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Abstract

Dementia and neurodegenerative diseases are posing an increasing health risk to the
public, especially in the elderly. Among the most common neurodegenerative diseases are
tauopathies, such as Alzheimer's Disease. Tauopathies are a diverse group of disorders
that present with neuronal loss and pathological intracellular inclusions of tau protein.
Human tau protein is a natively unstructured protein that regulates assembly and spacing
in microtubules but can misfold and aggregate into �laments and form the aforementioned
intracellular inclusions in tauopathies. Di�erent diseases are associated with a distinct
conformational tau fold. Tau monomers can be recruited to existing �brils in a template-
based prion-like manner, resulting in tau pathology spread from the point of origin in
the brain to other regions, where it induces neurodegeneration that can lead to dementia,
cognitive and motor de�cits and, ultimately, death. The cause of tau misfolding and the
mode of transportation of pathological tau through neuronal tissue is still unknown, as
is how exactly it induces cell death. The goal of this PhD thesis was to gain new insights
into tau mediated neurodegeneration.
In chapter 2 the aggregation of tau protein induced by a non-mammalian prion protein
is shown, both with recombinant human tau in vitro and in a transgenic mouse model
expressing human tau, demonstrating the possibility of inter-species cross-seeding.
Chapter 3 describes the development of a human neuronal cell model for the study of
tau-related neurodegenerative diseases. SH-SY5Y human neuroblastoma cells were di�er-
entiated into mature neurons and characterised by immuno�uorescent labelling of general
and cell type speci�c neuronal markers.
In chapter 4 the uptake of tau seeds into the newly developed cellular model is demon-
strated, showing cell speci�c tau seed localisation and the impact of tau seeds on various
cellular components.
Chapter 5 documents the attempt to develop a detergent-free approach to extract and
isolate �lamentous tau from homogenised brain tissue for analysis in transmission electron
microscopy using immuno-targeting and magnetic trapping.
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Chapter 1

Introduction

Cedric Leu1

This chapter introduces the topic of tau protein and its importance for today's healthcare
as a rationale for the thesis' experiments. It outlines the most important tauopathies,
gives an overview of tau protein and its native functions, its ability to form �lamentous
aggregations and its capability for prion-like spreading in neurodegenerative diseases.

1.1 Dementia & Neurodegeneration

Neurodegenerative diseases pose an increasing risk to public health, especially for the
elderly. They are characterised by the gradual loss of neurons and their connections in
the central nervous system leading to cognitive and motor system impairments. The two
most prevalent neurodegenerative diseases are Alzheimer's Disease (AD) and Parkinson's
Disease (PD). Typical symptoms of PD include early loss of smell and sleep problems that
are followed in later stages by severe motor symptoms such as tremor, rigidity, gait and
speech and swallowing disturbances. Neuropsychiatric symptoms are mood alterations
that lead to depression, apathy and anxiety alongside cognitive de�cits that can end
in dementia. AD is the most common and most known cause of dementia, accounting
for about 65% of cases. It's symptoms include confusion, cognitive de�cits and loss of
memory [1].
Given time, neurodegeneration leads to brain atrophy and, eventually, death. But even
before, dementia caused by AD, PD and other diseases has severe rami�cations for the
relevant patients, their environment and society as a whole. The diseased are restricted
in their daily lives, experience a loss in quality of life and with further disease progression
even their self-determination is in danger. They require increasing medical attention and
care, either from their relatives or professional institutions.
Although early onset cases of dementia exist, prevalence is much higher for higher ages.
While 2% of 65 - 69 years old persons su�er from dementia the rate for 80 - 84 year olds
is around 12.5%. Over two thirds of all patients are over the age of 80. This means there
are approximately 110'000 people living with dementia in Switzerland alone. Due to the

1Center for Cellular Imaging and NanoAnalytics (C-CINA), Biozentrum, University of Basel, Mat-
tenstrasse 26, CH-4058 Basel, Switzerland
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Figure 1.1: Pathological tau hallmark lesions observed in the human brain of a�ected
patients. From Left to Right: Gallyas-Braak silver impregnation visualized neuro�brillary
tangles (NFTs) and neuropil threads (NTs), as well as dystrophic neurites in the vicinity
of plaques in Alzheimer's Disease; NFTs and NTs in the absence of plaques in Tangle-
only Dementia; argyrophilic grains in Argyrophilic Grain Disease; globose NFTs and NTs
in Progressive Supranuclear Palsy and small NFTs and abundant NTs in Corticobasal
Degeneration. Pick bodies were observed in Pick's Disease using AT100 immunostaining.
Scale bars measure 50 µm. This Figure and its caption are adapted from [3]

ageing of the population this number is expected to increase signi�cantly in the coming
decades to 300'000 in the year 2060. Furthermore, treating and especially caring for these
people is resulting in high healthcare costs. In the year 2009 dementia generated costs of
almost CHF 7'000'000'000 in Switzerland [2].

Despite extensive e�orts in research by both academia and industry, dementia is still
on the rise. Many discoveries had no medical application and most potential drugs
failed in the clinical trials. To make progress on treating and curing dementia, more
research is required. A detailed understanding of the molecular pathologies and disease
progressions is needed. We focus our e�orts on elucidating the most prevalent category
of neurodegenerative diseases: tau proteopathies, such as AD.

1.2 Tauopathies and Their Clinical and Pathological

Features

Proteopathies are neurodegenerative diseases that are characterised by speci�c proteins
that are misfolded and adopt a disease inducing conformation, often creating protein
aggregates in the process. This includes not only AD and PD but also prion diseases
like Creutzfeldt-Jakob and Huntington's Disease (HD). Tauopathies are a considerable
subset of these diseases where the misfolded protein in question is microtubule-associated
protein tau (tau). While some show exclusively tau pathology, like Pick's Disease (PiD) or
frontotemporal dementia and parkinsonism linked to chromosome 17 (FTDP-17), others
show mixed pathologies such as in AD where neuri�brillary tau tangles occur alongside
amyloid-b (Ab) plaques. Additionally, tau protein has been implicated to play a secondary
role in diseases that are usually not seen as tauopathies, like PD or HD. The wide range of
di�erent neurodegenerative diseases associated whith tau protein makes it a prime target
for research. The following section gives a short overview over some of the di�erent
tauopathies and their clinical and pathological features, some of which can be seen in
Figure 1.1.

8



1.2.1 Alzheimer's Disease

AD was discovered in 1906 by German psychiatrist Alois Alzheimer. He described the
symptoms of severe dementia, including forgetfulness, disorientation and even halluz-
inations, in an elderly woman. Upon dissecting the brain of the diseased patient he
discovered general brain atrophy and using a Bielschowsky silver stain revealed �brillar
aggregations in the cerebral cortex and tangles of neuro�brils inside neurons [4]. Since its
discovery over a hundred years ago, extensive research has been done on AD. And while
a lot of new information on its intricacies were gained, exact disease mechanism are still
mostly unknown.
Most cases of AD are sporadic with very late onset after 65 years of age and older, with
a worldwide prevalence rate of over 20% for people older than 90 years [5]. Clinical
symptoms develop over a span of 7 to 10 years, starting with a mild stage of cognitive
decline. After 2 to 4 years, patients develop stronger memory de�cits and gradually
lose their ability to live independently and need assistance for daily tasks. The severe
stage makes them completely dependent on external care and ultimately leads to their
death [1]. While the onset of clinical symptoms starts late in life, pathological features
are already present decades before.
The pathological hallmarks of AD are two di�erent types of protein aggregations: extra-
cellular senile plaques and intracellular neuro�brillary tangle (NFT). The plaques consist
mostly of Ab protein, which is cleaved from the amyloid precursor protein (APP) by the
b- and g-secretases [6, 7]. Two di�erent fragments are cleaved most often, Ab1-40 and
Ab1-42, where an increased ratio of Ab1-42 facilitates plaque formation, as they are more
prone to aggregation. Certain mutations in APP and the g-secretase subunits presenilin 1
and presenilin 2 lead to familial versions of AD that are rare but show a very early and
severe onset of disease [6]. As APP is located on chromosome 21, people with trisomy
21 also have a higher risk of su�ering from AD. Ab pathology is reported to predate the
formation of NFTs, which led to the creation of the amyloid cascade hypothesis which
suggests that accumulation and aggregation of Ab are early events during disease pro-
gression which then trigger later pathological hallmarks like the NFTs. For example, Ab
has been observed binding to tau molecules and thereby inducing tau phosphorylation
which may trigger further tau pathology [8].
NFTs are intracellular inclusions comprised of �lamentous aggregations of tau protein.
While tau is an intrinsically disordered protein, it is able to form �brils in AD and other
tauopathies. There are no reports of tau mutations related to AD, giving credence to
the hypothesis that the disease is mainly caused by Ab. However, the localisation and
spreading of tau tangles in the brain mirrors the progression of neurodegeneration and
atrophy in the brains of patients. Tangle formation starts in the enthorinal cortex of the
brain, continues in the hippocampus and spreads to the temporal and parietal lobes and
the frontal cortex [9]. Together with the multitude of other tauopathies this makes an
excellent case for the relevance tau protein in neurodegenerative diseases.

1.2.2 Frontotemporal Dementia

Frontotemporal dementia (FTD) describes a diverse group of disorders with protein inclu-
sions in the frontal or temporal lobe causing frontotemporal lobar degeneration (FTLD).
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The diseases can be further di�erentiated into subcategories according to the types of in-
clusions that they form: FTLD-TDP, FTLD-FUS and FTLD-tau [10]. FTLD-TDP has
four di�erent subtypes and shows inclusions of phosphorylated and ubiquitinated TAR
DNA-binding protein 43 (TDP-43), which can be caused by mutations in granulin or
TDP-43 itself. The disease can be present alongside amyotrophic lateral sclerosis (ALS).
FTLD-FUS is characterised by inclusions of the RNA-binding protein FUS/TLS, which
has also been associated with ALS before. There are several diseases classi�ed as FTLD-
tau disorders. They present with inclusions of misfolded tau protein that di�er from
one disease to another. While many of them occur sporadic like AD, there are dozens of
mutations in the MAPT gene that can cause autosomal dominant familial FTDs, proving
that tau pathology alone is su�cient to induce neurodegeneration.

Frontotemporal Dementia and Parkinsonism Linked to Chromosome 17

FTDP-17 is a heterogeneous disorder caused by mutations in the MAPT gene located
on chromosome 17. It is autosomal dominant and over 100 families carrying the disease
have been reported. From over 30 identi�ed mutations, P301L and N279K are the most
common ones [11]. Disease onset is between 30 and 40 years old and common symptoms
include personality and behavioural changes, cognitive dysfunctions and parkinson-like
motor de�cits. In contrast to AD, memory functions are mostly unimpaired [12,13].

Some of the mutations found in FTDP-17 have been successfully used for the study of
tau and tau pathology, both in vitro and in transgenic mouse models. The P301L, P301S
and V337M mutations have been shown to lead to stronger and faster aggregation [14,15]
and are therefore commonly used to study tauopathies, as can be seen in the following
chapters. Other mutations can lead to pathologies that are similar to other tauopathies
and less to typical FTDP-17 (see examples below).

Pick's Disease

PiD is sporadic tauopathy, although the K257T mutation in tau can cause the same
symptoms [10]. Its clinical symptoms include language problems, apathy, disinhibition
and memory loss [16]. Pathological features are severe atrophy in the frontal temporal
lobe, ballooned neuronal cells and spherical tau inclusions termed Pick bodies [17].

Progressive Supranuclear Palsy

Progressive supranuclear palsy (PSP) is a parkinsonian disorder, causing mostly motor
symptoms such as loss of balance, slowed body and impaired eye movement with usually
only mild cognitive dysfunctions [17]. This is explained by pathological features that,
unlike many other tauopathies, a�ect cortical and subcortical structures, such as the
substantia nigra, which is also a�ected in PD [18]. PSP forms spherical NFTs in neurons
and additional tau inclusions in glia cells, resulting in tufted or thorned astrocytes [17].
PSP is sporadic, but the S305S mutation in tau can lead to similar pathology [10].
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Argyrophilic Grain Disease

Argyrophilic grain disease (AGD) is another sporadic dementia whose symptoms are dif-
�cult to distinguish from AD [17]. However, the pathological features are not NFTs. The
tau inclusions in AGD form argyrophilic grains, spindle-like lesions in neuronal processes
as well as coiled bodies in the oligodendrocytes [19].

Corticobasal Degeneration

Corticobasal degeneration (CBD) is a heterogeneous disease that can present with de-
mentia and cognitive de�cits, but also with motor syndromes reminiscent of PD or PSP.
Neuronal loss happens mostly in the cortex where other pathological features such as
ballooning neurons can be found. Tau inclusions are di�use and granular, except for
distinctive astrocytic plaques that cannot be found in other tauopathies [20].

1.2.3 Secondary Tau Pathology in Neurodegenerative Diseases

Tau protein has been suggested to play a major role in neurological diseases that are not
usually seen as tauopathies.
HD is an autosomal dominant disorder that can cause involuntary movement as well as
cognitive de�cits, caused by a mutation in the huntingtin gene. The mutant huntingtin
protein is proteolyticly cleaved, misfolds and forms aggregations inside all cells. This
also leads to strong tau pathology and the formation of NFTs, supposedly due to mutant
huntingtin altering the alternative splicing during tau translation [21,22]
While supposedly not directly related to PD pathology, leucine-rich repeat kinase 2 (mu-
tations in which cause familial PD) has been reported to phosphorylate tau protein and
thereby inducing tau pathology [23].

1.3 Tau Protein and Its Physiological Functions

The human tau protein is synthesised from the MAPT gene, which is located on chromo-
some 17. There are several isoforms formed from 16 exons by alternative mRNA splicing.
Six di�erent isoforms ranging from 352 to 441 residues can be found in the central nervous
system (CNS) of the adult human brain. They share most of their domains but di�er
in the number of N-terminal inserts, of which they can have up to 2 (symbolised 0N,
1N and 2N tau) and microtubule-binding domains (MTBD), of which there are either 3
or 4 present (3R and 4R tau) [24]. Repeat number 2 is absent from 3R tau. In early
development, only the shortest (0N3R) of the six isoforms is expressed which is therefore
called fetal tau [25, 26]. An additional, signi�cantly longer isoform can be found in the
peripheral nervous system [27].
Di�erent isoforms can be found in tau inclusions in di�erent diseases. While both 4R
and 3R tau are present in NFTs in AD, only 3R tau is found in Pick bodies and only 4R
tau in the aggregates of PSP, AGD and CBD [28].
Localisation of tau is ubiquitous in immature neurons but is mostly con�ned to the axons
upon maturation. This status is maintained by the axon initial segment (AIS) cytosekele-
tal barrier between the axon and the somatodendritic compartment of the neurons [30].
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Figure 1.2: Exons, isoforms and mutations for human CNS tau. (A) The six isoforms
found in the human CNS are created from 16 exons via alternative splicing. They have
di�erent numbers of inserts (0N, 1N, 2N) and MTBD (3R and 4R). (B) Tau mutations
found in FTDP-17. The Figure is taken from [29]
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However, lower levels of tau are still found in the nucleus and dendritic compartments, as
well as other cell compartments and organelles. The intracellular sorting of tau depends
on the isoform. While 2N forms are mainly found in the axons, 0N isoforms are found in
the cell bodies and 1N isoforms in the nucleus [31].

The physiological function of tau in the human organism still has not yet been completely
elucidated, although it was known early on that tau could facilitate the assembly of
dimers of tubulin polypeptide chains into a microtubule (MT) in vitro [32]. Dimers of
tau are able to bind to the hydrophobic pockets of MTs via their MTBD and thereby
regulate the spacing between MTs and increase their sti�ness [33]. MTs are among
the strongest cytoskeletal �laments and integral in the formation of axons in the CNS
that have to project over long distances. Tau is seen as an important factor for MT
stabilisation and disrupted MT-binding through tau pathology as a potential mechanism
for neurodegeneration. However, recent studies suggested that it is not involved in MT
stabilisation, but rather accumulates on the labile domains facilitating MT assembly and
growth [34].

Other physiological functions of tau protein have been implicated, but research on them
is limited. Regulation of the transcriptome, the synaptic plasticity and involvement in
myelination have been suggested [31].

The activity of tau protein is regulated through post-translational modi�cations, the
most important being phosphorylation with 85 possible phosphorylation sites [35]. Many
sites have been reported to drastically change the intracellular behaviour of tau when
phosphorylated. Phosphorylations in the MTBDs, such as at serine 262, often decrease
binding of tau to MTs, as well as the interactions between tau monomers that could lead
to �laments formation [36]. Phosphorylation is high during neuronal development and
greatly reduced in mature neurons, matching the shift in localisation from the soma to
the axons.

Abnormal phosphorylation has been observed in AD [37], where an increase in the ac-
tivity of kinases brings tau into a hyperphosphorylated state that leads to pathological
�lamentous aggregations [38]. Hyperphosphorylated tau has over 45 reported phospho-
rylation sites. Interestingly, most of them are not located in the MTBDs but rather in
the proline rich domain (PRD) and at the C-terminus [39].

Truncation of the N- and C- termini has been observed in human brains, creating a core
peptide around the MTBDs. The physiological function of this truncation is unclear. It
does, however, facilitate easier tau aggregation and �lament formation [40, 41]. This is
also true for recombinant truncated tau constructs such as K18 or K19 that are easier to
aggregate in vitro [42].

Glycosylation, especially O-Glycosylation, has been suggested to protect tau from hy-
perphosphorylation, while glycation is implicated to promote tau �lament formation and
stability [35].

Acetylation of tau at residues K274, K280 and K281 has been found in tissue of dementia
patients. It has been reported to destabilise the AIS cytoskeleton, leading to mislocali-
sation of tau to the somatodendritic compartment, possibly playing a role in �lamentous
tau pathology [30,43].
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1.4 Tau Misfolding and Filament Structure

Tau protein is intrinsicly disordered, but has the ability to interact with other tau
monomers through their MTBDs to form �lamentous assemblies that shape the tau in-
clusions which are the hallmarks of many tauopathies. This e�ect can be replicated
in vitro with recombinant tau and is highly dependent on the experimental conditions
and inducers that were used. Filament formation can be induced by negatively charged
biomolecules such as glycosaminoglycans or nucleic acids [44]. The glycosaminoglycan
heparin is a strong inducing agent for tau �laments and has been used in countless
studies to create tau �brils [45]. It forms a 1:1 complex with tau monomers, which
adopt a misfolded conformation that can then act as a nucleation site and recruit additi-
noal monomers to elongate the seed into a �lament [46]. Alternatively to using anionic
molecules, nucleation seeds can be added directly to trigger aggregation.
The structural core of the �laments is formed by the MTBDs. Monomers form sheets of
a cross-b conformation where monomers are stacked parallel and in alignment on top of
each other, perpendicular to the �lament axis [47]. Both 3R and 4R tau isoforms are able
to adopt such structures and even the motive of one of the MTBDs is su�cient to form
the core of the �lament [42, 45]. The N- and C-termini remain disordered, forming the
so-called "fuzzy coat", a structurally unde�ned region at the edges of the �lament [48].
In AD, two di�erent kinds of �laments can be found in the NFTs, paired helical �laments
(PHF) and straight �laments (SF). Both can contain all six isoforms of tau [42]. The
atomic structures of the core of PHFs and SFs were recently determined by cryo-electron
microscopy (EM) [49]. While both are comprised of two c-shaped proto�laments, their
cores show clearly distinct conformations creating di�erent interaction surfaces. These
distinct structures have been con�rmed to be the same for di�erent individual AD patients
and for both sporadic and familial AD [50]. At the core of those �laments are the repeat
domains R3 and R4, with R1 and R2 not being part of the core region. This explains
why all isoforms of tau can be found in NFTs.
An additional structure was solved for tau �brils from PiD, revealing a di�erent fold than
was found in AD [51]. The longish �lament core includes a fold for part of the R1 domain,
that can not be replicated by R2, making it impossible for 4R tau to integrate into such
a �lament. This explains why tau inclusions from PiD exclusively contained 3R tau.
The newest solved structure from a tauopathy is from chronic traumatic encephalopathy,
which is caused by repeated head injuries. Two di�erent �brils formed by two c-shaped
proto�laments containing all tau isoforms were discovered. The structure was again
di�erent from the conformations reported for AD and PiD [52].
Tau �laments induced by heparin are able to form several kinds of di�erent �laments,
but could not be observed reproducing one of the pathological folds described above [53].
The conformation of pathological tau is distinct and speci�c for a neurodegenerative
disease. It remains to be seen how these di�erent folds are originally caused in patients,
but once created, they can spread throughout the brain in a prion-like manner.

1.5 Prion-Like Spreading of Tau Pathology

The prion-likle spreading hypothesis suggests that aggregates of misfolded tau are able
to force their conformation in a template-based manner onto monomers that are then
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recruited to the aggregate. Seed competent aggregates like these are then transported
from their cell of origin into other neurons until pathology has spread throughout the
brain. Several conditions need to be met for this to be true. Tau monomers need to be
able to adopt the structure of pre-formed �laments that act as seeds. Seeds need to be
able to leave the cell and then be taken up into new cells to spread pathology.
The �rst statement has been proven true several times [54]. Prion-like spreading from cell
to cell has also been shown in a tau mouse model, where the injection of brain extract
from human patients into the brain of mice lead to the formation of tau aggregations
with pathology spreading from the injection sites [3]. However, the exact spreading
mechanisms have not been determined yet, but might be vital for disease prevention.
Uptake of tau and other �lamentous protein assemblies were reported to be regulated by
binding to heparan sulfate proteoglycans (HSPG) on the cell surface [55, 56]. Monomers
are not taken up this way, as a minimum of tau trimers is needed [57]. After uptake,
seeds probably follow the endosomal pathway until they are released into the soma to
spread pathology.
While tau secretion has been observed (it can be found in the cerebrospinal �uid [58]),
its mechanisms are very unclear. Most tau secreted from healthy cells is supposed to
be truncated but seed incompetent [59]. Small amounts of tau could also be found in
extracellular vesicles and a secretion mechanism involving the oligomerisation of tau has
been proposed [60,61]
Another possibility would be direct transmission of tau from cell to cell via tunnelling
nanotubes, as has been suggested for alpha-synuclein (aS) in PD [62].
The spreading of tau pathology can clearly be observed in human patients during di�erent
disease stages and the localisation of tau inclusion matches the neurodegenerative disease
progression [63]. However, the exact process that leads to the death of a neuron has not
been determined yet and it is still debated which form of tau is responsible. Monomers are
usually seen as harmless and non-toxic on their own, as most reports focus on either tau in
an early oligomeric state or in the later form of �brils. Tau oligomers have been reported
to have synaptotoxic e�ects, reduce cell viability and disturb membrane integrity [64�67].

1.6 Unravelling Tau Pathology

Tauopathies are a diverse group of complex diseases with many di�erences in both clinical
and pathological features, their common denominator the involvement of tau protein.
It stands to reason that at the core of these diseases lie more general and universally
applicable principles that need to be uncovered to �nd a systematic approach to treatment
and prevention. However, many di�erent factors are at work and play into each other
and the puzzle is probably not solvable by �xating on one single piece.
We performed several experiments that focus on di�erent aspects of tau pathology. To
elucidate the importance of conformational tau strains for neurodegenerative diseases we
investigated the possibility of inter-species cross-seeding of tau with a known yeast prion,
both in a tau mouse model and in vitro with recombinant human tau protein, using histo-
logical methods and transmission electron microscopy (TEM) [68]. To gain more insight
into what type of neurons is most a�ected by tau pathology we developed di�erentiation
protocols and methods for the SH-SY5Y human neuroblastoma cell line for a single cell
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analysis approach using immuno�uorescent labelling and confocal microscopy [69]. We
proceeded to use the human neuronal cell model to study the uptake of �lamentous tau
into said cells. Lastly we show our e�orts on developing a novel method for detergent-free
isolation of tau structures form neuronal tissue.
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Chapter 2

Cross-Seeding of Tau Protein by

non-mammalian prions

Martin Flach126, Cedric Leu36, Alfonso Martinisi12, Markus Tolnay1, Michel Goedert4,
Henning Stahlberg3, David T. Winkler1257

This chapter describes the inter-species cross-seeding of tau protein with the Sup35NM
yeast prion domain in P301S mice and in vitro. It is an early manuscript draft intended
to be completed with additional data and analysis and re�ned for submission in a scien-
ti�c journal. David T. Winkler conceived and designed the study; Martin Flach, Cedric
Leu, Michel Goedert, Henning Stahlberg and David T. Winkler designed research; Mar-
tin Flach performed the Sup35NM expression and puri�cation and performed the in vivo
experiments and light microscopy, Cedric Leu performed the in vitro experiments and
electron microscopy; Martin Flach, Cedric Leu, Alfonso Martininsi, Henning Stahlberg
and David T. Winkler analysed data; David T. Winkler drafted the manuscript

2.1 Introduction

Tau is a natively-unfolded microtubule-binding protein, involved in axonal and nucleo-
cytoplasmatic transport and translation regulation. In Alzheimer's disease (AD), tau is
hyperphosphorylated and eventually forms intraneuronal inclusions [28]. Similar to other
aggregating proteins involved in neurodegenerative diseases, tau has prion-like proper-
ties [49, 51, 70]. AD patients' derived or synthetic tau aggregates can thus seed unfolded
tau into b-sheet structured amyloid [28].

1Institute of Medical Genetics and Pathology, University Hospital Basel, Petersgraben 4, CH-4031
Basel, Switzerland

2Department of Neurology, University Hospital Basel, Petersgraben 4, CH-4031 Basel, Switzerland
3Center for Cellular Imaging and NanoAnalytics (C-CINA), Biozentrum, University of Basel, Mat-

tenstrasse 26, CH-4058 Basel, Switzerland
4MRC, Laboratory of Molecular Biology, Francis Crick Avenue, Cambridge CB2 0QH, UK
5Neurology, Medical University Clinic, Kantonsspital Baselland, Rheinstrasse 26, 4410 Liestal,

Switzerland
6contributed equally
7corresponding author

17



Sup35 is the yeast prion �rst discovered and most studied, with Sup35NM constituting
its prion domain [71]. Sup35 occurs in wild yeasts on grapes, and on Saccharomyces
cerevisiae strains of commercial dry wine yeast [72]. It is a translational regulator and
acts as a cellular stress sensor by forming protective gels via pH-regulated liquid-like
phase separation [73]. Like tau, Sup35 aggregates into b-sheet structured amyloid [74].
Its combined N-terminal (N) and middle (M) domain is su�cient to form Sup35NM �brils
harboring prion properties.
Abnormal protein aggregation underlies the vast majority of human neurodegenerative
diseases. Prion-like properties have been demonstrated for many of the inclusion forming
proteins aggregating in these disorders. Due to their lower infectivity compared to fatal
prions like PrPSc [75], these proteins associated with neurodegeneration have been termed
prionoids [76].
The initial cascade provoking the conversion of prionoids from native proteins to b -sheet
structured aggregates has yet remained unexplained. Long before the present knowl-
edge on prionoids and the transcellular spreading of tau has been established, it was
considered "conceivable that an infectious agent enters the cranium and brain from the
nasopharyngeal cavity and spreads there among the structures closely linked with each
other by neuronal pathways" [77]. Based on this and in the light of the recently grow-
ing understanding of the human microbiome and its role in the pathogenesis of human
diseases [78], we here analysed whether, in principle, an archaic natural yeast prion can
cross-species cross-seed a human neurodegenerative prionoid.

2.2 Materials and Methods

2.2.1 Mice

Homozygous human P301S mutant tau transgenic mice (P301S tau mice) [79] were used
as host mice for all seeding experiments. Animal experiments were approved by the o�cial
local Committee for Animal Care and Animal Use of the Canton of Basel (Licence Nr.
BS2471).

2.2.2 Stereotaxic Surgery

Three month-old P301S tau mice were anaesthetized with a mixture of ketamine (10mg/kg)
and xylazine (20mg/kg) and placed on a heating pad to maintain body temperature dur-
ing surgery. Mice were injected in the right hippocampus (A/P, -2.5mm from bregma;
L, -2.0mm; D/V, -1.8mm) using a Hamilton syringe. Each mouse received a unilateral
stereotaxic injection of 2.5 µL volume, at a speed of 1.25 µL/min. Following the injec-
tion, the needle was kept in place for an additional 3min. The surgical area was cleaned
with saline and the incision sutured. Mice were monitored until recovery from anesthe-
sia, provided analgetic medication for up to 48 hours post-surgery, and checked regularly
following surgery.
Sup35NM was generated as described below and inoculated in PBS at a concentration of
0.3mg/mL. -5Tyr Sup35NM was obtained from Genscript, diluted in PBS solvent and
inoculated at a concentration of 0.3mg/mL.
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2.2.3 Expression, Puri�cation and Fibrilisation of Sup35NM

The combined N-terminal (N) and middle (M) domain of Sup35 is su�cient to form
Sup35NM �brils harbouring prion properties [80]. The Sup35NM expression plasmid
p1404 plasmid was a kind gift from Prof. Reed B. Wickner (Laboratory of Biochem-
istry and Genetics, NIH, Bethesda, U.S.A.). E. coli Rosetta (DE3) pLysS was used
as expression host. The transformation of the E. coli was performed using the heat
shock method [81]. Transfected cells were selected using LB plates containing Ampicillin
(50 µg/mL) and Kanamycin (30 µg/mL). A transformed colony was incubated overnight
at 37 ◦C in a 50mL LB-ampicillin-kanamycin �ask. On the next day, 20mL of growing
culture were added to a fresh �ask containing 2L TB-ampicillin-kanamycin medium. In-
duction was performed with 1mM IPTG at an A600 of ca. 1. The cells were harvested
after 5 h of IPTG induction. The cell pellets were collected by centrifugation and lysed by
sonication in lysis bu�er (50mM Tris-HCl, 1mM PMSF, 8M urea, pH 8.0). The lysate
was cleared using centrifugation at 12 000 rcf for 20min at 4 ◦C. The cleared supernatant
was applied to a 1mL HisTrapTM (GE Healthcare) column pre-equilibrated with lysis
bu�er. The column was washed with wash bu�er (50mM Tris-HCl, 1mM DTT, 8M
urea, 300mM NaCl and 20mM imidazole) until the absorption at 280 nm reached zero.
The target protein was eluted using 250mM imidazole. The protein in each fraction
was monitored using a spectrophotometer. The purity of Sup35NM in the selected frac-
tions was analyzed by 4 - 12% SDS-PAGE. The protein was then loaded onto a HiLoad
16/60 Superdex 75 PG (GE Healthcare) column equilibrated with 7M urea, 50mM Tris
(pH 7.5) and 150mM NaCl. The fractions containing Sup35NM were assessed via West-
ern Blot using an anti HIS-Tag antibody (Anti-6X His tag R© antibody (HRP), Abcam),
pooled, concentrated and dialyzed against PBS using a Slide-A-Lyzer 10K dialysis cas-
sette (Thermo Fisher Scienti�c). Sup35NM was then concentrated to 0.271mg/mL using
an Amico ultra-centrifugal �lter with a 10K cuto� (Millipore). Afterwards, Sup35NM
was placed in a cold room at 4 ◦C under slight agitation for 3 days in order to enable
�brilisation into the desired conformation [82]. Aliquots of �brilised samples were stored
at -70 ◦C prior to the inoculations.

2.2.4 Immunohistochemical Analysis

At the age of 6 to 6.5 months, the mice were deeply anaesthetised with pentobarbital
(150mg/kg) and perfused with 20mL cold PBS, followed by 20mL 4% paraformalde-
hyde in PBS. The brains were dissected and post-�xed overnight. Following para�n
embedding, 4 µm thick coronal sections were prepared. Sections were silver-impregnated
following the method of Gallyas-Braak to visualize �lamentous tau pathology [83, 84].
For tau immunohistochemistry, the monoclonal antibody AT8 (1:1000, Thermo Scien-
ti�c) was used as described previously [85]. Secondary antibodies were obtained from
Vector Laboratories (Vectastain ABC kit).
For quanti�cation of the CA3 region [86], a total of 3 brain tissue sections were analysed
(at levels -2.6 µm, -2.4 µm and -2.2 µm from bregma) per mouse and staining, and the
number of AT8 positive neurons and Gallyas-Braak silver stained neurons was counted
on 10X magni�ed images, taken with a BX43 Upright Microscope (Olympus). Bregma
levels were determined by visual comparison with the Mouse Brain Atlas (Franklin and
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Paxinos, 2007). The quanti�cations and the measurements of the area of the respective
anatomical regions were performed by the Cell counter plug-in in imageJ (imagej.net).

2.2.5 Statistical Analysis

We compared the ipsilateral (inoculated side) to the contralateral (non-inoculated side)
of Sup35NM injected mice, in order to estimate the number of AT8 or Gallyas-Braak
stain positive neurons in the hippocampal CA3 �eld. The mean neurons / area counts
per mouse were compared by 2-tailed t-tests. Standard deviations are shown in �gures.

2.2.6 In Vitro Seedings

For in vitro seedings, recombinant 2N4R wild-type tau (ab84700, Abcam) and recom-
binant 2N4R P301S mutant tau (009-001-U01, Rockland Immunochemicals Inc.) were
used together with the above described Sup35NM seeds and -5TyrSup35NM monomers.
The bu�er of tau monomers was exchanged to Dulbecco's phosphate-bu�ered saline
(DPBS, Sigma-Aldrich) without calcium and magnesium with the use of MicrospinTM

G-50 columns (GE27-5330-01, GE Healthcare). Sup35NM seeds were created from �la-
ments by sonication (cycle: 0.2 s, amplitude: 100%, 4x 20 s with 2min breaks in between)
in a UP200St tube sonicator (Hielscher Ultrasonics GmbH). The seeds were �ltered with
0.22 µm �lter centrifuge tubes to exclude longer �laments. Tau monomers at a �nal
concentration of 0.1mg/mL were mixed with 0.027mg/mL of seeds in DPBS containing
0.02% sodium azide and 0.02mg/mL heparin (H3393, Sigma-Aldrich). Samples were in-
cubated at 37 ◦C on an overhead rotator at 30 RPM. Seeds from Sup35NM induced 2N4R
wild-type tau �laments were created by sonication in a similar manner as described above
(cycle: 0.2 s, amplitude: 100%, 4x 5min with 5min breaks in between). Tau seeds were
diluted 1:3 in 2N4R wild-type tau monomers for re-seeding experiments.

2.2.7 Transmission Electron Microscopy

The in vitro samples were studied with TEM at di�erent time points. 4 µL of sample
were adsorbed for 60 s on glow-discharged copper grids that were coated with 2% par-
lodion and a continuous carbon �lm. Samples were blotted with �lter paper, washed
in three drops of nanopure water and stained with 2 droplets of 2% uranyl acetate for
20 s. Samples were imaged with FEI Tecnai T12 (operated at 120 kV) and FEI Tecnai
G2 Spirit (operated at 80 kV) transmission electron microscopes (Thermo Fisher Scien-
ti�c) equipped with TVIPS TemCam-F416 (Tietz Video and Image Processing Systems
GmbH) and EMSIS VELETA (EMSIS GmbH) cameras, respectively. Measurements on
the electron micrographs were done with the imageJ distribution Fiji (https://�ji.sc/).

2.3 Results

2.3.1 In Vivo Seeding of Tau by Sup35NM

To study the cross-seeding potential of the yeast Sup35 prion, we expressed the Sup35NM
prion domain in E. coli, and aggregated it at 4 ◦C into �brils (Figure 2.1 A). Recombi-
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Figure 2.1: Sup35NM seeds tau aggregation in P301S tau transgenic mice. (A) Transmis-
sion electron microscopy of -5TyrSup35NM (control) and Sup35NM (�brils) preparations
used for intrahippocampal inoculations. (B), (C) increase in AT8 hyperphosphorylated
and Gallyas-Braak positive neurons in the hippocampal CA3 �eld following unilateral
intrahippocampal Sup35NM �bril inoculation in P301S tau transgenic mice. Compar-
ison of the non-injected side (contralateral) to the injected side (ipsilateral) after AT8
immunohistochemistry (AT8) and Gallyas-Braak staining (GALL) by t-tests, (B), and
representative histological �ndings (Bregma level -2.6mm) ((C) * p<0.05, ** p<0.01).

nant Tyrosin-deleted Sup35NM (-5TyrSup35NM), previously described as a less aggre-
gating non-�brillary control [87] (Figure 2.1 A), and brain homogenates of non-transgenic
mice are being used as controls. We inoculated 2.5 µL of sonicated Sup35NM �brils, -
5TyrSup35NM control solution or B6-brain homogenates into the right hippocampus of
3 months old P301S tau transgenic host mice. These mice express the human full-length
0N4R tau isoform, harbouring the P301S tau mutation, found in hereditary forms of
frontotemporal dementia. They develop progressive intraneuronal tau inclusions, which
become accentuated upon the inoculation of b-sheet structured tau seeds [88]. Three
months post-inoculation, a strong focal accentuation of AT8 immunohistochemistry and
Gallyas-Braak silver stain positive tau pathology was noted in Sup35NM inoculated mice
at the hippocampal inoculation site and along the distal injection canal (Fig. 1, Extended
Data Fig. 1). Initial quantitative estimates con�rmed an increase in hippocampal tau
pathology in the CA3 �eld of the Sup35NM inoculated right hippocampus in comparison
to the left, non-seeded hippocampus (Fig. 1b, d). Comparable to seedings with human
brain extracts derived from tauopathy patients into P301S host mice (Boluda et al 2015),
we noted the induction of Gallyas-Braak positive grains in the dorsal fornix, mostly in
close proximity to the inoculation canal, in a subset of Sup35NM seeded mice (Extended
Data Figure A.1). Detailed quantitative analysis, also of the control mice, is currently
ongoing.
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2.3.2 In Vitro Seeding of Tau by Sup35NM

We can't exclude that the in vivo tau seeding activity of Sup35NM we found is mediated
by various cellular mechanisms, including an induction of excitotoxicity, a lowering of tau
degradation by the yeast prion domain, or immunological processes. We therefore next
analysed, whether Sup35NM is capable of directly inducing tau aggregation in vitro. As a
naturally unfolded protein, recombinant tau does not aggregate in vitro, unless co-factors
e.g. heparin are added. We therefore incubated recombinant human 2N4R P301S tau
monomers in presence of very low levels of heparin (0.02mg/mL), either unseeded (Figure
2.2 A), with non-aggregated -5TyrSup35NM monomers (Figure 2.2 B), or with sonicated
Sup35NM �bril fragments (Figure 2.2 C).
Seeding of P301S tau monomers with Sup35NM short �brils resulted in the formation
of tau �laments with a distinct wavy, slightly skewed corkscrew-like pattern (Figure 2.2
C), which was only rarely seen in unseeded or -5TyrSup35NM incubated probes. This
corkscrew-like P301S tau �bril pattern was somewhat reminiscent of curly tau �brils
previously described upon seedings with mutant tau seeds [54].
As expected, unseeded P301S tau monomers aggregated into a wide variety of �laments
(Figure 2.2 A). P301S tau monomers kept with -5TyrSup35NM monomers formed similar
�laments as the unseeded sample. However, after 3 days of incubation, these �laments
showed clumpy protein decorations that were no longer visible after 16 days (Figure
2.2 B). This suggested a transient interaction of the tau monomers with -5TyrSup35NM,
which itself also formed �brils after 16 days, when kept without tau monomers (Extended
Data Figure A.2). The latter con�rmed the strong aggregation propensity of Sup35NM,
which partly persists even with the -5Tyr deletion, or when its sequence is randomly
rearranged [89].
As the P301S mutant is a highly aggregation prone tau variant, we next wanted to learn
whether Sup35NM can also drive wild-type human tau monomers into aggregates (Figure
2.3 A - C). Strikingly, Sup35NM seeds provoked a rapid aggregation of 2N4R wild-type
tau monomers into �brils (Figure 2.3 C). These �brils, again, exhibited a characteristic
corkscrew-like pattern, with a clear preference towards regular wave patterns with a
periodicity of around 143 nm (± 12 nm, n = 87) (Figure 2.3 C). Compared to non-seeded
(Figure 2.3 A) or -5TyrSup35NM exposed wild-type tau monomers (Figure 2.3 B), �bril
formation was accelerated by Sup35NM seeds, and corkscrew-like �brils formed already
at day 3 (Figure 2.3 C).
Next, we created short seeds out of Sup35NM induced human wild-type 2N4R tau �la-
ments by sonication and used them to again seed 2N4R wild-type tau monomers. After 3
days we observed rapid formation of tau �laments (Extended Data Figure A.3 A), which
in turn could be used for the seeding of a next generation of �brils (Extended Data Figure
A.3 B). While the aggregation accelerating e�ect of the seeds stayed intact, the distinct
wave pattern was well preserved in the �rst generation of re-seeding, and got more diluted
during the subsequent seeding generation.

2.4 Discussion

We here demonstrate for the �rst time, to our knowledge, that an archaic yeast prion is
capable of cross-species cross-seeding a human Alzheimer's Disease associated prionoid.
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Figure 2.2: Sup35NM seeds P301S mutant tau aggregation in vitro. (A)-(C) Transmission
electron microscopy of human 2N4R P301S mutant tau monomer aggregation under low
heparin conditions (A) and with addition of -5TyrSup35NM monomers (B) or Sup35NM
seeds (C), at time points day 0, day 3, and day 16. Note the occurrence of corkscrew-like
shaped tau �brils at day 3 and 16 upon seeding with Sup35NM �brils (arrows (C)).
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Figure 2.3: Sup35NM seeds wild-type tau aggregation in vitro. (A)-(C) Transmission
electron microscopy of human 2N4R wild-type tau monomer aggregation under low hep-
arin conditions (A) and with addition of -5TyrSup35NM monomers (B) or Sup35NM
seeds (C), at time points day 0, day 3, and day 16. Note the occurrence of corkscrew-like
shaped tau �brils at day 3 and 16 upon seeding with Sup35NM �brils (arrows (C)).
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The concept of template based seeding as a nucleation dependent process causing prion
aggregation has been introduced by Jarrett and Lansbury in 1993 [90]. Tau is known
to cross-seed with other human prionoids, including a-synuclein [91] and amyloid-b [8].
Sup35NM has accelerated perifollicular splenic amyloid formation in a model of silver
nitrate induced amyloid protein A amyloidosis in mice [92], providing �rst evidence for
a cross-species cross-seeding competence of Sup35NM. Our present �ndings corroborate
that sheer b-sheet structured templating rather than its primary structure governs a
prion's cross-seeding potential [93]. Templating thus can allow conformer induction across
completely di�erent species, even though species barriers had previously been established
for certain prion disorders [94].
b-sheet structured amyloids occur in all forms of life and recently an already prebiotic
regulatory function of amyloids has been suggested [95]. Many yeast prions, including
Sup35, and most prionoids associated with neurodegenerative disorders in man, including
tau [96], are involved in translation regulation, inter alia by phase separation [73]. The
present �ndings suggest that the partly conserved functions and the structural similari-
ties of prions and prionoids result in a preserved capacity of cross-seeding across species.
Archaic non-mammalian prions might retain a wider templating competence than evolu-
tionary later prions.
Neurodegenerative proteinopathies with prionoid aggregation are typically sporadic and
their causes have yet remained unknown. In the light of our present �ndings, a templating
mechanism of microbiotic or nutritional prions might serve as an aggregation inducing
factor in sporadic neurodegenerative disorders. In the case of AD and tau, early neu-
ro�brillary tangle formation occurs in the olfactory bulb [97], that is in close contact to
the microbiome and to exogenous agents present in the nasopharyngeal cavity [77]. In
analogy, an initial induction of a-synuclein aggregation by a yet unknown agent in the gut
has been proposed by Braak and coworkers for Parkinson's disease [98]. A microbiotic
prion induced templating of human neurodegenerative prionoids would be in accordance
with the typically long incubation periods observed with prion-template induced neu-
rodegeneration, reaching up to three decades in patients with iatrogenic PrPSc infections
or amyloid-b transmissions by contaminated growth hormone or gonadotropin [99,100].
The relevance and consequences of any clinical context of our present �ndings on cross-
species cross-seeding competence of the yeast Sup35NM prion domain however remain
yet to be studied. Our data primarily call for the analysis of the cross-species cross-
seeding capacity of other non-human prions, the search for such fungal, bacterial or plant
prions in samples of the human microbiome, as well as the study of cross-seeding e�ects
of Sup35 on other human prionoids e.g. amyloid-b or a-synuclein. Understanding the
initiation of prion formation in sporadic neurodegenerative disorders will be pivotal for
the long-awaited generation of preventive or curative approaches for these devastating
disorders.
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Chapter 3

Di�erentiation and Characterisation of

SH-SY5Y Human Neuronal Cells as a

Model for Neurodegeneration

Cedric Leu1, Rosmarie Sütterlin1, Andrej Bieri1, Henning Stahlberg1, Thomas Braun1

This chapter deals with the cultivation and di�erentiation of the SH-SY5Y human neu-
roblastoma cell line. Cedric Leu conceived and designed the experiments with assistance
from Rosmarie Sütterlin, Thomas Braun and Henning Stahlberg. Cedric Leu and Ros-
marie Sütterlin applied the cell culturing protocols. Cedric Leu took most of the life cell
images while Rosmarie Sütterlin was responsible for most of the immuno�uorescent la-
belling and confocal scanning light microscopy images. Cedric Leu analysed the data with
assistance from Rosmarie Sütterlin.

3.1 Introduction

Good model systems are needed to study neurodegenerative diseases. For tauopathies,
numerous studies focusing on tau �lament formation have been done with recombinantly
expressed and puri�ed tau in vitro. These give information on the process of �lament
formation, the structure of synthetic �brils and the potential seeding properties. However,
it is not possible to study the uptake and prion-like transmission of tau pathology from
cell to cell. To observe tau interaction on a single-cell level, working with an appropriate
cellular model is essential.
Neurodegenerative diseases are often associated with speci�c parts of the brain and,
consequently, with certain types of neurons. PD shows a characteristic degeneration of
dopaminergic cells in the substantia nigra [101], while frontotemporal dementia a�ects
neurons in the frontotemporal lobe. While a single-cell approach in a cell culture is not
suitable to model whole brain regions, it is very e�ective in studying cell type speci�c
interactions.
HEK293 or HeLa cell lines are commonly used for such experiments [57], often with

1Center for Cellular Imaging and NanoAnalytics (C-CINA), Biozentrum, University of Basel, Mat-
tenstrasse 26, CH-4058 Basel, Switzerland
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certain tau isoforms being overexpressed by transfection [102]. HEK293 cells provide a
human cellular environment, are stable and their genome is known. They are able to pro-
liferate so that many experiments can be performed with the same cell line. Furthermore,
maintenance is easy and cheap. They do, however, not provide a neuronal environment,
which is not su�cient to simulate brain pathology.
Primary neurons, on the other hand, are neurons extracted from brain tissue. They
developed in vivo in a neuronal environment and therefore show the neuronal properties
needed for the study of neurodegenerative diseases. Their disadvantage is the more
di�cult handling compared to continuous cell lines, as well as their limited lifespan, which
may lead to genotypical and phenotypical di�erences between experiments if di�erent
neuronal extractions have to be used [103]. Availability of human primary neurons might
also be limited, so that many research groups work with mouse or rat primary neurons,
which have signi�cant di�erences to human neurons.
Human neuronal cell lines are both easy to maintain in their proliferating state and
show neuronal qualities in their di�erentiated state. This gives the necessary control
for repeated experiments. The human cell environment is closer to the native state
than mouse or rat neurons would be. Human induced pluripotent stem cells (iPSCs)
have the potential, when cultured correctly, to o�er an even more sophisticated neuronal
environment, but are in general more fragile and more expensive to cultivate compared
to immortalised neuron-like cells.
The SH-SY5Y human neuroblastoma cell line is popular choice for the study of neurode-
generative diseases and has been used before as a cell model for di�erent tauopathies
as well as for PD [104, 105]. As such, the cell line is well established and characterised.
However, despite the fact of how widely used these cells are, there exist many di�erent
protocols for di�erentiation. The application of di�erent media and di�erentiation du-
rations results in vastly di�erent outcomes. When it comes to their neuronal identity,
SH-SY5Y cells were often reported to be cholinergic cells, but a lot di�erentiation proto-
cols for dopaminergic cells have been published as well. A comprehensive study on the
SH-SY5Y cell line as a dopaminergic model system showed that many previous publica-
tions simply stated the neuronal type of their SH-SY5Y cells without showing evidence
themselves [106].
To use the SH-SY5Y cell line in our experiments, it is of great importance to understand
their di�erentiation and get reproducible cell populations. As we want to study tau
pathology on a single cell level, characterising the di�erentiation and the resulting cell
types on a population level is not enough. We need to be able to identify individual cells
with di�erent expression patterns. So instead of analysing the proteome of batches of cells
we used immuno�uorescent labelling and confocal laser scanning microscopy (CLSM) on
�xed cell cultures to characterise the state of di�erentiation and the present neuronal cell
types with the use of speci�c antibody markers.

3.2 Materials and Methods

3.2.1 Cell Cultures

Cells from the SH-SY5Y neuroblastoma cell line (Sigma-Aldrich) were cultivated as per
the supplier's instructions. They were grown as adherent cell monolayers in �asks in prolif-
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eration medium containing F-12 Ham:EMEM (1:1) (Sigma-Aldrich), 2mM GlutaMAXTM

supplement (Sigma-Aldrich), 1x non-essential amino acid solution (NEAAs) (Sigma-
Aldrich) and 15% fetal bovine serum (FBS) (Gibco). Cells were grown to 80% con�uency
(approximately every 3 days) and were then detached by 0.05% trypsin-EDTA solution
(Thermo Fisher Scenti�c) and pelleted at 100 rcf for 5min. After resuspension in fresh
proliferation medium they were split 1:4 into fresh cell culture �asks.

The di�erentiation protocol for SH-SY5Y cells was adapted from [107]. 500'000 cells
were seeded per 25 cm2 cell culture �ask in 5mL proliferation medium. After 1 day, the
medium was changed to di�erentiation medium 1 (DM1), containing F-12 Ham:EMEM
(1:1), 2mM GlutaMAXTM, 1x NEAAs, 2.5% FBS and 10 µM retinoic acid (RA) (Sigma-
Aldrich). As RA is sensitive to light, exposure during cell cultivation was minimised. The
medium was exchanged after 2 days. On day 4, cells were trypsinised, pelleted and resus-
pended in 13mL of DM1. Cells were further grown on 18mm glass coverslips in a 12-well
plate. Cover slips were coated with 50 µg/mL poly-L-ornithine (PLO, Sigma-Aldrich)
and 1 µg/mL �bronectin (Sigma-Aldrich) in water for cell cultures (Sigma-Aldrich) at
37 ◦C over night. Before use, the cover slips were washed with Dulbecco's PBS (Sigma-
Aldrich) three times and air dried. 1mL of cell suspension was added per well. Af-
ter two days the medium was changed to di�erentiation medium 2 (DM2), containing
Neurobasal medium (Gibco), 2mM GlutaMAXTM, 1x NEAAs, 1x B-27 cell supplement
(Gibco), 20mM KCl (Sigma-Aldrich), 10 µM RA, 50 ng/mL brain-derived neurotrophic
factor (BDNF) (Sigma-Aldrich) and 2mM dibutyryl cyclic adenosine monophosphate
(cAMP) (Sigma-Aldrich). The medium was exchanged to fresh DM2 every 3 days there-
after. Di�erentiation was continued as long as cells looked healthy and did not cluster
too much, usually for a total di�erentiation time of 20 to 26 days, sometimes up to 32
days. Cells were then �xed with formalin and stored at 4 ◦C in cell bu�er (5.5mM MES,
137mM NaCl, 5.4mM KCl, 1.1mM Na2HPO4, 0.4mM KH2HPO4, 4.2mM NaHCO3,
2.4mM MgCl, 5.6mM Glucose and 21mM EGTA, pH adjusted to 6.5).

3.2.2 Immuno�uorescence and Confocal Light Microscopy

The antibodies used for immuno�uorescent labelling can be found in table 3.1. Cells were
permeabilised for 5min with 0.5% Triton X-100 for 5min. Antibodies were diluted in cell
bu�er. Primary antibodies were incubated for 120min, secondary antibodies for 90min
at room temperature. Labelled cells were embedded in moviol on a glass microscope
slide. No blocking step was done, as it has been shown it is not needed [108]. Images
of living cells were taken with the inCellis imaging system (Bertin Instruments). CLSM
was performed with a Leica SPE confocal microscope. Image processing was done with
the imageJ distribution Fiji (https://fiji.sc/).
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Tag Target Host Dilution Source

Primary Antibodies

ChAT choline acetyl trans-
ferase

goat 1/250 AB144P Sigma-Aldrich

GABA gamma-aminobutyric
acid

rabbit 1/500 NBP2-43558 Novus Biologi-
cals

HT7 whole tau protein mouse 1/200 MN1000 Thermo Scienti�c
NF165 neuro�lament M mouse 1/25 2H3 Hypridoma Bank
pS262 tau phosphorylated at

serine 262
rabbit 1/200 ab131354 Abcam

SP synaptophysin mouse 1/300 S5768 Sigma-Aldrich
Tbr1 t-box, brain, 1 rabbit 1/800 ab31940 Abcam

TH Tyrosine hydroxylase
rabbit 1/400 sc-14007 Santa Cruz

Biotechnology
chicken 1/400 ab76442 Abcam

TPH tryptophan hydroxy-
lase

rabbit 1/300 SAB4503029 Sigma-Aldrich

tuj b-III tubulin
mouse 1/3000 801202 BioLegend
rabbit 1/500 SAB4300623 Sigma-Aldrich

VGLUT1 Vesicular glutamate
transporter 1

guinea
pig

1/500 AB5905 Chemicon

DAPI dsDNA - 1/1000 422801 BioLegend

Secondary Antibodies

488mo mouse IgG donkey 1/800 715-545-151 ImmunoRe-
search

488go goat IgG donkey 1/800 705-546-147 ImmunoRe-
search

488gp guinea pig IgG donkey 1/800 706-546-148 ImmunoRe-
search

488rb rabbit IgG donkey 1/800 711-545-152 ImmunoRe-
search

647ch chicken IgY donkey 1/600 703-605-155 ImmunoRe-
search

647mo mouse IgG donkey 1/600 715-605-151 ImmunoRe-
search

647rb rabbit IgG donkey 1/600 ab150063 Abcam

Table 3.1: List of antibodies used to study SH-SY5Y cell di�erentiation.
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Figure 3.1: Experimental timeline for SH-SY5Y di�erentiation, indicating the di�erent
steps in di�erentiation.

3.3 Results

3.3.1 Di�erentiation Protocol

We were able to replicate the results from Shipley et al. [107] and adapted their protocol
to suit our experiments. One of the changes was omitting a third di�erentiation medium
that was used in between DM1 and DM2. It's composition was very similar to DM1 but
with reduced FBS content. We found that it was not necessary for cell di�erentiation
and a direct switch from DM1 to DM2 did not negatively impact the cell culture.
After the start of the di�erentiation process, SH-SY5Y cells proved di�cult to count
during the splitting procedure due to the cells clumping together. To still get reliable
cell densities in the 12-well plates, cells had to be counted during the last split before
di�erentiation commenced. The timing of medium changes had to stay the same for all
experiments, as well as the dilution step when cells were transferred into the wells.
The experimental timeline can be seen in Figure 3.1.

3.3.2 Cell Morphology

SH-SY5Y cells were di�erentiated over the course of several weeks. Images were taken ev-
ery few days to document the morphological development during di�erentiation as shown
in Figure 3.2. Proliferating cells already showed di�erent morphologies with smaller,
elongated cells and larger sized polygonal cells. After six days of di�erentiation in DM1
containing RA, cell proliferation was greatly reduced as cells entered a post-mitotic state.
The cells were evenly distributed on the glass cover slips but looked very similar to pro-
liferating cells in shape and size when the growth medium was switched to DM2 which
contained RA, BDNF and cAMP. On di�erentiation day 12, after 6 days in DM2, cells
had started to form the �rst neurites. Some were still short and unconnected while others
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Figure 3.2: Morphological development of SH-SY5Y cells during di�erentiation. At day
6 of di�erentiation with RA, cells stopped proliferation. At day 12, after 6 days of
di�erentiation with BDNF and cAMP, �rst neurites have formed. At day 15 the neurites
formed a network. At day 18 cells migrated into clusters. At day 21 cluster formation
continued. The scale bars measure 50 µm.

were already spanning the distance between non-adjacent cells. Three days later, neurite
growth had continued and the beginnings of a neurite network were visible. Proliferation
had been stopped almost completely, but the local cell density was still changing, as cells
migrated to form small cell clusters. This development continued after day 18 of di�er-
entiation. Some connections of the neurite network appeared wider than others and the
cell clusters looked like hubs inside the network. Not all cells survived the long process of
di�erentiation, as evidenced by the accumulation of debris of dead cells. After 21 days of
di�erentiation, there were no longer big changes in morphology. However, cell migration
into clusters continued, as well as the death of additional neurons.

3.3.3 Generel Neuronal Development

To prove that our SH-SY5Y cells are indeed di�erentiated into neuronal cells, a number
of di�erent neuronal marker proteins were studied with immuno�uorescence.
The protein Tbr1 is a transcription factor expressed in post-mitotic cells that regulates
neuronal cell di�erentiation [109] and is reported to de�ne frontal identity of neurons
in the brain [110]. Proliferating SH-SY5Y cells do not express Tbr1 (Figure 3.3, left).
Expression started during the early stages of di�erentiation with RA in individual cells
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Figure 3.3: Tbr1 labelling (green) of SH-SY5Y cells during several stages of di�eren-
tiation. There was no Tbr1 expression in proliferating SH-SY5Y cells. During early
di�erentiation at day 7, individual cells showed very high signal for Tbr1. The amount of
Tbr1 in late di�erentiation stages was more widely distributed but the amount of signal
per cell was lower. Nuclei (DAPI staining) in blue. The scale bars measure 25 µm.

showing their beginning neuronal development. Late stages of di�erentiation showed that
many cells expressed Tbr1 during their development but the amount of present protein
in the individual cells was highly reduced compared to earlier stages, indicating neuron
maturation.
A stable cytoskeleton is essential for the structural stability of a cell. This is especially
true for neurons whose axons project over long distances throughout the brain and to the
limbs in the peripheral nervous system. Microtubules assembled from tubulin proteins
are a main constituent to neurite structure. The class III b-tubulin isotype (also b-III
tubulin (tuj)) is almost exclusively expressed in neurons [111]. In proliferating SH-SY5Y
cells we saw low and di�use �uorescent signal (Figure 3.4 B) with a few strongly labelled
�laments. Higher amounts of tuj were expressed during cell division where microtubules
are important for forming the spindle apparatus for the separation of chromosomes to the
daughter cells. As shown in Figure 3.4 F, tuj expression was increased in di�erentiated
neurons, with very pronounced localisation in the neurites.
This development was mirrored by tau protein. It was only expressed in low amounts
in the proliferating SH-SY5Y cells, with higher expression in cells undergoing mitosis
(Figure 3.4 C). In di�erentiated cells, expression was highly increased and tau was found
mostly in the neurites, creating a striped pattern with alternating sections of stronger
and weaker labelling (Figure 3.4 G). The merged projection shows a strong overlap of tuj
and tau localisation (Figure 3.4 H).
Similar patterns in expression could be seen for neuro�laments, the other major compo-
nent of the neuronal cytoskeleton besides microtubules [112]. We used �uorescent anti-
body labelling against neuro�lament protein M (NFM) which is expressed in the neurites
of mature neurons. Proliferating cells showed a di�use �uorescent labelling for NFM
(Figure 3.5 C) whereas di�erentiated cells had brilliantly labelled neurites and showed no
signal in the cytoplasm (Figure 3.5 F).
One of the native functions of tau protein is the stabilisation and regulation of mi-
crotubules. The function of tau can be altered by phosphorylation of its di�erent do-
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Figure 3.4: Expression and localisation of tuj and tau protein in SH-SY5Y cells. (A) - (D)
Proliferating SH-SY5Y cells. (E) - (H) Di�erentiated SH-SY5Y cells (d23/12). (A) + (E)
DIC images. (B) - (D) and (F) - (H) Labelled tuj (red), tau (green) and nuclei (DAPI,
blue). Expression of tuj and tau was similarly increased in the neurites of di�erentiated
cells. The scale bars measure 25 µm.

mains [113]. By labelling tau protein phosphorylated at serine 262 (pS262 tau) we could
observe how the regulation of tau changes upon maturation of neuronal cells. Similar to
the amount of total tau, phosphorylation at serine 262 was initially very low in prolifer-
ating SH-SY5Y cells (Figure 3.5 B). Di�erentiated cells showed high tau phsophorylation
in the cell bodies, less in the neurites (Figure 3.5 E).
Functional neurons do not only form neurites but connect to each other via synapses. We
tested the SH-SY5Y cells for the synaptic marker synaptophysin (SP), an abundant mem-
brane protein in synaptic vesicles [114]. While proliferating cells showed no expression
at all (Figure 3.5 A) there was distinct �uorescent signal in di�erentiated cells (Figure
3.5 D). Most of the cell bodies and neurites showed at least weak labelling, with some of
them showing brilliant dotted patterns.

3.3.4 Cell Type Speci�c Characterisation

To examine which cell types our method of di�erentiation for SH-SY5Y brought forth,
antibodies against common neuronal markers were used for immuno�uorescent labelling.
Labelling of tyrosine hydroxylase (TH) shows cells with dopaminergic properties, as the
enzyme is used to create a dopamine precursor [115]. As seen in Figure 3.6 A, proliferating
SH-SY5Y cells did not produce any TH. Di�erentiation with RA, BDNF and cAMP gave
rise to neuronal cells with dopaminergic properties. In Figure 3.6 D we see strong labelling
of individual cells, both in the cytoplasm as well as in the neurites. However, this was
only the case for 5% to 10% of the di�erentiated cells, the majority showed no sign
of TH expression and was not dopaminergic. SH-SY5Y cells can develop dopaminergic
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Figure 3.5: Selected neuronal markers on di�erentiated SH-SY5Y cells. (A) - (C) Prolif-
erating SH-SY5Y cells. (D) - (F) Di�erentiated SH-SY5Y cells (D: d21/15, E: d23/17,
F: d25/19). (A) + (D) No expression of SP (green) in proliferating cells. Increased ex-
pression in di�erentiated cells. Strong dotted signal in some neurites and somas. (B) +
(E) Highly increased signal for pS262 tau (green) di�erentiated cells, mostly localised in
cell bodies. (C) + (F) Low expression of NFM (green) in proliferating cells. Brilliant
�uorescent signal in neurites of di�erentiated cells. Nuclei (DAPI staining) in blue. The
scale bars measure 25 µm.
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properties and the cells that do are easily and clearly identi�able with the used neuronal
marker.
g-aminobutyric acid (GABA) is the inhibitory neurotransmitter used and produced by
GABA-ergic neurons [116] and can be directly targeted with a suitable antibody to iden-
tify GABA producing cells in an SH-SY5Y culture. As with dopaminergic cells, pro-
liferating SH-SY5Y cells did not show any production of GABA (Figure 3.6 B). After
di�erentiation, few individual cells showed strong labelling for GABA. Clearly labelled
neurites as seen in Figure 3.6 E could be observed. They were usually very long, up to
several 100 µm. Those neurites had expanded ends that were not visible for the other
neuronal cell types we observed. The opposing end of those neurites led to bigger and
dense cell clusters, making it impossible to assign the neurites to speci�c cell bodies.
Relative occurrence of GABA-ergic cells was below 5%, but was hard to estimate more
accurately, because of the missing information on cell bodies. Conclusively, our di�eren-
tiation protocol was able to generate GABA-ergic neurons that originated in dense cell
clusters and projected long neurites outwards.
Cholinergic neurons are important for the production of the neurotransmitter acetyl-
choline (ACh) in the cerebral cortex and the basal forebrain. Because of the consistent
loss of cholinergic neurons in AD, their study has been of high interest for researchers
of neurodegenerative diseases [117]. We chose choline acetyltransferase (ChAT) as a
neuronal marker, an enzyme that synthesises ACh. As seen in Figure 3.6 C, our di�eren-
tiation protocol did not increase cholinergic properties in SH-SY5Y cells compared to the
proliferating state (Figure 3.6 F). ChAT expression was low in all neurons in the culture
and the protein was localised both in the cell bodies and in the neurites.
The most abundant excitatory neurotransmitter is the amino acid glutamate which is pro-
duced in glutamatergic neurons [118]. We labelled the vesicular glutamate transporter 1
(VGLUT1) as a neuronal marker to identify glutamatergic neurons in our di�erentiated
SH-SY5Y cultures. Most cells showed a weak background labelling, even in the prolifer-
ating state (Figure 3.7 A), but a small fraction of di�erentiated cells showed increased
VGLUT1 expression in their cell bodies. While some of the neurite origins showed �uo-
rescent signal, the neurites of glutamatergic cells could not be traced this way and were
lost in the network.
The last neuronal cell type we decided to investigate was serotonergic cells, which use
serotonin as a neurotransmitter [119]. The enzyme tryptophane hydroxylase (TPH) is
essential for serotonin synthesis and was used to target serotonergic cells with �uorescent
labelling. While proliferating SH-SY5Y cells only showed unspeci�c background labelling
(Figure 3.7 B and C), a subset of di�erentiated cells showed increased signal located in
the nucleus. As with glutamatergic cells, the neurites of TPH positive cells could not be
traced and their interconnectedness could not be analysed.

3.4 Discussion

We were able to successfully di�erentiate cells from the SH-SY5Y human neuroblastoma
cell line into mature neurons over the course of three to four weeks. The cells stopped most
proliferation activity and developed clear neuronal morphology with a large network of
long, interconnected neurites. The pre-neuronal marker Tbr1 was highly expressed during
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Figure 3.6: Neuronal cell types in di�erentiated SH-SY5Y cells, part I. (A) - (C) Prolif-
erating SH-SY5Y cells. (D) - (F) Di�erentiated SH-SY5Y cells (D: d25/19, E: d32/26, F:
d21/15). (A) + (D) No expression of TH (green) in proliferating cells. High expression
in some di�erentiated cells, both in the soma and the neurites. (B) + (E) No expres-
sion of GABA (green) in proliferating cells. High expression in few di�erentiated cells,
mostly visible in the neurites. (C) + (F) Equal amounts of ChAT expression (green) in
all proliferating and di�erentiated cells. Nuclei (DAPI staining) in blue. The scale bars
measure 25 µm.
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Figure 3.7: Neuronal cell types in di�erentiated SH-SY5Y cells, part II. (A) - (C) Pro-
liferating SH-SY5Y cells. (D) - (F) Di�erentiated SH-SY5Y cells (D: d26/21, E, F:
d23/17). (A) + (D) Weak expression of VGLUT1 (green) in proliferating cells. Moder-
ate expression in the soma of some di�erentiated cells. (B) + (E) + (C) + (F) Weak
expression of TPH (green) in proliferating cells and increased expression in the nuclei of
some di�erentiated cells. Nuclei (DAPI staining) in blue. The scale bars measure 25 µm.
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early stages which indicates the onset of di�erentiation. The signal then diminished
over time as the cells matured into fully di�erentiated neurons. They also developed
the necessary cytoskeletal structures to create and maintain the neuronal cell shape as
evidenced by the high expression of tuj and NFM as well as the increased abundance
of tau and its regulating phosphorylations. While neuronal activity could not be tested
directly, high signals of SP are a good indication for functioning synapses. These are
very important aspects for a neuronal cell model of neurodegeneration. Cell maturity is
needed for both the study of synaptotoxic e�ects as well as for the study of prion-like
spreading of amyloid proteins. The well developed microtubule network, along with the
considerable expression and phosphorylation of endogenous tau allow for the study of
tauopathies speci�cally, which makes the SH-SY5Y cells a viable and valuable human
neuronal cell model for tau-related neurodegenerative diseases.

While most of our di�erentiated SH-SY5Y cells showed the same indications for general
neuronal maturity, they did not all di�erentiate in the same way. Morphological di�er-
ences in cell shape and neurite growth were visible, but they were di�cult to classify and
quantify. Our approach to use speci�c markers for cell types using di�erent neurotrans-
mitters gave us an overview over which cell types were present in our cultures. SH-SY5Y
cells seemed to have cholinergic base properties that were present in all the cells. A
subset of neurons was further di�erentiated into producing di�erent neurotransmitters.
About 5% to 10% each showed neuronal markers for dopaminergic, glutamatatergic and
serotonergic markers, while a small fraction of below 5% of cells exhibited GABA-ergic
properties. As most neurodegenerative diseases start in a speci�c brain region before
their pathology spreads throughout the brain and each brain region shows a di�erent
composition of cell types, the wide range of types provided by di�erentiated SH-SY5Y
cells enables cell type speci�c experiments for amyloid seeding, spreading and toxicity.
Dopaminergic cells seem to be the easiest to study, as the marker TH is clearly visi-
ble in the whole cell body and the neurites, which can be traced through the network.
GABA-ergic neurites are also easily distinguished. However, their cell bodies are mostly
buried in thick cell clusters which makes studying them di�cult. As all of the cells show
cholinergic properties, speci�c interactions might not be directly visible and could only
be inferred by exclusion of the other cell types. Unfortunately, the labelling for VGLUT1
and TPH were relatively weak and did not extend onto the neurites which makes them
impractical for the study of seeds spreading through neurite connections, as those cannot
be followed.

Our results highlight the importance of fully characterising a cell line. While most pub-
lications report a speci�c cell type for SH-SY5Y cells after di�erentiation, we were able
to showcase the high �exibility of this cell line within one di�erentiation condition. On
the other hand, the cell type diversity present in SH-SY5Y cells gives researchers the op-
tion to study neurodegenerative diseases in di�erent cellular environments using only one
neuronal cell line. Our di�erentiation protocol results in mature neurons that produce
di�erent neurotransmitters, which allows having di�erent cell type speci�c interactions in
one experiment using a single cell analysis approach. Modi�ed culture conditions could
conceivably lead to more homogenous cell populations for more streamlined experiments.
This would need further development and testing. Additionally, it would be highly desir-
able to have a set of neuronal markers for immuno�uorescent labelling that are present
in both the cell bodies and the neurites to allow for clear identi�cation of single cells in
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mixed cultures and enable the tracing of long neurites throughout the modelled neuronal
network. Nonetheless, with consideration of the mentioned caveats, SH-SY5Y cells are
already a powerful tool for the study of neurodigenerative diseases.
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Chapter 4

Speci�c Uptake and Interactions of

Filamentous Tau in a Human Neuronal

Cell Model

Cedric Leu1, Rosmarie Sütterlin1, Andrej Bieri1, Thomas Braun1, Henning Stahlberg1

The following chapter describes the addition of pre-formed �lamentous aggregates, namely
tau and aS seeds to di�erentiated human neuronal cells, the uptake of said seeds into the
cells and the resulting consequences. Cedric Leu conceived and designed the study with
assistance from Rosmarie Sütterlin, Thomas Braun and Henning Stahlberg. Cedric Leu
and Andrej Bieri created the protein seeds. Cedric Leu and Rosmarie Sütterlin applied the
cell culturing protocols to SH-SY5Y and LUHMES human neuronal cell cultures. Cedric
Leu conducted the seeding experiments and took most of the life cell images while Ros-
marie Sütterlin was responsible for most of the immuno�uorescent labelling and confocal
scanning laser microscopy images. Cedric Leu analysed the data with assistance from
Rosmarie Sütterlin.

4.1 Introduction

Tau protein can be taken up into neurons in several forms. While non-mutant monomers
are usually seen as harmless, the uptake of oligomers was reported to have synapto-
toxic e�ects. On the other hand, �lamentous tau aggregates co-localise with the areas of
neurodegeneration in tauopathies and di�erent strains characterised by distinct protein
conformations have been shown to be speci�c for di�erent diseases [52]. This template
based misfolding of tau protein is an essential part of the prion-like spreading hypoth-
esis and explains the propagation of tau pathology inside a neuron. Cell-endogenous
tau monomers are recruited to existing �brils that act as seeds, adopt the pathological
conformation and elongate the seed structure to form bigger aggregates. This e�ect has
been shown both with recombinant tau protein in vitro as well as with pre-formed tau
�brils that were added to cell cultures or mouse brains [3, 120].

1Center for Cellular Imaging and NanoAnalytics (C-CINA), Biozentrum, University of Basel, Mat-
tenstrasse 26, CH-4058 Basel, Switzerland
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For prion-like spreading to work, template-based misfolding of protein inside cells is
not enough. For transmission into neighbouring or connected neurons, seed competent
�laments need to be able to exit the cells they were formed in and be taken up into new
host cells. Uptake mechanisms are important for the transmission of pathological tau
from one cell to another and are needed for the spreading of tau pathology throughout the
human brain. Di�erent uptake mechanisms have been suggested, like the HSPG-mediated
uptake through the endosomal pathway or tunnelling through nanotubes [55, 62]. It is
often unclear why pathology starts emerging in speci�c areas of the brain for certain
diseases. One explanation would be that certain cell types create an environment that
facilitates formation of pathological tau aggregates. They could also be more vulnerable
to pathological tau strains and show increased uptake or accumulation of �brils [121,122].
In this study we focus on the uptake of �lamentous tau into di�erentiated SH-SY5Y
human neuroblastoma cells. We use �uorescently labelled tau seeds to quantify and to
register the localisation of uptake. Immuno�uorescence and confocal microscopy are then
used to determine the features and properties of neurons correlating with tau uptake on
a single cell level.

4.2 Materials and Methods

4.2.1 Human neuronal cell cultures

The LUHMES (Lund human mesencephalic) cell line [123] was kindly provided by Prof.
Dr. Marcel Leist (University of Konstanz, Germany) and cultured as described be-
fore [124]. The cells were grown as adherent cell monolayers in NunclonTM Delta �asks
coated with 50 µg/mL poly-L-ornithine (PLO, Sigma-Aldrich) and 1 µg/mL �bronectin
(Sigma-Aldrich) in water for cell cultures (Sigma-Aldrich) at 37 ◦C over night. Before use,
the �asks were washed with Dulbecco's PBS (Sigma-Aldrich) three times and air dried.
The proliferation medium consisted of Advanced DMEM/F-12 medium (Sigma-Aldrich)
containing 2mM GlutaMAXTM supplement (Sigma-Aldrich), 1x N2 supplement (Gibco)
and 40 ng/mL �broblast growth factor (FGF) (R & D systems). Adherent cell monolay-
ers were grown until they reached 80% con�uency (approximately every two days) when
they were trypsinised in 0.05% trypsin-EDTA solution (Thermo Fisher Scenti�c), pelleted
at 100 rcf for 5min, resuspended in fresh proliferation medium and split 1:5 into fresh
cell culture �asks. Di�erentiation to dopaminergic neurons was initiated one day after
splitting the cells by changing the growth medium to Advanced DMEM/F-12 medium
containing 2mM GlutaMAXTM, 1x N2, 1 µg/mL tetracycline (Sigma-Aldrich), 1mM
dibutyryl cAMP (Sigma-Aldrich) and 2 ng/mL recombinant human glial cell line-derived
neurotrophic factor (GDNF). After two days of di�erentiation, cells were trypsinised,
pelleted, resuspended and diluted to 400 000 cells/mL in di�erentiation medium. Further
di�erentiation was carried out in 12-well plates on glass cover slips with the same coat
applied. 1mL of cell suspension was added to each well. The medium was changed to
fresh di�erentiation medium every two days for a total di�erentiation time of 10 to 14
days.
SH-SY5Y cells (Sigma-Aldrich) were cultured and di�erentiated as described in chapter
3.
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4.2.2 a-synuclein and tau seeds

Fluorescently labelled wild-type aS seeds were created as described before [124]. The
monomers used were kindly provided by the group of Roland Riek at the ETH Zürich.
The Myc-K18 P301L truncated mutant tau on a pET23b plasmid [125] was transformed
into E. coli BL21(DE3) via the heat shock method [81]. Bacteria were spread on a
lysogeny broth (LB) plate with 1.5% agar and 100 µg/mL ampicillin and grown at 37 ◦C
over night. One colony was then picked for further culturing and expression. For protein
expression, bacteria were grown in LB containing 100 µg/mL ampicillin at 37 ◦C and
120RPM to an OD600 of 0.7. Expression was induced by addition of 0.5mM IPTG. Cells
were harvested at an OD600 of 1.4 by centrifugation at 6000 rcf for 15min. Cells were
resuspended in equilibration bu�er (50mM MES pH 6.25, 50mM NaCl, 1mM DTT),
frozen in liquid nitrogen and stored at −80 ◦C.
For puri�cation, the cell suspension was thawed and PMSF to 0.5mM was added. Cells
were sonicated with a tip sonicator for 25min (25% amplitude, 5 s pulse, 3 s pause) at
4 ◦C. Cell debris was removed by centrifugation (20 000 g for 30min) at 4 ◦C. The cell
lysate was loaded to a 1ml HiTrap CM FF column at 1ml/min with a peristaltic pump.
The column was then connected to an AKTAprime plus pumping system and washed with
20ml of equilibration bu�er at 1ml/min. Myc-K18 P301L tau was eluted with 24ml of
elution bu�er (50mMMES pH 6.25, 95mM NaCl, 1mM DTT) at 1ml/min. The fraction
was analysed with SDS-PAGE and �ltered through a 0.45 µm pore size �lter. Aliquots of
1ml were �ash frozen in liquid nitrogen and stored at −80 ◦C.
Seeds were created by thawing tau monomers, mixing them with an equal volume of
0.2mg/ml heparin (H3393, Merck KGaA (Darmstadt, D)) in 50mM MES pH 6.25 and
adding 0.02% sodium azide. After incubation at 37 ◦C for 1 day, the monomers aggre-
gated into several micrometre long �laments. To remove excess monomers and heparin,
�laments were pelleted by centrifugation at 190 000 rcf for 33min at 10 ◦C and resus-
pended in fresh bu�er (50mM MES pH 6.25, 50mM NaCl). An excess of Alexa546-NHS
(Merck, D) was added according to the manufactuerer's instructions and incubated at
37 ◦C and 700RPM on a ThermoMixer for 90min. Unbound dye was removed by wash-
ing the �laments 3 times by pelleting and resuspending the �laments as described above.
Labelled �laments were broken down into seeds by �ash freezing them in liquid nitrogen
and thawing them again 3 times. Alternatively seeds were created by sonication (cycle:
0.2 s, amplitude: 100%, 4x 20 s with 2min breaks in between). Seeds were �ltered in
0.22 µm �lter tubes (Merck, D) before being applied to the cell cultures.
Tau seeds were analysed with TEM as described in Chapter 2.

4.2.3 Application of Seeds to Human Neuronal Cell Cultures

Fresh cell culture medium was prepared in regular quantities. Seeds were added to the
medium to a concentration of 5 µg/mL. The medium in the cell culture dish with seed
containing medium and cells were incubated at 37 ◦C and 5% CO2 for 13 to 17 h. Af-
terwards, the medium was either exchanged for fresh culture medium or the cells were
washed with PBS and �xed for 20min in formalin (Sigma). Seed application was done 1,
5 or 10 days before �xation, when cells were di�erentiated (20 to 30 days for SH-SY5Y
cells, 10 to 14 days for LUHMES cells) (Figure 4.1).
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Figure 4.1: Experimental timeline for seed application to human neuronal cells. Seeds
were applied during di�erent stages of di�erentiation. Seeds were removed after 13 to 17
hours and cell cultivation continued.

4.2.4 Immuno�uorescence and Confocal Light Microscopy

The antibodies used for immuno�uorescent labelling can be found in table 3.1. Cells were
permeabilised with 0.5% Triton X-100 for 5min. Antibodies were diluted in cell bu�er.
Primary antibodies were incubated for 120min, secondary antibodies for 90min at room
temperature. Labelled cells were embedded in moviol on a glass microscope slide. Images
of living cells were taken with the inCellis imaging system (Bertin Instruments). CLSM
was performed with a Leica SPE confocal microscope. Image processing was done with
the imageJ distribution Fiji (https://fiji.sc/).

4.3 Results

4.3.1 Fabrication of Short Tau Filaments

Puri�ed Myc-K18 P301L truncated tau monomers were incubated with heparin at 37 ◦C.
After 1 day, long �laments were formed (Figure 4.2 A). They were not homogenous and
show variations in curving and twisting. Freeze-thawing was able to break most �laments
into short fragments of several 100 nm as seen in Figure 4.2 B. Overly long remaining
�laments or clusters formed by �laments or seeds could be removed by �ltering through
a membrane with a pore size of 0.22 µm and increasing size homogeneity. The �uorescent
labelling can be seen by eye and was ensured during the whole process (data not shown).

4.3.2 Tau Seeds Are Taken Up By SH-SY5Y Cells

To study the uptake of �lamentous tau into human neuronal cells, pre-formed tau seeds
were added to the cell culture medium of di�erentiated SH-SY5Y cells. SH-SY5Y cells
were di�erentiated for 3 to 4 weeks when �uorescently labelled tau seeds were added
to the cell culture medium at a concentration of 5 µg/ml. Cells were left to grow for
another 13 h in presence of the seeds before they were �xed. The �uorescent seed signal
was recorded in regular intervals. Figure 4.3 shows the uptake of tau seeds into neurons
over time. At the start the seeds were evenly dispersed in the cell culture medium,
giving a vague �uorescent signal. Seeds started to be taken up by the cells. After 6 h
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Tag Target Host Dilution Source

Primary Antibodies

GABA gamma-aminobutyric
acid

rabbit 1/500 NBP2-43558 Novus Biologicals

HSP60 heat shock protein 60 mouse 1/100 ab59457 Abcam
LAMP1 lysosomal-associated

membrane protein 1
rabbit 1/300 ab24170 Abcam

SP synaptophysin mouse 1/300 S5768 Sigma-Aldrich

TH Tyrosine hydroxylase
rabbit 1/400 sc-14007 Santa Cruz Biotechnology
chicken 1/400 ab76442 Abcam

tuj b-III tubulin
mouse 1/3000 801202 BioLegend
rabbit 1/500 SAB4300623 Sigma-Aldrich

UQ ubiquitin rabbit 1/500 ab134953 Abcam
VDAC1 voltage-dependent anion-

selective channel 1
mouse 1/500 ab14734 Abcam

DAPI dsDNA - 1/1000 422801 BioLegend

Secondary Antibodies

488mo mouse IgG donkey 1/800 715-545-151 ImmunoResearch
488go goat IgG donkey 1/800 705-546-147 ImmunoResearch
488gp guinea pig IgG donkey 1/800 706-546-148 ImmunoResearch
488rb rabbit IgG donkey 1/800 711-545-152 ImmunoResearch
647ch chicken IgY donkey 1/600 703-605-155 ImmunoResearch
647mo mouse IgG donkey 1/600 715-605-151 ImmunoResearch
647rb rabbit IgG donkey 1/600 ab150063 Abcam

Table 4.1: List of antibodies used to study SH-SY5Y cell interactions with tau seeds.
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Figure 4.2: (A) Tau �laments created by incubation of Myc-K18 P301L tau with heparin.
(B) Short �lamentous tau seeds created by repeated cycles of freezing and thawing of
�laments. Scale bars measure 500 nm.

some cell shapes along with a few neurites are clearly showing higher than background
�uorescence, indicating an accumulation of seeds. This does not change signi�cantly with
further incubation. After 13 hour the cells were �xed in formalin and washed. As seen
on the right panel in Figure 4.3, the backround �uorescence caused by seeds swimming
in the medium is gone, but the distinct labelling on the cells remained.
The �xed SH-SY5Y cells were immuno�uorescently labelled and further analysed with a
confocal laser scanning microscope which gave us much more detailed information on the
uptake of tau seeds than the images taken before in the 12-well plate. Figure 4.4 A shows
strong seed uptake for a subset of the di�erentiated SH-SY5Y cells. Many neurites were
clearly labelled but only a small fraction of cell bodies seemed to take up seeds.
In general, three di�erent types of seed allocation in cells could be observed. There
was a strong tendency for seeds in the neurites, with many neurites showing an almost
continuous labelling with only small gaps where no seeds could be detected (Figure 4.4
B). Other neurites were completely una�ected and had no seed label. Most cell bodies
were free of seeds as well. The few exceptions, however, took up many seeds and seemed
to accumulate them (Figure 4.4 C). Dead cells, as determined by their condensed nuclei,
also showed a higher a�nity for seeds, although the labelling looked di�erent. Instead of
a coarse dotted pattern, their �uorescent signal was more subtle and di�use (Figure 4.4
D).
Figure 4.5 shows sideviews of a confocal image stack. The tau seeds (red) are clearly
taken up by the cells and are not simply attached from the outside. They are on the
same level as and interspersed with tuj (green).
To see if the localisation pattern of tau seeds taken up by di�erentiated SH-SY5Y cells
would change over time, we added seeds at earlier di�erentiation stages and continued
culturing them after seed uptake. Seeds were applied to SH-SY5Y cells at di�erentiation
day d15/9, d20/14 and d24/18, were left over night and the cell culture medium changed
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Figure 4.3: Tau seed (red) uptake into SH-SY5Y cells (d21/15) over time was monitored
in live cells with �uorescent microscopy. After 6 h, most seeds had been taken up. The
scale bars measure 50 µm.
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Figure 4.4: Seed uptake of �lamentous tau into di�erentiated SH-SY5Y cells (d21/15).
Seeds (red) and nuclei (blue). (A) Overview of tau uptake. (B) Seeds inside neurites.
(C) Seeds in cell bodies. (D) Seeds associated with dead cells. The scale bars measure
25 µm.
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Figure 4.5: Internalisation of tau seeds into SH-SY5Y cells (d25/19). Side views of the
image stack show seeds (red) on the same levels as tuj (green) and nuclei (blue). The
scale bar measures 25 µm.
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Figure 4.6: Tau seed localisation over time in SH-SY5Y cells (d25/19). Seeds (red) did
not change the pattern of their cellular localisation after 10 days inside the cells. Nuclei
(blue). The scale bars measure 25 µm.

to fresh medium in the morning. Cells were given fresh medium every three days until
they were �xed on day d25/19, resulting in 3 conditions for seed uptake, namely uptake
10 days, 5 days and 1 day before �xation. As seen in Figure 4.6, the strong labelling of
neurites did not change over time. However, the total intensity of �uorescence seemed
to be reduced after 10 days inside the cells, with the �ner labellings disappearing. No
discernible di�erence in intensity could be observed from 5 days to 1 day. Tau seeds are
not more widely spread among cells over time, but rather accumulate in speci�c cells.

4.3.3 Tau Seed Uptake is Speci�c and Non-Random

To test which cells are e�cient in tau seed uptake, we labelled the SH-SY5Y cells for
di�erent neuronal markers. Because many of the seeds were localised in the neurites it was
important to use markers that would not only label cell bodies. We were using antibodies
against TH and GABA to label dopaminergic and GABAergic neurons, respectively.
Dopaminergic cells did not interact with seeds. We could not �nd any signi�cant number
of seeds, neither in the cell bodies nor in the neurites. Overlap in �uorescent signal
was caused by seed containing neurites crossing over or under the dopaminergic neurons,
which can be seen in di�erent slices of the confocal image stack (Figure 4.7 B and C).
The same was true for GABAergic cells. Neurites of GABAergic SH-SY5Y cells did not
contain any seeds (Figure 4.7 E and F). Unfortunately, cell bodies of this cell type were
always buried in thick cell clusters where individual cells could no longer be traced.
To �nd more evidence for cell type speci�c uptake of tau seeds, we repeated the exper-
iment with di�erentiated LUHMES cells. This human neuronal cell line is completely
dopaminergic when di�erentiated, as con�rmed by TH labelling (Figure 4.8 A). Tau
seeds were applied to LUHMES cells di�erentiated for 14 days for 13 h before �xation.
No uptake of tau seeds similar to that in SH-SY5Y cells could be observed. We observed
the same di�use �uorescent seed signal in dead cells with condensed nuclei, but other-
wise no tau seeds were taken up into the cells (Figure 4.8 B). There was also almost no
background signal for seeds attached to the cells form the outside.
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Figure 4.7: Tau seed uptake in di�erent cell types in SH-SY5Y cultures. (A) - (C) Seed
(red) uptake in dopaminergic cells (d25/19) (TH, green). (D) - (F) Seed (red) uptake in
GABAergic cells (d24/18) (GABA, green). Nuclei (blue). The scale bars measure 25 µm.

TH Seeds Merge + DAPI
A B C

Figure 4.8: Tau seed uptake in dopaminergic LUHMES cells (d14). (A) TH (green). (B)
Seeds (red). (C) Merge, with nuclei (blue). The scale bars measure 25 µm.
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4.3.4 a-Synuclein Seed Uptake Is Not Speci�c

We wanted to further elucidate the nature of the cell speci�c uptake of tau seeds into
human neuronal cells. To see whether the subset of SH-SY5Y cells that showed increased
tau uptake does so speci�cally or if it would take up more �lamentous protein assemblies
in general, we tested their interactions with aS seeds. aS is a protein implicated to play
a pivotal role in PD by forming �laments and being a main constituent in Lewy Bodies
[126]. With 140 residues and a molecular weight of around 15 kDa it is of similar size
to our truncated tau construct. The �laments were �uorescently labelled with the same
Alexa546-NHS dye we used for the tau seeds and broken down into seeds by sonication.
Seeds were added to di�erentiated SH-SY5Y and LUHMES cell cultures for 13 h the same
way as the tau seeds.
In contrast to the uptake of tau seeds, aS seeds were taken up in a seemingly random
manner. Seeds were taken up by most cells and localised both in the cell bodies and in the
neurites, resulting in a coarse dotted pattern (Figure 4.9 E). Fluorescent intensity in the
neurites also showed discrete dots as opposed to the almost continuous tau seed labelling.
However, the cells that did take up tau seeds had a higher seed density than those that
took up aS seeds, rea�rming the impression of non-random tau seed accumulation in
certain di�erentiated SH-SY5Y cells. Further evidence is the fact that dopaminergic
neurons showed the same aS seed uptake as the other cells in the same culture, as seen
in Figure 4.9 F. Because the same NHS dye was used as in the tau seed experiment, we
can eliminate the possibility that di�erences in seed uptake are caused by interactions
between the dye and cellular components.
The uptake of aS seeds into LUHMES cells was very similar to the results with SH-SY5Y
cells, as seeds were taken up by all cells (Figure 4.9 G). We observed a dotted seed pattern
in both cell bodies and neurites. Additinoally, dead cells with condensed nuclei showed
a weak and di�use seed pattern very reminiscent of tau seeds in LUHMES cells as seen
in Figure 4.8, indicating that seed interaction with dead cells is not as speci�c as with
living cells.

4.3.5 Heparin Does Not Prevent Tau Seed Uptake in SH-SY5Y

Cells

The uptake of �lamentous proteins is supposedly governed by their interaction with
HSPGs which bind them to the cell surface and mediate the uptake. In 2013, Holmes et
al. [55] showed that heparin bound to the �laments or added to the medium can com-
pletely block the uptake into HEK293 cells. Where all forms of heparin are able to block
aS seed uptake, some forms are more e�cient than others to block tau seed uptake.
As our tau seeds were created by addition of heparin to the monomers, we had to consider
its in�uence on the uptake of the seeds into human neuronal cells, especially in comparison
to the heparin-free aS seeds. To test if the seeds were already completely blocked by the
initial heparin or not, we repeated the tau uptake experiment and added heparin to
the seed containing cell culture medium to a concentration of 5 µg/mL. After Fixation
and �uorescent labelling, confocal microscopy data showed that tau seed uptake was
unchanged by the addition of heparin to the medium, as the same pattern of tau seed
localisation in the neurons could be observed (Figure 4.10). This suggests that our tau
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Figure 4.9: Comparison of tau and aS seed uptake in SH-SY5Y (d25/19) and LUHMES
cells (d14). (A) + (B) Tau seed (red) uptake into SH-SY5Y cells. (C) + (D) Tau seed
(red) uptake into LUHMES cells. (E) + (F) aS seed (red) uptake into SH-SY5Y cells.
(G) + (H) aS seed (red) uptake into LUHMES cells. TH (green), nuclei (blue). The scale
bars measure 25 µm.

�laments have already fully bound heparin and the the blocking of HSPG interaction
was already in e�ect. Furthermore, Holmes et al. [55] showed that 5 µg/mL of heparin
reduced tau uptake to below 10% in HEK293 cells. This matches our �ndings that living
di�erentiated LUHMES cells did not interact with tau seeds at all. The considerable tau
seed uptake in a subset of di�erentiated SH-SY5Y cells indicates that certain cells are
not subject to the restrictions of HSPGs in combination with heparin. This could be due
to cell type speci�c modi�cations to the HSPG pathway or di�erent cell types utilising
di�erent pathways. Unfortunately we were not able to identify the determining factor
yet.

4.3.6 In�uence of Tau Seed Uptake on Cell Health

Tauopathies, being neurodegenerative diseases, in�ict high damage to single neurons and
whole brain areas. Pathological tau, albeit in the form of oligomers and not �laments,
are said to have a strong synaptotoxic e�ect [66]. To determine if the seeds made from
truncated tau that we used also had speci�c e�ects detrimental to synapse or general cell
health, we used immuno�uorescent labelling and confocal laser scanning microscopy in
addition to DIC light microscopy. The unspeci�c Alexa546-NHS labelling on the seeds
attaches to lysins. It is unclear if this changes the interactions with cell components.
However, the ends of the seeds should be free to interact, as the �laments were only
broken after the labelling step.
Di�erentiated SH-SY5Y cells that had taken up tau seeds were indistinguishable from the
rest of the neurons in DIC, even when they had a high amount of seeds accumulated in the
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Figure 4.10: In�uence of heparin on tau seed uptake into SH-SY5Y cells (d21/15). (A)
Tau seed (red) uptake without additional heparin. (B) Tau seed (red) uptake with
5 µg/mL in culture medium. Nuclei (blue). The scale bars measure 25 µm.

cell body (data not shown). To assess any toxic e�ects to the synapses, synaptic vesicle
marker SP was labelled by immuno�uorescence. Confocal microscopy revealed that the
overall amount of expressed SP was not di�erent between control cultures (Figure 4.11
A) and cultures with seeds (Figure 4.11 B). As seen in Figure 4.11 C, there was almost
no overlap between the seeds and the SP label, meaning that neurons with considerable
seed uptake had only low amounts of SP. This could indicate a synaptotoxic e�ect.
However, as not all di�erentiated SH-SY5Y cells express high amounts of SP and it is not
evenly distributed in the cells, this would need further quantitative analysis to be proven.
Alternatively, it is possible that cells not expressing high amounts of SP are prone to take
up and accumulate seeds. This would suggest that less di�erentiated cells had a higher
seed uptake. However, we did not �nd any indication for this. On the contrary, partially
di�erentiated cells only showed minimal seed uptake.

We continued looking for other signs of decreased cell health in our SH-SY5Y cultures.
Ubiquitin (UQ) is a ubiquitously expressed regulatory protein that can be added to a
substrate protein. One of its functions is targeting proteins for degradation by the pro-
teasome [127]. A change in ubiquitination could indicate cell stress or a cellular response
to degrade the introduced tau seeds. After immunolabelling and confocal microscopy,
no changes could be observed (Figure 4.12). Ubiquitin expression was not increased and
no accumulation of ubiquitin at the seeds taken up by the neurons could be seen. This
matches the observation of tau seeds being stable inside the cells for longer periods of
time as shown in Figure 4.6.

The lysosomal pathway is another important route for protein degradation and clearance
[128]. Lysosomal vesicles provide the acidic environment necessary for the hydrolysis
of proteins. We used the lysosomal marker lysosomal-associated membrane protein 1
(LAMP1) to determine if SH-SY5Y cells showed changes in their lysosome distribution
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Figure 4.11: Tau seed in�uence on synaptophysin in SH-SY5Y cells (d21/15). (A) SP
control (green) without seeds. (B) + (C) SP (green) after tau seed (red) uptake. Nuclei
(blue). The scale bars measure 25 µm.
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Figure 4.12: Tau seed in�uence on ubiquitin in SH-SY5Y cells (d23/17). (A) UQ control
(green) without seeds. (B) UQ (green) after tau seed (red) uptake. Nuclei (blue). The
scale bars measure 25 µm.
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Figure 4.13: Tau seed in�uence on lysosomes in SH-SY5Y cells (d25/19). (A) LAMP1
control (green) without seeds. (B) LAMP1 (green) after tau seed (red) uptake. Nuclei
(blue). The scale bars measure 25 µm.

when taking up tau seeds. Similar to UQ, we did not see an increase in LAMP1 expression
and no observable changes in lysosome localisation (Figure 4.13). This further con�rms
that the seeds don't trigger an elevation of protein degradation.

Mitochondria are responsible for respiration and therefore essential for living cells. They
also play a vital role in programmed cell death, where they are involved in the intrinsic
apoptotic pathway and have often been implicated to be key to neurodegenerative diseases
[129]. We used the voltage-dependent anion-selective channel 1 (VDAC1), an ion channel
forming protein in the outer mitochondrial membrane (OMM), as a marker to observe
mitochondria in di�erentiated SH-SY5Y cells. Confocal light microscopy showed a high
abundance of VDAC1 in all neurons (Figure 4.14 A) with slightly higher �uorescent signal
in the neurites. This is still true for cells that had taken up tau seeds (Figure 4.14 B).
The number of mitochondria is seemingly una�ected by the seeds, both in the neurons
containing seeds as well as the neighbouring cells.

Another mitochondrial protein is the heat shock protein 60 (HSP60). As a chaperonin
it is involved in the correct folding of other proteins and heightened expression can be a
sign of cellular stress [130]. We once more used immuno�uorescent labelling to observe
changes in di�erentiated SH-SY5Y cells caused by the uptake of tau seeds. The overall
intensity, as well as the expression pattern of HSP60 did not change signi�cantly upon tau
seed uptake. As seen in Figure 4.15 A, untreated control neurons show dotted expression
of HSP60 in the cell bodies and are only rarely found in the neurites. In most cells,
expression and localisation stays similar at 13 h after seed uptake (Figure 4.15 C) as well
as 10 days after seed uptake (Figure 4.15 B). However, cells with high seed uptake into
the cell bodies show a strong decrease in HSP60.

To sum up, di�erentiated SH-SY5Y cells that have taken up tau seeds did not show signs
of increased protein degradation and clearence, which explains why the seeds could stay
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Figure 4.14: Tau seed in�uence on mitochondria SH-SY5Y cells (d25/19). (A) VDAC1
control (green) without seeds. (B) VDAC1 (green) after tau seed (red) uptake. Nuclei
(blue). The scale bars measure 25 µm.
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Figure 4.15: Tau seed in�uence on HSP60 in SH-SY5Y cells (d25/19). (A) HSP60 control
(green) without seeds. (B) HSP60 (green) 10 days after tau seed (red) uptake. (C) HSP60
(green) 1 day after tau seed (red) uptake. Nuclei (blue). The scale bars measure 25 µm.
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inside the cells for a prolonged duration. While moderate seed uptake and uptake only
into the neurites does not seem to a�ect general neuron health, cells that accumulated
seeds in the cell body show reduced expression of SP and HSP60. Although not outright
killing the cells, this might indicate synaptotoxic e�ects and reduced neuronal function.

4.4 Discussion

The uptake of �lamentous protein aggregates into neurons is an essential part of the prion-
like spreading hypothesis and crucial for understanding this process. In our experiments,
we were able to observe non-random uptake of Myc-K18 P301L truncated tau �laments
induced by and still binding to heparin and labelled with an Alexa546-NHS dye into
di�erentiated SH-SY5Y human neuronal cells over the course of 6 to 17 h.
Uptake of these seeds is completely absent in dopaminergic neurons as evidenced by both
SH-SY5Y and LUHMES cells, while di�erent types of SH-SY5Y cells are able to accu-
mulate seeds in their neurites and cell bodies. Cells either show signi�cant seed uptake,
resulting in continuous seed distribution along the neurites, or none at all. This gives fur-
ther evidence for the cell vulnerability hypothesises that suggests stronger pathology in
certain brain areas for di�erent neurodegenerative diseases due to the di�erent neuronal
cellular environments [122]. Our �ndings align with the fact, that dopaminergic cells are
not implicated to be speci�cally a�ected in most tauopathies, but are the main focus of
research on PD, where degeneration of dopaminergic neurons and lewy body pathology
can be found in the substantia nigra [131]. Which cell types exactly are a�ected in our
human neuronal model system needs to be investigated further.
A part of this speci�c uptake pattern may be caused by heparin still associated with the
seeds. It is entirely possible that heparin-free tau seeds would show the same random
uptake pattern in SH-SY5Y cells as we have observed for aS seeds. However, we clearly
showed that a subset SH-SY5Y cells is not limited by uptake through HSPG as has been
reported for HEK293 cells [55] and have found a way to either modify that pathway or
use entirely di�erent mechanisms for protein uptake that we could not determine so far.
Tau seeds that were taken up into SH-SY5Y cells were often localised inside the neurites.
While tau seeds could be found accumulating in some cell bodies, they seemed to have a
high a�nity for the neuronal processes, in stark contrast to the random distribution we
observed for aS seeds. It is unlcear if this is the region where they were taken up or if
they were transported to the neurites post-uptake. The latter would mimic the transport
of regular tau monomers to the axonal region in mature neurons [30].
Seed association with dead neuronal cells seems to be unspeci�c, as the observed di�use
patterns looked di�erent from tau seeds taken up into living cells, but indistinguishable
from aS associated with dead cells.
We further demonstrated the importance of choosing suitable model systems for the study
of neurodegenerative diseases. Without proper characterisation of individual neuronal
cells and under the assumption that cell cultures are always homogeneous, a lot of the
information gained by these experiments would have been lost.
In general, the uptake of tau seeds did not seem to have a negative impact on the health
of most SH-SY5Y cells, as the distribution of lysosomes and mitochondria seemed com-
pletely unperturbed. This could have several reasons. First, longer �laments of tau have
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not been shown to be toxic to neuronal cells, this was mostly attributed to oligomers [66].
Second, the unspeci�c binding of the NHS-dye to lysine residues might in�uence the abil-
ity of seeds to interact with the cellular components as important interaction sites might
be blocked by the �uorescent label.
We did not see a big overlap between tau seeds and SP in SH-SY5Y cells. Neurites and
cell bodies that had taken up considerable amounts of seeds showed lower SP expression
than neighbouring cells. This might be due to synaptotoxic e�ects of our tau seeds or a
preference of immature neurons for tau uptake. However, the overall heterogeneity of SP
expression does not yet allow us to draw either conclusion.
Similar e�ects could be observed for HSP60. Cells with high seed uptake in the soma
showed reduced amounts of HSP60 compared to their neighbours, indicating a deregu-
lation of chaperone activity. HSP60 and other heat shock proteins have been reported
to prevent amyloid misfolding and keep tau in a state that can still bind MTs [132,133].
If already established �lamentous tau assemblies are able to disturb chaperone function,
they might facilitate the misfolding of endogenous tau in addition to acting as a folding
template.
We did not consider the e�ect of di�erent conformational tau strains in this study. The
truncated K18 tau fragment with the P301L mutation from FTDP-17 was chosen for this
experiment due to its strongly increased ability to form �laments. Heparin induced tau
folds are diverse [53], so we can assume that the seed uptake patterns we observed are
not conformation speci�c, although they may very well be speci�c to our tau construct.
Future experiments should also explore cell speci�c uptake of distinct tau strains.
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Chapter 5

Immuno-Isolation of Filamentous Tau

Structures from Mouse Brain

Homogenate

Cedric Leu1, Martin Flach23, Claudio Schmidli1, Thomas Braun1, David Winkler234,
Henning Stahlberg1

This chapter describes the attempt to develop a novel method for the isolation of tangle-
like tau structures from mouse brain homogenate. Cedric Leu conceived and designed
the study with assistance from Claudio Schmidli, Thomas Braun and Henning Stahlberg.
Mice were handled by Martin Flach, who also created the homogenised brain and spinal
cord samples. Cedric Leu performed the isolation experiments and their analysis with
electron microscopy and western blot with assistance from Claudio Schmidli. Cedric Leu
analysed the data.

5.1 Introduction

Recent advancements in EM enabled the study of �lamentous tau on the atomic level.
High resolution structures of the b-sheet forming core of tau �laments solved by cryo-EM
have been published for both AD and PiD [49, 51]. The distinct and speci�c structures
obtained from multiple patients support the hypothesis of strain dependent diseases that
spread pathology in a template-based prion-like manner. The identi�cation of a tau �bril
strain from still living patients could possibly be used as a metric for disease diagnosis,
if proper methods were developed further.
Previously, the chosen method for the isolation of �lamentous tau aggregates from brain
biopsies, be it from human patients or arti�cial mouse models, was sarcosyl extraction.
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Brain samples were solubilised in sarcosyl and through several steps, the sarcosyl-insoluble
fraction was obtained, usually containing tau �brils made of two proto�laments, which
could be used to obtain high resolution structures by cryo-EM. However, the harsh treat-
ment with detergent destroyed most of the weaker macro-structures and interactions by
solubilising singular �laments. Intracellular tau inclusions, such as the tangles in AD or
the aggregates formed in PiD, suggest the formation of bigger macro-structures comprised
of many individual �laments that can �ll up entire cell bodies. How singular tau �brils
interact with each other to form these aggregates and what forces govern the interactions
is largely unknown, as well as the potential interactions with other cellular components.

Schmidli et al. [134] have shown that proteins can be puri�ed directly from cell lysate
using biotinylated antibodies that bind the target protein to streptavidin coated magnetic
beads. The beads are trapped between two electro-magnets inside a microcapillary which
allows washing away all proteins and cell debris not bound to the chosen antibody while
the target protein is held in place. The puri�ed protein can be eluted still bound to the
beads or on its own after su�cient exposure to UV-light, which cleaves the protein from
the beads utilising the photo-cleavable linker. Micro�uidic methods for grid preparation
for TEM then allow the analysis of such small samples in the electron microscope [135].
The miniaturisation and high speci�city of the sample preparation process is not only
useful for conventional structural studies, but has the potential to be used as a diagnostic
tool.

Here, we propose the use of a similar approach for the isolation of tau structures from brain
sample homogenate. Using immuno-targeting and a magnetic trap, tau protein structures
of various sizes could be extracted in a detergent-free manner without disturbing macro-
structures and potentially preserving other cellular interaction partners. This would
allow for the study of inter-�lament binding. We use brain homogenates from di�erent
transgenic mice modeling tauopathy, as well as from control mice. While the extraction
of large structures is a feature, the method could be used unchanged to isolate smaller tau
complexes or oligomers, such as truncated tau from paralyzed tau model mice without
visible tau aggregation [85].

5.2 Materials and Methods

5.2.1 Mouse homogenates

The transgenic mouse lines ALZ17 and P301S tau were used [79] [136]. ALZ17 mice
express the longest human tau isoform and do not exhibit �lamentous tau aggregates.
P301S mice express the human 0N4R tau isoform with the P301S mutation that causes
inherited frontotemporal dementia and develop �lamentous tau aggregations. C57BL/6
WT mice were used as a control.

Mouse brain and spinal cord extracts were prepared from P301S, ALZ17 or WT mice. The
frozen tissues were homogenized in PBS, pH 7.4, 0.8M NaCl, 10% sucrose, 1mM EGTA,
and protease inhibitors (Complete Mini EDTA-free; Roche Molecular Biochemicals) using
an Ultra-Turax T8 homogenizer (IKA Labortechnik). The homogenates were centrifuged
at 4000 rcf at 4 ◦C for 20min.
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5.2.2 Antibody and Magnetic Bead Preparation

HT7 mouse anti-tau antibody (MN1000, Thermo Scienti�c) was diluted 1:4 to 40 µg/mL
in Dulbecco's phosphate-bu�ered saline (DPBS, Sigma-Aldrich) without calcium and
magnesium. PC-biotin-NHS (Ambergen) with a photo-cleavable linker domain was added
according to the supplier's recommendations to a �nal concentration of 13 µM and incu-
bated for 90min at room temperature. Unbound excess biotin was removed with the use
of microspin column according to the manual. Biotinylated antibodies were �ltered with
0.22 µm �lter centrifuge tubes and stored at 4 ◦C for up to 4 weeks before usage. Shortly
before use, DynabeadsTM MyOneTM Streptavidin T1 magnetic beads with streptavidin
coat (Invitrogen) were were washed by diluting the beads in DPBS, pelleting them over
a permanent magnet and then removing bu�er solution from the top with a pipette to
restore the starting volume.

5.2.3 Isolation of Macro Protein Structures

Biotinylated antibodies were added in a 1/10 ratio to the mouse spinal cord homogenate
(�nal antibody concentration 40 µg/mL) and incubated for 90min at 4 ◦C on an overhead
rotator. Streptavidin-coated magnetic beads in DPBS were added in a 1/25 ratio and the
solution was incubated for 60min at 4 ◦C on an overhead rotator. 3 µL of sample were
aspirated into a microcapillary with a precision pump system. Beads and their binding
partners were then trapped in the magnetic �eld of an electromagnet applied outside the
capillary. The samples were washed by infusing bu�er with the pump system while the
beads were kept in place. The electromagnet was switched o� and 3 µL of sample were
eluted.

To increase the yield and to have higher sample volumes for further analysis with a western
blot, the experiment was repeated inside Eppendorf tubes instead of the microcapillary.
After binding of the antibodies and the streptavidin-coated beads, mouse spinal cord and
forebrain samples were washed 3 times in the following way: 200 µL of DPBS was added
to the samples, and the tubes were placed over a permanent magnet for 20min until
the beads formed a visible pellet at the bottom of the tube. The excess liquid was then
removed with a pipette.

5.2.4 Transmission Electron Microscopy

For analysis by TEM, 4 µL of sample were adsorbed for 60 s on glow-discharged copper
grids that were coated with 2% parlodion and a continuous carbon �lm. Samples were
blotted with �lter paper, washed in three drops of nanopure water and stained with
2 droplets of 2% uranyl acetate for 20 s. Samples were imaged with FEI Tecnai T12
(operated at 120 kV) and FEI Tecnai G2 Spirit (operated at 80 kV) transmission elec-
tron microscopes (Thermo Fisher Scienti�c) equipped with TVIPS TemCam-F416 (Tietz
Video and Image Processing Systems GmbH) and EMSIS VELETA (EMSIS GmbH)
cameras, respectively.
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A B C

Figure 5.1: Tangle-like structures isolated from P301S mouse spinal cord. (A) Long
tubular protein structures associated with magnetic beads (stars). (B) + (C) Higher
magni�cations revealed bundling of individual �laments. Scale bars measure 1 µm.

5.2.5 SDS-PAGE and Western Blot

Samples were prepared with a loading bu�er containing glycerol and methylene blue
dye. Precast polyacrylamide gels (InvitrogenTM NovexTM NuPAGETM 4-12% Bis-Tris
Protein Gel, 1.0 mm, 12 well) were used for gel electrophoresis with a MOPS running
bu�er. Proteins were transferred onto a nitrocellulose membrane with a TE77XP Semi-
dry transfer unit (Hoefer) according to the manual using Towbin Bu�er. The membrane
was washed in TBS (10mM Tris pH 7.5, 150mM NaCl) and then blocked with 3% BSA
in TBS for 1 h at room temperature. After washing with TBS T/T (20mM Tris pH 7.5,
500mM NaCl, 0.05% (v/v) Tween 20, 0.2% (v/v) Triton X-100) and TBS, the primary
antibody (HT7, 1/5000) in blocking bu�er was added and incubated for 1 h at room
temperature. The membrane was washed with TBS T/T and TBS before adding the
secondary antibody (IRDye R© 680RD Donkey anti-Mouse IgG, LI-COR, 1/1000) in 10%
(w/v) milk powder in TBS and incubating for 1 h at room temperature. The nitrocellulose
membrane was washed and scanned with the odyssey infrared imaging system (LI-COR).

5.3 Results

5.3.1 Isolation of Tangle-like structures from mouse spinal cord

To test whether we were able to isolate tangle-like tau structures from neuronal tissue,
we used spinal cord homogenate from mice expressing human P301S mutant tau, which
have been shown to develop intracellular aggregations of tau. Spinal cord homogenate
from a 6 months old P301S mouse was mixed with biotinylated HT7 anti-tau antibody
speci�c for human tau and incubated for 90min to bind to �lamentous tau structures.
Magnetic beads with a diameter of 1 µm coated with streptavidin were added to bind to
the biotin moieties. The beads were then trapped inside a microcapillary and washed
with DPBS. The eluted sample was analysed by negative stain TEM.
Very long tube-shaped protein structures could be observed associated with the beads,
as seen in Figure 5.1 A. Their length could reach dozens of micrometers, with a thick-
ness of 50 to several 100 nanometers. Due to their enormous size the electron beam
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Figure 5.2: Macro protein structures isolated from mouse forebrain and spinal cord. (A)
- (D) Structures isolated in tube with the use of antibody-biotin-streptavidin-magnet
interactions. (E) - (H) Structures isolated in tube without the use of antibody. (A) +
(E) P301S spinal cord. (B) + (F) P301S forebrain. (C) + (G) ALZ17 forebrain. (D) +
(H) Black 6 forebrain. Scale bars measure 1 µm.

could not pass through the structure, resulting in positive staining rather than negative,
despite the use of uranyl acetate. Higher magni�cations showed that the structures con-
sisted of �lamentous protein that formed thick bundles but were splayed in some areas
(Figure 5.1 C).
The spinal cord contains neuronal circuits necessary for locomotion coordination with
long-distance axonal projections [137]. Intracellular tau inclusions in such neurons could
take the form of long �lament bundles inside the axons such as we have observed. Alter-
natively, such bundles could have been coiled up inside the soma of spinal cord neurons.

5.3.2 Isolation of macro protein structures from mouse forebrain

To prove that we were able to isolate �lamentous tau structures from mouse neuronal
tissue, the experiment was repeated with samples from di�erent mice. In addition to
P301S mouse spinal cord homogenate we also analysed age matched P301S mouse fore-
brain, forebrain from an ALZ17 mouse expressing full-length wild-type human tau and
forebrain from a Black 6 control mouse not expressing human tau. To be able to do
western blot analysis of isolated samples, higher sample volumes were needed than could
be handled in the microcapillary. Isolation was therefore done in Eppendorf tubes with
the use of a permanent magnet.
The tube method gave similar results as the microcapillary method for mouse spinal
cord (Figure 5.2 A). Compared to spinal cord samples, the structures isolated from fore-
brain looked less like long bundles and more like clumped �lamentous aggregations (Fig-
ure 5.2 B). To our surprise, we were also able to isolate similar �lamentous structures
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Figure 5.3: Western blot analysis of brain homogenates and isolated protein structures
using HT7 anti human tau antibody. (M) Precision Plus Protein Standard Dual Color
protein ladder. (1) P301S spinal cord homogenate. (2) P301S forebrain homogenate.
(3) Black 6 forebrain homogenate. (4) ALZ17 forebrain homogenate. (5) Biotinylated
HT7 antibody. (6) P301S spinal cord extract. (7) P301S forebrain extract. (8) Black 6
forebrain extract. (9) ALZ17 forebrain extract.

from the forebrain of a ALZ17 mouse that has no tau pathology as well as from Black
6 mice, that do not even express human tau (Figure 5.2 C + D). In general, extraction
in tubes seemed to be less clean, as the washing process inside the capillary was more
thorough.
Western blot analysis (Figure 5.3) revealed that the homogenates did contain human tau
as expected. Lower amounts were detected in the spinal cord sample compared to the
forebrain sample, where the band was considerably smeared out. No band was seen in
the Black 6 sample not containing human tau and a slightly higher running band could
be detected for the ALZ17 mouse, corresponding to the slightly larger full-length tau
isoform expressed in this model.
Almost no tau could be detected in the tissue extracts we obtained. Only a very weak
band could be seen for the P301S forebrain extraction. Curiously, no band could be seen
for the biotinylated HT7 antibody either, suggesting a problem with the biotinylated
antibody.
To test for antibody-related issues in our experiment, we repeated the isolation process
omitting the step of adding the antibody. As can be seen in Figure 5.2 E - H, this led to
results that are not distinguishable from the original trials, which means that most of our
extraction was due to unspeci�c binding of cellular components to the streptavidin-coated
magnetic beads, instead of immuno-reactive binding to speci�c antibodies.

5.4 Discussion

The isolation of large and complex tau structures is of great interest, as recent studies
have shown the importance of di�erent disease speci�c tau strains. Unfortunately, our
approach based on an antibody-biotin-streptavidin-magnet interaction chain did not de-
liver the desired results. While we were able to extract and isolate large tangled and
bundled �lamentous structures, it is unclear if these are actually comprised of tau pro-
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tein. As the negative controls without the use of an antibody showed, there was a high
occurrence of unspeci�c binding of protein to the magnetic beads. Additionally, large
�lamentous bundles and tangle-like structures could not only be found in P301S mice
expressing highly aggregation-prone mutant tau, but also in ALZ17 and Black 6 control
mice.
Western blot shows that the HT7 antibody by itself can bind to the tau protein present
in the brain homogenates. However, the biotinylated antibody was no longer recognised
by the anti-mouse IgG secondary antibody. This could be explained, if biotinylation was
so high as to block the binding sites for the secondary antibody. Such high biotinylation
would also suggest blocking the binding sites of the antibody to the target protein, making
them ine�ective in the isolation of tau structures, leaving only unspeci�c binding to the
magnetic beads.
The general approach of immuno-isolation of tau structures could still be feasible, but
the individual steps would have to be revisited and heavily modi�ed. The amount of
PC-biotin-NHS used for the biotinylation of antibodies needs to be re-evaluated and
controlled to prevent excessive biotin blocking of the antibody. Unspeci�c binding to the
streptavidin molecules on the magnetic beads could be ameliorated by adding an excess
of soluble biotin as a competitor to the sample. There are also di�erent kinds of magnetic
beads in sizes of 30 to 50 nm that could improve results and would also make it possible
to examine samples in cryo-EM where the diameter of 1 µm of the Dynabeads makes it
di�cult to create ice of the right thickness.
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Chapter 6

Conclusions and Outlook

Neurodegenerative diseases in general and tauopathies in particular are a puzzle that has
been keeping researchers all over the world busy for the last decades. Tauopathies are an
incredibly diverse group of disorders that might share common core mechanisms related
to the prion-like spreading of tau pathology.
In chapter 2, we showed that tau protein is incredibly �exible in its ability to adopt
di�erent conformations from nucleation seeds. It is not only able to propagate folds of
other tau assemblies and other human prionoids like aS and Ab, but aggregation can be
induced by �laments of a yeast prion protein. This opens up the possibility of human
neuronal diseases being caused by the uptake of prions from non-human sources, such as
organisms found in the human microbiota. This is in line with the idea that PD could
be induced by pathogens in the gut [98].
The Sup35NM yeast prion was able speed up the aggregation of tau in transgenic mouse
models expressing human mutant tau protein. Aggregation of human recombinant tau in
vitro was also accelerated. Furthermore, it increased drastically the number of �laments
with a distinct wavy corkscrew-like pattern. These �laments need to be further analysed.
Structure determination with cryo-EM would allow us to determine if this is a novel
tau fold or one that has been reported previously. The mapping of yeast prion induced
�lament structures to known neurodegenerative diseases would allow new insights on
disease origins and open up new possibilities for treatment and prevention.
Chapter 3 showed the di�erentiation and characterisation of SH-SY5Y human neurob-
lastoma cells as a human neuronal cell model system for the study of neurodegenerative
diseases. Proper characterisation of neuronal cell cultures has often been neglected in the
past, resulting in the usage of undi�erentiated neuronal cells and unproven claims about
the cell types present in the culture [106]. As evidenced by our research, SH-SY5Y cells
can be di�erentiated into mature neuron-like cells, with long neuronal processes forming
an extensive network in the cell culture dish. Several neuronal markers, such as SP,
prove the high level of neuronal maturity. Di�erentiation is not homogenous and dif-
ferent neuronal cell types can be encountered, including small fractions of dopaminergic
and GABAergic cells. This makes SH-SY5Y cells a powerful tool to simulate neurons of
di�erent brain regions.
However, the system can certainly be improved further. Not all cell types could be
identi�ed so far. All cells showed weak cholinergic properties and our markers for gluta-
matergic and serotonergic cells did not label the neurites, making it impossible to trace
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them through the network. Changes to the di�erentiation protocol should also be con-
sidered. Di�erent protocols could be developed in order to create more homogeneous
neuronal cells, so experiments can be focused on one speci�c cell type. Functionality
of the neurons could be assessed with electro-physiological methods, as �ring neurons
would increase the value of this model system. Lastly, 3-dimensional cultivation of cells
in a matrix could be tested in order to create a spatially more realistic model than the
adhesive monolayers.
In chapter 4 we used our human neuronal cell model together with �uorescently labelled
recombinant tau seeds to study the uptake of tau seeds into neurons. Speci�c uptake of
tau seeds was observed in a subset of SH-SY5Y cells, with a strong a�nity for localisation
at the neurites. These cells were either more susceptible or vulnerable to tau uptake or
have an a�nity for the intracellular accumulation of tau. This merits further investi-
gation, as it could explain brain region speci�c pathology in di�erent neurodegenerative
diseases. Future endeavours should focus on determining the exact cell type(s) of tau
susceptible neurons.
The model system can further be used to study tau seeding. The use of unlabelled
and uninhibited seeds and increased seed incubation time could allow the observation of
endogenous tau from the cells interacting with the seeds and propagating neuropatholgoy.
In the next step, prion-like spreading from one cell to another could be studied.
Eventually, more attention should be paid to the strains used in the seeds. Instead of
heparin-induced short constructs, seeds should be closer to pathological conditions and
their conformation should be as well de�ned as possible. Aside from tau, also other seeds
could be used, for example the Sup35NM seeds we described in chapter 2.
New insights could also be gained by transferring the experiment to another model system.
In a follow-up experiment, we applied the same tau seeds to mouse brain slices in order
to observe speci�c uptake for di�erent brain regions. However, the work is ongoing and
analysis not �nished yet.
In chapter 5, a failed attempt for developing a novel approach for tau structure isolation
from neuronal tissue was documented. Unfortunately, systemic errors, probably related
to the antibodies, led to unspeci�c protein binding, making analysis di�cult. The project
might still be worth revisiting, as the principles should still allow it to work. The exper-
iments would need to be redesigned from the start and well established positive control
samples should be used for the proof-of-concept before going further.
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Appendix A

Supplementary Materials Chapter 2

The following three �gures were not located in the main matter due to the manuscript
being intended to be published as a short report.
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Figure A.1: Focal tau pathology induced around the hippocampal inoculation canal
and the ipsilateral dorsal fornix upon Sup35NM inoculation. (A) Characteristic focal
grain-like tau aggregates in proximity of the hippocampal injection canal following the
inoculation of Sup35NM seeds Gallyas-Braak staining (GALL). Absence of focal tau
aggregates along the hippocampal inoculation canal site in -5TyrSup35NM seeded mice
(A), and in non-injected control mice (B). Characteristic focal grain-like tau aggregates
in proximity of the hippocampal injection canal following the inoculation of Sup35NM
seeds (C). Arrows indicate tau pathology along the inoculation canal.

Figure A.2: (A), (B) Transmission electron microscopy of -5TyrSup35NM monomer (A)
or Sup35NM seed (B) aggregation under low heparin conditions at time points day 0,
day 3, and day 16 in the absence of tau monomers.
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Figure A.3: Re-seedings of tau monomers by Sup35NM induced wild-type tau �laments.
(A), (B) Transmission electron microscopy of human 2N4R wild-type tau monomer aggre-
gation under low heparin conditions at time points day 0 and day 3, using corkscrew-like
2N4R wild-type tau �laments (termed Generation 0 seeds), which were previously in-
duced by Sup35NM seeds. This resulted in a next generation (Generation 1 (G1)) of
corkscrew-like �laments (A). Re-seeding with generation 1 (G1) �laments again induced
predominantly corkscrew-like tau aggregates in generation 2 (G2) (B).
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Appendix B

Supplementary Materials Chapter 4

The following data serve mainly control purposes and were therefore excluded from the
main chapter.
Figure B.1 shows the coomassie stained SDS-PAGE gel from the puri�cation of Myc-K18
P301L tau. The truncated tau construct runs slightly above 15 kDa. The elution fraction
(4) already contains highly pure protein after a one step puri�cation. Protein identity
was con�rmed by western blot and mass spectrometry (data not shown).
Figure B.2 shows the uptake of tau seeds into only slightly di�erentiated SH-SY5Y cells.
Seeds were added on day 4 of di�erentiation and cells were �xed on day 7. Only very
few seeds were taken up at the concentrations used in chapter 4 (Figure B.2 C). Lower
concentrations showed almost no seed uptake (Figure B.2 B). Seed uptake seemed to be
greatly increased in fully di�erentiated SH-SY5Y cells.
Tau seeds in chapter 4 were created by repeatedly freezing and thawing the labelled
�laments, which is slightly unusual. The common approach would have been sonication.
To test, whether the method for breaking �laments makes a di�erence, we compared the
two approaches. Compared in negative stain TEM, both methods led to similar seeds,
although the freezing/thawing seemed to give a more homogenous result (Figure B.3 A
+ B). When added to and taken up into di�erentiated SH-SY5Y cells, no di�erence could
be observed between the two di�erent seed samples (Figure B.3 C + D).
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Figure B.1: SDS-PAGE analysis of Myc-K18 P301L tau puri�cation. (1) Protein ladder.
(2) Cell lysate. (3) HiTrap CM FF �owthrough. (4) HiTrap CM FF elution.

A B C

Figure B.2: SH-SY5Y cells were slightly di�erentiated for 7 days and seeded with no
(A), low conentrations (B) and high concentrations (C) of tau seeds. Scale bars measure
25 µm.
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A B C D

Figure B.3: Comparison of freeze/thawed and sonicated tau seeds. (A) Tau seeds created
by cycles of freezing and thawing. (B) Tau seeds created by sonication. (C) SH-SY5Y
cells seeded by frozen tau seeds. (D) SH-SY5Y cells seeded by sonicated tau seeds. Scale
bars measure 500 nm for (A) and (B) and 25 µm for (C) and (D).
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