoluble pS129 positive alpha-synuclein (Fig 8.13A&B). This suggests
that p62 is important for targeting seeded alpha-synuclein aggregates for degradation
and for preventing aggregate seeds from inducing aggregation. I also observed
differences in the ratio between non-ubiquitinated (15kDa band) and ubiquitinated
insoluble alpha-synuclein (higher molecular weight bands) across the knockout cell
lines.
Immunohistochemical analysis of seeded wild-type and knockout HeLa cells with
anti-p62 and anti-pS129 antibodies showed the presence of seeded alpha-synuclein
aggregates in all cells analysed (Fig 8.13 C). The p62 knockout cells were not
positive for p62, as expected, and showed a more diffuse pattern of pS129 staining
(Fig 8.13 C).

Figure 8.13 (next page): Autophagy receptor knockout and alpha-synuclein seeding
A. Western blot analysis of CRISPR/Cas9 autophagy receptor knockout HeLa cells (KO)
transiently expressing human A53T alpha-synuclein seeded with 1 μM alpha-synuclein
aggregates for 72 h. TritonX-100 soluble cell lysates were blotted with anti-Syn-1 and antiGAPDH antibodies and 20 μg total protein run on 4-12% BisTris SDS-PAGE. TritonX-100
insoluble cell lysates were blotted with anti-pS129 antibody and 50 μg total protein run on 412% BisTris SDS-PAGE. B. Densitometry of TritonX-100 insoluble pS129 band intensities
of seeded knockout cells. The results are the means ± SD, (n=3), *** p<0.0001 (Student’s ttest). C. Compiled z-stack confocal images of knockout cell lines transiently expressing
human A53T alpha-synuclein, seeded with 1 μM alpha-synuclein aggregates and incubated
for 72 h. The cells were fixed in 4% PFA and immunostained using anti-pS129 (green) and
anti-p62 (red) antibodies. Nuclei were visualized with DAPI (blue), scale bar 10 μm.
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8.1.10 Proteasome inhibition and seeded alpha-synuclein aggregation
Most alpha-synuclein inclusions of LBs and GCIs are ubiquitinated (Kuzuhara et al.
1988; Spillantini et al. 1998a). TritonX-100 insoluble pS129 alpha-synuclein, from
brain and from seeded aggregation in HEK cells, runs as a 15 kDa band, but also as
22kDa, 29kDa and 36kDa bands, which are believed to be ubiquitinated forms
(Hasegawa et al. 2002; Anderson et al. 2006). To verify this, I ran the TritonX-100
insoluble cell lysate fraction of HEK 293T A53T alpha-synuclein seeded cells, and
cut the lane in half, one side was probed with pS129 alpha-synuclein antibody and the
other with a ubiquitin antibody. I detected a ubiquitin band at 22kDa, which is
believed to correspond to monoubiquitinated pS129 positive alpha-synuclein
(Hasegawa et al. 2002; Anderson et al. 2006) (Fig 8.14A). Seeded alpha-synuclein
aggregates were also positive for ubiquitin by immunohistochemistry (Fig 8.14D).
Ubiquitin can form heterogenous polyubiquitin chains that are involved in mediating
cargo recognition by autophagy receptors and the proteasome (Komander & Rape
2012). Antibodies against all the different polyubiquitin chains are not available;
however, antibodies for K48 and K63 polyubiquitins, the major chains, exist. Alphasynuclein aggregates were negative for K48 linked ubiquitin, which mostly links
substrates to the proteasome. However, they were positive for K63 linked ubiquitin,
which is known to link substrates to autophagy (Kirkin et al. 2009; Komander & Rape
2012) (Fig 8.14D).
It is not clear if alpha-synuclein aggregates can be degraded by the proteosome. To
investigate this, I incubated HEK 293T A53T alpha-synuclein cells seeded with 1μM
alpha-synuclein aggregates and 100nM MG132 for 72 h, to inhibit proteasomal
function (Rock et al. 1994). This caused an increase in ubiquitinated proteins in the
cell lysates, but it did not cause an increase in soluble alpha-synuclein, nor did it
significantly increase pS129 positive alpha-synuclein aggregates. The proteasomal
activator rolipram (Myeku et al. 2016) did not significantly degrade alpha-synuclein
aggregates (Fig 8.14B). Moreover, the proteasomal subunit 20S did not colocalize
with alpha-synuclein aggregates, which is not in confirmation of previous findings
(Luk et al. 2009).

224

225

Figure 8.14 (previous page): Proteasomal inhibition and alpha-synuclein seeding
A. Western blot analysis of seeded HEK 293T A53T alpha-synuclein cells. The cell lysate
was run on 4-12% BisTris SDS-PAGE, the lane was cut down the middle; one side was
blotted with pS129 and the other with an anti-ubiquitin antibody. B. Western blot analysis of
HEK 293T cells seeded with 1μM alpha-synuclein aggregates and treated with 100 nM
MG132 or 20 μM rolipram for 72 h. TritonX-100 soluble cell lysates were blotted with antiSyn-1, anti-GAPDH and anti-ubiquitin antibodies, 20 μg protein was loaded. TritonX-100
insoluble cell lysates were blotted with anti-pS129 antibody, 50 μg protein was loaded onto 412% BisTris SDS-PAGE. Cell lysates were run in triplicate. C. Densitometry of TritonX-100
insoluble pS129 band intensities, of transfected cells (-), untreated seeded cells (+) and treated
(++ MG132/ ++ rolipram) seeded cells. The results are the means ± SD, (n=3), (ANOVA). D.
Compiled z-stack confocal images of HEK 293T cells transfected with human A53T alphasynuclein with (A53T+) and without (A53T-) 1 μM alpha-synuclein aggregates
immunostained with anti-ubiquitin (green), anti-K48 (green), anti-K63 (green) ubiqutin
antibodies, anti-Prot20S (green) and anti-pS129 (red) antibodies. Nuclei were visualized with
DAPI (blue), scale bar 10 μm.
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8.2 Discussion
Seeded alpha-synuclein aggregation involves the uptake and endolysosomal
trafficking of seeds, as well as their subsequent release into the cytosol where they
seed aggregation of the endogenous protein. This process must be influenced by
cellular defense mechanisms. Alpha-synuclein aggregates are internalized into the
endolysosomal pathway. Lysosomes containing seeds rupture, as shown by galectin 3
colocalisation, and alpha-synuclein aggregation occurs. HEK 293T cells target alphasynuclein aggregates using p62 and ubiquitin. Inhibition of autophagy enhances
seeded aggregation, suggesting that autophagy acts to clear or reduce seeded
aggregation. What’s more the inhibition of lysosomal acidification and maturation
enhanced alpha-synuclein seeded aggregation. There are multiple pathogenic links
between lysosomal dysfunction and alpha-synuclein accumulation. Increasing
lysosomal dysfunction, by raising the pH, increases alpha-synuclein seeding; this
could be due to increased lysosomal rupture, disrupted CMA or decreased
glucocerebrosidase and cathepsin B and D activities due to alpha-synuclein
expression.
8.2.1 Alpha-synuclein aggregates are internalized and trafficked in the
endolysosomal pathway
I show further evidence of alpha-synuclein aggregates being internalized into Rab5and Rab7-positive endosomes and trafficked to lysosomes, which has also been
observed in SH-SY5Y cells (Desplats et al. 2009). I found that alpha-synuclein
aggregates were trafficked to LAMP2 and LysoTracker-positive lysosomes.
Lysosomal contents are destined for degradation by more than 60 different
hydrolases, thus once internalized alpha-synuclein aggregates are fated for
degradation (Luzio et al. 2007). However, to seed aggregation of endogenous alphasynuclein, seeds need to evade degradation. I found that lysosomes were not very
good at degrading aggregated alpha-synuclein; alpha-synuclein aggregates remained
in lysosomes after 72 h. Thus, it seems that lysosomes cannot fully degrade alphasynuclein assemblies; HEK 293T cells, not expressing human mutant alpha-synuclein,
were also incapable of degrading the aggregates.
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It has been reported previously that alpha-synuclein aggregates are trafficked to
lysosomes after internalization (Alvarez-Erviti et al. 2011; Freeman et al. 2013;
Domert et al. 2016). However, their degradation was not studied. Tanik et al reported
impaired degradation of alpha-synuclein aggregates in seeded cells, but they did not
differentiate between seeds and seeded aggregates (Tanik et al. 2013). Recombinant
aggregates might be quite resistant to degradation by hydrolases. Thioflavin S
analysis of seeded cells, in chapter 1, showed cells containing aggregated alphasynuclein seeds after 72 h. If healthy lysosomes are not good at degrading alphasynuclein aggregates, the latter may accumulate in neurons in the brain. Once formed,
alpha-synuclein aggregates may be resistant to degradation and thus the likelihood of
seeded aggregation increases.
Lysosomal dysfunction has been increasingly linked to PD and alpha-synuclein
pathology. In this chapter I observed a phenotype of enlarged lysosomes; both nonseeded and seeded HEK 293T A53T alpha-synuclein cells had enlarged lysosomes.
Under physiological conditions, lysosomes between are 0.2 - 1.2 μm in diameter,
lysosomes >2 μm are considered to be giants (Xu & Ren 2015). This increase in size
has previously been observed by Tanik et al who also saw giant lysosomes in HEK
293T A53T alpha-synuclein expressing cells seeded with alpha-synuclein aggregates
(Tanik et al. 2013). They concluded that enlarged lysosomes were due to the seeded
aggregation of alpha-synuclein, as HEK 293T cells seeded with alpha-synuclein
aggregates did not form giant lysosomes. These findings agree with the results of this
chapter, in that I found enlarged lysosomes in HEK 293T A53T seeded cells. The
presence of alpha-synuclein aggregates did significantly increase lysosomal size in
HEK 293T cells. However, I also found that the expression of A53T alpha-synuclein
caused the enlarged lysosome phenotype. Tanik et al showed normal lysosomal
processing of a cathepsin-B substrate 48 h post seeding, thus, lysosomal function did
not appear to be impaired in seeded cells (Tanik et al. 2013). However, I found that
lysosomes did not fully degrade alpha-synuclein aggregates in HEK 293T cells. More
research is needed to determine if alpha-synuclein aggregates are resistant to
lysosomal degradation or if the expression of alpha-synuclein inhibits lysosomal
degradation and affects lysosomal fusion and fission.
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Enlarged lysosomes are a feature of lysosomal storage diseases; Durchfort et al
suggested that they are the result of decreased lysosome fission, which was linked to
lysosomal dysfunction, as hydrolase trafficking was dysregulated (Durchfort et al.
2012). Lysosome abnormalities and enlargement appear to be a common dysfunction
in PD and perturbations of neuronal endolysosomal pathways seem to be common to
all subtypes of PD. Mutations within GBA1 are a major cause of sporadic PD (Swan
& Saunders-Pullman 2013); the majority of mutations decrease enzyme activity
(Montfort et al. 2004). Bae et al observed enlarged lysosomes in glucocerebrosidase
knockout cells (Bae et al 2015b). Mazzulli et al also reported enlarged lysosomes in
alpha-synuclein expressing cells (Mazzulli et al. 2016a). Alpha-synuclein
accumulation was found to reduce lysosomal degradation in human midbrain neurons
by disrupting hydrolase trafficking (Mazzulli et al. 2016a). Lysosomal dysfunction
was not present in cells expressing Δ71-82 alpha-synuclein; thus, abnormal lysosomal
morphology was linked to alpha-synuclein aggregation. Moreover, the increased
lysosomal size was partially rescued by lentiviral knockdown of alpha-synuclein
expression. The authors suggested that the formation of alpha-synuclein oligomers
drives lysosomal dysfunction (Mazzulli et al. 2016a). In this chapter, however, I
observed enlarged lysosomes in non-seeded HEK 293T cells expressing A53T alphasynuclein. It could be argued that alpha-synuclein aggregates form within lysosomes,
which causes the increase in lysosomal size, but as I never observed alpha-synuclein
aggregates in non-seeded cells, it appears that overexpression of alpha-synuclein
results in lysosomal abnormalities. It has been shown that A30P and A53T alphasynuclein block CMA by binding tightly to LAMP2A, thus blocking the degradation
of cytosolic proteins, including alpha-synuclein itself (Cuervo et al. 2004). It is not
known, however, whether disrupted CMA increases lysosomal size. It would be
important to study if the expression of human wild-type alpha-synuclein also causes
an increase in lysosomal size, to see if this is only a feature of A53T alpha-synuclein.
Moreover, it has been shown that pathogenic LRRK2 mutations, that cause PD
through increased kinase activity, produce giant lysosomes with reduced degradative
capacity and increased ATP13A2 expression (Henry et al. 2015). Thus, lysosomal
dysfunction is further implicated in the pathogenesis of PD, and mutations within
ATP13A2, which encodes a lysosomal transmembrane P-type ATPase, cause PD
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(Abeliovich & Gitler 2016). They lead to a reduction in lysosomal function and an
accumulation of dysfunctional lysosomes within cells, which has been shown to result
in alpha-synuclein accumulation (Usenovic et al. 2012; Lopes da Fonseca. et al.
2016).
The endolysosomal pathway degrades and recycles internalized material, as well as
redundant cellular components; it plays a critical role in homeostasis (Repnik et al.
2013). Abnormalities in endolysosomal processing and trafficking also appear to play
an important role in other neurodegenerative diseases (Nixon & Yang 2011;
Colacurcio & Nixon 2016). In early stage AD there is endolysosomal disruption:
dysregulated acidification and sorting have been observed (Vassar et al. 1999;
Rajendran et al. 2008; Cataldo et al. 2010; Hu et al. 2015). Lysosomal acidification
has been shown to be defective in AD patients, as well as in neurons with age (Nixon
& Yang 2011). Moreover, Aβ 1-42 accumulates in lysosomes, which has been shown
to disrupt lysosomal membranes (Ling et al. 2009). Lysosomal disruption could be a
common driver for seeded aggregation in neurodegenerative diseases. Stalling of the
endolysosomal pathway could enhance alpha-synuclein aggregation. There is
evidence to suggest that a disruption in trafficking in neurons is an important risk
factor for developing PD (Abeliovich & Gitler 2016). TMEM230 mutations cause
familial PD, the protein TMEM230 is thought to regulate vesicular trafficking in
cells, as mutations in TMEM230 cause vesicular trafficking abnormalities and alphasynuclein accumulation (Deng et al. 2016). Moreover, increased alpha-synuclein
expression has been shown to disrupt endosomal transport via Nedd4 (Tardiff et al.
2013). A further link to disrupted trafficking and alpha-synuclein was the finding that
overexpression of alpha-synuclein disrupts dopamine transport (Lundblad et al. 2012).
These disruptions in trafficking could link to lysosomal dysfunction and alphasynuclein accumulation. Thus, the study of alpha-synuclein trafficking and
degradation by cells is an important area for future research.
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8.2.2 Glucocerebrosidase overexpression decreases seeded alpha-synuclein
aggregation and knockdown of glucocerebrosidase increases seeded aggregation
Mutations in GBA1 are a major cause of sporadic PD (Swan & Saunders-Pullman
2013). However, the molecular and biochemical relationships between alphasynuclein and glucocerebrosidase remain unclear. Cullen et al reported that the
expression of mutant forms of glucocerebrosidase increased soluble alpha-synuclein
levels; however, they also observed that overexpression of wild-type
glucocerebosidase had variable effects on alpha-synuclein levels (Cullen et al. 2011).
Others have reported that the loss of glucocerebrosidase activity promoted alphasynuclein accumulation (Manning-Bog et al. 2009; Sardi et al. 2011; Mazzulli et al.
2011; Cleeter et al. 2013; Schöndorf et al. 2014). Mazzulli et al showed that a partial
loss of glucocerebrosidase function impaired lysosomal degradation and led to alphasynuclein accumulation (Mazzulli et al. 2011). Moreover, inhibition of
glucocerebrosidase by conduritol-β-epoxide raised alpha-synuclein levels (ManningBog et al. 2009; Cleeter et al. 2013). Conversely, it has also been shown that high
alpha-synuclein levels can inhibit glucocerebrosidase activity (Gegg et al. 2012).
Mutations in GBA that cause PD might not always increase alpha-synuclein
aggregation, but could act to promote propagation of aggregated proteins: disrupted
vesicular and endolysosomal trafficking could result in more stalled endososomes,
which could increase endosomal rupture and thus seeded alpha-synuclein aggregation.
It is not known if reduced glucocerebrosidase activity increases alpha-synuclein levels
directly through reduced degradation, or indirectly, by affecting other lysosomal
hydrolases, such as cathepsin B, or lysosomal function more generally. Moreover,
Dermentzaki et al reported that loss of glucocerebrosidase activity did not affect
alpha-synuclein levels or lysosomal function (Dermentzaki et al. 2013). I found that
overexpression of wild-type glucocerebrosidase significantly reduced soluble alphasynuclein in HEK 293T A53T alpha-synuclein expressing cells, and thus reduced
seeded aggregation. Unexpectedly, I also observed a decrease in soluble alphasynuclein when expressing mutant L444P GBA. The L444P mutation has been shown
to reduce enzyme activity to 14% of that of the wild-type protein (Montfort et al.
2004). Carriers are 13 times more likely to develop PD (Swan & Saunders-Pullman
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2013). However, enzyme activity was not abolished and this mutant was
overexpressed. I have shown that the expression of wild-type GBA significantly
reduced seeded aggregation of alpha-synuclein. This could be because increased wildtype glucocerebrosidase degraded alpha-synuclein, as was suggested by Yap et al,
who showed that glucocerebrosidase bound to monomeric alpha-synuclein (Yap et al.
2011; Yap et al. 2013). This agrees with my data of a direct, or indirect, link between
overexpressing glucocerebrosidase and decreased alpha-synuclein levels. However,
Du et al proposed that glucocerebrosidase deficiency promotes alpha-synuclein
accumulation through autophagic inhibition by inactivating protein phosphatase 2A
(Du et al. 2015). Nonetheless, these findings further emphasise the importance of the
soluble levels of alpha-synuclein for seeded aggregation; reduced soluble levels
decreased insoluble alpha-synuclein.
Alpha-synuclein accumulation has also been observed in GBA1 knockout cortical
neuronal cultures and in mouse brain (Mazzulli et al. 2011; Osellame et al. 2013).
Moreover, virally-mediated expression of glucocerebrosidase in GBA1 knockout mice
reduced alpha-synuclein accumulation. Bae et al reported that the loss of
glucocerebrosidase activity caused lysosomal dysfunction and alpha-synuclein
accumulation (Bae et al. 2015b). Thus, it is assumed that glucocerebrosidase degrades
alpha-synuclein under physiological conditions. The knockdown of
glucocerebrosidase in HEK 293 A53T alpha-synuclein expressing cells did not lead to
a decrease in soluble alpha-synuclein. However, I did observe a significant increase in
insoluble alpha-synuclein, adding further support to the view that knockdown of
glucocerebrosidase increases aggregation of alpha-synuclein.
Therefore, it is believed that the dysfunction of glucocerebrosidase leads to alphasynuclein accumulation within neurons, due to its inefficient clearance, which in turn
results in the formation of alpha-synuclein aggregates (Schapira 2015). The
importance of lysosomal function and trafficking for PD and DLB pathogenesis was
highlighted when sporadic PD and DLB patients were found to have reduced
glucocerebrosidase activity (Chiasserini et al. 2015). Moreover, it has been shown
that there is a significant decrease in glucocerebrosidase activity in sporadic PD
brains (Gegg et al. 2012; Murphy et al. 2014; Rocha et al. 2015).
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8.2.3 Galectins 3 and 8 detect ruptured endosomes containing aggregated alphasynuclein
The prion phenomenon would require amplification and propagation of alphasynuclein pathology, thus there needs to be recruitment and conformational change of
soluble alpha-synuclein into aggregates, which requires a direct interaction between
seed and soluble protein. This is similar to pathogen infectivity. Some bacteria and
viruses are internalized and evade degradation because the endosomes that contain
them rupture (Randow et al. 2013). Seeded aggregation of alpha-synuclein occurs
between 24 and 48 h after the addition of seeds. For alpha-synuclein seeds to be able
to seed aggregation, the seeds need to be exposed to the cytosol. I analysed endosome
rupture using YFP-tagged galectins 1, 3, 8 and 9. I found that galectins 3 and 8
colocalised with fluorescently labelled alpha-synuclein seeds, as well as with pS129
seeded aggregates. I also observed that lysosomes containing alpha-synuclein
aggregates were decorated by galectins 3 and 8, indicating lysosome rupture. It has
previously been proposed that alpha-synuclein aggregates induce the rupture of
lysosomes, and that this can be detected by galectin 3 (Freeman et al. 2013). A more
recent paper also proposed that galectin 3 recognises alpha-synuclein positive
endosomes (Flavin et al. 2017). Until recently there was no known receptor that
bound to galectin 3 and linked it to the autophagic pathway. However, TRIM-16 has
now been shown to bind to galectin 3 (Chauhan et al. 2016).
It is not known if rupture is induced directly or indirectly by intraluminal alphasynuclein aggregates. The ability of alpha-synuclein aggregates to permeate lipid
membranes has been shown in vitro (Volles et al. 2001). My results add further
support to the work showing recruitment of galectin 3 mCherry to internalised alphasynuclein aggregates (Freeman et al. 2013; Flavin et al. 2017). This pathway of
endosome rupture may differ from that used by aggregated tau. Work by Falcon et al
has shown the recruitment of galectin 8 to rab5 positive endosomes containing tau
aggregates (Falcon et al. 2017 submitted). Although I also observed galectin 8
recruitment to ruptured endosomes, there was a significantly higher number of
galectin 3 and alpha-synuclein positive foci in seeded cells. Galectin 3 puncta have
also been observed in cells exposed to tau seeds (Calafate et al. 2016; Falvin et al.
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2017); however, in separate experiments, the majority of puncta was galectin 8positive (Falcon et al. 2017 submitted).
The results in this chapter show that lysosomes are a site for seeded alpha-synuclein
aggregation. Seeded aggregation of alpha-synuclein occurred after a 24-48 h lagperiod, when lysosomal rupture was observed through galectin 3 recruitment and
when pS129 positive alpha-synuclein aggregates surrounded ruptured lysosomes
containing alpha-synuclein seeds. It remains to be seen if rab5- and rab7-positive
endosomes also ruptured following the endocytosis of alpha-synuclein seeds.
8.2.4 Inhibition of the endolysosomal pathway increases seeded alpha-synuclein
aggregation
Lysosomal inhibition increased seeded alpha-synuclein aggregation. This finding
disagrees with Tanik et al, who observed no increase in seeded alpha-synuclein
aggregation after treatment with 100 μM chloropromazine (Tanik et al. 2013). I found
that both bafilomycin A1 and chloroquine increased seeded alpha-synuclein
aggregation. This suggests that lysosomes can degrade alpha-synuclein, as increasing
lysosomal pH enhances seeding. Lysosome deacidification is a sign of dysfunction, as
an acidic luminal pH is optimal for hydrolase activity, and as internalized receptors
need acidic conditions in order to release their ligands and recycle back to the
membrane (Hu et al. 2015). Therefore, under conditions of elevated pH, hydrolases
do not efficiently degrade intraluminal components (Friedman et al. 2015). Increased
lysosomal pH could disrupt endosome maturation (Hu et al. 2015). Deacidification of
lysosomes could also enhance lysosomal rupture, which would lead to more seeded
aggregation. I have shown that lysosomal inhibition increases seeded alpha-synuclein
aggregation, but how this occurs remains to be determined. These findings do not
agree with those of Klucken et al who found that bafilomycin A1 decreased alphasynuclein aggregation; however, they did not study seeded aggregation (Klucken et al.
2012). As previously discussed, inhibition of glucocerebrosidase leads to the
dysfunction of other lysosomal hydrolases, like cathepsin B (Mazzulli et al. 2016b). It
has also been shown that inhibition of other lysosomal hydrolases, such as cathepsin
D, can lead to alpha-synuclein accumulation (Crabtree et al. 2014; Bae et al. 2015a).
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Pepstatin is an inhibitor of cathepsin B (Knight & Barrett 1976); it is not known if it
can increase seeded alpha-synuclein aggregation.
LAMP2A is a lysosomal transmembrane protein that is involved in CMA (Cuervo &
Dice 1996). It has been reported that soluble alpha-synuclein is degraded by CMA
(Cuervo et al. 2004). Knockdown of LAMP2 decreases CMA, but it will also reduce
lysosomal maturation, fusion and fission (Friedman et al. 2015). The effect of
LAMP2 knockdown on seeded alpha-synuclein aggregation remains to be
determined. CMA could act to reduce soluble alpha-synuclein and therefore lower
seeded aggregation. Conversely, the knockout of LAMP2 could perturb lysosomal
fusion and fission, which could result in more seeded aggregation. In disease there is
an age-related decline in lysosomal, as well autophagic flux (Cuervo & Dice 2000;
Alvarez-Erviti et al. 2010). Neurons are postmitotic cells that need to maintain
homeostasis and remove misfolded proteins. Age and the gradual decline in protein
clearance mechanisms could act to enhance the probability of alpha-synuclein
accumulation and propagation. LAMP2 has been found to colocalise with alphasynuclein in DLB brains (Klucken et al. 2012). It has also been suggested that the
inhibition of lysosomes causes an increase in exosome release by neurons, further
linking lysosomes to the promotion of alpha-synuclein aggregation (Alvarez-Erviti et
al. 2011). A positive feedback loop between alpha-synuclein accumulation and
lysosomal dysfunction could lead to increased alpha-synuclein release, which
promotes seeded propagation.
8.2.5 Inhibition of autophagy increases seeded alpha-synuclein aggregation
Inhibition of autophagosome formation by 3MA increased seeded alpha-synuclein
aggregation, which suggests that autophagy can clear alpha-synuclein aggregates, as
inhibition of this pathway led to increased aggregation. However, only high
concentrations of rapamycin, an activator of autophagy, reduced seeded aggregation.
Therefore, it appears that, once formed, alpha-synuclein aggregates are not efficiently
cleared by cells, as activation of autophagy cleared aggregates only when high
concentrations of rapamycin were used. Thus, alpha-synuclein aggregation might
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inhibit autophagy. More experiments are needed to clarify the relationship between
alpha-synuclein aggregation and autophagy.
The effect of autophagy inhibition was further analysed by LC3 siRNA knockdown.
This did not have as robust an effect on seeded aggregation as 3MA. This could be
because the knockdown left residual LC3, which allowed for the clearance of alphasynuclein. However, the results could also suggest that autophagosomes are not the
predominant pathway that clears alpha-synuclein. LAMP2 and GBA siRNA
knockdown had more of an effect on seeded aggregation than the knockdown of LC3,
suggesting that the endolysosomal pathway is more important in seeded alphasynuclein aggregation than macroautophagy.
To analyse whether autophagy receptors target alpha-synuclein aggregation for
degradation, I seeded aggregation of alpha-synuclein in autophagy receptor knockout
HeLa cells. Unlike other receptors, p62 colocalised with pS129 seeded aggregates,
and its knockout significantly increased seeded alpha-synuclein aggregation. Thus,
p62 appears to target alpha-synuclein aggregates for degradation. It has been shown
that the mouse knockout of p62 causes protein accumulation and neurodegeneration
with age (Komatsu et al. 2006). The other receptors did not significantly increase
alpha-synuclein seeding. This could be due to compensation of autophagy receptors,
which has been observed for p62 and NBR1 (Kirkin et al. 2009). Interestingly,
NDP52 knockout cells did not increase alpha-synuclein seeding. Autophagy receptors
optineurin, NDP52, NBR1 and p62 have been shown to recognize various protein
aggregates (Korac et al. 2013). Optineurin has been observed in protein inclusions of
ALS (Maruyama et al. 2010) and Huntington’s disease (Schwab et al. 2012).
However, in this alpha-synuclein seeded aggregation model optineurin, NDP52 and
NBR1 had no effect on seeded aggregation, and they did not colocalise with
inclusions. The increase in seeded aggregation after the knockout of p62 suggests that
p62 may degrade alpha-synuclein by binding to LC3 and initiating autophagosome
formation. However, p62 might not link seeded aggregates to LC3 autophagosomes,
but act to structurally restrict growing protein aggregates and to stop spread (Komatsu
et al. 2007).
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8.2.6 Proteasomal inhibition does not increase seeded alpha-synuclein
aggregation
Proteasome inhibition did not increase seeded alpha-synuclein aggregation. Inhibition
of proteasome activity has previously been found not to affect seeded aggregation of
alpha-synuclein (Tanik et al. 2013). However, it has also been reported that
monomeric alpha-synuclein is degraded by both the proteasome and autophagy
(Webb et al. 2003). The results of this chapter suggest that the proteasome cannot
degrade seeded alpha-synuclein aggregates, although some seeded aggregates were
positive for ubiquitin. In PD, DLB and MSA brains, not all alpha-synuclein inclusions
are ubiquitinated (Spillantini et al. 1998a; Spillantini et al. 1998b). Here only
TritonX-100 insoluble alpha-synuclein was ubiquitinated. Thus, this is a modification
of assembled alpha-synuclein. I found that alpha-synuclein inclusions in the HEK
293T A53T alpha-synuclein cell-seeding model were positive for K63-linked
ubiquitin chains, which have been linked to degradation of proteins via autophagy and
p62 (Tan et al. 2008). This, however, does not agree with the results of Mason et al,
who showed that alpha-synuclein inclusions in non-transgenic mice inoculated with
recombinant alpha-synuclein aggregates colocalised with K48 linked polyubiquitin
chains (Mason et al. 2016). The present findings support those of Liu et al who
showed that phosphorylated alpha-synuclein aggregates were K63 polyubiquitinated
in cells (Liu et al. 2007).
8.2.7 Seeded alpha-synuclein inclusions in HEK 293T A53T alpha-synuclein cells
have hallmarks of PD, DLB and MSA aggregates.
Seeded aggregates in HEK 293T A53T alpha-synuclein cells recapitulated key
features of human synucleinopathies, in that the aggregates were positive for p62,
ubiquitin and LC3. Autophagy receptor p62 is a hallmark of alpha-synuclein
inclusions in PD, DLB and MSA, as well as in the inclusions found in other
neurodegenerative diseases, such as AD and HD (Zatloukal et al. 2002). Like in
human synucleinopathies, p62 colocalised with pS129 seeded aggregates. This
suggests that the molecular pathway to alpha-synuclein aggregation in disease may be
similar to that in the seeded aggregation model. Therefore, it seems that p62, ubiquitin
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and LC3 have important roles in the aggregation of alpha-synuclein. It could be
hypothesized that they act to prevent seeded aggregation; however, in the
approximately 20% of cells with aggregates, they fail to do so. Why this happens is an
important area for future research.
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9. General discussion
The ‘prion-like’ theory unifies many neurodegenerative diseases; it proposes that the
mechanisms of disease are comparable to those in prion diseases (Prusiner 2012;
Goedert 2015). Prions are infectious proteinaceous entities that lack nucleic acid
(Prusiner 1982; Prusiner 2012). They exist in different conformational states and
induce aggregation of the native protein, in a process called seeded aggregation; PrP

C

is converted into PrP by PrP seeds (Kocisko & Come 1994). Prions impart their
Sc

Sc

conformation onto PrP , inducing faithful seeding, in a process termed templateC

assisted seeded aggregation. Different conformers of PrP are thought to determine
Sc

prions strains (Bessen & Marsh 1992; Bessen & Marsh 1994; Collinge & Clarke
2007). As well as seeded aggregation, other pathological features of prion diseases
include: amplification of PrP , propagation of pathology through the brain and
Sc

transmissibility (Prusiner 2012). In this thesis, I have shown that some of these
features are shared by aggregated alpha-synuclein, adding further weight to the
hypothesis that alpha-synuclein is a prion-like protein.
A key feature of PrP is seeded aggregation, which is also a property of alphaSc

synuclein (Luk et al. 2009; Nonaka et al. 2010). I have shown that the addition of
recombinant aggregated alpha-synuclein, aggregated alpha-synuclein from tgM83

+/+

brains, as well as aggregated alpha-synuclein from PD and MSA brains, to HEK 293T
cells expressing human alpha-synuclein, induces aggregation of the soluble protein.
Inoculation of brain lysates from symptomatic tgM83 mice induced alpha-synuclein
+/+

aggregation in young tgM83 mice (Luk, et al. 2012a; Mougenot et al. 2012). The
+/+

presence of aggregated alpha-synuclein induced aggregation of the soluble protein.
The process of seeded aggregation is the foundation of this thesis. I have reproduced
this process in a HEK cell model and used it to further characterize the pathways
leading to seeded aggregation, as well as to determine the molecular species
responsible. The brains of symptomatic tgM83 mice contain many forms of
+/+

aggregated alpha-synuclein (Giasson et al. 2002). However, it was not known which
species were the most seed-competent. It was also not clear if soluble multimers of
alpha-synuclein could seed aggregation. I observed that soluble recombinant alphasynuclein and soluble brain lysates from tgM83 mice, as well as the soluble lysates
+/+
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from PD and MSA brains, were incapable of seeded aggregation. Sarkosyl-soluble
multimers of alpha-synuclein from the sucrose gradient fractions of the brains of
symptomatic tgM83 mice did not induce aggregation; the aggregate-inducing species
+/+

were fibrils of varying lengths. These findings agree with those for tau, where the
most seed competent species from P301S tau transgenic mouse brains were short
filaments (Jackson et al. 2016). For PrP too, it has been demonstrated that the
Sc

majority of infectivity resides in rod-shaped filaments (Prusiner et al. 1982).
However, there is also evidence showing that soluble forms of PrP (5-30mers) are
Sc

more infectious, and thus more seed-competent, than larger PrP aggregates (Silveira
Sc

et al. 2005; Kim et al. 2012). It was shown that PrP brain lysates could induce
Sc

pathology over a range of PrP species (Silveira et al. 2005). For alpha-synuclein
Sc

aggregates, fibrils of varying lengths could seed aggregation; however, nonfilamentous aggregates did not seed aggregation in the HEK 293T cell-seeding model.
If one could halt seeded aggregation, one could also prevent amplification and
propagation of pathology through the brain. There is thus great therapeutic potential
in targeting seed-competent species of alpha-synuclein. Antibody therapy, aiming to
reduce aggregate load in the brain, could potentially prevent the spread of alphasynuclein aggregates between neurons, thus preventing amplification and propagation
of pathology (Masliah et al. 2011; Chai et al. 2011; Boutajangout et al. 2011;
Yanamandra et al. 2013; Tran et al. 2014). My work suggests that the species most
responsible for the amplification of alpha-synuclein aggregation are filamentous. It
remains to be determined if the molecules of aggregated alpha-synuclein responsible
for seeded aggregation are the same as those responsible for toxicity and
neurodegeneration. It is thought that alpha-synuclein oligomers are the most toxic
species (Ferreira et al. 2007; Danzer et al. 2007; Winner & Jappelli 2011). Although
oligomers may be responsible for toxicity in synucleinpathies, they are not seed
competent; my results thus suggest that they are unlikely to drive pathology. It is
believed that the toxic and propagating species of prions are not the same (Sandberg
et al. 2011); this could also be true of synucleinopathies. An area of future research is
to clarify the relative contributions of the different conformers of aggregated alphasynuclein to disease. There is mounting evidence suggesting that filamentous alphasynuclein is detrimental to cells; in transmission experiments, nerve cell dysfunction
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and neurodegeneration were observed after inoculation of fibrillar alpha-synuclein
(Luk et al. 2012b; Osterberg et al. 2015).
The findings of this thesis add to the hypothesis that intracellular inclusions of alphasynuclein are initiated by the presence of seeds. The inclusions that formed after
seeded aggregation closely resembled LBs and GCIs (Kuzuhara et al. 1988; Papp et
al. 1989; Kato et al. 1991; Kuusisto et al. 2001; Fujiwara et al. 2002). I observed the
formation of robust pS129 positive alpha-synuclein inclusions that colocalised with
ubiquitin, p62, LC3 and that were surrounded by lysosomes. This highlights the
importance of seeded aggregation for disease, as these features are not always
reproduced in alpha-synuclein overexpression models. Thus, elucidation of the
molecular pathways that lead to seeded aggregation is vital for understanding, not
only PD, but also other synucleinopathies, and neurodegenerative diseases more
generally (Goedert et al. 2014; Walker & Jucker 2015).
Seeded aggregation of alpha-synuclein is an important pathway that drives
amplification and propagation of pathology. It is known, from genetic evidence, that
elevated levels of wild-type alpha-synuclein can cause PD and DLB (Tan et al. 2000;
Singleton et al. 2003; Chartier-Harlin et al. 2004; Ikeuchi et al. 2008). The work of
this thesis also highlights the importance of alpha-synuclein concentration for seeded
aggregation. High concentrations of soluble alpha-synuclein were needed for seeded
aggregation, which did not occur in the absence of soluble alpha-synuclein.
Moreover, overexpression of soluble alpha-synuclein without seeds, did not result in
the formation of inclusions (Luk et al. 2009; Aulic et al. 2014). Similar findings have
also been reported in transmission experiments; the intracranial inoculation of
transgenic mice with alpha-synuclein aggregates induced seeded aggregation,
intracranial inoculation of alpha-synuclein aggregates into wild-type mice also
induced seeded aggregation, but it was less abundant than in transgenic mice, and
there was less propagation of aggregates (Masuda-Suzukake et al. 2013). More
extensive alpha-synuclein propagation is observed in tgM83 mice compared to wildtype mice (Luk et al. 2012a; Luk et al. 2012b; Masuda-Suzukake et al. 2013; MasudaSuzukake et al. 2014). In homozygous transgenic mice, the expression of human
mutant alpha-synuclein alone caused aggregation (Giasson et al. 2002). It has been
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shown that alpha-synuclein levels increase with age, and transgenic mice express
higher than endogenous levels of alpha-synuclein (Chu & Kordower 2007; Giasson et
al. 2002).
For PrP , the process of seeded aggregation is believed to involve template-assisted
Sc

aggregation (Kocisko & Come 1994; Collinge & Clarke 2007). This is when
aggregate seeds determine the conformation of the induced aggregates, and when
these specific conformations are maintained after serial passaging; this process is
thought to maintain PrP strains (Bessen & Marsh 1992; Bessen & Marsh 1994). It is
Sc

not known if this process also occurs for aggregated alpha-synuclein. Yonetani et al
showed in vitro evidence to suggest that alpha-synuclein aggregates can template their
conformational properties onto the soluble protein (Yonetani et al. 2009). However, it
is debated whether strains of alpha-synuclein exist in human diseases. To definitively
show evidence for different molecular conformers of aggregated alpha-synuclein,
high-resolution structural information of the filaments is needed, similar to what has
been done for tau filaments from AD brain (Fitzpatrick et al. 2017). The experimental
evidence, in this thesis, suggests that recombinant and tgM83 alpha-synuclein
+/+

aggregates have different molecular conformations, as they had different PK and
GdnHCl sensitivities, reminiscent of previous work on PrP (Safar et al. 1998). They
Sc

also had different seeding potencies, which is another feature of prion strains
(Collinge & Clarke 2007). These results are reminiscent of prions, where less stable
conformations of PrP were more seed-competent than more stable conformations
Sc

(Legname et al. 2006; Tanaka et al. 2006). It was concluded that filaments, more
prone to fragmentation, seed aggregation more robustly, as more seeds are generated.
This could also be true of alpha-synuclein aggregates.
I have added further evidence to the literature showing that lysates from PD and MSA
brains can seed aggregation of soluble monomeric alpha-synuclein (MasudaSuzukake et al. 2013; Watts, et al. 2013; Recasens et al. 2014; Woerman et al. 2015;
Prusiner et al. 2015; Bernis et al. 2015). The inoculation of PD and MSA brain
extracts in transgenic mice has highlighted a difference in seed potency, which I have
also observed in the HEK 293T cell-seeding model (Prusiner et al. 2015; Woerman et
al. 2015). Alpha-synuclein seeds from MSA brain were more potent than those from
PD brain. This might explain why MSA is a more aggressive disease than PD
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(Fanciulli & Wenning 2015). I also observed that the expression of human A53T
alpha-synuclein enhanced MSA seed potency. The expression of A53T alphasynuclein led to more seeded aggregation than expression of wild-type protein when
seeded with MSA brain lysates, which contain aggregates of wild-type alphasynuclein. This suggests that the conformation of expressed alpha-synuclein is
important for seeded aggregation. This is different from PrP , where the identical
Sc

primary amino acid sequence of PrP is required for effective seeded aggregation.
C

Differences in primary sequence increase the incubation period of PrP (Collinge &
Sc

Clarke 2007). Does this mean that template-assisted conversion does not occur for
alpha-synuclein, or that the A53T mutation is more conducive to converting soluble
protein into filaments? Template-assisted aggregation has so far not been
demonstrated for alpha-synuclein aggregates from human brain. There is evidence to
suggest that alpha-synuclein can form aggregate strains in vitro with recombinant
protein (Bousset et al. 2013; Guo et al. 2013; Peelaerts & Baekelandt 2016).
However, how relevant these findings are for human disease is not known. If
aggregated alpha-synuclein from human brain could also form strains, this would be
an additional prion-like feature.
An important feature of prions is infectivity, but as of yet, there is no evidence that
any protein, other than PrP , can transmit between humans and cause disease. The
Sc

injection of contaminated human growth hormone resulted in prion disease, and
amyloid-β deposits in the brain, but AD did not develop (Jaunmuktane et al. 2015;
Ritchie et al. 2017). Similar findings have been obtained following dural grafting
(Frontzek et al. 2016). There is no evidence for synucleinopathies being transmissible.
What I have shown here supports alpha-synuclein seeded aggregation. I have also
shown that alpha-synuclein aggregates can be internalized and can escape from
endosomes to induce aggregation. However, there is currently no evidence to suggest
that alpha-synuclein aggregates are infectious. Thus, it is premature to call aggregated
alpha-synuclein a prion, hence the use of prion-like in this thesis.
An essential feature of prions is their ability to propagate through the nervous system.
This means that PrP must be released from cells, probably neurons, and be taken up
Sc

by connected cells. The mechanisms by which this occurs are is not fully understood,
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but different endocytosis pathways are probably involved. Similar mechanisms may
be at work for other protein aggregates; tau aggregates have been shown to rely on
dynamin-dependent uptake and macropinocytosis (Wu et al. 2013; Holmes et al.
2013; Falcon et al. 2015). The literature concerning alpha-synuclein aggregate uptake
is more divided (Lee et al. 2008; Desplats et al. 2009; Holmes et al. 2013; Mao et al.
2016). I found that aggregated alpha-synuclein is internalized by clathrin- and
dynamin-independent, actin-, PI3K- and Cdc42-dependent endocytosis.
I wanted to follow the pathways of seeded alpha-synuclein aggregation, following the
internalization of aggregate seeds. In agreement with previous findings (Desplats et
al. 2009; Freeman et al. 2013; Domert et al. 2016), I also found that alpha-synuclein
aggregates were trafficked into the endolysosomal pathway, consistent with the view
that aggregates are destined for degradation once inside cells; however, seeded
aggregation can still occur in some cells. I observed the trafficking of alpha-synuclein
to lysosomes, where many aggregates were not degraded. However, I also found that
lysosomal rupture occurred, galectin 3 localised to lysosomes containing alphasynuclein aggregates. These results fit with previous literature, which observed
colocalisation of galectin 3 with internalized alpha-synuclein aggregates (Freeman et
al. 2013; Flavin et al. 2017). Endolysosomal rupture could be the limiting factor in
alpha-synuclein seeded aggregation, as aggregates that are not exposed to the cytosol
cannot induce seeded aggregation. I only observed seeded aggregation in a fifth of
seeded cells, with close to all cells having taken up the seeds. Therefore, some cells
might be able to prevent aggregates from coming into contact with soluble alphasynuclein.
I observed that alpha-synuclein aggregates were not readily digested by HEK 293T
cells. If they are not degraded quickly or efficiently in disease, the chance of seeded
aggregation will be increased. There is also mounting evidence to show that high
expression of alpha-synuclein inhibits lysosomal function (Cuervo et al. 2004;
Mazzulli et al. 2011; Mazzulli et al. 2016b). This potentially links age and alphasynuclein accumulation, as it has been shown that lysosomal function is reduced with
age (Alvarez-Erviti et al. 2010). As a result, alpha-synuclein could accumulate, which
would further reduce lysosomal function, resulting in more alpha-synuclein
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accumulation. Genetic evidence also links lysosomal dysfunction with alphasynuclein accumulation (Aharon-Peretz et al. 2004; Dehay et al. 2012). Mutations in
the lysosomal hydrolase, glucocerebrosidase, and the transmembrane protein
ATP13A2, give rise to familial PD (Tofaris 2012). I found that inhibition of
lysosomal function, through deacidification, increased seeded alpha-synuclein
aggregation.
Autophagy is widely implicated in neurodegenerative diseases, and some of its
components localise to protein inclusions (Kuzuhara et al. 1988; Kuusisto et al. 2001;
Klucken et al. 2012). I found that activation of autophagy did not significantly reduce
seeded alpha-synuclein aggregation. This suggested that the seeded aggregation of
alpha-synuclein might inhibit autophagy activation. However, I observed autophagy
activation, but saw no significant clearance of TritonX-100 insoluble pS129 alphasynuclein. This may indicate that autophagosomes cannot efficiently degrade seeded
alpha-synuclein aggregates. The inhibition of autophagy with 3MA, however, did
increase seeded alpha-synuclein aggregation. Yet, the inhibition of autophagy using
LC3 knockdown did not have a large effect, perhaps because knockdown was only
partial. Increased seeded aggregation was observed after the knockdown of LAMP2
and glucocerebrosidase, highlighting the importance of lysosomes for alpha-synuclein
aggregation. As with lysosomal function, autophagic flux has been shown to decrease
with age (Romero et al. 2016).
Age is the greatest risk factor for multiple neurodegenerative diseases, potentially
because of decreased organelle function (Zhang et al. 2009). It is believed that, with
age protein clearance pathways become less efficient, which may lead to the
accumulation of aggregate-prone proteins, such as alpha-synuclein (Chu & Kordower
2007; Alvarez-Erviti et al. 2010).
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