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Amyloidogenic neurodegenerative disorders such as Alzheimer’s disease (AD) and Parkinson’s 

disease (PD) are an important health issue. However, the underlying molecular mechanisms of the 

disease-related protein aggregates, that are present in humans, are only understood partially. I have 

used and developed biophysical methods to study the structural and biological properties of 

individual aggregates of Amyloid β peptide and α-Synuclein, proteins whose aggregation is 

associated with the development of Alzheimer’s and Parkinson’s disease respectively.  

I expanded the single aggregate visualisation through enhancement (SAVE) technique, which 

is a method based on the fluorescent dye Thioflavin T (ThT) that reversibly bind to the aggregates 

and whose fluorescence increases upon binding. I firstly explored the use of other dyes for these 

experiments and found that a ThT dimer has higher affinity to α-Synuclein aggregates in vitro. I 

then applied the SAVE method to the cerebral spinal fluid (CSF) of a cohort of AD patients and 

control CSF and observed no clear difference in aggregate number. However, these experiments 

provided insights into how antibodies bind the aggregates in human CSF. I could show, that despite 

altering the Ca2+ influx into both cells and vesicles, the antibody did not measurably affect the 

aggregate structure.  

To study the size specific effects of the Amyloid β 42 (Aβ42) peptide in more detail, I used 

and optimised gradient ultracentrifugation combined with single aggregate imaging to study the 

structural properties of the isolated aggregates. This aggregation kinetic independent method 

allowed me to compare the properties of fluorescently labelled and unlabelled Aβ42 and 

characterize the size dependent properties of aggregates in a single experiment. Since I could 

measure the relative concentration of different size aggregates it was also possible to compare the 

properties of single aggregates of different sizes. I then used biological assays to examine the ability 

of aggregates to permeabilise membranes resulting in the entry of calcium ions, and their ability to 

induce TNFα production in microglia cells. Both processes are thought to play key roles in the 

development of AD. I found that small soluble oligomers are most potent at inducing Ca2+ influx, 

whereas longer protofilaments are the most potent inducers of TNFα production. My results 

suggest that the mechanism by which aggregates damage cells changes as aggregation proceeds, as 

longer aggregates with different structures are formed. Protofilaments with a diameter of 1 nm or 

less have a structure that could make them particularly potent at causing the signalling of toll-like 

receptors, providing a molecular basis for their ability to induce TNFα production. 
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Summary 

Amyloidogenic neurodegenerative disorders such as Alzheimer’s disease (AD) and Parkinson’s 

disease (PD) are an important health issue. However, the underlying molecular mechanisms of the 

disease-related protein aggregates, that are present in humans, are only understood partially. I have 

used and developed biophysical methods to study the structural and biological properties of 

individual aggregates of Amyloid β peptide and α-Synuclein, proteins whose aggregation is 

associated with the development of Alzheimer’s and Parkinson’s disease respectively.  

I expanded the single aggregate visualisation through enhancement (SAVE) technique, which 

is a method based on the fluorescent dye Thioflavin T (ThT) that reversibly bind to the aggregates 

and whose fluorescence increases upon binding. I firstly explored the use of other dyes for these 

experiments and found that a ThT dimer has higher affinity to α-Synuclein aggregates in vitro. I 

then applied the SAVE method to the cerebral spinal fluid (CSF) of a cohort of AD patients and 

control CSF and observed no clear difference in aggregate number. However, these experiments 

provided insights into how antibodies bind the aggregates in human CSF. I could show, that despite 

altering the Ca2+ influx into both cells and vesicles, the antibody did not measurably affect the 

aggregate structure.  

To study the size specific effects of the Amyloid β 42 (Aβ42) peptide in more detail, I used 

and optimised gradient ultracentrifugation combined with single aggregate imaging to study the 

structural properties of the isolated aggregates. This aggregation kinetic independent method 

allowed me to compare the properties of fluorescently labelled and unlabelled Aβ42 and 

characterize the size dependent properties of aggregates in a single experiment. Since I could 

measure the relative concentration of different size aggregates it was also possible to compare the 

properties of single aggregates of different sizes. I then used biological assays to examine the ability 

of aggregates to permeabilise membranes resulting in the entry of calcium ions, and their ability to 

induce TNFα production in microglia cells. Both processes are thought to play key roles in the 

development of AD. I found that small soluble oligomers are most potent at inducing Ca2+ influx, 

whereas longer protofilaments are the most potent inducers of TNFα production. My results 

suggest that the mechanism by which aggregates damage cells changes as aggregation proceeds, as 

longer aggregates with different structures are formed. Protofilaments with a diameter of 1 nm or 

less have a structure that could make them particularly potent at causing the signalling of toll-like 

receptors, providing a molecular basis for their ability to induce TNFα production.  



  



Acknowledgement 

I would like to thank Prof. Dr. David Klenerman, FRS who made this project possible. 

I would like to thank my parents Dr. Klaus and Dr. Gabi Wirthensohn and my partner Dr. Clare 

Henry for their support throughout. Clare, this thesis would have been infinitely harder without 

you. 

Chapter 1 and 3 are based and are excerpts from work that I have published previously (see 

chapter 8) and all other acknowledgments and contributions are stated below. 

I would like to acknowledge the work of Joseph Beckwith and Dr. Mike Devine who measured 

and helped testing new dyes and AD CSF samples with me. I would like to thank Dr. Seema 

Qumar, Prof. Peter St. George-Hyslop and Prof. Roger Barker for help and for providing facilities 

to test the CSF methods. Furthermore, I would like to acknowledge Dr. Suman De and Dr. Patrick 

Flagmeier who developed and preformed the single vesicle assays and provided recombinant 

protein. I would like to thank Dr. Anna Drews who measured the calcium influx into astrocytes. I 

would also like to thank Dr. Daniel Whiten who complemented some of the AD CSF SAVE 

measurements with. I would like to thank MedImmune, for providing antibodies to study their 

effects and Dr. Erwin DeGenst for the Nb3 Nanobodies and Dr. Janet Kumita and Dr. Daniel 

Whiten for providing clusterin. I would like to thank Dr. Damian Crowther, the director of 

Neuroscience, Innovative Medicines and Early Development, AstraZeneca, for discussion. I would 

like to thank Dr. Margarida Rodrigues for help with the immuno-depletion experiments. I would 

like to thank Dr. Craig Hughes for performing the TNFα measurements. I would like to thank Dr. 

Simone Ruggeri for the AFM measurements and AFM data analysis. I would like to acknowledge 

Dr. Franziska Kundel and Dr. Mathew Horrocks for advice throughout the project in all 

fluorescence and microscopy related issues. Dr. Mathew Horrocks furthermore provided 

microfluidic devices with cortical neurons in collaboration with Dr. Ragnhildur Thóra Káradótti 

and assisted with DNA-PAINT measurements 

I would like to thank Dr. Rohan Rahnasinghe, Dr. Aleks Ponjavic and Dr. Juan Varela for 

invaluable and fruitful scientific and non-scientific discussions. I would like to thank all other group 

members not named for their support and help throughout. 



  



I 

I 

1 Table of Contents 

1 Introduction ................................................................................ 1 

1.1 Neurodegenerative Diseases and Amyloid Aggregation ..... 3 

1.2 Biophysical Techniques to Study Protein Aggregates ........ 6 

1.2.1 Bulk techniques ........................................................................... 6 

1.2.2 Fluorescence based single-molecule techniques ..................... 8 

1.2.3 Lable free techniques ................................................................ 12 

1.2.4 Other techniques ....................................................................... 13 

1.3 Alzheimer’s disease and the visualisation of amyloid beta 

aggregates ............................................................................................ 15 

1.4 α-Synuclein oligomers in Parkinsons disease .................... 2 0 

2 Aims of this thesis ..................................................................... 24 

3 Material and Methods ............................................................... 25 

3.1 Biochemical Methods ........................................................ 25 

3.2 Fluoresence Imaging and Instrumentation ....................... 28 

3.3 Data Analysis ...................................................................... 30 

3.3.1 TIRF and Super Resolution Image analysis .......................... 30 

3.3.2 smFRET data analysis .............................................................. 32 

3.4 Other techniques ................................................................ 34 

3.4.1 Vesicle Assay ............................................................................. 34 

3.4.2 Inflammatory Response Measurement and Cell Culture .... 35 

3.4.3 Atomic Force Microscopy ....................................................... 35 

4 Studying Amyloid Aggregates in human CSF .......................... 36 

4.1 Introduction ....................................................................... 36 

4.2 Results ................................................................................ 40 

4.2.1 New Extrinsically Fluorescent Dyes to improve SAVE ..... 40 

4.2.2 SAVE to search for AD biomarkers in CSF ......................... 50 

4.2.3 Structural Effects of Antibodies on Aβ42 aggregates . ........ 5 6 

4.3 Outlook and Discussion on methods using CSF ............... 68 

5 Size dependent Structure and Effects of Aβ42 .......................... 71 

5.1 Introduction ....................................................................... 71 



II 

II 

5.2 Results ................................................................................ 71 

5.2.1 Structural Characterisation ...................................................... 76 

5.2.2 Biological effects ....................................................................... 90 

5.3 Outlook on size dependent effects ..................................... 95 

6 Future Work .............................................................................. 76 

7 Concluding Remarks ............................................................... 102 

8 Publications .............................................................................. 103 

9 References ................................................................................ 104 

10 Table of Tables ......................................................................... 124 

11 Table of Figures ....................................................................... 125 



III 

III 

List of Abbreviations 

AD Alzheimer’s Disease 

µm micro meter 

AF488 Alexa Fluor 488 

AF647 Alexa Fluor 647 

AFM Atomic force microscopy 

ANOVA Analysis of variance 

Aß42 Amyloid beta 1-42 protein 

BTA-1 2-(4′-Methylaminophenyl) benzothiazole 

CR Congo Red 

CSF Cerebral spinal fluid 

DCVJ 9-(Dicyanovinyl)- julolidine 

Di-ThT Dimeric-thioflavin t 

DNA-PAINT Point accumulation for accumulation in 

nanoscale topography 

E. coli Escherichia coli 

fov Field of view 

FRET Förster resonance energy transfer 

FTP Frontotemporal dementia 

FWHM Full width half maximum 

h Hours(s) 

IP Immunoprecipitation 

kDa kilo Dalton 

MCI Mild cognitive impairment 

min(s) minute(s) 

Nb3 Nanobody 3 

NR Nile Red 

PAINT Point accumulation for accumulation in 

nanoscale topography 

PD Parkinson’s Disease 

pFTAA Luminescent conjugated oligothiophene 

PK Proteinase K 

PLL Poly- (L)- Lysine 



IV 

IV 

POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine 

PrP Prion protein 

px pixel 

ROC Receiver Operating Characteristic 

SAVE Single aggregate visualisation through 

enhancement 

SBR Signal to background ratio 

SICM Scanning ion conductance microscope 

smFRET Single molecule FRET 

SN supernatant 

SR microscopy Super resolution microscopy 

ThT Thioflavin T 

TIRF Total internal reflection fluorescence 

αS α-Synuclein 



Introduction 

1 

1  Introduction 

An ever-ageing population has led to a great increase in neurodegenerative 

diseases such as Alzheimer’s disease and other dementias, Parkinson’s disease and 

others. These diseases have in common that they all adversely affect some part of the 

central nervous system, hence the term neurodegenerative diseases. Importantly in the 

last decade all these diseases have become much more common. This is accounted for 

by an increase in life expectancy, with age being the main risk factor for most of these 

neurodegenerative diseases. This obviously excludes hereditary disease as their risk 

factor is usually genetic and the onset is earlier than in sporadic cases of the diseases.  

The WHO estimates worldwide, around 50 million people have dementia, with 

nearly 60 % living in low- and middle-income countries and nearly 10 million new 

cases every year. The total number of people with dementia is projected to reach 82 

million in 2030 and 152 million in 2050 [1]. 

This poses a significant economic burden as these diseases require intensive 

nursing and care for often extended periods of time. Especially the memory 

impairment can not only be devastating for the patient but also for family and friends. 

In the case of PD, the nursing and care prospects are similar. Where PD is not 

associated with memory impairment the severe impairment in physical abilities calls 

for close supervision and help by the nursing staff.  

Clinically the diagnosis in both cases is difficult and definitive only later in the 

progression of the disease which further complicates possible treatments. Often a 

definitive diagnosis of the specific clinical subtype of the disease can only be given post 

mortem. All these factors make the sporadic neurodegenerative diseases an ever-

increasing problem in the population. This asks for better treatment and accurate 

diagnosis. Especially as many of the neurodegenerative diseases have very similar early 

clinical symptoms such as mild cognitive impairment, caused by various diseases 

similarly. To distinguish and recognise these symptoms and causes very early on and 

tailor treatment accordingly is as important as finding drugs that possible slow down, 

halt or even reverse progression of the disease.  

The number one risk factor for non-hereditary forms of AD and PD is age. There 

have been some other events linked to the early onset of dementias as e.g. repeated 
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trauma to the head in FTD or APO4 overexpression/ duplication in AD, but none 

of them can account for as much of cases other than age. The consequences, the wide 

spread and a generic main risk factor warrants the need for better treatment and 

diagnosis of these diseases. 
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1.1 Neurodegenerative Diseases and Amyloid Aggregation 

One of the first accounts of AD and its underlying cause was the finding of 

amyloid plaques by Alois Alzheimer, a German physician, in 1907 [2]. He followed a 

patient with dementia and unique clinical symptoms and described the plaques he 

found on the post mortem stained brain slices [2]. The first description of Parkinson’s 

disease was already in 1817 by James Parkinson in great detail with the identification 

of the Lewy-Bodies in 1912 by Fritz Heinrich Lewy who found these aggregates in 

some brain regions outside the substantia nigra [3,4]. 

With AD and PD first described over a century ago [2,3], it took over 75 years to 

identify the main proteinaceous components of the deposits found in these diseases: 

in 1985, the peptide amyloid-β (Aβ) was identified as main component of the 

extracellular plaques found in AD [5] and shortly thereafter neurofibrillary tangles 

(NFTs) were shown to primarily consist of the microtubule associated protein tau [6-9]. 

Subsequently, α-synuclein (αS) was identified as main component of Lewy bodies 

typically present in PD brains by Maria Spillantini and co-workers [10].  

Figure 1  Histological and molecular representations of amyloid aggregates reproduced and 
modified from [11] (A) Light microscopic picture of Aβ plaques (blue) and neurofibrillary tau lesions 
(brown) in the cerebral cortex in AD. (B) Electron micrograph of a paired helical tau filament from 
AD. The cross-over spacing is ~80 nm. Paired helical filaments form the majority of tau filaments, 
with straight filaments being in the minority. [Reproduced from [12]] (C) Steric-zipper crystal 
structure of the hexapeptide VQIVYK (residues 306 to 311) from the core of tau filaments, which 
is required for aggregation. Two β-sheets are shown (gray and blue), with the β-strands being 
parallel within each sheet, and antiparallel between sheets (…). (D) Light microscopic picture of 
Lewy bodies and Lewy neurites made of α-synuclein (brown) in the substantia nigra in PD. 
[Reproduced from Spillantini et al. [10] 

Histological sections of typical amyloid deposits of αS called Lewy bodies, of tau 

called neurofibrillary tangles and Aβ called amyloid plaques are shown in (Figure 1). 

The respective fibrillar accumulations are stained in dark blue or brown in all cases. 

They are all in the µm range ‘growing’ into substantial sizes from their monomeric 

components which are all below 50kDa. 
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These plaques and tangles contain aggregated protein. That means that a big 

number of monomer units are aggregated into large structures held together by 

hydrophobic interactions of their polypeptide chains. These aggregates usually consist 

of extended beta-sheet secondary structure elements in repetitive form, commonly in 

the shape of long fibrils. These beta-sheet structures where the ones Alois Alzheimer 

could stain and observe as they extend to µm dimensions.  

The β-sheet aggregates have since been found to be a common occurrence in 

neurodegenerative diseases which exhibit progressive neuronal cell loss and the protein 

aggregates are present in the effected and surrounding brain areas. [4,13-15]. The presence 

of amyloid aggregates has been linked to more than just AD and PD since [16]. Protein 

aggregation has also been described as a general property of the polypeptide chain [17,18]. 

Amyloid aggregates typically consist of non-native protein with the unfolding or 

misfolding event as the start of the aggregation process. This unfolded state does not 

have the native configuration of the protein and is then able to self-interact. This state 

can be a misfolded native protein as e.g. in the case of PrP or it can be an unfolded 

non-native polypeptide product as e.g. in the case of Aβ. The process requires 

unfolding, which is facilitated in intrinsically disorder proteins such as αS and others, 

as they explore more conformations on their folding landscape and are hence more 

prone to aggregation. The aggregates then grow through monomer addition, once a 

nucleus is present. Further secondary processes can lead to the formation of additional 

nuclei. These processes could be secondary nucleation and fragmentation. Both 

processes have been included in mathematical models which could fit available data 

more accurately than a simple nucleation elongation process. [19–21] Fibril fragmentation, 

as the name suggests, is the process of fibrils breaking apart and form more fibrils 

which can then grow and fragment further. Secondary nucleation is the templated 

growth on a fibril acting as a nucleus which can provide additional surface for the 

aggregation. Both processes could potentially lead to an exponential increase in fibril 

mass which could facilitate disease spreading and progression.  

For many of amyloid forming proteins the cellular function is not known. But 

there is also a lack of understanding of the precise molecular mechanisms underlying 

these diseases. I will introduce some modern techniques that have been used previously 

and are used in this dissertation to put the following results and techniques into context 

of the current state of research. Despite its important role in many neurodegenerative 
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disorders, including AD, I will not discuss the properties and molecular nature of the 

tau protein. The work in this thesis is focused on Aβ and αS and hence, the focus will 

be on the latter. 
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1.2 Biophysical Techniques to Study Protein Aggregates 

I will give an overview over the use of advanced biophysical techniques to study 

protein aggregation with a focus on αS and Aß. Most recent in vitro studies have used 

recombinant or solid phase synthesised proteins that were incubated under conditions 

favouring aggregation [22,23,32,24–31]. Even though the in vivo fibrils are morphologically 

indistinguishable from the ones in vitro [33,34] their biological states could still differ and 

this has only been shown for fibrils. The aggregation reaction varies greatly between 

proteins and conditions. However, it is commonly separated in three phases: a lag 

phase in which no or very little fibril formation is observed, the elongation phase in 

which the fibrils grow and the final plateau phase in which the reaction reaches an 

equilibrium with no observable changes [35]. Of particular interest is the lag and 

elongation phase as in these two phases most of the crucial molecular processes take 

place. The formation of aggregation nuclei happens in the lag phase while in the 

elongation phase a multitude of mechanistically different elongation processes can 

happen which will be discussed in more detail later. 

In protein purification insolubility would often be described as a negative trait, 

nonetheless in the case of amyloid proteins this might have helped to describe the 

amyloid fibrils first, of all the occurring protein aggregate forms [36,37]. In recent years 

much evidence suggests that the more soluble aggregates are more toxic [38–46]. These 

are highly heterogeneous, rare and transient in nature, and so are difficult to study.  

This is why many modern techniques have been developed and adapted to study these 

early soluble aggregates.  

1.2.1 Bulk techniques 

One of the most common techniques to observe in vitro fibril-formation is the use 

of the molecular rotor dye thioflavin-T (ThT) [47]. The fluorescence quantum yield 

drastically increases upon binding to beta-sheet rich protein structures which are a 

main feature of amyloid fibrils [48]. The increase in fluorescence which correlates with 

the presence of amyloid fibrils can either be measured continuously with the dye 

present (e.g.in a plate-reader) or at given time point with the aggregation occurring in 

absence of the dye (e.g. in a conventional fluorimeter). This distinction is important as 

it allows to control for interference of the dye with the aggregation reaction. These 

methods are easily implemented and used routinely to control aggregation reactions of 

many amyloid proteins. The fitting of mathematical models of fibril formation 
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reactions has led to insights into the kinetics of the process. The main rate limiting 

steps were determined from kinetic data through the models and determine the 

contribution of primary nucleation, elongation, secondary nucleation and fibril 

fragmentation [49-51]. 

The fluorescence from the aggregation is only measured for the ensemble of the 

system which is the main limitation of these techniques. We cannot observe individual 

species with these methods, but moreover we might not detect species that are 

important for the disease progression as they might not contain sufficient beta-sheet 

content to effectively bind ThT. This is where new dyes have been developed and 

tested to detect a wider range of aggregates [52,53]. 

To get insight into the actual size of the species present, other techniques such as 

dynamic light scattering (DLS) and analytical ultracentrifugation (AUC) can be used. 

DLS uses the light scattering properties of small insoluble particles to infer a size 

distribution and is commonly used in protein aggregation studies(Figure 2) [54]. Again, 

DLS is an ensemble method, which means for any given measurement it will only give 

an average size of the aggregates. It has a resolution limit of about 1 nm with a bias 

towards larger species, which scatter the light better [54].  

Figure 2  Commonly used bulk techniques to characterise protein aggregation. (A) ThT 
fluorescence trace measured in bulk with a fluorimeter or a plate reader with increased fluorescence 
due to the aggregation of αS (B) Size distributions of monomeric, oligomeric and fibrillar 
populations of αS, measured by DLS (C) CD traces of CD traces of αS monomers (blue trace), 
oligomers (red trace) and fibrils (green trace). The figure has been reproduced from Kundel et al. [37] 

Structural information about the protein backbone can be measured with circular 

dichroism (CD). Amino acid secondary and tertiary structure elements rotate the 

polarisation of light differentially in their absence or presence. Hence, CD can give 

information about the average structural composition of the aggregates. This is 

particularly useful as aggregates undergo a structural transition from an unfolded state 

via possible intermediate or native conformations to amyloid fibrils which can all have 

different secondary structures [55].   
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1.2.2 Fluorescence based single-molecule techniques 

The protein aggregation process is highly heterogeneous, which demands for 

techniques to characterise individual aggregates such as the highly heterogeneous 

oligomers all the way to fibrils. Single molecule fluorescence methodologies have 

therefore revealed much about the non-homogeneous processes in protein 

aggregation. In fluorescence microscopy, even with a fluorophore attached to the 

protein of interest, it is still important to achieve a high signal-to-noise ratio to visualise 

single molecules. This can either be achieved by increasing the signal, which is often 

limited by the available fluorophores. The second method is to reduce the background 

by reducing the excitation volume. The two most common techniques this is achieved 

are: confocal microscopy and total internal reflection fluorescence (TIRF) microscopy. 

Figure 3  Schematic of the working principle of a confocal microscope for smFRET and 
TCCD. In a confocal microscope the excitation light is focused onto the back aperture of a high 
numerical aperture lens to form a diffraction limited spot to excite the fluorophores. The emission 
light is then filtered from the excitation light and focused onto an APD. For TCCD a second 
excitation wavelength is overlapped with the first one. The microfluidic channel is shown 
schematically. The details of the filters and dichroic mirrors are given in chapter 3.2. 

Confocal microscopy uses a collimated laser beam that is focused by a high 

numerical aperture lens to a diffraction limited spot to excite the fluorophore. The 

fluorescence of the excited fluorophores is then focused and collected on a highly 

sensitive avalanche photo detector (APD).  
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Figure 4  TIRF setup for smFRET and SAVE measurements. The TIRF microscope uses the 
principle of the total internal reflection by angling the incident laser beam to excite a very thin layer 
in the sample. The excitation light gets filtered and focused on an emCCD camera for detection. 
The details of all the filters and dichroic mirrors are given in chapter 3.2 

In TIRF microscopy the incident laser beam is angled so the majority of the 

excitation light is reflected and only an evanescent wave excites only a very thin layer 

(~150-200 nm) in the sample just above the cover slide. 

Confocal microscopy was first used to study protein aggregation with two colour 

coincidence detection (TCCD). In TCCD two wavelength confocal volumes overlap 

and their appropriate emissions are both measured with independent ADPs. Whenever 

a dye traverses the confocal volume they generate a burst of fluorescence. Monomeric 

dye labelled proteins give rise to a single burst in one channel whereas aggregated 

proteins will give a signal in both channels (Figure 5 C). This allowes us to distinguish 

monomeric protein from aggregates and the intensity of the fluorescence bursts gives 

some information about the size of the aggregates. The first protein studied with this 

technique was a equimolar mixture of differentially dye-labelled SH3 domain of 

phosphatidylinositiol-3'-kinase (PI3-SH3) [56].  
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This principle can be extended and modified multiple ways. In the scanning for 

intensely fluorescent targets (SIFT) [57,58], the two overlapped beams are moved 

through the sample to detect species. The use of a microfluidic channel improves the 

sampling rate over measuring only species crossing the confocal excitation volume due 

to diffusion (Figure 5 A) [59]. Furthermore, instead of the coincident fluorescence 

signal, the Förster resonance energy transfer (FRET) can be measured with the same 

principle. This can be achieved by using a fluorescence donor and acceptor pair and 

excitation in only the donor channel. This can be used to determine the relative mean 

distance between the fluorophores, giving some insights into the monomer density 

within an aggregate [40,60,61].  

Figure 5.  TCCD and smFRET for the ultrasensitive detection of protein aggregates (A) The 
schematic of the microfluidic channel with 100 µm in width and 25 µm in height is shown.(B) In 
TCCD, two colour excitation is used to excite molecules transiting the confocal volume. Only 
those which contain both dyes give rise to coincident bursts. (C) In FRET based measurements, 
only one wavelength of light is used to excite the molecules. In molecules in which the two dyes 
are close enough for FRET to occur (yellow star), there is a simultaneous burst in both channels.  

Although surface effects are removed in these solution-based techniques the data 

interpretation has limitations, as the structures are inferred from a burst of 

fluorescence. Structures exceeding the size of the confocal and aggregates not passing 

through the excitation volume completely can cause further problems in data analysis. 

Finally, due to the sub-nanomolar concentrations required to achieve single-molecule 

sensitivity, some species may dissociate upon dilution. However, development of 

microfluidic devices that allow rapid mixing before measuring can remedy this problem 

to some extent [59]. 
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A confocal microscope setup as the one described can also be used for 

fluorescence correlation spectroscopy (FCS) [62,63]. FCS measures the temporal 

fluctuations of multiple fluorophores in the confocal volume which allows to infer 

concentrations and diffusion coefficients of the species. As it relies on multiple 

fluorophores in the confocal volume it can be difficult to deconvolute mixtures 

without defined populations.  

TIRF microscopy is usually a surface-based method. It uses the phenomenon of 

total internal reflection that occurs when a plane of light travelling through a 

transparent medium of a given refractive index is incident upon a dielectric interface 

with another medium of a lower refractive index at an angle greater than the critical 

angle. This results in an “evanescent wave” penetrating a small distance into the 

medium and decaying exponentially. In the case of objective based TIRF [64], collimated 

laser light from a high numerical aperture objective lens is reflected from the bottom 

of a glass coverslip containing aqueous solution, and the evanescent wave is used to 

excite a wide field typically <200 nm into the sample (Figure 4). In contrast to 

epifluorescence microscopy this partial excitation leads to a greatly increased signal to 

noise. The resulting fluorescence is, in both cases, collected by the same objective, 

filtered and focused onto an electron-multiplying charge-coupled device (emCCD) or 

an equivalent scientific complementary metal-oxide-semiconductor (sCMOS) camera. 

As surface based widefield technique TIRF microscopy can overcome some of 

the limitations posed by the confocal techniques described. It can be used to directly 

observe fluorescently labelled amyloid aggregates on a glass slide. The physical 

structure and size can be visualised due to the diffraction limit with a resolution of 

approximately 250 nm depending on the wavelength. Under very controlled conditions 

the photobleaching properties of fluorescent dyes can be used to estimate the numbers 

of subunits which decreases stepwise. With increasing sizes these estimation get less 

precise as too many dye molecules are present and the individual steps are not visible 

anymore, which can be avoided by sub-stoichiometric labelling [65]. 

With the diffraction limit capping the achievable resolution in wide field 

microscopy to around 250 nm another problem is posed in the study of amyloid 

aggregates. As transitions between monomers to nuclei to soluble oligomers to 

protofilaments and to small fibrils can all happen below an aggregate size of 250 nm 

these processes might not be distinguishable. 
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Optical super-resolution methods [66-68] have enabled the identification of 

structures as small as 5 nm [69]. The most commonly used approaches to achieve these 

results are Photoactivated localisation microscopy (PALM) [66], stimulated emission 

depletion (STED) [68] and stochastic optical reconstruction microscopy (STORM) [67]. 

STED is implemented on a scanning confocal microscope which limits the 

illumination of the sample to a region smaller than the diffraction limit. STORM works 

by separating the signal of single fluorophores spatially and temporal (stochastic 

switching and readout). The individual fluorescence localisation can then be fitted to 

2D Gaussian functions to determine their centre which allows for improved 

resolution. This switching can be achieved through various principles. In STORM the 

fluorescent dyes are stochastically photoswitching between dark and fluorescent states. 

PALM achieves the stochastic separation of the fluorophores through 

photoswitchable fluorescent proteins (usually switched to a longer wavelength through 

irradiation with ultraviolet light) to separate fluorescence from single emitters in 

time [66]. Methods such as point accumulation for imaging in nanoscale topography 

(PAINT) [70] and uniform PAINT (uPAINT) [71] use fluorescent probes that 

temporarily bind to surfaces or binding partners. This has been adapted in DNA-

PAINT [72,73]. Transient binding is achieved by interaction of short strands of DNA 

designed to fit the residence times required at the desired conditions. The PAINT 

principle has also been used in sPAINT [74] a technique designed to super-resolve the 

surface hydrophobicity of e.g. amyloid fibrils with the binding of the dye nile red. Nile 

red does not only transiently bind to the surfaces, allowing super resolution, but 

simultaneously shifting wavelength depending on the hydrophobicity of the 

environment, allowing for hydrophobicity maps on the nanoscale. 

1.2.3 Lable free techniques 

I will discuss approaches that do not require the attachment of an organic 

fluorophores to the protein of interest, hence label free. The covalent attachment can 

be difficult to achieve or alter properties of the protein or label. The labelling sites 

could be limited by the commonly used chemical attachment on primaty amines or 

sulfhydryl groups on the amino acid sidechains. If neither none of these functional 

groups are or too many, a 1:1 molar labelling can be difficult to achieve. Mutations or 

alternative stop-codon usage respectively can circumvent this limitation but in both 

cases the protein needs to be controlled for functionality. It has been shown that the 
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attachment of fluorophores can affect the kinetics of protein aggregation, or structures 

of the fibrils [75].  

Label free techniques can use mechanisms to facilitate structural insight via the 

use of completley non-fluorescent methods, such as AFM, NMR or EM, that use 

integral properties of the proteins to make them visible.  Another approach is to use 

indirect labelling strategies such as the use of antibodies, nanobodies or aptamers that 

carry the fluorescent label and specifically bind to the target structures. The 

fluorophore can also be the probe itself as in the case of extrinsically fluorescent dyes 

such as ThT, pFTAA and Bis-ANS or nile red in SR applications [74,76]. One method is 

to use ThT coupled with TIRF microscopy to detect protein aggregates directly. This 

means this can and has been used to observer aggregates in biofluids such as 

cerebrospinal fluids. [77] I will discuss this in more detail in chapter 4.  

1.2.4 Other techniques 

To overcome some of the shortfalls of ensemble techniques, surface-based 

methods have also been used to characterise the aggregation process. Quartz crystal 

microbalance (QCM) sensors are able to determine mass variation per unit area by 

measuring the change in frequency of a resonating quartz crystal. This method is 

sensitive enough to report on the change in mass of surface-attached fibrils and has 

enabled very precise measurements of the influence of solution conditions on αS fibril 

elongation to be obtained [78].  

The advances in super resolution light microscopy allow imaging resolutions of 

greater than 20 nm to be achieved. However, higher resolution structures can be 

necessary and useful which require more resolving power. Transmission electron 

microscopy (TEM) is commonly used to determine the structures of aggregates at 

higher resolution. A highly focused electron beam is used to image specimen to 

resolutions as high as 0.2 nm. The sample preparation is complex which limits its 

applications. Some of these sample preparation issues have been solved cryo- elctron 

microscopy (cryo-EM) in which the samples are not chemically fixed but rapidly 

cooled, so they are fixed in amorphous ice. The developers of this technique have 

recently been awarded the Nobel prize in Chemistry [79,80]. To resolve molecular 

structures, it is necessary to reconstruct many different projections of the identical 

protein which requires a very high sample purity, which is a challenge for highly 

heterogeneous mixtures. Nonetheless the structures of purified kinetically trapped 
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oligomers of αS [81], tau filaments extracted from a human AD brain sample [82], poly-

glutamine expanded huntingtin fibrils from cultured neurons [33], and Aβ fibrils [83] were 

solved. 

Atomic force microscopy (AFM) as a non-fluorescent surface-based technique 

allows the mapping of surface topography and Youngs modulus of molecules. AFM 

uses a tip on a cantilever to raster scan a surface [84]. The reflection of a laser beam off 

the tip reports the displacement of the tip, allowing vertical resolutions of the surface 

of less than 1 nm with lower vertical resolution. Despite the high resolution and the 

advantage of being label free, AFM is still a surface-based technique, with the problems 

that come with this. For example findings can be perturbed by differing fibril growth 

rates on the surface or different binding propensities to the surface [85]. 

Both AFM and EM have the advantage that the proteins can be detected in the 

absence of proteins. They are both sensitive to surface effects which may alter 

findings [85]; this could stem for example from changed fibril growth rates on the 

surface or different surface attachment propensities. 
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1.3 Alzheimer’s disease and the visualisation of amyloid beta aggregates 

The following paragraph is an excerpt from a review I co-authored and was 

published [37].  

The presence of extracellular plaques composed of the Aβ peptide is a 

pathological hallmark of AD [5]. Aβ is formed and released into the extracellular space 

through the cleavage of the amyloid precursor protein (APP) [86]. This cleavage can be 

performed by several proteases such as ADAM 10, BACE 1, α- and γ-secretase, leading 

to the formation of various N- and C-terminal isoforms of Aβ [87,88]. When the 

expression and degradation of Aβ is controlled there is evidence suggesting that the 

peptide has several important and possibly neuroprotective functions, such as 

regulating synapse activity [89]. However, when the homeostatic balance of Aβ 

production is disturbed the aggregation of the peptide plays a key role in 

neurodegeneration [90-92]. As a result, much effort has been dedicated to characterising 

aggregated Aβ species. It is not clear precisely which factors lead to the loss of the 

normal balance, however the ratio of the most abundant cleavage products Aβ1-40 

and Aβ1-42 has been implicated to be important to AD pathogenesis, adding greater 

complexity to the oligomer formation process [93]. 

Due to the high aggregation propensity of Aβ, it can be challenging to obtain a 

homogeneous monomeric sample, as the molarities required for many ensemble 

methods are high enough to trigger aggregation. This makes studying the kinetics of 

aggregation troublesome, since there may already be seeds present which can 

complicate the reaction. Despite this, a variety of soluble aggregates have been studied, 

but most have not been characterised beyond the use of SDS-PAGE and antibody 

reactivity [94]. Beyond this, various structural and functional details have been obtained 

for water-soluble, non-fibrillar Aβ assemblies [94]. Structures that have been described 

include protofibrils [95,96], Aβ-derived diffusible ligands [97,98], globulomers [99], 

spheroids [100,101], disulphide cross-linked Aβ [29], cell-derived SDS-stable low n-

oligomers [102,103], Aβ*56 [104] and a brain-derived SDS-stable Aβ-dimer [29,94]. They all 

have in common distinctly different biological effects compared with mature fibrils, 

although some of them contain cross β-sheet structures, such as the protofibrils [95,96]. 

The most commonly used techniques to characterise Aβ aggregates are AFM and 

TEM. Both techniques are used to examine the morphological differences exhibited 
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by various aggregates, such as elongated amyloid fibrils and small, globular 

oligomers [105-108]. These approaches have been used to study all species throughout the 

aggregation process, as well as comparing the structure of aggregates produced by 

mutant variants [109,110]. AFM studies showed that not only the morphology of 

aggregates changed throughout the aggregation process, but the Young’s modulus (a 

measure of stiffness) also increased, suggesting an internal structural 

rearrangement [111]. Furthermore, Aβ fibrils have been resolved at the atomic level with 

X-ray crystallography and solid state-NMR including variations in clinical subtypes of 

AD [112-114]. Structures of the cross β-sheet amyloid state are reviewed in great detail by 

Eisenberg and Jucker [115]. A complete de novo 42 amino acid atomic model of Aβ fibrils 

has also recently been solved via cryo-EM [116].  

Fluorescently labelled Aβ peptide variants are readily available as solid-phase 

synthesis allows the efficient site-specific conjugation of single fluorescent tags to the 

Aβ peptides. This has facilitated the use of highly sensitive single-molecule methods 

to study the properties of individual Aβ aggregates, especially oligomers. The 

application of single-molecule methods to study early aggregates has provided insights 

into the size distributions and effects of very early aggregates [117-119]. Narayan and 

colleagues found that Aβ oligomers initiated neuronal damage on astrocytes [120] and 

were sequestered by an extracellular chaperone [118]. They described the oligomers as 

mostly below 10-mers in monomer units, and using TCCD it was possible to study 

these at levels much closer to their physiological concentrations compared to other 

techniques [118]. Furthermore, these fluorescent methods have been used to show how 

oligomers preferentially interact with cell membranes relative to monomers [121]. 

Subsequently, Flagmeier et al. used an ultrasensitive membrane disruption assay to 

show that Aβ42 oligomers but not monomers or fibrils are able to disrupt lipid vesicles 

at picomolar concentrations [92]. 

Aggregate analysis via TCCD and confocal photobleaching trajectory analysis [117] 

are limited by acquisition times and instrumental dead times. Whilst the timescale of in 

vitro aggregation of the majority of amyloidogenic proteins is sufficiently slow to take 

full advantage of these techniques, the temporal resolution can be a limiting factor for 

the ability to detect early aggregation events of proteins with fast aggregation kinetics, 

such as Aβ42. To overcome this limitation, microfluidic strategies have been used, 

whereby the aggregation mixture is rapidly flowed through the confocal volume to 
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increase the rate of detection, and therefore increase the time-resolution of the 

methods [60].  

TCCD measurements of co-oligomer formation between Aβ40 and Aβ42 helped 

generate a thermodynamic model of the peptides’ aggregation propensities [122]. It 

should be noted that the ability to size aggregates from TCCD and smFRET 

measurements is limited due to several factors such as the inhomogeneity of the 

confocal volume and fluorescence quenching at high label densities. Improvements to 

the former have been suggested by Murphy et al. through the use of Bayesian 

Inference [123], which led to the data analysis on population sizes and intramolecular 

distance being more robust than simple threshold-based analysis, especially in more 

complex datasets.  

Super-resolution techniques have been used to probe the seeding capacity of Aβ 

aggregates in addition to the morphology of aggregates in CSF [124,125]. By seeding 

fluorescently labelled Aβ40 with brain- and CSF-derived Aβ from AD and control 

patients it has been shown, using dSTORM, that seeding capacities and elongation 

rates were dependent on aggregate size [126].  

In order to perform label free imaging in vivo, there has been a surge in the 

development of fluorescence imaging probes with similar properties as ThT and 

Thioflavin S (ThS). Notably the class of oligothiophenes has been used to image Aβ 

aggregates in their pre-fibrillar and fibrillar state both in vitro and in vivo (Figure 6) [127-129]. 

Interestingly, these dyes show different spectral footprints for the different amyloid 

topologies of Aβ and tau [130]. Similarly, the hydrophobicity reporter dye nile red has 

been used to spectrally super-resolve local hydrophobicity propensities of amyloid 

aggregates using sPAINT [74]. 
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Figure 6  High resolution fluorescence images and emission spectra of pFTAA bound to 
pathogenic hallmarks in AD. (A,B) Fluorescence images showing an overview of the interaction 
between Aβ deposits (green), NFTs, and dystrophic neurites (yellow and red). (C) Emission spectra 
of pFTAA bound to Aβ aggregates (green spectrum) or NFTs (red spectrum). (D,E) High 
resolution fluorescence images showing the details of the distribution between Aβ deposits (green), 
NFTs, and dystrophic neurites (yellow and red). Selected Aβ deposits and NFTs are highlighted 
(green and red arrows, respectively) to indicate striking spatial co-localisation. Scale bar = 50 μm 
(A), 20 μm (B) and 10 μm (D and E). Figure adapted from Aslund et al. [128] and reproduced from 
Kundel at al [37] . 

 
A different approach in understanding the molecular mechanisms of aggregation, 

and hence oligomer formation, is through the combination of high quality kinetic data 

and kinetic modelling. This work on Aβ has been pioneered by the Knowles and Linse 

groups. High purity recombinant monomeric Aβ42 has led to robust aggregation 

kinetics which has enabled the use of global fitting models to get insight into molecular 

mechanisms of the underlying processes [131-133]. 

An online modelling platform has been made available to investigate the effect of 

interactions of Aβ with, for example chaperones [134] or antibodies [135] and to model 

molecular mechanisms for other amyloid proteins [132]. This has shown that Aβ42 

aggregation is strongly dominated by secondary nucleation, and hence the presence of 

seeds has an autocatalytic effect on the aggregation process [19]. However, care needs 

to be taken when inferring in vivo mechanisms from in vitro models, as some of the 
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effects may be compounded by cellular components, for example fibril seeding on the 

membrane.  

The application of the above mentioned advanced biophysical methods has led to 

insights into the molecular mechanisms underlying Aβ aggregation and has given us 

insights into some structural features of the resulting soluble aggregates and amyloid 

fibrils. One of the main challenges is to link these molecular mechanisms and structural 

features to the resulting neurological effects and finally to the clinical manifestation of 

the disease. The prolonged time-course of the disease and the low Aβ concentration 

in the extracellular space are of particular interest. In vitro, Aβ aggregation time-courses 

are usually studied over hours at concentrations that are orders of magnitudes higher 

of what is found in the CSF [136]. Furthermore, the interactions and interplay between 

different Aβ peptide isoforms and with other amyloid forming proteins have not been 

conclusively explored. The application of the techniques described, could allow the 

investigation of the aggregates at the atomic and molecular level and help understand 

the neurobiology of these diseases.  
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1.4 α-Synuclein oligomers in Parkinsons disease  

αS was one of the first described intrinsically disordered proteins [137]. It was 

identified as the major component of Lewy bodies found in PD and other 

synucleinopathies and has been associated with amyloid plaques in AD [137,138]. A 

further link between the disease and αS comes from the autosomal dominant forms of 

the disease which show duplications and triplications of the SNCA gene encoding for 

αS [139,140]. A third confirmation comes from the single residue missense mutations in 

αS in the early onset forms of PD [141-146]. 

Structurally αS consists of three main regions: the positively charged N-terminal 

region (residues 1-60), the central hydrophobic domain (61-95) also called non-amyloid 

β-component (NAC) and the acidic C-terminal end (96-140). The N-terminus contains 

a apolipoprotein-like helical sequence that drives the alpha-helix acquisition upon 

binding to membranes [147,148]. The NAC region is responsible for the aggregation of αS 

and the formation of the beta-sheet during fibril formation [149,150]. The proline rich, 

negatively charged and acidic C-terminus facilitates protein solubility and has no 

known secondary structure elements [151]. αS is highly dynamic as it is able to transition 

between different secondary structures depending on its interaction partners [152]. 

The localisation of mutations in non-sporadic PD cases are all found in the N-

terminal region of the protein just flanking the NAC region [153]. It indicates that the 

mutations modulate the conformational landscape of αS which has been shown both 

in vitro and in vivo [31,154-158]. Especially the A30P mutation proved useful as αS, with this 

mutation, forms a population of trapped oligomers that led to the hypothesis that 

oligomers are responsible for toxicity in PD [31]. 

Testing this hypothesis, the generation of a large number of oligomers was 

required. Methods to achieve this included incubating concentrated αS solutions on 

ice [159], incubating at 37C [81,160] and the combination of the incubation with size 

exclusion [161,162] or diafiltration steps [163] respectively. Even though a recent study 

managed to purify and characterise kinetically-trapped oligomeric species and 

characterise them using fluorescence, CD, AFM, DLS and cryo-EM, they did not go 

on to form fibrils [81]. With the oligomers trapped in an energy well for alternative 

aggregation/ folding of αS they might not represent the complete picture of 

heterogeneity of αS oligomers [81,161,164-166]. Depending on the conditions used purified 
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oligomers differ however and can go on to form fibrils [167-169]. Many additives and 

conditions have been used to generate various forms of oligomers and have been 

extensively reviewed recently [170]. While amyloid fibrils in vivo are similar to the end 

point in in vitro [33,34], there is no structural information on the oligomers present in the 

brain as of now. It is conceivable with the same final structure that the formation 

happens via a common intermediate, but this needs to be confirmed.  

Figure 7  TEM images of oligomers. (A) Annular oligomers described for the first time by 
Lashuel et al. [159] formed by dissolving lyophilised αS in PBS at a concentration ranging from 300-
700 µM and incubating on ice for 30-60 min. Oligomers were then filtered through 0.22 µm filters 
and separated from monomers by gel filtration. Scale bar is 50 nm. (B) Spherical oligomers as 
observed by Ehrnhoefer et al. [166]. 100 µM αS was incubated in the presence of N-epigallocatechin 
gallate (1:10) and incubated in TBS buffer on a rotary shaker (conditions favouring aggregation) at 
37°C. Oligomers were separated from monomers and other aggregates by gel filtration. Scale bar 
is 100 nm. The figure is adopted Kundel et al. [37] 

Crosslinking has been used to capture the rare and transient αS oligomers in 

vitro [171,172]. Their size has been characterised but as they are crosslinked and therefore 

trapped it is not clear if they go on to form fibrils and hence how well they represent 

the oligomers in the brain. The use of native mass spectrometry has allowed to 

investigate the size of oligomers and showed different conformational states of 

monomers and dimers [173,174]. Drift-time analysis showed the presence in sizes from 

dimers to hexamers, giving insight into their topology [175]. However, these methods 

require the aggregates to be dissolved in specific buffers which could perturb their 

structures and are limited in characterising larger oligomers [174-176]. 

The use of fluorescence methods has been extensively used to monitor 

intermolecular interactins in αS. Structure-based non-covalent fluorescent probes have 

been developed and used to specifically detect oligomers, pre-fibrillar species and 

fibrils [177,178] and will be discussed in more detail in chapter 4. Similarly, nile red is a 

non-covalent structure-based fluorescent probe. This was used in sPAINT to look at 

the nanoscopic hydrophobicity landscape of both oligomers and fibrils [74]. We showed 
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that the oligomers have a higher surface hydrophobicity than the fibrils, which could 

be a mechanism of toxicity.  

Fluorophores can also be conjugated directly to the protein using maleimide 

chemistry on cysteine residues inserted by site-specific mutagenesis [179-181]. Great care 

has to be taken to not interfere with the aggregate formation or oligomer structure of 

the protein through the incorporation of the fluorophores. The covalent attachment 

of the fluorescent probes to the monomers opens up a variety of methods to study the 

aggregate formation. FCS, as described above, allows to estimate the size distribution 

and the concentration of oligomers from their diffusion coefficients giving some 

insight into early aggregate formation [180]. 

Single-molecule techniques are of particular power for heterogeneous mixtures as 

observed with rare αS oligomers. The first technique applied to study αS was 

SIFT [58,182-184]. SIFT assigns the bursts of higher fluorescence to oligomers, while being 

able to measure them individually. This is refined in the analysis of photobleaching 

steps in sub-stochiometric labelled αS. This was done on a TIRF setup as to allow for 

continuous imaging [65]. Accurate identification of individual photobleaching steps in a 

single aggregate is usually limited to about ten fluorophores. The study identified a 

purified oligomer of 31 monomer however. This result has to be seen within the 

limitations of the technique. The method is biased for the detection of brighter species 

and the analysis assumed one size of oligomer, which may not have been the case.  

In depth single-molecule studies using TCCD and smFRET were made possible 

through the introduction of a cysteine at position 90, just flanking the fibril-forming 

region [40,60,61]. The single-molecule measurements revealed two oligomeric populations, 

masked in ensemble methods. The two populations exhibited different ‘compactness’ 

as measured by FRET, different resistance to proteinase-K degradation and different 

stability in low ionic strength buffers [60]. The same techniques were then used to study 

the subtle structural differences between the oligomers generated by various mutant 

forms of αS and the wild type form [61,185]. Furthermore, studying the aggregation 

kinetics on single-molecule levels at different concentrations allowed to infere a kinetic 

model of the conversion rates of the two different types of oligomers [186]. 

Observing oligomers in human biofluids is helping understand structural 

properties, but it still remains a major challenge to observe native oligomers in cells or 
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even in vivo. Most efforts so far used antibodies in vivo as their application is well 

established and compatible with many imaging techniques [187,188]. Further techniques 

like complementation assays or proximity ligations assays [189-193] or confocal 

microscopy methods [194,195] have been used to study αS self-interaction.  
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2 Aims of this thesis 

This dissertation has two main parts. The first part will focus on the possible 

applications of extrinsically fluorescent dyes to study protein aggregates in situ. This 

will focus on the application of new dyes in the use of the SAVE method focusing on 

aS and PD. We will answer some technical question to explore the possibility of the 

described methods as a possible biomarker.  

I will then present results how a combination of techniques has allowed us to 

transfer the said method to AD patient samples and get insight about the structure of 

the neurotoxic aggregate in human CSF. Furthermore, I will show what implications 

these findings have on the development of antibodies and why some of them could 

have failed in clinical trials. 

Secondly, I will present a novel, modified approach on how to isolate various 

oligomeric species of Aβ42 and their distinct structural properties in a cross-sectional 

manner. More importantly this new approach helped us to understand in more detail 

some biological implications of the species occurring throughout the aggregation 

reaction.  
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3 Material and Methods 

3.1 Biochemical Methods 

Preparation of αS Aggregates 

αS aliquots were kindly provided by Beata Blaszczyk and Ewa Klimont. Either the 

wild-type or A90C variant (for labelled αS) of monomeric αS was purified from 

Escherichia coli as described previously [196,197]. For A90C, the single cysteine was labelled 

with maleimide-modified Alexa Fluor 647 (AF647) as previously reported [198]. The 

excess dye was removed by passing the labelled protein through a P10 desalting 

column containing Sephadex G25 matrix (GE Healthcare). The protein was 

concentrated using Amicon Ultra Centricons (Millipore), divided into aliquots, before 

being flash-frozen in liquid nitrogen and stored at -80oC. Each aliquot was only thawed 

once prior to use. For the aggregation reactions, a 70 μM solution of wild-type αS in 

25 mM Tris buffer (pH 7.4) and 0.1M NaCl (with 0.01% NaN3 to prevent bacterial 

growth during the experiments) was incubated in the dark at 37oC, with constant 

agitation at 200 rpm for 22h prior to the experiment.  

Preparation and purification of recombinant Aβ42 for Single Vesicle 

experiments 

The recombinant protein was kindly provided by Dr. Patrick Flagmeier. The 

recombinant Aβ42 (M1-42) peptide (MDAEFRHDSGYEVHHQKLVFF 

AEDVGSNKGAIIGLMVGGVVIA), here called Aβ42, was expressed in the 

Escherichia coli BL21 Gold (DE3) strain and purified as described previously with slight 

modifications [131,199]. Solutions of monomeric recombinant Aβ42 were prepared by 

dissolving the lyophilised Aβ42 peptide in 6 M Gu HCl then purified by using a 

Superdex 75 10/300 GL column (GE Healthcare Bio-Sciences AB SE-751 84 Uppsala, 

Sweden). The center of the elution peak was collected, and the peptide concentration 

was determined from the absorbance of the integrated peak area using ε280 = 1490 L 

mol-1cm−1. 

Measurement of aggregation kinetics of Aβ42 

For kinetic experiments the Aβ42 monomer was diluted with buffer to the desired 

concentration and supplemented with 20 μM ThT. All samples were prepared in low-

binding Eppendorf tubes (Eppendorf AG, Hamburg, Germany) on ice. Each sample 

was then pipetted into multiple wells of a 96-well half-area, low-binding polyethylene 
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glycol coating plate (Corning 3881, Kennebuck ME, USA) with a clear bottom, at 80 

μL per well. The 96-well plate was placed in a plate reader (Fluostar Omega, Fluostar 

Optima, or Fluostar Galaxy; BMG Labtech, Ortenberg, Germany) and incubated at 

37°C under quiescent conditions using the bottom reading mode (440-nm excitation 

filter, 480-nm emission filter). For each new preparation of protein, the aggregation 

kinetics were checked by performing reactions at different concentrations of Aβ42. 

Conditions for Aβ42 aggregation 

Aliquots of monomeric Aβ42 were diluted with buffer to a concentration of 2 μM 

in low-binding Eppendorf tubes on ice. Individual samples were then pipetted into 

multiple wells of a 96-well half-area plate (Corning 3881, Kennebuck ME, USA) and 

the plate was placed into an incubator at 37 °C, under quiescent conditions. Aliquots 

for measurements of Ca2+ influx were then taken at the desired times after the plate 

was placed in the incubator. 

HiLyteTM 647 Fluor and HiLyteTM 488 Aβ42 peptide purification and 

aggregation 

Aβ labelled N-terminally with HiLyte™ Fluor 647 and HiLyte™ Fluor 488 were 

purchased from AnaSpec (#AS-64161 and #AS-60479-01). Solutions of monomeric 

protein were prepared by dissolving the protein in 10mM NaOH at high concentration 

and then purified using a Bio-Sep 2000 HPLC column (Phenomenex) in SSPE buffer 

(Thermo Fischer, #15591043). Peak fractions were collected, and the peptide 

concentration was determined using the absorbance of the fluorescent label with an 

extinction coefficient of 250,000 M-1cm-1 for HiLyte™ Fluor 647 and 70,000 M-1cm-1 

for HiLyte™ Fluor 488. Monomeric fractions were frozen immediately after 

preparation and kept at -80°C until use. 

Aliquots of monomeric Aβ were diluted to an equimolar concentration of 2 µM 

of HiLyte™ Fluor 647 Aβ42 and HiLyte™ Fluor 488 Aβ42 in low-binding Eppendorf 

tubes and incubated at 37°C, under quiescent conditions.  

Sucrose Ultracentrifugation 

The aggregated peptide was loaded on a step gradient of 10-50 % sucrose in SSPE 

buffer at pH 7.4 in increments of 10 % sucrose with a total volume of 2 ml. All samples 

were centrifuged for 15 h, 41 000 g and 20°C and the fractions were collected 

immediately and stored on ice until use and stored no longer than one day. The 
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collection was done by piercing the centrifugation tubes orthogonally in 400 µl 

fractions and the remaining pellet was resuspended in 100 µl buffer. 

Dot Blot 

Synthetic Aβ42 was aggregated for 3 h at 37°C under non-shaking conditions at 

2 μM monomer concentration. 2 μl of sample at different protein dilutions were 

spotted onto nitrocellulose membrane slowly. After drying the membrane it was 

blocked by soaking in 5% BSA in TBS-T (20 mM Tris-HCL pH 7.5, 150 mM NaCl, 

0.05% Tween 20) for 0.5-1 h at room temperature. It was then incubated with the 

primary antibody at 1 μg/ml for 30 min at room temperature. After washing 3 x 5 min 

with TBS-T the blot was incubated with the secondary antibody conjugated to Alexa-

647 for 30 min at room temperature in the dark. Subsequently the blot was washed 

three times with TBS-T (15 min x 1, 5 min x 2), then once with TBS (5 min) in the 

dark. The blot was then imaged in a Typhoon gel imager at the according wavelengths.  

Dye Solutions 

ThT (Sigma-Aldrich), DiThT-PEG2 (Custom Synthesis, Peakdale Molecular) and 

DCVJ (Anaspec) stock solution was prepared in Dimethylsulfoxide (DMSO) (Sigma-

Aldrich) diluted into pre-filtered (0.02 μm filter, Whatman, GE Healthcare) phosphate 

buffered saline (PBS) (Sigma-Aldrich) to a final concentration of ~100 μM. Its exact 

concentration was determined spectroscopically using the following extinction 

coefficients: ThT 36,000 M-1 cm-1 at 412 nm; DiThT 45,800 M-1 cm-1  at 410 nm; DCVJ 

42,000 M-1 cm-1 at 460 nm (measured). For BTA-1 (Anaspec) and NR (Anaspec) the 

stock solutions were prepared weighing out the solid into DMSO. Solutions were all 

filtered (0.02 μm filter, Whatman, GE Healthcare) prior to use and not used longer 

than one day. Borosilicate glass coverslips (VWR International) were cleaned in an 

Argon plasma for 1 hour and prepared for coating with a 20mm x 20 mm Frame-Seal 

slide chamber (Bio-Rad). The coverslips were coated with 0.01% Poly-(L)-Lysine 

Solution (PLK) (Sigma-Aldrich) for at least 30 minutes. The PLK solution was 

aliquoted and stored at 80°C as storage at 4°C lead to an increase in false positives in 

the negative controls. The PLK-coated surfaces were washed three times with PBS 

before the sample was applied. Each sample was left on the coverslip for 10 min prior 

to imaging to ensure absorption of the species on the surface.  
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3.2 Fluoresence Imaging and Instrumentation 

Total Internal Reflection Imaging 

The samples were imaged using a home-built total internal reflection fluorescence 

(TIRF) microscope limiting the detectable fluorescence signal to within 200 nm from 

the coverslip. For imaging of ThT, DiThT, BTA-1 and DCVJ a 405 nm Laser (LBX-

LD, Oxxius Laser Boxx, Laser 2000) was passed through a FF01-417/60-25 (Semrock) 

excitation filter to remove any stray light, passed through a quarter wave plate to 

circularly polarise the beam and expanded using a collimated Galilean beam expander. 

All other lasers and according filters and dichroic mirrors are described in Table 1. The 

aligned beam was directed parallel to the optical axis at the edge of a TIRF objective 

(APO N 60X TIRF, Olympus) mounted on an inverted Olympus IX-73 microscope 

(Olympus). Fluorescence was collected by the same objective, separated from the 

returning TIR beam by a dichroic Di01-405/488/532/635 dichroic mirror (Semrock), 

and passed through an appropriate filter for ThT, DiThT-PEG2 and DCVJ: BLP01-

488R-25, (Laser 2000) and for BTA-1: FF01-434/17-25 (Semrock). The images were 

recorded on an EMCCD camera (Evolve 512 Delta, Photometrics) operating in frame 

transfer mode (EMGain of 4.4 e-/ADU and 250 ADU/photon). Each pixel was 207 

nm in length. The distance between the 9 images measured in each grid was set to 350 

μm, and was automated (bean-shell script, Mircomanager) to prevent user bias. Images 

were recorded continuously for 100 frames with 50 ms exposure.  

Table 1  Overview over all used filters and dichroic mirrors. If not stated otherwise all filters and 
dichroic mirrors have been purchased from SEMROCK. *) Has been purchased from THORLABS.  

Laser-

Line 

405 nm 488 nm 532 nm 647 nm 

Excitation 
Filter 

FF01-417 60-25 LM01-466-25 FF01-532/3-25 FF01-640/14-
25 

Dichroic Mirror Di02-
R442 25x36 
(Dichroic D3) 

DMLP505R *) 
(Dichroic D2) 

Di02 R532 25x36 
(Dichroic D1) 

N/A 

Emission Filter BLP01-488R-25  FF01-587 BP  LP02-647RU-25 

Filter Dichroic  
(Dichroic D4) 

Di01-R405/488/532/635-25x36 
(Dichroic D5) 

 

Confocal smFRET measurement 

The instrumentation and measurement techniques used in this study have been 

described in great detail previously [56,200]. A schematic of the confocal setup used is 
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shown in Figure 3. For all measurements using pFTAA the dye was used at 30 nM 

final concentration and only the events in the blue channel were observed. 

DNA-PAINT Imaging 

Glass coverslips (0.13 mm thickness, round, 50 mm diameter) were cleaned using 

an argon plasma (PDC-002, Harrick Plasma) for 1 h. Then, a multiwell chamber 

coverslip (CultureWell CWCS-50R-1.0, 50 channels) was cut in half and affixed to the 

glass coverslip. The slide was incubated with aspartic acid (Sigma, 1 mg/mL) for 1 h 

and washed once with Tris buffer (0.02 μm filtered, Anotop25, Whatman); 5.0 mM 

tris(hydroxymethyl)aminomethane (Tris), 1 mM EDTA, 10 mM MgCl2, pH 8). 

Samples were incubated on the slide for 5 min, before the liquid was removed and 

replaced with Tris buffer containing aptamer, imaging strand and/or ThT/pFTAA. 

The slides were then transferred to the microscope stage and coupled to the objective 

using refractive index-matched immersion oil (refractive index n = 1.518, Olympus, 

UK). If imaging for longer than 2 h, another clean coverslip was then layered on top 

of the multiwell chamber to prevent evaporation.  

Preparation of aptamer and fluorophores 

The aptamers and fluorophores were kindly provided by Dr. Horrocks. All DNA 

strands were diluted in Tris buffer. The docking and imaging strand sequences were 

the same as those used previously [201]. The docking strand-conjugated aptamer 

(ATDBio, GCCTGTGGTGTTGGGGCGGGTGCGTTATACATCTA) was used at 

a final concentration of 100 nM. The DNA imaging strand (ATDBio, 

CCAGATGTAT-Cy3b) was also dissolved in Tris buffer and used at a final 

concentration of 1 nM. The ThT solution was prepared as described and further 

diluted to 5 μM in Tris buffer and mixed with the abovementioned two DNA solutions 

for imaging.  

Super resolution imaging of cells 

To prepare cells for imaging they were first washed with phosphate buffered saline 

(PBS) before being fixed with paraformaldehyde (4% w/v) for 15 min at room 

temperature. The cells were rinsed three times with PBS before being incubated for 

1 h at room temperature in PBS containing 0.5% triton X-100 with 10% goat serum. 

The aptamer and imaging strand was then diluted to 100 nM and 5 nM respectively in 
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PBS + 10% goat serum. The cells were incubated with the aptamer solution overnight 

at 4ºC before imaging. Near-TIRF illumination was used to illuminate the cells.  

Instrumentation 

A home-built total internal reflection fluorescence (TIRF) microscope was used 

for imaging. The principal layout is equivalent to what is shown in , hence it is not 

sketched again. The output from two lasers operating at 405 nm (Oxxius Laser-Boxx, 

Oxxius) and 561 nm (Cobalt Jive, Cobalt) were aligned to the optical axis of a 1.49 

N.A., 60x TIRF objective (UPLSAPO, 60XO TIRF, Olympus) mounted on an 

inverted Ti-E Eclipse microscope (Nikon, Japan). The microscope was fitted with a 

perfect focus system (PFS) which auto-corrects the z-stage drift during a prolonged 

period of imaging. The laser power was attenuated by neutral density filters before the 

beam was passed through a quarter-wave plate (to circularly polarise the laser beam), 

a beam expander and their respective excitation filters (FF01-417/60-25 for 405 nm 

and FF01-561/14-25 for 561 nm, Semrock). The lasers were combined by a dichroic 

mirror (FF458-Di02-25x36, Semrock) and passed through the back port of the 

microscope and focussed in the sample by the objective. The laser power at the 

objective was 1.13 mW and 10.07 mW for the 405 nm and 561 nm lasers respectively. 

Fluorescence was collected by the objective and separated from the excitation light by 

a dichroic mirror (Di01-R405/488/561/635, Semrock), and passed through 

appropriate filters (BLP01-488R-25 for ThT and LP02-568RS-25 for Cy3B, Semrock). 

The fluorescence was then passed through a 2.5x beam expander and recorded on an 

EMCCD camera (Evolve 512, Photometrics) operating in frame transfer mode 

(EMGain of 11.5 e-1/ADU and 250 ADU/photon). Each pixel corresponded to a 

length of 131.5 nm. Images were taken in a grid by an automated script (Micro-

Manager) to prevent user bias. Exposure times were kept constant at 50 ms; at least 

4000 frames were acquired for super-resolution images, 100 frames were acquired for 

diffraction limited images. (The principal layout is equivalent to , hence it is not shown 

again). 

3.3 Data Analysis 

3.3.1 TIRF and Super Resolution Image analysis 

Data analysis was performed using a custom written ThT analysis plugin for the 

GDCS SMLM plugin (Alex Herbert, SUSSEX UNIVERSITY) in ImageJ 
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(http://imagej.nih./goc/ij) kindly developed and provided by Mathieu Palayret. The 

individual image stacks are intensity averaged over 100 frames and the background 

level is determined by a quick residuals least trimmed square estimator. The signal gets 

fitted to a Gaussian 2D point spread function by the GDCM SMLM Peak Fit plugin. 

The signal-to-background threshold for all signals was kept consistent throughout the 

dataset after initial judgment. Furthermore, the intensity histograms and signal to 

background histograms were used to check for consistency. False positive correction 

of detected spots was done manually after each experiment with only the dye or only 

the PLK coated surface respectively. Photon emission was calculated with 

(Equation 1). All graphs have been plotted and fitted with Origin Pro 9 except the 

lognormal fit of the histograms was performed with custom written code in Matlab.  

Figure 8  Workflow of the data analysis for the TIRF imaging. The RAW image stack of 50-100 
individual exposures is intensity averaged for better signal to noise. The resulting image is the used 
to identify maxima which are the aggregates we subsequently count and compare with respect to 
their intensities. The resulting control image is used to check thresholds for each batch of 
experiments to account for variability in the experiment. 

In Figure 8 it is schematically shown how the data is processed. The recorded 

stacks of multiple exposures of the same field of view are intensity averaged. The 

resulting image is cropped and then analysed further. The find maxima function of 

ImageJ is used to identify all ThT-positive spots with a noise level set for the entire 

experiment but varied between conditions to account e.g. for dye background. The 

signal to noise correction is done locally in the adjacent pixels of the peak which 

accounts for uneven field illumination. All identified aggregates are then overlaid with 

a circle to visually control for accurate fitting. The peak intensities are used to generate 

the histograms and the number of peaks is used to compare the sensitivity of the dyes 

or the number of aggregates respectively. 

𝛾𝑆𝑖𝑔𝑛𝑎𝑙𝜏 = (𝐷𝑈 −  𝛾𝐷𝜏) × (
1

𝑄𝐸
) (

𝐺

𝑀
) 

Equation 1  Calculation to determine the emitted photons for image analysis 
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Table 2  Values for calculation of Photons for SAVE experiments. G is the analogue gain 
(electrons per analogue-to-digital-unit (ADU), τ is the exposure time, QE is the quantum efficiency, 
M is the EMCCD multiplication and γD is the dark count rate per pixel (Hz/pixel) 

Pixel Size (nm)  207 *) 

G (e-/ADU)  4.4 

τ (s-1)   0.5 

QE  0.96 

M  150 

γD (Hz/Pixel)  500 
*) the pixel size changed to 237 nm after change of the microscope body for later experiments. 

For the two-colour coincidence analysis fitting of the signal was done as described 

above. The procedure runs for both channels and if spots in the two different channels 

are within 400 nm of each other they are colocalised. Chance coincidence which means 

having two of the fluorescently labelled species randomly occupying the same region 

is calculated by rotating one averaged channel 90° and translating it a third of the image 

size in order that any spots in the centre of the image are not accidentally found to be 

coincident. Chance coincidence is particular problematic for high densities and 

concentrations were adjusted accordingly to keep this effect minimal. 

Coincidence is calculated with Equation 2 by selecting one channel as base 

channel and calculate how many of the spots in the base channel are colocalised to the 

other channel as a fraction of all spots. This is corrected by the chance spots which are 

the colocalised spots when one of the channels is rotated by 90 degrees.  

𝐶𝑜𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑐𝑒 =  
𝑐𝑜𝑙𝑜𝑐𝑎𝑙𝑖𝑠𝑒𝑑 𝑠𝑝𝑜𝑡𝑠 − 𝑐ℎ𝑎𝑛𝑐𝑒 𝑠𝑝𝑜𝑡𝑠

𝑡𝑜𝑡𝑎𝑙 𝑠𝑝𝑜𝑡𝑠 − 𝑐ℎ𝑎𝑛𝑐𝑒 𝑠𝑝𝑜𝑡𝑠
 

Equation 2  Calculation to determine the coincidence for the colocalisation analysis 

 

3.3.2 smFRET data analysis 

The smFRET data is analysed using a custom written application developed by 

Mathew H. Horrocks [202]. 

For the data analysis all intensity data of the APDs was transferred into IgorPro. 

The thresholds for both channels were adjusted for each set of experiments based on 

the background signal of the monomer solutions and the buffer solutions. To show 

the threshold was in the linear range for the monomer concentrations expected I 
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plotted the monomer brightness and the number of detected events as a function of 

threshold and monomer concentration (Figure 9). 

To control for consistent recording the number of detected events were plotted 

against time throughout the experiment to control for any possible channel blockages, 

varying flow rates. The monomer brightness was compared throughout and the 

alignment was checked frequently through the use of dual-labelled DNA samples.  

Figure 9  Threshold testing as a function of monomer concentration to determine the correct 
working dilutions. (A) Detected bursts in the donor channel above threshold of monomeric 488 
dye as function of threshold and concentration (B) equivalent experiment with monomeric 647 
dye. (C) Detected FRET bursts in the acceptor channel for (C) 488 dye and (D) 647 dye. The plots 
confirm that the selected thresholds are in the linear regime and the concentrations are suitable to 
distinguish the aggregates form monomeric bursts. 

For the in depth analysis the FRET efficiency was plotted against the apparent 

oligomer size and depending on the requirements various other parameters were 

extracted such as e.g. FRET- and Intensity- Histograms of aggregates, fraction of 

aggregates and aggregate counts. The details of these steps have been 

described [40,200,203].  
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3.4 Other techniques 

3.4.1 Vesicle Assay 

The Vesicle Assay was performed by Dr. Suman De with the help of Dr. Patrick 

Flagmeier as described in [92].  

Vesicles are prepared by mixing 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine 16:0-18:1 PC (Avanti Polar Lipids) and 1-oleoyl-2-[12-

biotinyl(aminododecanoyl)]-sn-glycero-3-phosphocholine 18:1-12:0 Biotin PC (Avanti 

Polar Lipids) at 100:1 ratio. The solvent was then removed under vacuum in a 

desiccator overnight and the lipids were then rehydrated in HEPES buffer (pH 6.5) 

with 100 µM Cal-520 (Stratech). Five freeze-and-thaw cycles were performed using dry 

ice and a water bath, followed by 10 times extrusion (Avanti Polar Lipids) with a 

membrane of 200 nm cut off to improve the homogeneity of the vesicle size and 

lamellarity distribution. To separate non-incorporated dye molecules from the vesicles, 

size-exclusion chromatography was performed. Then the purified vesicles tethered to 

PLL-PEG coated borosilicate glass coverslides using a biotin-neutravidin-biotin 

linkage and incubated in Ca2+ containing (1.26 Mm) Leibovitz's L-15 solution 

(Thermo-fischer). The frame-seal incubation chambers affixed (Biorad) coverslides 

were placed on the instrument described below. Thereafter the sample, diluted to a 

concentration of twice the targeted value, was added to the coverslide and incubated 

for ~10 min and same field of views are imaged. Next, ionomycin (Cambridge 

Bioscience Ltd), an ionophore for Ca2+, was added and incubated for 5 min and 

subsequently images of Ca2+ saturated single vesicles in the same fields of view were 

acquired once more. Importantly, we made sure that the coverslides were not moved 

during the experiment so that exact same vesicles can be imaged in different 

conditions, which can be analysed to calculate sample induced Ca2+ influx 

quantitatively. For each field of view 50 images were taken with an exposure time of 

50 ms each. The recorded images were analysed using ImageJ (National institute of 

Health) to determine the fluorescence intensity of each spot under the three different 

conditions, namely blank (Fblank), in the presence of an aggregation mixture (Fsample), and 

after the addition of ionomycin (FIonomycin). Spot detection was implemented using ‘find 

maxima’ and intensity of the spots are calculated by considering 5 pixel diameter by 

centering brightest pixel of the spot. Then the particular sample induced relative Ca2+ 

influx into a vesicle was calculated using Equation 3. 
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Ca2+influx =

Fsample − Fblank

FIonomycin − Fblank
 

 

Equation 3  Calculation of Ca2+ influx based on the fluorescence changes detected. 

The average degree and standard deviation of Ca2+ influx was calculated by averaging 

the Ca2+ influx into individual vesicle from 16 field of views. 

3.4.2 Inflammatory Response Measurement and Cell Culture 

The TNFα levels were kindly measured by Dr. Craig Hughes. The BV2 cell lines 

were derived from immortalised murine neonatal microglia. They were grown in 

Dulbecco’s Modified Eagle’s (DMEM) supplemented with 10% foetal bovine serum 

and 1% L-Glutamine (Life Technologies) and incu-bated at 37 °C in a humidified 

atmosphere of 5% CO2 and 95% air, until approximately 1.6 x 106 cell/ml. For long 

duration experiments the buffer was exchanged every 24 hours. Elisa assays. To 

determine cumulative TNF-α production, supernatants were obtained after incubation 

with the Amyloid aggregate fractions over viable time frames and stored at −80°C until 

analysed. TNFα levels were analysed using the Duoset® enzyme-linked 

immunosorbent assay (ELISA) development system (R&DSystems, Abingdon, 

Oxfordshire, UK). 

3.4.3 Atomic Force Microscopy  

The AFM was performed by Dr. Simone Ruggeri. The AFM was done on bare 

mica (TedPella Inc., USA) substrates. The mica surface was cleaved for each sample 

and an aliquot of 10 µl of the sample solution was deposited on the positively 

functionalised surface. The droplet was incubated for 5 minutes, then rinsed by 1 ml 

of Milli-Q water and dried by the gentle stream of nitrogen gas. The preparation was 

carried out at room temperature. AFM maps were realised at least with a resolution of 

1024x1024 pixels by means of a JPK nanowizard2 system (Germany), operating in 

tapping mode and equipped with a silicon tip (μmasch, 2 Nm-1) with a nominal radius 

<10 nm. Images flattening and single aggregate statistical analysis was performed by 

SPIP (Image Metrology, Denmark) software [204].  
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4  Studying Amyloid Aggregates in human CSF 

4.1 Introduction 

The development of new drugs is strongly coupled to two factors: firstly, an 

understanding of the molecular mechanism of the disease to identify a therapeutic 

target and secondly a biological readout to monitor the beneficial effect preferentially 

with an easily accessible and measurable biomarker. There has been good progress in 

the understanding of the molecular players in the case of AD and PD over the last 

decades. However, monitoring the disease progression and identifying early signs 

clinically and biochemically has been an ongoing problem. For a long time, the only 

fully reliable diagnosis about the subtypes of many dementia variants was the post 

mortem analysis of the brain.  

The first identification of amyloid proteins in a human CSF was in 1992 showing 

the presence of Aβ [205]. CSF is accessible with the standard procedure of a lumbar 

puncture and proteins will be much more readily measurable than in blood as they do 

not have to cross the blood-brain barrier. It was also shown that αS was present in 

cerebrospinal fluid in PD patients with the potential as a biomarker [187,206].  

It was found in recent years for AD, that the three amyloid markers of total tau, 

phospho-tau and amyloid beta fragments (specifically 1-42) robustly correlate with 

MCI and dementia due to AD with sensitivity and specificity reaching 85–90% [207,208]. 

The three markers are used in combination and their diagnostic power can be 

explained in different ways. An increase in total tau correlates to AD pathology and 

can be linked to the release of tau by degenerating axons into the extracellular 

space [209]. High concentrations of total-tau are a sign of intense axonal degeneration 

that indicate fast disease progression [210,211]. The phospho-tau concentrations in CSF 

reflect the presence of neurofibrillary pathology [212,213]. 

CSF biomarkers in AD 

For Aβ the situation is reversed in the correlation between the CSF levels and 

disease progression. In 1992 Haass and colleagues first showed that Aβ is secreted to 

the CSF [205], but subsequent measurements of CSF Aβ could not show a clear change 

in AD [214,215]. This could be accounted for by the non-specific ELISA used. The 
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relevant Aβ isoforms 1-40 and 1-42 were not distinguished and hence a change could 

not be observed [216]. 

It was then shown in 1995 that AD patients have reduced A42 [217]. This was 

explained by sequestration of Aβ42 in senile plaques [218] and possible oligomerisation 

and matrix effects, leading to the reduced levels [207]. This measure was improved by 

taking into account the Aβ40 to Aβ42 ratio as this allowed to determine the levels of 

Aβ42 in the background of the individual Aβ production [207,219]. Aβ40 production is 

about ten times higher than Aβ42 and does not change in AD but the 42:40 ratio 

reduces even more markedly than 42 alone [216,220]. These findings have been confirmed 

by ELISA methods [221], luminex [222], electrocheminoluminescence immunoassay [223], 

and other techniques [224,225]. Not only has the decrease been confirmed but also 

multiple large clinical studies have confirmed the link. Hansson and colleagues [226] 

conducted a large multicentre studies showing consistent results throughout and with 

an in depth meta-review by Olsson and colleagues [227].  

Overall around 90% of the MCI patients with pathological CSF biomarkers at 

baseline eventually progressed to AD dementia in these studies. Aβ42 levels decrease 

prior to onset of AD dementia by at least 10 years and prior later increase of tau and 

p-tau [209]. This suggests changes in Aβ precede the tau-related pathology. 

For the described CSF biomarkers, especially for Aβ, it was not so clear how the 

drop in Aβ42 could be explained. This could be due to decreased Aβ production, 

decreased Aβ clearance, aggregation and deposition of Aβ in brain tissue, with lower 

amounts diffusing to the extracellular space and CSF, increased proteolytic degradation 

of Aβ, and possibly more [216]. However, the most likely explanation is the increased 

rate of aggregation in the brain, as an inverse correlation was shown between CSF 

Aβ42 and plaque load in cortical regions [218]. 

 

Other diagnostic approaches in AD 

Another way of predicting and diagnosing AD uses the amyloid binding ThT-

derivative Pittsburgh B (PiB) as 11C-modified derivatives in positron emission 

tomography (PET). PiB interacts with the amyloid deposits in the brain showing 

increased ligand retention in cortical brain regions in AD compared to controls [228,229]. 

This concept has been expanded by the use of multiple 18F labelled tracers for amyloids 
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which can have slightly different binding properties [230]. PET imaging shows good 

correlation with the CSF biomarkers and AD progression [229]. PiB and other amyloid 

beta ligands are targeting aggregated, beta-sheet structure containing protein deposits. 

This beta-sheet binding property leads to predominantly labelling of compact 

plaques and vascular deposits as shown in post-mortem tissue [231]. This means in turn 

that less closely packed aggregates and amorphous plaques are not getting picked up 

very well but the PET imaging shows good agreement with Aβ pathology regardless 

of the non-comprehensive labelling of all Aβ aggregates [232,233].  

Despite the fairly established biomarkers for AD, we still have not fully 

understood the molecular mechanisms of aggregation and pathology in the brain. With 

the secretion of Aβ into the CSF we have direct access to the resulting aggregate 

species before plaque formation. This can potentially allow us to examine structural 

properties of the former in the CSF. The biomarker approach described above selects 

for a sequence specific epitope on the protein. Alternatively, we can, orthogonal to 

mesoscopic PET imaging, use ThT to image the microscopic aggregates in the CSF [77]. 

Despite some potential diagnostic value, this could more importantly help us better 

understand the nature of the aggregates in the brain. 

Multiple anti- Aβ antibodies failed in phase III clinical trials recently. Most 

prominently bapineuzumab. There is a variety of explanations for this which I will 

discuss in more detail in the following chapter 4.2.3. It is important to understand 

however, the correct pathologic state of the neurotoxic protein. Otherwise potential 

non-harmful forms might be wrongly depleted and worsen the condition. There are 

two things I will examine in the following. Firstly, can we learn more about the number 

and structure of the aggregates in CSF by directly observing it via SAVE. Is the 

aggregate number and structure different between AD and HC in the CSF? This can 

potentially help translate some of these properties in to in vitro systems to study the 

correct aggregation states. Secondly, if we have a method of measuring aggregates in 

the CSF, can we inhibit their effects? This can help us evaluate e.g. antibodies in 

preclinical trials on human aggregates.  
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CSF biomarkers in PD 

αS as a biomarker for PD cases is still not fully validated. The central role of αS in 

the role of pathogenicity and the correlation between the neurotoxicity and its levels 

make it an attractive biomarker candidate. There have been conflicting results as to 

whether the levels of total αS are linked to the disease progression and suitable as a 

biomarker [106,234-237]. The most recent results suggest no link for total CSF αS levels and 

PD. Some results also suggest a link between low levels of αS and tau in CSF [238]. All 

this however just shows even more the need to develop a prognostic and diagnostic 

marker for PD. Horrocks and colleagues were able to distinguish PD and HC CSF 

samples by the number of ThT active aggregates imaged with high-resolution TIRF 

microscopy [77]. This made the technique a promising candidate as diagnostic tool 

(Figure 10). Furthermore, it might help us understand the aggregates present in the 

brain. 

Figure 10  The SAVE method allowed to distinguish PD patients and HC patients by counting 
the number of ThT-active aggregates in the CSF. (A) shows an example image of a CSF patients 
CSF imaged with SAVE and the green circles show the counted aggregates. (B) and (C) show the 
direct comparison between the PD and HC samples as analysed with SAVE and an αS specific 
ELISA which does not show any difference between the samples in contrast to the SAVE method. 
Figure reprinted from Kundel at al. [37]. 

The following section will consist of two main parts. Firstly, the expansion of the 

SAVE method with various other extrinsically fluorescent dyes and the horizontal 

method transfer to AD CSF samples. Secondly, I will demonstrate how SAVE and 

other methods helped to understand why the antibody bapineuzumab might not have 

been successful in phase III clinical trials and how antibody effects differ between in 

vitro aggregated protein and aggregates in CSF.  
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4.2 Results 

4.2.1 New Extrinsically Fluorescent Dyes to improve SAVE 

High resolution microscopy coupled with extrinsically fluorescent dyes can be 

used to visualise unlabelled single amyloid aggregates. In this chapter I show how 

parameters for the imaging of individual aggregates of αS can be optimised, using five 

different dyes. I will show that a dimer of Thioflavin T gives improved performance 

in this particular application. I will also show effects and how the sample handling can 

affect the outcome.   

The oligomeric states of αS were found to promote elevated levels of reactive 

oxygen species and Ca2+ in cells, membrane permeabilisation and play an important 

role in seeding and therefore elevated disease progression [239]. It is likely that absolute 

protein concentrations which are dominated by the monomer, often used in ELISA 

based diagnostic tests, might not be the best parameter for disease progression. Rather, 

a test which determines the relative concentrations of protein aggregates may be a 

better solution. Single amyloid visualisation through enhancement (SAVE) addresses 

this problem by measuring the individual aggregates (Figure 11) found in human 

CSF [77]. We explore if the technique can be improved or expanded with different beta-

sheet binding dyes to enhance its capabilities.  

Figure 11  Schematic of the SAVE method showing a simplified view of the single aggregate 
visualisation through enhancement with the sample deposited on a coated glass coverslip and 
imaging in TIRF mode after the addition of ThT and subsequent data acquisition and analysis. The 
scale bar is 10 µm showing αS aggregates. 

The SAVE method is particular useful for two reasons. Firstly, because it does 

not require a covalently attached fluorophore, which is not easily done in a biofluid. 

Secondly because it enables the size distribution of aggregates to be monitored within 

a single sample, which is not possible with an ensemble method. Despite the surge of 

oligomer specific ELISA tests, these still usually select positively for one epitope in the 

ensemble measurements. That means even with a specific epitope we will only be able 

to see one ensemble response to the overall presence of the structural binding sites. 
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This means we would for example not be able to distinguish between many aggregates 

with little binding sites and little aggregates with many binding sites. 

I selected five dyes that have been shown previously to bind to beta-sheet 

structures present in amyloid aggregates. We compared ThT, a custom made PEG2 

linked Thioflavin Dimer (DiThT-PEG2), DCVJ, BTA-1 and Congo Red for testing 

(Figure 12). To the best of my knowledge, no other studies used extrinsically 

fluorescent dyes to image aggregates in biofluids. This makes the explorative nature of 

this work important.  

 

Figure 12  (A) shows the chemical structures of the extrinsically fluorescent dyes used to test 
for ThT alternatives. The dyes are ThT, Di-ThT-PEG2, BTA, DCVJ and CR. (B) The respective 
emission spectra of the tested dyes upon binding to αS aggregates is shown. All spectra are 
normalised for their intensity. 

The important properties of the dyes were tested for (1) the usability for SAVE 

with a sufficient signal to see individual aggregates (2) the optimal dye concentration 

to balance false positive and signal to noise with a constant protein concentration and 

(3) the most promising dyes, namely ThT and DiThT, were tested at various aggregate 

concentrations at their optimal imaging concentration.  
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Figure 13  (A) The aggregate density measured with CR in the presence of aS aggregates with 
the SAVE method. We cannot see an increase in aggregate density until very high dye 
concentrations which have high error bars due to false positive background effects. (B) BTA-1 
doesn’t show any aggregates either. (C) An example of the lognormal fitted intensity distribution 
for BTA-1 has been plotted. As the overall number of detected spots is so low, the fits have big 
errors and doesn’t allow us to get conclusive results with either dye. Hence, they are not suited for 
the application. 

Where ThT, DiThT-PEG2 and DCVJ show good signal at various dye 

concentrations CR and BTA-1 show no signal (Figure 13). This has all been analysed 

using the methods described in chapter 3.3. In brief, we focus on all puncta signals 

above background to see if BTA-1 and CR are suitable. Even though they are known 

to bind beta-sheet structures, their photochemical properties are not sufficient to 

image single aggregates with the proposed method.  
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Figure 14  The data of 3 technical repeats for each data point of ThT (green), Di-ThT (yellow) 
and DCVJ (orange) are shown. All graphs show the readout as a function of dye concentration. 
(A) shows the aggregate density without false positive correction. (B) shows the density of detected 
‘aggregate’ in the absence of protein, a measure of the false positive rate. (C) The mean SBR is 
calculated by fitting each cumulative histogram of each reapeat with a lognormal function as it bests 
represents the distribution. The SBR is calculated for each aggregate individually between the peak 
intensity and the surrounding pixels (D) The Intensities have also been fitted with a lognormal 
function as described for the SBR. At very low concentrations the fitting failed and is hence not 
displayed, as almost no aggregates were detected to start with. 

To compare binding affinities the binding curves have been normalised after 

fitting (Figure 15 A) with midpoint and saturation point. Fitted to a sigmoidal curve 

the half point is 1.1±0.3 μM, 0.1±86 μM and 6.3±0.4 μM for ThT, DiThT and DCVJ 

respectively. The higher binding affinity of the ThT-Dimer is probably due to its 

dimeric structure. DiThT shows the highest affinity to αS with ThT about 10-fold 

lower and DCVJ even lower. I distinguish two types of ‘background’: (1) SBR 

background as a function of signal strength to amorphous background noise which 
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shows how sensitive the dye is, if an aggregate is present and (2) false positive 

background for dye molecules giving false positive signals, when no αS aggregates are 

present. The SBR is calculated locally for each fitted maximum and is hence not 

susceptible to changes in the overall illumination of the TIRF field. The false positive 

background for both ThT and DiThT does not increase at higher concentrations and 

stays consistently low over the whole range (Figure 14 B). However, the false positive 

background of DCVJ is significant above ~10 μM (Figure 14 B). There is an overall 

trend of increased SBR as function of aggregate density but there is no clear optimum 

(Figure 14 C). The optimal dye concentration for imaging is hence largely dominated 

by two factors. The low limit of the dye concentration is determined by the detection 

of the aggregates while the upper limit is determined by the increasing amounts of false 

positives. The mean intensity is fairly constant with an increase at higher dye 

concentrations with the high deviations make interpretation difficult. The exception 

here is DCVJ where the increase in false positives is matched by a decreased in 

intensity. This suggest that the false positives are bright enough to be above threshold 

but with overall low intensity and start dominating in presence over the aggregates. 

For above absolute signal intensity and the SBR ratio the histogram of the 

intensity for each set of data at a given concentration of dye was fitted to a lognormal 

distribution and is plotted in Figure 14 C, D. The photon count of the three lognormal 

fits was calculated using Equation 1 using values as stated in the Table 2 section.  
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Figure 15  (The binding affinity for Di-ThT-PEG2 (yellow), ThT (green) and DCVJ (orange) 
fitted to a sigmoidal dose response normalised to its maximum density. Each point is the mean of 
at least three biological repeats each consisting of 27 recorded field of views (11x10³ μm²) with the 
standard deviation of each repeat as error. (B) The average density and as a function of protein 
concentration after 22h aggregation at fixed dye concentration of 10 µM ThT (yelow line) and 1 
µM Di-ThT-PEG2 (green line). Each density value is the average of 27 field of views. 
Representative image data for the various concentration is shown below. The square is a sample 
for a monomer concentration of 1E-4 µM and the triangle for 100 µM. The density is equal to the 
background density and therefore not included in the plot. 

Comparing the density of detected aggregates at the same protein concentration 

the saturation for ThT and DiThT is in the same regime indicating that neither detects 

more aggregates above its Kd. DCVJ though has a higher saturation density. This is 

due to increasing false positive events as shown in Figure 14 A, B. This could be caused 

by precipitation or micelle formation of the dye in the aqueous solution or unspecific 

binding to the PLL- coated surface. 

Changing the protein concentration over with fixed dye concentration can give us 

insight into relative detection limits. As shown in Horrocks et al. [77] with an enriched 

oligomer concentration the lower detection limit for these is 10 pM. In our case to 

compare ThT and DiThT I chose to aggregate αS to a mostly oligomeric state without 

specifying the oligomer concentration. Both dyes show a linear relation between the 

density and the protein concentration with DiThT appearing to be slightly more 

sensitive. At very high protein concentration the individual signals cannot be separated 

anymore. (Figure 15).  
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Sample handling procedures 

I also tested the effect of the standardised spinning of the CSF samples post 

lumbar puncture and whether the freezing of the samples for storage has an effect on 

the outcome of our method. The centrifugation is a standard procedure to ensure no 

cells in the samples from piercing the skin before taking the sample.  

Prior to assay development a variety of controls were examined to exclude effects 

of the CSF sample preparation, processing and storage. CSF samples are obtained via 

lumbar puncture done by a trained clinician on the patient. In most cases the samples 

get subsequently centrifuged at 2000- 3000 g for 10-15 mins to remove cell debris and 

blood contamination. The samples get frozen on dry ice or flash frozen in liquid 

nitrogen and stored at –80°C. As the SAVE method is able to detect and distinguish 

different macromolecular structures and not only protein abundancies it was crucial 

for us to control for preservation of these. There has been evidence that freeze-thaw 

cycles can generate smaller size amyloid fibers and that storage conditions alter 

biomarker results [240-242]. To avoid biasing our results by generating smaller fibril 

fragments through freeze thaw cycles a fresh CSF sample (appr. 30min to 1h post 

spinal tap) was used to measure the effect. This was compared to the same sample 

frozen in liquid nitrogen and analysed later. No appreciable difference was observed 

in the oligomer count but the results show a small reduction of aggregates overall 

(Figure 16).  

Figure 16  SAVE imaging of a fresh and a frozen CSF sample. The mean of 27 field of views 
with the standard deviation as error shown. The overall aggregate count is reduced due to the freeze 
thaw cycle, but the change is overall small. It appears as if the non-diffraction limited fibrils are 
affected more strongly. 

This effect might be smaller than in an AD sample, as the sample was from a 

patient with no diagnosed AD or PD and is therefore probably not showing the same 

amount of oligomers and fibrils as it would in the case of a PD or AD patient. 
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However, to allow for aliquoting samples for multiple repeats we kept one freeze-thaw 

step in any further sample handling and avoided subsequent freeze-thaw cycles.   
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Figure 17  Comparison of different centrifuged and non-centrifuged CSF samples. (A) The 
normalised spot count is shown with the normalised mean of 3 repeats with 27 fov each with the 
standard deviation of as error. No depletion of one or the other species can be observed. (B) A 
histogram of the intensities shows now particular influence on large or small aggregates. The 
intensities from all three repeats are binned. (C) The aggregate density difference of a different set 
of deidentified patients. Each bar is the difference of centrifuged vs non-centrifuged of one repeat 
with 27 field of views with the error bar the higher standard deviation of the two values. Again, no 
clear influence of the centrifugation can be observed. 

To examine the influence of spinning, a frozen unspun sample from a single 

sample out of a PD cohort and a set of AD patient samples was used. The SAVE 

technique was applied, and results are shown in (Figure 17). There was no clear trend 

in the sample set of the AD cohort. All samples have been de-identified for research 

use and then divided into spun at 2000 g for 10 min at 4°C and unspun. The results 

are comparable for the PD sample with the speed slightly higher at 3000 g for 10 min 

at 20°C. A closer look at the intensity distribution to account for depletion of larger 

species did not give a difference either. The speed of the centrifugation seems to be 

low enough to not bias the results in our technique. These finding suggest that the 

sample procedure is not affecting the SAVE technique in its present form. Therefore, 

it is necessary to develop further parameters to get a better and predictive distinction 

of both PD and especially AD CSF samples.  

In both cases however it was not possible for us to access fresh and non-

centrifuged confirmed AD or PD CSF. It is conceivable that the presence of ThT-

positive aggregates was overall different in the tested CSF samples. Furthermore, as 
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the patients required a spinal tap to analyse their CSF they are most probably in 

treatment for some form of neurological disorder which could potentially influence 

the outcome of the experiments. Nonetheless within the given circumstances it 

appears that neither the mild centrifugation nor the storage at -80°C affect the outcome 

of the SAVE measurements. 
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4.2.2 SAVE to search for AD biomarkers in CSF 

After the SAVE method was used and assessed for αS we tried to establish if this 

method could be readily applied to CSF samples from AD patients. ThT is known to 

bind to Aβ protein as it exhibits the same extended beta-sheet structures that required 

for fluorescent enhancement of the dye. The hypothesis was that if there was a 

difference in the number of amyloid aggregates in the CSF we should be able to detect 

that difference. We measured a sample cohort of overall 37 samples with a clinical 

diagnosis of AD or as HC. All AD positive samples had protein levels of Aβ1-42 < 

600 ng/L, T-tau > 350 ng/L and P-tau181 > 80 ng/L according to Toledo et al. [243]. 

The details (protein levels, gender, age) of the cohort patients are listed in (Table 3). 

The SAVE analysis showed however no statistically significant difference between the 

two sample cohorts (Figure 18) in contrast to the results in PD (Figure 10) [77]. Neither 

the number of the aggregates nor their intensity changed significantly (Figure 18 A, 

Figure 19). I measured overall 37 samples with 18 in the AD cohort and 19 in the HC 

cohort. Even when comparing the mean number of aggregates in each sample the 

difference is not sufficiently significant.  

Figure 18  (A) Comparison between AD CSF samples (red) and HC CSF samples measured 
with the SAVE technique. The mean line is shown with 25 and 75 percentile and the error bar 
showing the SD of each cohort. ANOVA test shows no significance with p = 0.1237 between the 
18 and 19 samples in each cohort. (B) A ROC curve in green with the random chance line in grey 
is shown comparing the AD and HC cohort. The area under the curve is 0.635 which means the 
test is overall poor in discriminating AD from HC patients. 

ROC curves are frequently used to assess the diagnostic power of clinical test. Figure 

18 B shows the ROC curve for the AD and HC dataset. The further the line moves to 

the upper left the better the specificity and sensitivity of the test to distinguish AD 

from HC. In my case the curve deviates from the diagonal line which is equivalent to 

complete randomness only very little. This means the test is not suitable to distinguish 

samples in the cohorts. Horrocks et al. furthermore observed a shift in the intensities 
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in the case of the αS aggregates [77]. The cumulative histogram of the intensities of all 

the detected aggregates shows a small deviation (Figure 19).  

Figure 19  The cumulative frequency histograms of the AD (red) and HC (green) cohort is 
shown as a function of Intensities. The shape of the curve is mostly very similar with only a small 
deviation in the mid region. 

To test whether this shift was sufficient to improve distinction between AD and 

HC improves I picked a randomly selected subset of samples with varying thresholds. 

(Figure 20 A) shows the box plot of all aggregate intensities of the ten-patient subset. 

The selected thresholds are indicated vertical bars. (Figure 20 B) shows the resulting 

mean intensities of the subsets selected via the indicated thresholds showing now 

improvement over the comparison of the number of aggregates. These findings 

however lead on to further studies in chapter 4.2.3. I go on to study structural 

properties of aggregates in human CSF under the effect of various antibodies and this 

is complemented by means of Ca2+ influx measurements. 

A possible explanation of the same level of detected ThT-active aggregates which 

I find in the AD and HC CSF could be the fact that AD has a mixture of aggregates 

present throughout the disease. It has been shown with ELISA that the levels of total 

Aβ42, Aβ40 and tau develop nonlinearly throughout the disease [207]. In this cohort the 

threshold for determining disease was defined by the results of the ELISA. These 

ELISA tests, even though they can predict disease progression, do not take into 

account clinical diagnosis and some of the HC cohort might still develop AD or other 

neurodegenerative diseases further down the line. The results could also be influenced 

by bias in protein levels due to e.g. tauopathies that clinically would not develop into  
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Figure 20  (A) Box plot of individual peak intensities for a set of 5 sample each to specifically 
test various intensity thresholds to distinguish AD from HC. The box shows the 25 and 75% 
percentile with the mean line and standard deviation indicated by the bars. (B) Comparison between 
the indicated thresholds counting aggregates above the respective intensity thresholds. The box 
represents the mean between all 5 samples with the standard deviation as error and the result of 
the students t-test indicated above each comparison. 

AD but would still show increased tau levels. Together these factors could all 

contribute to the result that SAVE is not suitable as a tool to predict or diagnose AD. 
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Table 3  Overview of all measured AD (red) and HC (green) CSF samples with the mean 
aggregate density and the standard deviation of all 27 field of views and the corresponding ELISA 
results, age and gender. 

ID 
Mean 

Density 
Std Dev Tau ng/L Aβ ng/L Ptau ng/L Age Gender 

AD/HC   >350 <600 >80   

390d 6.678 3.973 1180 290 117 77 M 

542b 14.357 8.578 984 556 88 75 F 

548b 10.285 8.995 1360 505 137 64 F 

554b 20.071 16.628 982 553 112 80 F 

557b 2.178 2.464 835 491 90 82 F 

708c 13.678 6.279 703 562 85 71 F 

715c 15.857 11.407 778 330 80 72 M 

720c 9.035 4.039 750 392 90 75 F 

722c 5.892 4.279 518 334 91 77 M 

731c 9.107 5.122 780 546 94 20 F 

734c 24.321 21.840 974 515 87 75 M 

757c 16.642 13.583 873 234 88 63 F 

788c 14.607 11.802 984 556 88 75 F 

800c 12.571 5.659 1310 532 143 82 M 

830c 7.285 5.450 826 591 167 52 F 

865c 12.892 11.902 720 508 104 72 F 

872c 15.250 8.420 768 522 102 85 F 

884c 4.357 4.638 1200 315 165 59 F 

883c 12.428 6.613 193 758 33 70 M 

537d 11.500 5.261 297 716 35 65 M 

547c 10.000 6.546 329 1250 53 78 M 

552c 15.107 11.505 264 617 50 68 F 

554c 9.428 6.945 324 809 43 69 M 

571c 17.642 17.489 332 678 46 62 M 

750c 18.928 8.119 283 1050 39 69 M 

768c 18.464 8.865 115 691 38 77 M 

777c 13.321 7.474 214 877 36 78 M 

809c 14.392 7.422 130 729 28 69 F 

812a 15.392 8.234 106 789 21 62 F 

815a 11.785 5.459 266 698 31 73 F 

820a 5.107 4.065 134 675 27 60 M 

821c 14.607 8.269 250 847 42 70 F 

823c 41.214 52.212 120 923 25 68 F 

842c 10.035 5.984 253 860 46 73 M 

847c 21.678 15.264 303 977 49 73 M 

870c 13.321 8.477 263 706 40 64 F 

879c 17.892 17.475 188 604 31 82 F 
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Expansion of SAVE via a clusterin competition assay 

The extracellular chaperone clusterin binds to oligomeric Aβ42 aggregates with 

high affinity. Recent findings suggest that the molecular chaperon clusterin can help 

preventing cell toxic effects of Aβ aggregates [120]. Clusterin or Apolipoprotein J is a 

multifunctional disulfide linked heterodimeric glycoprotein composed of two 40 kDa 

subunits [244]. The CLU gene locus was associated to AD in genome wide studies [245,246]. 

It has been shown that the extracellular Clusterin sequesters oligomeric forms of the 

Aβ40 peptide in long lived stable complexes suppressing Aβ40 aggregation with a 

similar binding occurring for Aβ42 [247]. Furthermore clinical studies confirmed a 

potentially important role for clusterin in the earliest stages of the AD 

neurodegenerative process and suggest independent effects of clusterin and p-tau on 

Aβ-associated atrophy rate of the entorhinal cortex and hippocampus [248].  

The underlying rationale for the competition assay is the observation, that 

clusterin binds to oligomeric amyloid proteins such as αS oligomers [249]. It bound to 

αS aggregate already at sub-stochiometric ratios. At low clusterin: substrate ratios the 

amyloid formation was increased while high clusterin: substrate inhibited amyloid 

formation [249].The following in vitro data suggest a possibility of the use of fluorescently 

labelled clusterin in a competition assay as a probe to explore αS - clusterin interactions 

in CSF. To test this hypothesis, I used αS oligomers and pre-incubated them with 

varying concentrations of clusterin. I then added a fixed concentration of 1.5 nM 

Figure 1  Co-localisation competition with fluorescently labelled Clusterin and unlabelled 
Clusterin binding to αS Oligomers. The left graph shows the percentage co-localisation based on 
ThT with the concentration of the pre-incubated Clusterin given on the x-axis. Each point is the 
mean of three experiments each with 27 field of views and the error is the standard deviation of 
the mean. The data is fitted to a sigmoidal dose response function with an EC50 of 3.21 x 10-6 ± 
0.40 x 10-6 μM with an r2 of 0.91 for the fit. The right hand shows the dashed area with same data 
on a logarithmic scale.  
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AF647 labelled clusterin and analysed the colocalisation with the ThT active 

aggregates.  

The difference in co-localisation could be used in addition to the density of the 

ThT active oligomers to improve diagnostics. Figure 21 shows the differences of co-

localisation dependent on the added amount of unlabelled wild-type clusterin with 

unchanged amount of labelled clusterin. The translation of this principle into CSF 

could potentially distinguish differences yet undetected by the current method by 

adding an additional parameter. CSF clusterin has been associated with PD, but the 

results are unclear to how they are linked [250-254]. With the proposed method I could 

detect if in the PD case more clusterin was associated with the oligomers and vice versa 

even if the overall aggregate yield was equal depending on the co-localisation rate. The 

combination of SAVE and clusterin colocalisation can help understand aggregates in 

our PD and HC CSF samples and possibly improve diagnostics. This system has not 

been further explored however as I have focused my efforts on detailing more of the 

structure of the Ca2+ inducing aggregates in human CSF of AD patients as described 

in the following chapter.   
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4.2.3 Structural Effects of Antibodies on Aβ42 aggregates 

The development of new therapeutic antibodies led to the prominent and 

promising candidate Bapineuzumab developed by MedImmune which failed in Phase 

III clinical trials [255,256]. One of key questions was, why an antibody against Aβ 

aggregates which are linked to the disease was not successful. A therapeutic strategy in 

AD is to target the small soluble protein aggregates, in particular in the case of Aβ42, 

to reduce their toxic effect. A lack of understanding of the precise composition and 

structure of the aggregates in vivo makes this however a challenging task. We suggest 

that the combination of a single vesicle and single cell based ultrasensitive 

measurement of calcium influx and single aggregate imaging can help preclinical tests 

with aggregates that resemble more closely the in vivo situation. I will describe the assays 

we use briefly. Importantly all assays use very little sample volume (<10 ul) which 

makes it possible to measure, compare and screen with the precious resource of the 

human CSF. This all makes it as suitable approach to characterise potential therapeutic 

agents in CSF.  

A discussed earlier the small soluble aggregates are a potential target for treatment. 

Especially aggregates for human sources are of interest. Isolated aggregates from 

human sources such as the soluble fraction of brain homogenates have been used [29,257]. 

The preparative steps involved however could alter the properties of the notoriously 

transient aggregates. The suggested methods do not involve preparative steps but use 

the CSF directly in the assay. There have been few other experiments involving CSF 

without further preparative steps, namely by Klyubin and Walsh showing that 

aggregates in CSF can induce long-term potentiation deficits in brain slices which can 

be suppressed by antibody addition [257,258]. CSF is suitable as a representation of the 

extracellular processes in the brain as it freely exchanges in with interstitial fluid 

surrounding the brain. It has also been shown that AD CSF can cause cell death, which 

was reduced by the addition of extracellular chaperones [259].  

We have shown that picomolar levels of Aβ oligomers can induce Ca2+ influx into 

neuronal cells by local dosing via a nanopipette and via a quantitatively measuring the 

Ca2+ influx into vesicles [260]. As I showed previously we can image single aggregates of 

amyloid beta with the SAVE method. With these methods I will characterise the 

protein aggregates present in the CSF of AD patients and control individuals. I 
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furthermore test the effectiveness of a single chain nanobody raised against amyloid 

beta Nb3, clusterin and the antibody bapineuzumab and their effects on the aggregates. 

The structural characterisation was done in parallel with a high-throughput Ca2+ 

influx assay and a single cell Ca2+ influx assay. I will include the results of the two assays 

as part of the integrated research to complete the story but will focus on my own work. 

regarding the structural changes. 

Figure 22  (A) Schematic of the vesice assay to measure Ca2+ influx due to AD and HC CSF. 
POPC vesicle filled with the calcium sensitive dye Cal-520 are tethered to the surface of a glass 
coverslide. Upon addition of addition of the sample (Aβ or CSF) the increase in fluorescence can 
be observed due to the Ca2+ in the surrounding buffer solution entering the vesicle. The addition 
of an ionophore allows the normalisation of each individual vesicle signal and hence a quantitative 
measurement. (B) No significant difference in the Ca2+ influx due to AD and HC CSF is observed. 
Full statistical details can be found in Table 4. 

The starting point was the measurement of Ca2+ influx with the high throughput 

vesicle assay induced by AD CSF and HC CSF. There was no significant difference 

between the samples (Figure 22). The ultrasensitive measurement of calcium into 

vesicles is achieved by tethering POPC vesicles filled with the Ca2+ sensitive dye Cal-

520 via a biotin-neutravidin interaction to a glass surface. These are spaced in a way 

that each vesicle can be detected individually on a high resolution TIRF microscope. 

The surrounding medium contains Ca2+ which can be detected when membrane 

disruption or perturbation due to amyloid aggregates leads to Ca2+ influx. After 

addition of an ionophore the maximum intensity of each fluorescence signal in each 

vesicle is determined to allow for a quantitative measure of the Ca2+ influx. This 

method allows detection of aggregates at very low concentration with the use of 

minimal amount of sample per measurement (<10 ul) [92].  
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Figure 23  Comparison of the number of aggregates found in the AD CSF patients and HC 
CSF patients used in the vesicle and Ca2+ assay. The difference in the number of aggregates is not 
significant. The mean line with the standard deviation as error is shown. 5 of the AD CSF samples 
of this cohort were measured by Dr. D. Whiten. 

Secondly, the SAVE imaging with ThT showed no difference in the number of 

ThT-active aggregates (Figure 23). This is consistent with the findings described in 

chapter 4.2.2. These findings suggest that a similar number of aggregates in AD and 

HC CSF cause the Ca2+ influx. The results are also consistent with previous findings 

with aggregate specific ELISA-based detection. These neither detected a clear 

difference between AD CSF and control CSF [136,261].  

Figure 24  (A) Schematic of the SICM experiment to measure Ca2+ influx into astrocytes with 
the Ca2+ sensitive dye Fluo-4 and the use of a nanopipette to deliver the aggregates locally (Aβ or 
CSF). The astrocytes are filled with the Ca2+ sensitive dye Fluo-4 and surrounded by a Ca2+ 
containing bath solution. Upon delivery of the sample the increase in fluorescence is measured 
with a highly sensitive TIRF microscope. (B) The total integrated Ca2+ signal after addition of both 
AD and HC CSF does not show a significant difference in the cell assay. Full statistical details can 
be found in Table 5 

A SICM setup with a nanopipette dispensing the CSF onto single cells was used 

to measure the calcium influx into astrocytes as described previously [260] (Figure 24 A). 

In this technique local dosing reduces the diffusion time to the cell surface, leading to 

detectable Ca2+ influx at low picomolar concentration. For the directed delivery of the 

CSF onto cells we use a nanopipette setup as described before [260]. A SICM setup is 

used to control the distance of a nanopipette over the surface of a cell (Figure 24 A). 
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The delivery of the reagents has previously been measured and modelled [262]. The 

sample is delivered to a surface area of about 1 µm2 with a distance of the pipette of 

about 300 nm above the cell. The cells are filled with the Ca2+ reporter dye fluo-4 and 

the bath solution is filled with Ca2+, to report any Ca2+ influx. This method allows the 

aggregates and CSF respectively to be delivered on small surface area, but the small 

cell to tip distance also reduces the diffusion distance for the aggregates before they 

reach the cells. This increases the local flux of the aggregates. This setup allows us to 

very sensitively measure the Ca2+ influx, in this case in to astrocytes, which reflect a 

realistic cell membrane in comparison to the POPC vesicles. Again, we did not see a 

significant difference in AD and HC but in both cases Ca2+ influx was observed (Figure 

24 B).  

After establishing the baseline for the Ca2+ influx the techniques helped to 

characterise the nature of the aggregates present in CSF. We tested the effectiveness 

of a single chain nanobody against Aβ, the extracellular chaperon clusterin and 

bapineuzumab.  

I tested bapineuzumab biochemically for binding to Aβ aggregates with a dot-blot 

and a labelled anti-human secondary antibody (Figure 25). This confirms that the 

antibody used are all native and binding to the aggregates. The Nb3 testing is not 

shown as this was done by Erwin DeGenst and clusterin binding was confirmed in 

previous studies of the same batch. 



Studying Amyloid Aggregates in human CSF 

 
 

60 

Figure 25  Dot-blot of bapineuzumab and the control IgG antibody compared at increasing 
concentrations of Aβ42 aggregates with the monomer concentration shown. There is a clear 
concertation dependent increase in the known binder bapineuzumab, whereas the control antibody 
is not binding to the Aβ42 aggregates. The control is an empty buffer only control. 

As described earlier, there was no difference in the Ca2+ influx between the 

different CSF samples and no difference in the number of ThT-active species (Figure 

23). This is in agreement with aggregate specific ELISA-based detections [136,261]. This 

suggests that the number of aggregates causing the Ca2+ influx is comparable. 

To identify if there is a qualitative difference in the aggregates we added the 

extracellular chaperon clusterin to the CSF prior to our measurements. The 

extracellular chaperones that can reduce the toxicity of CSF and has been shown to 

bind to misfolded and aggregated proteins. As described earlier clusterin has been 

shown to bind Aβ42 oligomers at sub-stochiometric concentrations [249,259]. Clusterin 

can bind to oligomers in multiples and it can decrease the Ca2+ influx into single 

vesicles [92,118,247]. The affinity of clusterin for the oligomers of Aβ is very high as only 

100 pM of clusterin halved the Ca2+ influx in the vesicle assay [92].  

Clusterin suppressed the Ca2+ influx in both the vesicle assay and the cell assay. 

This suggests that the influx is indeed caused by protein aggregates. Clusterin is already 

present in the CSF with concentrations of about 90 nM both in HC and AD [263]. This 

implies that the concentration of clusterin is not high enough in the CSF which agrees 

with reports of toxicity reducing effects of high clusterin concentration [259].  
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The next step was to use a Aβ42 specific single-chain nanobody Nb3 to see if we 

could reduce the effect Aβ specific. This nanobody was raised against the Aβ peptide 

binding to the epitope 17-28 with a measured dissociation constant to the monomer 

of 13 nM. The CSF samples were pre-incubated with 150 nM Nb3 for 15 min prior to 

the experiment. For recombinant Aβ42 oligomers approximately 18 nM was needed 

to half Ca2+ influx [92]. The same Ca2+ reducing effect with synthetic Aβ42 aggregates 

was found in the cell assay [260].  

Figure 26  Assessing the structural changes of the ThT-active aggregates with SAVE upon 
addition of bapineuzumab and Nb3 on synthetic Aβ42 and AD CSF. An aggregated solution of 
1 µM total Aβ42 monomer concentration was incubated with 150 nM of each antibody for 15 min 
and aggregates were counted as described previously. Each bar represents the mean of 3 slides with 
27 field of views overall imaging a 3 x 106 μm2 area. Error bars represent the standard error of the 
mean of all 27 field of views (B) The effect of the antibodies on the number of ThT positive 
aggregates in human CSF. The mean of 4 samples with 27 field of views each with the error bars 
representing the standard error of the mean of all samples. Full statistical details are in Table 6. 

 

  



Studying Amyloid Aggregates in human CSF 

 
 

62 

After testing the effects of clusterin and Nb3 I went on to test the efficacy of 

bapineuzumab. The bivalent humanised antibody that was tested to bind soluble Aβ 

monomer and oligomers at the N-terminus [264]. However, the phase 3 trials did not 

show any clinical outcome in AD patients [255,256,265]. There are many possible 

explanations why the trials might have failed. One of the most agreed ones are, that 

the passive immunisation might have occurred to late in the disease, that the effective 

doses were to low and that the disease relevant species might not have been targeted 

adequately. Especially the two last points are the ones that we will investigate further 

with our proposed methods. 

150 nM bapineuzumab caused a relative decrease of 70% in Ca2+ influx and 1 µM 

reduced it completely with recombinant Aβ oligomers. It was also effective in 

preventing the Ca2+ influx in the cell assay. The concentration of bapineuzumab did 

not detectably alter the number of ThT-active species with recombinant Aβ oligomers 

(Figure 26 A) or with AD CSF (Figure 26 B). This indicates no significant change in 

the number of β-sheet containing species within the timescale of our experiments. 

When AD CSF samples instead of recombinant Aβ oligomers were used with an 

antibody concentration of 150 nM the Ca2+ influx was decreased insignificantly by 

~12% for both AD and HC (Table 4). An increase of the bapineuzumab concentration 

to 1 µM caused a relative decrease of ~75% in the vesicle assay (Table 4), but no 

significant reduction in the cell assay at either antibody concentration. Bapineuzumabs 

lack of reduction, even at high concentrations, could be explained by different affinities 

or interactions between the cell membrane and the oligomers in contrast to the POPC 

vesicle. The results show that higher bapineuzumab concentrations are needed to 

reduce the extent of Ca2+ influx caused by human CSF compared to synthetic Aβ42 

oligomers in buffer solution. 

In addition to the SAVE technique, I also tested bapineuzumab and Nb3 in a 

smFRET experiment to see if the antibodies potentially change features of the 

aggregates that are undetected with SAVE. According to the previous tests I 

aggregated dual-labelled co-aggregates and incubated them for 24 h and 48 h with a 

humanised IgG, bapineuzumab, Nb3 and no antibody and measured before addition 

and at both timepoints. The first aspect tested with this method was, whether the 

fraction of the aggregates goes down over time as a function of the presence of the 

antibodies. The smFRET technique is more sensitive towards small aggregates and 
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hence might show differences in the non ThT active populations. Despite the 

increased sensitivity no significant difference was in the number of aggregates due to 

the presence of the antibodies (Figure 27 B). The consistent number of donors shows 

that no effect is masked by depletion of aggregates out of the mixture (Figure 27 A). 

This was further confirmed with the fraction of oligomers not changing either, 

meaning the equilibrium is not shifted (Figure 27 C). Again, if we normalise the 

aggregates and look at the fold reduction between the time intervals there is no 

significant reduction (Figure 27 D). Finally, there is no difference in the aggregate 

reduction comparing Nb3 and bapineuzumab to IgG. 

Figure 27  The effect of various antibodies on dual-labelled co-aggregates tested with 
smFRET at 24 h and 48 h after addition is shown. As indicated in (A) all three independent repeats 
are shown with the 25 and 75 percentiles as box, the median line and mean as small squares and 
the standard deviation of the mean as error. (A) The effect of the antibodies on the donor count is 
shown and to show that no donor depletion is causing any effects. In red (mock) only buffer is 
added to the aggregates; in blue the addition of a humanised anti IgG control antibody is plotted; 
in yellow bapineuzumab and in green Nb3. (B) The aggregate count of all FRET positive oligomers 
is plotted. (C) The percentage of oligomers as a function of FRET positive aggregates over the 
number of donor events is shown. (D) The fold reduction of FRET active aggregates over the first 
and second 24 h interval is shown. The reduction in aggregates is not significant, neither within the 
individual samples, nor compared to the IgG control. 
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Even though I am not detecting changes in the number of aggregates with the 

smFRET method I can still get insight into the FRET efficiencies within the aggregates 

and hence look for structural changes. To analyse the structural changes upon addition 

of the antibodies I used the FRET efficiencies measured and compared them between 

the various incubation periods and antibodies.  

The FRET histograms of one repeat is plotted as an example for the underlying 

data for the subsequent fitting (Figure 28). All histograms were fitted, with all r2 below 

0.9 and are plotted (Figure 29). There is no significant change in the FRET efficiency 

and hence the structure of the aggregates under these conditions. 

Figure 28  Example histograms of the FRET efficiency change over time for the various 
antibodies. The FRET efficiencies are shown as a function of time: before incubation with antibody 
(grey), after 24h (red) and after 48h (blue) with (A) the mock buffer only, (B) 1 µM of an unspecific 
human backbone anti-IgG antibody, (C) 1 µM bapineuzumab and (D) 1 µM Nb3. 

I can therefore conclude, that any beneficial effects are due to binding to the 

aggregates and subsequently masking any potential harmful surfaces of the aggregates.  
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Figure 29  The mean FRET efficiencies as fitted to the histograms. (A) The result of the 
gaussian fitting of the histograms with all three repeats shown as data-points (B) FWHM to show 
the homogeneity of the population. 

Possible explanations for the reduced effectiveness of the inhibition of the Ca2+ 

influx caused by human CSF include (1) reduction in the effectiveness of binding of 

the antibody to the oligomer due to molecular crowding and non-specific binding; (2) 

morphological changes between Aβ oligomer in CSF to the synthetic ones used in the 

in vitro case; (3) post-translational modification could be present in Aβ oligomers in the 

CSF, rendering them inaccessible or not recognisable to the antibody while still causing 

Ca2+ influx. Any combination of these effects could cause the observed effects and 

hence bapineuzumab is less effective in human CSF. 

Finally, I used an IP setup with Nb3 and BSA as control attached to magnetic 

beads to probe for the specificity of the Ca2+ influx effect. The depletion of Aβ42 due 

to the interaction with Nb3 should lead to a decrease in the number of ThT-active 

species and to a drop in the Ca2+ influx in our vesicle assay. This assumes the epitope 

is readily accessible and the Nb3 binding surface is available after binding to the 

oligomers. The magnetic beads with the streptavidin-biotin linker should allow for 

sufficient accessibility of the Nb3 epitope. After an incubation time equivalent to the 

previous experiments I removed the beads out of the CSF solution. The resulting 

SAVE and vesicle assay measurements are shown (Figure 30) 
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Figure 30  IP pull-down test to test the specific depletion of aggregates with the Aβ42 specific 
Nb3 and BSA as control immobilised on Dynabeads. (A) SAVE imaging of two CSF samples (CSF 
6, CSF 7) before the IP procedure after incubation with Nb3 and BSA coated beads respectively. 
The datapoints show the aggregate counts per field of view for 27 imaged. The box shows the 25 
and 75% percentile, the mean line and the error bar is the standard deviation. (B) The Ca2+ influx 
of the same samples was measured with the vesicle assay showing the mean Ca2+ influx with 
standard error as error bars.  

With the SAVE imaging I observe a slight drop in the number of aggregates in 

the CSF after the IP step. This is consistent with a drop of toxicity in the vesicle assay. 

However, the difference between the Nb3 coated and BSA coated beads is not 

significant highlighting a common problem with these experiments. I believe that the 

observation might be a result of the unspecific binding of the aggregates to the bead, 

due to the hydrophobic nature of the aggregates. That means the aggregates are 

depleted out of solution by either the bead surface or hydrophobic interaction with 

BSA. I can confirm a decrease in toxicity due to the incubation suggesting it is indeed 

the Aβ42 aggregates. The reduction by adding antibodies in solution shows that they 

are Aβ42 containing.  
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Table 4  Full statistical details of the single vesicle assay presented in the indicated figures above. 

Single Vesicle Assay 

Figure Sample Number Number of p Value 

  of vesicles CSF samples  

Figure 
22 B 

AD 4906 5 
0.44 

HC 4602 5 
 

Table 5 Full statistical details of the cell assay presented in the indicated figures above 

Cell Assay 

Figure Sample Areas  Number of p Value 

  per sample CSF samples  

 B 
AD 33 6 

0.30 
HC 65 9 

 

Table 6  Full statistical details of the single aggregate imaging presented in the indicated figures 
above 

Single Aggregate Imaging 

Figure Sample Areas  Number of p Value 

  per sample CSF samples  

Figure 
23 B 

AD 27 19 
0.49 

HC 27 12 

Figure 
26 A 

Aβ42 27 N/A 
0.70 

Aβ42 + BAPI 27 N/A 

Figure 
26 A 

Aβ42 27 N/A 
0.07 

Aβ42 + Nb3 27 N/A 

Figure 
26 B 

CSF 27 4 
0.62 

CSF + 150 nM BAPI 27 4 

Figure 
26 B 

CSF 27 4 

0.28 CSF + 1000 nM 
BAPI 

27 4 

Figure 
26 B 

CSF 27 4 
0.73 

CSF + 150 nM Nb3 27 4 
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4.3 Outlook and Discussion on methods using CSF  

I demonstrated that above assays, both the SAVE and the vesicle assay, can be 

useful to understand the molecular mechanisms of PD and AD. The SAVE technique 

has some obvious limitations, most importantly it only binds to beta-sheet structures. 

This is obviously specific for amyloid aggregates, but it is not specific to subtypes of 

aggregates made from different monomers such as Aβ42 or αS. This also means we 

cannot measure non-ß-sheet containing aggregates which might be more neurotoxic. 

SAVE can however still complement other techniques. Especially in the case of PD 

there seems to be a better relation between the number of aggregates in the CSF and 

with disease progression. It is imaginable that multiplexing with e.g. various 

extrinsically fluorescent dyes with specific binding sites or a combination of ThT or 

ThT-like dyes and antibodies could help expand the information content we could gain 

from imaging aggregates in CSF. 

Similarly, techniques that use other targeting molecules such as clusterin and 

explore competition or other interactions of amyloid aggregates on single molecule 

level could help in deciphering the molecular mechanisms of the neurotoxicity. This 

has been briefly explored and has potential to be developed into a high-throughput 

method. This would ideally be paired with a second parameter as clusterin, as a 

chaperone, is not sequence specific for e.g. Aβ42 or αS. 

The presented research lets me conclude that SAVE can be a useful tool in 

studying PD and AD alike. I have optimised the conditions for SAVE imaging showing 

that can be extended to other dyes such as DCVJ and DiThT which has a higher 

affinity for the aS aggregates. All this provides useful knowledge to select adequate 

dyes and concentrations in SAVE imaging. However, SAVE was not readily 

transferable to AD in the sense that the difference seen in PD patients was not 

observed in AD. Despite this limitation the technique is still useful in understanding 

aggregates in CSF. It allows us to specifically and compare effects of other proteins 

towards the aggregates in CSF. Crucially the exact composition and interaction of these 

amyloid aggregates, be it in PD or AD, might be different from the in vitro aggregates. 

This is where ongoing efforts towards IP procedures coupled with mass spectrometry 

come into play. The use of immobilised bait structures using the same binding 

properties as ThT and DiThT should allow to decipher these structures. The specificity 

to the ß-sheet structure motif and not a sequence specific motif could help understand 
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the composition of the ThT active aggregates detected in SAVE and potentially 

improve the method. 

Optical methods have been developed too, to further improve the SAVE based 

toolbox. Namely the optical structural analysis of individual α‐Synuclein oligomers 

developed by Varela and colleagues [266]. This method utilises the polarisation direction 

of the light to decipher the structural properties if the binding entity. Beta-sheet 

structures are highly ordered a in consequence their binding sites for ThT too. 

Oligomers in contrast are amorphous and hence have not the same properties. This 

allows for an optical distinction of the emission light via the polarisation of the emitted 

fluorescence. This can then be applied to both in vitro and in situ samples such as PD 

CSF. 

With the right assays we might not be able to check for distinct biomarkers 

immediately, but we might be able to show the effectiveness of antibodies to various 

targets. This in turn helps us understand antibody binding better leading to a positive 

feedback loop. The above presented techniques are, as suggested, very useful in testing 

potential antibodies directly in human CSF too. Especially the vesicle assay can be used 

as a high-throughput method to readily assess capabilities of antibodies. It can also be 

used for the direct comparison of such as it is possible to generate binding affinity 

values for oligomers.  

With the mechanisms by which amyloid aggregates cause toxic effects and 

neuronal cell death still under investigation, above methods are even more powerful. 

Especially in the light of the proposed route of the permeabilisation of membranes, 

leading to altered calcium homeostasis and ultimately cell death. Our experiments 

explore this particular branch of proposed mechanisms and shows that that human 

CSF can induce Ca2+ influx in our assays using both single vesicles and astrocytes. This 

can be counteracted by the addition of clusterin, Nb3 and bapineuzumab. It is 

important to stress that this effect was much less in AD CSF than in the synthetic 

counterpart with Aβ42 oligomers in buffer. This suggests the Ca2+ influx causing 

oligomers differ in their structure and composition making and that Nb3, 

bapineuzumab and clusterin interact with other components in the CSF making them 

less available. This might explain why bapineuzumab is only effective in reducing the 

Ca2+ influx in CSF at 100-fold higher concentrations than used in the clinical trial [267] 

If the effects that we observe in CSF reflect those within the brain, this suggests that 
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high concentrations of the antibody (or perhaps higher affinity and more selective 

antibodies) are required to sequester fully the potentially toxic aggregates.   
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5 Size dependent Structure and Effects of Aβ42 

5.1 Introduction 

One of the most challenging aspects of studying Aβ42 in vitro is the heterogeneity 

of the species throughout the aggregation. The aggregates are also very low in 

concentration in comparison to the monomer concentration. These issues arise from 

the kinetics of aggregate formation in solution. 

The aggregation of Aβ42 happens at comparable fast reaction speeds when the 

critical aggregation concentration is reached. Most aggregation reactions are done at 

concentrations between 0.5- 10 µM monomer concentration in order to observe a lag 

phase. At these concentrations the lag phase is in the regime of tens of minutes to 

hours. However, this lag phase decreases as the monomer concentration increases. 

This short time window makes the study of very early aggregates very challenging.  

Figure 31  Kinetic scheme of a classic aggregation reaction. The fibril mass increases as a 
function of time. The arrows indicate possible situations at the different time points. Even though 
the fibril mass increases on average, smaller protofilaments or oligomers can be present at later 
times.  

Furthermore, the kinetics of the aggregation of Aβ42 are difficult to keep 

consistent and reproducible. This results from problems in the purification of pure 

monomer solutions and from impurities in preparations of solid-phase synthesised 

Aβ42. In addition, most preparative steps require time frames that are as long as or 
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longer than the lag-phase. This results in aggregation during these steps, to varying 

degrees, and also often generates irregular lag-phases. However, by  generating MAβ42 

(Methionine- Aβ42) and Aβ42 recombinantly in E. coli the issues with the 

reproducibility of the kinetics can be overcome [199,268,269]. This enables the kinetics to 

be modelled to the mathematical models described earlier [132]. It was also shown that 

recombinant Aβ42 aggregates faster and is more neurotoxic than synthetic Aβ42 [270]. 

Another challenge in the analysis of protein aggregation with certain fluorescent 

techniques is the inherent need for a fluorescent dye. Especially the use of covalently 

attached fluorescent dyes. Due to the high dilutions needed in single molecule 

experiments, the use of antibodies is not always feasible. Very high Kd values for the 

binding are required to guarantee the binding at nM to pM concentrations. Covalently 

attached fluorescent dyes however can potentially alter the aggregation kinetics and 

can interfere with commonly used techniques, such as ThT curves, to measure the 

aggregation. This is often caused by fluorescence quenching effects. Thus, if we want 

to benefit from the detection advantages of the fluorescently labelled proteins, but still 

compare labelled and unlabelled protein, we need to find a way to bypass kinetic 

preparations of the aggregates. This would be possible by using a purification 

technique that separates species based on structural properties.  

In this chapter I will show how I used gradient ultracentrifugation to sample a 

wide range of amyloid aggregates allowing me to directly compare labelled and 

unlabelled protein. Furthermore, by using this technique I prepared aggregates of 

multiple sizes within a single experiment under the same preparation conditions. I then 

directly compared aggregates in respect to their structural properties and their effects 

on biological models 

Figure 32  Schematic representation of the ultracentrifugation workflow. Aβ42 monomers, 
either synthetic labelled co-aggregates or recombinant MAβ42, are aggregated. Usually a 
combination of time points is combined to sample all species (shown as coloured triangles on the 
graph) and then loaded onto a sucrose step-gradient. The gradient is divided into five fractions and 
subsequently measured. 
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Gradient ultracentrifugation is a commonly used preparative technique for large 

molecular and macromolecular proteins such as organelles, molecular machines and 

others. The underlying principle uses the varying hydrodynamic radius (which I will 

refer to as size of the aggregates from here on) coupled with a gradient increasing in 

density to differentiate molecules of different sizes. As the centrifugal force is applied 

the different lengths/sizes migrate with different velocities according to their 

sedimentation coefficient. The sedimentation coefficient is determined by both the 

density of the aggregates and their physical shape. That means the relation between 

mass and sedimentation coefficient is only linear for equally shaped objects. In the case 

where amorphous oligomers and small fibrils are present simultaneously different 

shapes and different masses could provide similar sedimentation coefficients. 

However, we will be able to distinguish these situations with the single molecule 

methods if they arise. 

Analytical ultracentrifugation has been used before to study properties of amyloid 

aggregates of Aβ42 before [271]. These methods were the starting point for the 

purification of the Aβ42 aggregates. Gradient centrifugation has also been used to 

study Aβ40 aggregates and AD brain extracts [272,273]. However, gradient density 

centrifugation has not been used as a tool to compare amyloid aggregates on a single 

aggregate level structurally and biologically. As discussed, current research suggests 

that the small soluble oligomeric forms of aggregates are the most neurotoxic [86,274]. 

Hence oligomers would be an attractive target for treatment and/or prevention. 

However, as discussed previously, these forms are challenging to study in vitro. 

Gradient ultracentrifugation is one method that allows to access wide range of 

aggregate sizes in a single experiment [273,275,276]. Thus, the isolated sizes will be 

unchanged and consistent, independent of the kinetics of the aggregation.  

In addition, the wider array of isolated species will allow us to observe trends 

rather than differences between two extremes. We can also avoid the pitfalls that occur 

in other size separation methods, such as size-exclusion chromatography (SEC), which 

are problematic for fast aggregating proteins. For example, in SEC a high local 

concentration of protein may occur on the column which could facilitate aggregation 

resulting in the loss of the small oligomers.  
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However, it is important to note that this experiment cannot take into account 

possible polymorphs within the same aggregate size. These have been implicated in 

amyloid fibrils but it is unclear what role they play for oligomers in vivo [115,277].  

The role of microglia and neuroinflammation in AD 

Neuroinflammation has also been suggested to play a role in the development of 

AD [278]. In particular, small soluble oligomers have been linked to neurotoxicity. This 

has led to studies of their structure, molecular interactions and biological mechanisms. 

As described in chapter 1.3 multiple variants of small soluble oligomers have been 

purified, structurally characterised and tested for their biological mechanism. However, 

to this day no atomic or molecular structure of non-β sheet containing Aβ42 oligomer 

exists. Furthermore, the molecular mechanism that leads from a presence of 

monomers to oligomers to neurotoxicity, and ultimately the specific clinical effects of 

AD, is also unknown. That does not mean, however, that the neurotoxic link has not 

been confirmed [16].  

The role of neuroinflammation in AD is a concept that increasingly gained 

traction more recently. The findings that microglia respond to injury paired with the 

observation of increased microglial activation in AD patients have lead to the 

hypothesis that the microglia cells are involved in the disease mechanism [279]. Microglia 

cells themselves are abundant in the brain and are linked to maintenance and plasticity 

of neuronal circuits and contribute to the protection and remodelling of 

synapses [278,280]. In the case of AD, microglia have been found to bind Aβ via cell 

surface receptors (SCARA1, CD36, CD14, α6β1 integrin, CD47) and Toll-like 

receptors (e.g. TLR2, TLR4, TLR6, and TLR9) [281-284]. This is thought to be an 

important part of the inflammatory reaction in AD. CD36, TLR4 and TLR6 result in 

the pro-inflammatory activation of microglia, while genetic deletion of these receptors 

reduces Aβ-induced cytokine production [283,285,286] 

The link between microglial activity and AD was backed up by the findings that 

pro-inflammatory cytokine levels in the AD brain such as interleukin (IL)-1β, TNFα 

and IL-6 were increased and in vitro studies showed that these pro-inflammatory 

cytokines led to neuronal toxicity and death [287]. TNFα in particular was shown to be 

elevated in AD serum, CSF, cortex and glial cell cultures after exposure to Aβ [278]. 

TNF-α stimulates NF-κB, a transcription factor for pro-inflammatory factors such as 

complement and cyclooxygenase (COX) [288,289], as well as survival factors such as 
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calbindin, manganese-superoxide dismutase, and Bcl-2 [287]. The pathophysiological 

role for TNFα in AD however is not entirely clear. It has been both reported to kill 

human cortical neurons [290] but also to be trophic to rat hippocampal neurons [291]. It 

was also found to protect against glutamate, free radicals and Aβ toxicity in primary 

neuron cultures [292]. More specifically in AD, the risk for conversion from mild 

cognitive impairment to dementia is increased in patients with elevated concentrations 

of TNFα and lower concentrations of the anti-inflammatory TGF-β in the CSF [293]. 

Protofilament of Aβ42 in particular have been shown to stimulate microglia more 

robustly than mature fibrils or oligomers while leading to increased TNFα levels [294]. 

Other contributing factors to neuroinflammation such as complement, chemokines, 

caspases and others are reviewed extensively by Heneka and colleagues [278]. 

One system I used is a simplified cell membrane model and a technique to 

ultrasensitively measure oligomers through calcium influx into POPC vesicles. The 

other model is the measurement of TNFα production in mouse microglia cells in 

response to the aggregates 

To sum up, in the following chapter I will show how I addressed the problem of 

studying aggregation independent of kinetic effects. I will furthermore show how I 

examined if intermediate states of aggregation induce calcium influx and an 

inflammatory response and how this could potentially be applied to more complex 

biological questions. I will show that Aβ42 oligomers induced the highest Ca2+ influx 

in the single vesicle assay while protofilaments led to the biggest inflammatory 

response in mouse microglia cells. The single molecule measurements gave me a 

measurement of the relative aggregate concentration, I hence can be confident that the 

effects are proportional to the amount of aggregates present.  
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5.2 Results 

5.2.1 Structural Characterisation 

It is essential to have structural information on protein aggregates to make 

insightful conclusions on molecular mechanisms and biological effects. In the 

following I will show how the size of the aggregates affects the toxicity of Aβ42 

aggregates. This will be a two-step process: (1) I used gradient ultracentrifugation to 

prepare sized aggregates which I characterised with single molecule methods to, (2) 

test the influence of size on the permeability of artificial membranes and on the 

inflammatory response.  

I will firstly describe how I developed a protocol for the sucrose ultracentrifugation 

method with the Aβ42 aggregates. This focuses particularly on the aspects of the 

structural characterisation via fluorescence and other methods. I characterised the 

kinetics of the aggregation itself with TIRF microscopy. This is important to help with 

the selection of aggregation timepoints to later on use as input for the gradient 

centrifugation, as I wanted to assure that the majority of possible aggregation states is 

present as a starting point for the preparation. Furthermore, this gives an indication 

and reference on where the sized aggregates would occur within the aggregation 

reaction.  

Figure 33  (A) Plate reader aggregation with ThT fluorescence as measure of the fibril mass 
of unlabelled Aβ42. The fluorescence traces of three parallel technical repeats are shown (B) Dual 
labelled co-aggregation of Aβ42 in TIRF mode. The number of detected aggregates is shown as a 
function of time with the bars representing the mean with the standard deviation as error and the 
blue line the median. Each dot represents one field of view. There is a clear increase in the number 
of detected spots after about 60 minutes. This measurement was done at constant dilution of the 
sample. The increase in aggregates corresponds well with ThT measurements for recombinant 
proteins but the lag phase appears to be longer. We also have to take into consideration, that this 
was optimised for the later time points in respect to dilution, with the dilution kept consistent 
throughout. I will discuss this in more detail in the text. 
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I measured an aggregation of a 2 µM dual-labelled co-aggregation on the TIRF 

microscope to establish a starting point for the subsequent preparation. As shown in 

(Figure 33) the number of aggregates clearly increases after about 60 minutes. 

However, the TIRF method in this case was optimised for higher aggregate levels 

which means the threshold in terms of detection is skewed towards the bigger, brighter 

aggregates. Also, the number of the aggregates is not the ideal metric for an increase 

in size and/or aggregate mass, as in later stages the number of aggregates decreases 

with more and more monomers bound in large fibrils. Rather representative images 

(Figure 34 A) and histograms of the intensities (Figure 34 B) are a much better 

indication for an increase in size and/or aggregate mass. 

Figure 34  (A) Representative TIRF FRET images of various time-points of the aggregation 
are shown. The scale bar is 10 μm. (B) Intensity histograms of the dual-labelled co-aggregation of 
Aβ42. The histograms for all time points are shown as marked. Each histogram is the sum of 27 
field of views measured in three technical repeats of a single aggregation.  

The aggregation was also monitored with ThT in a plate reader for the unlabelled 

aggregation which I used later in the vesicle assay and for AFM experiments. I show a 

ThT aggregation of synthetic Aβ42 as used for the AFM and similar to the one used 

for the vesicle assay experiments (Figure 33 A). In the vesicle assay experiments these 

ThT reference measurements were done with recombinantly expressed MAβ42 (not 

shown). The purification and preparation for above Aβ42 was different to the one 
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used in the vesicle assay, this leads to a slightly shorter lag-phase. This is not a problem 

as we have the centrifugation step to correct for any variability. 

The fluorescence labels for the co-aggregates interfere with ThT measurements, hence 

I could not measure the equivalent ThT curve for the dual-labelled aggregates. This 

does not pose a problem, as the smTIRF data is sufficient to select timepoints with 

the required distribution of sizes. I started testing the gradient with a mid to late 

aggregation timepoint at about 1 h 30 min, to include fibrillar species in the mix. For 

experiments with the vesicle assay, I started 3 aggregations in intervals starting 40 min 

1 h 20 min and 3 h before mixing and centrifugation. Both a single timepoint and 

mixed timepoint are viable as the analysis with single molecule methods shows the 

exact distribution of species and number of aggregates needed for further analysis. 

Furthermore, both the single timepoint and the mixed timepoint showed an abundance 

of species of all sizes with somewhat different distributions, which is accounted for by 

the SM measurements.  
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Aggregate Structures as measured with dual-labelled co-aggregates 

I first used TIRF microscopy to observe the aggregates in FRET-mode using the 

dual-labelled co-aggregates. This gives very fast and accurate insight into the sizes and 

morphologies occurring as results of the preparation.  

The high-resolution TIRF microscopy allows me to measure on a length scale 

from the diffraction limit (~200nm) up to a few hundreds of µm in length in a single 

field of view. This has a few advantages: (1) we are not limited by large sizes in fractions 

that contain large fibrils in contrast to a confocal volume; (2) we can immediately see 

morphological differences through the images we record, mainly fibril shapes and 

structures; (3) the measurement is high throughput due to the comparably short 

measuring intervals (~10-15 mins per sample in triplicates). However, one notable 

limitation is the highest resolution we can achieve, as we need to measure structures at 

sub 200nm length-scales for small aggregates. TIRF microscopy is also a surface-based 

technique which might lead to preferential binding of some species to the coated 

surface or alter properties of the aggregates upon binding. The latter seems unlikely 

but cannot be fully excluded. I then complemented the TIRF data by measuring 

unlabelled protein with extrinsically fluorescent dyes such as ThT and pFTAA [77,295].  

The steps described below were directly used to assess the quality of the gradient 

centrifugation in its ability to cross-sectionally separate aggregates. I used sucrose as 

the gradient reagent as it did not have any measurable impact on the aggregates. 

Although sucrose has been found to impact the aggregation reaction in some cases of 

amyloid aggregation [296], this was not a concern for my experiment as the aggregation 

occurred in absence of sucrose. Aggregation that occurs during the centrifugation does 

not impact the results as the centrifugal force is constantly present throughout. To 

avoid any further aggregation during the time of measurements, the reactions were 

kept on ice immediately after the centrifugation and not used longer than a day, which 

was sufficient for all tests and assays. The sucrose used as gradient reagent was 

prepared matching the aggregation buffers for labelled and unlabelled protein 

respectively which should not affect the aggregates adversely. I also explored the 

possibility to cross-link the aggregates using GraFix [297]. The results were inconsistent 

and for the selected structural methods not strictly necessary. This could be a pathway 

to molecular structure determination though, taking into account the limitations of 

crosslinking proteins. 
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The TIRF-monitored aggregation reaction guided the selection of suitable 

timepoints for subsequent experiments with the gradient ultracentrifugation. Using the 

TIRF microscopy with labelled co-aggregates I find that the mean size, as 

approximated by the intensity, increases. We can justify this approximation by the fact 

that all monomers contain a fluorescent dye and hence, the increase in intensity 

correlates with the increase in aggregate size. This is especially useful for sub-

diffraction sized aggregates as, even though they appear to have the same diameter, 

their intensity will still differ. I can see morphological different aggregates in the large 

fractions changing from diffraction limited puncta to elongated fibrils (Figure 35 A). 

The histograms for fractions are shown in (Figure 35 B).  

Figure 35  TIRF FRET images and analysis of the gradient centrifugation. (A) Images of three 
fractions are shown to represent the sizes detected with TIRF microscopy and are representative 
of the indicated fractions. The scale bar is 10 µm. (B) The FRET histograms of the fractions show 
a clear shift from a very narrow, dim distribution in the smaller fractions to a marked increase in 
the higher fractions and in the pellet. Each Histogram is the sum of aggregates of 27 field of views 
measured in three technical repeats of a single gradient ultracentrifugation preparation. 

In the smFRET method I used co-aggregates of 1:1 molar ratios of FRET-donor 

and FRET-acceptor labelled Aβ42 monomers. These monomers have been HPLC 

purified previously to avoid possible contamination products. There have been studies 

that suggest low percentage racemisation in some amino acids during solid phase 

synthesis which cannot be separated [269]. However, with no N-terminally, fully labelled 
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recombinantly expressed Aβ42 available, this is for now the best approach to generate 

fluorescently labelled Aβ42 aggregates. Futhermore, these aggregates have been shown 

to be morphologically similar to unlabelled aggregates [298].  

The smFRET system allowed me to measure the relative aggregate size and their 

FRET efficiencies as described previously [56,121,122]. I could furthermore calculate a 

relative percentage of aggregates as function of monomer population in each individual 

sample, a number which I used to correct the biological effects we observe.  

Figure 36  FRET analysis of the dual-labelled co-aggregates as measured with the smFRET. 
The FRET efficiency is plotted against the apparent oligomer size inferred from the intensity. The 
aggregates increase in size and the FRET efficiency shifts to higher values. The FRET histograms 
are representative of the gradient centrifugation fractions and show all aggregates plotted of a single 
measurement. A single measurement of each fraction contains usually more than 10 000 aggregates, 
if not the concentrations were adjusted to do so. 

The apparent aggregate size plotted against the FRET efficiency (Figure 36) of all 

measured aggregates shows the shift from bottom left to upper right. This means a 
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size increase and compaction. As with the TIRF microscopy measurements, the 

intensity is used as an approximation of the aggregate size. The apparent sizes in lower 

sized fractions stay consistently low while the increase can be clearly seen moving 

through the fractions to ultimately the pellet which shows large, high intensity, high 

FRET aggregate fibrils (Figure 36).  

Figure 37  Comparison of the FRET efficiencies as measured in the fractions used for the 
TNFα measurements. (A) The cumulative frequency histograms show the increase in higher FRET 
efficiency species with the curve shifting to the right. The Histograms contain all aggregates of the 
measured fractions (B) shows the normalised FRET efficiency histograms for all fractions. In the 
10 % fraction the peak is clearly shifted to the left and then increases over time. These histograms 
were the basis for fitting two populations (low and high FRET). The fit was done with the 10 % 
and pellet peak values as fixed values (low: 0.45 and high: 0.62) for the two populations. The 
resulting fits are shown in Figure 38. This is the result of one representative measurement of one 
preparation.  

The shift to higher FRET efficiency could suggest some form of compaction, but 

we do not observe distinct structural populations so we cannot definitely determine if 

there is a structural conversion as seen e.g. for αS oligomers [186,196].  

Lastly, the single aggregate measurement allowed me to determine a relative 

number of aggregates (Table 8). I used this number to normalise the biological assays 

to a relative aggregate concentration rather than absolute protein concentration.  
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Figure 38  Fitted peak heights of the low (10%) and high (pellet) FRET populations to show 
the change in the structure more clearly. The fit error is shown as error. As it is apparent from 
above histograms, the transition is continuous. It needs to be noted that for the fitting the peak of 
the lowest and highest FRET distributions were used as forced peak positions (0.45 and 0.62 
respectively). This can explain the inversion in the 30 percent as the flanks of the peaks are not 
particularly well suited to fitting. 

 

Sizing aggregates without fluorescent labels  

For the single vesicle calcium influx assay it is not possible to use the FRET co-

aggregates as spectral overlap would interfere with the measurement of the vesicles. 

To overcome this problem I used the extrinsically fluorescent dye pFTAA which has 

similar properties to ThT (in that it binds amyloid structures) [128]. I used pFTAA to 

determine the relative aggregate concentration difference between the sucrose gradient 

fractions. This is somewhat limiting in comparison to the FRET methods, as I can 

only extract the absolute number of pFTAA active aggregates but not the fraction in 

respect to the total protein. I found that the trend for the intensities of the pFTAA 

active aggregates is similar to the smFRET. However, the lower fractions (10 % and 

20 %) have substantially less aggregates detected overall, which means that the 

histograms are only sparsely populated (Figure 41 C).  

The corresponding TIRF experiments were also carried out with unlabelled 

protein aggregates using the amyloid reporter dye pFTAA [128](Figure 39). This was to 

(1) get insights into the binding properties of ThT and pFTAA to oligomeric 

aggregates and, (2) as preparation for the TIRF and smFRET experiments done in 

conjunction with the vesicle assay as the used fluorescence excitation and emission 

wavelengths permitted the use of co-labelled aggregates.  
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Figure 39  Representative TIRF images recorded with pFTAA of the increasingly larger 
fractions from 10 % through to 50 %. All images are adjusted for contrast. Especially in the 50% 
the fibrils are very apparent. The scale bar is 10 µm. 

Measuring pFTAA and ThT positive aggregates throughout the isolated sizes 

show that, below a certain size, no aggregates are detected with the extrinsically 

fluorescent dyes (Figure 40). I was not able to detect any aggregates in the 10% fraction 

and only a small number in the 20%. The 20% fraction contains the most oligomers 

as I will show later. I can readily detect aggregates in the bigger fractions. The decrease 

of aggregate number in the 50% and pellet can be explained by the presence of large 

fibrils containing most of the aggregate mass.  

In direct comparison pFTAA appears slightly more sensitive and is hence used 

for the following single molecule confocal experiments. The morphological changes 

cannot be seen as clearly as with the labelled protein, and the exact relation between 

fluorescence intensity and aggregate structure is not known. That means the estimate 

of size is not as accurate. There is still a correlation between fluorescence intensity and 

increase in size however (Figure 41 C). This correlation is better matched with pFTAA 

Figure 41B) than with ThT (Figure 41 A). Furthermore, it is entirely possible that the 

binding properties to the surface for small soluble oligomers is different to the binding 

properties of mature fibrils and protofibrils. This could lead to a lower representation 

as aggregate numbers in the lower fractions. The use of confocal measurements in 

solution using a method similar to the smFRET but with the pFTAA dye instead 

would avoid this problem.  
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Figure 40  The aggregate count detected with the SAVE technique using (A) ThT and (B) 
pFTAA. (A) The aggregates per fov of 27 different areas as detected with ThT are shown as a 
function of the fractions (10-50 %) and the blank, input (before centrifugation), supernatant (SN) 
and pellet. (B) The same samples as imaged with pFTAA are shown. The overall aggregate count 
in the input is shown but cannot be compared quantitatively as the dilution due to the subsequent 
centrifugation has to be taken into account. The results show us however, the extent to which we 
can detect oligomers with ThT and pFTAA especially in the 20% fraction. We can however readily 
detect protofilaments and fibrils with both methods. The decrease in numbers in the pellet and the 
50% fraction is probably due to less abundant but larger aggregates. 

After assessing pFTAA on a TIRF setup I went on to use it in conjunction with 

the smFRET setup. In this case I can only observe the fluorescence directly from the 

dye and no FRET as in the following experiments. I could show that the increase in 

size correlates with an increase in mean intensity (Figure 41) when measured in the 

smFRET setup. This is consistent with the other measurements and allows us to use 

it together with the calcium influx assay. 
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Figure 41  Cumulative Frequency histograms of the sucrose fractions as measured in TIRF 
with (A) ThT and (B) pFTAA. (A) The increase in intensity towards higher fractions is not as 
clearly defined especially for the 30% fraction which seems to be fairly low intensity in comparison 
to the 20% fraction. (B) The increase in intensity towards higher fractions is very apparent. 10% is 
not displayed as not enough aggregates were detected to display a meaningful histogram. All 
histograms are the cumulative relative intensities of the aggregates of 3 technical repeats with 9 fov 
each of one preparation. (C) Cumulative frequency histograms of the pFTAA intensities observed 
with the fractions used for the single vesicle assay as measured with the confocal SM technque. 
The lower shape of the curves of the 40 % and 50 % fractions clearly confirms the shift to bigger 
aggregates while the 10 % fraction shows the smallest ones. 
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DNA-PAINT and AFM for nanoscopic sizes and structures  

The TIRF microscopy methods do not allow us to see any morphology 

differences below the diffraction limit. In principle it is possible to observe peptide 

monomers with both TIRF microscopy and the confocal smFRET if they have an 

attached fluorescence label, but neither of the techniques gives us a clear picture of the 

sub-diffraction morphology. Thus, I used AFM as a complementary technique to 

examine the morphology of the sub-diffraction aggregates (Figure 42).  

The AFM measurements showed a statistically significant increase in the height 

of the aggregates. The height can be measured very precisely with the AFM cantilever 

tip even down to the smallest sized aggregates and can distinguish monomers from 

aggregates. The height and width characteristics of the lower fraction matched with 

the properties of soluble oligomers. The 30% fraction which gave the highest increase 

in TNFα have a diameter and morphology that matches protofibrils with a mean length 

of ~ 80 nm and a single fibril chain width. The higher percentage fractions are all of 

fibrillar nature with heights and widths of mature fibrils. That means the AFM 

measurements confirmed the fluorescence data by showing oligomeric, round shaped 

aggregates up to the 20% fraction with a transition to more protofilaments, which is 

hidden in the TIRF below the diffraction limit, and fibrils in increasing size from there 

onwards. AFM however has its own limitations. This includes attachment to the mica-

substrate and the fact that the samples have to be dried which both can introduce 

artefacts.  

Therefore, I attempted to use DNA-PAINT, a technique that allows SR imaging 

of aggregates, with the sized aggregates. This fluorescence method would have some 

advantages over AFM, (1) it is a solution-based technique, as mentioned, (2) it could 

be more easily transferred into fixed and potentially live cells which I will demonstrate 

in chapter 5.2, (3) in principle it is possible to multiplex with various probes are 

available. One current limitation for DNA-PAINT technique I use in based on the use 

of an amyloid specific aptamer. This aptamer was developed for αS and not specifically 

for Aβ42. We validated that the aptamer binds Aβ42 via Aβ42-657 labelled aggregates 

co-localising with the super resolved reconstructed DNA-PAINT image. This was 

done in fixed cells however, as this was a primary interest. This is discussed in more 

detail in chapter 5.2. The application of DNA-PAINT has some limitations, mainly 

due to the fact that the surface coating usually used for AB42 imaging, namely PLL,   
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Figure 42  Representative AFM images of the fractionated Aβ42 aggregates. (a)- (e) show a 
representative overview of the AFM image, a magnified view and a representative cross-section of 
a single aggregate. The height (f) and the deconvoluted diameter (g) Aβ42 aggregates is shown. The 
30% fraction (c) is the only one that shows characteristic cross-sectional width of the 
protofilaments while 10% (a) and 20% (b) have the cross-sectional width of oligomers and 40% 
(d) and 50% (e) are fibrils. The images and analysis have been kindly provided by Dr. Simone 
Ruggeri.  



Size dependent Structure and Effects of Aβ42 

 
 

89 

is not compatible with DNA-PAINT. This means I had to use aspartic acid which was 

used previously with αS. I was not able to detect the fractionated AB42 aggregates with 

DNA-PAINT. This could have two explanations. The Aptamer recognises fibrillar 

structures much better, hence that it was not suited to resolve the smallest aggregates, 

but even larger ones were not clearly visible which was surprising, as I was able to 

detect aggregates with said aptamer in cells. It could be a surface effect, as I was not 

able to validate, that the unlabelled protein readily binds to aspartic acid. Altogether 

this does not mean it is not possible to do DNA-PAINT with Aβ42 aggregates, but it 

needs refinement with both surfaces and maybe aptamer alternatives.  
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5.2.2 Biological effects 

The structural study of the Aβ42 aggregates is important but I was afurthermore 

interested in the biological implications of the structural changes. As stated before, it 

is thought that both the Ca2+ homeostasis is adversely affected in AD and also that 

neuroinflammation could play a role. Thus, these are the two biological consequences 

that I analysed.   

To examine the effects of aggregate size on Ca2+  influx through membranes I used 

the ultrasensitive measurement of Ca2+ influx into vesicles as described by Flagmeier 

and De et al. [92]. This allowed me to quantitatively and sensitively detect the presence 

of Aβ42 oligomers. But more importantly, in comparison to kinetic experiments, I 

could quantitate the relative amount of aggregates in the samples and used this 

information to normalise the response from the assay. I saw the biggest increase in 

Ca2+ influx, which is the measure of Aβ42 oligomers, in the smallest fractions (Figure 

43 B). The absolute numbers of pFTAA active aggregates to calculate the response per 

aggregate are shown in Table 7. The results are consistent with the increase measured 

during a time-course of an Aβ42 aggregation.  

Table 7  Confocal pFTAA aggregate count used to correct the Ca2+ assay as shown below. 

Sample Aggregate Count 

10 % 457100 

20 % 89200 

30 % 15420 

40 % 15300 

50 % 39760 

 

This increase becomes exaggerated if we normalise for the relative abundance of 

amyloid aggregates (as measured with pFTAA in solution). This means that the 

oligomer fractions induced the greatest calcium influx into single vesicles. The 

molecular mechanism of this Ca2+ influx however is unclear but may be some form of 

membrane perturbation or facilitated permeability. Arguably the vesicle membrane is 

far less complex and devoid of receptors in comparison to the cell membrane of e.g. 

the microglia cells. The increased calcium influx into vesicles through membrane 

perturbation seems not to be the same mechanism as the inflammatory response 
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through the microglia cells as the peaks appear at different sizes of aggregates. This 

lends itself to speculate that oligomers of Aβ42 aggregates are distinct from the 

aggregates causing neuroinflammation which I will discuss in the following section.  

Figure 43  Ultrasensitive measurement of calcium influx of Aβ42 oligomers. (A) The calcium 
influx per detected pFTAA active aggregate percentage for the various sizes is shown. The mean 
is shown with error bars as standard deviation. (B) The uncorrected calcium influx data directly 
from the assay. The mean of three repeats each of all measured vesicles with standard deviation as 
error bars is shown.  

I have not used the equivalent smFRET measurements to normalise the response 

of the Ca2+ influx as the experimental protocol for the aggregation differed. In the case 

of the smFRET experiments I used a single timepoint as basis for the gradient 

centrifugation whereas in the unlabelled experiments I used multiple aggregation 

timepoints and pre-mixed them. The rationale behind this is, that the methods used to 

measure the unlabelled aggregates are not as sensitive as the smFRET, so more 

aggregates overall in each fraction are needed to get a good sampling. As the timepoints 

and hence the underlying relative proportions of aggregates can be different between 

labelled and unlabelled a different approach is needed. The selection of compatible 

dyes between the smFRET and the Ca2+ influx measurement could help resolve that 

problem.  
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Aβ42 induced Pro-Inflammatory Response of Microglia Cells 

To evaluate the neuroinflammatory potential I used mouse microglia cells and 

measured their TNFα release upon addition of the Aβ42 aggregates (which are found 

mostly in the extracellular space) [86]. We did not only examine the effects of the size 

of the aggregates on membrane perturbation, but I also measured the TNFα 

production of mouse microglia cells per aggregate. The dual-labelled co-aggregates are 

diluted into the medium at nanomolar concentrations and the TNFα release is 

measured 24 h and 48 h post addition. Neither the remaining sucrose nor the labelled 

Aβ42 monomer gives any appreciable response (Figure 44). The aggregates were 

measured with the smFRET technique on the day of application onto the cells. 

The ELISA showed a maximum TNFα response with the aggregates of the 30% 

fraction after being corrected for the per aggregate response as measured with confocal 

FRET. This suggests that different size aggregates have different effects. TNFα levels 

reduce again after 48h of incubation of the cells in the 30% and 40% fractions, close 

to levels of the very large aggregates. The 10% and 20% fraction aggregates lead to an 

increase and unchanged release of TNFα after 48h. This could be explained by a 

continuation of the aggregation and hence conversion to larger aggregates. This is 

particular apparent in the consistent increase in TNFα over the 24 h in the 10 % and 

the opposite effect very strongly in the 30 % and then still present in the 40 % and 

50 % fractions. 
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Figure 44  Three full biological repeats of the TNFα ELISA tested after 24 h and 48 h after 
addition of the aggregates. Each bar represents the mean of 3 measurements with the standard 
deviation as error. I prepared and provided the aggregates and Dr. Craig Hughes measured the 
TNFα in the mouse microglia 

In the lowest fraction I found a much higher number of donor events compared 

to the other fractions. This is a result of a highly concentrated monomer and hence 

small-mer solution in the supernatant which is partially found in the 10 % fraction. 

Hence the small-mers contribute to the much-increased number of FRET events from 

the input solution. I could not find any TNFα increase with pure monomer. Hence, I 

assumed that I could use the aggregate number directly. The fraction of aggregates is 

comparable to the other samples too (Table 8). The aggregate number was then used 

directly to give a semi-quantitative method to interpret the increase in TNFα. The 

detailed numbers of the FRET numbers that were used to correct the below ELISA 

are given in Table 8.  
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Table 8  No. of FRET events, donor events and the fraction of aggregates used correct the 
TNFα assay. The values are the mean and standard deviation of three full technical repeats 
including aggregation and centrifugation step. The individual measurements of the according 
preparation was used to correct the respective TNFα assay. 

Sample 
No. of FRET 

aggregates (x 103) 

No. of donor 

events (x 105) 

Percentage of 

aggregates 

10 % 168± 20 63.2± 850.1 0.007± 0.006 

20 % 33± 39 63.7± 84.2 0.013± 0.008 

30 % 10± 5 6.2± 8.0 0.099± 0.090 

40 % 9± 4 7.2± 9.4 0.091± 0.095 

50 % 14± 18 3.3± 4.5 0.109± 0.094 

 

The TNFα ELISA showed a maximum at the 30 % fraction, which was identified as 

containing protofilaments. This is apparent in the ELISA results (Figure 45 A) and 

gets exaggerated by the correction applied by the smFRET measurements (Figure 

45 B).  

Figure 45  The TNFα increase per aggregate after correction with the relative abundance of 
protein aggregate shows an increase towards medium sized aggregates and very little response to 
smaller aggregates. (N=3; one shown) (B) The absolute measured response of TNFα as determined 
with ELISA. All bars are the mean of three replicates with the error bare the standard deviation.  
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5.3 Outlook on size dependent effects 

I have shown in this chapter that it is possible to study a cross-section of aggregate 

sizes in parallel. This has two advantages over kinetic studies. Firstly, it decouples the 

preparation from kinetic variability, which is still a major “headache” in many 

aggregation experiments. Secondly, it allows us to directly compare numerous stages 

at the same time with adequate aggregate numbers.  

Figure 46  Model for the different effects on cell membranes and microglia cells through Aβ42 
oligomers and protofilaments. (A) The graph shows a simplified view on the aggregation and their 
respective predominant species with the two important points marked with (1) where 
predominantly oligomers are present and (2) where protofilaments are present. These two points 
correlate with the maximum response in (1) Ca2+ influx and (2) a maximum pro-inflammatory 
response. (B) The schematic shows the possible underlying mechanisms of these two effects with 
Ca2+ influx  

Furthermore, I found that protofilaments, not oligomers or fibrils, induce a pro-

inflammatory response. To confirm that the observed effects were not artefacts of 

varying concentrations of aggregate types, it was corrected to the response per 

aggregate using smFRET. I also normalised the measurement of the calcium influx 

into vesicles (with the limitation of normalising to pFTAA positive aggregates). The 
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maximum calcium influx was observed with the small oligomeric species which 

matches the findings of kinetic studies [92]. 

Continuing from the first part, it would be intriguing to see what effect the various 

species have on Ca2+ influx and pro-inflammatory response in a combined cell model. 

This could for example be a combination of a single cell assay and a parallel 

inflammatory response measurement. We could then use targeted/ designed 

antibodies to bind to subsets of these aggregates, now that we have methods to purify, 

measure and test them biologically. This all could ultimately help to understand the 

underlying molecular mechanisms of aggregates in the brain better. 

Interestingly, the fact that the protofilaments are most potent at inducing the 

inflammatory response suggests a molecular mechanism. The TLR3 receptor has a 

cavity that can bind elongated structures of about 1 nm in diameter as shown with 

bound RNA (Figure 47). Protofilaments also have the same elongated shape as the 

bound RNA with a similar diameter. 

Figure 47  (A) The crystallography structure of the ectodomain of the TLR3 receptor bound 
to RNA (accession number 3CIY) according to [299] is shown in a top (top) and side view along the 
RNA, filament and fibril axis respectively (bottom). (B) The structure of a cross-beta filament is 
superimposed (accession number 2M5N [300]) where the RNA would usually bind. The cleft would 
have the correct diameter to accommodate this structure in contrast to (C) where the structure of 
an Aβ42 fibril is superimposed (accession number 5OQV  [116]). The cleft is clearly too narrow to 
accommodate a structure this size. This could explain the findings with the TNFα measurements. 
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6 Future Work 

The combination of single molecule techniques in studying human aggregates in 

CSF bears a variety of advantages but is still at the very beginning. Before further 

extending on the use of various dyes as diagnostic tool in PD or AD, I think the results 

of the AD SAVE application demand for more groundwork. Most crucially we need 

to identify what the exact composition the aggregates we detect. This includes (A) the 

aggregates itself, whether they consist of Aβ42 only, various different cleavage 

products, co-aggregates and/ or other aggregates and (B) any possible interaction 

partners, most notably chaperones such as clusterin or various heat-shock proteins.  

One possible way to better understand the aggregates is the extension of the 

competition assay with clusterin into the CSF. This would give insights into possible 

clearance mechanisms and interactions. There is also an option of the use of antibodies 

and eventually multiplexing while imaging single aggregates. This has already been 

explored by Zhang et al. [125]. But rather than focusing solely the diagnostic side, I think 

it these tools help understand the molecular nature of the human aggregates and their 

interactions in the extracellular space. 

A different approach to investigate the molecular nature of the aggregates is by 

IP. I described an IP experiment we used to demonstrate, that the Ca2+ influx in the 

vesicle assay is can be decreased by IP with Aβ42 specific antibodies. However, 

ultimately it would be intriguing to identify amyloid aggregates more general, e.g. with 

immobilised ß-sheet binding entities such as ThT and derivatives. These could then be 

analysed by e.g. mass spectrometry to explore their molecular composition. This would 

be an antibody unbiased view that could also give us insight into the strengths and 

weaknesses of the SAVE method. 

The conclusions about the oligomers and protofilaments in chapter 5 are 

interesting in the light of the aggregates in human CSF. The implications of 

protofilaments present in the CSF and the brain would have implications for treatment 

and could help understand some of the molecular and cellular consequences in the 

brain. I will discuss two ways of connecting the work I have presented.  

We could use the gradient centrifugation to purify aggregates from human CSF to 

study their effects in isolation. This would be made possible by the very sensitive 
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detection methods we have at hand. A handful of improvements would be beneficial. 

As CSF samples are very low in volume and the number of aggregates is very low, a 

downscaling of the gradient would be ideal. We could use more sophisticated gradient 

mixes e.g. linear gradients and better sample collecting techniques to either focus on 

one particular species or get a finer sampling.  

The other way to connect the findings from this thesis would be to specifically 

look for species in the CSF we already identified. Especially protofilaments could be 

of interest, to see how abundant they are in the CSF. We could use AFM to detect the 

protofilaments. This comes with the problem of a very diverse mix of proteins in the 

CSF that would potentially be detected. However, pre-treatment with Proteinase K 

could help to digest most non-fibrillar and non-filamentous proteins and probe for the 

presence of protofilaments in the CSF. 

Figure 48  SAVE imaging of a CSF sample to test the decrease in ThT active aggregates after 
incubation with PK in preparation for AFM imaging experiments. Time course of the aggregate 
count (A) without PK and (B) with PK of three technical repeats. The aggregates of all three times 
the 12 fov are shown with box and error bars as indicated. (C) shows the direct comparison of the 
aggregate count per fov and the decrease after 30 min and 90 min. 

To explore this option, I performed some preliminary experiments. These showed 

that there is only a small reduction of the ThT-active aggregates in the CSF with a pre-
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incubation with 0.1 µM Proteinase K (Figure 48). This could be a suitable pre-

treatment to AFM to probe for the presence of protofilaments. 

Super- resolution imaging of Aβ with a “brain in a dish” 

In addition to above cell-biological and biophysical characterisation I explored 

options of imaging the pre-separated aggregates in vivo. Importantly for this experiment 

we need a resolution beyond the diffraction limit, as the differences between the 

oligomers are mostly below 200nm. I was interested if we could see a distinct 

difference in uptake, spreading and effect on human cortical neurons in a microfluidic 

device (Figure 49). This device is constructed to separate the compartments of the cell 

bodies with only the neurons in the central channel. The different fluid levels assure a 

pressure difference, so any agents added to one side of the chamber can only go across 

via active transport and not diffusion. 

Figure 49  Schematic of the microfluidic device to study spreading of Aβ aggregates. (A) The 
microfluidic chamber consists of two compartments divided with a central channel connected via 
fine channels. The cell bodies are added on one side the neuronal axons will grow through the 
central channel. The higher fluid in the central compartment avoids any diffusion through the 
channels. All aggregates crossing from one side to the other can only do so by active transport/ 
spreading by the cells along the axons. (B) Wide-field images of the microfluidic device stained 
with various neuronal and axonal markers to demonstrate the presence of axons in absence of cell 
bodies in the central chamber. This schematic was kindly provided by Dr. M. Horrocks. 

Firstly, we confirmed the suitability of DNA-PAINT for imaging of Aβ 

aggregates [201]. I used fluorescently labelled Aβ aggregates to confirm coincidence 

between the aggregates in the cell and the localisations detected via DNA-PAINT. 

DNA-PAINT uses a DNA Aptamer specific for amyloid aggregates as binding entity 

with a short complementary DNA-strand extension. This extension transiently binds 

its complement which has a fluorophore attached. This allows for PAINT imaging for 
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prolonged time without any of the disadvantages of photochemical blinking of the dye 

itself. 

Figure 50  DNA-PAINT experiment to show imaging capabilities of DNA-PAINT to image 
Aβ42 aggregates in fixed neuronal cells. (A) The principle of DNA-PAINT is based on the PAINT 
technique as described with a docking strand attached to a DNA-aptamer which binds amyloid 
structures. A complementary imaging strand with a fluorophore attached is then usesd for PAINT 
in the cells. (B) The number of aggregates as detected with the fluorophore is displayed compared 
to an empty control (C) Representative widefield, TIRF and DNA-PAINT images are shown. The 
inset on the right shows the increase in resolution in the reconstructed image. This schematic was 
kindly provided by Dr. M. Horrocks. 

I first confirmed that the Aptamer co-localises with covalently labelled Aβ42-647 

in our cell model. I can clearly see an increase in resolution (Figure 50 C) 

We tried to show the spreading of Aβ42-647 along the axons from one cell body 

into another by adding high nanomolar concentrations of predominantly oligomeric 

aggregates. This was done without any size separation steps to maintain high protein 

concentrations and as a proof of principle experiment. 

Ultimately the goal is not only to study spreading in these devices but also the 

effect on white matter and myelination of neuronal cells. For this purpose, the cell 
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culture inserts would have added oligodendrocytes in the central chamber. Myelination 

and white matter lesions have been implicated in AD but not much is known about 

the process so far [301]. The described technique could help to get a controlled model 

that we could image on SR level and with the DNA-PAINT technique further down 

the line even multiplex. This would help to get insights into the interactions of the 

amyloid aggregates with oligodendrocytes and neurons and their effect on white matter 

and myelination. 
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7 Concluding Remarks 

In the presented body of work, I have demonstrated that the study of amyloid 

aggregates in CSF can give us valuable insights into the nature of human aggregates. 

This question is particularly suited to the strengths of the biophysical methods. I have 

shown how the SAVE technique can be used with other dyes than ThT and that a 

dimeric variant of the ThT molecule is the most viable of the tested dyes. 

I have shown that SAVE is limited in its application as diagnostic tool in AD 

cases. It can however help to understand the effects of external factors on aggregates 

such as antibodies and nanobodies. I showed that, despite having an effect on Ca2+ 

Influx the antibody and nanobody did not change the structure of the aggregates.  

Finally, I showed the structure-function relationship for Ca2+ influx into vesicles 

and the inflammatory response of microglial cells. With the help of gradient 

ultracentrifugation and in-depth structural characterisation I showed that oligomers 

are the main inducers of Ca2+ influx whereas protofilaments are most potent in 

inducing TNFα. Mature fibrils seem to have little to no effect on both parameters. 
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