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ABSTRACT 
 

Neuronal loss and the aggregation of misfolded prion protein (PrPSc) and α-synuclein (αsyn) 

in the central nervous system are hallmarks of prion and synucleinopathy disorders (such as 

Parkinson’s disease, multiple system atrophy, dementia with Lewy body), respectively. PrPSc 

is unusual because it is the major component of prions; ‘proteinacious infectious particles’ 

that are the causative agent in prion disease. Many features of prion disease have been 

directly attributed to PrPSc including its ability to propagate, causing disease in susceptible 

animals and be transmissible. Another feature of PrPSc is strain variability; where the 

conformation of the misfolded species ascribes the clinical profile of disease that develops. 

Neurotoxicity is also intimately associated with the generation of PrPSc, however, the precise 

mechanisms underlying its development in prion disease are not resolved. Mounting evidence 

suggests that αsyn shares similar pathogenic mechanisms to PrP in terms of its ability to 

misfold, propagate and cause disease in susceptible animals. Like PrP, the mechanisms 

associated with the toxicity of misfolded αsyn are not well defined. This thesis studied the 

pathogenic mechanisms of PrP and αsyn misfolding with particular interest in how these 

proteins cause neurotoxicity through the development of in vitro and ex vivo systems that 

model pathogenic aspects of their respective disorders. A potential neurotoxic mechanism of 

misfolded αsyn was found using the protein misfolding cyclic amplification (PMCA) assay to 

produce a heterogeneous population of misfolded species and their pathogenicity examined in 

cultured neuronal cells. Misfolded αsyn was found to bind to the lipid cardiolipin that is 

virtually exclusively expressed in mitochondria. Extensive analysis revealed misfolded αsyn 

causes hyperactive respiration in the mitochondria of live cells without causing any 

functional deficit. This robust data gives strong support for the mitochondrion as a target for 

misfolded αsyn and reveals a potential up-stream pathogenic pathway of neuronal cell loss in 

Parkinson’s disease. Next, a model of prion disease was established using organotypic brain 

slice cultures. Upon infection with a mouse-adapted human prion strain, brain slices were 

shown to propagate protease resistant PrP and develop neurotoxicity. The relevance of 

protein misfolding in these systems was assessed using the small molecule Anle138b; which 

has been previously reported to alter misfolding of PrP and αsyn, and be efficacious to prion 

infected animals and animal models of PD. This molecule was found to modulate the 

misfolding of both proteins, which in the case of PrP, led to a rescue of prion-induced 
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neuronal loss in organotypic brain slice cultures. Collectively this work robustly shows 

misfolded αsyn and PrP can cause substantial alterations to neurons they are exposed to. 

Findings from this work contribute to our general understanding on these proteins in disease 

and highlight both similarities and differences in their misfolding and pathogenicity. 
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CHAPTER 1: INTRODUCTION 

 

Neurodegenerative proteinopathies (NDPs) are a group of disorders distinguished by the 

intra- or extracellular accumulation of specific proteins as β-sheet rich aggregates in the 

central nervous system (CNS), and associated neuronal vulnerability. These disorders include 

synucleinopathies [such as Parkinson’s disease (PD), dementia with Lewy body (DLB) and 

multiple system atrophy (MSA)], transmissible spongiform encephalopathies (TSEs; also 

known as prion diseases), Alzheimer’s disease (AD), amyotrophic lateral sclerosis (ALS) and 

frontotemporal dementia (FTD), among others. 

The pathogeneses of NDPs are extremely complex and the underlying biochemical processes 

that are implicated in these disorders are poorly understood. This limited understanding 

translates into poor prognostic outcomes. All NDPs are incurable, with current therapeutic 

strategies only aimed at alleviating symptoms rather than curative treatment. NDPs are also 

difficult to diagnose; this usually occurs after the onset of clinical symptoms and often is only 

confirmed by post mortem analysis by determining the type and location of misfolded 

protein, and profile of neuronal loss. Given that the development of clinical disease is an end-

stage phenotype whereby substantial cell loss has already occurred, further understanding 

into the pathogenic pathways associated with these disorders are crucial to enable early 

diagnosis and effective therapeutic intervention. 

Although the various NDPs are distinguished by disease-specific pathology and clinical 

presentations, they share conspicuous similarities. They are largely age-related disorders with 

most cases being of sporadic origin. The normal physiological function of the proteins that 

aggregate in disease is unclear, however they are all highly enriched in the CNS. Critically 

the protein that aggregates in disease can be directly associated with disease pathogenesis 

given that mutations in the gene encoding the protein, or its precursor forms, cause early-

onset familial disease. These similar features may reflect common pathogenic mechanisms 

are shared amongst the NDP disorders. 

Of the proteinopathies, the unusual mechanisms governing the pathogenic nature of prion 

diseases are particularly striking. They represent a group of infectious NDPs where the 

causative and transmissible agent of disease is the prion or ‘proteinaceous infectious particle’ 

[1] that is composed almost exclusively of PrPSc; a misfolded isoform of the normal cellular 

prion protein, PrPC. The ability for a misfolded protein to be the pathogenic agent in disease 
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is referred to as the protein only hypothesis and dictates that prion disease occurs via the 

propagation of PrPSc, whereby PrPSc induces conformational misfolding in susceptible PrPC 

causing nucleation-dependent, autocatalytic misfolding [2]. This continuous seeding allows 

amplification of misfolded aggregates, forming first small soluble misfolded oligomers that 

extend forming protofibrils and mature fibrils. This continuous cycle of seeding allows prions 

to propagate within the host resulting in accumulation of β-sheet rich PrPSc in the CNS and 

widespread damage to neurons. During prion propagation, extension of the growing PrPSc 

aggregate can cause the aggregate to break, thus creating more nucleation seeds to amplify 

propagation (Figure 1.1). Prion propagation occurs during a long silent incubation period that 

can span decades, which is followed by the rapid onset of clinical disease and death.  

Accumulating evidence suggests misfolded proteins associated with other NDPs share 

conserved molecular and biochemical properties with PrPSc that influences how they misfold, 

aggregate and propagate in disease. Referred to as the prion concept, this suggests that the 

description of a ‘prion’ may indeed also define other NDP-associated proteins. Some of the 

strongest evidence for prion-like behaviour exists for amyloid-β (Aβ) and α-synuclein (αsyn), 

proteins associated with AD and synucleinopathies (Figure 1.2), respectively [3]. Indeed, 

detailing of the stereotypical spread of these proteins in the CNS over the course of disease 

provided the first evidence for propagation of pathogenic αsyn and Aβ seeds [4-6]. It is 

important to note that in addition to Aβ and αsyn, many other proteins associated with NDPs 

have also been shown to share similarities with prions, including superoxide dismutase 1 

(SOD1), huntingtin protein, and tau [7-10]. 

Whether or not other NDP-associated proteins aside from PrPSc adhere to the definition of a 

prion remains the subject of conjecture. As such, studying the similarities (and differences) of 

relatable proteins are important avenues of research to contribute to the delineation of what 

are conserved properties of aggregation-prone proteins and what are unique, protein-specific 

properties. This thesis explores pathogenenic mechanisms associated with PrP and αsyn 

misfolding with particular attention on features of disease where increased understanding 

may prove beneficial to the generation of effective therapeutic strategies. An important detail 

to clarify for this thesis is the terminology of the word ‘prion’, which has been used to 

describe misfolded proteins aside from PrPSc in several scientific articles [11-15]. Herein the 

only protein I refer to as a prion is the misfolded and transmissible PrPSc. 
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Figure 1.1 Nucleation-dependent model of prion replication. Misfolding of normal cellular prion protein, PrPC converts it 

into its transmissible, disease-associated isoform PrPSc. PrPSc induces nucleation-dependent misfolding in other PrPC leading 

to amplification and propagation of transmissible prions. The growing aggregates extend into oligomers, protofibrils and then 

fibrils that form the protein aggregates characteristic of disease. A natural component of prion propagation is breakage of the 

growing PrPSc aggregate, which produces more nucleation sites for templated misfolding. 
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General Background on PrPC, amyloid-β (Aβ) and α-synuclein (αsyn) 

PrPC 

PrPC is a glycoprotein typically found attached to the cell membrane via its 

glycosylphosphatidylinositol (GPI) anchor where it predominately resides within detergent 

resistant microdomains [16]. It is strongly expressed in both neurons and glial cells of the 

CNS [17] and detected in low amounts in various peripheral compartments [18].  

Encoded by the PRNP gene in humans, full length PrP is 253 amino acids in length, however 

mature PrP is shorter due to post-translational processing. The 22 amino acid N-terminal 

signal sequence is removed upon its entry to the endoplasmic reticulum (ER), while cleavage 

of the 23 amino acid C-terminal sequence occurs upon attachment of its GPI anchor [19, 20]. 

PrPC has a secondary structure that consists of two β-sheet and three α-helices [21, 22] and 

contains several core domains (Figure 1.3A). Closest to its anchor site, the C-terminal region 

is referred to as the globular domain (amino acid residues: 124 – 230) while the N-terminal is 

the unstructured flexible tail (amino acid residues: 23 – 123). The flexible tail contains a 

tandem repeat region of 4-5 glycine-rich octapeptides, spanning residues 59-89, referred to as 

the octapeptide repeat region. Polymorphisms lacking one octapeptide repeat region occurs in 

approximately 1% of the population [23] whereas supernumerary insertions of various 

lengths in this region are linked to familial forms of prion disease [24-27]. Linking the 

globular domain to the flexible tail is the hydrophobic region (amino acid residues: 112-133) 

that contains a palindromic region and glycine rich region. This region is almost perfectly 

conserved amongst mammals [28]. Two N-linked glycosylation sites are also present on the 

molecule at positions 181 and 197 in the human amino acid sequence [29]. The occupancy of 

these sites is variable, leading to un-, mono- and di-glycosylated forms of the protein. This 

distinguishing feature transcribes a characteristic tri-banding pattern of PrP when detected 

using sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). 

The normal physiological function of PrP is unknown. Because PrP knockout mice are viable 

and have no overt phenotype [30], PrP is not considered developmentally essential. Proposed 

functions of PrP include roles in: immune system regulation [31-41], circadian rhythm [42-

44], copper homeostasis [45-51], protection from stress [47, 52-61], memory [62, 63] and 

peripheral neuronal maintenance [64, 65]. The latter function has recently garnered renewed 

interest in a study demonstrating a role of PrP in the maintenance of Schwann cells; cells 

necessary for the integrity of peripheral neurons by ensuring appropriate myelination of 
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axons. In this study the flexible tail of PrP was found to cause a dose-dependent increase in 

cAMP in both primary and immortalised Schwann cell lines [65]. This observation was found 

to be due to an association of PrP with the G protein-coupled receptor (GPCR), Adgrg6; 

cAMP activation occurs in immortalised cells overexpressing Adgrg6 but not other GPCRs 

and the effect of the flexible tail of PrP is suppressed following ablation of Adgrg6 from 

cultured Schwann cells [65]. The identification of a receptor for PrPC is strong evidence that 

implicates it in a role in maintaining the integrity of peripheral neurons.  

 

Aβ  

Aβ is a peptide produced by the sequential proteolytic cleavage of the integral membrane 

protein, amyloid precursor protein (APP) [66]. Two distinct processing pathways of APP may 

occur depending on the actions of its cleavage enzymes α-, β- and γ-secretases [67]. As the 

name suggests, the generation of Aβ occurs via the plaque-forming (amyloidogenic) pathway, 

where β-secretase (also known as BACE1) cleaves APP causing the generation of a 

membrane bound C-terminal fragment (CTF), CTFβ and a soluble N-terminal fragment 

(sAPPβ). CTFβ can be further proteolysed by γ-secretase, leaving the membrane-bound C-

terminal fragment amyloid precursor protein intracellular domain (AICD), whilst liberating 

the soluble N-terminal fragment, Aβ (Figure 1.3B). 

APP processing may also follow the non-plaque-forming (non-amyloidogenic) pathway. Here 

α-secretase cleaves APP to produce a secreted N-terminal fragment (sAPPα) and a C-terminal 

fragment, CTFα, of APP. The membrane-bound CTFα is another target of γ-secretase, which 

upon cleavage yields a soluble N-terminal fragment (p3) and AICD (Figure 1.3B). An 

important distinguishing feature of the amyloidogenic and non-amyloidogenic pathways is 

the differential cleavage sites of BACE1 and α-secretase; BACE1 targets a residue closer to 

the N-terminus of the APP which results in CTFβ being longer in length than CTFα. This 

means that upon proteolysis by γ-secretase, the Aβ fragment is longer in length compared to 

p3. This increased length is considered pertinent to Aβ’s propensity to misfold and aggregate. 

Site specificity of γ-secretase is imperfect and hence can produce Aβ peptides that differ in 

length by several amino acid lengths. The most abundant Aβ species are those produced from 

cleavage at position 40 of CTFβ, referred to as Aβ40, which constitutes around 80 – 90 % of 

the total Aβ species. The next most common cleavage site is position 42, with Aβ42 

comprising around 5 – 10% of the total pool of Aβ species. The ratio of Aβ42/ Aβ40 is found 
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elevated in familial AD patients [68, 69] and given that Aβ42 is more susceptible to 

fibrillization [70] it is generally considered the relevant pathogenic Aβ species in AD. 

However, in addition to Aβ40 and Aβ42, various longer Aβ species have been identified in 

AD brain [71], with recent studies showing Aβ43 to be more pathogenic than Aβ42 [72]. 

The biological function of Aβ is not resolved. Originally considered to be an unimportant 

peptide only expressed in aged brain, its identification in various bodily fluids in vivo [73] 

and released from cultured cells [74] argues Aβ has a physiological function. Examination of 

APP has led to proposed functions of Aβ associated with neuronal maintenance: transgenic 

APP knockout mice and mice expressing low levels of APP show a range of cognitive 

deficits [75-79] and administration of APP-directed antibodies impair memory formation in 

vivo [80, 81]. However, given that these studies are on APP, it cannot be confirmed the 

phenotype observed is due to Aβ production and not another product of APP metabolism. 

Several studies have studied Aβ which show evidence for it being involved in 

neurotransmission and memory [82, 83] and protection from toxic stress [84, 85]. 

 

αsyn  

αsyn is a small acidic protein that is highly expressed in neurons where it is largely localised 

to presynaptic terminals [86, 87]. The protein is encoded by the gene SNCA in humans [88] 

and contains three core regions which span its entire 140 amino acid length: an unstructured 

N-terminus (amino acid: 1-61), a central non-amyloid component (NAC) (amino acid: 61-95) 

and C-terminus (amino acid: 96-140) (Figure 1.3A). Here, the amphipathic N-terminal and 

NAC region contain seven repeat regions composed of imperfect KTKEGV hexameric 

motifs, while the C-terminal contains 10 Glu and 5 Asp residues and hence has a high net 

negative charge. The central hydrophobic NAC region was appropriately named following its 

identification within plaques of AD patients, as a component that was distinct to the 

previously identified Aβ protein [89, 90]. NAC peptides are capable of self-aggregation as 

well as seeding Aβ aggregation [91-93] and these misfolded species are toxic to immortalised 

neuronal cells [93]. As such, the NAC region is considered to be the highly pathogenic region 

of the protein.  

Early reports described αsyn to have no or little secondary structure under physiological 

conditions [94-99], however it has since been shown to harbour weak secondary structures 

under certain native environments [100, 101].  The protein may also undergo various post-
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translational modifications such as serine/threonine and tyrosine phosphorylation [102-106],  

N-terminal acetylation [102], ubiquitination [102, 107, 108], sumoylation [109],  tyrosine 

nitration [110], transglutamination [111-113], and methionine oxidation [114].   

αsyn belongs to the family of synucleins that also includes β- and γ-synuclein. A high degree 

of sequence homology is shared between the α and β proteins [115] and similar expression 

patterns are found throughout brain regions [116, 117]. Less homology is shared with γ-

synuclein, which while also found in the brain [118], it has high expression in the peripheral 

nervous system [118, 119]. In contrast to αsyn, neither β or γ-synuclein harbour any inherent 

propensity to fibrillize [120]. Interestingly, β- and γ-synuclein have been implicated with 

neurodegenerative conditions: both proteins have been associated with neuronal pathology in 

PD and DLB brain [121] and γ-synuclein expression has been found to be altered in the retina 

of AD patients [122]. The mechanisms implicating either protein in these disorders are 

unknown, and hence further examination into the relevance of β- and γ-synuclein in NDPs is 

merited. 

There lacks consensus on the primary function of αsyn, with the protein being reported to be 

involved in various and diverse biological processes. Proposed functions include roles in: 

regulation of glucose levels [123-126], chaperone activity [127-131], antioxidant [132-134], 

neuronal differentiation [135, 136], suppression of apoptosis [137] and regulation of 

dopamine synthesis [138, 139]. Many of these actions appear reflective on its strong 

expression in presynaptic terminals [86, 87], with some of the strongest evidence reporting 

the protein as essential to soluble N-ethylmaleimide-sensitive factor (NSF) attachment 

receptor (SNARE) complex assembly: a multimeric protein unit that is involved in the 

docking and fusion of synaptic vesicles with the presynaptic membrane in neurons [127-129, 

131].  
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Figure 1.2. Disease-associated accumulation of misfolded protein in the central nervous system. The accumulation of 

PrPSc, Aβ and αsyn in the central nervous system is associated with prion, Alzheimer’s and synucleinopathy disease, 

respectively. PrPSc is a misfolded form of PrPC that is usually attached to the cell membrane, while Aβ is a peptide fragment 

produced from the proteolytic cleavage of amyloid precursor protein (APP). In disease, both PrPSc and misfolded Aβ are found 

aggregated in the extracellular space. αsyn is localised intracellularly and its misfolded aggregates can occur within neurons 

(as Lewy Bodies; LB) and oligodendroglia (as Glial Cytoplasmic Inclusions; GCI) in synucleinopathy disorders.  
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PrPSc: the Conventional Prion 

Prion diseases represent a group of transmissible, invariably lethal NDPs that affect both 

humans and animals. In humans, prion disease can be caused by mutations in PRNP, 

resulting in familial Creutzfeldt-Jakob disease (CJD), Gerstmann-Stäussler-Scheinker (GSS) 

syndrome or fatal familial insomnia (FFI). These diseases can also be contracted following 

exposure to prions and include variant CJD (vCJD), kuru and iatrogenic CJD (iCJD), or they 

may arise from an unknown origin (sporadic CJD; sCJD). Non-human prion diseases include 

scrapie in sheep and goats, bovine spongiform encephalopathy (BSE) in cattle and chronic 

wasting disease (CWD) in deer and elk. The pathology of prion disease is characterised by 

extracellular deposition of aggregated PrPSc (Figure 1.2), along with astrogliosis and 

vacuolation including associated neuropathological spongiform change in the CNS.  

The infectious nature of prions is well established to transmit disease both within and across 

species. Early studies showed brain homogenate from scrapie-infected sheep could 

successfully transmit disease to goats [140] and mice [141]. Likewise, numerous studies 

demonstrated human prion disease could be transmitted to non-human primates [142-144]. In 

humans, acquired prion disease has been associated with several serious epidemics. Kuru, 

one of the most prominent forms of prion disease, afflicted the native Fore tribes of Papua 

New Guinea. In these populations, ritualistic cannibalism was identified as the route of 

transmission and cessation of this practice has virtually eradicated new cases of disease [145]. 

The finding that consumption of BSE-infected beef was responsible for vCJD [146, 147] led 

to one of the largest health crises of the 20th century, causing widespread economic damage 

to countries found to have a contaminated beef-industry and concern of large-scale public 

exposure to the pathogen due to the long incubation period of disease. Additionally various 

iCJD cases have been documented with routes of unintentional human-to-human transmission 

including the use of inappropriately sterilised surgical equipment [148, 149], dura mater 

grafts [150, 151], corneal grafting [152, 153], blood transfusion [154, 155] and use of human 

cadaveric pituitary-derived growth hormone or gonadotrophin [156, 157] (for an extensive 

list of references on human-to-human transmission of prion disease, refer to: [158]). Of these, 

the highest number of iCJD cases are associated with dura mater grafts and hormone 

administration [159]. These cases of acquired disease have led to major reform in the 

handling of biological samples in the food and medical industry to reduce contamination and 

prevent future outbreaks of prion disease. 



10 

 

The conversion of PrPC to PrPSc is concomitant with substantial structural and biophysical 

alterations to the molecule. Upon misfolding, the α-helix rich PrPC switches to one primarily 

composed of β-sheet [160, 161]. These changes lead to an increased resistance to degradation 

by heat and proteases; with the latter feature being exploited for its detection by incubation 

with proteinase K (PK). In addition, it is well accepted not all PrPSc are identical and rather, 

PrPSc encompass a range of various sized PrPSc quasi-species [162] that harbour unique 

properties; for example, the most infectious prion particles appear to be those of small masses 

consisting of 14-28 molecules [163, 164]. 

Numerous data demonstrate that propagation of PrPSc via conformational misfolding of PrPC 

is an essential component of disease pathogenesis. Transgenic PrPC knockout mice are 

resistant to infection by prions [165] and ablating PrPC expression in prion-infected mice 

after the onset of clinical symptoms halts disease progression and rescues early 

neuropathological changes [166].  The development of assays that study the conversion of 

PrPC to PrPSc in cell free systems provides additional insight into the misfolding of the 

protein. In the cell free conversion assay, radio-labelled recombinant PrPC adopts PrPSc-like 

features such as resistance to PK when incubated in the presence of partially denatured PrPSc 

derived from prion infected hamster [167]. Another cell free assay, the protein misfolding 

cyclic amplification (PMCA) assay, shows amplification of PK-resistant PrP (referred to as 

PrPRes) occurs when excess PrPC is subjected to repeated rounds of sonication and incubation 

in the presence of a small PrPSc seed [168]. When subjected to PMCA, normal brain 

homogenate seeded with a small amount of prion-infected brain homogenate amplifies PK-

resistant, insoluble PrPSc-like species, that transmits disease when inoculated into wild-type 

mice [169]. Collectively these studies demonstrate the requirement of PrPC in the generation 

of PrPSc and in the propagation and transmission of prions in vivo.  

An important component to proving the prion hypothesis required demonstration that PrPSc 

alone was a transmissible element that could induce the pathology of prion disease. Studies 

showed recombinant PrPC may be misfolded to form PrPSc-like species that causes disease 

when inoculated into PrP-overexpressing mice [170] or in wild-type mice when the protein is 

misfolded in the presence of normal brain homogenate [171], however variations existed in 

the pathology and long incubation period required for presentation of disease indicating PrPC 

alone may not be the sole pathogenic agent in traditional prion disease. An explanation for 

this variation was suggested by the observation that additional factors, or co-factors, could 

contribute to the misfolding of PrPC. Using PMCA, PrPSc-like species may be formed from 
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normal brain homogenate or purified brain-derived PrPC combined with RNA species [172, 

173], both that cause disease in wild-type rodents. The latter finding, along with others, show 

polyanionic and lipid species are required for efficient misfolding of PrPC and infectivity 

[172, 174-177]. By the addition of co-factors, misfolding recombinant PrP in the presence of 

RNA and lipids produces de novo prions that are highly infectious in vivo and manifest 

disease in wild-type mice which faithfully replicates conventional prions [178]. These studies 

confirm an altered conformation of PrP is the major component responsible for infectivity of 

prions, however the requirement of co-factors suggests other molecules may form a natural 

component of a transmissible prion.  

An unusual feature of prion disease is strain variability, whereby unique patterns of clinical 

presentation, incubation period, PrPSc deposition and neuronal vulnerability are displayed 

amongst prions [179]. These characteristics are conserved amongst serial passage in inbred 

mice and are not an artefact of the host genome given that prion strains may be reisolated in 

mice following passage in intermediate species [180]. Unlike conventional pathogens where 

strain variability is a result of genomic alteration, it is unusual for multiple disease 

phenotypes to be enciphered by a polypeptide chain. Important knowledge into strain 

variability came from elegant studies on two hamster-adapted prion strains Hyper (HY) and 

Drowsy (DY). These two strains arose from the same original animal and were propagated 

through hamsters with identical PRNP sequence, however while hamsters inoculated with 

HY prions develop ataxia and hyperaesthesia, hamsters infected with DY prions show 

lethargy and a longer incubation period [181]. These divergent clinical features are coupled 

with unique pathological profiles of protein aggregation between the two strains [181] and 

biochemical analysis of the brains of animals infected with HY or DY reveal differences in 

electrophoretic mobility of PrPRes [182], suggesting the structure of PrPSc is altered between 

the two strains. This observation is further supported by the finding that these strains also 

exhibit different infrared spectrum of absorption in the range that correlates to β-sheet content 

[183], indicating the secondary structures of HY and DY are dissimilar. Structural variability 

of PrPSc is also likely to occur in the human condition, where PrPSc present in sporadic prion 

diseased brain are distinguished by changes in electrophoretic mobility which appears to 

correlate with pathological and clinical features of disease [184]. Although the general 

consensus is that the conformer of the misfolded protein encodes its disease phenotype, the 

origin of unique strains and how these conformational changes produce the unique clinical 

and pathological profiles is still poorly understood. 



12 

 

 

Figure 1.3: Human PrPC, αsyn and Aβ and the generation of the Aβ peptide by the proteolytic processing of APP. (A) 

Full length human PrPC is a glycoprotein that contains several structured regions (two β-sheet and three α-helices) and 

several core domains. αsyn contains several core regions and has seven imperfect KTKEGV repeats. Aβ is a small peptide 

that can vary by several amino acid lengths. (B) The peptide Aβ is produced from the proteolytic cleavage of APP by β- and 

γ –secretase following the amyloidogenic pathway. APP may also be processed by α- and γ-secretase via the non-
amyloidogenic pathway which produces p3; a shorter peptide than Aβ. 
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Prion-like Properties of Misfolded Aβ 

Alzheimer’s disease is a slow progressing NDP that is the most common cause of dementia. 

It is associated with the accumulation of amyloid plaques primarily composed of Aβ in the 

extracellular space of the CNS [185] (Figure 1.2). Along with Aβ deposition, AD is 

associated with the accumulation of neurofibrillary tangles consisting of hyperphosphorylated 

forms of the microtubule-associated protein, tau. Aside from age, the biggest known risk 

factor for AD is the expression of the ε4 allele of the lipoprotein ApoE (ApoE4) [186] that 

worsens the trajectory of cognitive decline in association with Aβ burden in preclinical AD 

individuals [187-189].  

Some of the first indications of prion-like behaviour of Aβ came from primate studies, where 

Aβ deposition was found in the CNS of marmosets 6-7 years after intracerebral inoculation of 

human AD tissue [190], suggesting pathogenic Aβ seeds may propagate within its host 

similar to prions. Further support for this concept came following the generation of transgenic 

animals. Mice expressing APP containing mutations associated with human familial AD 

spontaneously develop Aβ pathology and are used to model disease, with two of the most 

widely used transgenic mice Tg2576 [191] and APP23 [192] expressing the Swedish familial 

mutation K670M/N671L. Unilateral inoculation of dilute brain homogenate from human AD 

patient brain into the hippocampus and neocortex of young Tg2576 mice accelerates the 

deposition of Aβ, with extensive Aβ-pathology found 5 months post injection whilst limited 

or no deposition occurred in Tg2576 counterparts injected with age-matched non-AD or 

young non-AD brain extract [193]. Under the same experimental conditions, a similar finding 

was observed by aging the mice to 12 months, where although Aβ deposition was present 

bilaterally, protein deposition was more extensive in the hemisphere inoculated with AD 

brain [194]. Consistent with the ability of Aβ-rich brain homogenate to induce this pathology, 

inoculating young presymptomatic mice with brain homogenate from aged counterparts that 

have developed extensive Aβ deposition accelerates the generation of Aβ deposition [195].  

Since these findings, numerous studies have highlighted the relevance of Aβ in accelerating 

pathology in AD-model mice. Removal of Aβ from aged APP23 brain homogenate via 

immunodepletion or immunisation against Aβ abrogates the ability of extracts to trigger Aβ 

pathology [195] and pre-treating human AD brain homogenate with magnetic beads coupled 

to a compound that binds misfolded protein decreases Aβ levels in the homogenate and 

reduces its seeding potential in vivo [196]. Consistent with these observations, the 
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concentration of Aβ in the seed and its expression in the brain determines the time and 

severity of Aβ deposition, and is independent of the age of the mouse when inoculated [195, 

197]. Aβ seeds derived from human brain of patients with amyloid burden without dementia 

maintain the capacity to induce pathology in AD-model mice, confirming the importance of 

Aβ seeds, and not other factors associated with dementia in AD, in inducing pathology [198]. 

Additional evidence for Aβ being the causative agent for accelerated Aβ deposition comes 

from the finding that synthetic misfolded Aβ is capable of triggering Aβ pathology in AD-

model mice [12, 199]. The development of Aβ-pathology in transgenic APP-model mice has 

been studied where Aβ propagation follows a systematic spread with induction of pathology 

corresponding to the limbic connectome [200]. Collectively these studies give strong support 

for Aβ being the agent driving the accelerated Aβ pathology seen in AD-model mice and 

supports the concept that Aβ may propagate similar to prions.  

The transmissible nature of Aβ seeds share several similarities with prions. While lacking any 

significant evidence, an alternate theory to the causative agent of prion diseases was one of 

viral origin [201-203]. This is now considered implausible, due in part to studies confirming 

the causative agent is highly resistant to the virus neutraliser, formaldehye [204, 205]. Similar 

to PrPSc, the ability of Aβ seeds to propagate in vivo is maintained following treatment with 

formaldehyde [206]. Likewise misfolded Aβ harbours the ability to be transmitted on steel 

wires [207]; a concept developed to replicate transmission of prions via surgical equipment 

[208, 209]. It has also been reported small aggregates of Aβ are the most infectious [210]. 

Although synthetic Aβ may induce AD pathology in vivo [12, 199], it is markedly less 

effective than brain homogenate [199], which may indicate biological co-factors are required 

for efficient propagation of Aβ in vivo. The propagation of Aβ in vivo has also been 

confirmed following injection of Aβ seeds via the intraperitoneal route [211, 212] consistent 

with propagation of pathogenic seeds from the periphery to the CNS.  

Although compelling, there are several caveats to using AD-model mice to study Aβ 

propagation. Acceleration of an existing Aβ pathology in transgenic mice after exposure to an 

Aβ extract does not necessarily prove that Aβ is transmissible; however the generation of Aβ 

pathology in transgenic mice expressing wild-type human APP or mutant human APP that 

would not develop spontaneous Aβ pathology in the experimental timeframe does support the 

transmissible properties of Aβ aggregates [197, 213, 214]. In contrast cerebral spinal fluid 

(CSF) from AD patients that harbour much higher levels of Aβ compared to brain extracts 

did not induce Aβ pathology in young APP23 mice [215], which may indicate co-factors 
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associated with Aβ in the brain but not CSF may influence the ability of Aβ to propagate 

pathology. An additional consideration using these transgenic mice is that although Aβ 

deposition can be accelerated by the addition of Aβ seeds, neurological dysfunction is absent. 

This highlights a major limitation to the use of transgenic mutant Aβ animals, which do not 

develop this feature of disease associated with protein aggregation, to model AD. 

Evidence of transmission of Aβ in humans has been reported where unusual deposition of Aβ 

was found in the brains of iCJD patients who contracted disease following human cadaveric 

pituitary-derived growth hormone treatment [216]. Of a small sample group of eight, four 

contained extensive deposition of Aβ in the CNS parenchyma and varying degrees of cerebral 

amyloid angiopathy (CAA); the pathological deposition of Aβ in blood vessels that occurs in 

approximately 80% of AD patients [217]. An additional three cases had sparse Aβ deposition 

or Aβ deposition in association with PrP plaques. Given the young age of the patients (age 

range: 36 – 51 years), it is extremely unlikely the Aβ pathology arose sporadically. A 

possible explanation for this observation is that Aβ was also present in the cadaver-derived 

growth hormone. As further evidence that Aβ deposition occurred through a transmission 

event, the growth-hormone recipients did not have any known factors that may have 

predisposed them to Aβ pathology, including known AD-associated genetic mutations and 

positive ApoE4 status. It is possible that the Aβ deposition was a result of cross-seeding by 

PrPSc, however in the majority of cases co-localisation was not found and post mortem 

pathological assessment of a larger number (35) of patients with genetic or sporadic prion 

disease failed to identify Aβ pathology in comparable age groups, with the exception of two 

cases that were positive for the ApoE4 allele [216]. As proof-of-principle for the presence of 

Aβ in pituitary-derived growth hormone, deposited Aβ has been found in the pituitary gland 

of AD patients [216, 218]. In support of this, another study has reported unusual Aβ 

pathology in iCJD patients who contracted disease after dura mater grafting [219]. Five out of 

seven patients (age range: 28 - 63 years) reported Aβ pathology and CAA consistent with 

AD, which was significantly greater than the frequency of Aβ pathology seen in 21 age-

matched controls. In both cases, although it is intriguing to postulate iatrogenic transmission 

of Aβ has occurred, the overarching manifestation of iCJD makes it impossible to ascertain 

whether this transmission would have resulted in clinical AD.  

Strain variation may also be a feature of Aβ. In vitro fibrillization of monomeric Aβ seeded 

with human brain from AD patients that exhibited different clinical and pathological profiles 

produces fibrils with unique morphological profiles [220]. Differences can also be found 
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amongst different transgenic mutant APP mice such as APP23 and APP/PS1 mice; a 

transgenic mouse line that contains the APP Swedish mutation along with a mutation in the 

AD-associated gene PSEN1 at position L166P. Aβ isolated from these mice harbour unique 

profiles in morphology, binding-affinities to amyloid dye and Aβ peptide ratios. Consistent 

with the concept of prion strains, inoculation of APP/PS1 brain homogenate into APP23 

induces the formation of Aβ aggregates with similar characteristics of the inoculum [221]. A 

similar finding occurs using recombinant protein, where Aβ species induce differential plaque 

characteristics and Aβ peptide ratios in mouse brain when produced in the absence or 

presence of detergent [12]. In addition, unique profiles of Aβ pathology develop in transgenic 

mice inoculated with human brain from patients carrying different familial AD-associated 

APP mutations. The Artic mutation (E693G) occurs within the Aβ sequence of APP and 

disease is characterised by increased protofibril formation and distinct AD pathology, 

whereas the Swedish mutation (K670M/N671L) is located outside the Aβ sequence, causing 

disease associated with the overproduction of wild-type Aβ and typical AD pathology that is 

similar to sporadic disease. Transgenic APP23 mice inoculated with brain homogenate 

containing the Artic mutation exhibited unique aggregation characteristics and regional 

deposition profiles compared to those inoculated with homogenate derived from sporadic or 

Swedish AD brain with one of the most striking differences found in the morphology of CAA 

in the thalamus [13]. These apparently strain-specific features are conserved following serial 

passage in mice [13].  

 

 

Prion-like Properties of Misfolded αsyn  

The deposition of misfolded αsyn in the CNS is a pathological hallmark of synucleinopathies 

and includes PD, DLB and MSA, among others. Although overlapping clinical presentations 

can make correct diagnosis difficult, synucleinopathies are distinguished by unique profiles 

of cell types and brain regions susceptible to develop αsyn pathology and the locality of 

neuronal vulnerability [222]. For example, the pathology of PD and DLB is characterised by 

intraneuronal deposits of αsyn called Lewy bodies (LB) or Lewy neurites (LN) [223-227] 

whereas MSA-associated αsyn is distinguished predominantly by cytoplasmic inclusions 

called glial cytoplasmic inclusions (GCIs) and these occur in a type of glial cell called 

oligodendroglia [228-230]  (Figure 1.2). In PD, the neurons that are most vulnerable are 
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dopaminergic cells of the substantia nigra whereas in MSA and DLB the profile of neuronal 

loss is more widespread. 

Disease-associated changes to the post-translational modifications of αsyn is a common 

feature amongst the synucleinopathies. Most notably, high levels of αsyn phosphorylated at 

serine reside at position 129 (pSer129) are found in both LBs and GCIs [231]. Under normal 

physiological conditions pSer129 accounts for a low abundance in the overall pool of αsyn, 

however within LBs it accounts for over 90% of the total protein [102]. The biochemical 

processes that lead to elevated phosphorylation of αsyn in disease and the consequence of 

such an alteration are unknown. Recently a study showed that compared to wild-type αsyn, 

the expression of mutants that do not undergo phophorylation (S129A and S129G) is more 

toxic to cells and produces the formation of αsyn aggregates that are larger [232]. Hence it is 

possible the phosphorylation of αsyn is a protective mechanism to remove protein aggregates 

from the cell.  

The expression of αsyn protein is associated with disease as duplications [233] or triplications 

[234]  in SNCA, and various point mutations cause early onset familial PD. To date, five 

mutations in αsyn have been found associated with early onset PD: A53T [235], A30P [236], 

E46K [237], H50Q [238, 239] and G51D [240]. Similar to the human condition, transgenic 

animal models that express elevated levels of human wild-type αsyn, or αsyn containing PD-

associated mutations spontaneously develop αsyn pathology and neurological illness and are 

thus used to model disease [241-244]. While transgenic animal models expressing mutant 

αsyn are typically used to study disease associated with protein aggregation, many other 

transgenic systems have been developed to study other features of disease such as 

dopaminergic cell loss and motor impairment [245]. 

Some of the earliest evidence that αsyn may have the characteristics of a prion came from 

autopsy of PD patients who, as part of a clinical trial, had fetal nigral dopaminergic nerve 

cells grafted into their brain. The presence of αsyn deposits in the transplanted tissue 

suggested in the 11-16 years post-surgery, αsyn transmission occurred from the host to the 

grafted tissue [246, 247]. Contrasting reports on fetal transplants in PD patients have 

described grafted regions remain absent of αsyn pathology for up to 14 years post-surgery 

[248], however numerous in vitro and in vivo data support propagation of αsyn seeds. In 

immortalised cells overexpressing mutant A53T αsyn protein, exposure to misfolded αsyn 

species leads to punctate staining of αsyn suggestive of propagation of disease-associated 
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inclusions [249]. Similarly, using cationic-liposomes to aid transfection, fluorescently-tagged 

fibrillar αsyn has been shown to enter immortalised cells overexpressing αsyn and induce 

changes in endogenous protein consistent with pathogenic αsyn such as phosphorylation, 

ubiquitination and insolubility [250]. A caveat to these studies is the requirement for αsyn to 

be overexpressed in the cells, which does not model disease where the majority of 

synucleinopathies express normal levels of αsyn protein, and the use of artificial vehicle 

reagents to aid the delivery of misfolded protein into the cell. However, a similar finding has 

also been found following extracellular exposure of primary neuronal cultures from wild-type 

mice to fibrillar αsyn species without the aid of vehicle reagents, which resulted in the 

recruitment of endogenous αsyn into insoluble LB-like inclusions and associated changes to 

neuronal vulnerability including decreases in synaptic protein and neuronal excitability [251].  

Several other studies support in vitro propagation of αsyn. Co-culturing two cell lines 

expressing αsyn containing different fluorescent tags results in the progressive emergence of 

double-labelled cells [252] and treating tagged αsyn cells with misfolded αsyn tagged with a 

different probe leads to significant co-localisation in cultured cells [253]. In immortalised 

cells expressing tagged-αsyn, incubation with human brain derived from MSA patients 

causes the tagged-αsyn to aggregate [11, 14]. In these cultures, αsyn aggregates have been 

shown to transverse in both retrograde and anterograde direction and transfer to neighbouring 

neurons and glial cells [249, 252, 254]. Collectively these studies give strong evidence for 

prion-like transmission of αsyn in vitro. 

Prion-like propagation of αsyn is further supported by in vivo studies inoculating αsyn seeds 

into susceptible mice. In transgenic mice expressing homozygous mutant A53T αsyn 

(M83+/+), inoculation of fibrillar recombinant αsyn or brain homogenate from aged, terminal 

mice, into the brain of young pre-symptomatic mice accelerates the development of αsyn 

CNS pathology and clinical disease [255-260].  A similar observation is found following 

intramuscular or intravenous injection of αsyn seeds [257, 261]. In these studies, similar to 

the human condition, aggregated αsyn is largely phosphorylated and other pathological 

features of disease are present, including reactive astrogliosis and microgliosis. Consistent 

with the observations in human studies, grafting dopaminergic neurons into transgenic mice 

overexpressing human αsyn leads to the identification of αsyn aggregation in the grafted 

tissue [252].  
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Seeded propagation has also been reported after inoculation of misfolded recombinant αsyn 

in wild-type rodents [262-267] and transgenic mice overexpressing wild-type αsyn (M20+/+) 

that do not spontaneously develop inclusions over their lifetime [267, 268].  In some studies, 

motor impairment has been reported to accompany propagation [262, 266], and accordingly, 

treating mice with antibodies targeting misfolded αsyn via intraperitoneal injection reduces 

neuronal loss and delays the onset of clinical disease [266]. Similarly, human MSA brain may 

induce propagation of αsyn and clinical disease in hemizygous M83+/- mice, which do not 

spontaneously develop inclusions or clinical disease in most experimental timeframes [11, 

269]. Although the propagation of αsyn in vivo has been extensively reported, with αsyn 

pathology extending along white matter tracks to regions distant from the injection site, its 

identification may be associated with a technical artefact. Antibodies targeting 

phosphorylated αsyn (pSer128/81A) have been shown to cross-react with neurofilament 

subunit L that is abundant in white matter [258], hence previously reported models of 

propagation may include histological artefacts falsely attributed to phosphorylated αsyn. This 

observation may be a matter of dose threshold of the antibody, as others have found no cross-

reactivity [262, 263, 265, 266, 270], including minimal pSer128/81A staining in a αsyn 

knockout mouse brain and primary neuronal cultures [251, 262]. Regardless, the specificity 

of these antibodies requires further investigation and it is an important technical issue to 

clarify. 

Although the evidence for prion-like propagation of αsyn is extensive, variation exists in the 

incubation period, pattern of αsyn pathology and mouse line used. For example, whilst 

M83+/+ mice develop extensive αsyn pathology following injection with recombinant fibrillar 

αsyn, in other transgenic mouse lines, such as M47+/+ (expressing human αsyn E46K 

mutation), αsyn deposition is largely restricted to the injection site [258]. This may indicate 

artefacts associated with αsyn aggregation with the expression of certain transgenes, or that 

the normal wild-type αsyn cannot be patterned and amplified using the E46K mutated αsyn. 

Furthermore, it has recently been reported injection of spinal cord homogenate from wild-

type mice induces robust CNS αsyn pathology in M83+/- mice [271], suggesting inherent 

characteristics of the transgenic M83 mouse may contribute to αsyn pathology. Although 

propagation of αsyn pathology has also been reported in wild-type animals [262-267], similar 

results are unable to be achieved in other studies [258], which may, in part, be associated 

with the use of the pSer128/81A antibody or the type of seed injected being unable to interact 

with the native αsyn. An important consideration is that mouse αsyn contains a threonine at 
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position 53 and given that most studies using transgenic αsyn mice express the transgene on a 

wild-type background, species-specific contributions by endogenous αsyn may be a 

confounding factor in these studies. However, recently it has been shown transgenic mice 

expressing wild-type human αsyn on a knockout αsyn background are also conducive to CNS 

αsyn propagation following injection of human brain homogenate from DLB and MSA 

patients [272], giving evidence for αsyn propagation being a conserved observation in various 

genetic backgrounds.  

Similar to prions, lipids may represent a co-factor to enhance the fibrillization of αsyn; lipid-

rich exosomes accelerate the fibrillization of monomeric αsyn protein [273] and appear to act 

by stimulating primary nucleation [274]. Misfolded αsyn species may be produced using 

PMCA [275], however unlike PrP misfolding, aggregation of αsyn may be induced easily 

from recombinant wild-type protein in the absence of co-factors or serial rounds of 

propagation. Prions do not exclusively form amyloid and may exist as various soluble and 

insoluble species, and similarly the capacity of αsyn to spread in vivo is conserved in both 

fibrillar and non-amyloidogenic seeds [267]. The ability to generate various αsyn species 

from the same starting material in vitro is reminiscent of strain variation amongst prions. 

Various types of mature fibrillar αsyn with distinst morphology may be easily produce from 

recombinant protein and two populations of misfolded αsyn, ribbons and fibrils, exert 

differential abilities to cross-seed fibrillization of monomeric αsyn or tau protein and induce 

toxicity in immortalised cells [253, 270]. Following injection into rat brain, ribbons induce 

more abundant deposition of phosphorylated αsyn, whilst fibrils were shown to represent the 

most toxic species, causing cell death and associated motor impairment after injection [257]. 

Brain tissue from MSA patients exhibited differences in triggering aggregation of αsyn in 

vitro [14] and αsyn isolated from human PD brain show differential cleavage products 

following degradation by PK [270]. Intriguingly, recent evidence also demonstrates 

differences in transmissibility between αsyn derived from various human conditions. In 

M83+/- mice, inoculation with human MSA, but not PD brain homogenate induces disease 

consisting of deposited phosphorylated αsyn, progressive neurologic dysfunction, astrogliosis 

and microgliosis [11]. The aggregation of αsyn in these mice following inoculation with 

MSA brain extract was predominantly observed as cytoplasmic inclusions located in neuronal 

populations, which is in contrast to its deposition in oligodendroglia characteristic of MSA 

[11]. The pathological phenotype induced in these animals is independent of total αsyn 

protein and instead correlates to the capacity of the brain homogenate to induce aggregation 
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in cultured cells. Furthermore, the clinical disease that develops in MSA-infected mice is 

transmissible, which causes disease when inoculated into young M83+/- mice. Given the 

ability of MSA-derived αsyn to induce disease that is transmissible, it has been suggested 

αsyn associated with this disease is, by definition, a prion [11, 269].  
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Figure 1.4: Propagation of misfolded protein in rodent models following intracerebral inoculation of a misfolded seed. 

Propagation of PrPSc, Aβ and αsyn has been studied in various mouse models. Images represent the endogenous aggregation 

of protein in the brain of rodents that occurs over their lifetime (green line) and aggregation that occurs following the injection 

of a seed (red line) (A) Wild-type mouse models do not spontaneously develop protein aggregation over their lifespan and the 

induction of a seed induces aggregation of protein  (B) Transgenic mouse models that spontaneously develop protein 

aggregation and the incorporation of the seed accelerates the deposition of protein. (C) Transgenic mouse models that do not 

spontaneously develop inclusions over the experimental timeframe, and the induction of a seed induces protein aggregation.  
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Should We Expand the Prion Concept? 

Mounting evidence appears to draw parallels between αsyn, Aβ and PrPSc, with studies 

supporting prion-like seeding, propagation and transmissibility of pathogenic proteins 

causing clinical disease in animals, however caveats exist associated with the use of 

transgenic mice to adequately model disease. For example, the possibility of other agents 

aside from αsyn to cause aggregation raises important considerations when evoking prion-

like mechanisms and reflects hazards associated with using transgenic mice where 

aggregation of protein is an inherent characteristic of that model. Studies that use transgenic 

mice that remain asymptomatic may alleviate these issues, however it is not clear whether 

expressing lower levels of the transgene are entirely innocuous. In prion disease, transmission 

of disease into susceptible wild-type animals may readily be achieved, and represent bona 

fide models of disease. Therefore the gold-standard for investigating prion-like propagation 

and transmission of misfolded protein would require the use of non-transgenic animals. 

Numerous data support the ability of certain αsyn species to propagate and transmit disease in 

wild-type mice [262-267], however in the case of Aβ, equivalent studies require the use of 

transgenic APP animals (Figure 1.4). Taking this into consideration, as the current evidence 

stands, no other protein aside from PrPSc has conclusively been confirmed as a prion and 

hence the term prion should pertain to PrPSc only. 

If conclusive evidence arises showing other misfolded proteins constitute a prion, there 

would undoubtedly be substantial implications on the health and safety regulations of these 

diseases. However it is important to bear in mind that prions derived from different proteins 

will likely have different biochemical characteristics. Recently it has been shown misfolded 

αsyn are markedly easier to decontaminate from surfaces and do not require the stringent 

techniques required for decontamination of prions [276], and as such the potential for 

untoward public health risks, such as unintentional transmission of misfolded αsyn, seems 

unlikely.  
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Mechanisms of Neurotoxicity in Proteinopathies 

A consistent feature that accompanies the accumulation of protein in the human CNS is the 

progressive damage and loss of neurons. In NDPs, although disease-specific differences are 

found in the tempo and localisation of neurotoxicity, similarities are found which may 

indicate conserved mechanisms underlie the generation of cell death. This may be reflected, 

in part, by conserved fibrillization properties, where fibril formation involves the misfolding 

of normal monomeric protein and extension into various species (oligomers, protofibrils) 

prior to its maturation into mature fibrils (Figure 1.1). In this regard, extrapolation of 

knowledge on the toxicity associated with the misfolding of one NDP-associated protein may 

prove rewarding in deciphering general neurotoxic mechanisms that arise when a protein 

misfolds in a cell.  

Historically, the presence of misfolded proteins in the brain led to the belief that the sheer 

aggregation of protein was responsible for neurotoxicity in NDPs, however today this is 

considered an oversimplification. In human prion disease, large variation exists in the protein 

deposition seen in the CNS at post mortem, where in some cases neurodegeneration occurs 

with minimal PrPSc load [277, 278]. These findings are supported by animal models of 

disease where transgenic mice expressing mutations associated with familial prion disease 

have less aggregated protein in their brain at terminal stage disease compared to wild-type 

mice inoculated with prions [279], or PrPSc is entirely absent [280]. Prion infection in mice 

expressing PrPC lacking a GPI-anchor causes disease characterised by a long incubation 

period prior to the development of clinical symptoms, despite the accumulation of a large 

amount of PrPSc in the CNS [281]. In addition, under certain conditions, subclinical infection 

can occur where PrPSc propagation occurs without the development of clinical symptoms or 

neurodegeneration. Mice infected with hamster prions remain asymptomatic despite having 

prion titres in their brain equivalent to end-stage disease in conventional mice [282]. Other 

states of subclinical infection are achieved when low inoculum or oral infection routes are 

used [283-285].  

Disassociation between protein aggregation and neurotoxicity is similarly observed in AD 

and synucleinopathies. In human AD brain, cell loss is not associated with regions of protein 

deposition [286, 287] and in certain transgenic animal models of AD, death can occur in the 

absence of amyloid formation [288]. Likewise, insoluble αsyn does not correlate well with 

the degree of neurodegeneration in human brain [289-291]. This observation extends to 
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animal models where in transgenic rodent and fly models of PD, cell loss can occur in the 

absence of protein aggregation [241, 292]. These studies suggest that deposition of misfolded 

protein is unlikely to be the toxic agent and instead may be an unrelated endpoint to disease 

pathogenesis. 

In prion disease, toxicity is it not considered associated with a loss of function of the protein 

because PrP knockout mice exhibit no neurodegenerative phenotype [30, 293]. Instead 

neurotoxicity involves an interaction between PrPC and PrPSc, in view of the finding that only 

cells that express PrPC may be damaged by PrPSc. Prion-infected PrP knockout mice hosting 

grafted PrP-expressing tissue only develop neurodegeneration in the PrP-expressing tissue, 

whilst PrP deposition is widespread across the brain [294]. Similarly, ablation of PrP in mice 

with established prion infection halts disease development and reverses clinical symptoms, 

despite these mice harbouring levels of PrPSc in the brain equivalent to end-stage disease 

[166]. These studies give strong evidence for the conversion of PrPC to PrPSc, and not the 

sheer aggregation of protein, being a major component to neurotoxicity. These findings may 

be relevant to neurotoxic mechanisms of αsyn and Aβ misfolding, and thus unifying 

knowledge may help shed light on general toxic mechanisms of folded protein. 

 

 

Toxic Oligomers 

Some of the strongest evidence exists for small soluble oligomers of misfolded protein being 

the neurotoxic agent in proteinopathies. These species are highly unstable compared to the 

organized β-sheet rich structures formed by mature fibrils and by virtue of size, smaller 

aggregates have a higher relative exposed surface area than larger mature aggregates [295]. 

Because of this, it has been suggested the recruitment of misfolded protein into aggregates is 

a mechanism employed by the cell to sequester small toxic species away from vital cellular 

compartments where they cause substantial damage. This may represent a common 

mechanism shared amongst the various proteinopathies.  

 

Aβ oligomers 

Neurodegeneration in AD has been correlated to the pool of soluble Aβ species [296, 297]. 

These findings are supported by in vitro studies showing particularly aggressive forms of AD, 
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such as the Arctic mutation, produces larger quantities of prefibrillar species [298], an 

observation which is also seen when Aβ fibrillization occurs in the presence of ApoE4 [299]. 

In wild-type mice, oligomeric Aβ preparations, but not insoluble amyloid plaque cores, alters 

synaptic plasticity by blocking long term potentiation (LTP) and activating long term 

depression (LTD) [300, 301]; electrophysiological correlates of learning and memory. They 

also trigger dendritic spine retraction [302, 303], reduce dendritic spine density [301] and 

cause memory deficits [301, 304]. The ability of Aβ species to induce toxicity in cultured 

cells is enhanced in heterogeneous populations of Aβ species compared to discrete species, 

with the toxicity of protofibrils being linked to the expression of monomeric protein [305]. 

This finding suggests ongoing fibril formation involving interactions between misfolded 

species and monomeric Aβ is pertinent to toxicity. Collectively these studies give strong 

evidence for oligomeric species of Aβ causing damage to neurons. 

The mechanisms underlying Aβ oligomeric-induced toxicity has also been studied, where the 

N-Methyl D-Aspartate (NMDA) and metabotrophic glutamate-5 (mGlu5) receptors have 

been associated with the development of LTP and LTD respectively [301, 303]. Interestingly, 

the modulation of the mGlu5 receptor appears to involve PrPC, which acts as a receptor for 

Aβ oligomers and complexes with mGlu5 [306]. Accordingly, PrP-directed antibodies inhibit 

Aβ-oligomer induced toxicity [307]. In addition, it has been reported PrP knockout mice are 

resistant to toxicity elicited by Aβ oligomers [306], however follow up studies have been 

unable to observe such a striking effect [308-311]. Aside from acting on neuronal receptors, 

Aβ oligomers may also cause toxicity by inducing hyperphosphorylation of tau, leading to 

collapse of microtubule cytoskeleton and neuritic dystrophy [312]. 

The conformation of the toxic Aβ species is still unclear. Investigations into the toxicity of 

structurally defined oligomers demonstrate neurotoxicity in cultured cells increases with 

oligomer order for species larger than a monomer [313]; a finding which is supported by 

studies showing the smallest toxic Aβ species is the dimer [301, 312]. However others report 

dimers correlate poorly with toxicity in cultured neurons and instead trimers and tetramers 

may be the smallest toxic agents [314]. Trimers are also believed to be the basic component 

of Aβ*56 [304]; a non-fibrillar 56-kDa Aβ oligomeric species that has also been implicated 

in toxicity. This species is naturally present in human brain and CSF, where it correlates with 

soluble tau and negatively correlates with several synaptic proteins in cognitively intact 

individuals [315, 316]. In rats, Aβ*56 induces transient cognitive dysfunction independent of 

amyloid deposition and neuronal loss [304] and as such Aβ*56 may contribute to the early 
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deficits seen in AD, prior to the accumulation of protein indicative of disease. Given Aβ*56 

is likely to be a dodecamer (based on its apparent molecular weight on SDS-PAGE), further 

support for it being the toxic agent comes from studies highlighting the role of large 

oligomeric structures of Aβ as potent toxic oligomers [317-319]. However, there is a 

technical issue that complicates this interpretation because the presence of Aβ*56 can be 

produced by filtration or separating Aβ species via electrophoresis in the presence of SDS 

[320]. Regardless, given that there is no evidence Aβ*56 alone can induce persistent 

neurological dysfunction, its generation is not considered necessary for toxicity associated 

with Aβ misfolding. 

 

αsyn oligomers 

In human DLB brain, the presence of αsyn aggregates at presynaptic terminals, rather than 

LB abundance, correlates with decreases in presynaptic markers and dendritic spine loss 

[321]. Similarly, soluble oligomers are found enriched in regions of PD brain found to have 

deregulated markers of protein synthesis [322]. In rodents, the expression of mutant αsyn that 

preferentially forms oligomers is more toxic than mutations which more readily form fibrils 

[323]. In primary neuronal cultures and transgenic invertebrate (Caenorhabditis elegans and 

Drosphilia melanogaster) model systems, the expression of variants of αsyn that increase its 

propensity to oligomerise and decrease the formation of mature fibrils are more toxic than 

wild-type αsyn [324]. Misfolded αsyn species produced in the presence of a compound that 

promotes formation of large fibrillar aggregates and reduces oligomer species exhibits 

reduced seeding potential and toxicity to cultured cells compared to untreated fibrils [325]. 

Various oligomeric species produced from synthetic wild-type αsyn display varying degrees 

of toxicity to cultured cells, with annular oligomeric species, 40 – 45 nm in diameter, 

reported as the most toxic [326].  Compared to preparations of fibrillar αsyn, purified 

oligomeric species are significantly more toxic to primary neuronal cultures, associated with 

the activation of reactive oxygen species (ROS) [327]. Collectively these studies give strong 

evidence for oligomers being the most toxic αsyn species. 

Studies have investigated the mechanism of toxicity by αsyn species. Prefibrillar αsyn 

oligomers have been shown to cause Golgi apparatus fragmentation and trafficking 

malfunction [328] and mitochondrial impairment [329] in vitro. The identification of the 

mitochondrion as a target for αsyn oligomers aligns with a plethora of data linking 
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mitochondria dysfunction to synucleinopathies; in human PD brain deficits are found in 

mitochondrial complex I activity [330-332] and several genes that cause familial PD are 

associated with mitochondria functioning, including PINK1, LRRK2, Parkin and DJ-1 [333]. 

Additionally, chemicals that induce mitochondria dysfunction are capable of manifesting PD 

in humans and in animal models in the absence of αsyn deposition [334-336]. Therefore, it is 

possible that mitochondrial dysfunction is a central mechanism associated with toxicity in 

PD, and possibly other synucleinopathy disorders.  

Another potential site for αsyn oligomer-induced damage is the cellular membrane. It is well 

known αsyn has a high affinity to bind to lipid species [337] and several in vitro studies 

suggest pore formation and/or permeabilisation of the membrane causing channel leakage as 

toxic mechanisms by αsyn oligomer or protofibril species [326, 338]. Likewise αsyn may 

cause toxicity at the cell membrane by interacting with important solute pumps. In cultured 

neurons, exogenously added αsyn oligomers can form clusters on the cell membrane and 

associate with the α3 subunit of Na+/K+-ATPase, causing alterations to the distribution of the 

receptor and deficits in Na+ gradient and pumping potential [339]. Given that mutations in the 

gene encoding the α3 subunit of Na+/K+-ATPase are associated with rapid-onset dystonia 

Parkinsonism [340-342], an adverse interaction with αsyn and the receptor is likely to be 

relevant to at least a subset of human synucleinopathy conditions.  

Although αsyn oligomers have been shown to be toxic to neurons, they may not represent the 

only toxic αsyn species. Fibrils also form clusters on neuronal membranes and associate with 

the α3 subunit of Na+/K+-ATPase with higher affinity than oligomers [339]. They are also 

reported to exhibit the highest degree of toxicity compared to oligomers and ribbons when 

injected into rat brain [257]; an observation that is supported by several in vitro studies [253, 

343]. Therefore, the relevance of oligomeric, and larger αsyn species to toxicity needs further 

investigation.  

 

PrP oligomers 

Although difficulties in producing and isolating oligomeric PrP species have hampered 

studies on toxic PrP-oligomers, it is likely the structure of oligomers are conserved amongst 

amyloid-forming proteins. Support for this comes from the finding that synthetic antibodies 

are capable of binding oligomeric species of amyloid-forming protein irrespective of primary 

sequence including PrP, αsyn, Aβ and islet amyloid polypeptide (iAPP) [344]. Similarly, 
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small molecules that are reported to bind to and inhibit oligomer formation have been 

reported efficacious to both prion and PD-animal models [345, 346].  

Studies using synthetic PrP show strong support for small aggregates being the toxic species. 

Species reminiscent of oligomers have increased toxicity in vitro [164, 347, 348] and in vivo 

[164] compared to larger fibrillar species. During PrPC misfolding, it is believed monomeric 

PrP adopts an α-helical conformation prior to its dimerisation and extension into oligomers 

[349]. Monomeric recombinant α-helical PrP is highly toxic to murine neuronal but not 

fibroblast cell cultures and causes toxicity in a dose-dependent manner when injected into 

mouse brain [350]. These studies are supported by kinetic studies showing oligomeric species 

that exhibit PrPSc features such as protease resistance, increase with the development of 

clinical disease in prion-infected mice [351].  

Although the evidence for oligomers being the toxic agent is compelling, no common 

mechanism of action has been identified. This may be a result of the differential endogenous 

localisation of the proteins and/or different biochemical or morphological properties of the 

putative toxic species. The latter factor is particularly relevant given that ‘oligomers’ refers to 

essentially any species larger than a monomer and thus represents a wide range of various 

sized species. In addition, given that these species exist in equilibrium with each other, 

distinguishing one species as toxic over another will be challenging. This was reflected by 

studies showing the reported putative toxic Aβ dimer rapidly aggregates into metastable 

protofibrils [352] that may be more toxic in nature. An additional pertinent consideration in 

elucidating the toxic species is the potential for artificial manipulation of fibrillization by 

laboratory processes or reagents. The popular laboratory solvent SDS is capable of inducing 

artificial aggregation of Aβ [353] and αsyn [354]; which in the case of αsyn follows an 

atypical fibrillization pathway. Thus the in vitro generation of oligomers or preparations of 

tissue are important considerations when deciphering the toxic oligomer.  

 

 

Other Potential Neurotoxic Agents in Prion Disease 

Given that prion disease may be a paradigm for other NDPs, it is important to consider other 

proposed toxic mechanisms of PrP that may be extrapolated to relatable proteins. The high 

degree of heterogeneity in the clinical presentation of prion disease suggests the generation of 
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toxicity may not be caused by a single neurotoxic agent; rather multiple overlapping 

pathways of toxicity may exist to explain all forms of disease. In addition to toxic oligomers, 

several other candidate neurotoxic agents have been proposed for prion-induced neurotoxicity 

[355]. While there is evidence some of these proposed mechanisms are also relevant to the 

toxicity of other NDP-associated proteins, others appear likely to be toxic mechanisms 

unique to the PrP protein.  

 

The generation of a candidate toxic PrP Species; PrPL 

Although prion disease can affect a wide range of animals, transmission between species is 

accompanied by a ‘transmission barrier’ whereby the incubation period is distinctly longer, or 

does not cause clinical disease, when infecting prions are from a different species. This lag-

phase decreases following subsequent passages as it adapts to the host species [356]. These 

observations, along with the identification of subclinical infection, suggest a dissociation 

between what is infectious in prion disease (propagating PrPSc) and the toxic agent. An 

explanation for this phenomenon is that the neurotoxic agent is a conformation of PrP distinct 

from that of PrPC and PrPSc. Referred to as PrP* [357, 358] or PrPL, denoting the lethal 

conformer of PrP [359, 360], it is generated either as an intermediate or by-product of the 

conversion of PrPC to PrPSc (Figure 1.5). According to this hypothesis, subclinical infection 

would occur when differences in primary sequences of host and infectious PrPSc translate to a 

slow conversion rate of PrPC to PrPSc, which would mean either maturation of the toxic 

intermediate PrPL to PrPSc occurs faster than its generation, or the slow catalytic ability of 

PrPSc to form PrPL from PrPC as a toxic by-product. In subsequent passages however, when 

infectious PrPSc is host-adapted, PrPL production is increased which facilitates the generation 

of disease that presents with neurotoxicity and a clinical phenotype. 

Kinetic studies further support an uncoupling of infectivity and toxicity. Rises in infectious 

PrPSc titres during disease does not linearly correlate with the development of clinical 

symptoms or neurodegeneration [1, 361-363]. This observation was described further in large 

cohort studies showing prion propagation could be separated into two phases: an initial phase 

where infectivity exponentially increases, which is followed by a second phase, distinguished 

by a plateau in the rising PrPSc titres [362, 363]. This plateau is independent of PrPC 

concentration, given that transgenic mice expressing various levels of PrPC are reported to 

have equivalent PrPSc titres upon the saturation of infectivity [362, 363]. This is in contrast to 
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the generation of toxicity which is associated with PrPC expression: mice with higher levels 

of PrP have a symptomatic period that is shorter as a proportion of the overall disease course 

compared to lower PrP-expressing counterparts [364]. In agreement to this, large cohort 

studies show the duration of the aforementioned plateau period is inversely correlated with 

PrPC expression and determines the time until clinical onset [362, 363]. These studies suggest 

infectivity and toxicity are two different processes with unique characteristics. A logical 

explanation for this uncoupling is differential PrPL abundance between the infectious and 

toxic phases. 

A caveat to the PrPL hypothesis is that the morphology of the molecule is completely 

unknown and, given that no PrP isoforms aside from PrPC and PrPSc have ever been reported 

to occur in vivo, its existence remains purely hypothetical. Still as mentioned previously, not 

all PrPSc molecules are identical and as such various sized PrP variants are thought to exist in 

vivo. The identification of disease associated PK-sensitive PrPSc [365] is one such example 

and indeed is an attractive candidate for PrPL. The production of PK-sensitive PrPSc via 

propagation increases exponentially from the plateau in infectivity through until terminal 

disease [363] and certain mutations in PrP bias towards the generation of these species, which 

translates into reduced survival rates when inoculated into mice [366]. However a definition 

of what constitutes PK-sensitive PrPSc is lacking and as such various biochemical approaches 

have been used to separate out PK-sensitive PrPSc from PrPC and whether or not they isolate 

the same population is yet to be established. Other quantitative measures rely on indirect 

measurements by subtractive calculations of PrPRes from total PrP, which in order for 

correctness assumes PrPC levels remain unchanged during disease progression. Consensus for 

this facet of disease is lacking and while some have reported mRNA levels of PRNP remain 

unchanged during disease progression [367, 368], others report a decrease in PrPC 

concentration (which would lead to an underestimation of PK-sensitive PrPSc during 

infection) [369], or more detrimentally, an increase in PRNP mRNA and/or total PrP levels 

throughout disease until terminal stages [370-372]. Hence whether or not PK-sensitive PrPSc, 

or indeed any other putative PrPL population which is distinct from PrPSc, is directly involved 

in the generation of neurotoxicity remains to be conclusively established.  
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Figure 1.5: The hypothetical generation of PrPL. (A) PrPL may be generated as a toxic intermediate in the conversion of 
PrPC to PrPSc or (B) as a toxic by-product of prion conversion. Adapted from [360]. 
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Altered PrPC signalling 

Changes to the status quo of PrPC functioning and/or signalling are also thought to underlie 

toxicity in prion disease. Evidence for this is demonstrated by the lethal toxicity of structural 

PrP mutants where expressions of transgenic PrP containing large amino-proximal deletions 

in PrP (such as residues 32-121 and 32-134) on a PrP knockout background are highly toxic 

in mice, with ataxia and cerebellar granule cell degeneration presenting and death occurring 

by 3-4 months of age [373]. This observed toxicity is thought to be a consequence of the 

deletion of the hydrophobic region of the PrP molecule given that total ablation of the 

hydrophobic region is extremely toxic whilst mutations covering only half the region are 

innocuous [374]. The hydrophobic region is implicated in the conversion process of PrPC to 

PrPSc where it undergoes significant structural rearrangement: amino acid substitutions in this 

region significantly alter the infectivity of PrPSc [375] and antibodies targeting this region 

bind PrPC but not PrPSc [376]. Further insight comes from the toxicity observed in transgenic 

mice expressing Doppel (Dpl); a homolog of PrP which shows structural conformation to the 

globular domain but lack any alignment to the flexible tail [377]. The neurotoxicity of Dpl 

and the PrP deletion mutations may be overcome by co-expression with PrPC. These findings 

suggest these toxic mutants may act by altering the normal function of PrPC.  

Several mechanisms have been postulated to describe how altered PrPC functioning may 

contribute to toxicity in prion disease. One possibility is that PrPC has neuroprotective 

properties that are abrogated by its conversion to PrPSc. Subtle phenotypic changes are 

observed in PrP knockout mice, which have higher levels of apoptotic cell death following 

ischemic or traumatic brain damage [378-381]. Primary neuronal cultures from PrP knockout 

mice are highly sensitive to apoptosis following serum withdrawal, which can be rescued by 

the expression of PrPC or the anti-apoptotic molecule Bcl-2 [382] and human neurons are 

resistant to the pro-apoptotic stimuli Bax, when Bax is co-expressed with wild-type PrPC 

[383]. The ability of PrP to rescue cells from apoptosis or PrP knockout mice from brain 

injury is ablated when PrP lacks the octapeptide repeat region of the flexible tail [383-385]. 

Consistent with this, deleting or blocking the function of this region with antibodies slows 

disease progression in rodent animal models [386, 387]. However, given that the octapeptide 

repeat region is dispensable for the protective action of PrPC towards both Dpl and toxic PrP 

mutants [373, 388], a neuroprotective role for PrPC is not considered associated with its 

ability to suppress toxicity of these molecules. 
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Another major hypothesis in the field is that PrPC itself acts as a receptor for PrPSc, and their 

interaction triggers the activation of a neurotoxic cascade by PrPC. This hypothesis is 

supported by reports that antibodies targeting certain regions of the PrP molecule can cause 

rapid neurodegeneration in brain tissue [389, 390]. One study used a comprehensive panel of 

monoclonal antibodies targeting various regions of the PrP molecule to show those targeting 

the globular domain, particularly α-helices 1 and 3 (such as POM1), are toxic in nanomolar 

concentrations to organotypic brain slice cultures (OBSCs) prepared from PrP overexpressing 

mice [390]. As with prion disease, the toxicity mediated by POM1 is PrPC dependent (Figure 

1.6A-B). These antibodies do not act by distorting the conformation of PrP, and given that 

various small antibody fragments could achieve equivalent toxicity, including small 

recombinant single chain Fv fragments, the resulting toxicity is not due to cross-linking of 

PrPC or complement [390]. Additionally, the toxic signalling pathways elicited by these 

antibodies overlaps with those triggered by prions: POM1 treated and prion infected OBSCs 

both induce the expression of reactive oxygen species (ROS) and calpains, and are protected 

by ROS scavengers and calpain-specific inhibitors [390-392]. Both activate components of 

the protein kinase RNA (PKR)-like ER kinase (PERK) signalling pathway [392]; a pathway 

reported as a downstream neurotoxic pathway in prion disease [372] (discussed further in: 

The Unfolded Protein Response). Similarities are also found at the transcriptional level, with 

80% of genes found down-regulated being conserved between the models [392]. Further 

support for PrPC being the upstream neurotoxic agent was demonstrated in studies showing 

the toxicity of POM1 is mediated by the flexible tail of PrPC. OBSCs prepared from 

transgenic mice expressing PrP that lack a flexible tail, PrP(Δ32-93), are resistant to the toxic 

effects of POM1, which also occurs when wild-type PrP overexpressing brain slices are co-

treated with POM1 and antibodies, such as POM2, that target the octapeptide repeat region of 

the flexible tail [390] (Figure 1.6C-D). The binding of POM2 to PrP appears to disrupt any 

putative native conformation of the octapeptide repeat region [393]. Similarly, prion infected 

OBSCs treated with POM2 are protected from neuronal loss [392]. These studies reveal PrPC 

is capable of adopting a toxic gain-of-function, which is triggered by the flexible tail 

following stimulus in the globular domain, possibly following attachment to the cellular 

membrane (Figure 1.6E). This mechanism may also explain the toxicity of the PrP deletion 

mutants where PrP(Δ94-134) transgenic mice have a small, but significant, increase in 

median survival time when injected with POM2 compared to non-injected counterparts [390].  
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Figure 1.6: The flexible tail of PrP modulates the toxicity of PrP-directed antibodies in brain slices. (A) The expression 

of PrPC is essential for toxicity in prion disease in vivo. (B) A similar phenotype can be triggered in wild-type PrP 

overexpressing brain slices by antibodies, such as POM1, which target the globular domain of PrP. (C) POM1 mediated 

toxicity requires a functioning flexible tail: transgenic mice expressing amino-truncated PrP, PrP(Δ32-93), are resistant to the 

effects of POM1 (D) as are wild-type PrP overexpressing brain slices co-treated with POM1 and antibodies targeting the 

flexible tail, such as POM2. (E) This may mean toxicity is triggered by the flexible tail, possibly by alteration to the native 
conformation causing attachment to the cell membrane.  
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The capacity of the flexible tail to mediate a toxic signal fails to explain the toxicity of Dpl, 

or the observation that the toxic effects of Dpl or PrP mutants are abrogated by co-expression 

with PrPC. Further insight may come from the finding that mice expressing anchorless PrP 

succumb to a variant of prion disease characterised by a long incubation period and atypical 

neuropathology where extensive PrPSc accumulation occurs but there is no evidence of 

spongiform change [281]. Given the overtly differential disease course and pathology in 

anchorless PrP transgenic mice compared to wild-type PrP counterparts, it is possible 

different mechanisms of neurodegeneration exist in these mice whereby the generation of 

‘acute’ toxicity, per se, requires PrPC to be attached to the cellular membrane. This further 

supports the idea that numerous pathways may contribute to prion disease-associated 

neuronal death, which may depend on the spatial and temporal status of PrPC. 

 

 

 

Alterations to Endoplasmic Reticulum function 

Alterations to the homeostatic functioning of the ER may also contribute to prion-disease 

induced toxicity. The ER is essential for the co-translational or post-translational 

modification of various secretory and transmembrane proteins. Once targeted to the ER, these 

nascent proteins are modified and folded by chaperones and folding factors in order to form 

their proper tertiary structure, after which they are either targeted to the membrane or 

released from the cell via the secretory pathway. This process is strictly regulated by quality 

control mechanisms and disruption of this system leads to a state referred to as ‘ER stress’. 

ER stress can be triggered by various stress stimuli, such as accumulation of misfolded 

protein, amino acid deprivation and viral replication [394]. Numerous studies suggest 

alterations to the normal processing of PrP within the ER [395-399] and/or the activation of 

pathways associated with ER stress [372] can contribute to toxicity in prion disease. 
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Mislocalisation of PrP 

Aside from PrP that is attached to the cellular membrane via a GPI anchor, several other 

topological variants of PrP exist. Random errors in processing can lead to the hydrophobic 

region of PrP adopting a transmembrane conformation with its C- or N-terminus facing the 

inside of the lumen of the ER, resulting in ctmPrP or ntmPrP respectively [395, 400, 401]. 

While under normal conditions these topological conformers make up a small percent of the 

overall pool of PrP and are innocuous, even slight over expression of ctmPrP, or PrP mutations 

that preferentially produce it, lead to a non-transmissible neurodegenerative phenotype in 

mice that arises independently of PrPSc accumulation [395, 396]. In addition, PrP may be 

mislocalised to the cytosol if the degradative capacity of the proteasome is impaired [402, 

403], or by stress triggering retrograde transport of PrP from the ER to the cytosol during ER 

associated degradation (ERAD) [404, 405]: a controlled process to remove unwanted or 

terminally misfolded protein by targeting them to the cytosol for proteasomal degradation. 

Increased expression of cytosolic PrP (cytPrP) in both neuronal and non-neuronal cells 

produces PrPSc-like self-perpetuating, amorphous aggregates that are highly toxic [397-399] 

and transgenic mice expressing mutant PrP lacking both its C- and N-terminus, which leads 

to accumulation of PrP in the cytosol, develop neurological illness characterised by 

substantial loss of granule cerebellar neurons and gliosis [398]. It has been reported both 

ctmPrP and cytPrP may cause toxicity by binding to and disrupting the actions of Mahogunin 

(MGRN1), a cytosolic E4 ligase that is involved in the ubiquitination and removal of 

misfolded proteins [406]. In accordance to this, MGRN1 knockout mice exhibit pathological 

commonalities with prion disease such as spongiform degeneration [407]. However, follow 

up studies have so far failed to find a role of MGRN1 in prion disease, as neither the up-

regulation nor ablation of MGRN1 alters the pathology or course of disease [408, 409].  

The mechanisms of ctmPrP or cytPrP production have been investigated. As a general rule 

increasing the hydrophobicity of PrP increases the production of transmembrane PrP variants 

[395, 410], which may explain toxicity in certain familial forms of prion disease. 

Alternatively, PrPSc-induced chronic ER stress has been proposed to trigger cytPrP 

accumulation via the activation of a pre-emptive quality control (pQC) system that acts to 

halt translocation of protein and increase retrotranslocation and degradation in the cytosol. If 

persistently activated, pQC may increase the level of cytPrP beyond the degradative capacity 

of the proteasome, resulting in accumulation of toxic PrP in the cytosol. In support of this, 

transgenic mice expressing a PrP variant that has low translocation potential (thus modelling 
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a state of chronic activation of pQC) develop a mild neurodegenerative phenotype similar, in 

some aspects, with prion disease pathology [411]. In addition, it is feasible that proteasome 

inhibition caused by PrP oligomers [412, 413] may also lead to the accumulation of cytPrP, 

and hence provide a mechanism of action for oligomeric-PrP toxicity. However, a role for 

ctmPrP or cytPrP in prion disease-associated neurotoxicity is questioned by the observation 

that in vivo models are only able to recapitulate certain aspects of disease. Several studies 

report the expression of cytPrP is non-toxic, perhaps even protective, in cell culture and 

animal models [414, 415], hence any effects elicited by these variants in prion disease are not 

considered to be the sole contributors to toxicity.  

 

The unfolded protein response (UPR) 

A common feature of ER stress is protein misfolding in the ER, which in order to prevent 

perturbations in normal cellular activities, leads to the activation of the unfolded protein 

response (UPR). The UPR is a self-protective mechanism which aims to restore normal ER 

homeostasis by activating chaperones and enzymes associated with the folding pathway, 

activating ERAD and suppressing global protein synthesis. Conversely, under conditions of 

chronic or irreversible stress, the UPR can trigger apoptotic cell death, thus it represents a 

complex regulatory system that can signal both pro- and anti-cell survival signals. There are 

three signalling transduction components of the UPR: PERK, inositol-requiring enzyme 1 

(IRE1), and activating transcription factor 6 (ATF6) [394].  They are all activated by the 

heat-shock protein Grp78/BiP, which is reported to be constitutively bound to its signalling 

molecule in an ‘inactive’ state and dissociates to ‘activate’ its signalling molecule following 

the detection of rising levels of misfolded protein [416, 417]. Following activation, PERK 

oligomerises and trans-autophosphorylates the cytosolic portion of its receptor complex, 

which leads to the activation and phosphorylation of its target protein, the α subunit of 

eukaryotic translation factor-2 (eIF2α). Phosphorylated eIF2α (p-eIF2α) triggers a 

suppression of global protein synthesis and induces the activation of activating transcription 

factor 4 (ATF4) that enters the nucleus to modulate target UPR genes. ATF4 regulates the 

functions of CHOP, which is believed to activate apoptotic pathways, and GADD34, which 

serves to provide a negative feedback loop by dephosphorylating eIF2α. IRE1 also activates 

via oligomerisation and trans-autophosphorylation, which leads to cleavage and subsequent 

splicing of mRNA that encodes the transcription factor, x-box binding protein 1 (XBP1). 

Two splice variants of XBP1 are translated with opposing actions: one that activates UPR 



39 

 

target genes, the other which represses them. Activation of the anchored transcription factor, 

ATF6, results in its translocation to the Golgi apparatus via a CREB/ATF bZIP transcription 

factor domain, where it is cleaved by proteases to yield a cytosolic fragment known ATF6f 

(‘f’ for fragment). ATF6f is capable of entering the nucleus where it also activates UPR target 

gene expression (Figure 1.7). 

 

UPR activation by PrP 

Grp78/BiP is found elevated in human CJD brain [418] and its expression is elevated in cells 

following exposure to PrPSc [418] or the toxic PrP fragment PrP(106-126) [419]. 

Downstream components of PERK signalling, p-eIF2α and ATF4, are elevated in prion 

diseased OBSCs [392]. In prion infected mice, the rising levels of misfolded PrPSc correlates 

with increases in components of PERK signalling; phosphorylated PERK (p-PERK) and p-

eIF2α, as well as decreases in synaptic proteins, leading to neuronal death [372]. In this 

model the overexpression of GADD35 or the knockdown of PrP was able to suppress PrPSc-

induced toxicity, whereas treatment with salubrinal, a compound that inhibits the 

dephosphorylation of p-eIF2α, exacerbated neurodegenerative symptoms and enhanced 

disease progression [372]. In agreement to these findings, treatment with drugs targeting the 

PERK pathway impede the development of clinical symptoms and neuropathology in prion 

diseased mice [420-422]. Collectively these studies suggest PERK-mediated signalling 

greatly contributes to prion disease-induced neurotoxicity.  

What causes the activation of PERK signalling in prion disease is unknown. The observation 

that toxic globular domain-directed antibodies activate components of the PERK signalling 

pathway [392] argues against PrPSc accumulation activating PERK signalling in prion 

disease. Given that some report PrP mRNA levels increase during prion infection [372] it is 

possible increased synthesis of native PrP activates the UPR. This is supported by studies 

showing the overexpression of protein production may trigger UPR markers [423]. However 

given that others report PrP mRNA levels to be unchanged throughout disease progression 

[367, 368], further elucidation is necessary to determine the activator/s of UPR signalling in 

prion disease. In addition, the mechanism of cell death by eIF2α may be multifaceted. Aside 

from a suppression of protein synthesis, cleaved caspase-12 (mouse homologue to human 

caspase-4) also correlates with neuronal cell loss in mouse models of prion disease [372, 

418], which may indicate the activation of apoptosis. However neither ablation of caspase-12 

[424], nor modulation of apoptotic mediators by Bax deletion or Bcl-2 overexpression [425] 
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alters disease progression. Studies examining the effect of PERK signalling on gene 

expression by knocking down various components of the signalling pathway reveal nearly 

half of PERK-dependent targets are ATF4 independent [426], hence it cannot be excluded 

that other unknown downstream effectors also contribute to eIF2α-mediated neuronal cell 

death in prion disease. 

 

UPR activation by Aβ 

PERK-mediated neurotoxicity may have an equivalent role in other neurodegenerative 

diseases. In AD, Grp78/BiP, p-PERK and p-eIF2α are all found elevated in diseased brain 

[427, 428] and mice overexpressing human ApoE4 [429]. In transgenic AD-model mice 

expressing the lethal APP/PS1 mutation, the observed decrease in synaptic proteins was 

found to be concomitant with increased p-eIF2α levels. Strikingly, the conditional deletion of 

PERK was able to rescue synaptic protein synthesis which improved behavioural spatial 

memory and suppressed the potentiation of LTP [430], hence giving strong evidence PERK 

signalling is involved in neurodegeneration in AD. The contributions of p-eIF2α to these 

effects may be multifaceted given that, in contrast to the reduced translation of protein 

synthesis elicited by p-eIF2α, it has also been shown to directly increase the translation of 

BACE1 [431-435]. In agreement to these findings, reductions in PERK-dependent eIF2α 

phosphorylation suppress any elevation in BACE1 [436].  
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Figure 1.7: The unfolded protein response (UPR). Rising levels of misfolded protein triggers the activation of three 

signalling components of the UPR in the endoplasmic reticulum (ER). Activation of IRE1 occurs following trans-

autophosphorylation of the receptor complex that in turn cleaves mRNA encoding XBP1. PERK also trans-autophosphorylates 

following activation, which in turn phosphorylates and activates its target eIF2α. The main outputs for peIF2α are a reduction 

in total protein synthesis and activation of transcription factor ATF4. Activated ATF6 transits to the Golgi apparatus where it 

is cleaved, releasing ATF6 fragment (ATF6f). XBP1s, AT4 and ATF6f are all capable of entering the nucleus to activate target 

UPR genes associated with various pro- and anti-survival signals. In particular, ATF4 can induce the expression of GADD34 
that generates a negative feedback loop by targeting eIF2α for dephosphorylation.  
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UPR activation by αsyn 

In PD brain, p-PERK and p-eIF2α are found elevated in the substantia nigra compared to 

control brain, with p-PERK immunoreactivity co-localising with areas of high αsyn 

expression [437]. Numerous studies support a role of αsyn in directly activating the PERK 

pathway. The accumulation of αsyn in dopaminergic cells leads to increases in both 

Grp78/BiP and ATF4 [438]. Manganese-induced ER stress causes αsyn to oligomerise and 

activate the PERK pathway in OBSCs [439] and ablation of αsyn in this model leads to a 

reduction in PERK-mediated signalling, while the levels of pIRE1 and XBP1 mRNA splicing 

remained unchanged [440]. It has also been proposed monomeric αsyn within the ER 

activates PERK signalling by binding directly to Grp78/BiP [438]. Cells expressing mutant 

A53T αsyn harbour elevated levels of p-eIF2α, Grp78/BiP and CHOP and increased cell 

death relative to wild-type cells, which in contrast to prion disease models, is partially 

reversed by treatment with salubrinal or inhibition of caspase-12 [441]. This suggests the 

PERK pathway may have contrasting effects in prion and PD. In support of this, A53T 

transgenic mice exhibit an attenuation in αsyn-mediated cell death following treatment with 

salubrinal [442].  

 

Collectively these studies give strong evidence that PERK-mediated signalling is implicated 

in toxicity associated with various NDPs; however, it seems to have contrasting roles 

whereby it can act in either a protective or harmful capacity. The observed contrasting effect 

of salubrinal between prion disease and PD is one such example of this and highlights the 

complex nature of UPR signalling. Additionally although strong evidence suggests the PERK 

branch of the UPR is involved in neurodegeneration in mice infected with prions [372], the 

expressions of p-PERK and p-eIF2α are variable in post mortem brain from patients with 

prion disease [443, 444] and appears to be weakly activated in mice infected with sCJD or 

vCJD [444]. Therefore, further investigations are needed to fully establish the role the UPR 

plays in neurotoxicity in prion disease and relatable NDPs in the human condition. 
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Summary & Aims 

A growing body of evidence is finding similar pathogenic mechanisms associated with the 

misfolding of Aβ, αsyn and the well-studied PrP. Studies show that similar to prions, seeds of 

Aβ and αsyn are capable of inducing aggregation in normal protein that propagate within the 

CNS, which in certain cases, causes clinical disease in susceptible animals. The concept of 

strain variation may also be a conserved feature of these proteins, where differences in 

structure of misfolded species encode unique disease phenotypes. Current evidence suggests 

certain αsyn species are more prion-like than others, where in contrast to αsyn derived from 

PD brain, MSA-associated αsyn is efficient at propagating in vitro and in vivo, causing 

disease in susceptible transgenic mice [11]. This is an interesting finding given that, similar to 

prion disease, the clinical progression of MSA is rapid, whereas AD and PD are slower 

progressing disorders. Although compelling, many prion-like mechanisms of αsyn and Aβ 

identified are burdened by conflicting findings and/or lack of conclusive data. This, in part, 

reflects experimental considerations in current studies, such as the ability of transgenic 

animals to accurately model disease and assess prion-like characteristics of aberrant proteins 

and the use of misfolded recombinant protein to accurately model biologically-relevant 

species. Therefore, important future studies should include the use wild-type animals and 

robust biochemical techniques that investigate the different species of pathogenic protein 

aggregates, to define those that are most proficient at propagating, seeding and causing 

toxicity.  

An adequate explanation to the numerous data identifying both similarities and differences 

between aggregation-prone proteins is that some pathogenic mechanisms are protein-specific, 

while others represent general mechanisms associated with protein misfolding. Neurotoxicity 

is a good example of this, where while numerous data implicate pathways that are seemingly 

conserved amongst various NDP-associated proteins (such as oligomers and the activation of 

ER-stress pathways), other potential toxic agents have found no equivalent and appear 

intimately linked to the biochemical and biophysical characteristics of the protein. As such, 

further clarification on the similarities (and differences) between relatable proteins is 

essential, not only with regards to the prion concept, but also to ascertain features of disease 

that may be leveraged to further our understanding on a broad range of NDPs.  

Aside from PrPSc, the strongest evidence for a NDP-associated protein constituting a prion 

exists for αsyn. As such this thesis aimed to further discrimate the pathogenic mechanisms of 
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PrP and αsyn misfolding. The hypothesis of this thesis is that relatable pathogenic 

mechanisms are shared by misfolded PrP and αsyn, which may be exploited to further our 

understanding on general mechanisms of protein misfolding. To address this hypothesis, I 

exploited the prion-like features of αsyn to generate aggregated proteins using the prion 

assay, PMCA; adapting the protocol described by others [275] to allow fibrillization to occur 

under non-toxic conditions. Upon completion of this aim, the next objective (also Chapter 3) 

was to identify potential mechanisms of toxicity of PMCA-generated misfolded αsyn. The 

next aim (Chapter 4) was to develop a model to study prion disease using OBSCs. The final 

aim (Chapter 5) was to use the systems developed in Chapter 3 and Chapter 4 to determine 

the relevance of protein misfolding to the generation of the pathogenic readouts developed 

previously in this thesis.  
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CHAPTER 2: MATERIALS & METHODS 

 

Biosafety Approvals and Animal Ethics 

The handling of all compounds used in this thesis conformed to the recommended safety 

procedures outlined in the chemical’s material safety data sheet. Work was performed in 

laboratories that had PC2 certification. Studies using animals were carried out in strict 

accordance of the Australian Code of Practice for the Care and Use of Animals for Scientific 

Purposes issued by the National Health and Medical Research Council. All experiments 

performed were with the approval of the Animal Ethics Committees of the University of 

Melbourne (ID: 1312999.1) and La Trobe University (ID: AEC15-34). 

 

Molecular Biology Procedures 

The open reading frame of the wild-type and mutant (A53T) human αsyn gene SNCA had 

previously been cloned into the pcDNA3+ and pRSET B plasmids, under the control of a 

cytomegalovirus and T7 promotor, respectively. Both plasmids contain an ampicillin 

resistance gene for selection in bacterial systems, while pcDNA3+ also comprises a 

neomycin resistance gene used to positively select transfected cells in culture. Both vectors 

were kind gifts from Professor Roberto Cappai (The Department of Pathology, The 

University of Melbourne). The pcDNA3+ vector was used to produce stable cell lines over 

expressing wild-type αsyn, while the pRSET B vector was used to produce recombinant 

protein (wild-type and mutant A53T αsyn) [445]. 

 

Transformation of αsyn:pcDNA3+ into competent cells 

All transformation and amplification procedures followed aseptic technique. The 

αsyn:pcDNA3+ vector was transformed into MAX Efficiency® DH5α™ strain of 

Escherichia Coli (Life Technologies) by mixing 1 μL of the DNA construct with 100 μL of 

DH5α cells. The DNA/cell mix was incubated on ice for 30 min, heat shocked at 42oC for 30 

sec and placed on ice to recover for 2 min. 250 μL of Luria Broth (LuB; 10 g/L bacterial 

tryptone (Merck, Kilsyth, VIC, Australia), 5 g/L yeast extract, 5 g/L NaCl, pH 7.5) was then 

added and the solution incubated further at 37oC for 1 h with agitation using a Thermomixer 
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(Eppendorf). Transformed cells were plated on LuB agar plates (LuB + 15 g/L Agar, Oxoid – 

Thermo Scientific, Scoresby, VIC, Australia) containing ampicillin (100 μg/mL, Astral 

Scientific, Gymea, NSW, Australia) and incubated overnight at 37oC to grow colonies.  

 

Amplification and purification of plasmid DNA midipreps 

Single colonies were picked and amplified in 100 mL LuB broth containing ampicillin (100 

μg/mL) overnight at 37oC in a shaker incubator. Extraction of plasmid DNA was then 

performed using a PureYieldTM Plasmid Midiprep System (Promega) as per the 

manufacturer’s instructions. Briefly, cell suspensions were pelleted at 5, 000 g for 10 min and 

resuspended in cell resuspension buffer. Cells were then lysed following the addition of cell 

lysis solution, mixed and incubated for 3 min, room temperature (RT). Neutralisation buffer 

was added and waste cellular debris pelleted following centrifugation at 15, 000 g for 15 min, 

RT. The binding and clearing columns were then assembled and placed into a vacuum 

manifold. After centrifugation, the plasmid-containing supernatant was purified and collected 

into the binding column by filling the clearing column with supernatant and vacuum applied 

until all solution had passed through both columns. The clearing column was removed and 

discarded and 5 mL of endotoxin removal wash, then column wash solution was passed 

through the binding column one after the other aided by vacuum. The membrane was then 

dried, and column placed in a 50 mL Falcon™ tube (Thermo Fisher Scientific) and eluted by 

centrifugation after addition of 600 μL nuclease-free water and centrifugation at 2,000 g for 5 

min, RT using a swinging bucket rotor.  

Successful purification was confirmed by running the plasmid on an agarose gel. A 1% (w/v) 

agarose gel containing DNA stain (1:10 000, SYBR Safe DNA gel stain, Invitrogen) was 

loaded with 1 μL of plasmid diluted in DNA loading dye alongside the original plasmid for 1 

h, 100 V. Bands corresponding to the correct size of the plasmid were visualised under UV 

using a ImageQuant 350 (GE Healthcare). Nucleic acid concentration was determined using a 

nanodrop (Biospec-nano, Shimadzu Biotech). 
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Methods using Recombinant αsyn 

Lyophilisation and preparation of recombinant protein for αsyn-PMCA 

Recombinant human αsyn was purchased from Monash Protein Production facility, Monash 

University Clayton VIC. Briefly, protein was produced using wild-type or mutant A53T 

αsyn:pRSET B transformed into BL12 Gold cells and amplified in LuB broth containing 

ampicillin. Protein was purified using a Hitrap Q column and dialysed against water with four 

buffer changes. Protein concentration was measured and diluted to 1 mg/mL. Protein was 

supplied as 1 mL aliquots. Purchased protein was lyophilised overnight using a benchtop 

freeze dry system (Labcono, U.S.A) and stored at -80oC until reconstituted in the desired 

buffer. Buffers used in this thesis were: prion conversion buffer (PCB; 1% (v/v) Triton-X 

100, 150 mM NaCl, cOmplete ULTRA protease inhibitor cocktail tablet (1 per 10 mL; 

Roche)/phosphate buffered saline (PBS; Amresco, Solon, OH, U.S.A)), PBS, PBS+150 mM 

NaCl (PBSN), tris buffered saline (TBS; Amresco, Solon, OH, U.S.A) and TBS+150 mM 

NaCl (TBSN). For reconstitution of protein, 10 – 16 mg protein was dissolved in 1 mL buffer 

and centrifuged at 122, 500 g for 30 min, 4oC (Optima™ MAX Ultracentrifuge, Beckman 

Coulter) to sediment unwanted debris. Protein concentration of the supernatant was 

determined by measuring protein absorbance at 280 nm using a photometer (BioPhotometer, 

Eppendorf) and employing the Beer-Lambert law. Protein was diluted to a final concentration 

of 90 μM and 60 μL aliquoted into PCR tubes and stored at -80oC until experimental use in 

αsyn PMCA. 

 

αsyn PMCA 

Pre-prepared 60 μL αsyn aliquots were taken from -80oC and thawed at RT. Tubes were 

briefly spun in a benchtop centrifuge (Microfuge®16 centrifuge, Beckman Coulter), 37±3 mg 

beads (1.0 mm zirconia/silica beads, BioSpec Products) were added and tubes sealed with 

Parafilm (Pechiney Plastic Packaging Company, Chicago, IL, USA). Samples were placed 

into a 96-tube rack in a microplate cup-horn sonicator (Misonix 4000) that was filled with 

water using a circulating water bath to maintain a steady state temperature of 37oC. The rack 

was adapted in-house to ensure tubes in the holder sat 3 mm above the sonicator plate and the 

water level in the cup-horn was adjusted to be the level of the bottom of the rack 

(approximately 1.5 cm). PMCA reactions using αsyn consisted of 20 sec sonications every 29 

min 40 sec for varying lengths of time. Power setting 7 was used for all αsyn PMCA 
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experiments. To perform serial rounds of PMCA, PMCA products were diluted 1/10 in PBSN 

and 5 μL added to fresh PCR tubes containing 60 μL of 90 μM αsyn and PMCA performed as 

per standard αsyn PMCA conditions. 

 

Measuring kinetics of αsyn fibrillization using ThT fluorescence 

For studies investigating kinetics of αsyn fibrillization, individual PCR tubes containing 60 

μL of 90 μM αsyn were placed into the 96-tube rack of a running sonicator that was 

continuously cycling. This was done at specified intervals to enable all tubes to be removed at 

the same time such that their total process time corresponded to the time-point of interest 

(e.g. to measure αsyn fibrillization at 8 h a tube was placed into a running sonicator 8 h prior 

to the completion of the cycle). Extent of fibrillization was quantified in PMCA products by 

reactivity to the fluorescent compound, Thioflavin T (ThT, Sigma Aldrich). Here protein 

solution was diluted 1/25 in ThT solution (20 μM ThT, 50 mM Glycine in H2O, pH 8.5 with 

KOH) for a final volume of 250 μL in a well of a 96-well black polystyrene plate (Nunc™, 

Thermo Fisher Scientific). Fluorescence was measured using a Varioskan plate reader 

(Thermo Fischer Scientific) with 450 nm excitation and 480 nm emission settings. Triplicate 

readings were averaged and values determined following subtraction of recordings of ThT 

solution void of sample to account for background fluorescence. When determining the effect 

of a compound on PMCA-induced αsyn fibrillization using ThT, separate tubes containing 

the compound in 60 μL of PBSN only was added to PMCA at the longest (24 or 72 h) time-

point or left at -80oC (the 0 h time-point). These served as controls to confirm no ThT signal 

was attributed to the compound in the presence and absence of PMCA.  

 

PK digestion of PMCA-generated αsyn 

10 mM stock PK (Astral Scientific) was diluted in PBSN to 6 x the desired final 

concentration and 4 μL added to 20 μL of the PMCA product prior to incubation at 37 oC for 

30 min with occasional agitation. Replacement of PK with PBSN in equivalent samples acted 

as non-PK controls and these samples were kept at RT during the digestion of PK-containing 

samples. Following incubation, all samples were diluted in 4x NuPAGE LDS sample buffer 

(Life Technologies) and boiled at 100oC for 10 min prior to separation of species using SDS-

PAGE.  
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Circular dichroism spectroscopy 

Conformational changes in αsyn following PMCA were measured using a circular dichroism 

(CD) spectrometer (Jasco J-815 CD Spectrometer), with a spectral range of 190 - 260 nm and 

step size of 1 nm. Analysis was performed using a 1 mm-path length cuvette on protein 

diluted in dH2O to a final concentration of 1 mg/mL. CD readings were taken on αsyn protein 

exposed to PMCA or left at -80oC (0 h time-point/non-PMCA). The spectrum of buffer alone 

in an equivalent dilution in dH2O was also taken to confirm that no inherent spectra came 

from the PBSN solution. 

 

Lipid binding assays 

Lipid strips dotted with 15 long chain (>diC16) highly pure synthetic lipid analogues were 

purchased from Echelon Inc. and used to determine the affinity of PMCA-generated 

misfolded or monomeric (non-PMCA) αsyn to lipid species. Strips were blocked in 5% skim 

milk (2 h, RT), prior to incubation with 10 μg/mL αsyn protein diluted in blocking buffer for 

2 h, RT. Extent of binding was measured using immunoblot by detection of αsyn using 

MJFR1 antibody (see sections: Immunodetection and Enhanced Chemiluminescence). 

 

 

Preparation of Compounds Added to αsyn PMCA  

Anle138b 

Anle138b (Sigma-Aldrich) was dissolved in dimethyl sulfoxide (DMSO) to a final 

concentration of 10 mM and aliquots stored at -80 oC. For αsyn PMCA reactions, stock 

Anle138b was thawed at RT and diluted in DMSO to 1.3, 13 and 130 μM and 5 μL added to 

PCR tubes containing 60 μL of 90 μM αsyn for a final concentration of 0.1, 1 and 10 μM 

Anle138b. 

 

Cardiolipin 

500 μg of synthetic 16:0 cardiolipin (Echelon, Inc.) was diluted in a small volume of 

methanol (MeOH; 50 μL) and solubilised by sonication (Misonix 3000) at 45 oC, 10 min. 
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Lipid/MeOH was diluted in RT PBSN to a final concentration of 1 mg/mL or 0.1 mg/mL and 

5 μL added to PCR tubes containing 60 µL of 90 µM αsyn dissolved PBSN. 

 

 

Cell Culture Procedures 

Maintenance of adherent cell lines 

All cell culture was performed in a class II biosafety cabinet using aseptic technique. The 

human neuroblastoma cell line SH-SY5Y [446] was used for all experiments on cultured 

cells in this thesis. This cell line is a subclone of the cell line SK-N-SH originally isolated 

from a bone marrow biopsy taken from a 4 year old female with neuroblastoma [447]. SH-

SY5Y cells were maintained in Dulbeccos modified eagle medium (DMEM; Life 

Technologies) supplemented with 10% fetal calf serum (FCS; Life Technologies), 1% 

GlutaMAX (Life Technologies) and 1% penicillin/streptomycin 100 x (Life Technologies). 

In this thesis, complete media is the term given to DMEM containing these added 

components. Culture media was replaced with fresh, prewarmed complete media three times 

a week. Cells were grown in tissue culture flasks (Nunc™ – Thermo Scientific) in a 

humidified environment at 37oC with 5% CO2. 

 

Passaging and seeding of cells 

Cells were grown to >85% confluency prior to passaging or seeding. Prewarmed complete 

media was the only solution used for this process. To passage SH-SY5Y cells, monolayers 

were gently washed once with media, and cells detached by spritzing with media. Cells were 

then resuspended in media prior to being re-plated into culture flasks at the desired 

concentration. For seeding known numbers of cells, cells in suspension were counted using 

an automatic cell counter (Scepter Cell Counter, Merck Millipore), diluted in media to 

achieve the required concentration and plated into a new tissue culture flask or plate of the 

desired size. 

 

Freezing and thawing cells 

To thaw cells, vials stored in liquid nitrogen were removed and warmed briefly on dry ice. 

Frozen cells were slowly thawed in a 37oC water bath and removed immediately once the last 
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crystals began to thaw. The cell suspension was added to 10 mL of prewarmed complete 

media then centrifuged for 3 min, 700 g. The supernatant was aspirated and cells resuspended 

in 10 mL of prewarmed complete media before being transferred to a flask. Media was 

replaced the next day to remove trace DMSO. For freezing stocks, cells were grown to 95% 

confluency and cells collected by spritzing. Multiple flasks were usually prepared and cells 

pooled and centrifuged for 3 min, 700 g. The supernatant was aspirated and cells resuspended 

in 10 ml of cold 1:1 complete media:freezing media (FM; 40% complete media, 50% FCS, 

10% DMSO (v/v)). Cells were centrifuged again and supernatant aspirated prior to 

resuspension of cells in cold FM. 1 ml of the cell suspension was then quickly transferred to 

pre-chilled, labelled cryogenic tubes (Greiner Bio-One). These tubes were stored overnight at 

-80oC before being transferred to liquid nitrogen for storage the following day.  

 

Transfection of SH-SY5Y cells to produce stable cell lines 

SH-SY5Y cells were seeded in a 12-well tissue culture plate at a density of 1.5 x 105 for use 

48 h later. Cells were serum starved in 750 μL FCS-depleted media for 4 h prior to 

transfection. Varying amounts of plasmid (αsyn:pcDNA3+) and lipofectamine transfection 

reagent (Thermo Fisher Scientific) were combined separately in 125 μL Opti-MEM (Thermo 

Fisher Scientific) per well, before being combined, mixed well and left to incubate for 20 

min, RT. 250 μL of the combined solution was then added dropwise to each well and 

incubated in 37oC, 5% CO2 for 6 h before being replaced with fresh complete media. Cells 

were left to recover for 48 h before addition of the selective antibiotic G418 (300 μg/mL; 

Thermo Fisher Scientific) into complete media without added penicillin/streptomycin. 

Expression of αsyn in clones derived from transfected single cell colonies was monitored by 

western immunoblot analysis, with the cell line expressing the highest level of αsyn used for 

further experiments. The αsyn overexpressing SH-SY5Y cell line used in this thesis was 

derived from clone A4, and hence named as such. 

 

Detection of αsyn in transfected SH-SY5Y cells using immunofluorescence 

3 x 104 A4 and untransfected SH-SY5Y cells were seeded into 8-well Lab-Tek®II Chamber 

Slides (Nalge Nunc, Naperville, IL, U.S.A) and left for 48 h to strongly adhere. Cells were 

washed once in PBS and fixed with 4% (w/v) paraformaldehyde (PFA; Sigma-Aldrich) in 

PBS for 15 min, RT. Cells were washed three times in PBS to remove residual PFA and 



52 

 

permeabilised in 0.5% (v/v) Triton X-100/PBS for 2 min, RT. Cells were washed again as 

described above and blocked in buffer (2% (w/v) bovine serum albumin (BSA; Sigma-

Aldrich)/PBS) for 30 min, RT. Blocking buffer was removed and cells incubated with 

primary antibody (MJFR1 to detect αsyn) diluted in blocking buffer for 2 h, RT, followed by 

five washes in PBS. Fluorphore-conjugated (anti-rabbit, 568-Alexa Fluor conjugated) 

secondary antibody and 4’,6-diamidino-2-phenylindole (DAPI), also diluted in blocking 

buffer were then added to the chamber wells and left for 2 h, RT before a final five washes in 

PBS. Walls of the chamber slide were removed and mounted with glass cover slips 

(Mediglass, Taren Point, NSW, Australia) with ProLong™ Gold Antifade Mountant 

(Thermo-Fisher). Slides were inverted and left to dry overnight in the dark before being 

sealed with nail polish (Sally Hansen).   

 

Lactate dehydrogenase (LDH) cytotoxicity assay 

A lactate dehydrogenase (LDH) cytotoxicity assay Kit (Thermo Fisher Scientific) was used to 

determine the cytotoxicity of buffers used in PMCA to A4 and SH-SY5Y cells. The protocol 

followed was as per the manufacturer’s instructions. Briefly, 1 x 104 cells were seeded into a 

96-well tissue culture plate and 24 h later triplicate wells were treated with 10 μL of PBSN or 

PCB diluted in H2O to achieve a final concentration of 0.5, 1, 5, or 10% final volume of 

buffer. Additionally, one set of triplicate wells was treated with H2O to act as a control for 

spontaneous cell death and one set was left untreated to be treated later with lysis buffer to 

measure maximum cell death (maximum LDH activity). Cells were incubated under standard 

cell culture conditions for 24 h. Following incubation, 10 μL lysis buffer was added to the set 

of untreated triplicate wells and incubated again for a further 45 min. 50 μL of media from all 

wells was then transferred to a 96-well flat-bottom plate. Reaction mixture (50 μL) was added 

to each well and incubated for 30 min RT protected from light followed by the addition of 50 

μL of stop solution. Absorbance was measured at 490 nm and 680 nm to obtain sample 

fluorescence and background fluorescence respectively. To determine LDH activity, the 680 

nm absorbance was subtracted from the 490 nm value. Percent cytotoxicity of a sample was 

determined using the formula:  

% toxicity =   (sample LDH activity – spontaneous LDH activity)/ 

(maximum LDH activity – spontaneous LDH activity)*100 
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Preparation of samples for measuring cellular readouts using Seahorse XF Analyser 

The Seahorse Extracellular Flux (XF) Analyser (Seahorse Biosciences, North Billerica, MA, 

U.S.A) used in this project belongs to the Paul Fisher Lab, La Trobe University. The XF 

assay medium and all drugs used to measure Cellular Respiratory Control (CRC) and 

glycolysis were made by Dr Sarah Annesley and Ms Katelyn Mroczek (Fisher Lab, La Trobe 

University), and they also ran the Seahorse instrument.  

Confluent SH-SY5Y cells grown in T75 flasks were harvested, pelleted and resuspended in 

XF assay medium. PMCA-generated misfolded and monomeric (-80oC) αsyn protein or 

PBSN only (26.25 μL per well) was mixed with lipofectamine (3 μL per well) and the 

combined solution added to the cells (2 x 105 cells per well) in suspension and mixed gently. 

Equivalent cell densities were similarly left untreated. Cells and protein (525 μL in total) 

were then plated into the well of a Seahorse XF24 plate that had been pre-coated (and 

subsequently air dried) with Matrigel (356231, Corning) diluted 1:2 in XF assay medium. 

Cells were left to adhere for 1 h at 37oC prior to CRC or glycolysis analysis with Seahorse 

XF Analyser. 

 

Measuring cellular respiratory control (CRC) in SH-SY5Y cells 

CRC in live SH-SY5Y cells was measured via changes in the oxygen consumption rate 

(OCR) following the sequential addition of pharmacological agents (oligomycin, CCCP, 

rotenone, antimycin A). Between each compound treatment, the average of three 

measurement cycles of OCR was taken, each cycle including a 3 min mix step, 2 min wait 

and a measurement time of 3 min. In doing so, several parameters of mitochondrial 

respiration were obtained: basal respiration, ATP-linked respiration, proton leak respiration, 

maximum respiration rate and spare respiratory capacity. Each condition tested had a 

minimum of three replicate wells, with the average of the values taken per experiment. 

 

Measuring glycolysis in SH-SY5Y cells 

Glycolysis was calculated from changes in pH associated with the extracellular acidification 

rate (ECAR) in live SH-SY5Y cells. Several parameters on glycolytic potential were 

measured: basal glycolysis, starved glycolysis, glycolytic capacity and spare glycolytic 

capacity, all measured following the successive addition of pharmacological agents (glucose, 

oligomycin, rotenone & antimycin-A, 2-deoxy-D glucose).  
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Lysis of cultured cells 

All steps to lyse cultured cells were performed on ice using pre-chilled reagents. Pelleted 

cells were washed twice with cold PBS and resuspended in lysis buffer (150 mM NaCl, 50 

mM Tris pH 7.4, 1% (v/v) Triton X-100, 1% (w/v) sodium deoxycholate (Sigma-Aldrich) 

and cOmplete ULTRA protease inhibitor in ddH2O). Cells were left to lyse for 20 min with 

occasional agitation, then unwanted debris and nuclear material removed by centrifugation 

(1, 000 g, 3 min). The supernatant was collected and either used immediately in protein 

determination and western immunoblot analysis, or stored at -80oC for future use. 

 

 

Organotypic Culturing of tga20 Brain Slices  

All brain slice culture techniques were performed in a class II biosafety cabinet using aseptic 

technique. In order to enable slices to recover in culture, the total process time of all brain 

slicing experiments did not exceed 4 h. All dissection tools were sterilised by autoclave and 

all equipment wiped with 80% (v/v) ethanol (EtOH) and sterilised by UV prior to 

experimental use. 

 

The use of animals in this study 

Tga20 PrP overexpressing mice on a C57BL/6 background [364] were bred at the Bio21 

Animal Facility, The University of Melbourne and La Trobe Animal Facility, La Trobe 

University. Colonies were maintained with homozygous mating pairings. All mice were 

housed at a constant temperature of 22oC in a 12 h light-dark cycle, in shoebox cages with 

wood shaving bedding. Fed and water was supplied ab libitum.  

 

Preparation of buffers for brain slicing 

Cutting solution and brain slice culture media (SCM) were made in-house and stored at 4oC 

for a maximum period of two months. All perishable components of buffers were stored as 

sterile 50 mL aliquots to avoid changes to pH associated with repeated exposure to air upon 

opening of containers. Buffers used in the sectioning and culturing of brain slices all had 

physiological pH of 7.2 – 7.4 and were filter sterilized with a 0.22 μm vacuum driven 
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Stericup® Filter Unit (Merck Millipore). The recipies of the cutting solution and the SCM are 

as follows: 

The cutting solution, Grey Balanced Salt Solution (GBSS): 137 mM NaCl, 5 mM KCl, 0.845 

mM Na2HPO4, 1.5mM CaCl2.2H2O, 0.66mM KH2PO4, 0.28mM MgSO4.7H2O, 1.0 mM 

MgCl2.6H20, 2.7mM NaHCO3 in sterile ddH2O. GBSS was supplemented with 25 mM 

kynurenic acid (Sigma-Aldrich) and 33 mM glucose (45% (w/v) in H2O, sterilized, Sigma-

Aldrich) immediately prior to use in brain sectioning. This complete solution is referred to as 

GBSSK. 

The slice culture media (SCM): 100 mL 2x concentration of minimal essential medium 

(MEM; Gibco by Life Technologies; bought in powder form and made up as 2x stock 

concentration), 100 mL basal medium eagle (BME; Gibco by Life Technologies), 100 mL 

heat inactivated horse serum (Gibco by Life Technologies), 4 mL glutamax, 4 mL 

penicillin/streptomycin, 5.5 mL glucose (45% (w/v) solution), 86.5 mL ddH2O. 

 

Cerebellum isolation and sectioning using a tissue chopper 

Tga20 mouse pups (9-10 days of age) were culled via decapitation using large scissors and 

the head wiped with 80% (v/v) EtOH. Using fine scissors, a long incision was made under the 

skin from the back of the head laterally down the midline to the forefront of the head, and 

skin carefully peeled back to reveal the skullcap. Remaining cervical vertebrae at the back of 

the skull was removed and cuts were made either side of the base of the skull and at the 

forefront in between the eye sockets. The skullcap was separated down its centre with 

shallow incisions which avoided cutting too deep and damaging the brain tissue underneath. 

The two resulting hemispheres of the skullcap were then levered back from the incision line 

to the sides of the skull revealing the brain. Jeweller’s tweezers were used to pinch and 

isolate the cerebellum, which was immediately placed in an ice slurry of GBSSK for 2 min (a 

timer was used). The brain tissue was then placed onto the stage of a tissue chopper (McIlwin 

Tissue Chopper) on top of two pieces of circular Whatman® filter paper (Sigma-Aldrich) 

pre-moistened with two drops of GBSSK and cut to the diameter of the stage. An additional 

two drops of GBSSK was added to the brain tissue upon its placement on the stage to prevent 

the tissue drying out. Tissue sections 400 µm thick were cut serially, with each slice collected 

as soon as it was cut using a small paintbrush and transferred immediately to ice-cold 

GBSSK with the aid of a blunt spatula. Slices were then either transferred directly to 
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Millicell® cell culture inserts (Millipore) for culturing or first exposed to M1000 prions prior 

to culturing.  

 

Organotypic culturing of brain slices 

Brain slices were maintained in SCM on 30 mm Millicell® cell culture inserts; hydrophilic 

PTFE cell culture inserts with pore size of 0.4 μm. The inserts have small plastic supports 

(approximate height of 1 mm) that allows the insert to sit slightly raised when placed in a 

well of a tissue culture plate. This setup allows nutrient transfer to occur via capillary action 

of the media in the outside well through the membrane to the slice, whilst maintaining 

sufficient oxygen transfer to slice. Brain slices in GBSSK were transferred into the inserts 

using disposable, sterile plastic Pasteur pipettes that has been cut to produce a blunt-end large 

enough to draw up and move a whole brain slice without causing damage. Slices were 

transferred one at a time with a total of 3 – 6 slices plated per insert. Excess GBSSK in the 

insert was removed using a P1000 pipette and the insert was carefully placed into a well of a 

6-well plate containing 1000 μL SCM. Slices were housed in a humidified environment at 

37oC with 5% CO2. Media was changed three times a week, where SCM was removed from 

the outer well and fresh prewarmed SCM (1000 μL) carefully added. After every media 

change, the insert was inspected to ensure no large bubbles had formed on the underside of 

the insert between the membrane and media, which would hinder the transfer of media to the 

slice.  

 

Measuring viability in live organotypic brain slices 

Live brain slices were incubated with SCM containing propidium iodide (PI; 5 μg/mL; Life 

Technologies) and Hoechst 33342 (5 μg/mL; Life Technologies) for 30 min and visualised on 

an inverted widefield fluorescent microscope (DMI 6000 B, Leica). Slices treated with 5 μM 

staurosporine (Enzo Life Sciences) 48 h prior to imaging served as a positive control for cell 

death. Images were taken using 10 and 20 x objective lens at random locations around the 

slice. Both PI and Hoechst 33342 are non-toxic and hence viable slices could be recovered by 

washing in ice cold PBS and harvested for further analysis via SDS-PAGE and western 

immunoblot. 

 



57 

 

Collection and lysis of organotypic brain slices 

Lysis was performed on pooled organotypic brain slices (usually 6 per treatment group). 

Tissue was collected by placing the culture plate containing slices on ice and replacing the 

SCM with cold dPBS. This step was repeated an additional two times to remove residual 

SCM. dPBS (500 μL) was also carefully pipetted into the insert and removed to wash the 

surface of the slices. More dPBS (500 μL) was then added into the insert and slices detached 

from the membrane with the aid of a cell scraper (Corning®). Tissue and dPBS was then 

collected into Eppendorf tubes and spun for 10 min, 4oC at max speed, and supernatant 

discarded. An additional 500 μL dPBS was added to the insert and again the cell scraper used 

to collect any remainder tissue and centrifuged again. Supernatant was again discarded and 

the remaining pellet either lysed and protein concentration determined, or stored at -80oC for 

future use. For lysis, the pellet was carefully resuspended in lysis buffer (150 – 300 μL, 

depending on pellet size) and subjected to three freeze/thaw cycles. For uninfected slices, the 

lysis buffer was the same detailed in section: Lysis of cultured cells. For infected slices a 

different protease inhibitor cocktail was used, where the cOmplete ULTRA protease inhibitor 

cocktail tablet was replaced by cOmplete Mini protease inhibitor cocktail tablet (Roche; 1 per 

10 mL). This substitution is due to the ULTRA tablet containing a protease that inhibits the 

activity of PK. 

 

 

Protein Biochemistry 

Protein Quantification 

The bicinchonic acid (BCA) assay was used to determine protein content of protein lysates. A 

standard curve was used in every assay using 25 μL of eight dilutions ranging from 2000 

μg/mL to 25 μg/mL BCA in ddH2O, as well as a ddH2O only sample. Lysates were diluted 

1/10 in ddH2O and 25 μL of all samples incubated with 200 μL BCA working reagent (50:1 

BCA Reagent 1: Reagent 2) at 37oC for 30 min in the dark. Protein concentration of each 

lysate was determined relative to the linear equation of the standards. Triplicate absorbance 

readings were taken for each standard and sample, read at 562 nm using a Varioskan plate 

reader (Thermo Fischer Scientific).  

 



58 

 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 

For cell lysates and biological tissue, lysates were diluted to the desired final concentration (5 

– 40 μg) in 1x sample buffer (200 mM Tris pH 6.8, 8% (w/v) SDS, 40% (v/v) glycerol, 

0.08% (w/v) bromophenol blue) containing 5% (v/v) β-mercaptoethanol (Sigma-Aldrich). 

Samples were heated at 100oC for 5 min and centrifuged for 2 min at 16, 000 g prior to being 

resolved through precast SDS-PAGE 4-12% NuPAGE Novex Bis-Tris 10% Bis-Tris gels 

(Life Technologies) using an XCell SureLock tank (Life Technologies) filled with 1x 

NuPAGE MES SDS running buffer (50 mM 2-(N-morpholino)ethanesulfonic acid, 50 mM 

Tris, 0.1% (w/v) SDS, 1 mM EDTA, pH 7.3; Life Technologies). Electrophoresis was 

performed at a constant 170 V for 50 min. To monitor the extent of protein separation, a 

prestained protein marker (SeeBlue Plus2 Prestained Standard, Invitrogen) was resolved 

alongside the lysates. For recombinant αsyn, samples were diluted 1/20 in 37oC buffer, 

diluted in 4x LDS Sample Buffer (NuPAGE®, Life Technologies) and boiled at 100oC for 10 

min prior to being resolved on SDS-PAGE, as per the conditions above. 

 

Coomassie brilliant blue staining on gel electrophoresis 

SDS-PAGE gel containing resolved proteins was incubated with Coomassie brilliant blue 

stain (0.1% (w/v) Coomassie brilliant blue R-250 (Sigma-Aldrich) in 50% MeOH, 15% 

glacial acetic acid, 35% ddH2O (v/v)) overnight with constant agitation. Proteins were 

detected the next day after several washes in destain (20% EtOH, 10% glacial acetic acid, 

70% dH2O(v/v)). Following destain, the gel was transferred to a white plastic insert and 

imaged using a developing dock (ChemiDoc™ MP Imaging System, Bio-Rad). 

 

SDS-PAGE western immunoblot analysis using PVDF membrane 

Proteins were transferred from the separating gel onto 0.45 um polyvinyl difluoride (PVDF) 

membrane (Millipore) using a Criterion transfer cell (Bio-Rad, USA). The transfer was 

achieved by cutting four pieces of Whatman 3MM filter paper (GE Healthcare) and one piece 

of PVDF membrane to the approximate size of the separating gel. The Whatman filter paper 

was presoaked in western blot transfer buffer (25 mM Tris, 190 mM Glycine, 20% MeOH 

(v/v)/dH2O) while the PVDF membrane was activated in MeOH, before also being soaked in 

transfer buffer prior to transfer cell cassette assembly. The gel, once removed from its cast 

was trimmed to remove raised edges and also soaked in transfer buffer. The cassette was then 
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assembled in the following order: x2 apparatus pads, x2 Whatman filter paper, gel, PVDF 

membrane, x2 Whatman filter paper, x1 apparatus pad. Throughout this process the pads and 

filter paper were continuously gently rolled with a roller to remove any air bubbles. The 

closed cassette was placed in the gel tank with an ice pack and filled with transfer buffer. 

Electrophoresis was performed at a constant 100 V for 50 - 60 min in a cold room (constant 

outside temperature of 4oC). 

 

Immunodetection 

Membranes containing transferred protein were blocked in 5% (w/v) skim milk (Diploma 

Instant Skim Milk Powder; Fonterra, Mount Waverly, VIC, Australia) dissolved in PBST 

(137 mM NaCl, 2.7 mM KCl, 6.5 mM Na2HPO4, 1.5 mM KH2PO4, 0.1% (v/v) Tween-20 

(Ajax Finechem; Thermo Scientific), pH 7.4) at RT for 1.5 h with gentle rocking. The 

membrane was then probed with primary antibody in 2.5% (w/v) skim milk/PBST. The 

membrane was then washed four times in PBST for 30 min (5 min x 3, 15 min x 1) then 

probed with secondary antibody for 1 h at RT in either 2.5% (w/v) skim milk/PBST. The 

membrane was then further washed four times as previously described, washed once in PBS 

and developed using Enhanced Chemiluminescence (ECL). 

 

Enhanced chemiluminescence (ECL) 

To visualise horseradish peroxidase (HRP)-conjugated antibody binding to the membrane, 

two commercial ECL kits were used; Clarity™ ECL Western Blotting Substrate (Bio-Rad) or 

SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo Fisher). The majority of 

blots were developed using Clarity™, while SuperSignal™ was used on membranes that 

required higher sensitivity. For both systems, the two ECL reagents (A and B) were mixed at 

a ratio of 1:1 and then incubated with the membrane at RT for 5 min, with occasional 

agitation. Chemiluminescence was captured using a developing dock (ChemiDoc™ MP 

Imaging System, Bio-Rad). Following ECL capture, membranes were resoaked in PBST and 

either dried for storage or re-probed. If the second protein of interest was similar in molecular 

weight or was raised in the same host the membrane was stripped before re-probing. In this 

instance, 10 mL of stripping buffer (2% (v/v) HCl in dH2O) was incubated with the 

membrane for 10 min with gentle rocking prior to being washed well in PBST and blocked 

again in blocking buffer before starting the immunodection assay again. 
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List of antibodies and fluorescent dyes used in this thesis (Table 2.1) 

Primary antibodies: 
   

Antibody Type Dilution Company & reference ID 

αsyn [MJFR1] Rabbit Monoclonal 1/10,000  Abcam (ab138501) 

PrP (03R19.2) Rabbit Monoclonal 1/25,000  made in-house [448] 

GFAP Rabbit Polyclonal 1/10,000 Abcam (ab7260) 

PSD-95 Mouse Monoclonal 1/500  Merck (MAB1598) 

Synaptophysin Mouse Monoclonal 1/1,000 Cell Signalling (12270) 

VAMP2 Rabbit Monoclonal 1/1,000 Cell Signalling (13508) 

SNAP25 Rabbit Polyclonal 1/1,000 Abcam (AB41455) 

β-actin Mouse Monoclonal 1/10,000 Cell Signalling (8H10D10) 

GAPDH Mouse Monoclonal 1/50,000  Life Technologies (MA5-15738) 

All primary antibodies were diluted in 2.5% skim milk. All incubations with membranes were performed 

overnight at 4
o
C, except β-actin and GAPDH which were incubated with the membrane for 1 h RT. 

 

Secondary antibodies:    

Antibody  Dilution Company & reference ID 

Anti-Rabbit IgG, HRP-linked whole antibody (from donkey) 1/10,000-1/25,000 GE Healthcare (NA934) 

Anti-Mouse IgG, HRP-linked whole antibody (from sheep) 1/5,000-1/25,000 GE Healthcare (NA931) 

Anti-Goat IgG, HRP-linked whole antibody (from rabbit)  1/10,000 Sigma (A5420) 

Anti-rabbit IgG H&L Alexa Fluor®568 (from goat) 1/500 Abcam (175471) 

 

Fluorescent dyes:   

Name Dilution  Company & reference ID 

Propidium iodide (1 mg/mL solution in water) 1/200 Life Technologies (P3566) 

Hoeschst 33342, trihydrochloride, trihydrate (10 mg/mL in water) 1/2,000 Life Technologies (H3570) 

DAPI (stored as 1 mg/mL in water) 1/1000  Life Technologies (D1306) 
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Prion Infection Experiments  

Safety procedures for handling prions 

Experimental procedures dealing with infectious prions were performed in a designated 

containment room under PC2 guidelines. Required personal protective equipment included 

double gloves, gown, and safety glasses that were worn at all times. All handling of 

biological material was performed in a cytotoxic class II biosafety hood and waste processed 

with chemical and/or physical decontamination. Liquid waste containing prions was diluted 

in NaOH to a final concentration of  >2 M and left to soak for a minimum of 12 h. Solid 

waste was autoclaved at 134oC for 20 min. Tissue culture plates and tips were soaked in 

NaOH prior to autoclaving as per the conditions outlined above. 

 

Preparation of infectious M1000 brain homogenates 

Brain homogenate from terminal Balb/C mice infected with M1000 prions [449], supplied by 

Associate Professor Victoria Lawson (Department of Pathology, The University of 

Melbourne) was the only source of infectious material used in this thesis. For infection 

experiments, M1000-infected or normal brain homogenate (NBH; supplied by Associate 

Professor Victoria Lawson or isolated from mice bred at La Trobe University) was made by 

weighing whole brain in closed screw cap tubes and adding dPBS for a final concentration of 

10% (w/v). Tissue was homogenized by sequential passaging through needles of increasing 

gauge (18 – 26G). Aliquots were stored at -80oC until experimental use. Homogenate used in 

PrP PMCA reactions followed the same protocol detailed above except PCB was used as the 

buffer the tissue was homogenised in.  

 

Infection of tga20 brain slices with M1000 

M1000 brain homogenate or NBH was diluted to a final concentration of 1% (v/v) in 

GBSSK. Freshly cut free floating slices were transferred from GBSSK to GBSSK containing 

homogenate in a 6-well plate using a blunt ended Pasteur pipette and incubated at 4oC for 1 h. 

Buffer was removed and slices washed well in GBSSK three times prior to transferring slices 

to culture inserts as described previously (see section: Organotypic culturing of brain slices).  
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PrP PMCA 

A standard PrP PMCA was performed by combining NBH (90 μL of 10% (w/v)/PCB) with a 

small seed of M1000 infected brain homogenate (10 μL of 10% (w/v)/PCB) in PCR tubes. 

Tubes were sealed with Parafilm and placed in a sonicator as per the procedure for αsyn 

PMCA. PMCA reactions using PrP consisted of 30 sec sonications every 29 min 30 sec for a 

total process time of 24 h (24 h equating to one PMCA cycle). Power setting 7 was used for 

all PrP PMCA experiments. Confirming the relevance of PrPC and PrPSc in the substrate and 

seed respectively was achieved by running PrP PMCA reactions where the NBH substrate 

was replaced with PrP knockout brain (supplied by Associate Professor Victoria Lawson or 

isolated from mice bred at La Trobe University) and the M1000 seed was replaced with 

NBH.  

 

Amplification of PrPSc in singular M1000-infected brain slices using PrP PMCA 

Single brain slices were collected using a cell scraper and collected in Eppendorf tubes. 

Slices were homogenised in 10 μL PCB and lysed by three freeze/thaw cycles. After each 

thaw, careful pipetting was employed to avoid foaming of the buffer. Samples were added to 

90 μL of 10% (w/v) NBH in PCB and subjected to one PrP PMCA cycle. Upon completion 

of one PrP PMCA cycle, a second serial PMCA cycle was achieved by spiking the PMCA 

reaction product (10 μL) into fresh PCR tubes containing 90 μL of NBH/PCB, and subjecting 

the samples to another round of PMCA (referred to as the 2nd PMCA cycle). 

 

Treatment of M1000-infected organotypic brain slices with Anle138b 

Stock Anle138b (10 mM, for stock preparation, see: Preparation of compounds added to 

PMCA) was diluted in DMSO to 1 mM or 100 μM and diluted 1:1000 in warm SCM for a 

final concentration of 1 μM and 0.1 μM respectively. Media containing compound was 

immediately used on organotypic brain slice cultures and used in every media change (three 

treatments per week). 

 

PK digestion of M1000-infected brain slices or PrP PMCA reaction products 

For PK digestion of M1000-infected brain slices, 20 μg of protein was diluted to 20 μL in 

lysis buffer prior to incubation with 10 μL of PK (60 μg/mL PK diluted in dPBS) for a final 
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concentration of 20 μg/mL PK. To detect de novo protease resistant PrP generated in the 

PMCA assay reaction products, 20 μL of PMCA sample was incubated with 10 μL of PK 

(150 μg/mL PK diluted in dPBS) for a final concentration of 50 μg/mL PK. 

Digestion was performed for 1 h at 37oC with gentle rocking. For non-PK samples, 

equivalent amount of protein was combined with 10 μL dPBS and left on ice for the duration 

of the PK incubation period. PK proteolysis was stopped by addition of phenylmethylsulfonyl 

fluoride (PMSF; Sigma-Aldrich;) for a final concentration of 5 mM (using a stock of 100 mM 

PMSF in MeOH). Samples were mixed well, left on ice for 5 min and 11 μL sample buffer 

containing 5% β-mercaptoethanol added and 20 μL loaded onto a 4-12% Bis-Tris pre-cast gel 

for SDS-PAGE and western immunoblot analysis. 

 

 

Data Analysis 

Densitometric analysis was performed on unsaturated western immunoblot images using 

Image Lab. To quantify protein abundance in biological tissue, band densities (expressed as 

arbitrary units, AU) were normalised to house-keeping genes (β-actin or GAPDH). For 

quantification of fluorescent PI signal in images taken of live organotypic brain slices, 

percent area PI staining was determined using FIJI [450], performed on triplicate samples. 

All statistical analysis was performed using GraphPad Prism, using a statistical criterion of 

0.05. When values from at least three independent replicates were combined, they were 

depicted as mean±standard error of the mean (SEM).  
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CHAPTER 3: IDENTIFYING POTENTIAL NEUROTOXIC 

MECHANISMS OF MISFOLDED αSYN 

 

Introduction 

In synucleinopathies, the generation of neuronal loss and its associated clinical presentation is 

highly variable [222]. While this diversification is most obvious between the categorical 

subtypes of synucleinopathies (e.g. PD vs. MSA), variation is also found within a given 

synucleinopathy. Indeed, in the case of PD, the clinical guidelines used to diagnose disease 

carry a high degree of error, with a recent systematic review and meta-analysis reporting a 

pooled diagnostic accuracy of 80.6% in specialised clinics [451]. Similar to prion disease, 

this broad spectrum of clinical and pathological profiles associated with synucleinopathies 

supports the idea that numerous mechanisms of toxicity may be employed by misfolded αsyn 

depending on its structure and/or locality.  

The aim of this chapter was to investigate mechanisms of neurotoxicity of misfolded αsyn. A 

large body of evidence indicates αsyn can directly cause damage to target organelles. 

Proposed sites where αsyn can cause damage include the cell membrane [326, 338, 339, 452, 

453], ER or Golgi apparatus [328, 454, 455] and the mitochondria [329, 456-462], among 

others. An interesting persistent connection made between αsyn and toxicity is an association 

with lipids. Indeed, this is considered relevant particularly to αsyn’s ability to cause damage 

at the lipid-rich cell membrane and mitochondria [463].  

 

The association of αsyn with lipids 

Several lipid classes have been identified as binding partners for αsyn, which in some cases 

appear to contribute to the misfolding and/or pathogenicity of the protein. In particular, many 

studies have demonstrated an interaction of αsyn with polyunsaturated fatty acids (PUFA). 

Recombinant αsyn harbours an increased propensity to aggregate when exposed to both free 

forms of PUFA and those esterified with phospholipids [464, 465]. Treating cultured neurons 

with PUFAs causes an elevation in the formation of αsyn oligomers [466] which go on to 

form higher order aggregates. This finding is specific to the class of lipid given that a similar 

effect could not be achieved upon treatment with either monounsaturated or saturated fatty 

acids [466]. Critically, in this system the formation of PUFA-induced oligomers is also 
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associated with cytotoxicity [467]. These findings in cultured cells are supported by studies 

using recombinant protein, where the chronic treatment of αsyn with the PUFA, 

docosahexaenoic acid (DHA), induces α-helical folding in the protein prior to its conversion 

to fibrillar species [465, 468]. PUFAs may also be regulated by αsyn in disease. Elevated 

levels of PUFAs are observed in soluble brain fractions in PD and DLB brain [469].  In the 

αsyn knockout mice, the PUFAs DHA and α-linolenic acid are downregulated [469]. Taken 

together, these studies suggest that an association of αsyn with PUFAs may contribute to both 

healthy normal function and disease pathogenesis. 

PUFAs are also particularly sensitive to lipid peroxidation, which is a feature of PD [470]. A 

product of lipid peroxidation, 4-hydroxy-2-nonenal has been implicated in various 

detrimental processes in disease: it can generate protein adducts within LBs in neurons [471] 

and alter dopamine transport, which contributes to the PD-associated feature of reduced 

dopamine levels [472]. Hence peroxidation of PUFAs may directly augment disease 

pathogenesis. However, a recent study reveals a protective role of PUFAs by chemical 

modulation of αsyn. In the presence of DHA, αsyn is modified at position His50, forming a 

covalent adduct [473]. This suggests a role of the protein in sequestering free radicals and 

hence an association of αsyn with PUFAs may be neuroprotective. While any connection 

remains not well defined, this finding aligns with other published works that suggest a 

neuroprotective role of αsyn [131, 137, 474].  

In addition to PUFAs, several other lipid classes have been shown to associate with αsyn. 

αsyn has a greater affinity for synthetic vesicles containing phosphatidylethanolamine (PE) 

compared to those that are phosphatidylcholine (PC)-rich [475] and several studies show no 

binding of αsyn to preparations containing solely PC [476-480]. In preparations of 

recombinant αsyn mixed with synthetic vesicles composed of PE and Phosphatidylserine (PS) 

(1:1 w/w), the concentration of vesicles dose-dependently increased the abundance of dimeric 

αsyn species in the pelleted insoluble fraction compared to the lipid-free supernatent [475] 

and hence this may suggest dimers are the relevant species that interacts with these lipids. 

Numerous studies show monomeric wild-type or mutant αsyn preferentially binds to vesicles 

made partially of phosphatidic acid (PA) [476, 481, 482]. Specifically, αsyn has higher 

affinity for PA than PS [476, 481, 483, 484], and the binding of αsyn to PA-rich membranes 

stabilizes the secondary structure and increases the α-helix content of the protein [483]. The 

reasons for these differential binding affinities of αsyn to the various lipid classes are likely 

multifaceted, however lipid structure is considered to be important. In the case of PS, its 
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bulky head group is thought to sterically interfere with αsyn binding. Competition binding 

may also an attributing factor in mixed lipid populations; a notion that is supported by the 

finding that the binding of αsyn to PA may be augmented upon incubation with PE [482]. 

The monosialotetrahexosyl-gangliosides (GM) is another lipid class shown to associate with 

αsyn [485-488], however discrepancies exist in which subclass it has the greatest affinity for. 

Monomeric preparations of αsyn strongly bind to GM1 where it induces α-helical folding in 

the protein that inhibits its fibrillization [485, 489]. In cultured cells, the action of inhibitors 

which impede internalisation of αsyn may be reversed upon exposure to GM1 [487] and this 

system could be prevented upon disruption of lipid raft structures [487]. Hence GM1 is 

considered to be a vehicle of αsyn internalisation within lipid domains. Others show a 

stronger interaction of αsyn with GM3, which is able to inhibit channel formation by αsyn 

[486, 488]; a feature previously ascribed to misfolded αsyn at membranes that cause 

membrane permeability and toxicity [452, 453]. 

Cardiolipin (CA) is a lipid which has also been shown to bind to αsyn, with several studies 

showing preparations of monomeric protein interacts with synthetic vesicles containing CA 

with higher affinity than those lacking the lipid [490, 491]. CA-only vesicles have the highest 

affinity for oligomeric αsyn [491] and hence these species may be the most relevant to this 

interaction. Investigations into the ability of CA-containing vesicles to modulate αsyn 

fibrillization have reported no effect [273]. Cholesterol (C) may also associate with αsyn, 

given that a peptide fragment of αsyn (67-78) binds to C and is highly toxic to cultured 

neurons [492]. Recently, cholesterol has been shown to facilitate the binding of oligomer 

αsyn with physiologically relevant membranes [478], however its precise mechanism for this 

is unknown. 

It is clear αsyn has a high affinity towards various lipid species. Upon binding, some lipids 

are able to accelerate folding in αsyn, which in some cases leads to increased pathogenicity of 

the protein. Many studies investigating such interactions use recombinant monomeric protein, 

however it is important to note that in the studies that don’t fully characterise the structure of 

the protein, it is possible that the protein associating with the lipid are actually small 

oligomers that have formed via spontaneous aggregation in solution. This highlights an 

important consideration in interpreting which species of αsyn interacts with lipids. Further 

investigations will be important to define which species of αsyn lipids preferentially interact 
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with within a biological environment and the consequence this interaction has to αsyn-related 

disorders. 

Furthermore, while many lipid classes have been implicated to associate with αsyn, variations 

exist between the ways these interactions are studied. Most studies investigate protein:lipid 

interactions using small unilamellar vesicles (SUVs) or planar lipid bilayers. Membrane 

curvature is a major contributor to the affinity αsyn has to membranes, with enhanced 

membrane binding being observed in membranes with increased curvature [481, 493-495]. 

This is presumably due to the smaller size creating an increase in the number of ‘packing 

defects’ [496-498]; random protein binding sites that arise on the membrane due to the 

exposure of the hydrophobic acyl chain interior. Because this is likely to induce a degree of 

artificial error, SUVs may only be an appropriate tool to study potential biological 

interactions αsyn has with highly curved intracellular membranes. A potential candidate for 

this type of interaction is an association of αsyn with synaptic vesicles. Studies showing 

support of this interaction in vivo report the two in close proximity in human brain [242, 499]. 

However, it is likely this is not the only type of lipid structure αsyn associates with within a 

cell. In particular, aside from being packed within lipid bilayers, free forms of lipids are 

found with a cell and hence systems modelling biological membranes may not appropriately 

reflect or identify all possible interactions αsyn has with lipids within a cellular environment. 

This is an important consideration when interpreting an association with, or role of lipids to 

the pathogenicity of αsyn.  

 

Misfolded αsyn in experimental use 

Studying the pathogenicity of misfolded αsyn requires its production or isolation. Misfolded 

αsyn used in experiments are derived either from biological systems (animal or human in 

origin) or produced from bacterially expressed recombinant protein. While the use of αsyn 

derived from biological systems is preferred, low yields following extraction and the 

aforementioned concerns associated with the use of SDS to aid their isolation, makes it a 

challenging task. An additional issue arises in using human-derived αsyn when normal brain 

tissue is required as a control. Given that synucleinopathies are generally age-related 

disorders, it can be a surprisingly difficult task to obtain aged-matched control tissue free of 

aggregated protein (the most common being contamination by aggregated Aβ in preclinical 

AD brain). Several animal studies have investigated the propagation of αsyn and 
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development of clinical disease induced by inoculation of terminal PD-model mouse brain 

[255, 262], however these studies utilise substantial quantities of brain tissue to achieve an 

effect. For these reasons, recombinant protein is the source of most of the fibrillar αsyn in 

experimental use.  

It is well established misfolding may be easily induced in recombinant αsyn by minor 

changes to its environment, including decreases in pH and heat [95]. As such, fibrillar protein 

can be easily produced in a laboratory by exposing αsyn in neutral buffer to continuous 

shaking at an ambient temperature. This method produces large quantities of homogenous 

fibrillar protein after 5-7 days. Variations in the preparation of αsyn, the buffer it is 

reconstituted in or the addition of compounds facilitate the production of other defined 

species (such as oligomers or ribbons), with several studies characterising the properties of 

well-defined αsyn structural species [253, 257]. While these studies are useful to attribute 

pathogenic properties to specific conformations of misfolded αsyn, a caveat to these systems 

is that these techniques only produce one type of misfolded species. These homogenous 

populations unlikely reflect the numerous conformations found in human disease and hence 

its ability to model in vivo disease, including any inter-species interactions that occur, is 

insufficient. Recently the PMCA has been shown to produce misfolded αsyn species of 

various sizes [275] and hence this assay may represent a useful tool to rapidly produce large 

quantities of misfolded αsyn that better reflects its human derived equivalents. 

 

Technical aspects of the PrP- and αsyn-PMCA assays 

Developed to study PrP misfolding [168], the rationale of the PMCA exploits the nucleation 

and polymerisation properties of PrPSc to accelerate prion replication in an in vitro 

environment. A typical PMCA involves combining a small seed of infectious material with 

substrate containing excess PrPC and subjecting this reaction to multiple rounds of sonication 

and incubation. Here, the sonication step causes fragmentation in the PrPSc fibrils, which 

increases the nucleation sites for polymerisation to occur during the incubation period via 

incorporation of PrP into the growing aggregate. As long as PrPC is in excess, the PMCA 

allows continual exponential amplification of PrPSc (Figure 3.1A). A typical PMCA sees the 

reaction mixture subjected to sonication for 30 sec, every 29 min 30 sec for a total process 

time of 24 h. This is referred to as one PMCA cycle. 



69 

 

The technical aspects of PrP PMCA are well established with several standardised methods 

reported in the literature [500, 501]. Because of the presence of essential co-factors naturally 

present within the CNS of biological organisms, the most common source of substrate is 

brain homogenate from a mouse that does not harbour prion infection (referred to normal 

brain homogenate, NBH). While less effective, cell lysate has also been shown to be an 

adequate substrate for conversion [502]. The extent of misfolding of PrPC to PrPSc in PMCA 

is usually quantified by PK digestion where the abundance of products resistant to proteolysis 

(PrPRes species) is compared between a sample subjected to PMCA and an equivalent non-

PMCA sample that has instead been stored at -80oC for the duration of the PMCA cycle. 

Thus, the difference in PrPRes abundance between these samples is attributed to PMCA-

induced PrP conversion. When identifying PrPSc in biological samples with PK, an important 

technical detail to clarify is that while PrPRes is indicative of PrPSc, PrPRes does not reflect the 

total PrPSc population in a homogenate given that PrPSc species that are sensitive to PK are 

also known to exist [365].  

Several studies have adapted PMCA for its use with αsyn [275, 503, 504]. While minor 

variations are found between these protocols, it was Herva et al. that showed the effective 

production of various misfolded αsyn species using PMCA [275]. This protocol details the 

rapid fibrillization of monomeric recombinant αsyn protein within the equivalent timeframe 

of one PrP PMCA cycle (24 h) (Figure 3.2A). PMCA-induced fibrillization of αsyn may be 

achieved using the same buffer, temperature, total process time and sonication strength as PrP 

methodologies. Modification to the PrP system includes a shortened sonication step, with 20 

sec sonications every 29 min 40 sec and the addition of beads to the reaction mixture to aid 

the disruption of the growing aggregates by sonication (Figure 3.2A). Consistent with the 

susceptibility of αsyn to spontaneously misfold, an additional major difference is that 

compared to PrP, the misfolding of αsyn does not require the presence of a seed containing 

misfolded protein. However the addition of a preformed αsyn seed in the PMCA accelerates 

fibrillization in monomeric protein [275]. 

While the main output of a PrP PMCA is to study the extent of misfolding and/or the 

presence of PrPRes products, the ability to make various sized αsyn species using PMCA 

presents it as a useful tool to produce αsyn for further analysis. However currently a 

limitation to this is the buffer which lyophilised protein is reconstituted in, which contains a 

high concentration of detergent (1% (v/v) Triton X-100). As such, at the present this system 
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does not easily facilitate studies on the pathogenic properties of these species formed in 

biological in vitro or in vivo systems. 

 

 

Aims 

PMCA has been shown to produce various sized αsyn species. This system presents a novel 

approach to produce misfolded proteins that are more biologically relevant than other 

fibrillization methods. Current studies on the pathogenicity of species formed via PMCA are 

limited to low concentrations of dilute protein due to a high concentration of detergent in the 

conversion buffer. As such, the first part of this chapter was to adapt the PMCA to produce 

misfolded αsyn species under non-toxic conditions. The second aim of the chapter was to use 

PMCA-generated αsyn products to investigate potential mechanisms of αsyn-induced 

neurotoxicity.  

 

 

Results 

PMCA can induce misfolding of PrPC into PrPSc 

Before attempting to produce misfolded αsyn using PMCA, the system was first confirmed to 

be working by showing amplification of PrPRes in a standard PrP PMCA reaction (Figure 

3.1A). Here NBH was spiked with a small amount of brain homogenate from a terminal prion 

infected mouse (INF BH) and subjected to a 24 h PrP PMCA or stored at -80oC (to serve as 

the non-PMCA control). Successful PMCA-induced conversion of PrPC to PrPSc was 

confirmed by PK digestion, where the sample exposed to PMCA contained more PrPRes 

compared to the non-PMCA control (Figure 3.1B). Because the PrPSc molecule contains PK 

resistant and sensitive regions, its exposure to PK results in partial truncation of the protein. 

As such, via western immunoblot, PrPRes is distinguished from undigested PrP by running at 

a slightly lower molecular weight. Because of this, INF BH samples exposed to proteolysis 

(+PK) and left undigested (-PK) were run alongside the PK digested PMCA reaction products 

to confirm that they are PrPRes species (Figure 3.1B). These controls are useful to include in 
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all studies identifying PrPRes and thus has been included in all western immunoblots 

identifying digested PrPRes products in this thesis. 

The relevance of PrPC and PrPSc in the substrate and seed, respectively, can be easily 

determined by substituting the PrPC-rich NBH with homogenate derived from PrP knockout 

brain or the infectious seed with NBH. The result of these exchanges is a loss in the ability of 

PrPSc to amplify via misfolding of PrPC or no amplification due to the lack of a seed to 

catalyse the reaction. These controls were included in the PMCA reaction and are shown in 

Figure 3.1B. Collectively theses studies confirm the PrP PMCA reaction is working 

effectively. 

 

PMCA can produce misfolded αsyn species in prion conversion buffer (PCB) 

Generating misfolded αsyn species using PMCA was first attempted following the protocol 

outlined by Herva, et al. [275] (Figure 3.2A). The buffer used by Herva et al. to dissolve αsyn 

is routinely used as the conversion buffer for PrP PMCA reactions and hence hereafter is 

referred to as the prion conversion buffer (PCB). The extent of fibrillization following PMCA 

was assessed using western immunoblot, Thioflavin T (ThT) fluorescence and transmission 

electron microscopy (TEM). Western immunoblot was employed to identify small 

conformations of misfolded αsyn that may be resolved by SDS-PAGE. The results from the 

western immunoblot analysis showed samples subjected to PMCA contained a range of 

various sized species, with monomeric protein observed at 14 kDa and dimer, trimer and 

tetramer oligomers identified by their increase in molecular weight by intervals of the weight 

of the monomer (Figure 3.2B). Species greater than a tetramer, separated by the size of one 

monomeric unit were identified all the way up to the high molecular weight range of the gel. 

The abundance of these species represented a ‘laddering’ effect, with monomeric species 

representing the most abundant species, followed by dimers, then trimers, and so on, with 

each subsequent elevation in order being slightly lower in abundance than the last. 

Densitometric analysis was used to determine the percent abundance of each defined 

oligomer in the PMCA sample. This showed the abundance of monomer, dimer, trimer, 

tetramer and pooled higher molecular weight oligomers larger than a tetramer to represent 41, 

15, 11, 7 and 26 percent of the total protein in the lane, respectively (Figure 3.2B). While this 

may not include any large species that were not resolved by SDS-PAGE, it indicates PMCA 

can produce an abundant amount of oligomeric species. In comparison, a non-PMCA sample 
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stored at -80oC during the PMCA process was almost entirely composed of monomeric 

protein (Figure 3.2B). A small amount of immunoreactivity was observed in the high 

molecular weight range of the -80oC sample, however given that these species could not be 

separated by SDS-PAGE and the sample was not exposed to PMCA, they are likely to be 

amorphous aggregates. The distribution of monomeric species to those larger than a 

monomer in the -80oC sample was 82 and 18 percent, respectively. 

TEM was next used to confirm the presence of large mature αsyn fibrils. Consistent with the 

TEM images reported by Herva et al. [275], PMCA generated αsyn fibrils were found to be 

rod-like in structure. No aggregates were observed in the -80oC sample (Figure 3.2C).  

The compound ThT exhibits fluorescence upon binding to β-sheet structures [505, 506], and 

hence is universally used to detect amyloid. Upon exposure to 24 h PMCA, αsyn adopted 

strong ThT reactivity, while the monomeric -80oC sample displayed no fluorescent signal (-

80oC vs PMCA; 1.06±0.298 and 755±37.99 relative fluorescent units; RFU) (Fig 3.2D). 

Collectively these data confirm PMCA is a useful tool to produce a range of various-sized 

αsyn species. 
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Figure 3.1: Protein misfolding cyclic amplification (PMCA) of PrP. (A) In a PrP PMCA reaction, a small PrPSc seed 

(infectious brain homogenate; INF BH) is mixed with substrate containing excess PrPC (normal brain homogenate, NBH). The 

sample is subjected to intermittent rounds of sonication and incubation allowing for in vitro propagation of PrPSc to occur. One 

round of PMCA refers to a reaction that consists of 30 sec sonications every 29 min 30 sec for a total process time of 24 h. (B) 

Validation of the PMCA technique can be shown by enhanced levels of PrPRes in a sample exposed to PMCA compared to a 

non-PMCA control. Comparable samples where the seed is replaced with NBH or substitution of the PrPC-containing substrate 

with PrP knockout brain (KO-BH) confirms both PrPSc and PrPC as important contributors for efficient PMCA-induced PrPC 
misfolding. 
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Figure 3.2: αsyn PMCA. (A) Workflow of αsyn PMCA: Lyophilised recombinant wild-type protein was reconstituted in 

buffer to 90 µM and 60 µL aliquoted into PCR tubes. Beads (37±3 mg) were added to the tubes, which were sealed with 

Parafilm and placed in a heated (37oC) water bath connected to a timed sonicator. Sonications were set to occur for 20 sec 

every 29 min 40 sec for a total process time of 24 h (B-D) Extent of fibrillization in protein exposed to PMCA and non-PMCA 

controls (-80oC) was assessed by (B) western immunoblot analysis using αsyn-specific monoclonal antibody MJFR1 (amino 

acid specificity: 118-123) (C) transmission electron microscopy (representative images) and (D) ThT fluorescence, where the 

values obtained for each experimental replicate represented the average fluorescence of triplicate wells after subtraction of a 
blank well to account for background fluorescence (RFU= relative fluorescent units). Data presented as mean±SEM (n=3). 
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Fibrillization of αsyn by PMCA can occur using non-toxic buffers 

In order to progress to studies on the pathogenicity of PMCA-generated αsyn, it was 

necessary to isolate these species in a buffer that did not contain detergent. Given the small 

size and highly dynamic nature of oligomers, buffer exchange or centrifugation were not 

considered viable options to collect or maintain the integrity of the small, oligomeric species. 

Instead, the replacement of the conversion buffer, PCB, with a non-toxic analogue was 

pursued. In order to address this, the extent of PMCA-induced fibrillization of αsyn was 

assessed following its reconstitution in several buffers assumed to be non-toxic. The 

following buffers were tested: PBS, PBS+150 mM NaCl (PBSN), TBS and TBS+150 mM 

NaCl (TBSN). These samples were exposed to 24 h PMCA as per the same conditions 

detailed in Figure 3.2 and were compared to an equivalent sample of αsyn dissolved in PCB 

buffer (αsyn:PCB).  

Western immunoblot and ThT were used as readouts to compare the extent of αsyn 

fibrillization in the various buffers. The ThT data revealed all buffers were able to produce 

species that contained ThT-reactive conformations. Of these, PBS and TBS (which lack the 

additional 150 mM NaCl) had slightly lower relative fluorescent signals identified using ThT 

than those buffers containing the higher salt concentration (24 h PMCA of PCB, PBS, PBSN, 

TBS and TBSN: 755.5±37.99, 433±8.391, 813.5±65.04, 502.8±71.91 and 695.9±69.6 RFU, 

respectively) (Figure 3.3A). This observation is consistent with studies showing salt 

concentrations are positively associated with αsyn fibrillization [507]. As expected, no ThT-

reactivity was observed in any non-PMCA samples stored at -80oC (Figure 3.3A). 

Resolving samples on SDS-PAGE and immunodetection of αsyn gave further information on 

the αsyn species produced by the buffers. This assay revealed differences in the efficiency of 

the buffers to induce fibrillization, with PCB clearly being the most proficient buffer for 

producing oligomeric species (Figure 3.3B). By comparison, weak fibrillization was observed 

in all non-toxic buffers exposed to PMCA (Figure 3.3B). The degree of fibrillization was 

variable amongst the non-toxic buffers with PBSN being the most effective non-toxic buffer 

for αsyn misfolding. No aggregation was observed in the -80oC samples, except for a small 

amount in the high molecular weight range of αsyn:PCB. This finding is consistent with what 

was observed in Figure 3.2B. 
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Figure 3.3: PMCA-induced αsyn fibrillization can occur under non-toxic conditions. Lypholised recombinant wild-type 

protein was reconstituted in PCB, PBS, PBSN, TBS or TBSN and subjected to αsyn PMCA for a total process time of 24 h. 

Equivalent samples not subjected to PMCA (-80oC) served as the non-PMCA monomeric controls. Extent of fibrillization in 

PMCA-exposed samples was assessed using (A) ThT fluorescence, where the values obtained for each experimental replicate 

represented the average fluorescence of triplicate wells after subtraction of a blank well to account for background fluorescence 

(RFU= relative fluorescent units). Data presented as mean±SEM (n=3), and (B) western immunoblot analysis using αsyn-
specific monoclonal antibody MJFR1 (amino acid specificity: 118-123). 
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Characterisation of PMCA-induced misfolding of αsyn dissolved in PBS+150 mM NaCl 

(PBSN) 

Given that none of the non-toxic buffers were as effective as PCB in facilitating misfolding 

of αsyn (Figure 3.3), the protocol was further adapted with the most efficient non-toxic 

buffer, PBSN. The first modification tested was total process time, in order to determine if 

PBSN may produce comparable misfolded αsyn content to PCB if exposed to PMCA for a 

longer period of time.  

To this end, an incremental time-course experiment was performed where αsyn:PBSN was 

subjected to PMCA for a total process time of: 0, 24, 48 and 72 h. These samples were 

compared to αsyn:PCB exposed to 24 h PMCA. Here, western immunoblot analysis revealed 

the abundance of misfolded species produced in PBSN continues to amplify beyond a 24 h 

PMCA process time, with time-dependent elevations in misfolded content observed in 

samples exposed to PMCA for 48 h and 72 h. Following exposure to PMCA for 72 h, the 

presence of oligomeric species in the αsyn:PBSN was comparable to 24 h αsyn:PCB (Figure 

3.4A). Similar to 24 h αsyn:PCB, 72 h αsyn:PBSN was ThT-reactive (PCB 24 h vs. PBSN 72 

h; 755.5±37.99 and 740.3±67.36 RFU) (Figure 3.4B). Collectively these studies confirm 72 h 

is an appropriate PMCA process time to produce misfolded species in PBSN.  

The species formed by αsyn:PBSN were further characterised by TEM and circular dichroism 

(CD). Using TEM, the morphology fibrillar species produced in PBSN after PMCA for 72 h 

(Figure 3.4C) was found to be consistent with those produced in PCB (Figure 3.2C and Herva 

et al. [275]). CD spectroscopy measures the difference between left- and right-handed 

circularly polarised light that occurs when a molecule contains multiple light-absorbing 

groups (chiral chromophores). The CD spectrum of a molecule is measured over a range of 

wavelengths with α and β secondary structures corresponding to specific absorbance profiles. 

Measuring the structural elements of a molecule in this way allows the tracking of changes in 

the structure that may be imparted over time.  The ordered misfolding of αsyn has been 

studied using CD, with changes in secondary structure observed upon its aggregation using 

shaking/incubation [508, 509] and PMCA (using PCB) [275]. Measuring the CD spectra of 

αsyn produced in PBSN after a 72 h PMCA reaction showed high negative values at 180 – 

220 nm and low negative values in the range of 190 – 200 nm, indicative of high β-sheet 

content and a low amount of disorder, respectively. In both these regions, the CD of 

monomeric protein not exposed to PMCA (0 h) was reversed, revealing the protein to be 

largely disordered with little secondary structure. The resulting CD spectra is consistent with 
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the organised rearrangement of αsyn upon misfolding and confirms the misfolding of αsyn in 

this system is equivalent to traditional techniques of fibrillization [508, 509] and PMCA-

induced fibrillization in PCB [275]. 

Various transition metals have been shown to accelerate αsyn fibrillization. These include 

copper (Cu) [510], iron (Fe) [510], cobalt (Co) [510], manganese (Mn) [510], and zinc (Zn) 

[511], among others. Critically, Cu and Fe have been shown to not only accelerate 

fibrillization, but also produce species that are thinner and more ‘network-like’ than fibrils 

produced in their absence [512]. Because of this, the concentration of metals within the 

PBSN buffer was assessed to determine if these metals might be contributing to misfolding in 

this system. Inductively coupled plasma-mass spectrometry (ICP-MS) was employed to 

determine abundances of several common elements. Consistent with using a PBS-based 

buffer, sodium (Na) and phosphorus (P) were the most abundant metals in the samples 

containing buffer alone (PBSN) and buffer containing 90 µM αsyn (PBSN+αsyn) (Table 3.1). 

Several metals shown to modulate αsyn fibrillization were recorded as being at or below the 

detection limit of the instrument: Mn, Fe, Co, Zn (Table 3.1). Importantly, low values were 

recorded for both Fe and Cu and hence any contribution to αsyn misfolding by relevant 

metals is negligible.  
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Figure 3.4: Production of misfolded αsyn species in PBSN buffer produces comparable misfolded content to αsyn 

species generated in prion conversion buffer. Lypholised recombinant wild-type protein was reconstituted in PBSN or PCB 

and subjected to PMCA for a total process time of 0, 24, 48 or 72 h. Extent of fibrillization in samples was assessed using (A) 

western immunoblot analysis using αsyn-specific monoclonal antibody MJFR1 (amino acid specificity: 118-123) and (B) ThT 

fluorescence, where the values obtained for each experimental replicate represented the average fluorescence of triplicate wells 

after subtraction of a blank well to account for background fluorescence (RFU= relative fluorescent units). Data presented as 

mean±SEM (n=3). (C) Fibrils formed in αsyn:PBSN after 72 h PMCA were characterised by transmission electron microscopy 

(representative images). (D) Secondary structure of 72 h PMCA αsyn:PBSN and non-PMCA monomeric (0 h αsyn:PBSN) 

protein was determined using circular dichroism spectroscopy (n=1, representative spectra). 
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Table 3.1: Inductively coupled plasma – mass spectrometry (ICP-MS) of PBSN and PBSN containing αsyn 

(PBSN+αsyn). * depicts values at or below the limit of the instrument 
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PBSN buffer is non-toxic to untransfected neuronal SH-SY5Y and αsyn-overexpressing 

SH-SY5Y cells 

A necessary component to confirming PBSN is a suitable buffer to produce misfolded αsyn 

for this project was to confirm PBSN is non-toxic when applied to cultured cells. To address 

this, the ability of the buffer alone to cause cell death in cultured cells was measured via the 

release of lactate dehydrogenase (LDH) into conditioned media. LDH is an enzyme that is a 

natural component of the tricarboxylic acid (TCA) cycle, and is exclusively located within 

the cytoplasm of a cell. Its presence outside of its cellular environment (i.e. in cell culture 

media) is associated with cell death by its release from dying cells that have a compromised 

cellular membrane [513]. Commercial LDH cell cytotoxicity kits are able to measure the 

percentage of cell death using indicator probes that react with the enzyme. Here, the degree 

of toxicity caused by a known additive is calculated as the amount of LDH it causes cells to 

release, compared to the LDH release from cells treated with a known toxic compound (lysis 

buffer treated) minus the cell’s spontaneous LDH release (water treated). LDH release after 

exposure to PCB or PBSN was assessed in untransfected neuroblastoma SH-SY5Y cells or 

SH-SY5Y cells stably expressing human wild-type αsyn (A4). Prior to LDH measurements, 

confirmation of elevated αsyn expression in A4 cells, compared to untransfected SH-SY5Y 

counterparts, came from western immunoblot and immunofluorescence using αsyn–specific 

antibody MJFR1 (Figure 3.5A). Both cell lines were then treated with PCB or PBSN such 

that the total volume of culture media was composed of 0.5, 1, 5 or 10% bufffer and LDH 

measured 24 h later (Figure 3.5B). Results showed a clear dose-dependent increase in toxicity 

of PCB, with 10% PCB eliciting a near-100% cell death response for both untransfected SH-

SY5Y (LDH values of 0.5, 1, 5 and 10% PCB: 40.09±7.72, 60.45±0.96, 84.95±5.46 and 

97.29±6.48 % cytotoxicity, respectively) and A4 cells (LDH values of 0.5, 1, 5 and 10% 

PCB: 42.44±8.06, 56.06±3.39, 75.21±6.54 and 91.21±1.96, respectively). In contrast, PBSN 

showed negligible toxicity at all concentrations tested for untransfected SH-SY5Y (LDH 

values of 0.5, 1, 5 and 10% PBSN: -3.10±3.08, -1.87±1.45, -1.05±1.90 and 0.93±1.81 % 

cytotoxicity, respectively) and A4 cells (LDH values of 0.5, 1, 5 and 10% PBSN: -5.22±4.75, 

-5.79±4.16, -0.47±2.89 and 5.21±3.26, respectively).  

The cytotoxicity measured by LDH assay for both cell lines was confirmed by differential 

interference contrast (DIC) images of cells exposed to water, lysis buffer, PCB and PBSN 

(Figure 3.5C). These experiments confirm PBSN is a suitable buffer to produce αsyn species 
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under non-toxic conditions, which greatly improves the capacity of the PMCA to be used as a 

tool to study the pathogenicity of misfolded αsyn species.  

From this point forward, all experiments detailing misfolded αsyn uses species produced in 

PBSN after exposure to PMCA for 72 h. This is referred to as the ‘PMCA’ sample, while 

monomeric, non-PMCA protein is represented as the ‘-80oC’ sample. 

 

Assessment on the affinity of misfolded αsyn to bind lipid species  

The development of a method to produce misfolded αsyn under non-toxic conditions using 

PMCA allowed the commencement of the second aim of this chapter, which was to identify 

potential neurotoxic mechanisms of misfolded αsyn. While numerous mechanisms of toxicity 

have been reported, a common theme unifying several of these mechanisms appears to 

involve the interaction of misfolded αsyn with lipid species. Therefore, to gain insight on 

potential mechanisms to pursue, I screened the affinity of misfolded αsyn to interact with 

various lipids. 

This was studied using a hydrophobic membrane that had been dotted with 15 long chain 

(>diC16) highly pure synthetic lipid analogues and a blank control. This membrane was 

incubated with misfolded (PMCA) or monomeric (-80oC) αsyn and the degree of protein 

binding to the lipids assessed via immunoblot using the αsyn-specific antibody MJFR1. 

Binding affinity was quantified as the percent αsyn binding over the blank control. Results 

revealed that, compared to the -80oC sample, PMCA αsyn exhibited a general elevation in 

both lipid-specific and non-specific binding to the membrane (Figure 3.6). After 

normalisation to the blank control, misfolded αsyn was found to have no affinity to 11 of the 

lipids (Figure 3.6A-B). A few classes showed weak binding potential, with PC, 

sphingomyelin (SM) and sulfatide (SF) having a percent binding of lipid normalised to blank 

of 110, 105 and 109, respectively. By far, αsyn exhibited the strongest affinity to CA, which 

had an elevation of 142% over the blank control (Fig 3.6A-B). Interestingly, the interaction 

of αsyn with these lipid species was conformation specific, with no reactivity with any lipid 

observed after incubation with the -80oC sample (Figure 3.6C). Given that this sample 

contains monomeric protein and no ordered aggregates, it can be inferred that the protein 

interacting with lipids in the PMCA sample are ordered misfolded structures.   
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Figure 3.5: PBSN is non-toxic to untransfected SH-SY5Y and αsyn-overexpressing SH-SY5Y cells after 24 h. (A) SH-

SY5Y cells were stably transfected with human wild-type αsyn. The single cell colony, A4, was shown to express elevated 

levels of αsyn compared to untransfected SH-SY5Y cells via western immunoblot and immunofluorescence using αsyn-

specific monoclonal antibody MJFR1 (amino acid specificity: 118-123). (B) Toxicity of PCB and PBSN in SH-SY5Y and A4 

cells was measured by assessing LDH levels via absorbance. Values were expressed as a percent cytotoxicity calculated as the 

percent absorbance compared to equivalent cells treated with lysis buffer (maximum cell death). Deduction of water treated 

samples accounted for spontaneous LDH release. All buffers were measured using triplicate reads. Data presented as 

mean±SEM (n=3). (C) Following treatment with water, lysis buffer, PBSN or PCB differential interference contrast images of 
cells were taken. n=1, representative images. 
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Figure 3.6: PMCA-generated αsyn selectively binds to cardiolipin. A hydrophobic membrane strip dotted with 15 different 

lipids (long-chain >diC16 synthetic analogues) was incubated with PMCA-generated αsyn (A) Binding of αsyn to lipids was 

assessed via western immunoblot using αsyn-specific monoclonal antibody MJFR1 (amino acid specificity: 118-123). (B) 

Extent of binding was quantified as % over blank. (C) Unlike PMCA-generated misfolded αsyn, monomeric αsyn (-80oC) did 
not show affinity to any lipid class. n=1  
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Development of assays to characterise αsyn misfolding using PMCA 

The identification of CA as a lipid class with high binding affinity to misfolded αsyn merited 

further analysis into whether this lipid can modulate αsyn fibrillization. To do this required 

the development of assays to characterise species formed by PMCA. ThT is routinely used to 

study kinetics of fibrillization and hence its use may identify changes to PMCA-induced αsyn 

misfolding associated with the addition of compounds. Additionally it has been shown that 

species formed by PMCA are more PK resistant [275] which may be a useful assay to detect 

changes in the population of species formed. To this end, these two assays were developed to 

facilitate further studies on the interaction between CA and αsyn.  

To use ThT-reactivity to measure αsyn fibrillization, αsyn protein was added sequentially to 

PMCA such that the total time in PMCA was 4, 8, 24 or 72 h. A sample stored at -80oC was 

used for the 0 h time-point. Measuring ThT fluorescence in these samples confirmed a time-

dependent increase in ThT-signal in αsyn protein exposed to PMCA (Figure 3.7A). Mutant 

A53T αsyn is known to misfold faster than wild-type protein [509, 514-516] and as such was 

used as a comparative to test in this system. Similar to published findings, mutant A53T αsyn 

fibrillized faster than wild-type protein. Rises in ThT for A53T αsyn, but not wild-type 

protein, was observed at 4 h (A53T vs. WT at 4 h; 334.3±77.02 and 1.169±0.715 RFU), 

while the earliest time-point to detect rises in ThT for wild-type protein was following 8 h of 

PMCA (Figure 3.7A). 

The resistance of PMCA-generated αsyn to protease digestion was determined by exposing 

PMCA or -80oC samples to 0, 1, 10 or 50 µg/mL PK in PBSN prior to SDS-PAGE and 

western immunoblot to identify PK-resistant αsyn products. This assay showed that similar to 

previously published findings [275], PMCA-generated species are more resistant to PK 

digestion than -80oC αsyn, with immunoreactivity persisting in all PMCA samples in all 

concentrations of PK tested – up to 50 µg/mL PK. As expected, the abundance of protein was 

dependent on the concentration of PK. Compared to the PMCA products, -80oC αsyn was 

almost entirely digested in 1 µg/mL PK, and no protein was found upon treatment with 10 or 

50 µg/mL PK (Figure 3.7B). Thus, these assays are suitable to detect any differences 

imparted on the PMCA-induced fibrillization of αsyn by CA.  
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Figure 3.7: αsyn PMCA-induced rises in ThT are time-dependent allowing kinetic studies on its fibrillization and 72 h 

PMCA-products adopt partial PK resistance. (A) Wild-type or mutant A53T αsyn was reconstituted in PBSN and subjected 

to αsyn PMCA for a total process time of 0, 2, 4, 8, 24 or 72 h. Fibrillization was assessed using ThT fluorescence, where the 

values obtained for each experimental replicate represented the average fluorescence of triplicate wells after subtraction of a 

blank well to account for background fluorescence (RFU= relative fluorescent units). Data presented as mean±SEM (n=3). 

(B) The biochemical properties of wild-type αsyn exposed to 72 h PMCA (PMCA) or not (-80oC) was assessed by its resistance 

to proteolysis following digestion in PK at final concentration of 0, 1, 10 or 50 µg/mL. PK-resistant species were detected by 
immunoblot using αsyn-specific monoclonal antibody MJFR1 (amino acid specificity: 118-123). n=1. 
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Cardiolipin accelerates PMCA-induced αsyn misfolding 

Having established assays to characterise PMCA products and αsyn fibrillization, the next 

experiment was to determine whether CA could modulate either of these readouts. The CA 

used for these studies was the same product dotted onto the lipid membrane strip used in 

Figure 3.6; synthetic 16:0 CA (Echelon, Inc). 

After reconstitution in MeOH and PBSN, CA was added to αsyn:PBSN for a final 

concentration of 77 µg/mL and 7.7 µg/mL. MeOH/PBSN alone was added to tubes with 

equivalent protein to serve as a control for the effect of the buffer. The ability of CA to 

modulate αsyn fibrillization was determined by measuring ThT fluoresence in individual 

tubes exposed to PMCA for a total process time of: 0, 6, 8, 10, 12, 24 or 72 h. Compared to 

tubes containing αsyn with MeOH/PBSN (buffer only) and 7.7 µg/mL CA, the addition of 77 

µg/mL CA accelerated αsyn fibrillization. This was demonstrated by an elevation in ThT first 

identified after 8 h (MeOH/PBSN, 7.7 and 77 µg/mL CA: 7.67±3.63, 0.833±0.29 and 

206.1±101.5 RFU, respectively). This elevation in ThT by αsyn+77 µg/mL CA was 

sustained, with an increased ThT signal compared to both other αsyn-containing groups 

found in all subsequent time-points up until 72 h (MeOH/PBSN, 7.7 and 77 µg/mL CA: 

537.8±45.59, 487±12.62 and 1048±60.85 RFU, respectively) Importantly neither the lipid or 

MeOH/PBSN exhibited any florescence signal in the absence of αsyn (Figure 3.8A). 

The effect of CA on the misfolding of αsyn was next assessed using PK digestion. PMCA of 

αsyn was performed in reactions containing CA (as per the conditions outlined above) or 

buffer for 72 h prior to being exposed to 0, 2 or 10 µg/mL PK. These samples were compared 

to corresponding tubes that did not undergo PMCA (-80oC). Results showed in the absence of 

proteolysis or low concentrations of PK (2 µg/mL), no discernible difference in αsyn species 

could be noted between the treatment groups. However, upon treatment with 10 µg/mL PK a 

marginal increase in both high and low molecular weight protein was observed in the PMCA 

sample containing 77 µg/mL CA, compared to all other groups (Figure 3.8B). Densitometric 

analysis revealed, in the PMCA samples digested with 10 µg/mL PK, the total protein 

abundance in the sample containing 77 µg/mL CA was 1.38 fold higher than its buffer 

control (MeOH/PBSN) equivalent. This altered expression appeared to be due to alterations 

in PK resistant material in the molecular weight range of 90 – 100 kDa and 15 – 20 kDa. On 

the western immunoblot in Figure 3.8B, these regions are identified by red arrows. Given that 

elevated reactivity was observed in both the high and low molecular region, these two 
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populations of PK resistant protein likely reflect the large species that were able to resolve 

further through the gel following PK digestion and their concomitant cleavage products.  

Both 2 and 10 µg/mL PK digested all protein in all -80oC groups indicating neither the CA 

nor buffer interferred with the activity of PK in this experiment. 

 

The effect of PMCA-generated misfolded αsyn on cellular respiratory control (CRC) in 

SH-SY5Y cells 

CA was named following its identification in bovine heart muscle [517]. It is a 

diphosphatidyglycerol lipid that is conical in shape, with a small anionic head group and 

large hydrophobic tail. Critically, the expression of CA is almost exclusively localised to the 

inner mitochondrial membrane (IMM), where it is also biosynthesised. Hence, while it is 

expressed in all cells that undergo mitochondrial respiration, the discovery of CA in cardiac 

tissue was likely linked to the high mitochondrial density of these cells.  

The main biological function of the mitochondria is oxidative phosphorylation; a sequence of 

reactions that occur in the IMM that generates the majority of the cell’s energy needs in the 

form of adenosine triphosphate (ATP). A fundamental component of oxidative 

phosphorylation is the electron transport chain (ETC), a series of four complexes (I, II, III 

and IV) that accept electrons from energy-rich molecules NADH and FADH2 in the 

mitochondrial matrix (MM). These donated electrons are shuttled from their entry point at 

complex I or II to complex III, then to complex IV via a series of redox reactions with each 

complex that receives the electrons having a greater affinity for them than the complex they 

are donated from. The electron carriers ubiquinone and cytochrome c aid the transport of 

electrons from complex I or II to III and III to IV, respectively. From complex IV, the 

electrons are released back into the MM where they combine with molecular oxygen (O2) and 

protons (H+), producing water as a by-product. The process of passing of electrons through 

these complexes results in the release of protons (H+) from complex I, III and IV into the 

intermembrane space (IMS). Critically, the pumping of protons into the IMS causes a proton 

gradient referred to as the proton motive force (PMF). This PMF causes H+ to flow back to 

the MM through ATP Synthase (also called complex V), which in doing so drives the 

production of ATP from adenosine diphosphate (ADP) and inorganic phosphate (Pi). An 

image depicting oxidative phosphorylation is shown in Figure 3.9A.  
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Figure 3.8: The effect of cardiolipin on αsyn fibrillization. Cardiolipin (CA) was dissolved in MeOH/PBSN and added to 

wild-type αsyn for a final concentration of 7.7 and 77 µg/mL CA. MeOH/PBSN alone added to αsyn:PBSN served to control 

for the effect of the buffer. (A) Samples were subjected to PMCA for a total process time of 0, 6, 8, 10, 12, 24 and 72 h. Tubes 

containing PBSN only (no αsyn) with buffer or CA exposed to PMCA for 0 and 72 h served to detect any inherent fluorescence 

caused by CA or the buffer. Extent of fibrillization was assessed by measuring ThT fluorescence, where the values obtained 

for each experimental replicate represented the average fluorescence of triplicate wells after subtraction of a blank well to 

account for background fluorescence (RFU= relative fluorescent units). Data presented as mean±SEM (n=3). (B) The 

biochemical properties of αsyn species formed after 72 h PMCA (PMCA) or not (-80oC) was assessed by its resistance to 

proteolysis following digestion in PK at final concentration of 0, 2 or 10 µg/mL. PK-resistant species were detected by 

immunoblot using αsyn-specific monoclonal antibody MJFR1 (amino acid specificity: 118-123). Areas of differential PK 
resistance between PMCA-generated species are identified by red arrows. n=1.  
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The finding that misfolded αsyn binds selectively to CA (Figure 3.6) suggests that 

mitochondria are a target for misfolded αsyn. To this end I sought to assess the effect 

misfolded αsyn has on mitochondrial respiration. One of the most powerful methods to assess 

mitochondrial respiration is by measuring cellular respiratory control (CRC). CRC measures 

changes in respiration over time in live cells following the incremental addition of 

compounds that selectively inhibit components of oxidative phosphorylation. In this regard, 

information of the functioning of each of the components of oxidative phosphorylation may 

be obtained. Unlike standard techniques that quantify products of respiration at a single time-

point, the ability of CRC to measure flux changes in the mitochondria make it a powerful tool 

to identify both overt and subtle alterations to respiration.  

The pharmacological chemicals used in CRC measurements generally include an uncoupling 

agent, and compounds that inhibit ATP-synthase, complex I and complex II. Examples of 

these inhibitors are CCCP, oligomycin, rotenone and antimycin-A, respectively and were the 

inhibitors used in all CRC experiments in this thesis. The data obtained from such 

measurements allows the following parameters to be measured in a single experiment: basal 

respiration, ATP synthesis, maximum (max) respiration, complex I activity, complex II 

activity, respiratory control ratio, proton leak, coupling efficiency and non-mitochondrial 

respiration. The respiration of the individual complexes may be further converted to percent 

change from basal or max respiration (depending on the readout in question) to give the 

functional readout of that complex. A schematic of a typical CRC experiment is shown in 

Figure 3.9, including the formulas used to determine readouts of mitochondrial respiration 

and a typical flux pattern observed over the course of an experiment (Figure 3.9B). 

CRC analysis was performed using the Seahorse Extracellular Flux (XF) Analyser (Agilent 

Technologies). In this system, respiration is measured via changes in oxygen (referred to as 

oxygen consumption rate; OCR) in the media in wells containing adhered cells. This is 

performed using a solid-state sensor probe that detects changes in dissolved oxygen in a 

portion of the media over time, with multiple readings taken to increase the sensitivity of the 

assay.  

The ability of misfolded αsyn to alter mitochondrial respiration was measured in naïve SH-

SY5Y cells. Cells were incubated with misfolded αsyn premixed with lipofectamine and 

seeded into a Seahorse plate (XFe24). Baseline readings were taken on adhered cells, prior to 

the addition of inhibitor compounds which were sequentially added in the following order: 
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oligomycin, CCCP, rotenone, antimycin-A. In addition to cells exposed to misfolded αsyn, 

other treatment groups included cells incubated with monomeric αsyn (-80oC), buffer alone 

(PBSN) and left untreated (Untreat). Each experimental replicate represented the average of 

five wells per treatment group. 

Results showed cells exposed to misfolded αsyn had an elevated basal OCR compared to 

both monomeric and buffer-treated cells (Figure 3.10 and Table 3.2). This significant 

elevation of OCR in the presence of misfolded αsyn was maintained in individual 

components of mitochondrial respiration; ATP synthesis, max OCR, complex I activity and 

non-mitochondrial respiration (Figure 3.10 and Table 3.2). The graphical representation of 

this data is shown in Figure 3.10 and the raw values, SEM and p-values for all significant 

comparisons identified are shown in Table 3.2. Importantly, no significant difference was 

found between -80oC, PBSN and untreated groups in any readout. While elevated upon 

exposure to misfolded αsyn compared to the control groups, no significant difference was 

found between any groups of complex II (Figure 3.10E). However, this is a typical 

observation when measuring the respiration of this complex following inhibition of complex 

I, given the low overall contribution to OCR from complex II. An additional important 

technical detail to clarify is that given that complex II is measured last in the CRC 

measurement, its readout refers to the OCR of complex II linked to complex III.   

To summarise this data, misfolded αsyn causes broad-spectrum elevations to all components 

of respiration in mitochondria of SH-SY5Y cells. This hyperactivity was specific to 

misfolded αsyn and was not observed in cells treated with monomeric protein, buffer alone or 

left untreated.  
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Figure 3.9: Oxidative phosphorylation and measuring cellular respiratory control (CRC) via changes in oxygen 

consumption rate (OCR). (A) Mitochondrial respiration occurs via oxidation phosphorylation: a process whereby electrons 

are passed from energy-rich donors to complexes of the ETC that sit within the inner mitochondrial membrane. Here NADH 

or FADH2 donate a pair of electrons to complex I and complex II, respectively. A series of redox reactions sees these electrons 

be passed from their point of entry, to complex III and complex IV, prior to being released back into the mitochondrial matrix 

where they combine with O2 and H+ forming water as a by-product. The passing of electrons through the ETC causes the 

release of protons into the intermembrane space, which produces a proton gradient referred to as the PMF. The PMF allows 

protons to re-enter the mitochondrial matrix via ATP synthase, which drives the production of ATP from ADP and inorganic 

phosphate (Pi). (B) Parameters of mitochondrial respiration may be obtained in live cells by measuring OCR following the 

sequential addition of inhibitors of oxidative phosphorylation. These fluxes in OCR correlate to various mitochondrial 

readouts, including functional readouts derived from formulations of basal parameters. Abbreviations used: ETC; electron 

transport chain. PMF; proton motive force, IMM: inner mitochondrial membrane, e-: electron, H+: proton, O2: molecular 

oxygen, ATP: adenosine triphosphate, ADP: adenosine diphosphate, Pi: inorganic phosphate, Q: ubiquinone, Cyt c: 

cytochrome c 

 

 



93 

 

 

Figure 3.10: PMCA-generated misfolded αsyn causes mitochondria to become hyperactive in SH-SY5Y cells. SH-SY5Y 

cells were incubated with PMCA-generated αsyn, monomeric αsyn (-80oC), buffer alone (PBSN) or left untreated. Media-

containing cells were plated into a well of a Seahorse XF24 plate and mitochondria respiration measured in adhered cells using 

the Seahorse XF Analyser. This was performed by detecting changes in oxygen (referred to as the oxygen consumption rate; 

OCR) following the addition of pharmacological agents: oligomycin, CCCP, rotenone and antimycin-A. In doing so, the 

following parameters were measured: (A) basal OCR, (B) ATP synthesis, (C) max OCR, (D) complex I activity, (E) complex 

II activity and (F) non-mitochondrial respiration. The average of five wells was taken for each sample per experimental 

replicate. Data presented as mean±SEM (n=7-15). Statistical significance was examined by ANOVA and Tukey’s multiple 
comparisons test with a statistical criterion of 0.05. * p<0.05, **p<0.01 
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 Comparison Values±SEM (pmol/min) p-value Significance 

Basal 
PMCA vs. -80oC 163.8±11.82 and 108.9±8.28 0.0049 ** 

PMCA vs. PBSN 163.8±11.82 and 92.86±6.39 0.0035 ** 

ATP 
Synthesis 

PMCA vs. -80oC 206±18.65 and 139±12.2  0.0146 * 

PMCA vs. PBSN 206±18.65 and 113.5±17.68 0.0061 ** 

PMCA vs. Untreat 206±18.65 and 112.6±16.26 0.0032 ** 

Max 
PMCA vs. -80oC 113.1±9.26 and 71.5±5.49 0.0094 ** 

PMCA vs. PBSN 113.1±9.26 and 61.46±7.72  0.0204 * 

Complex I 

PMCA vs. -80oC 170±17.69 and 116.3±11.11  0.0446 * 

PMCA vs. PBSN 170±17.69 and 95.2±18.23  0.0213 * 

PMCA vs. Untreat 170±17.69 and 96.99±14.73 0.0061 ** 

Non-
mitochondrial 

respiration 

PMCA vs. -80oC 117.4±16.37 and 119.4±10.91  0.0227 * 

PMCA vs. PBSN 117.4±16.37 and 96.65±17.6  0.0094 ** 

PMCA vs. Untreat 117.4±16.37 and 99.49±15.77 0.0025 ** 

Table 3.2: Values of significant differences identified in Figure 3.10. Statistical significance was examined by ANOVA 
and Tukey’s multiple comparisons test with a statistical criterion of 0.05. * p<0.05, **p<0.01 
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Further analysis of the OCR values obtained in Figure 3.10 was performed to determine 

whether the alterations in respiration identified were associated with concomitant functional 

deficits. Depending on the measurement, this was interpreted by the normalisation of values 

to either the baseline measurements (% basal OCR) or the maximum when exposed to CCCP 

(% max OCR). The following functional readouts were calculated: basal (% max OCR), ATP 

(% basal), max (% basal), complex I (% max OCR), Non-mitochondrial respiration (% max 

OCR) and spare capacity.  

No difference was seen amongst any experimental group (Figure 3.11), indicating that 

misfolded αsyn is not modulating the ability of the mitochondria to respire. Therefore, while 

misfolded αsyn causes mitochondrial hyperactivity, it does not translate to any kind of 

observable dysfunction in the mitochondria of SH-SY5Y cells. 
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Figure 3.11: PMCA-generated misfolded αsyn do not cause functional deficits in mitochondria of SH-SY5Y cells. SH-

SY5Y cells were incubated with PMCA-generated αsyn, monomeric αsyn (-80oC), buffer alone (PBSN) or left untreated.  

Media-containing cells were plated into a well of a Seahorse XF24 plate pre-coated with Matrigel. The Seahorse XF Analyser 

measured mitochondria respiration by detecting changes in oxygen (referred to as the oxygen consumption rate; OCR) 

following the addition of pharmacological agents: oligomycin, CCCP, rotenone and antimycin-A. The functioning of 

mitochondria was determined as parameters expressed as % change max or basal OCR (depending on the functional readout). 

Spare capacity was measured as the difference between max and basal OCR. The average of five wells was taken for each 

sample per experimental replicate. Data presented as mean±SEM (n=7-15) and statistical significance examined by ANOVA 

and Tukey’s multiple comparisons test with a statistical criterion of 0.05. No statistical significance was found for all 
experimental comparisons. 
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PMCA-generated misfolded αsyn do not alter glycolysis in SH-SY5Y cells 

Following on from the observations seen in Figure 3.10, I next explored whether other 

components of cellular respiration were similarly affected by misfolded αsyn. Glycolysis is 

an important upstream component to cellular respiration; it produces a small amount of the 

total ATP synthesised by the cell and critically produces acetyl co-enzyme A, which feeds 

into the TCA cycle, producing the electron donors FADH2 and NADH that are essential for 

oxidative phosphorylation. Given the intimate association between glycolysis and oxidative 

phosphorylation, the glycolytic potential of SH-SY5Y cells was measured upon exposure to 

misfolded αsyn. 

In addition to the probe that measures oxygen consumption, the Seahorse XF Analyser 

contains a pH probe that measures the extracellular acidification (ECAR) rate of cells. Within 

a cellular environment, ECAR is largely attributed to glycolysis and similar to the fluxes in 

cellular respiration, the glycolytic potential of cells may be tested by the sequential addition 

of compounds: glucose, oligomycin, rotenone & antimycin-A and 2-deoxy-D glucose. Basic 

parameters are calculated from this, including: starved ECAR, basal ECAR, glycolytic 

capacity and spare glycolytic capacity. An image depicting glycolysis, the order of 

compounds used in this experiment and a typical ECAR trajectory are shown in Figure 3.12. 

Glycolytic potential of SH-SY5Y cells was measured upon exposure to PMCA-generated 

misfolded αsyn (PMCA), monomeric αsyn (-80oC), buffer alone (PBSN) and untreated 

(Untreat) with the same treatment regime as the CRC experiments. Following three 

independent experiments, no difference was found between any of the experimental groups in 

all glycolytic parameters (Figure 3.13). 
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Figure 3.12: Glycolysis and and measuring glycolytic potential via changes in extracellular acidification rate (ECAR). 

(A) Glycolysis is an upstream component to mitochondrial respiration where one molecule of glucose is catalyzed to two 

molecules of pyruvate. The oxidation of pyruvate forms acetyl coenzyme A (Acetyl CoA); an essential component to the 

tricarboxylic acid (TCA) cycle. A main function of the TCA cycle is the production of the energy rich NADH and FADH2, 

which are electron donors in the electron transport chain (ETC) (B) Parameters of glycolysis may be obtained in live cells by 

measuring extracellular acidification rate (ECAR) following the sequential addition of glucose, inhibitors to the ETC and 

inhibitors of glycolysis. These fluxes in ECAR correlate to various glycolytic parameters. Abbreviations used in figure; Acetyl 

CoA: acetyl co-enzyme A, TCA: tricarboxylic acid, ETC: electron transport chain 
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Figure 3.13: PMCA-generated misfolded αsyn do not affect glycolysis in SH-SY5Y cells. SH-SY5Y cells were incubated 

with PMCA-generated αsyn, monomeric αsyn (-80oC), buffer alone (PBSN) or left untreated.  Media-containing cells were 

plated into a well of a Seahorse XF24 plate pre-coated with Matrigel. The Seahorse XF Analyser measured glycolytic potential 

by detecting changes in pH (that corresponds to the extracellular acidification rate of a cell; ECAR) in the absence and presence 

of glucose, and following the addition of pharmacological agents: oligomycin + antimycin-A and 2-deoxy-D glucose. In doing 

so, the following parameters were measured: basal ECAR (A), starved ECAR (B), glycolytic capacity (C), spare glycolytic 

capacity (D). The average of five wells was taken for each sample per experimental replicate. Data presented as mean±SEM 

(n=3) and statistical significance examined by ANOVA and Tukey’s multiple comparisons test with a statistical criterion of 
0.05. No statistical significance was found for all experimental comparisons. 
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Discussion 

Originally developed to study PrP misfolding, the PMCA assay has been adapted to induce 

misfolding of αsyn, producing a range of various sized species [275]. It was of interest to use 

this system to study the pathogenicity of misfolded αsyn, however further analysis on the 

species formed was limited due to a high concentration of detergent in the conversion buffer. 

Hence this chapter had two components: 1) to adapt the published protocol of PMCA-

induced αsyn misfolding to enable their production to occur under non-toxic conditions and 

2) to use this newly reformed system to investigate potential mechanisms of toxicity 

associated with misfolded αsyn. Replication of the original protocol was first achieved, with 

species produced via PMCA being characterised using a range of readouts (ThT, TEM and 

western immunoblot). This confirmed the system as a suitable tool to produce misfolded 

αsyn. The effectiveness of PMCA-induced αsyn misfolding when reconstituted in non-toxic 

buffers was next tested, and adaption of the protocol performed with the most efficient non-

toxic buffer, PBSN. New parameters were determined to produce comparable misfolded 

content to the initial buffer, with 72 h being the optimised time to misfold αsyn in PBSN. The 

ability of PBSN to be well tolerated in neuronal cells was the final assessment in the 

adaptation of the protocol and allowed further studies into the cellular targets of misfolded 

αsyn. 

The major finding of this chapter was that PMCA-generated αsyn species affects 

mitochondrial respiration. Mitochondrial dysfunction is a central feature of PD and consistent 

with the findings of this chapter, numerous studies have implicated αsyn in directly 

modulating mitochondrial readouts in various animal [456-461] and cell culture models of 

disease [462, 518, 519]. Hence this work aligns with the concept that the mitochondrion is a 

central organelle targeted by αsyn. 

In SH-SY5Y cells, I showed misfolded αsyn caused elevations in OCR at every complex, 

however this hyperactivity did not translate to any functional deficit. Interestingly, this 

finding is in contrast to the general paradigm that αsyn decreases mitochondrial activity. 

Transgenic mice overexpressing wild-type αsyn have reduced ATP production and associated 

elevations in ROS and oxidative mitochondrial damage [456, 457, 518] while primary 

cultures derived from transgenic mice expressing human mutant A53T αsyn have impaired 

mitochondrial membrane potential and reduced maximum respiration [459]. The expression 

of A53T exclusively in dopaminergic neurons show reductions in substrate-specific 
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respiration [461]. In addition to overall decreases in mitochondrial respiration, αsyn has been 

implicated in causing functional deficits; particularly at the level of complex I. Cells 

expressing wild-type or mutant αsyn have deficits in complex I [461, 462] and comparing 

respiration in neuronal cells which harbour deficits in specific complexes implicate complex I 

in misfolded αsyn-induced reductions to respiration [518]. Reductions in complex I activity 

are also observed in post mortem PD brain [330-332] and compounds that target complex I 

cause environmental PD in humans [334-336]. Likewise compounds which target this 

complex are used as inducible models of PD in animals, such as N-methyl-4-phenyl-1,2,3,6-

tetrahydropyridine (MPTP) [520, 521], 6-hydroxydopamine [522], paraquat  [523-525] and 

rotenone [336]. Rotenone is so selective that it is routinely used as the complex I inhibitor in 

CRC experiments (including the CRC experiments in this thesis) [526], and hence its use as a 

model of PD strongly implicates complex I deficiency in synucleinopathies.  

In order to delineate these divergent findings, it is important to consider factors that may 

contribute to variations in results. A major influence is likely to be the model used, with cell 

culture systems, transgenic animal models and human disease all harbouring very different 

cellular environments. Reporting an acute insult to naïve, healthy cells upon treatment with 

misfolded protein is likely dissimilar to the disease in humans which has been slowly 

progressing over years of clinical dormancy. Similarly, given that the overexpression of 

protein in cultured cells does not result in intracellular aggregation of protein, it also is unlike 

the human condition. In this regard, it could be argued the introduction of misfolded protein 

into naïve cells is more biologically relevant than a cellular environment where the clearance 

machinery is adequately removing protein aggregates. Regardless, while each system reports 

on an effect of αsyn, its relevance to in vivo PD is uncertain. However this also reflects an 

important point with the data collected on human samples, which report the status of the 

mitochondria at post mortem and hence terminal stages of disease. Detailing this stage of 

disease, while relevant, may not be an adequate representation of mitochondrial health for the 

majority of the disease process. Considering this, it is possible the mitochondria are able to 

adapt to the insult caused by αsyn for the majority of the disease course, before being 

overwhelmed at end-stage disease. Such a scenario would align with the findings of this 

chapter. Importantly, enhanced respiratory activity with no functional deficit has recently 

been reported to occur in immortalised lymphocytes derived from ante mortem PD patients 

[527]. This elevation was found to be independent of age, disease duration or disease severity 

and hence supports the theory that the mitochondria are adaptive in disease. As such, the 
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dogma that mitochondria dysfunction is a persistent, overwhelming feature to PD may 

ultimately be revised.  

Another relevant point to studies reporting on mitochondria function is the analysis method 

used. Most studies measure respiration by quantification of components of oxidative 

phosphorylation at a single time-point, often in lysed or fixed cells. While relevant to the 

sample in question, the mitochondria are highly dynamic and a single snapshot of 

mitochondrial health provides little information on the respiratory control of the cell. 

Likewise, measuring these readouts on unviable cells makes the assay highly susceptible to 

artefacts associated with the processing of the sample. Therefore, systems that measure flux 

changes in live cells are considered the strongest and most relevant approach to study 

mitochondria function. This chapter used the Seahorse XF Analyser to measure CRC in live 

cells exposed to misfolded αsyn and from this a large amount of information was obtained on 

relevant parameters of respiration. To date, only one other study has measured CRC in live 

cells exposed to misfolded αsyn [518]. Here, the treatment of αsyn was found to decrease 

respiration and the use of cells with deficiencies in various complexes was employed to 

implicate complex I in this effect. While further research is needed to resolve the reasons why 

this data contrasts with those presented here, it is important to note this study did not find 

significance in either mitochondrial respiration or complex deficiencies [518]. This is likely 

associated with high statistical error reported in the published study and therefore should be 

repeated to confirm the response. It is important to note that in the CRC experiments of this 

chapter, data were consistent and highly reproducible.  

This chapter did not elucidate whether the changes in CRC upon exposure to misfolded αsyn 

were due to a direct or indirect mechanism. The observation in Figure 3.6 that PMCA-

generated αsyn species selectively binds to CA is support for αsyn modulating mitochondria 

respiration via a direct interaction with this lipid. CA is commonly referred to as the signature 

phospholipid of the mitochondria. It is predominately expressed in the IMM, which contains 

more than 40 fold higher levels of CA than the outer mitochondrial membrane (OMM) [528]. 

Given its locality within the IMM, it is not surprising CA plays an important role in 

mitochondrial bioenergetics. Within the ETC, CA has been shown to be required for optimal 

activity of all components of oxidative phosphorylation: complex I [529-531], complex II 

[532], complex III [529, 533, 534] and IV [535] and ATP synthase [536]. For a number of 

these complexes, CA is an integral component to the complex with crystallography 

confirming CA bound tightly to complex III [534] and complex IV [537].  CA is also 
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pertinent to the assembly of the ETC. The complexes of the ETC do not lie in uniform along 

the IMM and rather, they form higher order structures called respiratory super-complexes 

[538-540]. The formation of such structures is thought to increase efficiency of electron flow. 

Dimeric forms of CA have been shown to be important to the activity and stability of the 

super-complexes [541-543]. Finally CA also plays roles in the functioning of other relevant 

proteins of oxidative phosphorylation. It is required for optimal activity of the ADP/ATP 

carrier [544, 545]; a protein responsible for the shuttling of ATP from the MM to the IMS. 

Crystallography studies confirm a tight interaction with two [546] or three [547] CA 

molecules bound per one molecule of ADP/ATP. CA also associates with the carrier 

molecule cytochrome c (cyt c) [548, 549] that transports electrons from complex III to 

complex IV. Hence the role of CA in mitochondrial respiration is multifaceted. Therefore, 

consistent with the CRC data reported in this chapter, if an interaction between αsyn and CA 

occurs in a biological setting, it would likely result in broad spectrum changes to respiration. 

Further support for a direct interaction of αsyn with the mitochondria comes from many 

studies showing mutant or wild-type αsyn associates with isolated mitochondria [519, 550] 

and mitochondria in vivo [461, 462, 519, 551, 552]. Also, αsyn has been shown to bind to 

membranes mimicking mitochondrial membranes (with a preference for those containing 

CA) [490, 491].  

A relevant question to the theory of a direct interaction of αsyn with the mitochondria, is how 

would αsyn get into the IMM to elicit damage? The N-terminus of αsyn contains a cryptic 

mitochondrial targeting sequence and as such it has been postulated this region aids the 

translocation of αsyn across the OMM to the IMM [462]. Alternatively the mitochondrial 

import receptor, translocase of outer membrane 40 (TOM40) has been implicated in the 

transport of αsyn into the IMM, given that antibodies to the protein block mitochondrial 

import of αsyn [462]. Further to this, TOM40 was identified in a pull down assay with a 

synthetic C-terminal αsyn peptide [553]. Finally the presence of pore-like structures on the 

OMM has been observed in the mitochondria isolated from the substania nigra of rats 

selectively overexpressing wild-type αsyn in this region [460]. This may aid the diffusion of 

αsyn aggregates into the IMM and/or contribute to the deficits associated with a direct 

interaction of αsyn with the mitochondrion. 

Given that the PMCA produces a heterogeneous population of αsyn species, this chapter did 

not distinguish which species of misfolded αsyn is causing the changes to mitochondrial 
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respiration. An attractive candidate is the oligomeric conformations given that these species 

have been shown to fragment CA-rich membranes [491], however, other species may be 

relevant. In transgenic mice overexpressing wild-type αsyn, the predominant αsyn species 

that accumulated in the mitochondria causing deficits was monomeric full-length N-

terminally acetylated αsyn [456]. The latter study highlights an important consideration to 

using recombinant protein to study pathogenic mechanisms of αsyn, which are not exposed to 

the numerous post-translational modifications endogenous αsyn is susceptible to. In cultured 

cells expressing mutant A53T αsyn, both the stimulation of ROS production and alterations 

to mitochondrial respiration highly correlate with levels of phosphorylation at Ser129 [554] 

and therefore the production of misfolded species using PMCA may not model all pathogenic 

subtypes of αsyn that present in a cell and cause damage in disease.  

The ability of αsyn to associate with lipids has been described previously in this chapter. 

Studies reporting αsyn:lipid interactions primarily use monomeric αsyn which is interesting 

given that the lipid affinity assay employed in this chapter (Figure 3.6) showed no detectable 

binding of monomeric αsyn with any lipid class. This may indicate that while monomeric 

αsyn associates with many lipids, changes to its affinity and possibility specificity occurs 

upon misfolding. An additional important factor to this is the type of assay used to study 

binding. SUVs and planar lipid bilayers are often used to study αsyn:lipid interactions. In this 

regard, the use of a lipid strip in this chapter may be considered a limitation because it does 

not model the complex three-dimensional orientation of lipids within membranes. However, 

as mentioned previously, systems that model membranes are likely only relevant to potential 

biological interactions αsyn has with that type of membrane. Given that CA is found in many 

areas of the mitochondria and clearly not just embedded within a membrane, using models of 

biological membranes may be unsuitable to study the interaction αsyn has with this lipid. 

Taking this into consideration, the lipid blot assay is arguably the best model to use to detect 

this interaction.  

This chapter also revealed CA is capable of accelerating αsyn fibrillization and producing 

αsyn species that are more PK resistant. While the modest changes to PK resistance signifies 

a change in the population of species formed, it does not indicate whether this sift is solely 

due to an acceleration in fibrillization or whether CA modulates the formation of species. The 

former consideration is likely given that lipids are natural accelerators of fibrillization to 

many proteins by acting as a scaffold that binds and concentrates protein for enhanced 

protein-protein interaction. This is considered relevant to the role of lipids in PrP misfolding 
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and hence may be a unified feature of amyloid-forming proteins. An interaction with lipids 

has also been reported to trigger folding in monomeric protein, as in the case of the PUFA, 

DHA [465, 468]. Clarification on the effect of CA in this system may come from structural 

analysis on the species formed in its presence. Techniques such as analytical 

ultracentrifugation (AUC) may reveal more detail on the species and this system has 

previously been used to characterise the conformation of several oligomeric αsyn 

preparations [327]. Hence it may be a powerful tool to detect changes in αsyn species 

produced with PMCA. An additional important experiment will be to determine whether the 

effect of CA is lipid-specific, or whether other lipid classes may induce similar profiles in 

αsyn. Nominating several species with varying binding affinities from the lipid blot assay 

(Figure 3.6) will be useful to align data obtained from numerous technical assays presented in 

this thesis. 

Given that this current work does not confirm a direct interaction between misfolded αsyn 

and mitochondria, it is possible indirect mechanisms are driving the enhanced mitochondrial 

respiratory activity. As a general rule, enhanced respiration to all complexes without altering 

function implicates an indirect mechanism. The most likely candidates for this are those that 

trigger an increase in ATP production. Autophagic flux is a major modulator of cellular 

respiration and thus the detection and clearance of misfolded αsyn may be a major 

contributing pathway to the changes in respiration seen here. Another potential indirect 

mechanism would be via an association of αsyn with mitochondrial-associated ER 

membranes (MAMs). Recent evidence suggests both mutant and wild-type αsyn localises in 

MAMs [555, 556]. Here they are capable of disrupting the linkage between the ER and 

mitochondria [556] and trigger mitochondrial fragmentation [555]. This causes reductions in 

transport of Ca2+ from the ER to the mitochondria. Ca2+ is an important molecule in the TCA 

cycle and hence this results in decreases in ATP synthesis [556]. To address these 

mechanisms, the expression of autophagy markers (e.g. p62, LC3I, LC3II, ATG18) should be 

inspected, along with conformational studies on the localisation of misfolded αsyn in this 

model. 

The finding that glycolysis was unaffected upon exposure to PMCA-generated αsyn reveals 

important information on the potential mechanism of action. It suggests that if mitochondrial 

respiration was enhanced because of increased energy demands following exposure to 

misfolded αsyn, it was not enough to also drive changes in glycolysis. This is consistent with 

the fact that no mitochondrial deficits were identified and hence glycolysis was not activated 
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as a compensatory mechanism. It also eliminates changes to glycolysis as a driver to the 

effects seen. From here, complementary studies will be useful to investigate other processes 

linked to mitochondria respiration. Thorough assessment of mitochondrial morphology, 

locality and health should be performed by employing fluorescent compounds (such as 

MitoTracker® or tetramethylrhodamine, methyl ester) to determine localisation, morphology 

and permeability of the mitochondrial membrane. TEM would also be suitable for 

morphological analysis. Likewise, metabolomics will be useful to identify any other 

components of respiration that may be playing a role in this system. Additionally, assessment 

on other processes controlled by the mitochondria should be monitored. Apoptosis is tightly 

regulated by the mitochondria and is triggered by the release of cytochrome c from the IMM. 

CA has been shown to be essential for this process by stimulating peroxidase activity of 

cytochrome c, triggering H2O2 dependent peroxidation that in turn oxidises CA [548, 549]; an 

essential component for the release of cytochrome c from the membrane. Additionally, ROS 

production is a major feature of PD, which is considered to be driven predominately by 

mitochondrial dysfunction [557], likely by electron leak at locations where they are passed 

from complex I or II to complex III with ubiquinone, resulting in their interaction with O2. 

However elevated ROS is also found in immortalized lymphocytes from ante mortem PD 

patients that harbour mitochondria with increased respiration and no functional deficit [527]. 

Therefore, if ROS levels are found to be also raised by misfolded αsyn in association with 

elevated respiration, it will have major implications on the understanding on the pathogenesis 

of disease and may suggest that ongoing elevations in OCR, and not deficits in respiration, is 

a major cause of oxidative damage in neuronal cells in PD.  
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Conclusion 

The aim of this chapter was to develop a system to produce a heterogeneous population of 

misfolded αsyn species under non-toxic conditions and to investigate neurotoxic mechanisms 

associated with these species. I have developed and thoroughly characterised the generation 

of αsyn species in the non-toxic buffer PBSN using PMCA. These misfolded species were 

found to associate with the mitochondrial-specific lipid CA. CA accelerates αsyn 

fibrillization and alters the formation of αsyn species produced by PMCA. Critically PMCA-

generated misfolded αsyn was shown to enhance mitochondrial respiratory activity in 

neuronal SH-SY5Y cells. This finding is paradigm shifting and may have important 

implications to our understanding on the pathogenesis of PD. 
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CHAPTER 4: THE DEVELOPMENT OF A MODEL OF 

PRION DISEASE USING ORGANOTYPIC BRAIN        

SLICE CULTURES 

 

Introduction 

Having developed a system to study pathogenic αsyn in Chapter 3, the aim of this chapter 

was to likewise do the same for PrP. An important distinction between proposed toxic 

mechanisms of PrP and αsyn misfolding is that while misfolded αsyn may cause direct 

damage to target organelles, the toxicity of PrPSc requires the presence of PrPC [166, 294] 

(discussed in Chapter 1). This suggests that the generation of toxicity in prion disease is 

intimately linked to the propagation of PrPSc. Because of this, in this chapter a model of prion 

disease was developed that shows the generation of neurotoxicity in association with 

propagation of PrPSc.  

 

Common tools to study prion disease 

Traditional assays to study prion disease are intracerebral inoculation of animals and in vitro 

cultured cells. In both systems, disease is studied following exposure to an infectious sample 

that is highly enriched in PrPSc, such as brain homogenate from a terminal infected mouse or 

lysate from chronically infected immortalised cells.  

The choice of model used generally depends on the feature of disease being studied. In vitro 

studies are robust, experimentally rapid and comparatively much cheaper than in vivo 

systems. Cultured cells exposed to prions amplify misfolded protein over several passages 

and therefore they are generally used for studying cellular mechanisms of prion infectivity 

and propagation of misfolded protein.  Limitations are that few cell lines are conducive to 

prion infection [558] (the factors which contribute to a cell’s susceptibility to prions remains 

largely obscure) and of those a small number are neuronal in origin. Critically, prion infected 

cells do not develop neurotoxicity associated with prion propagation. While the reason for 

this has not been identified, it is considered to be due in part to the dilution effect of cell 

division of immortalised cells [558]. Furthermore, a monolayer of homogenous cells is not an 

adequate representation of the multitude of different cell types and intracellular interactions 

present in a functioning, three-dimensional CNS and as such the chance of artificial or 
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incomplete responses is high. However while cultured cells are not vulnerable to neurotoxicty 

associated with propagation of prions, they have been shown to develop acute, PrP-dependent 

toxicity involving the activation of ROS when exposed to prions [559]. Given the known 

relevance of chronic propagation to PrPSc-induced toxicity in established disease [166, 294], 

the mechanisms of toxicity are likely different between acute toxicity in cultured cells and 

that which is associated with propagation in animals (discussed in more detail in Chapter 6). 

Hence while in vitro systems are useful tools to study certain features of disease, they do not 

develop the full spectrum of features of advanced disease. This fact should be taken into 

consideration when choosing the model to study aspects of PrPSc biology. 

In vivo prion infection are bona fide models of disease. In these studies, animals are usually 

exposed to prions via intracerebral injection, however introduction of PrPSc into peripheral sites 

also manifests complete disease once prions penetrate the BBB. As per disease in humans, 

prion infected animals experience a preclinical incubation period which is followed by the 

development of neurological symptoms. While the precise pathological and clinical symptoms 

that present in prion-infected animals are strain dependent, the manifestations of disease within 

a strain is highly reproducible. In mice, clinical disease usually presents initially as subtle 

alterations in burrowing, nesting and grooming that rapidly progresses to large-scale declines 

in memory based tasks, cognition and co-ordination [560]. The pathology in the brains of prion-

infected mice exhibit all hallmarks of disease including extracellular PrPSc deposition, neuronal 

loss and spongiform change [560]. Consistent with the protein-only hypothesis, the expression 

level of PrPC negatively correlates to incubation time [364, 370, 561]. Because of this, 

transgenic animals expressing elevated levels of PrPC are often used to study prion disease 

pathogenesis within a shortened time-frame, with one of the most widely used mouse lines 

being the transgenic tga20, which express PrPC twelve fold above wild-type counterparts [364]. 

Despite this, these experiments still take several months and complete experiments usually 

require the use of a large number of mice. This makes these experiments labour intensive and 

expensive compared to in vitro experiments.  
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The importance of using models that develop propagation and toxicity to study prion 

disease 

The fact that cell culture in vitro models of prion disease do not develop neurotoxicity has 

had significant consequences when extrapolating experimental findings using this system to 

the human condition. This is eloquently described by considering the history of therapeutic 

use in humans to treat disease. A large number of compounds have been found that exhibit 

prion-alleviating properties either in vitro or in vivo, with several of these compounds being 

trialled in humans (Table 4.1). To date, none have proved overwhelmingly successful. The 

unsuccessful results from human studies are in part due to the difficulties in translation from 

in vitro systems to the human condition. This was exemplified by the promising in vitro 

results for the antimalarial and antipsychotic compounds quinacrine and chlorpromazine. 

Both compounds were found to inhibit PrPSc propagation in cultured cells [562-564] and 

given their safe efficacy in humans and ability to cross the blood brain barrier (BBB), 

quinacrine was soon trialled in humans to treat prion disease despite a lack of in vivo 

evidence or known mechanism of action. Quinacrine was unsuccessful in improving disease 

parameters either individually [565-567], or in a combined treatment strategy with 

chlorpromazine [568, 569] (Table 4.1). After human use was started, reports emerged 

showing quinacrine failed to extend survival in prion-infected mice [570-572] and its 

treatment is capable of generating drug-resistant prions [572] and can amplify prion 

replication in certain prion diseases [573]. These failed therapeutic attempts demonstrate that 

a reduction in PrPSc in vitro is unlikely to be an appropriate readout of efficacy for the human 

condition and emphasises the importance of modelling neurotoxicity associated with prion 

propagation to study disease pathogenesis.  

The prion field would greatly benefit from the use of models that develop all critical facets of 

disease that are higher through-put than in vivo systems, whilst being robust and reproducible 

similar to in vitro techniques. One such system that appears to fit this profile is the use of 

organotypic brain slices cultures (OBSCs) to model disease. 
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Compound 
Effect of compound in 

animal models 

Human study 

design 
Outcome Comments 

Amantadine 
No effect on survival  

[574, 575] 

Observational [576, 

577] 

No effect on 

patient survival 

Anti-viral compound 

trialled when disease 

believed to be of viral 

origin 

Flupirtine  RCT-DB [578] 
No effect on 

patient survival 

No justification given for 

its use in humans 

Quinacrine 

No effect on survival or 

PrPSc accumulation  

[570-572, 579] 

Observational [565-

567] 

 

Variable effect on 

survival 

Treatment in humans 

started before animal 

testing 

RCT-DB [566] 
No effect on 

patient survival 

Combined 

Chlorpromazine 

and Quinacrine 

 
Case report [568, 

569] 

No effect on 

patient survival 
 

Doxycycline 

Increase survival to 

peripheral and CNS prions 

[580] 

Observational [581, 

582] 

Increase patient 

survival 

 

RCT-DB [583] 
No effect on 

patient survival 

Preventative (EU 

clinical trial register: 

2010-022233-28) 

Currently 

underway in FFI 

presymptomatic 

carriers 

Intraventricular 

infusion 

of PPS 

Increase survival to 

peripheral and CNS prions 

[571, 584-587] 

 

Observational [588, 

589] 

 

Variable effects 

on survival 

Surgical complications 

common and toxicity 

observed in some human 

trials 

Case report [590-

593] 

Possible increase 

patient survival 

 

Table 4.1: Human trials performed for therapeutic intervention of prion disease. RCT-DB: Randomized double blind 

placebo-controlled clinical trial; CNS: central nervous system; FFI: Fatal Familial Insomnia; PPS: Pentosan Polysulfate. 
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Organotypic brain slice cultures (OBSCs) 

Organotypic culturing is a process whereby tissue, which has been removed from an organism, 

continues to develop and function as if it was still part of the intact organism. The process 

involves maintaining biological tissue ex vivo in such a way that its basic structural and 

connective organisation of the intact organ is conserved. Organotypic culturing has proved 

invaluable in studies into how cells, particularly neurons, develop. While the technical aspects 

of organotypic culturing has undergone many iterations throughout the 20th century, the notion 

that tissue may survive ex vivo first came from seminal studies by Ross Granville Harrison, 

who in 1907 showed the survival and growth of frog embryonic nerve tissue when cultured in 

frog lymphatic fluid [594]. Referred to as the ‘hanging drop method’, his system involved 

combining the two in droplets on a sterile glass slide. Here the lymphatic fluid provided 

nutrients to the nerve and protected it from drying out. Once the fluid clotted, the slide 

containing the drop could be inverted allowing for its visualisation. While only culturing the 

tissue for a few days, his work on neuron outgrowth significantly contributed to our 

understanding of nerve cell biology in modern day neuroscience.  

The decades proceeding Harrison’s work saw an expansion in research of ex vivo culturing. 

While numerous researchers were performing similar experiments, the term ‘organotypic’ was 

first referenced by Reinbold (1954) in a publication on differentiation of the chick embryo eye 

[595]. This was followed by subsequent studies by others applying a similar technique to heart 

and intestine tissue [596, 597]. Organotypic culturing on brain tissue was first published in 

1970 on the cerebellum [598-600] and following these reports, many studies aimed to optimise 

growing conditions of CNS tissue. Some of the early methods used a chamber or tissue plate 

to maintain viable organotypic cultures [601, 602], however an improved method was 

developed following extensive work led by B.H. Gähwiler and colleagues who established a 

system to culture brain slices organotypically using the roller drum technique [603-607]. This 

system adheres thin brain slices on glass coverslips using clotted plasma, which are then rotated 

slowly in a roller-drum at ambient conditions. These slices thin out over time resulting in a 

quasi-monolayer of cells. While this progressive thinning facilitates high resolution imaging of 

the cultures, the lack of three-dimensional integrity is considered a limitation when modelling 

the in vivo state [603]. Again, this method was later expanded upon by L. Stopinni et al. [608], 

who cultivated brain tissue on semiporous membranes at the interface between air and culture 

media. Importantly this system allows adequate oxygen saturation (it had previously been noted 

submerging the tissue significantly reduces the viability of cultures), whilst capillary motion 
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enables nutrient transfer from an exterior pool of culture media through the membrane to the 

slice. This model successfully preserves the three-dimensional structure allowing for 

morphological and biochemical studies [608]. Today, semiporous membranes are the most 

commonly used system for organotypic culturing. 

The numerous iterations in technical details surrounding organotypic culturing has revealed 

basic parameters required for organotypic culturing: a solid foundation for structural support 

of the tissue, nutrient-rich culture medium, exposure to and sufficient oxygenation and ambient 

temperature and humidity [609]. In OBSCs, neurons are electrically active and as such are 

conducive to multi-electrophysiological recordings and simulations [610-614]. This makes 

them a powerful tool to study neuronal status in health and disease.  

OBSCs have been shown useful to study prion disease: infected brain slices develop all critical 

features of disease including propagation of PrPSc [391, 615-618], spongiform change [391, 

618] and neurotoxicity [391, 617]. Brain slices are conducive to infection from a range of 

prions strains [391, 616], with brain tissue derived from both transgenic tga20 [391, 615-617] 

and wild-type [618] mice. Propagation of prions has been reported to be up to six times faster 

than equivalent in vivo inoculation experiments [616, 617]. The capacity of this system to 

produce multiple experimental slices from one animal has further benefits including reducing 

the number of animals required for large-scale experiments and offers the ability to easily have 

internal controls from the same animal if desired. 

 

 

Aims 

Limitations exist in both in vitro and in vivo systems to study prion disease. While prion-

infection in animals generates bona fide disease, these experiments are generally low 

through-put and expensive compared to in vitro techniques. The development of systems that 

have higher throughput and model all pertinent features of disease, particularly neurotoxicity, 

will be beneficial to further our understanding of disease. The aim of this chapter was to 

develop an ex vivo model of prion replication and neurotoxicity using OBSCs infected with 

the prion strain M1000.  
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Results 

Organotypic culturing of tga20 cerebellar slices 

The first aim of this chapter was to develop a method to successfully maintain organotypic 

brain slices in culture for extended periods of time. In anticipation of modelling prion disease 

upon establishment of a reliable protocol, the tga20 mouse line [364] was used in all 

experiments using organotypic cultures.  

I established a method of successful organotypic culturing using the cerebellum of 9-10 day 

old tga20 pups. This region has routinely been used in prion-infected OBSC experiments 

[391, 392, 615-618]. It is an appropriate brain region to use to model neurotoxicity given that 

over 75% of CNS neurons are located within the cerebellum [619, 620] and compared to 

other brain compartments, the distribution of neurons in the cerebellum is highly 

homogeneous [621, 622]. 

The developed protocol included three key steps; isolation of the brain, sectioning using a 

tissue chopper and culturing. For the isolation step, the cerebellum was rapidly isolated and 

cooled in a cutting solution of neutral buffer containing kynurenic acid; an anti-excitotoxic 

molecule that likely acts as an antagonist of excitatory receptors [623]. To section the tissue, 

the cerebellum was mounted onto the stage of a tissue chopper and 400 μm thick sections 

made. The culturing/incubation step involved transferring multiple slices onto the semi-

porous membrane of specialised cell culture inserts which were placed into standard culture 

plates containing specialised brain slice media (Figure 4.1A).  

Slices were cultured at 37oC with 5% CO2 for up to 70 days, with media being replaced three 

times a week. During this time, the morphology of the slices changed significantly, most 

notable was a progressive spreading out of the tissue and concomitant reduction in the 

thickness of the tissue over the incubation period. Representative images revealing the 

morphological changes in OBSCs I cultured are shown in Figure 4.1B. 
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Figure 4.1: Workflow of preparation and maintenance of organotypic brain slice cultures (OBSCs). (A) There are three 

main components to the production of organotypic brain slices: tissue isolation, sectioning and culture/incubation. Harvesting 

tissue involved removing the cerebellum from a 9-10 day old tga20 pup, snap cooling it in cutting solution and placement onto 

the stage of a tissue chopper. The tissue was then sectioned and transferred to specialised inserts that are placed in tissue culture 

plates that contain culture media. (B) Slices were cultured for up to 70 days, during which time the slices underwent 

morphological change visualised in (B). 
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A major component to confirming brain slices are organotypic was to show that they are 

viable in culture. For this, viability was measured using the fluorescent dyes propidium 

iodide (PI) and Hoechst 33342. PI binds DNA and RNA and is non-cell membrane permeable 

and Hoechst 33342 also binds both DNA and RNA but is cell membrane permeable and 

hence these dyes detect dead and total cells, respectively. Here Hoechst 33342 was used to 

confirm that PI images were taken in cell-dense areas, while PI was used for the 

quantification whereby viability was measured as the difference in PI signal between naïve, 

untreated brain slices and slices that had been treated with the apoptosis-inducing agent, 

staurosporine for 48 h prior to the experiment. In this regard, low PI values (percent area 

fluorescence) in OBSCs compared to high values of a staurosporine-treated slice indicates 

viability. In these experiments, determining positive fluorescence in the staurosporine-treated 

slice is critical to confirm the live slices as organotypic because a non-viable slice treated 

with staurosporine will be unable to achieve any fluorescence upon incubation with PI.  

Viability was assessed in three slices per treatment group at 1, 7 and 70 days post sectioning 

(DPS; Figure 4.2). The percent area PI staining was high in slices at 1 DPS (55.89±9.85 

percent area PI). This is a common observation with OBSCs considered to be due to the 

stress induced by the cutting process. Given that this time-point is shorter than the required 

time necessary to induce apoptosis with staurosporine, quantification of viability cannot be 

performed. Viability measurements at 7 DPS demonstrated the slices settled quickly in 

culture, with the PI signal significantly elevated in staurosporine-treated slices compared to 

untreated counterparts (Untreated vs. Staurosporine; 3.60±3.59 and 73.67±14.82 percent area 

PI, p=0.0101). This observation continued until 70 DPS where the slices remained viable in 

culture determined by low PI fluorescence compared to a staurosporine-treated counterpart 

(Untreated vs. Staurosporine: 3.34±1.69 and 34.57±2.80 percent area PI, p=0.007).  

Taken together, the PI viability experiments confirm the protocol developed successfully 

enables slices to be cultured organotypically for up to 70 DPS.  
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Figure 4.2: Organotypic tga20 cerebellar brain slices are viable in culture. Viability was measured by quantifying 

propidium iodide and Hoechst 33342 labelling in live slices. Slices exposed to staurosporine for 48 h prior to visualisation 

served as a positive control of cell death. Images were taken on an inverted wide-field microscope (Leica DM16000) using 

10x and 20x objective lens. Graphs are presented as mean±SEM (n=3). Statistical significance was examined by Student’s t 
test with a statistical criterion of 0.05. * p<0.05, *** p<0.001 
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Given that the degree of neuronal vulnerability will be assessed in prion-infected OBSCs, it 

was pertinent to determine the changes that inherently occur to neurons in healthy slices over 

time. The expression of neuronal proteins relevant to neurodegeneration (both pre- and post- 

synaptic) was measured in OBSCs harvested at 1, 7, 21, 42, 56 and 70 DPS and compared to 

tga20 brain tissue obtained from a pup the same age as those used for OBSCs experiments (9-

10 days old). The following neuronal markers were used: post synaptic density-95 (PSD-95), 

synaptophysin, the 25 kDa synaptosomal associated protein (SNAP25) and vesicle-associated 

membrane protein 2 (VAMP2). 

Immunoblot revealed expression of all neuronal markers in OBSCs was reduced compared to 

fresh tissue isolated from tga20 brain (Figure 4.3). This decrease occurred immediately once 

in culture (at 1 DPS) and was maintained throughout all time-points examined. The strongest 

reduction was found in synaptophysin, with very low or no expression identified after 7 DPS. 

While the expression of all neuronal markers did not recover to levels seen in vivo over the 

time period examined, their exact levels appeared to fluctuate over time in culture (Figure 

4.3). 

Given that PrP expression will be assessed in OBSCs upon prion infection, changes in 

endogenous PrP levels was also measured at all time-points. PrP was detected in all samples 

which, similar to the neuronal markers, was variable over the experimental period. Changes 

to the astrocyte marker glial fibrillary acidic protein (GFAP) was also measured. Strikingly, 

the expression of GFAP was highly elevated compared to the fresh tissue. This increase was 

marginal at 1 DPS and higher in all other time-points (Figure 4.3). This is consistent with 

others who have reported significant elevations in GFAP protein in slices once they become 

organotypic [624, 625]. 

Probing this panel of markers in OBSCs revealed important information about the changes 

imparted on slices in culture. The large elevation in GFAP signal with increased time gave 

further evidence that the protocol developed successfully produces slices that are 

organotypic. The fluctuations on protein expression revealed OBSCs to be dynamic, living 

systems. 
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Figure 4.3: Cell populations are dynamic in tga20 OBSCs. OBSCs prepared from tga20 pups were maintained for up to 70 

days. Pooled slices (6) were collected, lysed and resolved using SDS-PAGE. Fresh tissue isolated from a tga20 pup was 

resolved alongside OBSC samples. Proteins were transferred to PVDF membrane and western immunoblot performed to detect 

changes to cell populations in OBSCs over time in culture. Protein markers used were: PSD-95, synaptophysin (Synapt), 

SNAP25 and VAMP2, PrP and GFAP. β-actin was probed for as a loading control. n=1. 

 

 

 

 

 

 



120 

 

Cerebellar OBSCs from tga20 mice propagate PrPRes upon prion infection  

Having developed a reliable protocol to culture brain slices organotypically, their ability to 

adopt infection and propagate PrPRes after exposure to prions was next assessed. The prion 

strain used for infection experiments in this thesis is M1000, a human familial prion strain 

[626] that has become mouse adapted following serial passages in inbred mice. M1000 was 

originally isolated from a patient with GSS and is known as the Fukoaka-1 prion strain [627].   

For the infection experiments, sectioned tga20 brain slices were exposed to 1% (w/v) M1000 

or NBH for 1 h at 4oC. Slices were subsequently washed well to remove residual PrPSc and 

cultured as per standard culture conditions (Figure 4.4A). The viability of M1000-infected 

brain slices was assessed by PI/H staining at 1, 7 and 70 DPS. Similar to uninfected, naïve 

slices (Figure 4.2), a high degree of PI positive staining was evident 1 DPS in both NBH and 

M1000- treated slices (NBH and M1000; 49.22±10.4 and 53.73±20.65 percent area PI, 

respectively) (Figure 4.4B). No significant difference was found between the two groups. By 

7 DPS, both treatment groups were viable with significantly lower PI staining compared to 

staurosporine-treated slices [(Staurosporine vs. NBH; 90.62±5.50 and 0.023±0.01 percent 

area PI, p=0.0001) and (Staurosporine vs. M1000; 90.62±5.50 and 10.4±8.903 percent area 

PI, p=0.0002). This observation was similarly observed at 70 DPS, with both M1000- and 

NBH-treated slices showing low PI values compared to their staurosporine-treated equivalent 

[(Staurosporine vs. NBH; 72.19±6.52 and 0.200±0.105 percent area PI, p=0.0001) and 

(Staurosporine vs. M1000; 72.19±6.52 and 0.014±0.005 percent area PI, p=0.0001)] (Figure 

4.4B).  The graphical representation of this data is shown in Figure 4.4B, while representative 

images used in the analysis of PI staining are shown in Figure 4.5. 

The ability of M1000-infected brain slices to propagate PrPRes was determined by detecting 

PK resistant PrP products in NBH and M1000-infected slices (6 per group) collected at 1, 7, 

21, 42, 56 and 70 DPS. Digested samples were resolved on SDS-PAGE and PrP detected by 

western immunoblot. Results showed a time dependent elevation in PrPRes in M1000-infected 

slices, which was first detected at 42 DPS and continued to increase at both 56 and 70 DPS. 

By comparison, no detectable PrPRes was identified in slices exposed to NBH. In order to 

confirm the presence of PrP species in all samples, the experiment was repeated in the 

absence of PK (Figure 4.4C). 
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Figure 4.4: PrPRes can be detected in viable OBSCs infected with M1000 prions. (A) The protocol for infection experiments 

involved exposing freshly cut tga20 slices to 1% (w/v) M1000- or NBH prior to removal of residual homogenate and plating 

as per standard organotypic technique. (B) Viability was measured by quantifying propidium iodide and Hoechst 33342 

labelling in live slices. Slices exposed to staurosporine for 48 h prior to visualisation served as a positive control of cell death. 

Graphs are presented as mean±SEM (n=3). Statistical significance was examined by Student’s t test with a statistical criterion 

of 0.05 *** p<0.001, ****p<0.0001. (C) Slices (6) were pooled, lysed and either exposed to PK or left undigested prior to 
western immunoblot for detection of PrP. PrP expression was detected using 03R19 antibody. n=1. 
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Figure 4.5: Representative images used for statistical analysis shown in Figure 4.4B. Images were taken on an inverted 

wide-field microscope (Leica DM16000) using 10x and 20x objective lens.  
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PrPRes can be identified in single OBSC exposed to M1000 prions 

It was of interest to determine whether the PrPRes generated in M1000-infected OBSCs can 

seed amplification of PrPRes using PMCA. Here, individual NBH- or M1000-infected slices 

were collected at the same DPS as previous experiments (1, 7, 21, 42, 56, and 70), lysed in 

PCB and added to NBH substrate as per the standard PrP PMCA protocol (refer to Chapter 3 

for details, Figure 3.1). Samples were subjected to one round of PMCA and PrPRes detected in 

samples via PK digestion (50 µg/mL final concentration of PK) and western immunoblot 

analysis. Results showed M1000-infected brain slices contained PrPRes at 56 and 70 DPI 

(Figure 4.6A).  

To determine if PrPRes could be detected at earlier time-points, a serial PMCA was 

performed. Here sample that had undergone one round of PMCA (samples from Figure 4.6A) 

was spiked into fresh tubes containing NBH in PCB and exposed to another round of PMCA. 

PK digestion and immunoblot of these samples again showed PrPRes in 56 and 70 DPI, 

however it was unable to increase the sensitivity to include earlier time-points (Figure 4.6B).  

In addition to confirming the ability of M1000-infected OBSCs to seed amplification of 

PrPRes in the PMCA, this experiment demonstrates that misfolded protein may be detected 

using very low amounts of protein; this experiment used one brain slice, whereas the 

detection of PrPRes by PK digestion alone (Figure 4.4C) used six pooled slices per time-point. 

Hence the use of this assay to detect PrPRes is advantageous because it reduces the number of 

slices needed to detect prion infectivity. 
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Figure 4.6: Singular M1000-infected brain slices amplify PrPRes using PMCA. (A) Singular brain slices from NBH- or 

M1000-infected slices were lysed and added to NBH homogenised in PCB. Samples were exposed to one round PrP PMCA 

prior to PK digestion (50 µg/mL final concentration) and western immunoblot performed to detect PrPRes. (B) After one round 

of PMCA, samples were spiked into fresh tubes containing NBH and another 24 h PrP PMCA performed (two rounds total 
PMCA) prior to detection of PrP as above. n=1. * indicates non-specific binding of the antibody 
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M1000-infected OBSCs develop neurotoxicity 

Neuronal vulnerability in M1000-infected OBSCs was next assessed. Both NBH- and 

M1000-infected OBSCs were collected at 1 or 70 DPS and expression of neuronal markers 

quantified by immunoblot. For this, the neuronal markers utilised in initial characterisation 

experiments on uninfected slices (Figure 4.3) were used: PSD-95, synaptophysin, SNAP25 

and VAMP2.  

Because substantial variation was found in neuronal markers over time in uninfected slices 

(for example, see Figure 4.3), samples collected from 1 and 70 DPS were run on separate 

blots to facilitate densitometric analysis. Initial experiments aimed at quantifying neuronal 

expression at 70 DPS failed because the difference between NBH- and M1000-infected 

groups was so significant that both bands could not be visualised at the same time without 

saturation of the NBH signal Therefore, to enable quantification of the 70 DPS samples, two 

fold more protein was loaded for the prion infected group compared to uninfected NBH 

group (10 and 5 µg respectively). This issue was not observed in samples from 1 DPS and 

therefore equivalent protein loading was used at this time-point (5 µg for each treatment 

group). 

Densitometry and statistical analysis was performed on three individual experiments. At 1 

DPS, no significant difference was found in any of the neuronal markers. In contrast, at 70 

DPS, a decrease in all neuronal markers was found in prion-infected OBSCs with the fold 

change over NBH for PSD-95, synaptophysin, SNAP25 and VAMP2 being: 3.55, 18.64, 4.82 

and 3.22 AU, respectively. This difference was statistically significant for all neuronal 

markers. The graphical representation of this data is shown in Figure 4.7 and the raw values, 

SEM and p-values for all comparisons are shown in Table 4.2. 

Collectively, these results demonstrate clearly there are synaptic changes associated with 

infection, where M1000 causes a selective loss of key neuronal proteins of both the pre- and 

post-synapse.  
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Figure 4.7: M1000-infected OBSCs develop neurotoxicity. Tga20 slices exposed to M1000 or NBH were cultured for 1 or 

70 days. Pooled slices (6) were collected, lysed and resolved using SDS-PAGE and immunoblot analysis performed to detect 

the expression of neuronal markers: PSD-95, synaptophysin (Synapt), SNAP25 and VAMP2. β-actin was probed for as a 

loading control. Graphs are presented as mean±SEM (n=3). Statistical significance was examined by Student’s t test with a 
statistical criterion of 0.05. * p<0.05, *** p<0.001 
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Neuronal Marker Values ± SEM (AU) p-value Significance 

PSD-95 1.493±0.283 and 0.4207±0.014 0.0194 * 

Synapt 1.995±0.107 and 0.107±0.025 0.0232 * 

SNAP25 1.426±0.283 and 0.296±0.1473 0.024 * 

VAMP2 1.936±0.084 and 0.6002±0.088 0.0004 *** 
 

Table 4.2: Values of significant differences identified in Figure 4.7. Statistical significance was examined by Student’s t 
test with a statistical criterion of 0.05. * p<0.05, *** p<0.001 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



128 

 

Discussion 

Inoculating susceptible animals with prions leads to bona fide disease, making it a powerful 

tool to study disease that is reflective of the human condition. While this experimental system 

is the gold-standard, in vivo studies are generally labour intensive, expensive and lower in 

through-put than comparable in vitro techniques. Models of prion disease that reduce or 

eliminate the issues associated with in vivo systems while being more powerful than using 

cultured cells are attractive options to further our understanding on disease pathogenesis. This 

chapter showed the development and characterisation of a model of prion disease using 

OBSCs.  

The first component of this chapter was to develop a robust, reproducible technique to culture 

naïve brain slices organotypically. I showed the successful development of this technique 

using cerebellar slices derived from transgenic tga20 pups. In culture, these slices were found 

to be viable for long periods of time (up to 70 days). This was shown by standard techniques 

of quantifying dead cells (via PI fluorescence) and supported by observed changes to cellular 

populations consistent with organotypic culturing. Here one of the most striking changes was 

elevations in the astrocyte marker GFAP in OBSCs; a finding that has been reported by 

others [624, 625]. Structural support is one of the main functional roles of astrocytes in the 

CNS and hence its up regulation in OBSCs is likely to recover the slice from the loss of 

structure associated with the sectioning process. The loss of a functioning BBB may also be a 

trigger for the up regulation of GFAP in these slices. Astrocytes play an important role in the 

generation of the BBB: numerous studies show cultured endothelial cells are able to adopt 

properties of the BBB upon exposure to astrocytes [628-632] and accordingly, HIV-infected 

astrocytes damage the integrity of the BBB [633]. The ability of OBSCs to undergo such 

drastic biophysical changes once in culture confirms them as a viable, functional tissue that is 

able to respond to various stress stimuli. While this is strong support for their ability to 

replicate in vivo systems, this also carries associated caveats. Such significant alterations to 

cellular populations would drastically alter the ratios of cellular populations beyond what 

would occur in an intact organism. OBSCs also progressively spread out and thin over time 

(example in Figure 4.1), which would also significantly influence the cellular 

microenvironment of the tissue. 

Following the development of a protocol to successfully culture OBSCs, the cultures were 

exposed to M1000 prions and the development of hallmarks associated with in vivo disease 
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assessed. Following infection, viable OBSCs were shown to propagate PrPRes and develop 

neuronal injury consistent with what occurs in a diseased organism. To my knowledge, this is 

the first time that a mouse-adapted human prion strain has been used to infect OBSCs, and 

the characterisation studies performed in this chapter will be valuable for future experiments 

using the M1000 prion strain in this system. The propagation rate of PrPRes in cerebellar 

OBSCs upon infection with M1000 appears to be slower than other prion strains. Studies 

investigating the ability of cerebellar OBSCs to be infected by prions (determined by the 

abundance of PrPRes at 35 DPS) reveal variations in PrPRes abundance associated with strain 

type. Of 15 strains tested (which included strains where the original inoculum was derived 

from scrapie, BSE and CWD) the most infectious strains were found to be the mouse-adapted 

scrapie strains RML, 79A and 139A, while several strains showed no detectable PrPRes within 

the experimental timeframe [616]. Accordingly, RML is the most widely used strain to infect 

OBSCs, with several labs reporting the detection of PrPRes in tga20 OBSCs within 21 days in 

culture [391, 615-617, 634] and subsequent associated neuronal vulnerability by 42 [391], 45 

[392] or 69 DPS [617]. This is in contrast to M1000 where, reported in this chapter, PrPRes in 

tga20 OBSCs and neurotoxicity were first identified at 42 and 70 DPS, respectively. While 

RML would be a useful control to use in this chapter to compare to M1000, the use of scrapie 

or BSE-derived prion strains are restricted in Australia and can only be used under high 

levels of physical containment. Hence M1000 was the only strain used for this thesis. 

The reasons for differential infectivity and/or rates of propagation between strains in OBSCs 

are unknown, however a contributing factor may be the brain region the prions are exposed 

to. The spread of PrPSc over the course of disease is strain-specific and in human diseased 

brain, the deposition of PrPSc and associated pathology in the cerebellum is highly variable 

[635, 636]. As such, it is possible that neurons in the cerebellum are less susceptible to 

infection with the M1000 prion strain than other strains. Proof of principle for variation in the 

capacity of strains to infect the cerebellum comes from studies mapping the spread of PrPSc 

deposition in mice where compared to RML, the 22L strain spreads to the cerebellum earlier 

and carries higher PrPSc burden in this region in in vivo disease [637]. This is an interesting 

observation given that to date the only strain that has been shown to effectively amplify 

PrPRes in wild-type cerebellar OBSCs is 22L [618]; with all other OBSC models of prion 

disease using slices derived from tga20 mice. Hence these studies support the concept that 

strains that efficiently penetrates the cerebellum in vivo appear to also be highly effective in 

OBSCs. This is particularly interesting because it suggests that the susceptibility of the 
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cerebellum to adopt infection in disease is not solely associated with the ability of PrPSc to 

spread to this region in an intact organism. Instead, it is also associated with a strain’s ability 

to infect and propagate within the cerebellum following direct exposure to prions. While 

these considerations are useful to delinerate the ability of brain regions to adopt prion 

infection, the relevance of strain specificity to prion infection in OBSCs is confounded by 

variables such as titre of the infectious material in the inoculum and the time the slices are 

exposed to the initial infectious inoculum. Hence without performing controlled infection 

assays using material that has been quantified by infectivity (using assays such as the scrapie 

cell in the end point format assay, SCEPA), it is challenging to directly compare between 

studies. Regardless, the finding in this chapter that a mouse-adapted human strain can infect 

OBSCs is the first time this strain type has been shown effective in this system. This is an 

important observation that permits further use of the M1000 strain in OBSCs and supports the 

use of other adapted human strains in this system. 

The neuronal markers used in this chapter comment on the status of various components of a 

functioning neuron. Postsynaptic density 95 (PSD-95) was chosen as it is one of the key 

components of excitatory post synaptic density [638] and is involved in synaptic plasticity 

[639]. The 25 kDa synaptosomal associated protein (SNAP25) and vesicle-associated 

membrane protein 2 (VAMP2) are both components of the SNARE complex formation [640]; 

the term given to various soluble N-ethylmaleimide-sensitive factor (NSF) attachment 

receptors (SNAREs) that collectively co-ordinate the release of neurotransmitters from the 

presynaptic terminal. Here synaptic vesicles containing neurotransmitters harbour vesicle 

SNAREs (v-SNAREs) on their exterior surface, which interact with target SNAREs (t-

SNAREs) anchored in the pre-synaptic membrane, allowing for the neurotransmitters to be 

released into the synaptic cleft. VAMP2 and SNAP25 are essential v- and t- SNAREs, 

respectively, and directly interact with each other upon the docking of the vesicle with the 

presynaptic membrane [641-644]. In addition to roles in exocytosis, both proteins are 

implicated in endocytosis at the synapse [645, 646] and hence play multifaceted roles in 

synaptic transmission. Synaptophysin is a calcium binding glycoprotein and is the most 

abundant protein on synaptic vesicles [647-649]. Indeed its expression is so high that it is 

used as a general marker of the presynaptic compartment.  

In uninfected naïve OBSCs, all neuronal markers were down regulated compared to freshly 

isolated tga20 tissue (Figure 4.3). This is consistent with the changes in neuronal networks 

imparted on OBSCs, which undergo significant neurodegenerative and regenerative processes 
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post sectioning. This has been observed using electrophysiological recordings, where OBSCs 

are shown to form new functional synaptic contacts within 3 – 6 days in culture [614]. 

Synaptophysin appeared most considerably modulated by the sectioning and culturing 

process, with no detectable expression observed after 7 DPS when processed alongside fresh 

tga20 tissue. Given that both synaptophysin and VAMP2 are expressed on synaptic vesicles, 

it is curious that their expression did not align. This may be due to additional factors that alter 

their expression, such as stress induced from the cutting process. Neuronal proteins are 

differentially modulated by stress, which is capable of causing significant and long lasting 

effects to their expression. Numerous studies report significant decreases in synaptophysin 

protein or mRNA expression in mice following acute injury [650] and immobilization stress 

[651-653]. Hence the large reduction in synaptophysin and its divergence to other presynaptic 

proteins could be due to confounding factors aside from neuronal connectivity.  

At 70 DPS, all neuronal markers were significantly decreased in M1000-infected OBSCs 

compared to the control tissue exposed to NBH. This is consistent with rodent animal models 

of disease in whole organisms that similarly show decreases in the protein or mRNA of PSD-

95 [372, 654], synaptophysin [655-657], VAMP2 [372, 657] and SNAP25 [655]. Similarly, 

in the cerebellum of human CJD patients, both synaptophysin and SNAP25 are found 

decreased [658]. In this chapter the fold change difference in neuronal markers between 

M1000- and NBH-treated samples at 70 DPS was comparable for PSD-95, VAMP2 and 

SNAP25 (a range of around 3.5), whilst for synaptophysin this fold change was much higher 

(18.64). Given the strong expression of synaptophysin at the presynaptic terminal, it indicates 

this region as highly affected in disease. In support of this is the finding that prion-infected 

OBSCs have significant reductions in dendritic spine density compared to uninfected controls 

[617]. Again, an important point is that its modulation is not proportional to the other 

presynaptic markers, VAMP2 and SNAP25. This may reflect the higher starting expression 

of synaptophysin, contributions by other modulators of its expression (such as stress, 

discussed above) or its exclusive localisation at the pre-synapse. Indeed, while VAMP2 and 

SNAP25 are largely presynaptic markers, they both appear to have physiological roles in 

postsynaptic compartments. VAMP2 has been found within the post-synapse where it is 

involved in the trafficking of essential receptor subunits [659]. It remains unclear whether 

SNAP25 is expressed in the post-synapse, however it appears to have important functional 

roles in the region which suggests it is likely to also be localised there to a certain degree 

[660]. Hence while the reductions in PSD-95 upon prion infection clearly confirms both 
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neuronal compartments are affected by M1000, if they are modulated to varying degrees this 

may explain the variation in expression of the predominately presynaptic neuronal markers 

seen in this chapter. 

While immunoblot to a panel of neuronal markers confirmed the development of 

neurotoxicity in M1000-infected OBSCs, it was not associated with elevations in PI 

fluorescence. This is in contrast to other studies using OBSCs, where in RML-infected 

OBSCs a negative correlation is seen between PI staining and the abundance of the neuronal 

marker, NeuN [391]. This may be due to differences in the prion strain and the degree or type 

of neurotoxicity between these systems. Given that PI detects RNA and DNA in cells that 

have a compromised membrane, these are likely removed from the culture system relatively 

quickly during media changes, and hence PI staining likely identifies cell death only for a 

short period of time. In this regard, at 70 DPS in M1000-infected OBSCs, the rate of cell 

death may be too low and/or too early to detect a significant change in PI staining. 

Additionally if the cell death is neuronal specific it may be too late to detect these changes 

given that significant cell death has already occurred. Hence while PI is a useful tool to 

measure viability compared to staurosporine-treated slices, it is not surprising that it could not 

detect any M1000-induced damage. This is further supported by the observation that the 

prion-induced elevations in PI in OBSCs reported by others is marginal, with PI (percent 

area) staining of infected slices at 42 DPS being around 6, compared to values around 60 for 

staurosporine-treated slices [391]. 
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Conclusion 

Neurotoxicity is an essential component to prion disease pathogenesis. History has taught us 

that the use of model systems that do not develop neurotoxicity upon prion infection are 

unlikely to be reflective of the human condition. This chapter aimed to develop a model of 

prion disease that shows neurodegeneration in association with prion propagation using 

OBSCs. Herein I showed the development of a robust protocol to culture OBSCs for long 

periods of time (up to 70 days). Critically, I showed these slices are conducive to prion 

infection, wherein thorough characterisation on the propagation of PrPRes and neuronal health 

upon infection with M1000 prions gave a detailed view on development of disease in this 

system. This is the first time the prion strain M1000 has been used to infect OBSCs and as 

such are important characterisation studies that permit further experimental use of this prion 

strain. The development of this model is further used to study the misfolding and toxicity of 

PrP in Chapter 5. 
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CHAPTER 5: DETERMING THE RELEVANCE OF 

PROTEIN MISFOLDING TO THE PATHOGENICITY OF 

αSYN AND PRP USING ANLE138B 

 

Introduction 

Chaper 3 and 4 showed the development of in vitro and ex vivo models that report the ability 

of misfolded αsyn and PrP to alter normal neuronal functioning. Following on from this, I 

sought to use these systems as platforms to directly compare the relevance of a pathogenic 

feature presumed to be conserved between the two proteins. As mentioned in Chapter 1, the 

misfolding of PrP and αsyn is considered an upstream process that enables both proteins to 

adopt pathogenic features associated with disease [3]. Various drugs have been shown to 

modulate the misfolding of NDP-associated proteins or potential downstream neurotoxic 

pathways, which translates to improved disease parameters in animal models. Because of 

this, this chapter aimed to test whether a small molecule that recognises pathogenic αsyn and 

PrP conformers can modify their aggregation properties and their pathogenicity as defined in 

Chapter 3 and Chapter 4. Such work has important implications to further our understanding 

on the generation of pathogenic features of these proteins but also, critically, to identify 

molecules that may be therapeutic in disease. 

 

Identification of molecules that are effective for therapeutic intervention in prion 

disease 

To date, one of the most promising molecules trialled in animals and humans to treat prion 

disease has been the polyanion, pentosan polysulfate (PPS). PPS interferes with prion 

replication and is efficacious in animal models to prions administered to both peripheral 

compartments [584-587] and the CNS [571]. However human trials have had variable results 

[588-593] (Table 4.1) considered to be due, in part, to the inability of the drug to effectively 

cross the BBB. This requires the compound to be administered intraventrically and hence is a 

complication to the extrapolation of PPS to treat disease in humans. More recent promising 

small compounds have been demonstrated to transverse the BBB. Compound-B (cpd-B) 

extends survival of mouse-adapted scrapie infected mice by 2.3% when treatment is 

administered orally from the day of intracerebral inoculation with prions [661]. Due to the 

potential of cpd-B to generate toxic metabolites [662], less-toxic analogues have been 
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generated with similar anti-prion effects, however they do not appear effective against human 

prion strains [663]. The compound IND24 significantly extends the lifespan of mice infected 

with mouse-adapted scrapie prions, however IND24 was ineffective to human prion strains, 

and has the capacity to generate drug resistant prions [664]. Luminescent conjugated 

polymers (LCPs) show high affinity to bind amyloid and certain compounds are capable of 

crossing the BBB [665]. Various LCPs have been shown to reduce PrPSc load in infected 

brain homogenate and prion-infected OBSCs and mice, where they appear to act via 

hyperstabilizing PrPSc deposits [634, 666]. Structure-activity studies reveal a five-thiophene 

moiety and charged side groups as important to the anti-prion activity of LCPs, with the most 

potent compound identified being LIN5001 [666] (Figure 5.1). In mice, LIN5001 extends 

survival by 36.4% compared to control animals when treatment is initiated 7 days prior to 

intracerebral inoculation of RML prions, and by 20.5% when treatment starts 20 days post 

infection [666]. However, in this study LCPs were administered via the intraventricular route 

and as such its ability to surpass the BBB is unclear.  

To date, one of the most efficacious drugs identified to treat prion disease in animals is 

Anle138b. The anti-prion properties of this molecule were identified by performing two 

library screens of 10,000 compounds using the assay scanning for intensely fluorescent 

targets (SIFT) that detects molecules that disrupt the association between PrPC and PrPSc. 

Positive hits using SIFT were then further tested in vitro using a cell-based dot blot assay to 

measure its ability to reduce PrPSc propagation. From these studies, cluster analysis revealed 

a lead structure of 3,5-diphenyl-pyrazole derivatives and a further focused library (150 

compounds) was produced and screened using SIFT, cell culture, PrP PMCA and animal 

models of prion disease. This robust set of experiments identified numerous potential hits, 

with Anle138b found to have the highest anti-prion activity in vivo and in vitro [345]. 

Extensive analysis has been performed on the ability of Anle138b to modulate PrP 

misfolding. It is able to reduce PrPSc amplification in PMCA of prions derived from mouse-

adapted scrapie (RML, ME7), mouse-adapted BSE (301C) and human (sCJD, vCJD) strains 

[345]. The ability of Anle138b to treat all stages of disease was assessed in RML-infected 

mice in studies where treatment was initiated from the day of infection, at 80 days post 

infection or at 120 days post infection. These time points were chosen because by 80 days 

post infection untreated mice start to develop subtle phenotypic symptoms associated with 

prion disease and have PrPSc deposition in their brain, while by 120 days post infection 

clinical disease is obvious and the disease is considered to be in an advanced stage. 
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Compared to DMSO-treated controls, Anle138b treated mice had a median survival of 1.98, 

1.44 and 1.30 fold higher when treatment commenced at the day of infection, day 80 and day 

120, respectively [345]. The ability of Anle138b to be efficacious when treatment is started at 

advanced stages of disease makes it one of the strongest anti-prion compounds identified to 

date. Sucrose gradient centrifugation of PrPRes species revealed Anle138b to be effective at 

reducing both large aggregates and small oligomers [345], and hence it was suggested 

Anle138b acts as an oligomer modulator. 

Targeting the neurotoxic agent would likely be an advantageous therapeutic strategy, and 

given the plethora of data suggesting aggregated PrPSc is not the toxic agent, compounds 

acting to reduce PrPSc load may be ineffective. For example, PPS does not interfere with the 

toxicity of the PrP-directed antibody POM1 [392] and therefore if PrPC is the upstream 

neurotoxic agent, PPS will likely be of little therapeutic benefit. Compounds that act on 

potential neurotoxic pathways in prion disease show great promise. The PERK-inhibitor 

compound GSK2606414 suppresses the manifestations of behavioural deficits and prion-

disease associated neuropathology in mice when daily treatment was commenced in parallel 

with the first signs of synapse loss in diseased mice [420]. GSK2606414 easily crosses the 

BBB so can be administered orally, and has a high specificity for PERK [420, 667]. Another 

compound, ISR1B, which acts downstream of eIF2α, has been shown to be therapeutic to 

mouse models of prion disease [421], however unfortunately both compounds are not well 

tolerated in vivo. Recently other compounds, trazodone hydrochloride and dibenzoylmethane, 

have been shown to target the UPR and are efficacious to prion infected animals [422]. Both 

act downstream of eIF2α, are bioavailable and readily surpass the BBB. Critically, both drugs 

show no signs of peripheral toxicity reported by other UPR-modulating compounds and given 

that trazodone is a licensed antidepressant drug routinely used to treat sleep disturbances in 

AD [668], it is an attractive compound to extrapolate to treat the human condition.  

Several efficacious compounds discussed in this chapter are shown in Figure 5.1. 
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Figure 5.1. Structure of several compounds that possess prion-alleviating properties. The large polyanionic compound, 

pentosan polysulfate (PPS) is one of the most widely used anti-prion compounds, however its efficacy is limited in the human 

condition due to difficulties surpassing the blood brain barrier. Newer compounds have been developed that show efficacy to 

prion-infected rodents or OBSCs, such as: compound-B (cpd-B), IND24, 5001 (a luminescent conjugated polymer, LCP), 
Anle138b, GSK2606414 and trazodone hydrochloride. 
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Anti-prion molecules that show efficacy towards other NDP-associated proteins 

Numerous compounds that reduce PrPSc burden and/or extend preclinical incubation time in 

prion-diseased animals have likewise been shown to be therapeutic to other animal models of 

NDP. The identification and use of such compounds are valuble tools to study the similarities 

between NDP-associated proteins.  

While several compounds such as GSK2606414, ISR1B and trazodone that target the PERK-

arm of the UPR have been described to be effective in prion infected mice [420-422], several 

also appear suitable treatments for models of tauopathy. In a transgenic mouse line 

overexpressing a repressible form of human mutant tau (P101L), GSK2606414 offers 

neuroprotection and suppresses clinical disease [669]. Both trazodone and dibenzoylmethane 

are similarly therapeutic in this mouse line [422] and hence the UPR is likely a relevant 

neurotoxic pathway associated with pathogenic forms of several NDP-associated proteins. 

Anle138b has also been shown to be efficacious to pathogenic αsyn and tau, with varying 

degrees of effectiveness in mouse models of PD [345, 346], MSA [670] and tauopathy [671]. 

The treatment of transgenic mice overexpressing αsyn containing the A30P mutation in 

neurons with Anle138b causes a lag in the generation of disease-associated motor deficits, an 

extended preclinical incubation period and less aggregated αsyn deposits in the brain 

compared to DMSO-treated counterparts when treatment is commenced from 8 weeks of age 

[345]. This translates to an increase in the median of disease-free survival by 10 weeks. 

Strikingly, by 69 weeks of age, transgenic A30P mice treated with Anle138b have reduced 

amounts of oligomeric αsyn species in their brain [345]. This was shown using sucrose 

gradient density where the presence of αsyn species derived from Anle138b-treated mice 

were found in similar fractions to that of recombinant monomeric αsyn protein. In contrast to 

this, the species extracted from DMSO-treated mice mirrored the profile of Fe-induced αsyn 

oligomers [345], suggesting that similar to PrP, Anle138b reduces αsyn oligomeric structures. 

In addition to its efficacy when using an early treatment regime, Anle138b also extends the 

survival in this mouse line when treatment commences after the onset of clinical symptoms 

(350 days of age) [346]. Likewise, Anle138b also appears effective to a MPTP toxicity model 

of PD, by protecting neurons in the substantia nigra from MPTP-induced neurotoxicity [345]. 

However, whilst these studies show Anle138b is therapeutic in various animal models of PD, 

its effect is not as striking in mouse models of MSA. Transgenic mice overexpressing wild-

type αsyn in oligodendroglia [672, 673], which are intoxicated with 3-nitropropionic acid are 

used to model MSA which develop neurological dysfunction and pathology similar to the 
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human condition. Using this acute model, the treatment with Anle138b only caused minor 

improvements to clinical symptoms and was not found to alter the pathological deposition of 

protein or neuronal loss [670]. 

Anle138b has also shown to be effective in tauopathy mouse models. This was observed 

using the transgenic mouse model PS19 that express human tau containing a P301S mutation. 

These mice develop neurofibrillary tangles, neuronal loss and glial activation that is 

associated with age-related clinical symptoms from around 7 months of age [674]. Anle138b 

treatment initiated post weaning led to reductions in insoluble tau load in the brain and a 

rescue of tau-associated neuropathology including neuronal loss and astrogliosis. Anle138b 

also improved cognition and extended survival by 2.9 fold at 12 months of age (a time-point 

where 80% of untreated PS19 had succumbed to disease) [671].  

Anle138b is a stable molecule that readily passes through the BBB when introduced into the 

periphery. Because of this, most of the reported studies using Anle138b administer the 

compound as a food supplement, which leads to high levels in the serum and brain within 

hours of consumption [345]. Other routes have also been shown effective for Anle138b 

administration including intraperitoneal injection (i.p) and oral gavage, however compared to 

its incorporation into food, this leads to more rapid clearing of the molecule following i.p 

administration and lower bioavailability in the serum and brain following oral gavage [345]. 

Nonetheless using all treatment groups Anle138b reaches around 3 fold higher levels in the 

brain compared to the serum [345], demonstrating excellent BBB penetration.  

The effect of Anle138b on protein fibrillization has been studied. In vitro studies show 

Anle138b can directly bind to misfolded PrP [345], αsyn [345, 675] and tau [671]. The ability 

of Anle138b to reduce the abundance of low molecular weight PrPRes in prion infected brain 

and αsyn oligomers in transgenic A30P mice initially led to the suggestion that it was an 

oligomer modulator, however more recently, in the case of αsyn, it has been shown to bind to 

aggregates at hydrophobic sites [675]. Given that oligomers harbour weak structural 

arrangement, this may suggest that Anle138b binds to aggregates of a higher order than 

oligomers. As such, the influence of Anle138b on protein misfolding needs further analysis.  
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Aims 

Anle138b has been reported to bind to and modulate the fibrillization of both PrP and αsyn 

and it is hypothesised that this binding interferes with further fibrillization. It is unclear 

however, what conformation Anle138b recognises, the effect this has on fibrils formed and 

exactly how this modulates disease progression. This chapter investigates the ability of 

Anle138b to modulate PrP and αsyn fibrillization and the effect this has on the pathogenic 

properties of the misfolded protein. This will be studied by employing the models established 

in Chapter 3 and Chapter 4.  

 

 

Results 

Anle138b reduces PrPRes in M1000-infected OBSCs 

The OBSC model of prion disease developed in Chapter 4 was first used to study the efficacy 

of Anle138b in this system. An M1000-infection experiment was performed on pooled slices 

as described in Chapter 4 (see Figure 4.4) which were then separated into the four following 

treatment groups: untreated, DMSO (vehicle control), 0.1 µM Anle138b and 1.0 µM 

Anle138b. Anle138b treatment was performed by diluting the compound in DMSO and 

adding it to SCM at a concentration of 1:1000 for a final concentration in media of 0.1 µM or 

1 µM. The equivalent volume of DMSO was added to SCM for the DMSO-only vehicle 

control. Compound-free SCM and Anle138b- or DMSO-containing SCM were used for the 

duration of the culturing process starting from 4 h post sectioning. Six slices per treatment 

group were collected at 1, 42, 56 and 70 DPS. 

To confirm that Anle138b was well tolerated by the OBSCs, viability was assessed at 70 DPS 

for all treatment groups. The PI staining of slices from all treatment groups was found to be 

significantly lower than staurosporine-treated slices (Staurosporine vs. M1000, +DMSO, +0.1 

µM Anle138b or +1.0 µM Anle138b; 22.48±10.63 vs. 0.23±0.12, 0.85±0.49, 0.51±0.21 or 

0.87±0.44 percent area PI, respectively. All groups: p<0.0001) (Figure 5.2A). Representative 

images used in PI analysis are shown in Figure 5.3. This experiment confirmed that neither 

Anle138b nor DMSO compromise the viability of M1000-infected OBSCs, even after 

extended periods of time in culture.  
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The ability of Anle138b to modulate the propagation of PrPSc in M1000-infected OBSCs was 

next assessed. This was evaluated by performing PK digestion on all treatment groups and 

time-points (1, 42, 56 and 70 DPS) to detect PrPRes, a marker of prion propagation. An 

important component to analysing results of the PK digestion experiment was to first clarify 

whether Anle138b is able to modulate the sensitivity of PK digestion or immunodetection of 

PrP in the OBSCs. To determine this, M1000-infected brain homogenate was incubated with 

0.1 µM or 1.0 µM Anle138b for 1 h prior to PK digestion. Negative controls included 

infected brain homogenate incubated with dPBS or DMSO; buffers that were used to dilute 

PK and Anle138b to their desired concentration, respectively. Equivalent samples were left 

undigested. Western immunoblot of all samples revealed no differences in digestion patterns 

following PK treatment (Figure 5.2B) and therefore Anle138b was confirmed to not modulate 

the digestion of PrP or sensitivity of the western immunoblot assay.  

Due to low amounts of protein recovered following extended periods of time in culture, all 

analysis on Anle138b-treated OBSCs was performed on a pool of six slices. While this 

restricted the ability to perform statistical analysis (all studies using Anle138b-treated OBSCs 

are n=1), it was deemed the most appropriate way to fully characterise the changes Anle138b 

imparts on the M1000-infected OBSCs. 

All treatment groups and time points were next exposed to PK digestion (20 µg/mL final PK 

concentration) and western immunoblot performed. For all treatment groups, low levels of 

PrPRes was identified at 42 DPS, which was elevated by 56 DPS. A difference was seen 

between the treatment groups by 70 DPS, where while the PrPRes in the control groups 

(M1000 and +DMSO) continued to increase from 56 to 70 DPS, a plateau was observed in 

the PrPRes of both Anle138b treated groups (Figure 5.2C). Consistent with this, comparing all 

treatment groups at 70 DPS, reveal less PrPRes in the Anle138b-treated groups. Taken 

together, this data reveal Anle reduces the propagation and abundance of PrPRes in OBSCs.   
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Figure 5.2: Anle138b reduces PrPRes in viable M1000-infected OBSCs. Tga20 OBSCs exposed to M1000 prions were 

cultured in the presence of 0.1 or 1 µM Anle138b for up to 70 days. Untreated infected slices (M1000) and vehicle treated 

slices (+DMSO) were used as controls. (A) Viability was measured by quantifying propidium iodide and Hoechst 33342 

labelling in live slices. Slices exposed to staurosporine for 48 h prior to visualisation served as a positive control of cell death. 

Graphs are presented as mean±SEM (n=6). Statistical analysis of the difference was examined by one-way ANOVA using 

Dunnett’s multiple comparisons test, with a statistical criterion of 0.05. **** p<0.0001 (B) Two sets of infected brain 

homogenate (INF BH) was incubated with 0.1 µM or 1.0 µM Anle138b, DMSO or dPBS for 1 h at RT. One set each was then 

incubated with PK (20 µg/mL final concentration) or dPBS prior to samples being resolved on SDS-PAGE and western 

immunoblot performed to detect PrP. (C) Slices (6) were pooled, lysed and PK digestion performed as above, prior to SDS-

PAGE and western immunoblot for detection of PrPRes. PrP was detected using 03R19 antibody. Quantification of PrPRes was 
performed for OBSCs cultured for 56 and 70 days. n=1, 6 pooled slices. 
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Figure 5.3: Representative images used for statistical analysis shown in Figure 5.2A. Images were taken on an inverted 

wide-field microscope (Leica DM16000) using 10x and 20x objective lens. 
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The expression of total PrP and GFAP are altered by Anle138b in M1000-infected 

OBSCs 

To see if the effect Anle138b has on PrPRes production was associated with reduced PrP 

expression or affected the astrocytes, undigested samples used in Figure 5.2C were resolved 

by SDS-PAGE and immunoblot performed to detect total PrP and GFAP expression. Protein 

expression for DMSO-, 0.1 µM Anle138b- and 1 µM Anle138b-treated groups were 

expressed as fold change over untreated M1000-infected brain slices, following normalisation 

to a β-actin loading control (Figure 5.4). 

Similar to previous observations (Figure 4.3), the expression of GFAP in OBSCs was found 

to change dramatically over time, with low expression at 1 DPS, which was elevated at all 

other time points (42, 56 and 70 DPS) (Figure 5.4). Interestingly, a strong, dose-dependent 

elevation in GFAP expression was observed in Anle138b-treated samples at 1 DPS compared 

to M1000 or DMSO-treated slices (GFAP/M1000-treated control for +DMSO, +0.1 µM 

Anle138b and +1.0 µM Anle138b; 1.05, 3.31 and 6.10 AU, respectively) (Figure 5.4). While 

at the later time points no obvious change in abundance of GFAP was found, inspection of 

the isoforms of GFAP present (in the low exposure blot) revealed a potential decrease in low 

molecular weight GFAP isoforms at 70 DPS related to Anle138b treatment (Figure 5.4A). 

Western immunoblot analysis of PrP expression reveals important information of the total 

pool of PrP in prion-infected samples. Unlike PrPRes, which is solely composed of PrPSc, total 

PrP contains all PrP species in the sample: PrPC and PrPSc (both PrPRes and PK sensitive 

PrPSc). At 1 DPS, similar to GFAP, PrP in Anle138b-treated samples was elevated in a dose-

dependent manner over the M1000 control (PrP/M1000-treated control for +DMSO, +0.1 µM 

Anle138b and +1.0 µM Anle138b; 1.12, 1.79 and 3.13 AU, respectively). Comparing the 

expression of PrP at other time points revealed a potential decrease in PrP at 42 DPS in the 

0.1 µM Anle138b-treated samples compared to other groups (PrP expression/M1000-treated 

control for +DMSO, +0.1 µM Anle138b and +1.0 µM Anle138b; 0.95, 0.43 and 0.90 AU, 

respectively). At 56 DPS, both Anle138b-treated groups had decreased expression compared 

to the M1000 controls (PrP/M1000-treated control for +DMSO, +0.1 µM Anle138b and +1.0 

µM Anle138b; 1.31, 0.89 and 0.42 AU, respectively) while at 70 DPS, equivalent PrP levels 

were found between +DMSO and +0.1 µM Anle138b-treated samples, with less expression 

seen in slices treated with +1.0 µM Anle138b (PrP expression/M1000-treated control for 

+DMSO, +0.1 µM Anle138b and +1.0 µM Anle138b; 0.88, 0.89 and 0.42 AU, respectively) 

(Figure 5.4B).   
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Figure 5.4: The effect of Anle138b on the expression of PrP and GFAP in viable M1000-infected OBSCs. Tga20 OBSCs 

exposed to M1000 prions were cultured in the presence of 0.1 or 1 µM Anle138b for up to 70 days. Untreated infected slices 

(M1000) and DMSO treated slices (+DMSO) were used as controls. (A) Pooled (6) slices were lysed and protein was resolved 

on SDS-PAGE and immunoblot performed to detect GFAP and PrP (with 03R19 antibody). The expression of β-actin was 

probed for as a loading control. (B) Quantification of proteins was expressed as fold-change over untreated M1000-infected 
OBSCs. n=1, 6 pooled slices. Due to n=1, no statistical analysis was performed. 
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Anle138b protects M1000-infected OBSCs from neuronal vulnerability 

Given that Anle138b was effective at reducing the abundance of PrPRes in M1000-infected 

OBSCs (Figure 5.2C), its effect on M1000-induced changes to neuronal populations was next 

assessed. Expression analysis of the panel of neuronal markers used previously (Figure 4.3 

and Figure 4.7) was performed on all treatment groups at each time-point collected (1, 42, 56 

and 70 DPS). Protein abundance was normalised to β-actin loading control and expression for 

DMSO-, 0.1 µM Anle138b- and 1.0 µM Anle138b-treated groups shown as fold change over 

untreated M1000-infected OBSCs (Figure 5.5). 

At 1 DPS, while no difference was observed amongst the treatment groups with PSD-95 and 

synaptophysin, a small dose-dependent increase in Anle138b treated samples was observed in 

the expression of VAMP2 and SNAP25: [(VAMP2/M1000-infected control for +DMSO, 

+0.1 µM Anle138b and +1.0 µM Anle138b; 0.56, 0.71 and 0.95 AU, respectively) and 

(SNAP25/M1000-infected control for +DMSO, +0.1 µM Anle138b and +1.0 µM Anle138b; 

0.52, 0.71 and 0.91 AU, respectively)].  

No obvious difference was observed between any treatment groups with any neuronal marker 

at 42 and 56 DPS, however at 70 DPS the levels of all proteins were elevated in Anle138b-

treated groups compared to untreated M1000-infected OBSCs. Quantifying this revealed a 

fold-change increase of ~2 for: VAMP2 (VAMP2/M1000-infected control for +0.1 µM 

Anle138b: 1.86 and +1.0 µM Anle138b: 1.99 AU), SNAP25 (SNAP25/M1000-infected 

control for +0.1 µM Anle138b: 1.82 and +1.0 µM Anle138b: 2.10 AU) and PSD-95 (PSD-

95/M1000-infected control for +0.1 µM Anle138b: 1.86 and +1.0 µM Anle138b: 1.46 AU). 

The fold-change in Anle138b-treated groups compared to untreated M1000-infected OBSCs 

was much higher for synaptophysin which were 14.43 and 25.40 for +0.1 and +1.0 µM 

Anle138b-treated samples, respectively (Figure 5.5B). As expected, the abundance of all 

neuronal markers in DMSO-treated slices at 70 DPS was equivalent to the untreated control 

group with a grouped mean fold change±SEM of 1.01±0.1522 (n=4). Hence this experiment 

showed M1000-induced neuronal loss was alleviated upon Anle138b treatment. 
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Figure 5.5: Anle138b alleviates M1000-induced neuronal vulnerability in OBSCs. Tga20 OBSCs exposed to M1000 

prions were cultured in the presence of 0.1 or 1 µM Anle138b for up to 70 days. Untreated infected slices (M1000) and DMSO 

treated slices (+DMSO) were used as controls. (A) Pooled (6) slices were lysed and protein was resolved on SDS-PAGE and 

immunoblot performed to detect the expression of neuronal markers: PSD-95, synaptophysin, SNAP25 and VAMP2. β-actin 

was probed for as a loading control. (B) Quantification of proteins was expressed as fold-change over untreated M1000-
infected OBSCs. n=1, 6 pooled slices. Due to n=1, no statistical analysis was performed. 
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Anle138b modulates PMCA-induced αsyn fibrillization  

In addition to being effective in prion-infected mice, Anle138b has been shown to be 

efficacious to pathogenic αsyn in PD and MSA animal models [345, 346, 670]. In Chapter 3, 

the αsyn PMCA was adapted to produce misfolded αsyn species under non-toxic conditions, 

which were then shown to modulate mitochondrial respiration in immortalised neuronal cells. 

The PMCA was also used as a tool to study the influence the lipid cardiolipin has on the 

fibrillization of αsyn. Using these assays, I sought to determine whether Anle138b modulates 

αsyn fibrillization and if so, whether the altered species formed caused changes to the effect 

PMCA-generated misfolded αsyn has on mitochondrial respiration.  

To determine the effect Anle138b has on αsyn fibrillization, the molecule was dissolved in 

DMSO and added αsyn for a final concentration of 1 or 10 µM. Samples containing the 

equivalent volume of PBSN or DMSO were used as non-Anle138b treated controls. All 

samples were subjected to PMCA, while duplicate reactions were stored at -80oC for the 

duration of the PMCA reaction to serve as the non-PMCA, monomeric equivalents. After 

PMCA, all samples were subjected to PK digestion (a final concentration of 10 µg/mL) or 

mixed with an equivalent volume of PBSN. Samples were then resolved on SDS-PAGE and 

proteins identified either by western immunoblot (Figure 5.6A) or Coomassie brilliant blue 

staining to detect total protein (Figure 5.6B). Both detection systems showed αsyn 

fibrillization was altered in the presence of 10 µM Anle138b, where an increased abundance 

of oligomers was observed compared to all other treatment groups (Figure 5.6A-B). 

Strikingly, this translated to increased levels of PK resistant material following proteolysis 

(Figure 5.6A-B). Interestingly, the methods of detection (western immunoblot vs. Coomassie 

staining) showed differences in the abundance of species. This was most notable in the 

samples following PK digestion, where in PMCA-αsyn treated with 10 µM Anle138b, the 

immunoblot could detect large quantities of αsyn product in the high molecular weight range 

(Figure 5.6A). In contrast, these species were less distinct using Coomassie staining that 

detects total protein, which instead showed strong reactivity to small molecular weight 

species (Figure 5.6B). Digestion of samples stored at -80oC confirmed that at all 

concentrations used, Anle138b was not interfering with the PK digestion itself.  

It was important to distinguish whether the altered αsyn species formed by Anle138b were 

able to propagate the changed phenotype characterised by enhanced PK resistance and 

concentration of low-order oligomers. To address this, a serial PMCA was performed where 

material from the eight reactions (that underwent a single round of PMCA) shown in Figure 
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5.6A-B were diluted and spiked into fresh monomeric αsyn. These were then subjected to 

another round of αsyn PMCA, prior to incubation with PK or PBSN following the protocol 

described above.  Results of the western immunoblot showed the distinct species formed by 

10 µM Anle138b were not able to transfer their phenotype upon serial rounds of PMCA 

(Figure 5.6C), hence indicating that the Anle138b-induced change imparted on αsyn requires 

the presence of the molecule to maintain its effect. 
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Figure 5.6: Anle138b increases PMCA-generated PK-resistant αsyn that do not propagate their altered phenotype 

through serial rounds of PMCA. Anle138b diluted in DMSO was added to αsyn for a final concentration of 1 or 10 µM. 

Control samples were αsyn added with an equivalent volume of buffer (PBSN) or DMSO. Samples were exposed to PMCA 

for 72 h. Duplicate samples kept at -80oC for the duration of the PMCA reaction were the monomeric samples. All samples 

were incubated with PK (10 µg/mL final concentration) or PBSN prior to being resolved on SDS-PAGE. αsyn products were 

detected via (A) western immunoblot using αsyn-specific monoclonal antibody MJFR1 (amino acid specificity: 118-123) or 

(B) Coomassie brilliant blue staining. (C) All samples (8) were diluted in PBSN and added to fresh αsyn and exposed to 

another 72 h round of PMCA. Following PMCA, reactions were digested in PK (or left in PBSN) and αsyn products detected 

by SDS-PAGE and western immunoblot as per the conditions detailed above. n=1. 

 

 

 

 



151 

 

To further investigate how Anle138b modulates αsyn misfolding, the next objective was to 

determine if Anle138b exerts its effect on the misfolding process or is able to directly 

modulate formed fibrils. For this, Anle138b (0.1, 1.0 or 10 µM) was either added to αsyn 

prior to the PMCA reaction (as per Figure 5.6, compound added at: 0 h) or it was added for 1 

h to mature αsyn fibrils that had been exposed to PMCA for 71 h (compound added at: 71 h). 

Additional experimental groups included the replacement of Anle138b with PBSN or DMSO. 

Because a standard αsyn PMCA has a total process time of 72 h, the treatment of Anle138b 

to mature fibrils for 1 h after 71 h in the PMCA meant the incubation of Anle138b with 

mature fibrils lapsed when the fibrils treated with Anle138b from 0 h were finished in the 

PMCA. This allowed both treatment groups to be processed at the same time. This 

experimental regime was also applied to monomeric samples that were stored at -80oC.  

At the completion of the 72 h process time, all samples were resolved by SDS-PAGE and 

species identified by western immunoblot. Similar to Figure 5.6A, 10 µM Anle138b 

increased the abundance of oligomeric αsyn species when Anle138b was added at 0 h, 

however a similar was not observed when Anle138b was added at 71 h (Figure 5.7A). This 

suggests that Anle138b acts by modulating αsyn fibrillization and does not have any effect on 

preformed species.  

To see if treatments had an effect on the PK resistance of αsyn, PK digestion was performed 

on all 16 samples shown in Figure 5.7A. For this, samples were divided into PMCA and -

80oC groups and western immunoblot performed in the presence and absence of PK. Protein 

exposed to PMCA again showed increased PK resistant material when 10 µM Anle138b was 

added at 0 h, however treatment with the compound at 71 h failed to have a noticeable effect 

on the digestion patterns (Figure 5.7B). PK digestion on the samples stored at -80oC 

confirmed Anle138b treatment was not modulating the susceptibility of αsyn to PK digestion 

(Figure 5.7C). 

An interesting observation in Figure 5.7A-B was that all samples that were removed from 

PMCA after 71 h had substantially fewer small oligomeric species than comparable groups 

that were exposed to PMCA for 72 h. This is likely due to the samples being left at RT and 

unsonicated for the duration of the incubation period with Anle138b and demonstrates that 

oligomers in this system are highly dynamic.  
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Figure 5.7: The ability of Anle138b to modulate PMCA-generated αsyn species is dependent on protein misfolding. (A) 

Anle138b diluted in DMSO was added to αsyn for a final concentration of 1 or 10 µM. Control samples were αsyn added with 

an equivalent volume of buffer (PBSN) or DMSO. αsyn was exposed to treatment groups either prior to a 72 h PMCA or after 

71 h PMCA (compound added at 0 h or 71 h, respectively). Duplicate samples kept at -80oC for the duration of the PMCA 

reaction were the monomeric samples. (A) After 72 h, all samples were resolved on SDS-PAGE and αsyn detected using 

western immunoblot using αsyn-specific monoclonal antibody MJFR1 (amino acid specificity: 118-123). (B) PMCA-

generated and (C) -80oC samples were digested in PK (or left in PBSN) and αsyn species detected by SDS-PAGE and western 

immunoblot as per the conditions detailed above. n=1. 
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No further modulation of mitochondrial respiration is seen in PMCA-generated 

misfolded αsyn species formed in the presence of Anle138b  

Having shown Anle138b is capable of producing an altered population of misfolded αsyn, I 

then sought to determine whether the Anle138b-specific alterations to fibrillization translated 

to changes in pathogenicity of misfolded αsyn at the mitochondria. Here, the experimental 

setup was as per that described in Chapter 3 (see Figure 3.9 and Figure 3.10) and included the 

following six treatment groups: PMCA, PMCA+DMSO, PMCA+Anle138b, -80oC, -

80oC+DMSO and -80oC+Anle138b. Because no obvious change to PMCA-induced αsyn 

fibrillization was seen in the low concentrations of Anle138b tested (0.1 and 1 µM), the 

highest concentration of Anle138b (10 µM) was used for the PMCA and -80oC+Anle138b 

groups in these experiments. 

Following CRC analysis using the Seahorse XF Analyser, no significant changes were 

observed between PMCA+Anle138b and PMCA or PMCA+DMSO in any mitochondrial 

readout (Figure 5.8). While not significant, a constant trend was seen where DMSO-

containing samples (both +DMSO and +Anle138b) enhanced the respiration compared to 

samples that were DMSO-free, suggesting that the concentration of DMSO used in this 

experiment was elevating mitochondrial respiration in this system. 

Consistent with the results of Chapter 3, significant differences were found between PMCA 

and -80oC sample groups (Figure 5.8). Values, SEM and statistical significance of the 

differences found are shown in Table 5.1.  
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Figure 5.8: The addition of Anle138b in PMCA-induced αsyn misfolding does not alter the changes to mitochondrial 

respiration caused by misfolded αsyn. SH-SY5Y cells were incubated with PMCA-generated αsyn made in the presence of 

10 µM Anle138b, DMSO only or untreated, or equivalent treatment groups of -80oC αsyn. Media-containing cells were plated 

into a well of a Seahorse XF24 plate pre-coated with Matrigel. The Seahorse XF Analyser measured mitochondria respiration 

by detecting changes in oxygen (referred to as the oxygen consumption rate; OCR) following the addition of pharmacological 

agents: oligomycin, CCCP, rotenone and antimycin-A. In doing so, the following parameters were measured: (A) basal OCR, 

(B) ATP synthesis, (C) max OCR, (D) complex I activity, (E) complex II activity and (F) non-mitochondrial respiration. The 

average of three to five wells was taken for each sample per experimental replicate. Data presented as mean±SEM (n=5-15). 

Statistical significance was examined by ANOVA and Tukey’s multiple comparisons test with a statistical criterion of 0.05. * 
p<0.05, **p<0.01 
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 Comparison Values ± SEM (pmol/min) p-value Significance 

Basal 

PMCA vs. -80oC 163.8±11.82 and 108.9±8.284 0.0069 ** 

PMCA+DMSO vs. -80oC 182.6±24.81 and 108.9±8.284 0.0118 * 

PMCA+Anle vs. -80oC 183.5±22.18 and 108.9±8.284 0.0104 * 

ATP Synthesis PMCA vs. -80oC 206±18.65 and 139±12.2 0.0445 * 

Max 

PMCA vs. -80oC 113.1±9.264 and 71.5±5.489 0.0115 * 

PMCA+DMSO vs. -80oC 130.1±21.93 and 71.5±5.489 0.0118 * 

PMCA+Anle vs. -80oC 130.1±20.04 and 71.5±5.489 0.0118 * 

Table 5.1: Values of significant differences identified in Figure 5.8. Statistical significance was examined by ANOVA 
and Tukey’s multiple comparisons test with a statistical criterion of 0.05. * p<0.05, **p<0.01 
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Discussion 

The small molecule Anle138b has been reported to attenuate disease progression in various 

animal models of NDPs. In particular, it reduces the burden of PrPSc in prion infected mice 

and misfolded αsyn in transgenic animal models of PD [345], which in both cases is 

associated with longer pre-clinical incubation times and extended survival [345, 346]. The 

ability of Anle138b to modulate the fibrillization of both compounds made it an attractive 

tool to directly study the relevance of protein misfolding to the pathogenicity of PrP and αsyn 

in the systems developed in this thesis. Similar to published results [345], one of the major 

findings of this chapter was that Anle138b reduced PrPRes in OBSCs and protected slices 

from neurotoxicity associated with prion propagation. The effect of Anle138b in prion 

models has not been shown using OBSCs and hence the findings of this chapter revealed a 

novel approach to studying this molecule. Another important finding of this chapter was the 

effect Anle138b has on αsyn misfolding in the PMCA. Here it caused a striking modulation 

to the fibrillization of the protein, by producing species that are traditionally thought to confer 

pathogenicity: increasing oligomeric structures and enhancing PK resistance of the species 

formed. This observation is in contrast to the reported studies showing Anle138b reduces 

oligomer content of both PrPSc and pathogenic αsyn. In these studies, sucrose gradient 

centrifugation was employed to show Anle138b reduces the abundance of both high and low 

molecular weight PrPRes species in mouse prion diseased brain [345] and, using the same 

method of analysis, Anle138b-treatment to mutant A30P αsyn transgenic mice caused a shift 

in aggregated αsyn profiles within the brain in line with it reducing low molecular weight 

aggregates [345]. The reasons behind the contrasting findings between the published studies 

showing reduced αsyn oligomers following Anle138b treatment [345] and those presented in 

this chapter reporting an increase, are unknown. It may suggest Anle138b can have divergent 

effects on αsyn misfolding depending on the system used; with its modulation of the 

misfolding of recombinant protein using PMCA being divergent to its effect in transgenic 

mutant αsyn mice. Alternatively, technical considerations to the published studies may mean 

Anle138b is not effective at reducing oligomeric αsyn structures. The latter notion appears to 

be supported by the finding that Anle138b shows affinity to hydrophobic regions on the 

misfolded αsyn aggregate [675] and given that this is not considered to be a structural 

component to the highly dynamic oligomeric species, it may indicate Anle138b acts on 

higher order aggregates. The findings from this chapter are important to further elucidate a 
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mechanism of action of Anle138b, and to determine the effect such alterations have on the 

pathogenicity associated with the misfolding of PrP and αsyn. 

The original paper detailing the identification of Anle138b and its effect on PrP misfolding is, 

to date, the only publication reporting its efficacy to pathogenic PrPSc [345] and hence its 

assessment using M1000-infected OBSCs in this chapter is important to contribute to the 

understanding of this molecule. While Anle138b caused reductions in PrPRes load at 70 DPS, 

it appeared to have a marginal effect at 56 DPS. This is interesting given that detecting PrPRes 

as a marker of PrPSc propagation in M1000-infected OBSCs in Chapter 4 (see Figure 4.4C) 

confirmed extensive propagation occurs by 56 DPS. Hence this data would seem to indicate 

Anle138b does not reduce the rate of propagation at early stages of disease. Further to this, at 

56 DPS Anle138b exerts no change to the neuronal markers. While this observation may be 

interpreted as the compound offering no neuroprotection at this time-point, given that the 

expression of the neuronal markers was not determined at 56 DPS in M1000-infected 

OBSCs, the extent of neuronal vulnerability at this time-point is unknown. As such, it is 

possible that if Anle138b modulates the toxic agent at 56 DPS, the degree of toxicity caused 

by M1000 may be too low to detect any discernible difference between the treatment groups. 

Clarity on the effect of Anle138b at 56 DPS would come from analysis on M1000-infected 

OBSCs and NBH-treated controls to determine the status of neuronal health at this time-

point. 

This chapter did not define the structure or size of the PrPRes species formed in the presence 

of Anle138b. As mentioned in Chapter 1, the abundance of PK sensitive PrPSc can be inferred 

from the difference between PrPRes and total PrP. This may be relevant to the current data, 

where the preliminary analysis shows a decrease in PrPRes compared to control groups at 70 

DPS in M1000-infected OBSCs treated with 0.1 µM Anle138b (Figure 5.2C) yet concomitant 

reductions in total PrP were not observed (Figure 5.4C). This may indicate Anle138b either 

increases PrPC, PK sensitive PrPSc or both in this system. It has been shown that PrPC 

expression is unchanged following Anle138b treatment in wild-type mice [345] and hence it 

is more likely that, similar to its effect on αsyn, Anle138b increases the abundance of 

oligomeric PK sensitive PrPSc structures. However a consideration to calculating PK sensitive 

PrPSc via the difference between PrPRes from total PrP using western immunoblot is that the 

values for PrPRes only reflects digested products that resolve through SDS-PAGE to the level 

of the misfolded monomeric protein. In this regard, if Anle138b acts as a stabiliser of protein 

aggregates, it may not necessarily decrease PrPSc abundance but produce PrPSc fibrils that are 
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longer and/or more resistant to proteolysis. Elongation of fibrils may therefore produce PrPRes 

species that are unable to resolve through SDS-PAGE after PK digestion. This is an 

interesting consideration given that while Anle138b was reported to decrease both small and 

large PrPRes aggregates separated by sucrose gradient [345], these were identified by standard 

PK digestion techniques identifying the PrPRes monomer and hence does not eliminate the 

possibility that larger undetected species exist in the low sucrose concentration fractions. 

While intriguing, this does not easily explain the reductions in PrPRes also found at higher 

sucrose gradient fractions that are reflective of oligomeric conformations, unless these small 

structures are likewise too stable to be degraded by PK. Regardless, to further elucidate the 

findings of this chapter, the samples processed in Figure 5.2C would benefit from further 

analysis that includes steps to disaggregate any potential large PrPRes aggregates following 

PK digestion and western immunoblot analysis of the entire resolved gel. The addition of 

such steps could potentially reveal a shift in PrPRes identified (either at the monomeric level 

or as aggregated species at a higher molecular weight range) in this assay due to large 

aggregates being further disassembled, allowing them to resolve through SDS-PAGE and be 

detected.  

If Anle138b extends the length of PrPSc fibrils, it likely means the compound acts as a 

stabiliser of fibrillar aggregates. This mechanism of action would have significant benefits on 

disease pathogenesis where the stabilisation of PrPSc fibrils would reduce breakage of the 

fibril and hence reduce propagation by decreasing the pool of nucleation sites for PrPSc to 

recruit and misfold PrPC. This reduction in the rate of propagation could therefore be a major 

contributing factor to the protection from neurotoxicity exerted by Anle138b either by 

reducing the abundance of toxic species formed via propagation and/or slowing the rate of 

propagation itself which triggers neurotoxicity.  

The notion that Anle138b may stabilise misfolded aggregates is supported by the αsyn data 

generated in this chapter showing Anle138b enhances the PK resistance of species formed. 

Unlike PrPSc, misfolded αsyn that harbour resistance to PK are not largely reduced to its 

monomeric conformation upon proteolysis and rather are identified as a smear in the high 

molecular weight region of the gel following electrophoresis. In the case of αsyn, the 

morphology of the Anle138b-treated species conferring enhanced PK resistance may be 

similar to untreated fibrils but more stable and/or they may be longer due to reduced 

breakages in the growing aggregate upon sonication. In this regard, it is possible that 
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Anle138b has the same mechanism of action to the misfolding of PrP and αsyn where it acts 

as a stabiliser of misfolded structures.  

A consideration to this hypothesis is why Anle138b then causes an increase in αsyn 

oligomeric structures in the PMCA? Given that the misfolded αsyn species formed in PMCA 

exist in equilibrium with each other, it is probable that modulation of one species will have 

dramatic effects to those not directly targeted by Anle138b. Considering this, if Anle138b 

binds to mature αsyn structures, it may cause an overall reduction in the rate the aggregates 

extend from oligomers to higher ordered species. This would cause a bottle-neck at the level 

of oligomers which are continuously being produced, unaffected, from monomeric protein. 

Another possibility is that Anle138b is binding to and stabilising the oligomeric structures 

which would increase their abundance by blocking their ability to disassemble back to 

monomeric structures (a likely process that would occur when these species are in 

equilibrium) or it may trap any generation of oligomer, including off-pathway oligomers and 

hence the overall pool would still increase. While plausible, this latter scenario does not 

adequately explain the enhanced PK resistance of αsyn species in this system nor align with 

the data reporting Anle138b binds to hydrophobic pockets on the αsyn aggregate [675]. 

Regardless, the data presented in this chapter show the altered species produced by Anle138b 

are not able to propagate the changed phenotype, demonstrating Anle138b directly modulates 

protein misfolding. Taken together, the most likely scenario is that Anle138 stabilises αsyn 

aggregation by binding to mature species. While this appears to be the most appropriate 

explanation of the data in this chapter, further studies should be performed on Anle138b-

treated αsyn species, where assays such as TEM and AUC will be useful to further 

characterise the species formed in the presence of this molecule. 

An interesting observation in this chapter is the effect Anle138 has on PrP and GFAP 

expression at 1 DPS in M1000-infected OBSCs, with a strong dose dependent increase seen in 

both protein markers. This may indicate Anle138b directly modulates the expression of these 

proteins, however as discussed previously, there is no evidence this is the case for PrPC [345], 

and hence considered unlikely. A more likely possibility is that Anle138b protects slices from 

acute stress caused by exposure to M1000 prions. Given that PrP is highly expressed in 

neurons, the elevation in PrP could indicate less neuronal loss by Anle138b-treated slices at 

this time-point. Consistent with this, compared to DMSO-treated OBSCs, Anle138b-treated 

OBSCs exhibited a dose dependent elevation in two neuronal markers (VAMP2 and SNAP25) 

at this time-point (Figure 5.5). The markers that exhibited these elevations are important given 



160 

 

that no difference was identified in synaptophysin, which would be consistent with the 

confounding factor of general stress modulating this protein’s expression (discussed in Chapter 

4). The notion that prions may cause acute damage in this model is supported by a study 

showing M1000 can be acutely toxic in cultured murine neuronal cells following infection. 

This response is dose-dependent, dependent on PrPC expression and associated with elevated 

ROS [559]. Consistent with M1000 prions causing acute toxicity in OBSCs, measuring the 

viability in NBH and M1000-infected samples revealed slightly higher levels of PI staining in 

the infected samples at 7 DPS (Figure 4.4B) which may indicate a lag in recovery in the infected 

samples associated with acute toxicity. This finding aligns with the GFAP expression. It has 

been shown that uninfected OBSCs rapidly recruit GFAP once in culture (Figure 4.3), and 

hence the elevated expression of GFAP at 1 DPS upon treatment with Anle138b in M1000-

infected OBSCs may indicate infection delays this upregulation, which is rescued upon 

addition of the molecule. This should be further examined by thoroughly characterising the 

changes to GFAP upon exposure to M1000 compared to NBH-treated controls in early time-

points. Nonetheless, collectively the preliminary data in this chapter supports the notion that 

Anle138b can protect OBSCs from early M1000-associated stress.  

Given that Anle138b causes such a dramatic change to the population of αsyn species formed 

using PMCA, I sought to determine if this alteration in species translated to changes in the 

ability of misfolded αsyn to modulate mitochondria function in neuronal SH-SY5Y cells. No 

difference was seen between fibrils formed in the presence of Anle138b to those produced with 

DMSO, or left untreated (fibrils only). While this may indicate Anle138b does not target the 

toxic αsyn species, there are several confounding factors to consider in this system. Firstly, it 

appears that DMSO causes an elevation in OCR and hence the solvent may mask any small 

modulation caused by the altered αsyn profiles. Along with this, it is pertinent to note the PK 

digestion experiments do not give any information on the type/structure or abundance of the 

modulated species and hence the extent of these changes may be outside the threshold limits to 

cause any significant pathogenic change. Alternatively, it is possible in this system Anle138b 

is not targeting the pathogenic species, which given its ability to be protective to PrPSc shown 

in this chapter, would indicate either differential actions of Anle138b or a divergence in the 

species that cause toxicity between the proteins.  

Figure 5.6B demonstrated for the first time that PMCA-generated αsyn species can be detected 

using an assay that identifies total protein (Coomassie brilliant blue stain). Because the same 

samples were also processed using western immunoblot (Figure 5.6A), this allowed for the 
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direct comparison of these assays to detect misfolded αsyn. Critically, similar to the western 

immunoblot assay, PMCA-generated species identified by Coomassie stain were found to 

exhibit a laddering effect of misfolded αsyn species with monomeric protein representing the 

most abundant species, with a progressive reduction in abundance with every addition of 

monomeric unit to the conformation. This confirms that the PMCA-generated species exist in 

equilibrium and this pattern previously observed using western immunoblot (Figures 3.2, 3.3, 

3.4, 3.7 and 3.8) is not associated with any artefacts of antibody binding, such as reduced 

recognition due to the burying of epitopes into the aggregate. Comparing these figures also 

revealed differences in the distribution of species identified between these assays, where in 

contrast to the antibody detection system, the Coomassie staining revealed a greater abundance 

in small digestion products following proteolysis with PK and less high molecular weight 

species (Figure 5.6A-B). Given that the Coomassie staining detected the low molecular weight 

species, it is likely these species are cleavage products that do not contain the epitope the αsyn 

antibody recognises (MJFR1 antibody, amino acid resides: 118-123). Support for this comes 

from analysis of the ability of PK digestion products of fibrillar αsyn to be detected using the 

αsyn-directed antibodies NAC1, LB509 and syn102. The antibody NAC1 was raised against a 

peptide corresponding to residues 75-91 [676], LB509 is an antibody that has an epitope within 

residues 115-121/122 [677] and syn102, raised against recombinant αsyn, recognises the region 

of 131-140 of αsyn [228, 678]. Following PK digestion of fibrillar recombinant αsyn, one study 

reported NAC1 showed strong reactivity for low molecular weight products of αsyn (less than 

10 kDa) [679]. In contrast, Syn102 could not detect anything lower than the size of the 

monomer (17 kDa) and LB509 had intermediate binding, with low expression of a few species 

between 10 and 19 kDa [679]. Hence this study demonstrated the PK protein fragments 

identified via SDS-PAGE and western immunoblot were αsyn that had undergone C-terminal 

cleavage. This aligns with the findings of this chapter where the antibody used, MJFR1 

(residues: 118-123), was unable to detect these small species in Figure 5.6A. Taking this into 

account, the Coomassie stain used in Figure 5.6B reveals Anle138b dose dependently enhances 

the generation of C-terminally cleaved αsyn products following PK digestion. This again 

confirms Anle138b alters species and produces distinct αsyn fragments upon PK digestion. 

Given that Coomassie staining detected no low molecular weight products in the monomeric 

controls, the digestion products are not fragments of monomeric protein nor is Anle138b 

protecting the monomeric species from total digestion and hence it can be inferred that the 

cleavage products promoted by Anle138b are derived from a misfolded conformation. Given 

that Figure 5.6A shows Anle138b treatment (10 µM) causes an elevation of PK resistant 
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species in the high molecular weight range detected via western immunoblot, it is likely the 

small cleavage products identified via Coomassie are cleavage products from these species. 

Alternatively, they may represent oligomeric species that harbour enhanced PK resistance. 

Again, this supports the notion that Anle138b stabilises and/or extends the length of misfolded 

species.  

Several lines of evidence demonstrates that Anle138b has differential effects depending on the 

type of transgenic animal model it is used in. In a PD animal model expressing mutant A30P 

αsyn in neurons, Anle138b improves cognition and reduces protein deposition [345], which 

translates to extended survival time [346]. It is also efficacious to PD animal models generated 

using MPTP [345]. However, in a MSA animal model, Anle138b only exerts partial protection 

to functional readouts and gives no protection to neuronal vulnerability [670]. This may 

indicate that the efficacy of Anle138b is dependent of the status of the misfolded αsyn and/or 

the cell-type used in the particular experiment. The latter consideration is particularly relevant 

given that recently Anle138b has been shown to cause cell death in melanoma cells [680]. 

Melanoma is a malignancy that, compared to other cancers, PD patients and their relatives have 

an increased risk of developing [681-686]. Despite this, no genetic association has been found 

associating the two pathogeneses [687-689]. Immortalised melanoma-derived cells, which 

highly express αsyn and contain both monomeric and oligomeric species, are highly susceptible 

to cell death following treatment with Anle138b [680]. Here, Anle138b caused morphological 

changes and reduced proliferation of the cells, which was linked with dysregulation in 

autophagy (detected by immunoblot of p62/SQSTM1) and reduced mitochondrial membrane 

potential [680]. These effects were clearly demonstrated using concentrations of Anle138b (10 

µM) that were lower than those used in neuronal immortalised cultured cells which showed no 

signs of toxicity [345]. While it is intriguing to postulate the effect Anle138b has on αsyn in 

melanoma cells, a limitation to this study was that there was no evidence showing Anle138b 

directly associated with αsyn, and hence potential off-target effects by Anle138b need to be 

considered for this cell line. This is particularly relevant given that Anle138b has been shown 

to have divergent effects on autophagy in various cell types and disease models; in melanoma 

cells Anle138b modulates p62/SQSTM1 whereas in mouse model of tauopathy no changes in 

autophagy markers (p62/SQSTM1 and LC3) were found [671]. These findings may indicate 

that the effect of Anle138b is cell type specific however it may also indicate Anle138b has 

different mechanisms of action between proteins or conformations of proteins. While both 

scenarios may explain the contrasting weak protective capacity of Anle138b in MSA [670] 
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compared to PD animal models [345], it clearly demonstrates more work is needed to confirm 

the effect Anle138b has on αsyn misfolding and the resulting pathogenic profiles this imparts 

on the misfolded species formed.  

 

 

Conclusion 

The aim of this chapter was to use Anle138b as a tool to study the effect of protein misfolding 

on the pathogenic properties of PrP and αsyn. Consistent with published studies, Anle138b was 

found to be an effective anti-prion compound in M1000-infected OBSCs by reducing PrPRes 

and protecting slices from neurotoxicity associated with prion propagation. Interestingly, it also 

identified a potential role of Anle138b in protecting slices from acute toxicity caused by M1000 

prions. In the αsyn PMCA, Anle138b modulated αsyn species by increasing the concentration 

of oligomeric αsyn and enhancing the PK resistance of species formed. However, these did not 

translate to any functional alterations to the effect of misfolded αsyn on mitochondrial 

respiration. Taken together, the best interpretation of this data is that Anle138b acts as a 

stabiliser of misfolded structures. In the case of PrP, this results in a protection from PrPSc-

induced toxicity, however the evidence of a therapeutic mode-of-action of Anle138b to 

pathogenic αsyn is less clear and requires further research to fully ascertain its effect. 
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CHAPTER 6: GENERAL DISCUSSION 
 

Overview of main findings 

Neuronal vulnerability and the deposition of misfolded PrP (PrPSc) and αsyn in the CNS are 

hallmarks of prion and synucleinopathy disorders, respectively. An intriguing feature of PrPSc 

is that it is the sole [170] or main component [178, 690, 691] of prions that are the causative, 

infectious agent in prion disease. Here, critical features of prion disease have been directly 

attributed to PrPSc including its ability to propagate via nucleation-dependent conformational 

misfolding of PrPC (Figure 1.1) and be transmissible, causing disease when inoculated into 

susceptible animals. The notion of strain variability is also a critical feature of PrPSc, whereby 

the clinical disease phenotype is transcribed by the conformation of the misfolded protein. 

Neurotoxicity is also a major feature associated with PrPC misfolding, however its generation 

in disease is not well understood. Today mounting evidence suggests αsyn may act in the same 

capacity as PrP in terms of its ability to misfold, propagate and be transmissible causing disease 

in certain animals [3]. The extent of the similarities identified between PrP and αsyn have led 

to the suggestion in the scientific field that αsyn is, by definition, a prion [11, 14, 269].  

The main objective of this thesis was to explore the pathogenic features of PrPC and αsyn 

misfolding, with a particular focus on the way these proteins contribute to the generation of 

neurotoxicity. Similar to PrPSc, the toxic mechanisms associated with αsyn misfolding are ill 

defined and hence further understanding on this facet of disease is important to further our 

general understanding on these proteins and facilitate further discrimination of the prion 

concept. Also, knowledge of the neurotoxic agent/s at the molecular level that result in disease 

will be essential for the development of effective therapeutic strategies for these currently 

incurable disorders. In this thesis these proteins were studied following the development of 

robust systems to produce misfolded αsyn protein and test its toxicity in cultured cells, and a 

model prion disease using organotypic brain slice cultures.  
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The major findings presented in this thesis were: 

i) PMCA-generated misfolded αsyn binds to cardiolipin and modulates mitochondrial 

respiration in neuronal cells 

ii) Organotypic brain slice cultures are amendable to infection by mouse-adapted human 

prions that cause disease associated with the propagation of PrPSc and neurotoxicity  

iii) Anle138b modulates the misfolding of both proteins, which in the case of PrP, leads to 

the protection of organotypic brain slice cultures from prion-induced neurotoxicity.  

One of the strongest aspects of this thesis was the development and use of powerful techniques 

to study PrP and αsyn. A limitation to studying the toxicity of αsyn is that traditional techniques 

to produce misfolded forms of this protein generates a homogenous population of misfolded 

protein. In human disease, numerous misfolded species exist and hence the production and use 

of defined species of a specific conformation is unlikely an appropriate representation of in 

vivo derived, disease-associated αsyn. To this end, one of the initial aims of the project was to 

develop a system to produce a heterogeneous population of misfolded αsyn species. For this I 

used the prion assay, PMCA, which has been shown to produce a range of various sized αsyn 

species [275]. A limitation to the reported protocol was a high concentration of detergent in the 

conversion buffer, and hence after establishment of the published protocol I adapted the system 

to produce misfolded protein under non-toxic conditions. Successful optimisation of this 

system allowed experimental analysis on the pathogenicity of misfolded species formed, where 

PMCA-generated αsyn was found to bind to cardiolipin and target the mitochondria in cultured 

neuronal cells. Here they caused hyperactive respiration of mitochondria (Figure 3.10) without 

any associated functional deficit (Figure 3.11).  This finding is in contrast to the mitochondrial 

dysfunction reported in aggressive transgenic models expressing αsyn in vitro and in vivo [456, 

457, 459, 461, 518] and post mortem Parkinson’s disease (PD) brain [330-332, 462]. However 

the results of this thesis align with the recent observation of mitochondrial hyperactivity in 

immortalised lymphocytes derived from ante mortem PD patients [527] and given the robust 

results of my data in a system using naïve wild-type cells, the data presented in this thesis are 

strong evidence that hyperactive mitochondria is a major, relevant pathogenic process that 

occurs in the brain in early PD. This finding has far-reaching implications that suggest that 

mitochondria adapt to αsyn-related insult for the majority of disease course in PD and, if this 

hyperactivity is associated with elevated ROS production in neurons, it indicates that 

hyperactivity rather than dysfunction is the cause of oxidative damage in the brain in PD.  



166 

 

Next, organotypic brain slice cultures were used to develop a model of prion disease. While in 

vivo animal systems develop authentic disease upon prion infection, they carry limitations 

associated with experimental cost and are labour intensive. This presents the need for alternate 

systems to study these diseases.  Prion infected organotypic brain slice cultures have been 

shown to develop all critical features of disease [391] and hence I developed this system as part 

of my project. The capacity of organotypic brain slice cultures to be infected by human-derived 

strains has not been reported previously and so the use and characterisation of disease caused 

by the mouse-adapted human familial prion strain, M1000, in this thesis is a novel finding that 

confirms infection is achievable with this strain type. Critically M1000-infected slices 

developed pertinent features of disease including propagation of PrPRes and neurotoxicity. The 

development of neurotoxicity was measured using a panel of markers targeting various 

components of synaptic transmission to thoroughly study what components of neuronal health 

are most vulnerable in this system. 

Finally, the relevance of protein misfolding to the pathogenic properties of PrP and αsyn was 

studied using the small molecule Anle138b. Anle138b has been shown to be protective to both 

prion infected animals [345] and transgenic models of PD [345, 346]. While initial reports 

suggest Anle138b is an oligomer modulator [345], more recent evidence indicates it may 

instead recognise higher order aggregates [675]. As such, the work using Anle138b in this 

thesis had two main components i) to further define the mechanism of action of Anle138b in 

PrP and αsyn misfolding and ii) to identify the consequence of this effect on pathogenic 

readouts developed previously in the thesis. Critically, Anle138b was shown to modulate PrP 

misfolding by reducing PK-resistant PrP, which led to a suppression of neurotoxicity associated 

with prion propagation in M1000-infected organotypic brain slice cultures (Figure 5.5). 

Interestingly, indications of a protective role of Anle138b to acute PrPSc toxicity were also 

identified (Figure 5.4). In the αsyn PMCA, Anle138b increased the presence of oligomeric 

structures and PK resistance of misfolded αsyn, but did not alter the effect misfolded αsyn has 

on mitochondrial respiration. Assuming a conserved mechanism of action between the two 

proteins, this work demonstrates that PK resistance and/or enhancement of specific types of 

misfolded proteins does not necessarily correlate with pathogenicity. Collectively, the most 

appropriate interpretation of the data is that Anle138b acts to stabilise protein structures during 

the misfolding and aggregation of both proteins. However, the point or structure in the 

aggregation pathway that it targets has yet to be determined. Regardless, the data presented in 

this thesis and by others [345] show strong evidence the change Anle138b imparts on PrP 
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misfolding is neuroprotective, however its efficacy to misfolded αsyn is less clear. In this 

regard, the effect of Anle138b on αsyn misfolding and critically, whether the altered species 

are non-toxic, less toxic or even more toxic requires further attention. 

 

 

The similarities and differences in how PrP and αsyn misfold 

The hypothesis of this thesis was that similarities exist between PrP and αsyn misfolding, which 

may be exploited to further our understanding of disease pathogenesis. Work presented in this 

thesis confirms that the misfolding of both PrP and αsyn is associated with altered neuronal 

function. The demonstration that Anle138b modulates the type and/or abundance of misfolded 

species for both proteins further supports the hypothesis of this thesis and argues that the 

pathways of misfolding are similar between these proteins. However, while this may be 

applicable to the morphology of structures formed and hence pertain the ability of molecules 

that recognise a conformation-specific target to modulate protein misfolding, it is pertinent to 

note that the way these proteins misfold remains starkly different. This is clearly demonstrated 

via the use of the PMCA in this thesis. While αsyn is able to spontaneously misfold in a solution 

composed exclusively of recombinant protein (Figure 3.2), effective PrP misfolding requires 

the addition of a preformed seed (Figure 3.1 and [168, 169]). This is a strong divergent feature 

that distinguishes PrP from αsyn whereby the small, largely disordered αsyn protein requires a 

low activation energy to misfold, whereas the well-defined structural conformation of PrPC 

means much higher activation energies are required for misfolding to occur. As such, although 

the physical characteristics of misfolded structures may be the same between PrP and αsyn, it 

does not mean the mechanism of misfolding or the stability of the misfolded structures is 

equivalent. This concept may also be relevant to the way these species exist in equilibrium with 

each other. While the use of the PMCA demonstrates sonication-induced breakage of fibrils 

accelerates the formation of PrPSc and αsyn aggregates, the breakage of PrPSc aggregates into 

smaller species that occurs in disease once the fibrils reach a certain length is likely 

mechanistically dissimilar to misfolded αsyn that can easily expand or contract into higher or 

lower ordered conformations. Further evidence for alterations in the biophysical properties 

between misfolded αsyn and PrPSc comes from the finding that in contrast to PrPSc, misfolded 

αsyn is markedly easier to decontaminate [276]. As such, in addition to using compounds that 

modulate fibrillization, further assessment into the ways these proteins misfold and their ability 
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to be pathogenic should be performed by studying the ability of these structures to disassemble. 

This would give important insight into the way species exist in equilibrium and how certain 

species are generated, which could be leveraged to modulate the generation of pathogenic 

conformations. 

An additional relevant link between PrP and αsyn misfolding described in this thesis is the role 

of lipids to this process. The misfolding of pure preparations of PrP and the generation of prions 

that are transmissible can be achieved by the addition of essential co-factors; lipids and 

polyanionic species [178]. This thesis revealed the lipid cardiolipin accelerates αsyn misfolding 

(Figure 3.8) and hence for both proteins lipids may facilitate protein misfolding. In terms of 

PrP, the misfolding of the protein in the absence of lipids produces species that cause disease 

associated with a long incubation period and atypical pathology [170, 171] and because of this 

lipids are considered to be a necessary component of a transmissible prion. While the fact that 

pure preparations of misfolded recombinant αsyn protein can cause clinical disease in 

susceptible rodents [257, 261] indicates that lipids are not indispensable for misfolded αsyn to 

confer pathogenicity, it is yet to be established whether these species generates a different type 

of disease compared to that which generates organically in an organism. As mentioned 

previously in this thesis, it would be interesting to determine whether lipids impart any 

alterations to the αsyn species formed or whether it simply acts as an accelerant of fibrillization. 

Regardless, the role of lipids to PrP misfolding is likely to facilitate protein misfolding by 

acting as a scaffold for enhanced protein-protein interactions and, given the aforementioned 

differences in activation energies, its presence is likely more apposite to PrP misfolding. 

 

 

The toxic mechanisms of misfolded neurodegenerative proteinopathy-

associated proteins: direct mechanisms, via an interaction with normal 

monomeric protein or both? 

This thesis supports the concept that NDP-associated proteins can cause toxicity via numerous 

mechanisms. A critical consideration to the ability of these proteins to be neurotoxic is whether 

misfolded structures directly cause damage to the target cell, or whether their toxicity involves 

the propagation of misfolded protein and/or interactions between protein species. In prion 

disease, several critical studies confirm that a cell must express PrPC in order for it to succumb 

to prion-induced toxicity [166, 294]. This argues that PrPSc alone is not wholly toxic and instead 
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the development of toxicity somehow relies on an interaction between PrPC and PrPSc. Potential 

mechanisms for this in prion disease were described in Chapter 1 [355]. 

The resolute requirement of normal monomeric protein for PrPSc-induced toxicity may not be 

as steadfast for other NDP-associated proteins. In this thesis, several mechanisms of misfolded 

αsyn-induced toxicity have been proposed that appear to not require normal monomeric αsyn. 

The finding in this thesis that misfolded αsyn, which modulates mitochondrial respiration, also 

associates with cardiolipin suggests that misfolded αsyn may directly damage the mitochondria 

via this interaction. This is in line with studies that show interactions between misfolded αsyn 

and lipid membranes can cause disruptions to the membrane and toxicity [326, 338, 491]. 

Assuming the effect of αsyn at the mitochondria identified in this thesis is an upstream 

mechanism that causes neurotoxicity in PD, this would demonstrate a critical divergence in the 

abilities of these proteins to cause toxicity. However, given that SH-SY5Y cells express 

endogenous αsyn and its monomeric state is still present in the PMCA-generated heterogeneous 

mixed population, it is challenging to determine the influence of normal monomeric αsyn in 

this system. The finding that disease-associated αsyn can propagate within wild-type and 

transgenic αsyn A53T mutant mice causing disease [11, 255-262], appears to suggest that αsyn 

– like prions, has the capacity to induce toxicity associated with its propagation. However, 

these studies do not clarify whether this propagation produces a defined species that directly 

cause damage or whether the act of propagation itself is associated with toxicity. Further 

analysis on the influence of normal monomeric protein in these systems should come from 

studies modulating αsyn expression in established diseased states to determine the contribution 

of an interaction between misfolded species and normal monomeric αsyn to the development 

of neurotoxicity.  

Given that widespread neurotoxicity occurs late in prion disease, the overarching toxic 

pathways associated with PrPSc-induced damage in established disease are likely associated 

with chronic propagation. However, this thesis and other published data show evidence that 

prions can also be acutely toxic. Anle138b appeared to protect organotypic brain slice cultures 

from early M1000-induced damage (Figure 5.4), which is consistent with the finding that 

cultured cells exposed to M1000 prions develop PrP-dependent acute cell death associated with 

ROS activation [559]. ROS activation is not considered to a major contributor to neurotoxicity 

in advanced prion disease: astrocytes rather than neurons have elevated ROS products in end-

stage prion-infected mice and CJD brain [692] and over the course of prion disease, oxidative 

stress is highest at the first identification of PrPRes and lower at terminal disease [449]. Taken 
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together, these studies support the concept that PrPSc can employ multiple mechanisms of 

toxicity. Variations between the mechanisms of acute toxicity of prions and that which 

develops in association with chronic propagation may be associated with the status of the cell, 

where the initial insult of high levels PrPSc into naïve cells may cause significant damage prior 

to the clearance of the majority of the seeds and the activation of adaptive mechanisms by the 

cell. While these adaptive mechanisms may initially be beneficial, they may also be a driver of 

these toxic effects in progressed disease. Considering this, it would be interesting to compare 

the relevance of key potential toxic agents in both acute and chronic disease states. This 

includes membrane bound PrPC, and the UPR; both which have been proposed as neurotoxic 

agents in disease [372, 390] and are foreseeable players in acute toxicity. Regardless, the 

finding that prions also appear to modulate astrocyte up-regulation in organotypic brain slice 

cultures (Figure 5.4) indicates that acute toxicity of prions may not be neuron specific. This is 

an important observation and indicates the lower PrP expression found astrocytes is not 

protective, nor is any other potential neuron-specific agent/s required for this toxicity. Taking 

this into consideration, further analysis of the health of CNS cell types in organotypic brain 

slice cultures in early prion infection would be useful, including the use of organotypic brain 

slice cultures derived from global and cell type-specific knockout PrP transgenic mice to 

establish the relevance of PrP expression in this system. Taken together, work presented in this 

thesis and published in the literature seem to support the notion that NDP-associated proteins 

can elicit damage via multiple mechanisms. However, it appears the central requirement of 

normal monomeric protein (like PrPC) to the generation of toxicity is, for now, prion specific.  

 

 

Toxic mechanisms of αsyn in synucleinopathies 

This thesis proposes that the mitochondrion is a major site targeted by misfolded αsyn. While 

it is well established that this organelle is implicated in PD [693], it is interesting that it is not 

considered a major pathogenic feature in other synucleinopathies, such as multiple system 

atrophy (MSA) [694]. Given that αsyn aggregation occurs in distinct compartments between 

these diseases and the type of protein aggregation that forms (Lewy bodies vs. glial cytoplasmic 

inclusions) are morphologically distinct, it may suggest numerous mechanisms of toxicity exist 

based on the conformation and/or locality of the misfolded protein. This is particularly relevant 

given that neurons, the cell type αsyn is found aggregated in in PD, have an extraordinarily 
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high and variable metabolic rate. As such, this cell type may be more susceptible to any minor 

modulation of mitochondrial respiration caused by misfolded αsyn. In such a scenario, it is 

intriguing to interpret early mitochondrial damage as an upstream mechanism that causes the 

aggregation of αsyn as Lewy bodies within neurons to sequester misfolded species away from 

the mitochondria. However, while the locality of misfolded αsyn within neurons may be linked 

to altered mitochondrial functioning in PD, dementia with Lewy bodies (DLB) also presents 

with Lewy bodies and similar to MSA, it is also not traditionally considered to be associated 

with mitochondrial deficits. Indeed a systematic review finds only weak evidence of an 

association of the mitochondria in this disease [695]. Insight into the differences between PD 

and DLB may come from considering the cell type susceptible to toxicity in these diseases, 

where PD is distinguished by the selective loss of dopaminergic neurons of the substania nigra. 

It is well established that dopamine enhances the production of β-sheet negative, oligomeric 

αsyn [445, 696, 697] and hence if this is the pathogenic conformation that modulates 

mitochondrial respiration, it may generate a larger quantity of the pathogenic species that target 

the mitochondria in these systems. Further research should be conducted into the capacity of 

αsyn to be pathogenic in dopaminergic systems. This may be achieved using dopamine-

expressing cell types, such as the dopaminergic rat neuronal cell line N27 [698] or creating an 

enhanced dopaminergic environment in SH-SY5Y cells via their differentiation using retinoic 

acid which upregulates the expression of dopaminergic markers and enhances the cell’s 

susceptibility to dopaminergic toxins [699]. 

An additional interesting distinction between the synucleinopathies is the development of 

dementia. While only a small subset of PD patients present with this symptom; referred to as 

PD with dementia (PDD), it is a frequent symptom of MSA and DLB [222]. Given that 

dementia is also a common feature of prion and Alzheimer’s disease (AD) it may suggest the 

type of neuronal vulnerability is the same in these NDPs. In AD, synapse loss correlates with 

the onset and severity of dementia [700-702] and various synaptic proteins predict cognitive 

decline in both AD and DLB [703]. Similarly, the loss of VAMP2 and monomeric αsyn 

correlate with the duration of dementia in DLB, PDD and AD [704] and hence synapse loss is 

likely an important component to NDPs which present with dementia. It is unknown how 

αsyn could variably target synapses between the synucleinopathies. A potential explanation 

to this distinction is the existence of strain variability: a notion that is supported by studies 

showing discrete populations of αsyn have defined pathogenic properties [11, 14, 253, 257, 

270]. In this capacity, a defined type of misfolded αsyn may preferentially cause damage to 
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the synapse. Given that αsyn is localised at the pre-synapse, it should also be considered that 

synapse loss may be triggered by αsyn associated with propagation in this area of the cell 

and/or localisation of αsyn away from the synapse upon misfolding. Support for the latter 

factor as a relevant theory comes from studies showing αsyn plays an important role at the 

synapse; αsyn has been shown to directly bind VAMP2 and enhance SNARE complex 

assembly in vitro and in vivo [128] and ablation of the protein causes age-dependent 

impairment of complex assembly [705]. The involvement of αsyn at the SNARE complex 

requires the presence of the lipid regulator arachidonic acid [705] and interestingly it has 

been shown αsyn may modulate synaptic transmission by cross-bridging the lipid 

phosphatidylserine to VAMP2 to facilitate SNARE-dependent vesicle docking [706]. Hence 

it could be expected that a loss of αsyn in these areas would cause drastic effects to neuronal 

transmission and health. 

Further to this, MSA and prion disease are both defined as NDPs that are rapid in onset of 

clinical disease and progression, and hence it is intriguing to speculate that the act of 

propagation itself rather than direct toxicity of misfolded αsyn may be a unifying process of 

these disorders. In this regard, this could reveal a distinction to pathogenic misfolding of αsyn 

in PD, where the rate of propagation may be slow enough that the cell is able to replenish lost 

protein and maintain the locality of monomeric αsyn at the synapse and therefore other 

neurotoxic mechanisms present, such as enhanced ROS production associated with 

mitochondrial hyperactivity [527] that makes it the most damaging toxic mechanism in 

dopaminergic cells. This scenario would explain the divergent neurotoxic processes of αsyn 

within the spectrum of synucleinopathies where in one system propagation prevails as a 

major upstream toxic process, whereas in another oxidative damage caused by direct 

interactions of misfolded αsyn with target organelles is more relevant. While it is important to 

consider the divergent toxic mechanisms presented amongst the synucleinopathies, similar 

downstream toxic mechanisms may still exist. For example, PERK activation is found in both 

PD and MSA, where its activation co-localises with regions of αsyn deposition [437, 707]. 

Given that this mechanism is also activated in certain prion diseases [372], this suggests that 

similar neurotoxic pathways may present in a range of diseases with distinctly different 

pathological and clinical profiles. Collectively it is likely that numerous mechanisms are able 

to cause damage when a protein misfolds in the cell, and as such the difficult task will be to 

identify the dominant pathway/s in any given biological system. Future research should focus 
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on the contribution of each potential toxic agent to identify the main driver/s of toxicity in 

disease and hence, reveal the best target for therapeutic intervention on a case-by-case basis. 

 

 

Towards effective therapeutic strategies for NDPs 

An appropriate extension to the considerations of pathogenic mechanisms of PrP and αsyn 

misfolding described in this thesis is to discuss key therapeutic strategies to treat disease. 

Given the centrality of protein misfolding to the activation of toxic pathways by NDP-

associated proteins, numerous therapeutic strategies involve targeting the protein prone to 

misfold to inhibit its ability to fibrillize and/or reduce the pool of monomeric protein and thus 

limit propagation. Discussed in Chapter 5, many compounds that recognise PrP and modulate 

its fibrillization are efficacious in prion disease [355]. The majority of these compounds 

appear to target PrPSc, which offers the major advantage of avoiding potential unknown side 

effects associated with the loss of the monomeric protein. However, due to the adaptive 

nature of PrP misfolding, a common issue using these compounds is the generation of drug 

resistant prions. This resistance has been shown to extend to the activity of other anti-prion 

agent’s potency which target the same structure; for example, both cpd-B and quinacrine are 

less effective to IND24-resistant prions [664]. This may be relevant to the efficacy of 

Anle138b, and should be examined to see if it can occur in any capacity to pathogenic PrP 

and αsyn misfolding. Nonetheless it reveals an important consideration when targeting 

misfolded conformations. 

An alternate approach to treat these diseases is by modulating the expression of the NDP-

associated protein. In the case of PrP, this is demonstrated by the ability to rescue mice with 

established prion disease by ablating the expression of PrPC [166] and given that PrP 

knockout mice have no overt phenotype [30], it suggests targeting PrPC may be a viable 

therapeutic strategy. This has been achieved by employing RNAi, where a study using 

lentiviral mediated shRNA against PrPC in prion infected mice showed a single treatment of 

shRNA injected into each hippocampus when the first signs of neuropathological change 

occurred prevented the onset of behavioural deficits and reduced spongiform degeneration 

and neuronal loss [708]. These neuropathological changes were observed in sites surrounding 

the injection site and despite the small region of brain exposed to the RNAi, the mean 



174 

 

survival of shRNA treated mice was 23.5% higher than untreated animals [708]. This 

demonstrates that even small reductions in PrPC expression are likely to be therapeutic in 

prion disease. While this may be an appropriate strategy to treat prion disease, it is important 

to note that such an equivalent may not be beneficial for disease systems presenting with 

misfolded αsyn, where the efficacy of targeting the monomeric protein may hinge on αsyn’s 

importance at the synapse. 

Nonetheless, targeting the gene encoding the relevant protein will likely be a suitable strategy 

to treat familial forms of disease. Allele-specific siRNA show great potential where 

preliminary studies have been performed for familial forms of NDPs; AD [709], PD [710] 

ALS [711] and Huntington’s disease [712] with promising results. Additionally the 

CRISPR/Cas-9 system has been utilised to correct a mutation associated with cystic fibrosis 

in patient-derived cultured intestinal cells, which when assayed in organoid culture, showed a 

rescue of disease-associated defects [713]. These encouraging studies for treating single-gene 

hereditary defects support the potential for tailored patient-specific therapy, which is 

considered a strong therapeutic strategy. However, whilst being an attractive approach to use, 

limitations to the use of RNAi as therapies are that they do not readily cross the BBB and 

have the potential to trigger off-target effects and/or toxicity due to over-loading the RNAi 

pathway. Various alterations to naked RNAi may improve these parameters, such as 

designing siRNA duplexes to decrease off-target effects, or fusing it to neuron specific 

markers such as rabies virus glycoprotein to aid its delivery to the CNS. Alternatively, other 

methods of knockdown may reduce toxicity; miRNA appear generally better tolerated than 

siRNA or shRNA [714] and synthetic miRNA sequences have been used to target PRNP 

mRNA to produce PrPC knockdown in cultured cells [715]. Additionally many studies have 

investigated using siRNA delivery vectors [716]. In particular, the naturally occurring RNA 

carriers exosomes show great potential in allowing the safe transport of siRNA over large 

distances where intravenous injections of exosomes fused to rabies virus glycoprotein are 

targeted to the CNS where they deliver siRNA cargo specifically to neurons [717]. This 

system has been successfully utilised to reduce levels of BACE1 in mouse brain by over 60% 

in the striatum, cortex and midbrain of wild-type mice [717]. In another study, exosomes 

were efficiently targeted to the brain via the intranasal route [718], suggesting a non-invasive 

mode of administration for RNAi molecules. 
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Protein-directed antibodies 

A well-used method to target NDP-associated proteins is via antibody administration to 

immunize against the protein or modulate its fibrillization.  In cultured cells and cell-free 

systems, monoclonal antibodies that target PrP abolish prion propagation [719-724]. Their 

effectiveness extends to in vivo animal models where two antibodies ICSM35 and ICSM18, 

that recognise residues 93-105 and 143-153 of PrP respectively, have been shown to 

completely ameliorate propagation of peripheral prions in infected mice when treatment starts 

before PrPSc reaches the brain [725]. This striking result is the only therapeutic strategy to 

date shown to clinically cure prion disease in PrP-expressing mice. ICSM18 and ICSM35 are 

non-toxic to mice [726] and appear to act by stabilising the conformation of PrPC [727]. A 

humanised version of ICSM18, referred to as PRN100, has been produced which is non-toxic 

at intravenous doses of up to 200 mg/kg in cynomolgus macaques [307], giving evidence for 

its safe use in human trials. Given its large size, the efficacy of PrP-directed antibodies 

decreases once prions reach the CNS and as such, its ability to cross the BBB is considered a 

large therapeutic challenge. However, the observation that intraperitoneal injection of the PrP 

antibody 6D11 (amino acid specificity: 93-109) in APP/PS1 transgenic mice results in a 

reduction in behavioural deficits, gives proof-of-principle evidence that peripherally 

administered antibodies can reach the CNS [728]. In agreement to this, studies investigating 

Aβ-directed antibodies as a therapeutic for AD, showed small amounts of peripherally-

administered antibodies were found in the brain [729, 730].  

Similar to PrP, antibodies have been shown to be effective to other NDP models where 

immunotherapy shows efficacy in vitro and in vivo to pathogenic αsyn [266, 731-735], Aβ 

[195, 729, 730], tau [736-738] and SOD1 [739]. In progress or completed phase I trials to 

treat PD and MSA in humans involve immunisation with αsyn-directed antibodies, such as 

PRX002 (Prothena; ClinicalTrials.gov Identifier: NCT02157714) and BIIB054 (Biogen; 

ClinicalTrials.gov Identifier: NCT02459886) or via active immunisation against αsyn using 

PD01A and PD03A (AFFiRiS; ClinicalTrials.gov Identifiers: NCT02270489, NCT02618941, 

NCT02758730, NCT01568099, NCT02267434). While most of these initial studies have 

been tolerance tests and assessment of CNS penetration of the antibodies in vivo, they show 

promising results that facilitates further analysis of their efficacy in human disease [740, 

741]. 

Despite the plethora of data showing protein-directed antibodies as efficacious, concern is 

raised by reports showing that under certain conditions PrP antibodies can be neurotoxic 
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[389, 390]. The antibodies D13 and P, which align to the hydrophobic region of PrP (residues 

95-105), have been reported to be toxic to wild-type mice, with widespread neuronal loss 

observed 24 hours post hippocampal injection [389]. In the case of D13, this has been 

extensively studied using a range of doses in wild-type mice [742], however the findings of 

these experiments are in contrast to others which report it to be non-toxic [726]. Similarly 

6D11 cures cells of prion infection and prolongs the incubation period of disease in vivo 

[743]. Antibodies targeting α-helix 1 (amino acid residues: 145-155) and 3 (amino acid 

residues: 200-219) of the globular domain of PrP are highly toxic to PrP-overexpressing 

organotypic brain slice cultures [390, 392], however the α-helix 1 region aligns to the binding 

region of the non-toxic, therapeutic ICSM18 [725, 726]. An antibody, W226, which 

recognises a proximal region and has a 59% homology to ICSM18, is able to prevent prion 

replication in cultured cells, yet exerts no protection to mice from peripheral prion infection 

[744]. The reason for the contrasting effects of these antibodies has not been elucidated. It 

may be a matter of dose threshold: either of the concentration of the antibody or expression of 

available PrPC to bind. Additional factors may include the species specificity, binding 

affinity, mode-of-action, or the differences in epitope recognition of the antibody. 

Enlightenment on regions to target for effective intervention may come from clinical trials 

underway aimed at identifying PrP autoantibodies in carriers of PRNP mutations 

(ClinicalTrials.gov Identifier: NCT02837705). Nonetheless, the observations that under 

certain conditions PrP-directed antibodies have the capacity to be toxic should be addressed 

prior to its use in humans. 

 

Combined treatment strategies 

Given that it is likely multiple toxic mechanisms may be employed by misfolded protein, a 

one-dimensional treatment regime may not be the most effective approach to treat NDPs. In 

this regard, an attractive strategy to treat disease is via a combined treatment strategy that 

targets various aspects considered relevant to the generation of toxicity. For example, the use 

of agents that reduce the expression of normal monomeric protein alongside ones that 

recognise misfolded structures and modulate fibrillization may be highly effective and should 

be tested in appropriate animal systems. This treatment regime may also alleviate the 

development of undesired facets of compound use such as the generation of drug-resistant 

prions. Likewise, the use of drugs that target potential downstream toxic pathways, such as 

the UPR, will likely be beneficial in the disease types that present with this form of toxicity.  
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The consideration of using combined treatment strategies, of course, does not diminish the 

great need for further understanding into the neurotoxicity of NDP-associated proteins, 

particularly in terms of the involvement of strain variability and propagation to the activation 

of various toxic mechanisms. In doing so, the hope is that this will lead to discrimination of 

the relevance of these features to neurotoxicity to allow tailored patient-specific therapies that 

target the relevant, dominant neurotoxic agent/s for the specific condition. 

 

 

Conclusion 

In conclusion, the work presented in this thesis has demonstrated the misfolding of αsyn and 

PrP is a pathogenic feature of their respective disorders that is able to cause significant 

alterations to cells exposed to misfolded protein. While many similarities were identified with 

regards to how these proteins misfold, this thesis equally demonstrated critical differences in 

the role of these proteins in disease. This reflects the complex nature of NDPs and is an 

important consideration when extending the term ‘prion’ to other NDP-associated proteins. 

Further understanding of the relationship and interplay between critical facets of disease will 

be essential to further our understanding of these diseases and identify the precise pathogenic 

mechanisms that can be targeted for effective therapeutic intervention. 
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