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Summary
This thesis sheds light on the function and dysfunction of the protein α-synuclein (α-S)
in the test tube and in cells and ultimately its possible involvement in Parkinson’s
disease (PD). Following the introduction in chapter 1, chapter 2 and 3 concentrate on the investigation of the interaction between the proteins α-S and actin. α-S
has many interaction partners. Recently, actin polymerization was reported to be
regulated by α-S. Contradictions in the literature made us curious and drove us to
elucidate α-S-actin interactions in more detail.
In chapter 2, we determine their dissociation constants with microscale thermophoresis and reveal that α-S has a high affinity for G-actin. The determined
interaction strength was even comparable to other G-actin binding proteins. Despite
this high binding affinity and the postulated function of α-S as a G-actin regulating protein, the binding of α-S to G-actin has no effect on the actin polymerization
kinetics. Instead, α-S seems to bind to and stabilize F-actin structures.
Chapter 3 reports on how the formation of G-actin/α-S complexes attenuates
the lag time of α-S aggregation depending on the actin concentration. Whereas low
actin concentrations inhibit the onset of α-S aggregation, this effect disappears at
higher concentrations. However, although the presence of actin can inhibit the onset
of aggregation, it cannot prevent it.
Chapter 4 draws attention to the intracellular occurrence of α-S spots in cells,
smaller than the diffraction limit, consisting of many α-S proteins. To study and
visualize these diffraction-limited α-S spots, we made use of stimulated emission depletion (STED) microscopy. The colocalization of these α-S clusters with a membrane
marker and the appearance of α-S on the surface of giant intracellular vesicles suggest
that that the spots are small vesicles and α-S functions as membrane binding protein.
Chapter 5 focuses on cell models in which α-S inclusion formation is induced.
We describe the resemblance of induced α-S inclusion to Lewy bodies. Moreover, we
not only observe different Lewy body-like inclusion morphologies, but also observe
that α-S aggregates in functionally different inclusions both in vitro and in vivo.
Finally, in chapter 6, we investigate the effect of exogenous α-S on the viability
and electrophysiology of neuronal networks. Whereas the viability was unaffected, we
noted development of α-S aggregates in cells and a progressive decrease in neuronal
connectivity and excitability. All these findings shed new light on, and give new
insights into, the function as well as the dysfunction of α-S in cells.
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Samenvatting
Dit proefschrift verheldert de functie en de disfunctie van het eiwit α-synucleine (α-S)
in de reageerbuis en in cellen en laat zien hoe dit eiwit een rol kan spelen in de ziekte
van Parkinson (PD). Na de inleiding in hoofdstuk 1 concentreert het onderzoek dat
gepresenteerd wordt in hoofdstuk 2 en 3 zich op de interactie tussen de eiwitten
α-S en actine. α-S heeft vele interactiepartners. Volgens recente literatuur wordt
de polymerisatie van actine gereguleerd door binding van α-S aan actinemonomeren.
Tegenstrijdige bevindingen in de literatuur maakten ons nieuwsgierig en zorgden ervoor dat we de interactie tussen α-S en actine in meer detail zijn gaan bestuderen.
In hoofdstuk 2 bepalen we de dissociatieconstanten van complexen van α-S en
actinemonomeren en filamenten met microschaalthermoforese. We laten zien dat de
interactiekracht tussen α-S en actinemonomeren vergelijkbaar is met die van eiwitten
waarvan al lang bekend is dat ze actine-polymerizatie kunnen verhinderen. Ondanks
de hoge bindingsaffiniteit en de veronderstelde functie van α-S als een eiwit dat actinepolymerizatie reguleert door aan monomeer actine te binden, heeft de binding van α-S
aan actinemonomeren geen effect op de actine polymerisatie kinetiek. De vergelijkbare
hoge affiniteit voor actinefilamenten zorgt er voor dat α-S daaraan bindt. In cellen
lijkt α-S actinefilamenten te stabiliseren.
Hoofdstuk 3 laat zien hoe de vorming van actine/α-S-complexen, afhankelijk van
de actine-concentratie, de vertragingstijd van α-S-aggregatie benvloedt. Waar lage
actine-concentraties de initiatie van α-S-aggregatie afremmen, blijkt dit effect voor
hogere concentraties te verdwijnen. Echter, hoewel de aanwezigheid van actine de
initiatie van α-S-aggregatie kan afremmen, kan het de vorming van actine-aggregatie
van α-S niet voorkomen.
Hoofdstuk 4 vestigt de aandacht op de verdeling van α-S in cellen. In fluorescentiemicroscopieplaatjes is α-S zichtbaar als vlekjes, die kleiner zijn dat de diffractielimiet en bestaan uit vele eiwitten. Om deze diffractiegelimiteerde α-S-vlekjes te
bestuderen en te visualiseren hebben we gebruik gemaakt van gestimuleerde emissie
depletie (STED) microscopie. De colocalisatie van deze α-S-vlekjes met een membraankleuring en de aanwezigheid van α-S op het oppervlakte van zeer grote intracellulaire vesikels suggereren dat de vlekjes kleine vesikels zijn en dat een groot deel
van de α-S eiwitten in cellen gebonden zijn aan membranen.
Hoofdstuk 5 richt zich op celmodellen voor de ziekte van Parkinson. In deze
celmodellen induceren we α-S-aggregatie waarna in de cellen eiwitklonten ontstaan.
We beschrijven de gelijkenis van geı̈nduceerde α-S-klonten met Lewy bodies die gevonvii

viii
den worden in de hersenen van mensen met de ziekte van Parkinson. We laten zien
dat de eiwitklonten niet alleen verschillende morfologieën kunnen hebben, maar ook
verschillende functies.
Ten slotte, in hoofdstuk 6, onderzoeken we het effect van exogeen α-S op de
levensvatbaarheid en elektrofysiologie van neurale netwerken. Hoewel exogeen toegediend α-S de levensvatbaarheid niet benvloedde, ontstonden α-S aggregaten in cellen
en zagen we een progressieve afname in neurale connectiviteit en prikkelbaarheid.
Al deze bevindingen verhelderen, en geven zelfs nieuwe inzichten in, zowel het functioneren als het disfunctioneren van α-S in cellen.
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Chapter 1

Introduction

I try all things, I achieve what I can.
(Herman Melville, Moby Dick; or, The Whale, Chapter 79)
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2

1.1

1

CHAPTER 1

Neurodegenerative Diseases

The average age of the worlds population is constantly increasing which leads to an
increasing number of elderly people1 . Since the greatest risk factor to obtain neurodegenerative diseases (NDs) is age and many of these diseases are not familial and
are late onset, the number of patients suffering from NDs is constantly increasing2-4 .
In the industrialized world, recent studies state that approximately 2 % of the population is affected at any time5 . The large group of NDs includes many protein
aggregation diseases, including for example Alzheimer’s disease, Parkinson’s disease
(PD), amyotrophic lateral sclerosis and Huntington’s disease. These are the four most
prominent members of the above-mentioned group and arise from environmental or
genetic factors. Another example of neurodegenerative protein aggregation diseases
are the prionoses, like Creutzfeldt-Jakob disease, which are caused, in contrast to the
diseases mentioned before, by infectious pathogenic agents called prions6, 7 . Recent
papers postulate that the transmission mechanism of both disease classes is related
and, for example PD, can also be transmitted in a prionoses-like manner8, 9 .
All the above-mentioned diseases are characterized by a dysfunction of the neuronal system. This dysfunction results from progressive loss of neurons during disease
progress. Additionally, they share similar clinical symptoms like impaired cognitive
functions10-15 , motor symptoms16-18 , autonomic dysfunction16, 19-22 , neuropsychiatric
problems16, 23-29 and many more.
On the protein level, most of these diseases can be classified according to the
proteins that accumulate within intra- or extracellular compartments. For example in PD, Lewy body dementia and multiple system atrophy, intracellular aggregates of α-synuclein (α-S) form; these aggregates are the representative pathological hallmark30-32 . For Alzheimer’s disease, the protein amyloid-β aggregates and
forms extracellular plaques and tangles. Additionally intracellular accumulations of
phosphorylated tau can appear in Alzheimer’s disease33, 34 . In Huntington’s disease,
polyglutamine-expanded huntingtin protein accumulates within intranuclear inclusion
bodies or neurites35 whereas in amyotrophic lateral sclerosis, motor neurons develop
intracellular protein-rich inclusions containing superoxide dismutase 1, TAR DNAbinding protein 43 or the RNA-binding protein fused-in-sarcoma36-39 (Fig.1). In prionoses, prions cause the conversion of the native proteins into the disease-associated
misfolded protein and accumulation of amyloid protein plaques in affected cells40, 41 .
In prionoses, the proteins found in aggregates are less specific to the disease. In spite
of the diversity of protein compositions in aggregates found in the mentioned diseases,
the ultrastructure of the aggregates are very similar, and are composed of a network
of protein fibrils42, 43 (Fig. 1).

1.2

Protein aggregation

Newly synthetized proteins in cells typically fold in a specific three-dimensional structure representative of the native state of the protein. During the folding process,
proteins may not fold correctly or incompletely. In addition, there are also proteins,
that lack a three-dimensional structure in solution44 . α-S belongs to this group of
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Figure 1.1: Protein aggregates of selected neurodegenerative diseases.
Alzheimers Disease: extracellular amyloid β-plaques (white arrows) and intracytoplasmic neurofibrillary tangles (yellow arrows). Parkinson’s disease and amyotrophic
lateral sclerosis: Intracytoplasmic aggregates that mainly consist of α-S are typically
found in neurons. Huntington’s disease: Intranuclear inclusions that mainly consist
of the protein huntingtin. Prionoses: prion amyloid plaques are found throughout
the brain. All protein aggregates composed of a network of protein fibrils (center). Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews
Neuroscience42 , copyright January 2003.
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CHAPTER 1

intrinsically discorded proteins45 . Like misfolded proteins, intrinsically disordered
proteins often have an increased propensity to aggregate. Those protein aggregates
were reported to affect the cell survival. Contradicting results in literature state that,
on the one hand, they are toxic to the cell46, 47 . On the other hand, the aggregation of
misfolded proteins into cross-beta sheet amyloid fibrils was suggested to be a protective mechanism to ensure cellular survival48-52 . Hence protein aggregation may not
only be related to disease but also be an important process in maintaining cellular
viability. As a matter of fact, studies in different model systems suggest that the
formation of cellular protein aggregates is a strictly organized process in both yeast
and mammalian cells to ensure cellular survival2, 49, 53 . The protein quality control
(PQC) system modulates protein refolding or degradation. In eukaryotic cells, the
PQC is a control and protection mechanism responsible for the maintenance of a
functional proteome and hence cell survival. All synthesized secretory proteins are
transported into the endoplasmic reticulum, where the protein quality control takes
place. Misfolded proteins are degraded via the cytosolic ubiquitin-proteasome system.
The correctly folded proteins are further transported to their destinations such as the
Golgi apparatus, the lysosome, the cell membrane or the extracellular space54 . Hence
protein aggregation is not just restricted to NDs like the prionoses, PD or Alzheimers
disease, but may appear upon increased stress levels, for example by inhibition of
the proteasome55 . The main difference whether protein aggregation is a normal or
disease-related process may depend on the aggregating protein, stress level and time.

Recent studies postulate that the PQC comprises different inclusions sites and
emphasizes that aggregation is tightly regulated in cellular protein aggregation52
(Fig. 2). Misfolded or aggregated proteins can be sequestered to these diverse inclusion sites with distinct functions to sustain cellular survival56 . In protein aggregation
studies in mammalian cell model systems and yeast, two intracellular compartments
for the sequestration of misfolded cytosolic proteins were identified: the JUxta Nuclear
Quality control compartment (JUNQ) and the insoluble protein deposit (IPOD)52 .
The JUNQ inclusion site is located adjacent to the nucleus. It encloses soluble, ubiquitinated, misfolded proteins and contains chaperones like HSP70 and the proteasome
subunit LMP2 to mediate refolding or degradation. The JUNQ is used to temporarily
store misfolded proteins. Amyloidogenic proteins that cannot be degraded or refolded
are sequestered to the IPOD inclusion site for long-term storage. The degradation
or refolding of proteins in the JUNQ can be either hampered by the accumulation
of insoluble aggregates or by exhaustion due to the presence of too many misfolded
proteins52 . In this case, protein refolding ability declines, the pathway to the proteasome is blocked and many chaperones are sequestered in the JUNQ. It has been
demonstrated that when this happens, JUNQ inclusions turn neurotoxic57 (Fig. 2).
Hence in neurodegenerative diseases, according to these studies, we might be dealing
with at least two different inclusion types which might significantly differ in their
cytotoxicity52, 57 .
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Figure 1.2: Model for the relationship between toxicity and targeting to
JUNQ or IPOD.
In order to preserve cellular homeostasis, the PQC must first discriminate misfolded
from correctly folded proteins. A misfolded protein can be either refolded or ubiquitinated and sent for proteasomal degradation to the JUNQ inclusion site. If misfolded
proteins cannot be refolded, they are stored in the IPOD inclusion site. However,
upon increased stress levels, many misfolded (e.g. amylogenic) proteins may appear
in the cytoplasm. Many of these misfolded proteins are localized to the JUNQ where
they sequester JUNQ-resident quality control factors. This results in the inhibition of
PQC and which may lead to cell death. Adapted with permission from Proceedings
of the National Academy of Sciences57 .
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Parkinson’s Disease

PD was first mentioned and described by James Parkinson in 181758 . It is the second
most common degenerative disease after Alzheimers disease and affects 1 % of the
population worldwide after the age of 65 years59 . Several factors are linked to the
development of PD in patients. On the one hand, environmental factors like the
exposure to pesticides such as rotenone or paraquat, insecticides or herbicides are
reported to induce PD59-63 . On the other hand, genetic mutations were found to
increase the probability to develop PD or related symptoms. For example, mutations
in the α-S gene (SNCA), parkin, DJ-1, ATP13A2 and leucine-rich repeat kinase 2
have been positively linked to PD development64-69 . Examples for point mutations
in the SNCA gene are for instance among others the A30P or A53T α-S, where the
amino acid alanine at positions 30 and 53 in the primary sequence is replaced with
either proline or threonine respectively.
Pathologically, the disease is characterized by a progressive loss of dopaminergic
neurons in the substantia nigra pars compacta during disease progression, which results mainly in motor dysfunction and symptoms like uncontrollable tremor, bradykinesia, rigid musculature and postural instability16, 59 . Figure 3 indicates how symptoms such as tremor can affect the routine life of PD patients already at early stages.
The loss of neurons coincides with the formation of α-S aggregates inside neurons
and glial cells named Lewy Bodies (LBs) and Lewy Neurites (LNs). These aggregates
are the pathological hallmark for PD70, 71 . The main component of LBs and LNs are
amyloid fibrils of α-S30, 72, 73 .

1.4

α-synuclein

α-S was first identified as the precursor protein of the non-amyloid-β peptide. It is
an intrinsically disordered, 140 amino acid long protein and encoded by the SNCA
gene74, 75 . As a monomer, it can, depending on interaction partners, adopt various conformations76-78 . The N-terminal part of α-S has the ability to bind to lipid
membranes79, 80 . Bound to phospholipid membranes, it was reported to be able to
undergo conformational change and adopt α-helical structure79-82 . Under physiological conditions, new data states that α-S adopts a tetrameric state with relatively
high helical content and fulfills its biological function as multimer83-85 . In addition,
these reports state that the tetrameric helical form of α-S is resistant to aggregation
and fibril formation. However, these reports are the subject of intense discussion since
α-S was repeatedly found to retain its monomeric disordered state in the cell86, 87 and
the results describing α-S as tetramer could not yet be verified independently88 . In
conclusion, α-S appears to be a very dynamic molecule and in discussing its structure,
one can understand its nickname protein-chameleon89 .
Like its structure, the function of α-S in vivo is heavily disputed. α-S is expressed
in the central nervous system and is estimated to be able to reach concentrations ranging from 70 to 140 µM90 . It is assumed to play a key role in the development of the
cognitive function, since knockout mice models revealed impaired cognitive function
and working memory while the phenotype remained unaffected91 . Overexpression of
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Figure 1.3: Symptoms of PD.
The primary symptoms of PD are trembling hands, arms, legs, jaw, and face; rigidity,
or stiffness of the limbs and trunk; bradykinesia and postural instability, or impaired
balance and coordination.

human α-S in yeast and fruit flies led to impaired vesicular transport between the
endoplasmic reticulum and Golgi complexes which can be resolved by overexpression
of the vesicle-trafficking and modulating rab protein92, 93 .This indicates that α-S has
a function in the modulation of vesicle trafficking. α-S has been observed in proximity
of the synapses and is enriched in the synaptic terminals. There, it is suggested to be
involved in inducing recycling and clustering of synaptic vesicles, in neurotransmitter
release and in maintaining a supply and buffer of synaptic vesicles in presynaptic
terminals94-96 . Circular dichroism experiments demonstrate cooperativity among different repeats as an additional determinant of lipid affinity and selectivity97 . The
interaction strength of α-S with lipid bilayers depends on the ionic strength of the
solution and on hydrophobic interactions79, 98 . The vesicle size seems to additionally
play a crucial role, since α-S binds preferentially to smaller vesicles79 . When all these
observations are taken into account, a role for α-S in vesicular trafficking seems likely.
In PD however, α-S dysfunctions and aggregates to form LBs and LNs. Despite in-
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tense research worldwide, the functional role of α-S is not yet fully understood and
further investigations are needed to reveal the role of α-S in health and disease.

1

1.5

Role of LBs during disease

LBs and LNs are cytoplasmic aggregates that usually develop during the progression
of PD99-101 . They can be found in neurons and glial cells31, 32, 102 . LB and LN are
named after the neurologist Dr. Friedrich Lewy. In 1912, he described abnormal
protein deposits in pathological samples of patients suffering from PD100 . After their
discoverer, these protein inclusions were henceforth called LBs or LNs.
The topographical progression of neuronal death, and the appearance of LBs and
LNs throughout the brain is used to stage PD pathology103 . In 1991, based on detailed anatomical studies, Heiko Braak, a German anatomist, divided Alzheimer’s
disease into six stages (Braak stages I-VI), which describe the systematic course and
pathological progression of the disease in time104 . In 2003, Braak developed an appropriate stage classification for the pathoanatomical changes in Parkinson’s disease103
displayed in figure 4. According to Braak, the LBs first appear in the olfactory bulb,
the medulla oblongata and in the pontine tegmentum in PD. Until this stage, besides minor symptoms like a possible impairment in taste and smell, hardly any other
symptoms can be observed in the patients. As the disease progresses, LBs can be
found in the substantia nigra, areas of the midbrain and basal forebrain, and last in
the neocortex64, 103 . From this point on, more severe symptoms such as a dysfunction
in motor activities can be observed. In general, the pathologically determined stages
are in many cases related to clinical features observed in patients and with progressing
Braak stages more symptoms occur105 .
The role of the LBs in PD is not clear yet. On the one hand, LBs have been reported to cause cellular dysfunction and result in cell death107, 108 and PD symptoms
have been shown to directly correlate with the density of neurons in the substantia
nigra pars compacta109 . On the other hand, they were reported to be inert and harmless or even to have a protective function110 and no correlation could be established
between the number of LBs and the severity of disease symptoms107 . Hence the role
of LBs during PD still needs to be elucidated.

1.6

The cytoskeleton

The cytoskeleton is a structured network of proteins in the cytoplasm of eukaryotic
cells. It consists of dynamically polymerizing and depolymerizing thin protein filaments. These filaments are responsible for the mechanical stabilization of the cell, its
shape, active movements of the cell as a whole, as well as movements and transport
within the cell111-113 . In fluorescent images, in which the cytoskeleton is visualized,
it might indeed appear as a real skeleton. But in contrast to real skeleton composed
of bone, it is rather flexible, able to reversibly adapt to environmental changes and
to fulfill many life-supporting functions inside the cell. Because cytoskeletal proteins
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Figure 1.4: Six stages of PD pathology according to Braak.
PD pathology can be grouped in six different stages according to the brain regions
involved. a) Temporal spreading of LBs in the brain (arrows). b-d) The six stages
of PD. Lengths of arrows and increasing red color indicates progress of the disease.
b) Stage I-II: LBs occur in the olfactory bulb and medulla oblongata. Hardly any
symptoms can be observed. c) Stage I-IV: LBS appear in the pontine tegmentum
and areas of the substantia nigra and last D) Stage I-VI: in areas of the midbrain
and basal forebrain and the neocortex. Symptoms can be observed starting with
Stage IV. Reprinted by permission from Macmillan Publishers Ltd: Nature Reviews
Neurology106 , copyright January 2013.

provide the whole cell volume with structure, they tend to be the most abundant
proteins in a cell114 .
There are three main filamentous components of the cytoskeleton: the microtubule
filament, intermediate filament and actin network. All components take part in supporting the cell e.g. in maintaining its stability and have specific function-associated
proteins at their disposal, for example stabilizing or moving along the filaments or
connecting them to other structures. Microtubules are long and stiff filaments, which
are composed of α- and β-tubulin dimers, built up as a hollow cylinder with approximately 25 nm in diameter114 . They are organized at the centrosome and play a key
role in long distance intracellular transport, for example of vesicles and organelles.
Associated proteins of the microtubule are, among others, the motor proteins dynein
and kinesin. These proteins mediate transport processes, movement as well as attachment of the cargo to the microtubules. Another important function of the microtubule
is the mediation of cell division. Here, the replicated chromosomes are pulled by the
microtubules towards the microtubule organizing centers114-118 . The intermediate
filaments comprise a group of protein filaments with similar properties. They are significantly smaller in diameter than the microtubule with a diameter of approximately
10 nm114 . Using intermediate filament-associated proteins like desmoplakin, they can
be bundled to thick, stable tonofibrils119 . They are the most robust filament type in
cells and are able to withstand high tensile forces120 . They can be stretched several
times their initial lengths and are able to increase the cells viscoelastic response to
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Figure 1.5: The actin cytoskeleton.
Actin filaments are present throughout the cell and fulfill multiple functions such as
stabilization of the cell or they serve as tracks for transportation of cargo. Differentiated SH-SY5Y cells were labeled with the fluorescently tagged F-actin binding dye
phalloidinalexa647 . Image was obtained with STED microscopy; scale bar 5 µM.

help cope with external stresses114, 1321-126 . Due to this robustness, they mainly serve
as a mechanical stabilizer in the cell. Neurofilaments are a special class of intermediate filaments. They occur in the perikarya and dendrites of neurons and are typically
highly abundant in axons. There they are essential for the radial growth, the maintenance of axon caliber and the transmission of electrical impulses along axons127-130 .
Actin is the most abundant protein in an eukaryotic cell114 . Typical cytosolic concentrations of actin in non-muscle cells were reported round 0.5 mM with varying
concentrations within regions of the same cell114 . Actin is encoded by a large, highly
conserved, gene family during evolution. Globular actin (G-actin) subunits represent
the basic building block of the actin cytoskeleton and can polymerize to filamentous
actin (F-actin). Two parallel F-actin strands rotate 166 degrees and form a double
helix structure with a diameter of 7 nm. The F-actin flexural rigidity corresponds
a persistence length of 17 µm and is able to generate significant forces during polymerization, yet it is much lower than the persistence length of microtubules which
approaches 5200 µm131 . Still, with these forces, F-actin is for example able to form
membrane extensions or contraction of the cell during cell division114 . A mesh of these
actin filaments just beneath the cell membrane is called the actin cortex and serves
as stabilizer of the cell shape and plays a role in directed cellular movements. Figure
5 visualizes the dense and ubiquitous network of actin throughout a mammalian cell.
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Actin organization and dynamics are orchestrated and dependent on a crowd of
bundling, cross-linking, capping, branching and severing proteins132 , the actin binding
proteins (ABPs). For example, cross-linking proteins may bundle F-actin and by that
determine shape, length, and organization of the bundles and increase mechanical
properties. F-actin can also be used as a track, along which motor proteins like myosin
can walk to transport cargo inside the cell114 . Whereas the proteins dynein and kinesin
transport cargo over longer distances along the microtubule, they can transfer their
freight to myosin, for shorter transport for example to the membrane133-135 . Myosin
is also known for its role in muscle contraction and belongs to the large group of motor
ATP dependent actin binding proteins114 . Other actin binding proteins like profilin
maintain the population of unassembled but assembly-ready actin monomer or bind
to and block the growing ends of actin filaments like gelsolin132 . Gelsolin, ARP2/3,
cofilin can further nucleate actin assembly or serve actin filaments132 . Along many
others, also α-S was recently reported to be an actin regulating protein.
In vitro experiments reveal the actin polymerization rate to be retarded in the
presence of α-S136 . Further, in cells, α-S was found to shift the ratio of F- to G-actin
towards G-actin136 . Hence, it was suggested that α-S, directly interferes with actin
dynamics by sequestering G-actin and preserving a G-actin pool. As a result, less Gactin is available to participate in the polymerization process136, 137 . Strikingly, for
the familial α-S disease mutant A30P, no such sequestration was observed. Instead,
A30P causes G-actin to clump and build actin rich foci in cells136 . This difference
in function was suggested to link to the role of α-S in the development of PD and
other α-S dependent diseases136, 137 . However, α-S was observed to align F-actin in
cells136, 138 , which is unusual for a monomer sequestering protein and more research
needs to be performed to understand the effect of α-S on actin dynamics. This pending
discussion motivated us to describe and further explore the interactions of the actin
cytoskeleton with α-S.

1.7

Selected biophysical techniques used in this thesis

Biophysics is an interdisciplinary science operating at the interfaces of physics, chemistry, biology, and medicine, using physical approaches to shed light on processes in
biological systems. In biophysics, a multitude of techniques, toolsets and methods
with a background in physical and computational sciences are exploited to quantitatively study biological processes. Studying biological process at single molecule level
promises improved understanding underlying molecular mechanisms. In this thesis,
we particularly make use of stimulated emission depletion (STED) microscopy and microscale thermophoresis to study nanoscale organization and to quantify interactions
respectively.
By fluorescence microscopy, for example one can visualize the distributions of
fluorescently labeled molecules within samples in a non-invasive approach. With
confocal fluorescent microscopy, fluorescent cross sections can be visualized. However
the resolution is limited by the diffraction limit of the light to about 200 nm139 . To
beat the diffraction limit, one can exploit cutting edge super resolution techniques
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like STED microscopy140 . With STED, the optical resolution is increased to 30 - 100
nm, and even resolutions down to 2.4 nm have been reported141 . The specimen is
not only illuminated with a focused excitation beam but at the same time with a
superimposed second laser beam, the doughnut-shaped depletion beam. Therefore,
only fluorophores exactly in the center are excited and it is possible to determine their
exact position140 . Figure 6 A-D demonstrates the higher optical resolution achieved
with STED by direct comparison to conventional confocal microscopy. In our research,
we exploit STED to study the localization of α-S in cells, the colocalization with Factin as well as the structure of Lewy Bodies in human brain samples.
With techniques like MST, protein interactions can be studied and e.g. protein
binding and interaction strengths can be monitored as a function of movement in a
microscopic temperature gradient142 . Fluorescent molecules with a non-fluorescent
ligand are initially distributed evenly and diffuse freely in solution. By switching
on the IR-Laser, a temperature gradient is created and the molecules typically move
out of the heated spot. After turning off the laser, the molecules diffuse back to
re-establish a homogeneous distribution. The fluorescent signal of the molecules is
recorded from samples with varying concentration of the non-fluorescent ligand. Any
change of thermophoretic properties like the hydration shell, charge or size can be
detected as a change in fluorescence intensity143 . We used MST to quantify the
interaction strength of complexes between α-S and both monomeric and filamentous
actin. Figure 6 E-F illustrates the induced microscopic temperature gradient by an
infrared laser, and the directed movement of molecules as well as the analysis. Taking
advantage of these techniques might hence help to better understand and answer
urgent questions concerning molecular interactions involved in the neurodegenerative
process.
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Figure 1.6: STED and MST: Biophysical techniques help to answer questions in the field of NDs.
STED improves the resolution of Lewy Bodies compared to conventional confocal
microscopy. Panels A-D show comparisons of STED and confocal images of the
same region of Lewy Bodies with different morphologies. α-S (green) is labeled by
antibodies; scale bar 3 µm. E-F) MST is a way to quantify protein interactions.
E) A laser beam creates a temperature gradient in a solution with a mix of fluorescently tagged protein and a non-fluorescent ligand. The molecules move out of the
heated spot and diffuse back in after the beam has been switched off. By monitoring
the fluorescent intensity recovery and using different ligand concentrations, the protein interaction can be determined. F) The MST fluorescent intensities are plotted
against the ligand concentration. By taking the half-max, the dissociation constant
can be determined142 . MST figures adapted and reprinted from www.nanotempertechnologies.com with permission of NanoTemper Technologies GmbH.
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ABP
ND
IPOD
JUNQ
LB
LN
MST
PD
PQC
phalloidinalexa647
STED
α-S

actin binding protein
neurodegenerative disease
insoluble protein deposit
juxta-nuclear quality control compartment
Lewy body
Lewy neurite
microscale thermophoresis
Parkinson’s disease
protein quality control
phalloidin with an Alexa Fluor R 647 label
stimulated emission depletion
α-synuclein
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Abstract

2

Although the intrinsically disordered protein α-synuclein (α-S) is abundant in neurons and α-S overexpression and mutations have been associated with Parkinson’s
disease, the function of the protein is not well understood. α-S has been reported to
interact with several proteins and with lipid bilayers and may therefore have multiple functions. One of these possible functions of α-S involves the regulation of the
organization of the actin cytoskeleton. Yet, how α-S regulates the organization of
the cytoskeleton remains unclear. Here, we determine the equilibrium dissociation
constants for complexes of G-actin and WT, A30P and A53T α-S. Despite the submicromolar binding affinity, comparable to actin monomer sequestering proteins, we
do not, in contrast to previous reports, observe a significant effect of α-synuclein on
actin polymerization kinetics. Instead, binding of α-S seems to increase the amount
of polymerized actin (F-actin) in pellets after centrifugation. In agreement with this
increase, we measured a high affinity of WT α-S for F-actin. In vitro, binding of α-S
to F-actin does not result in large-scale reorganization of the actin network. The high
affinity of monomeric α-S to F-actin filaments results in colocalization of α-S with
F-actin structures in in filopodia and cortical networks in SH-SY5Y cells. We hence
hypothesize α-S to have an F-actin stabilizing function.
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Introduction

α-synuclein (α-S) is a small, soluble, intrinsically disordered protein of 140 aminoacids1, 2 . It has many interaction partners in vivo 3 . By binding to other proteins or to
lipids, it may, depending on the interaction partner, adopt different conformations4-7 .
The N-terminal part of α-S has the ability to bind to lipid membranes8,9 . Bound
to anionic surfactant micelles or phospholipid vesicles, the initially unstructured α-S
was reported to undergo conformational changes and adopt α-helical structure8-12 . In
neurons, α-S is found ubiquitously but it is particularly enriched in the nucleus and
close to the synapse13-15 . In the latter case, α-S is highly dynamic and exchanges fast
between neighboring synapses16 . The physiological function of α-S is still unclear,
but it is believed to be involved in the regulation of the synaptic vesicle pool17-19 , in
the exocytosis of vesicles20 and in cytoskeletal organization and dynamics21-23 .
One of the possible cytoskeletal interaction partners of α-S is actin. Actin fulfills
many important functions in the cell; for example, it facilitates intracellular transport,
plays a major role in exocytosis, and mechanically stabilizes the cell24-28 . Actin
organization, dynamics and hence function are orchestrated by a myriad of bundling,
cross-linking, capping, branching and severing proteins27, 29, 30 that reversibly bind
actin and are called actin binding proteins (ABPs). Recently α-S was reported to
belong to the family of ABPs. It was suggested to bind globular actin (G-actin) and
thus regulate the maintenance of a steady pool of G-actin23 . However, α-S was also
observed to colocalize with filamentous actin (F-actin) structures in cells23,31 , which is
unusual for a monomer sequestering protein. The observation that α-S bundles actin
filaments in vitro 23 additionally challenges its function as a monomer sequestering
protein.
α-S is a key protein in Parkinson’s disease (PD), where it aggregates into amyloid
fibrils. Familial single amino-acid mutations in α-S are known to result in early onset
autosomal dominant forms of PD. Two of the best-studied α-S mutations are A30P
and A53T32-35 . In terms of the role of α-S in the regulation of actin dynamics, A30P
α-S was reported to have lost the ability to regulate the monomeric actin pool and to
induce actin clumping23 . Although its exact function remains unclear the large effect
of this α-S mutation on the organization of cellular actin supports the existence of a
functional interaction.
In the present work we aim to elucidate the role of α-S in the organization of
the cytoskeleton. We determine the dissociation constants of equilibrium complex
formation between α-S and the PD related α-S mutants A30P and A53T with respect
to actin, and investigate their effect on actin polymerization. In contrast to what has
been reported in the literature, we do not observe significant effects of α-S on G-actin
polymerization. The colocalization with load-bearing structures like filopodia suggests
that α-S binds and stabilizes F-actin filaments rather than sequestering monomeric
actin.
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Materials and Methods
Preparation and labeling of recombinant α-S

Expression of human α-S and the 140C mutants (α-S 140C) with a single alanine
to cysteine substitution at residue 140 were performed in E. coli BL21 (DE3) using
the pT7-7 based expression system. Details on the α-S purification procedure are
described elsewhere36 . Purified protein was stored at -80◦ C in 10 mM Tris-Buffer
(pH 7.4) in aliquots until further use. For labeling α-S A140C with AlexaFluor488
maleimide (Life Technologies, USA) we proceeded as described elsewhere37 .
G-Actin was isolated from rabbit skeletal muscle38 and stored in lyophilized form
at -20◦ C. Preparations are performed as described elsewhere39 . In short, the lyophilized
actin is dissolved in deionized water and dialyzed against G-buffer (2 mM Tris (pH 8),
0.2 mM ATP, 0.2 mM CaCl2 , 0.2 mM DTT and 0.005 % NaN3 ) at 4◦ C. Subsequently
the samples were centrifuged at 100,000 x g at 4◦ C (Sorvall, USA) to remove small
aggregates. The G-actin solutions are stored at 4◦ C and used within seven days of
preparation. To polymerize G-actin into F-actin, 5 µM of G-actin was incubated in
F-bufferlow Ca2+ (10 mM Tris, 2 mM MgCl2 , 1 µM CaCl2 , 0.2 mM DTT, 0.5 mM
ATP, 0.1 M KCl) or F- bufferhigh Ca2+ (10 mM Tris, 2 mM MgCl2 , 0.2 mM CaCl2 ,
0.2 mM DTT, 0.5 mM ATP, 0.1 M KCl, 5 µM ThioT) for 30 minutes at 37◦ C. To
stabilize F-actin, we used phalloidin or phalloidinalexa647 (Sigma, USA).

2.2.2

Native gel (complex formation)

10 µM of alexa488-tagged α-S-140C and untagged α-S (WT, A30P and A53T) in a
ratio 1:10 were incubated for 1 hour at 37◦ C in an orbital shaker (300 rpm, Thermomixer Comfort, Eppendorf, Germany) in G-Buffer (2 mM Tris, 0.2 mM ATP, 0.2
mM CaCl2 , 0.2 mM DTT, 0.0005 % NaN3 ). After this incubation step, equal amounts
of samples were loaded on a native gel for 20 minutes at 50 V, 40 minutes at 200 V.
The resulting gel was imaged (ex.: 488 nm, em.: 510-600 nm) using a gel imaging
system (Gel DocTM, Bio-Rad, USA).

2.2.3

Microscale thermophoresis

The binding affinities of recombinantly expressed monomeric WT, A30P and A53T
α-S to G-actin and F-actin were determined in G-buffer or F-bufferhigh Ca2+ respectively by microscale thermophoresis, in standard capillaries using a Monolith NT.115
instrument (NanoTemper Technologies, Germany). For these experiments α-S and
disease related α-S mutants with an alanine to cysteine mutation at position 140
were fluorescently labeled with Alexa488 (Invitrogen, USA). To probe the affinity
for F-actin, 5 µM G-actin was polymerized in F- bufferhigh Ca2+ in the presence of
5 µM phalloidin to stabilize F-actin filaments. Interaction tests were performed in
independent duplicates. To determine the interaction, 60 nM of the fluorescently
labeled WT, A30P, or A53T α-S was titrated with a dilution series of G- or Factin. Thermophoresis was induced using 30 % (monomer-monomer interaction) and
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50 % (monomer-filament interaction) laser intensity (NanoTemper Technologies, Germany). The equilibrium dissociation constant, Kd was determined by applying a
global fit to the data points obtained in two independent experiments. The following
formulas were used to fit the data under the assumption of a 1:1 protein binding and
no cooperativity effects involved in the binding process.

2

2.2.4

Pyrene actin assay

Pyrene actin can be used to monitor actin polymerization. Pyrene hardly fluoresces
in monomeric form but when pyrene actin is incorporated in fibrils the pyrene can
form eximers and becomes highly fluorescent. The labeling of actin with pyrene was
performed as described elsewhere40 . 0.5 µM pyrene G-actin was polymerized with
unlabeled G-actin in the ratio 1:6 without and in the presence of 30 µM WT, A30P and
A53T α-S in quartz cuvettes (Hellma, Germany). The polymerization was followed in
a Varian Cary Eclipse Fluorescence Spectrophotometer (Agilent Technologies, USA)
using an excitation wavelength of 365 nm and emission wavelength of 385 nm in
different buffers: F-bufferhigh Ca2+ and F- bufferlow Ca2+ and polymerization buffer
(20 mM Imidazole, 3 mM MgCl2 , 1 mM ATP, 1 mM DTT, 1 mM EGTA). Experiments
were stopped when the pyrene fluorescence reached a plateau and polymerization was
completed.
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Circular Dichroism

Circular dichroism spectra were recorded with a JASCO-J720 spectropolarimeter.
Spectra of 5 µM WT, A30P and A53T α-S and G-actin were measured separately and
in 1:1 mixtures in 10 mM phosphate buffer (pH 7.2) in cuvettes (Hellma, Germany).
Due to the presence of two proteins in different concentrations in the solution, we could
not convert the obtained ellipticities to standard mean residue ellipticity, instead we
used ellipticities for comparison between the samples. To be able to evaluate possible
structural changes resulting from complex formation, the spectra recorded for the
individual proteins were added and presented in one graph with the spectra obtained
from the protein mixtures.

2.2.6

STED microscopy

Stimulated emission depletion (STED) microscopy was employed for subdiffraction
resolution fluorescence imaging on a custom-made in-house setup. The systems layout and working principle is described elsewhere41 . The STED microscope is capable of acquiring one channel with confocal (GFP) and two channels (586±7 nm
and 624±40 nm) with STED confocal resolution quasi-simultaneously. For imaging
GFP, Atto 594 and Atto 647N, we used excitation/emission wavelengths of 488±3
nm/520±14 nm, 586±7 nm/624±40 nm and 637±5 nm/685±20 nm, respectively. The
STED beam wavelengths for Atto 594 and Atto 647N were 710±2 nm, and 745±2 nm,
respectively. Beam powers for acquisition were 1 - 5 µW for the excitation beams,
as measured in front of the objective. STED beam powers amounted to 1 - 2 mW.
To reduce crosstalk, pulses for various channels were separated in time via different
optical path lengths. A home-built electronic gating device transmitted detector signals occurring at the correct time to the acquisition hardware, and rejected crosstalk
signals occurring at other times. Dichroic mirrors and filters were purchased from
AHF, Tübingen. The supercontinuum laser source was a SC450-PP-HE system running at 1 MHz, manufactured by Fianium Ltd, Southampton. For beam-scanning,
we used a YANUS IV scan head from Till Photonics, Munich. To image we used an
oil immersion objective form Leica (100x/1.4 N.A.).

2.2.7

Immunocytochemistry, Th[S] and phalloidin staining

Cell samples were washed with PBS and fixed in a 3.7 % paraformaldehyde/PBS solution. For immunolabeling, cells were permeabilized with 0.3 % TX100 and 0,1 % BSA
in PBS. Autofluorescence was quenched with 50 mM NH4Cl in PBS. The primary
antibody against α-S (BD biosciences, USA) was diluted 1:100 in goat serum dilution
buffer (16 % goat serum, 0.3 % TX100, 0.3 M NaCl in PBS) and incubated overnight.
The next day, cells were washed 3 times at room temperature. The secondary antibodies (AlexaFluor 594, Invitrogen, USA) were diluted 1:100 in PBS, added to the
sample and incubated for 1 hour. For Th[S] and phalloidin staining, fixed cells were
incubated with 0.05 % Th[S] or 70 nM phalloidinalexa647 , in PBS for 15 minutes.
After washing with PBS, samples were fixed in place with mounting medium (Ibidi,
Germany). Confocal laser scanning microscopic images were obtained using a Zeiss
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LSM510 microscope with 63x oil immersion objective (N.A.=1.4) and analyzed with
the ZEN software 2009 (Zeiss, Germany).

2.2.8

Cell culture

SH-SY5Y cells were obtained (ATCC, USA) and grown in proliferation medium, a
1:1 mixture of Hams F12 medium including glutamax and EBSS supplemented with
10 % heat inactivated FBS and 1 % Penicillin/Streptomycin. All SH-SY5Y cells used
in experiments were differentiated into post-mitotic, neuron-like cells that developed
extended neurons and expressed neuronal marker proteins as described elsewhere42 .
In short, for differentiation, we seeded SH-SY5Y cells to 60 % confluency and induced differentiation by adding starvation medium containing 1 % FBS and 10 µM
retinoic acid for 7 days. All chemicals were obtained from Invitrogen if not indicated
differently.

2.3
2.3.1

Results
Formation of a α-S and G-actin complex

In the literature it is reported that WT α-S is able to reduce the pool of polymerized
actin in the cell by sequestering actin monomers. The sequestration of actin monomers
is hypothesized to involve the formation of a 1:1 WT α-S/G-actin complex23 . The
stoichiometry of the α-S/G-actin complex was suggested to be different for PD related α-S mutant A30P. Instead of forming a 1:1 complex with G-actin, A30P α-S
is hypothesized to bind several G-actin proteins23 . To test if WT α-S and the α-S
mutants A30P and A53T indeed form a complex with G-actin, we incubated 5 µM
G-actin with fluorescently labeled WT, A30P and A53T α-S in the ratio 1:2. By
using a low ionic strength buffer (G-Buffer) in the experiment, G-actin is prevented
to polymerize. When the complexes in protein mixtures were visualized on a native
gel stained with Coomassie blue, no differences between the control samples with
the single proteins and the samples with mixed α-S and G-actin could be observed
(Fig. 1 A). However, after excitation of the fluorescently labeled α-S in the native
gel at 488 nm, the same gel revealed a small amount of WT and A30P α-S/G-actin
complexes that show up as extra fluorescent bands. The majority of labeled α-S was
however still found in free form and not in complexes. In A53T G-actin mixtures no
extra fluorescent band was observed and only non-complexed labeled A53T is visible
(Fig. 1 B).

2.3.2

α-S binding affinity to G-actin

To elucidate if the formation of α-S/G-actin complexes can play a role in the regulation
of the cytoskeletal organization by sequestering G-actin, we determined the equilibrium dissociation constant of the α-S/G-actin complex by microscale thermophoresis.
In figure 2, the microscale thermophoresis signal is plotted as a function of the actin
concentration. The Kd-values were obtained from these curves by applying a global
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Figure 2.1: The formation of α-S and A30P / G-actin complexes visualized on native gel.
10 µM WT, A30P and A53T α-S (1:10 labeledAlexa488 α-S monomers) were incubated with 5 µM actin in G-Buffer for 60 minutes after which the protein mixture
was transferred to a native gel. A) A native gel stained with Coomassie blue gives no
indication of complex formation between α-S and G-actin. B) Additional bands in
the mixtures of WT or A30P α-S and G-actin can be observed after exciting labeled
protein in the native gel at 488 nm indicating complex formation; the additional
bands are indicated by the dashed-white circle.

Figure 2.2: TWT and A53T α-S show micromolar binding affinity to Gactin, while the affinity of A30P for α-S is significantly lower.
The Kd values of complexes of G-actin and monomeric WT (Kd=0.2 µM), A30P
(Kd=2.4 µM) or A53T (Kd=0.3 µM) α-S were determined by a global fit to the
data points of 2 independent experiments for each protein pair. 60 nM of α-Salexa488
monomers were titrated to a concentration series of G-actin; experiments were performed in G-Buffer.

fit to the data points. The Kd-values for WT and A53T α-S were of the same order of
magnitude and determined to be 0.2 µM and 0.3 µM. The disease related α-S mutant
A30P has a however a lower affinity for G-actin with a Kd=2.4 µM. The shape of the
binding curves agrees with the assumption that α-S and G-actin form a 1:1 complex,
and it was not necessary to introduce cooperativity to fit the data.
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Figure 2.3: No conformational changes in the secondary structure of α-S
upon binding to G-actin could be observed with circular dichroism.
Ellipticity of 5 µM actin and 5 µM WT, A30P and A53T α-S in phosphate buffer
were assessed for single proteins and α-S and actin mixtures. Plotting the summed
values of single protein measurements in the same graph as the values of actin and α-S
mixtures does not reveal a change in secondary structure; dotted lines show summed
spectra of single proteins; full lines show results of the protein mixtures; experiments
were performed in independent triplicates.

2.3.3

Does binding to G-actin result in structural changes in α-S?

The protein α-S is unstructured in solution but can gain structure when bound to
interaction partners such as membranes. To test if the formation of the α-S/G-actin
complex also involves changes in the secondary structure of α-S, we took circular
dichroism spectra of the individual proteins and the protein mixtures. To visualize
possible structural changes, the spectra of G-actin and α-S were summed and plotted
in the same graph as the protein mixtures. Figure 3 shows the data obtained for WT,
A30P and A53T with G-actin. The measured and summed spectra almost overlap and
no significant changes in the secondary structure of the proteins could be observed.
For the measured Kd values and protein concentrations used we expected all α-S
to be in the complex. We therefore conclude that the formation of the α-S/G-actin
complex does not invoke large structural changes in the unstructured α-S.

2.3.4

α-S does not affect actin polymerization kinetics

The formation of a α-S/G-actin complex reduces the amount of G-actin in solution and
may thereby affect actin polymerization. We expected this reduction in the free Gactin concentration to result in an increase in the aggregation lag time. To be able to
follow changes in the lag time we included a small fraction of pyrene labeled actin in a
polymerization assay and followed excimer formation using fluorescence spectroscopy.
At 1:1 ratios of actin and the different α-S mutants, we did not observe any significant
differences in the lag times or in actin polymerization rates (Fig. 4 A). Subsequently,
we changed the α-S to actin ratios by increasing the α-S concentration, but we still
did not observe significant effects on actin polymerization kinetics (Fig. 4 B).
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Figure 2.4: WT, A30P and A53T α-S have no significant effect on actin
polymerization kinetics.
3 µM actin (ratio 1: 6 pyrene actin: actin) was polymerized in the presence of WT,
A30P and A53T α-S in F-bufferlow Ca2+ . A) No significant effect on lag time and
rate of actin polymerization can be observed in the presence of 3 µM WT, A30P or
A53T α-S. B) Increasing WT α-S concentrations did not result in a change in actin
polymerization; averaged polymerization curves from three independent experiments.

2.3.5

WT α-S stabilizes actin filaments

Our results indicate that although α-S can bind G-actin it does not affect the actin
polymerization lag time or polymerization rate. To test the effect of WT α-S on
actin polymerization or inter-filament interactions, we added increasing amounts of
WT α-S to 10 µM G-actin in polymerization buffer. After incubation for 30 minutes,
G- and F-actin were separated by a centrifugation step, in which F-actin was concentrated in the pellet. We next dissolved the pellet in water and separated it on a
SDS-PAGE gel. Whereas 10 µM actin already polymerizes in the absence of α-S, we
observed, a concentration-dependent manner, increasing quantities of actin in pellets
after copolymerization with WT α-S (Fig 5 A). No α-S could be found in the pellet in
the control sample with pure α-S. This indicates that by binding to F-actin α-S may
stabilize the filaments and induce attractive inter-filament interactions that make it
easier to pellet the filaments. Given the sub-micromolar critical aggregation concentration of G-actin in F-buffer, inter-filament interactions are expected to dominate
the result. In figure 5 B, a comparable effect on the amount of F-actin in the pellet
could be observed for A30P α-S. Whereas no α-S was observed in the pellets of control
samples with pure 10 µM WT or A30P α-S, α-S bands could be detected in the pellet
after copolymerization with 5 µM G-actin. The comparable intensities of the bands
indicate a similar effect for WT and A30P on actin filaments.

2.3.6

α-S binding affinity to F-actin

To elucidate why more F-actin can be found in pellets in the presence of α-S, we
next tested if α-S and the disease related α-S mutants bind to F-actin by determining
the equilibrium dissociation constants of the complexes. In contrast to the results
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Figure 2.5: WT and A30P α-S both increase the amount of polymerized
actin in the pellets.
G-actin was copolymerized with increasing concentrations of WT α-S in Fbufferhigh Ca2+ for 30 minutes followed by a centrifugation step at 15,000 x g to
separate G-actin from F-actin. F-actin pellets were dissolved in bidistilled water,
separated by SDS-PAGE and stained with Coomassie blue. A) After polymerization,
increasing amounts of both WT α-S and F-actin are found in the pellet with increasing α-S concentrations. The actin concentration was kept constant at 10 µM. B)
Comparison of the effect of WT and A30P α-S on the amount of polymerized actin.
Whereas a small amount of actin was detected on gel after incubation of G-actin in
F-Buffer alone, a significantly larger amount of actin and WT or A30P α-S could be
found after copolymerization with 10 µM WT and A30P α-S. No α-S was detected
in the control experiments with 10 µM WT or A30P α-S.

obtained for the G-actin/α-S complex (Fig. 2), the binding affinities of all three
protein complexes were of the same order of magnitude between 0.6 and 1.3 µM
(Fig. 6 A). We therefore conclude that α-S has the ability to bind both G-actin
and F-actin. Upon comparing the morphology of actin filaments resulting from an
actin and WT α-S copolymerization in the presence of phalloidinalexa488 , we noted
the filament network to look similar (Fig. 6B). The addition of α-S did not result in
large scale filament bundling. Both the density of the filaments and the stiffness of the
individual filaments look comparable. (Fig. 6 B). We subsequently looked for α-S and
F-actin colocalization in a SH-SY5Y cell line. To visualize both F-actin and α-S the
F-actin cytoskeleton was labeled with phalloidinalexa647 and α-S was immunolabeled.
In differentiated SH-SY5Y cells, we observed colocalization of WT α-S and F-actin.
We hence conclude that α-S / F-actin complexes also appear in cells (Fig 6 C). The
colocalization of α-S with F-actin was predominantly found in cell regions with a
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high actin reorganization rate and load-bearing actin filaments. In images that show
the whole cell, colocalization of α-S with the F-actin cortex and the actin network
around the nucleus is visible. At higher magnification the colocalization of α-S with
individual F-actin filaments in bundles around the nucleus becomes visible. Detailed
images of the cortical region of the cell show that actin bundles in filopodia are also
covered with α-S (Fig. 6 C right bottom). SH-SY5Y cells expressing GFP-tagged α-S
revealed that this colocalization is not an artifact of immunolabeling with antibodies,
and not all F-actin structures in the cell colocalized with α-S (Fig. 6 D).

2
2.4

Discussion

α-S has been suggested to play a role in the regulation of the organization and dynamics of the cytoskeleton. Recent studies have demonstrated an interaction between α-S
and cytoskeletal components such as microtubules and F-actin3,21,43 . α-S was shown
to be a microtubule-associated protein and like the protein tau, it induces the polymerization of purified tubulin into microtubules44 . Regarding the actin cytoskeleton,
WT α-S was reported to bind G-actin and thus play a role in the regulation of actin
dynamics23 . This regulation of actin remodeling is supposed to be key in processes
such as neurite outgrowth and adhesion of neuronal cells45-47 .

2.4.1

α-S is found in a α-S/G-actin complexes

G-actin-binding proteins can affect cytoskeletal dynamics by e.g. regulating the assembly and disassembly of actin filaments by reversible binding, capping or sequestering. G-actin binding proteins usually have a high binding affinity to G-actin24, 48 .
To verify if α-S can play a role in the regulation of actin dynamics, we tested whether
α-S and G-actin form complexes. For this purpose, we determined the binding affinity, and showed that WT α-S and A53T α-S form complexes with G-actin with a
sub-micromolar Kd. The Kd of WT α-S/G-actin complex is comparable to the Kd
value observed for other complexes of G-actin and G-actin binding proteins28,48 . This
suggests that the affinity is in principle high enough to e.g. sequester actin monomers
and α-S may therefore to belong to the ABP family. Interestingly, the binding affinity
determined for A30P α-S to G-actin seems to be significantly lower than that for WT
α-S to G-actin. However, although the binding mode may be slightly different, even
the MST curves obtained for the formation of the A30P α-S/G-actin complex could
be fitted with the assumption that they bind in a 1:1 ratio. In the binding curves we
did not find any indication of a cooperative assembly of multiple A30P molecules in
a in a complex with α-S. This does not agree with the formation of A30P/G-actin
reported in the literature, where the binding of several actin monomers to a single
A30P α-S is hypothesized23 .
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Figure 2.6: α-S binds to F-actin in the test tube experiments and in cells.
A) By microscale thermophoresis, Kd values for monomeric WT (Kd=0.8 µM),
A30P (Kd=0.6 µM) and A53T (Kd=1.3 µM) and F-actin were determined; labeled α-Salexa488 monomers were titrated with F-actin; tests were performed in
F-bufferhigh Ca2+ in independent duplicates. B) Polymerization of 5 µM actin with
AlexaFluor488-labeled phalloidin in F-bufferhigh Ca2+ . In the presence and absence
of 10 µM WT α-S the morphology of the actin networks and individual actin filaments look comparable; confocal microscopy; scale bar 10 µM. C) Differentiated
SH-SY5Y cells show colocalization of WT α-S and F-actin. Increased colocalization
can be observed in cell regions with higher actin reorganization rate, and close to
the nuclear envelope; cells were labeled with phalloidinalexa647 and immunolabeled
with α-Salexa594 ; confocal and STED microscopy; scale bar 10 µM. D) Not all actin
structures in differentiated SH-SY5Y cells show colocalization of WT α-S and Factin; cells were labeled with phalloidinalexa647 and immunolabeled with α-Salexa594 ,
STED microscopy, scale bar 5 µM.
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Binding does not coincide with large changes in α-S
structure

In solution, α-S is an unstructured protein49 . To elucidate if, like observed for lipid
bilayers8 , binding to G-actin results in changes in the secondary structure of α-S, the
complexes were studied using CD spectroscopy. CD spectra of G-actin were obtained
between 200 to 250 nm and show a considerable amount of secondary structure50 .
Circular dichroism spectroscopy is appropriate for measuring even minor changes in
conformations upon binding. Binding studies on the predominantly unstructured
actin binding protein thymosin β4 for example demonstrate that this protein adopts
an α-helical conformation upon binding actin. This conformational change involving
6-12 residues of thymosin could be detected by CD51 . However, we could not detect
any conformational changes for binding to G-actin of WT α-S nor for the mutant
forms. Even high concentrations of α-S did not affect this result (Fig. 3).

2.4.3

α-S has no effect on actin polymerization kinetics

In addition to the lack of effect on secondary structure, we did not observe any
effect on actin polymerization kinetics in the presence of α-S. If α-S sequesters Gactin23 , one would have expected a retardation in the start of actin polymerization
due to a decrease in the free G-actin concentration. Further, sequestering of globular
actin by α-S was reported to be dependent on the Ca2+ concentration. At calcium
concentrations comparable to those found during neuronal excitation (1 µM Ca2+
as in F-bufferlow Ca2+ ), the amount of F-actin was increased with respect to F-actin
concentrations in the resting state22, 23 . However we found the actin polymerization
kinetics to be unaffected by changes in Ca2+ concentration.
Although we did not observe changes in the actin polymerization kinetics, we observed more polymerized actin in the pellet in the presence of α-S. This increase was
also described before23 , but in contrast, we observed a similar increase for WT and
A30P α-S (Fig. 5 B). We further demonstrated a clear relation between the amount
of polymerized actin and the α-S concentration. Both α-S and F-actin were found
back in the pellet, which indicates that the increased amount of F-actin in the pellets results from α-S binding (Fig. 5 A). The dissociation constants found for the
α-S/F-actin complex confirm that α-S binds F-actin (Fig. 6 A). But instead of a
previously reported F-actin bundling activity of α-S22, 23 , we hypothesize that α-S
stabilizes F-actin. α-S binding does not result in large scale F-actin bundling in our
experiments (Fig. 6 B). The increase in F-actin in pellets after precipitation using a
table top centrifuge indicates that α-S can either bind multiple F-actin filaments or
that the F-actin bound α-S proteins interact. Both scenarios result in the appearance
of crosslinks in the F-actin network. The absence of large scale F-actin bundling in
spite of these crosslinks may result from high surface charge density of the α-S coated
F-actin filaments. For highly charged rods, high angle orientations are preferred over
parallel orientations52 . There are other ABPs that stabilize F-actin; tropomyosin
stabilizes actin filaments and antagonizes the action of ADF/cofilin, which promotes
F-actin disassembly53 . Similarly, ADF/cofilin induced F-actin destabilization exper-
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iments are required to confirm our hypothesis.
In cells, we observed colocalization of α-S with the actin cytoskeleton. As observed for various other actin-binding proteins, including myosin54, 55 , cofilin56 and
the actin binding domains of several members of the spectrin family57-61 , binding of
α-S can result in complete coverage of actin. Interestingly, the colocalization of α-S
and F-actin were predominantly found in load bearing and/or force generating actin
filaments in cell extensions such as filopodia, and the actin cortex of lamellipodia
(Fig. 6 C). To induce cell extensions and evaginate the outer membrane, for example for cell movement, stable actin filaments are required24, 62, 63 . Further, the cell
shape is mainly determined by the organization of the actin cytoskeleton24 . Assuming
that α-S adopts an F-actin stabilizing function, one would indeed expect to observe a
higher colocalization in these regions. Further, actin not only controls cell shape, but
also protects the nucleus and determines its shape64 . Accordingly, we observed colocalization of α-S and F-actin on the nuclear membrane with high resolution microcopy
(Fig. 6 C). We hence conclude that our observations of the localization of α-S/F-actin
complexes in the cell agree with an actin stabilizing function and postulate that α-S
is an F-actin stabilizing ABP.

Abbreviations
A30P
A53T
ABP
F-bufferhigh Ca2+
F-bufferlow Ca2+
LB
LN
MST
PD
WT
α-Salexa647
phalloidinalexa647
STED
α-S
α-S 140C

point mutant form of α-Synuclein
point mutant form of α-Synuclein
actin binding protein
F-Buffer with 1 µM Ca2+
F-Buffer with 0.2 mM Ca2+
Lewy body
Lewy neurite
microscale thermophoresis
Parkinson’s disease
wild type
immunolabeled α-S with specific primary and secondary antibody
R
conjugated to Alexa Fluor 647 label
R
phalloidin with an Alexa Fluor 647 label
stimulated emission depletion
α-synuclein
α-S with a single alanine to cysteine substitution at residue 140
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Chapter 3

G-actin/α-Synuclein Complexes
Attenuate α-Synuclein Aggregation
Christian C. Raiss, Vinod Subramaniam, and Mireille M. A. E. Claessens

All men live enveloped in whale-lines. All are born with halters round
their necks; but it is only when caught in the swift, sudden turn of death,
that mortals realize the silent, subtle, ever present perils of life.
(Herman Melville, Moby Dick; or, The Whale, Chapter 60)
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Abstract

3

In Parkinson’s Disease (PD) the protein α-synuclein (α-S) aggregates inside neurons
and forms Lewy Bodies and Lewy Neurites. Aggregation of α-S ultimately leads to
cell death and involves the loss of functional interactions with e.g. membranes and the
actin cytoskeleton. The effect of membrane binding on the formation of α-S amyloid
fibrils is well studied but little is known on how other α-S interaction partners affect
α-S aggregation.
Here, we study the effect of actin on α-S aggregation. Although G-actin and Factin bind α-S with µM affinity, the formation of actin/α-S complexes cannot prevent
the aggregation of WT or A30P α-S. Instead, interactions with actin merely delay the
onset of aggregation. The increase in α-S aggregation lag time depends on the actin
concentration. Whereas low actin concentrations inhibit the onset of α-S aggregation
this effect disappears at higher concentrations. A simple model consisting of three
competing equilibrium reactions representing actin polymerization and the complexation of α-S with G-actin and F-actin suggests that the formation of G-actin/α-S
complexes is responsible for the initial inhibition of the onset of aggregation. A competition between factors that enhance and delay aggregation gives rise to even more
complex α-S aggregation kinetics in dilute cell lysate.
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Introduction

Parkinson’s Disease (PD) belongs to the group of neurodegenerative diseases. During
PD progression, dopaminergic neurons in the substantia nigra die and inclusions called
Lewy bodies (LB) and Lewy neurites (LN) accumulate in the cell body1-3 . The main
component of the inclusions is amyloid fibrils of the protein α-synuclein (α-S) 4, 5 .
Point mutations in the α-S gene are involved in the early onset of autosomal dominant
forms of PD. One of these point mutant α-S forms is the alanine to proline substitution
at amino-acid position 30 (A30P)6-8 .
The function α-S is until today not well understood. This is not surprising, since a
multitude of interaction partners were reported and α-S might be involved in several
intracellular processes9-11 . In fact, studies have revealed α-S to interact with more
than 50 proteins and other ligands. The interaction with α-S possibly influences the
function of the α-S binding partners9-11 . However, the reported interactions may not
only regulate functions, but complex formation may in turn also affect α-S aggregation. Complexation of α-S with other proteins does not always inhibit aggregation.
The protein synphillin-1 was reported to enhance α-S aggregation, whereas the protein DJ-1 was observed to attenuate the aggregation process11-13 . A group of proteins that were recently reported to interact with α-S are cytoskeletal proteins. α-S
was observed to colocalize with tubulin in LBs and other α-S-positive pathological
structures14-16 . The ability of tubulin to initiate and accelerate α-S aggregation in
vitro 17 led to the suggestion that it might be an important factor in the formation of
LBs and LNs in vivo. Indeed, insoluble α-S aggregates were reported to appear as a
result of binding of α-S to beta-III tubulin in vivo 14 . Also the microtubule stabilizing
protein tau was speculated to be a player in α-S aggregation. Co-incubation of tau
and α-S promotes fibrillization of both proteins in vitro 18 . In vivo, colocalization of
α-S amyloid inclusions and tau was observed and hence tau might also contribute to
the pathogenesis in PD18 .
Besides the before mentioned interactions with the cytoskeletal proteins tubulin
and tau, α-S was shown to interact with actin19 . Actin and α-S have been observed
to colocalize in neuronal cells20 , the actin levels seem to be altered in PD fruit fly
models21 , and actin was observed to be present in α-S inclusions in PD cell model
systems22 . Quantitative proteomics assays suggest that α-S interacts with many
components of the actin cytoskeleton including actin, cofilin, destrin and F-actin
capping proteins20, 22 . In a recent study, α-S was suggested to play a role in the
regulation of actin organization and dynamics23 . However, little is known how actin
influences α-S aggregation into amyloid fibrils.

3.2
3.2.1

Materials and methods
Preparation and labeling of recombinant α-S

Expression of human α-S and the140C mutants (α-S 140C) with a single alanine
to cysteine substitution at residue 140 were performed in E. coli B121 (DE3) using
the pT7-7 based expression system. Details on the α-S purification procedure are
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described elsewhere24 . Purified protein was stored at -80◦ C in Tris-Buffer (pH 7.4) in
aliquots until further use. For labeling α-S A140C with AlexaFluor488 maleimide(Life
Technologies, USA) we proceeded as described elsewhere25 .

3.2.2

3

Actin preparation

G-Actin was isolated from rabbit skeletal muscle26 and stored in lyophilized form at
-20◦ C. Preparations were performed as described elsewhere27 . In short, the lyophilized
actin is dissolved in deionized water and dialyzed against G-buffer (2 mM Tris (pH 8),
0.2 mM ATP, 0.2 mM CaCl2 , 0.2 mM DTT and 0.005 % NaN3 ) at 4◦ C. Subsequently,
the samples were centrifuged at 100.000 x g (Sorvall, USA) to remove small aggregates.
The G-actin solutions are stored at 4◦ C and used within seven days of preparation.
To stabilize F-actin, we used phalloidin or phalloidinalexa647 (Sigma, USA).

3.2.3

α-S aggregation

To induce actin polymerization, α-S aggregation experiments were performed in Fbuffer with a low Ca2+ concentration (F-bufferlow Ca2+ : 10 mM Tris, 2 mM MgCl2 ,
1 µM CaCl2 , 0.2 mM DTT, 0.5 mM ATP, 0,1 M KCl, 5 µM ThioT) at 37◦ C under
constant agitation (950 rpm) in a plate reader (Infinite 200 PRO multimode, Tecan
Ltd., Switzerland) in triplicate. In the plate reader, fibril growth was followed by
monitoring the ThioT fluorescence (excitation 446 nm, emission 485 nm) in time.
The experiment was stopped when the fluorescence intensity reached a plateau and
aggregation was complete. We define the aggregation lag time as the time at which
30 % of the fluorescent intensity of the plateau value is reached. The standard error
of the mean is calculated by the standard deviation.

3.2.4

Cell lysate

SH-SY5Y cells were grown in proliferation medium, a 1:1 mixture of Hams F12
medium including glutamax and EBSS supplemented with 10 % heat inactivated FBS
and 1 % Penicillin/Streptomycin. SH-SY5Y cells used in experiments were differentiated into post-mitotic, neuron-like cells. These cells have extended neurons, express
neuronal marker proteins as described elsewhere and are widely used as model for PD
research28-31 . In short, for differentiation, we seeded SH-SY5Y cells to 60 % confluency and induced differentiation by adding starvation medium containing 1 % FBS
and 10 µM retinoic acid for 7 days. All chemicals were obtained from Invitrogen if
not indicated differently. After differentiation, cells were washed in PBS, the adherent
cells lysed in RIPA buffer, shock-frozen in liquid N2 and stored at -80◦ C until further
use. (Sigma, USA). The final protein concentration in the lysate was estimated to be
between 20-40 µM based on the dilution steps involved in the preparation.

3.2.5

Microscopy

ThioflavinT (ThioT) stained α-S amyloid fibrils and α-S aggregates resulting from
α-S/actin co-aggregation were imaged on an Nikon T2000 inverted fluorescence mi-
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croscope using the appropriate filter set and a 40 x objective (NA=1.4, Nikon, Japan).
Confocal laser scanning microscopy images were obtained using a LSM510 confocal
microscope with appropriate laser lines (Argon laser (488 nm) and Argon ion laser
(633 nm)) and a 63 x oil immersion objective (NA=1.4, Zeiss, Germany). Images
were taken successively. Emission was detected using appropriate dichroic mirrors
and filter sets. Images were analyzed with the ZEN software 2009 (Zeiss, Germany).

3.3
3.3.1

Results
Actin increases lag time of WT and A30P α-S aggregation

α-S can self-assemble into nanometer-wide and micrometer long amyloid fibrils and
higher ordered structures in vitro 32 . This self-assembly can be inhibited by molecules
that bind α-S33-38 . To determine if the functional interaction between G-actin or Factin and α-S can also prevent or inhibit amyloid formation, we measured the effect
of the formation of actin/α-S complexes on the aggregation of 25 µM α-S in a ThioT
fluorescence assay. For this, we added G-actin in concentrations increasing from 5 µM
to 40 µM to a solution of 25 µM WT or A30P α-S in F-bufferlow Ca2+ . As a control we
did the same assay with lysozyme, a protein for which no functional interactions with
α-S are reported39 . In the absence of additional protein, α-S aggregation initiated
after approximately 30 hours. As reported in the literature39 , increasing lysozyme
concentrations decreased the aggregation lag time and accelerated the α-S aggregation
rate (Fig. 1 A-F). Interestingly, in contrast to lysozyme, the presence of actin delayed
the onset of α-S aggregation significantly. Yet, it could not prevent α-S aggregation.
For both WT and A30P α-S, the lag time observed in the presence of equimolar
concentrations of actin was 24 hours longer than in the absence of this protein. This
effect seems to be less pronounced at higher actin concentrations; at 40 µM actin
the aggregation lag time was comparable to the lag time observed in the absence of
additional proteins (Fig.1 A-B).

3.3.2

Actin species responsible for the lag-time increase

The addition of actin to a solution of α-S under conditions that promote both actin
and α-S aggregation led to a significant increase in α-S aggregation lag time at lower
actin concentration compared to the control without actin (Fig.1 A-B). The maximum
in the increase of the lag time as a function of the actin concentration was unexpected.
When bound to G-actin (G) and/or F-actin (F), α-S (A) may not be available for
aggregation into amyloid fibrils. Such a decrease in available α-S is equivalent to
a lower α-S concentration and will therefore increase the aggregation lag-time. To
understand if the formation of G-actin/α-S (C) and/or F-actin/α-S (Q) complexes
can account for the observed optimum in the delay of aggregation the coupled equilibrium reactions responsible for the formation of F-actin, F-actin/α-S complex and
G-actin/α-S complex have to be evaluated. The addition of actin to F-bufferlow Ca2+
is expected to result in actin polymerization within minutes. The aggregation of α-S
is most likely very slow compared to the formation of G-actin/α-S and F-actin/α-S
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Figure 3.1: Actin increases the lag time of WT and A30P α-S aggregation.
The aggregation of 25 µM α-S in F-bufferlow Ca2+ in the presence of either actin or
lysozyme was followed for 5 days by monitoring the changes in ThioT fluorescence.
A-B) Average lag time of the co-aggregation of WT and A30P α-S in the presence
of increasing concentrations of actin and lysozyme; the experiment was performed in
triplicate. C-F) Averaged normalized aggregation curves of WT and A30P α-S in the
presence of actin and lysozyme. The lag time was determined at 30 % of the plateau
fluorescence intensity.
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complexes. The equilibrium complex concentrations at the beginning of the experiment may therefore be reflected in lag times of α-S aggregation. As observed for the
lag time, the concentration of the complex that can slow down aggregation is expected
to have a maximum as a function of the actin concentration. We determined the Kd
values for the reactions in chapter 2 (see formula beneath). To get a first insight into
the changes in complex concentrations as a function of the total amount of actin at a
fixed α-S concentration, we considerably simplified the reactions and considered three
coupled equilibrium reactions:
G+A ↔ C; Kd 1=0.2 µM
G+G ↔ F; Kd 2=0.2 µM
F+A ↔ Q; Kd 3=1 µM
Although simplicity of the reactions, in which e.g. the polymerization of G-actin
into F-actin is represented as a dimer (F), does not allow a direct comparison with
the experimental observations, we assumed the Kd values for the reactions to be comparable to the Kds we measured in experiments (chapter 2). The calculations were
performed at 25 µM Atotal =A+C+2Q) of where Atotal represents the total concentration of α-S and A, C and Q represent the free α-S, G-actin/α-S and F-actin/α-S
complexes respectively. With these underlying assumptions we calculated the binding equilibrium as a function of the concentration of G (Gtotal =G+C+2F+2Q) using
Maplesoft.
Whereas in these calculations the concentration of complex Q is an increasing function of Gtotal (=C+A+Q), one can see in figure 2 that the concentration of complex
C shows a maximum as a function of the concentration of Gtotal . When we assume
that we can translate this observation in a simple system of three coupled equilibrium
reactions to the experimental system it would mean that there is an optimum concentration of actin at which a maximum amount of G-actin/α-S complex is formed. The
α-S in this complex is not (immediately) available for aggregation, which results in an
optimum in the aggregation lag time (Fig. 1). Because equivalent to the complex C,
the concentration of the G-actin/α-S complex becomes smaller with increasing actin,
the effect of actin on the lag time becomes smaller with increasing α-S concentration.
If the complex Q, representing the F-actin/α-S complex, would have been responsible
for the maximum in the lag time as a function of the actin concentration we should
have seen in increase in lag time with actin concentration. Binding to F-actin can apparently not delay aggregation. The slow but largely unidirectional α-S aggregation
reaction eventually pulls the equilibrium completely towards the formation of amyloid
fibrils and the calculated equilibria therefore only determine the initial phase of α-S
aggregation. Increasing the complexity of the model by including details on the actin
polymerization, different binding stoichimetries and accounting for possible changes
in the affinity of G-actin for α-S in F-buffer changes the position of the maximum
and modulates the width of the peak. Accounting for the details of the reactions may
therefore bring the experimentally observed and calculated maxima closer together.
We emphasize that the approach described here is a first order description of the
process that captures the general shape of the curves.
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Figure 3.2: Calculation of the equilibrium concentrations of three coupled reactions.
The concentrations of the components involved in the coupled equilibrium reactions
at a constant concentration of A (25 µM) and increasing concentrations of Gtotal .
Whereas the concentrations of G,F and Q increase with Gtotal , we observe an optimum in the concentration of the G/A complex, C.

3.3.3

Phalloidin decreases the inhibitory effect of G-actin on WT
α-S aggregation

To confirm that the formation of the α-S /G-actin complex is indeed responsible for
the observed increase in the lag time, F-actin was stabilized with phalloidin. Phalloidin has a much higher affinity for F-actin than for G-actin. Phalloidin binding
therefore leads to a decrease in the rate constant for the dissociation of actin subunits
from filament ends, which stabilizes actin filaments. By thus shifting the equilibrium
further towards F-actin the formation of the G-actin/α-S complex is inhibited40, 41 .
We aggregated 30 µM WT α-S in the presence of increasing concentrations of actin
and a constant concentration of 30 µM phalloidin. Figure 3 shows that the presence of phalloidin did not significantly alter the α-S aggregation kinetics. Moreover
in the presence of phalloidin the lag time of α-S aggregation was comparable for all
actin concentrations. We thus confirm that the formation of the α-S /G-actin complex is most likely responsible for the inhibitory effect on the onset of actin on α-S
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aggregation.

3
Figure 3.3: Phalloidin counteracts the inhibitory effect of actin on WT
α-S aggregation.
The aggregation of 30 µM α-S in the presence increasing actin concentrations and
30 µM phalloidin in F-bufferlow Ca2+ was followed for 5 days. During this period the
fluorescence of the added ThioT was monitored. A) For all conditions the lag times
were comparable; the experiment was performed in triplicate. B) Representative
normalized aggregation curves for WT α-S in the presence of actin and phalloidin.

3.3.4

Components in neuronal cell lysate increase the lag time of
WT and A30P α-S aggregation

We next studied in the test tube how α-S aggregation might be affected in more
complex environments such as cells where the protein is subjected to functional and
possibly non-functional interactions with membranes and many other proteins. To
address the question if functional interactions can still delay aggregation in the complex cellular environment, we lysed differentiated SH-SY5Y cells and added increasing
amounts of the obtained cell lysate to a solution of α-S under buffer conditions that
promote α-S aggregation. The ThioT fluorescence at the beginning of the experiment
was higher in the presence of cell lysate. We attribute this higher ThioT value to
ThioT binding to β-sheet rich structures that are present in the lysate. For cell lysate
alone, we did not observe any changes in ThioT fluorescence (data not shown). In
the samples containing α-S and 2 % of cell lysate, we observed a drastic increase
of α-S aggregation lag time for both 100 µM WT and A30P α-S compared to the
control. For WT α-S, this increase did not correlate with the addition of more cell
lysate. Instead, for 69 % of cell lysate, the lag time decreased again compared to the
condition with 2 % cell lysate. Still, the lag time was high compared to the control.
We observed an increase of the α-S aggregation lag time in the presence of 2 % and
15 % of cell lysate for A30P α-S, for WT α-S only for 2 %. The addition of 69 % cell
lysate did however not result in a further increase compared to the lower concentra-
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tions(Fig. 4 A-B). Interestingly, in the presence of cell lysate, the aggregation kinetics
show two different phases in the ThioT aggregation curve. Instead of displaying a
lag phase with no fluorescence followed by an exponential increase caused by aggregation, we noted a slight increase in ThioT fluorescence for approximately 24 hours,
after which an exponential increase in fluorescence could be observed (Fig. 4 B). This
effect was reproducible between individual experiments. Imaging the ThioT-positive
protein aggregates obtained after 3 days of aggregation revealed α-S fibril formation
in the control sample without any cell lysate. In samples with added cell lysate, individual fibrils were not visible. Instead, we observed micrometer-sized macroscopic
suprafibrillar α-S aggregates (Fig. 4 C). The obtained aggregates stain positive for
fluorescently labeled phalloidin and show partial colocalization with ThioT-labeled
α-S (Fig. 4 D).

3.4

Discussion

α-S has the ability to self-assemble and form amyloid aggregates both in vitro and in
vivo. In vitro, the α-S aggregation lag time not only depends on the ionic strength
of the buffers and the temperature32 , but also on interactions with other proteins
and biomolecules33-38 . Recent studies show that α-S interacts with proteins of the
cytoskeleton such as tubulin14, 16, 17, 42, 43 and actin22-23 . Although it now becomes
clear that α-S may play a role in the regulation of cytoskeletal organization, little is
known about how functional interactions, such as those with cytoskeletal proteins,
influence α-S aggregation in the complex environment of the cell.
In contrast to G-actin, phalloidin-stabilized F-actin could not, at either low or high
concentrations, influence the lag time of α-S aggregation (Fig. 3 A). On the one hand,
this observation confirms the hypothesis that only G-actin/α-S complexes are able to
delay α-S aggregation. This also indicates, on the other hand, that F-actin/α-S complexes do not influence α-S aggregation lag time. F-actin/α-S complexes apparently
do not enhance aggregation of α-S at low ratios as has been observed for complexation with membranes44, 45 . However, F-actin has been observed to be incorporated in
α-S-aggregates in vivo 22 and figure 4 D clearly shows that F-actin is also incorporated
in α-S aggregates in this in vitro experiment. Hence the formation of F-actin/α-S
complexes may play a role during α-S aggregation. In contrast to our observations for
actin, the addition of monomeric lysozyme led to concentration-dependent decrease
in lag time and accelerated α-S aggregation. At higher concentrations, lysozyme was
reported to decrease the aggregation lag time of α-S29 . Although the concentration
of lysozyme we used was 10 fold lower than reported previously39 , we still could observe an acceleration of α-S aggregation. Lysozyme is positively charged at neutral
pH. Hence we expect complexation with possibly multiple negatively charged α-S
molecules. Considering that the negative charge on the protein is concentrated in the
C-terminal region the accumulation of multiple α-S proteins at the lysozyme surface
may bring the aggregation prone NAC and N-terminal regions of the α-S proteins in
close contact. Binding to lysozyme may therefore enhance aggregation.
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Figure 3.4: Components in neuronal cell lysate increase the lag time of
WT and A30P α-S aggregation.
The aggregation of 100 µM WT and A30P α-S in the presence of increasing amounts
of neuronal cell lysate in F-bufferlow Ca2+ were monitored by following the increase
in ThioT fluorescence for 3 days. A) average lag-time of WT and A30 P α-S in
the presence of cell lysate. An increase of α-S lag time was observed upon the
addition of cell lysate; the experiment was performed in triplicate. B) Representative
normalized aggregation curves of WT and A30P α-S in the presence of increasing
amounts of cell lysate. C) Individual ThioT positive amyloid fibrils can be observed
in the control sample. In the presence of 69 % cell lysate, we observed the formation
of micrometer-sized amyloid aggregates; fluorescent images, scale bar 10 µM. D)
Partial colocalization of phalloidinalexa647 (red) with aggregated α-SThioT (green)
was observed in all conditions; representative sample shows 25 µM α-S in the presence
of 69 % cell lysate after 3 days of aggregation; confocal microscopy, scale bar 5 µM.
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Cellular environment

The cellular environment is very complex; besides ions and small non-interacting
molecules, it contains proteins and polymers some of which will interact with α-S22 .
The addition of a natural composition of macromolecules, like those present in cell
lysate, to α-S aggregation reactions therefore provides a more physiological environment46 . α-S aggregation is a nucleation-dependent process with a lag phase, an
exponential growth phase and development of a steady state47 . Interestingly, we
noted two growth phases for α-S in the presence of cell lysate. Reports reveal that
for α-S aggregation, in addition to primary nucleation, secondary nucleation plays
an important role48, 49 . We speculate that the observed two growth phases result
from the necessity of α-S fibrils to have a certain length before they break in the test
tube and can form nuclei for a secondary aggregation step. In the presence of cell
lysate, the formation of the first nuclei seems very fast, judging by instant increase
in ThioT fluorescence in all samples, and α-S binding partners seem not be able to
prevent or significantly delay the formation of primary nuclei. However, they seem
to have the ability to hamper and delay the secondary nucleation. α-S fibrils may
be stabilized by biomolecules that bind to the fibrils and interfere with secondary
nucleation processes or the complexation of α-S with molecules in the lysate may
slow down the fibril growth. Generally, we expect to have many α-S binding partners
in the lysate like membranes, polymers, multivalent cations and proteins, which may
all influence α-S aggregation.

The affected α-S aggregation lag time may be due to α-S structure. α-S is known
to change its secondary structure to form increased amounts of α-helix upon membrane binding; this was found to affect both protein and membrane properties44, 45 .
Increased amounts of α helix were reported to decrease α-S aggregation lag time
or even to a total inhibition at relatively high lipid/α-S concentrations44 . Hence
F-actin-bound α-S might have a similar effect at high concentrations due to changes
in the secondary structure. However other mechanisms might also be and remain to
be elucidated.

In conclusion, we show that the formation of G-actin/α-S complexes can increase
the onset of α-S aggregation at lower concentrations in the test tube. At higher actin
concentrations G-actin/α-S complexes are predicted to disappear from the solution
and the effect of actin on the α-S aggregation lag time disappears. Hence, i) the usual
high actin levels in cells, ii) the colocalization with F-actin (chapter 2) as well as the
iii) abundance of various other G-actin binding proteins which may also interfere with
monomer-monomer complex formation all indicate that the functional interaction of
a-S and G-actin cannot prevent a-S aggregation during disease.
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Abbreviations
A30P
ABP
F-bufferlow Ca2+
PD
ThioT
WT
α-SThioT
phalloidinalexa647
α-S
α-S 140C

point mutant form of α-synuclein
actin binding protein
F-Buffer with 0.2 mM Ca2+
Parkinson’s disease
ThioflavinT
wild type
amyloid α-S visualized with ThioflavinT
phalloidin with an Alexa Fluor R 647 label
α-synuclein
α-synuclein with a single alanine to cysteine substitution
at residue 140
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Abstract
The physiological functions of the intrinsically disordered protein α-synuclein (α-S)
are not well understood, and it has been reported to have many interaction partners.
Here we show using super resolution microscopy and photobleaching approaches that
in both cell models and primary neuronal cells, cytoplasmic α-S appears in clusters
containing multiple α-S molecules. The size of the protein clusters was too small
to be resolved by confocal microscopy. The α-S clusters colocalize with intracellular
vesicles consistent with its proposed function as a membrane-binding protein. The
induction of vesicle fusion with rotenone resulted in vbthe formation of micrometersized intracellular vesicles. In these vesicles the localization of the protein could be
resolved; α-S was clearly found on the vesicle membrane instead of being the soluble
vesicle cargo. The observation that most cytosolic α-S is bound to membranes agrees
with the suggested role of the protein in vesicle trafficking.
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Introduction

Parkinson’s disease (PD) belongs to the large group of neurodegenerative diseases.
This progressive disease is characterized by symptoms such as rigidity, slow movements, and reduced balance1 . These symptoms result from the loss of dopaminergic
neurons in the substantia nigra. On the protein level, cytosolic α-synuclein (α-S)
aggregates and forms oligomeric structures and amyloid fibrils which accumulate into
characteristic inclusions called Lewy bodies and Lewy neurites1-3 .
Although the exact mechanism is not understood, the aggregation of α-S is toxic
and induces cell death4, 5 . In this respect, mainly α-S oligomers were reported to
be responsible for cell death6, 7 . Because of their presumed cytotoxicity, oligomers
have been characterized in detail recently6, 8-11 . Single molecule photo bleaching
experiments, for example, were. used to address the aggregation number of the
oligomers12, 13 .
Several studies revealed α-S to interact with more than 50 proteins and ligands
and to possibly influence their function14-16 , yet its physiological function is a matter of significant debate. α-S is characterized as a intrinsically disordered protein
with a primarily random-coil structure in dilute aqueous solutions17, 18 . However,
recent studies suggested that α-S isolated and analyzed under non-denaturing conditions from neuronal and non-neuronal cell lines, brain and other human tissue largely
occurs as a folded tetramer19, 20 , although this result is a matter of considerable
discussion21 . Additionally α-S is known to adopt α helical structure when bound to
anionic phospholipid bilayers17, 22-25 . This membrane binding capacity results from
membrane binding repeats in the N-terminal region of α-S22, 23 . Experiments in
model organisms and cells point towards the physiological relevance of the membrane
binding ability of α-S.
In yeast and fruit flies, α-S overexpression caused deficiencies in vesicular transport
between the endoplasmic reticulum and Golgi complex. These deficiencies could be
resolved by overexpression of the vesicle-trafficking and modulating rab protein26, 27 .
In cells, α-S colocalizes with proteins associated with vesicles, particularly synaptic
vesicles28-30 . This subcellular distribution is consistent with evidence that the protein
is involved in modulating synaptic vesicle release31, 33 . Indeed, α-S was shown to be
involved in inducing recycling and clustering of synaptic vesicles, in neurotransmitter
release and in maintaining a buffer of synaptic vesicles in presynaptic terminals34, 36 .
To sum up, the function of α-S is still unknown, yet involvement in vesicle function
is very likely.
In the present work, we describe the appearance of α-S localized in membranebound spots throughout the cytoplasm of the cell and will further approach the
question whether these spots might be soluble α-S tetramers, oligomers or represent
membrane-bound α-S monomers.
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Materials and Methods
Recombinant protein

Expression of human wild type α-S and the 140C mutant (α-S 140C) with a single
alanine to cysteine substitution at residue 140 was performed in E. coli BL21 (DE3)
using a pT7 based expression system. Details on α-S purification procedure are
described elsewhere37 . Purified protein was stored at -80◦ C in aliquots until further
use. α-S A140C monomers were conjugated with AlexaFluor488 maleimide following
the manufacturers labeling protocols (Life Technologies, USA).

4.2.2

4

STED microscopy

Stimulated emission depletion (STED) microscopy38 was employed for subdiffraction
resolution fluorescence imaging on a custom-made setup. The systems implementation is based on a supercontinuum laser source, and similar to the setup described
elsewhere39 . It is capable of acquiring one channel with confocal and two channels with STED resolution quasi-simultaneously. The supercontinuum laser source
was a SC450-PP-HE system running at 1 MHz, manufactured by Fianium Ltd, UK.
For beam-scanning, we used a YANUS IV scan head from Till Photonics, Germany.
The objective was a Leica 100x/1.4. For imaging green fluorescent protein (GFP),
Alexa Fluor R 594 and Alexa Fluor R 647, we used excitation/emission wavelengths
of 488±3 nm/520±14 nm, 586±7 nm/624±40 nm and 637±5 nm/ 685±20 nm, respectively, using optical filters from AHF, Germany. The STED wavelengths for
Alexa Fluor R 594 and Alexa Fluor R 647 were set to 720±10 nm, and 750±10 nm,
respectively. Beam powers for acquisition were 1 - 5 µW for the excitation beams,
as measured in front of the objective. STED beam powers amounted to 1 - 2 mW.
To reduce crosstalk, pulses for various channels were separated in time by varying
optical path lengths. A home-built electronic gating device transmitted detector signals occurring at the correct time to the acquisition hardware, and rejected crosstalk
signals occurring at other times. Dichroic mirrors and filters were purchased from
AHF, Germany.

4.2.3

Single molecule imaging and photobleaching experiments

The photobleaching experiments were performed using a custom-built inverted confocal microscope, described in detail elsewhere13 . In short, as excitation source, we
used a pulsed diode laser operating at 485 nm at a repetition rate of 20 MHz (LDHD-C-485, Picoquant, Germany). An epi-illumination configuration was used, i.e., the
illumination and emission are collected through the same microscope objective (UPLSAPO 60XW, 60X, 1.2NA, Olympus). The remaining excitation light in the detection path was suppressed with a long pass filter (RazorEdge, 488 nm, Semrock, USA)
and an additional notch filter (Stopline, 488/14 nm, Semrock, USA). The emission
was spatially filtered using a 50 µm pinhole and was subsequently focused onto a single photon avalanche diode (SPCM-APQR-16, PerkinElmer), connected to a photon
counting module (PicoHarp300, Picoquant, Germany). The sample was first scanned
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at a high scanning speed, 2 ms per pixel, and low excitation power, 200 W/cm2 ,
to prevent dye bleaching. In the initial scan, we then located individual α-S clusters
in PFA-fixed GFP-SH-SY5Y cells, localized them in the focus of the objective, and
sequentially collected fluorescence intensity time traces from distinct α-S clusters. To
obtain the intensity time trace we used higher excitation powers, 800 W/cm2 , to make
sure that each dye molecule photobleached within 5 minutes. Intensity profiles were
determined with Symphotime 64 (Picoquant, Germany) by applying a script that
applies a Gaussian fit of the cluster and calculates the Full Width Half Maximum
(FWHM) in both scanning directions.

4.2.4

Confocal Microscopy

Confocal laser scanning microscopy images were obtained using an LSM510 Confocal
microscope with 63 x oil immersion objective (NA=1.4, Zeiss, Germany) with appropriate laser lines (Argon laser (488 nm), Helium-Neon laser (543 nm), Argon ion
laser (633), Chameleon pulsed laser (840 nm, Coherent, USA). Images were taken
successively. Emission was detected using appropriate dichroic mirrors and filter sets.
Images were analyzed with the ZEN software 2009 (Zeiss, Germany). For live cell
microscopy, cells were kept on a heated stage at 37◦ C Images were taken every 5
minutes.

4.2.5

Cell culture, transfection and selection of SH-SY5Y cells

SH-SY5Y cells were grown in proliferation medium, a 1:1 mixture of Hams F12
TM
medium including Gibco R GlutaMAX
and GIBCO R EBSS supplemented with
10 % heat inactivated FBS and 1 % Penicillin/Streptomycin. All SH-SY5Y cells used
in the experiments were differentiated into post-mitotic, neuron-like cells with extended dendrites and expressing neuronal marker proteins as described elsewhere40 .
In short, for differentiation, we seeded SH-SY5Y cells to 60 % confluency and induced
differentiation by adding starvation medium containing 1 % FBS and 10 µM retinoic
acid for 7 days. All chemicals were obtained from Invitrogen, USA if not indicated
otherwise.
SH-SY5Y cell lines stably expressing α-S with a GFP tag (α-S-GFP, GFP-SHSY5Y) were established to visualize intracellular α-S. Attaching the GFP molecule to
the C-terminal end of α-S minimizes interference with both membrane binding and
amyloid forming properties of α-S41 . For transfection, SH-SY5Y cells were seeded,
grown until 30 % - 50 % confluency, and transfected with pEGFP-N1-α-S. DNA
(250 ng/cm2 ) was diluted in Opti-MEM in reduced Serum medium (GIBCO R ) includTM
ing Lipofectamine R LTX Reagent with PLUS
Reagent. The mix was incubated for
5 minutes at room temperature before adding Lipofectamine LTX. For every 250 ng of
TM
DNA, 0.5 µl of Lipofectamine R LTX and 0.19 µl of Lipofectamine R PLUS
reagent
were mixed, according to manufacturers protocol. After Lipofectamine R LTX addition, a 30 minutes incubation at room temperature was performed. The medium of
the cells was changed and the DNA, Lipofectamine R LTX, and Lipofectamine R LTX
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Reagent with PLUS
Reagent mix were added. After one day, the medium was
changed to proliferation medium. Two days after transfection, cells were trypsinized
and re-seeded in conditioned medium. The next day, G418 (500 µg/ml) was added
and cells were grown in G418 supplemented conditioned medium until selection by
FACS. GFP-positive cells were expanded in culture dishes and stocks were stored in
liquid nitrogen.

4.2.6

4

Primary neuron extraction and culture

The extraction and culturing of primary neurons was performed as described elsewhere8-12 . In short, cells were obtained from newborn (P1) Wistar rat pups. Both
(cortical) cerebral hemispheres were isolated in a sterile environment, minced and
trypsinized. The minced hemispheres were dissociated by trituration after which
the cells were ready to be plated on polyethylenimine-coated culture dishes (Acros
Organics, USA) with glass bottoms or polyethylenimine coated coverslips (SigmaAldrich, USA) to 60 % density. After 2 hours, adhered cells were washed with DMEM
(Invitrogen, USA) and cultured in 900 µl serum and antibiotics-free R 12 medium43
at 37◦ C with 5 % CO2 . All research involving animals has been conducted according
to Dutch law (as stated in Wet op de dierproeven), and approved by DEC, the Dutch
Animal Use Committee.

4.2.7

Induction of large vesicles in SH-SY5Y cells

To induce the formation of large intracellular vesicles, GFP-SH-SY5Y cells were differentiated and exposed to 5 nM rotenone for 21 days. After the rotenone treatment
micrometer-sized vesicles were present in the living cells. To be able to visualize the
α-S-GFP distribution in these cells with fluorescent microscopy they were fixed in
3.7 % paraformaldehyde/PBS solution.

4.2.8

Immunocytochemistry, ThioS, wheat germ agglutinin
(WGA) and phalloidin staining

Cell samples were washed with PBS and fixed in 3.7 % paraformaldehyde/PBS solution. For immunolabeling, cells were permeabilized with 0.3 % Triton X-100 and
0.1 % BSA in PBS. Autofluorescence was quenched with 50 mM NH4 Cl in PBS.
Thereafter, primary antibodies (Table 1) were diluted 1:100 in goat serum dilution
buffer (16 % goat serum, 0.3 % Triton X-100, 0.3 M NaCl in PBS) and incubated
overnight. The next day, cells were washed 3 times with 0.3 % Triton X-100 and 0.1 %
BSA in PBS at room temperature and the appropriate secondary antibodies (Table 2)
were diluted 1:100 in 0.3 % Triton X-100 and 0.1 % BSA in PBS and incubated for
1 hour. For Thioflavin S (ThioS) or phalloidinalexa647 staining, fixed cells were incubated with 0.05 % ThioS or 70 nM phalloidinalexa647 in PBS for 15 minutes. Nuclear
counterstaining was performed by incubation in 300 nM 4,6-diamidino-2-phenylindole
(DAPI) in PBS for 10 minutes. After washing with PBS, samples were mounted with
mounting medium (ibidi, Germany). For WGAalexa647 labeling, living differentiated
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α-S

epitope
15-123

Host species
mouse
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Source
BD biosciences

Table 4.1: primary antibodies

host
goat

anti
mouse

conjugate
Alexa594

Source
Invitrogen

Table 4.2: secondary antibodies

GFP-SH-SY5Y cells were incubated with 5.0 µg/mL WGAalexa647 in medium for 15
minutes. Subsequently, cells were fixed as described above.

4.2.9

Antibody test

To visualize a-S and observe possible α-S clustering or aggregation of antibodies
(Fig. 2), we added first the primary antibody against α-S (BD, Table 1) to αS140Calexa488 for 1 hour at 37◦ C. Subsequently, we added the secondary antibody
(alexa647, Table 2) for the same time at room temperature. This protein mix was diluted with distilled water and applied to a cover glass by spin coating. The antibodies
were diluted as described above. Total internal reflection (TIRF) microscopy images
were obtained by using a Nikon Ti Eclipse inverted microscope with PlanFluor 60x
(NA=1.49, Ph1) DLL objective (Nikon, Japan).

4.3
4.3.1

Results
α-S distribution in different cell types

The physiological function(s) of the intrinsically disordered protein α-S is (are) not
well understood. To obtain better insight into the intracellular organization and function of the protein, we visualized the α-S distribution in cells by immunolabeling. In
confocal microscopy, we detected a spotty α-S pattern in rat primary neuronal cells
(Fig 1 A). The size of the α-S spots was diffraction-limited with a mean width of approximately 300 nm (Fig 1 B). Since the setup used for the imaging of primary neurons
was not sensitive enough for single molecule imaging, we assume these spots each to
consist of several fluorophores. Next, we aimed to ascertain that the diffraction limited fluorescent spots observed in primary neurons consist of multiple α-S molecules
and exclude that the high fluorescence from these spots are a result of the immunolabeling due to either self-aggregation or sticking to an alexa488 tag (α-S 140 Calexa488 ).
After incubation of α-S 140Calexa488 with the primary and secondary antibodies used
in the cell experiments, we coated glass coverslips with a low concentration of the
protein-antibody mixture to determine colocalization of α-S 140Calexa488 and the immunolabeled α-Salexa594 . We were able to visualize monomeric α-S 140Calexa488 with
TIRF microscopy. We assume the α-S 140Calexa488 to be monomeric, since single
fluorescent spots could be bleached within seconds and showed spontaneous blinking.
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Figure 4.1: Cytoplasmic α-S is visible as diffraction-limited spots in primary neuronal cells.
A) α-S appears as dotted structures in 3 weeks old primary neuronal cells immunolabeled for α-S; confocal microscopy; scale bar 10 µm. B) A representative intensity
profile of an α-S spot reveals the size of the α-S spots to be diffraction limited with
a diameter of approximately 300 nm. C) Labeled α-S monomers (α-S140Calexa488 ,
green) were immunolabeled with an antibody (α-Salexa594 ) against α-S. Colocalization of α-Salexa594 and α-S140Calexa488 can be observed. Not all α-S 140Calexa488
monomers are immunolabeled; dashed white circles indicate examples of non-labeled
α-S140Calexa488 ; TIRF microcopy; scale bar 1 µM.
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We did not observe aggregation or cluster formation of secondary antibodyalexa594 by
itself. Instead, the majority of fluorescence signal from the secondary antibodyalexa594
correlated to the fluorescence signal from α-S 140Calexa488 , indicating that all primary
and secondary antibodies selectively bound and labeled α-S 140Calexa488 during the
immunolabeling step. Only few α-S 140Calexa488 fluorophores and hence α-S monomers
showed no colocalization with the secondary antibodyalexa594 .
Curious if this distribution of α-S molecules could also be observed for other cells,
we took a more detailed look to see whether we observe the same spotty α-S pattern
in a model cell line expressing GFP-tagged α-S (GFP-SH-SY5Y). Immunolabeling
the cells with α-Salexa594 revealed both α-S-GFP and α-Salexa594 to be visible as a
similar pattern of α-S spots. To elucidate the nature of this spotty fluorescence pattern further, we next imaged the same GFP-SH-SY5Y cells using STED microscopy.
Generally, we observed a rather homogenous distribution of α-S in the cytoplasm of
the cells (Fig. 2 A). Within the used cell model, we noted different expression levels
of α-S-GFP. Interestingly, in cells with low α-S-GFP expression levels, we found α-S
to be visible as well separated fluorescent spots (Fig. 2 B). In most of the cells, the
α-S concentration and hence immunofluorescence intensity was too high for super
resolution imaging, e.g. the surrounding cells at the right and bottom of figure 2 A,
and individual spots could only be identified in α-S poor regions. Interestingly, the
density of the fluorescent spots was higher in regions with a high actin activity, e.g.
the end of the lamellipodia. (Fig. 2 B). To ascertain that the spots observed in
STED microcopy contain multiple α-S-GFP molecules, we analyzed bleaching traces
for these structures. Bleaching of single α-S spots revealed no discrete, single bleaching step, as one would have assumed for a single fluorophore. Instead, we observed
gradual bleaching with time (Fig. 2 C). 10 bleaching steps is at the limit of what can
still be accurately determined with our setup, hence the obtained bleaching trace is
indicative for the presence of many fluorophores in an α-S cluster12, 13 . We accordingly concluded the α-S spots not to be single α-S tetramers and will refer to these
spots as α-S clusters.

4.3.2

α-S clusters, functional or disease related cell
compartments?

The observation that α-S clusters comprise many α-S molecules may either be related to the function of the protein or a sign of disease related protein aggregation.
In vitro studies have shown that α-S binds membranes by adopting an amphipathic
α-helix, and in vivo colocalization with membranes has been reported22, 44 . The function of α-S membrane binding has been suggested to involve membrane remodeling
processes such as those required at the synapse22, 44, 45 . To test if the observed α-S
clusters represent membrane bound α-S, we next tested the colocalization of α-SGFP clusters with cellular membranes in GFP-SH-SY5Y cells. WGA is a marker of
trans-golgi and plasma membranes that binds N-acetylglucosamine and sialic acids
residues of glyocoproteins and glycolipids in cellular membranes46-48 and will hence
label many different types of vesicles. After labeling of GFP-SH-SY5Y cell cultures
with WGAalexa647 , we observed many vesicles in the cells positive for WGAalexa647 .
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Figure 4.2: Cytoplasmic α-S is visible as well separated, diffractionlimited spots in GFP-SH-SY5Y cells and composed of many α-S molecules.
A) Differentiated GFP-SH-SY5Y cells were fixed and immunolabeled for α-S. α-S appear as doted diffraction-limited structures in cells with comparably low α-S expression; STED and confocal microscopy; scale bar 10 µm. B) Magnification of cell lamellipodia. α-S clusters appear in increased number in regions with high actin dynamics
(indicated by white arrows); STED microscopy; scale bar 2 µm. C) A representative bleaching intensity curve. Bleaching the α-S-GFP spot (485 nm, 800 W/cm2 )
revealed gradual bleaching with time.
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Figure 4.3: α-S-GFP clusters show colocalization with the membrane
marker WGA.
Application of WGAalexa647 revealed many vesicles in the cells. Partial colocalization
of WGAalexa647 (cyan) and α-S-GFP clusters(green) can be observed in differentiated
GFP-SH-SY5Y cells; white dotted square inidcates magnified area; α-S-GFP clusters
colocalized with WGAalexa647 indicated by white arrows; non-colocalization indicated
by red arrows; confocal microscopy; scale bar 5 µm and 2 µm.

Interestingly, we also noted high colocalization of α-S-GFP clusters with WGA suggesting that the diffraction-limited clusters are vesicles. However, some α-S clusters
remained negative for WGAalexa647 , indicating that not all α-S-GFP clusters are associated with vesicles (Fig. 3).

4.3.3

Vesicle transport

Vesicles in cells are organelles consisting of a fluid enclosed by a lipid bilayer and
appear with diameters ranging from approximately 40 nanometers to micrometers.
They mainly transport cargo in processes like endo- and exocytosis and follow distinct
paths through the cell. We concluded that the diffraction limited α-S clusters are small
vesicles and next tested whether these vesicles are actively transported. We hence
imaged α-S-GFP clusters with time lapse confocal microscopy aiming to monitor their
movement. Interestingly, the studied α-S clusters are rather immobile in the time
studied. Within 24 minutes, we did not observe directed movement of α-S clusters.
We assume the slight changes in α-S-GFP cluster location are mainly due to cell
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Figure 4.4: α-S-GFP α-S clusters show no directed movement in GFPSH-SY5Y cells.
α-S-GFP clusters (green) were visualized and monitored for 24 minutes with timelapse microcopy in living differentiated GFP-SH-SY5Y cells. α-S-GFP α-S clusters
show no directed movement; dashed white square, circle and triangle indicate location
of α-S-GFP clusters over time; time lapse confocal microscopy; scale bar 3 µM.

4

movement, which we observed during the duration of the experiment, or to passive
Brownian motion (Fig. 4).

4.3.4

α-S and large cellular vesicles

The vesicles positive for α-S shown in figure 1-4 are too small to distinguish whether
the protein just fills the vesicle interior or is bound to the vesicle membrane. We
therefore decided to induce the formation of larger vesicles. There are several methods to stimulate the induction of large vesicles in cells. Rotenone treatment and
starvation were reported to promote the development of autophagic vesicles in brain
tissue in vivo and in vitro 49, 50 . Upon starvation of SH-SY5Y cells or treatment with
10 nM rotenone for 3 weeks, we detected the formation and accumulation of vesicular
structures in GFP-SH-SY5Y cells. In images of these large vesicles it is clearly visible
that α-S is bound to the membrane, and α-S does not fill the vesicle lumen. The α-S
bound vesicles seem to be derived from the nuclear membrane, as they are located
in close proximity of the nucleus and the nuclear envelope showed a similar intense
α-S-GFP and antibody fluorescence. Further, we observed deformation of the nucleus
in proximity of the vesicles. This also points towards the origin of the formed vesicles
from the nuclear envelope. The vesicles appear in sizes ranging from 200 nm to more
than 1 µm (Fig. 5 A). These vesicles do not seem to jeopardize cellular survival and
seem to be equally distributed over mother and daughter cells upon division (data
not shown). As observed for the α-S vesicles that were smaller than the diffraction
limit, WGAalexa647 labeling revealed the induced vesicle to be positive for glycosylated
structures on the surface (Fig.5 B).
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Figure 4.5: SH-SY5Y cells expressing α-S-GFP developed cytoplasmic
vesicles upon exposure to rotenone.
A) Upon treatment of GFP-SH-SY5Y cells with 10 nM rotenone for 3 weeks, development and accumulation of cytoplasmic vesicles in different sizes can be observed. In these vesicles α-S is located on the membrane; cells were immunostained
for α-Salexa594 (cyan) and actinphalloidinalexa647 (red), GFP-α-S (green); confocal and
STED microscopy; scale bar 10 and 1 µm. B) The membrane of vesicles that bind
α-S are positive for the membrane marker WGAalexa647 (cyan), α-S GFP (green);
confocal microcopy, scale bar 2 µm

4.4

Discussion

α-S is abundantly expressed in cells, exists as an intrinsically disordered cytosolic
monomer and is localized in the presynaptic terminals of neurons28-30, 51 . However,
in spite of its abundance, the function in vivo is still disputed. Recently, α-S was
demonstrated to be organized as a multimer in vivo19 . It can bind anionic phospholipid membranes22 , preferentially binds to small vesicles52 , and is able to remodel
membranes to form small vesicles53 . Growing evidence suggests that α-S is involved
in the functioning of the Golgi apparatus and plays a key role in vesicle trafficking and
synaptic vesicle clustering26, 54 . In the present work, we observed that α-S appears in
diffraction limited spots which we call clusters in the cellular cytoplasm. These α-S
clusters are nanometer-sized, contain multiple proteins and are probably α-S bound
to small vesicles.
We were not able to observe α-S clusters in every cell, since often the fluorescence signal of the α-S labeling or the α-S-GFP signal was too dense and bright to
distinguish diffraction-limited structures from the background. We even frequently
observed significant α-S concentration differences within the same cell. We were therefore only able to visualize α-S clusters in cells with low α-S expression levels or in
regions in which the total amount of α-S in the focal volume was less (Fig. 2 A-B).
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Such regions of low α-S fluorescence and little background signal were for example flat
cell extensions, such as filopodia and lamellipodia (Fig. 2 B). Filopodia and lamellipodia are cytoplasmic projections in migrating cells with high actin dynamics. In
recent studies, α-S has been suggested to have a role in regulating actin dynamics
by binding to monomeric and fibrillar actin55-58 . Although we did not observe direct
attachment of α-S clusters to actin filaments, we observed alignment of α-S clusters
suggesting that they are attached to cytoskeletal structures (Fig. 2 B), suggesting
that α-S clusters could be transported along actin filaments.

4.4.1

4

Multiple α-S molecules are involved in one cluster

The observed size of the clusters of α-S in the confocal microscopy images is diffractionlimited. The width of the intensity profile of a single cluster is comparable to the
wavelength with which it was visualized (Fig. 2 A). Because the confocal microscopy
system used is too insensitive for single molecule imaging, we postulate that the
α-S cluster consist of several α-S molecules. α-S was reported to be functional as
a tetramer19 , but bleaching the fluorescence of a single α-S-GFP cluster in a highly
sensitive custom made confocal setup revealed a gradually decreasing bleaching curve,
instead of single or multiple well defined bleaching steps. The absence of well-defined
bleaching steps is indicative for the presence of many fluorophores in an α-S cluster13
(Fig. 2 B). Determining the step size of a single α-S-GFP molecule might even enable
us to quantify the amount of α-S-GFP molecules present in one cluster, but the present
data is insufficient to determine the precise amount of α-S-GFP molecules12, 13 . We
hence exclude the possibility of α-S clusters to be single tetramers, yet there is a
possibility that they might be accumulations of tetramers or membrane-bound α-S
oligomers12 . However, we observed α-S-clusters in many functional and viable cells.
Since oligomers are thought to be disease associated8 , we speculate that α-S is more
likely in monomeric membrane-bound form.

4.4.2

The clusters consist of vesicle-bound α-S

The binding of α-S to lipid membranes has been reported, but its effect on membranes and its biological function is debated. Some reports suggest that aggregation
is enhanced by membranes59-61 , while others observe aggregation inhibition61, 63 . We
find α-S to be associated with vesicles, indicated by WGAalexa647 staining (Fig. 3).
This colocalization underlines that α-S functions as a membrane binding protein.
But notably, not all α-S clusters seem to colocalize with WGA. We applied the dye
to living cells. WGA is taken up by living cells by endocytosis and in this manner
enters many membrane trafficking pathways, like the endosome or exosome pathway,
in the cell64 . The incubation time and WGA-recycling rate determines the distribution of WGA inside the cell64-66 . Hence, increasing incubation time or a higher
WGA-dosage might result in an even higher colocalization of α-S clusters and WGA.
But since WGA was reported to potentially induce apoptosis and alter the cellular
functions such as the cell cycle67 , we did not try to further elucidate this. During the
experiments performed with WGAalexa647 , we did not see cell detachment and did not
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notice apoptosis-related changes in cellular morphology. We therefore believe that we
have not affected the cellular metabolism and cellular function to a significant extent.
Applying WGAalexa647 to the cells, we observed many intracellular vesicles, possibly
including lysozymes, endosomes, transport- and secretory vesicles and others. Interestingly a majority of the observed vesicles seems to colocalize with α-S, which makes
it less likely for α-S to be a cargo. Instead the membrane bound α-S might fulfill
functions in e.g. transport of vesicles, stabilization of vesicles, or similar activities.
The typical size of a considerable fraction of these vesicles was below the diffraction
limit, and these therefore appear as diffraction limited spots.
The colocalization with vesicles and the reported ability of α-S to bind to lipid
membranes822, 68-73 both suggest that in our experiments α-S is bound to the surface
of vesicles. To confirm if α-S in the clusters is indeed on the vesicle surface, we induced
the formation of larger vesicles by applying rotenone and studied the location of α-S
in these larger vesicles in differentiated GFP-SH-SY5Y cells. Rotenone inhibits the
mitochondrial electron transport chain74 , decreases proteasome activity and increases
intracellular reactive oxygen species levels75 . Further, it was reported to cause accumulation of autophagic vacuoles76-80 and inhibit their degradation81 . We observed
rotenone-treated GFP-SH-SY5Y cells to form WGA-positive vesicles with sizes up to
micrometers. In images of these vesicles α-S was clearly observed to be bound to the
membrane. (Fig. 4 A, B).

4.4.3

α-S clusters do not show directed movement

We showed that the observed α-S clusters represent many α-S molecules on the surface of intracellular nanometer-sized vesicles. Intracellular vesicles are involved in
many different pathways including the secretory pathway and endocytosis. Hence,
one would expect to observe directed movement of α-S clusters when they are associated with this type of intracellular vesicles. For example, a directed movement
from the inside of the cell towards the outer membrane is expected for the exocytosis
pathway. Interestingly, we could not observe such directed vesicle motility. Instead,
the α-S clusters observed in living GFP-SH-SY5Y cells seemed to be stationary and
not moving in a particular direction on a time scale of 24 minutes (Fig. 3). We
sometimes noted fluctuations and relocation of the clusters in a radius of micrometer
range, but suspect that this was due to general cell movement, which occurred during
the time measured. Thus, α-S clusters might be associated with vesicles that do not
show directed movement and remain stationary. Stationary vesicles were described
before, functioning for example as storage vesicles82 . However, by the high number of
intercellular vesicles that colocalize with α-S clusters, it is unlikely that all of these are
storage vesicles. We were mainly able to visualize α-S clusters in very flat cell regions
or regions where usually high actin dynamics would be expected. We suspect the α-S
clusters to behave differently in these regions, since direct interaction with the actin
cytoskeleton were reported55, 57, 58 which might hinder α-S cluster movement. Even
the high density of such networks might be sufficient to trap the vesicles (Fig. 2 B).
Further research needs to be performed to elucidate the absence of directed α-S cluster movement.
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In summary, we show that α-S is bound to small intracellular nanometer-sized
vesicles with α-S accumulated on the surface. This underlines a possible function
of α-S as a membrane binding protein and might be the basis for future research
revealing α-S functionality.

4
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Abbreviations
α-SalexaXXX
GFP
phalloidinalexa647
STED
WGA
WGAalexa647
α-S
α-S 140C
α-S-GFP

immunolabeled α-S with specific primary antibody and secondary antibody
conjugated to different Alexa Fluor R labels
green fluorescent protein
phalloidin with an Alexa Fluor R 647 label
stimulated emission depletion
wheat germ agglutinin
wheat germ agglutinin with a Alexa Fluor R 647 label
α-synuclein
α-synuclein with a single alanine to cysteine substitution at residue 140
α-synuclein with GFP tag
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into Parkinson’s Disease Pathology
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It is not down on any map; true places never are.
(Herman Melville, Moby Dick; or, The Whale, Chapter 12)
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Abstract
The formation of α-synuclein (α-S) amyloid-rich Lewy bodies (LB) is a hallmark
of Parkinson’s disease (PD), but the function of LBs in the disease process is still
uncertain. To unravel this role, we induced Lewy body-like inclusions (LBLI) in
SH-SY5Y cells in rat primary cultures and observed induction-dependent differences
in their morphology, location and function. The aggregation of α-S in functionally
different cellular compartments correlates with the toxicity of the induction method.
The most cytotoxic treatment mainly coincides with the formation of proteasomeassociated, juxtanuclear LBLI. With methods that are less cytotoxic, cytosolic LBLI
that are not associated with the proteasome are more prevalent. The distribution
of aggregated α-S over different compartments is not limited to cell models, but
is also observed in primary neurons and in human brain sections. The existence
of functionally different LBs may provide important insights into the impact of LB
formation on neuronal functioning and may thereby provide a platform for discovering
therapeutics.
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Introduction

The aggregation of soluble proteins into insoluble, β-sheet-rich amyloid fibrils is a
defining characteristic of many neurodegenerative diseases. These diseases can be
classified according to the proteins that accumulate within intra- or extracellular
compartments. Intraneuronal aggregates of α-synuclein (α-S), are for example found
in Parkinson’s disease (PD), Lewy body dementia and multiple system atrophy1-3 ,
whereas extracellular β-amyloid deposits and intracellular accumulations of phosphorylated tau protein occur in Alzheimer’s disease4, 5 . In Huntington’s disease,
polyglutamine-expanded huntingtin (HTT) protein accumulates within intranuclear
inclusion bodies or neurites6 and in amyotrophic lateral sclerosis, motor neurons develop protein-rich inclusions in their cell bodies and axons containing superoxide
dismutase 1, TAR DNA-binding protein 43 or the RNA-binding protein fused-insarcoma7-10 .
In PD, Lewy neurites (LN) and Lewy bodies (LB) can be found in neurons and
glia cells2, 3, 11 . The topographical progression of neuronal death, and the appearance
of LBs and LNs throughout the brain is used to stage PD pathology12 . The pathologically determined stages are in many cases related to clinical features observed in
patients13 . Nevertheless, the role of LBs and LNs during the progression of PD is unclear. LB pathology may be indicative of cellular dysfunction and death14, 15 , but LBs
have also been described as harmless, inert or neuroprotective protein aggregates16 .
PD symptoms have been shown to directly correlate with the density of neurons in
the substantia nigra pars compacta17 , but no correlation could be established between
the number of LBs and the severity of disease symptoms14 . Assuming LB and LN
are indeed inert, one would expect the affected cells to have a normal life span. With
the loss of other cells in the tissue17 , the proportion of cells with LB should therefore
increase. However, recent studies show that in the brain of PD patients the proportion of cells with LB and LN is constant15 . It is therefore likely that LB or LN do
play a role in neuronal death. Yet surprisingly, LBs are also observed in individuals
not showing PD symptoms18, 19 . Thus, the role of LB and LN in the progression of
PD is disputed, and the question remains whether LBs or LNs are toxic or the effect
of a neuroprotective response to possibly toxic protein misfolding.
Recent studies propose that the process of protein aggregation is regulated, and
misfolded proteins are sequestered to diverse inclusion sites with distinct functions20 .
In protein aggregation studies in cell model systems, two intracellular compartments
for the sequestration of misfolded cytosolic proteins were identified: the JUxta Nuclear
Quality control compartment (JUNQ) and the insoluble protein deposit (IPOD)21 .
The JUNQ inclusion site is located adjacent to the nucleus. It encloses soluble,
ubiquitinated, misfolded proteins and chaperones mediating refolding or degradation
and is used to temporarily store misfolded proteins. Amyloidogenic proteins that
cannot be degraded or refolded are sequestered to the IPOD. The degradation or
refolding of proteins in the JUNQ can be hampered if insoluble aggregates accumulate
in the JUNQ21 . It has been demonstrated that when this happens JUNQ inclusions
turn neurotoxic22 .
To comprehend the possible origin of toxicity or protection of α-S amyloid inclu-
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sions, we induced α-S aggregation and the formation of Lewy body-like inclusions
(LBLI) in a cell model system. We used three different induction protocols which
result in significantly different cytotoxicity. We demonstrated a dependence of LBLI
morphology and location on induction method in the cell and showed, to the best of
our knowledge for the first time, that α-S can sequester to and aggregate in functionally different compartments in vivo and in vitro. We hypothesize that accumulation
of α-S in these different cellular compartments determines cell fate and sheds light on
the disputed role of LBs in PD.

5.2
5.2.1

5

Materials and Methods
Recombinant protein

Expression of human wild type α-S and the 140C mutant (α-S 140C) with a single
alanine to cysteine substitution at residue 140 was performed in E. coli B121 (DE3)
using a pT7 based expression system. For α-S, the N-terminus plays a critical role
in membrane binding23 . Attaching the GFP molecule to the C-terminal end of α-S
minimizes interference with both membrane binding and amyloid forming properties
of α-S24 . Details on α-S purification procedure are described elsewhere25 . Purified
protein was stored at -80◦ C in aliquots until further use. α-S A140C monomers
were conjugated with AlexaFluor350 maleimide following the manufacturers labeling
protocols (Life Technologies, USA). For expression of GFP with a poly-histidine (HIS)
tag, α-S with GFP-HIS tag and α-S with HIS tag, pET28A constructs were used. The
constructs were expressed in E. coli, extracted and purified on a Ni-NTA column
(Invitrogen, USA) (SI-Fig. 1).

5.2.2

Production of α-S fibrils and seeds

To produce short α-S fibrils that can seed aggregation, 100 µM α-S monomers were
assembled into fibrils in aggregation buffer (100 mM NaCl, 50 mM Tris-HCl pH 7.4,
5 µM ThioT, 0.005 % NaN3 ) at 37◦ C under constant agitation (950 rpm) in a plate
reader (Infinite 200 PRO multimode, Tecan Ltd., Switzerland). In the plate reader,
fibril growth was followed by monitoring ThioT fluorescence (excitation 446 nm, emission 485 nm), the reaction was stopped at maximal fluorescence intensity after 5 d.
The obtained α-S fibrils were dialyzed (Slide-A-Lyzer G2 Dialysis Cassettes, 10K
MWCO, Pierce, USA) against 2 l of PBS containing 1 % penicillin and streptomycin
for 24 hours at 4◦ C. Subsequently, fibril fragments were produced by sonicating the
fibrils with a tip sonicator (Sonifier 250, Branson Ultrasonics Corporation, USA) on
ice for 3 minutes. The thus obtained α-S seeds were visualized by AFM (SI-Fig. 3
A), aliquoted and stored at -80◦ C until use. To test the ability of obtained α-S seeds
to nucleate aggregation of a monomeric α-S pool, 500 nM α-S seeds were added to a
solution of 25 µM α-S monomers in F-Buffer (10 mM Tris-HCl pH 7.4, 2 mM MgCl2 ,
1 µM CaCl2 , 0.2 mM DTT, 0.5 mM ATP, 1M KCl ) including 5 µM ThioT on a plate
reader under constant agitation. The aggregation was stopped after 24 hours at maximum ThioT fluorescence (SI-Fig. 3 B). To assemble α-S-GFP or α-S 140Calexa350
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fibrils, we used the same protocol. 100 µM protein (ratio 1:10 of α-S-GFP or α-S
140Calexa350 and α-S) was incubated in aggregation buffer (10 mM NaCl, 10 mM
Tris-HCl pH 7.4, 0.1 mM EDTT pH 7.4) for 5 days under constant shaking (500 rpm)
at 37◦ C. To visualize the α-S-GFP fibrils, the protein-buffer solution was diluted 1:10
in PBS. Total internal reflection (TIRF) microscopy images were obtained by using a
Nikon Ti Eclipse inverted microscope with PlanFluor 60x Ph1 DLL objective (Nikon,
Japan) (SI-Fig 2).

5.2.3

Atomic Force Microscopy

AFM samples were prepared by adsorbing 100 nM of α-S seeds on freshly cleaved
mica for 4 minutes, followed by 2 washes with 100 µl of deionized water. The samples
were dried under nitrogen gas passed through a 0.22 µm filter. AFM images were
acquired on a Bioscope Catalyst (Bruker, Santa Barbara, CA, USA) in tapping mode
using a silicon probe, NSC36 tip B with force constant of 1.75 N/m (MikroMasch,
Tallin, Estonia). All images were captured with a scan rate of 0.5 Hz.

5.2.4

STED microscopy

Stimulated emission depletion (STED) microscopy26 was employed for subdiffraction
resolution fluorescence imaging on a custom-made setup. The systems implementation is based on a supercontinuum laser source, and similar to the setup described
elsewhere27 . It is capable of acquiring one channel with confocal and two channels
with STED resolution quasi-simultaneously. The supercontinuum laser source was a
SC450-PP-HE system running at 1 MHz, manufactured by Fianium Ltd, UK. For
beam-scanning, we used a YANUS IV scan head from Till Photonics, Germany. The
objective was a Leica 100x/1.4. For imaging GFP, Alexa Fluor R 594 and Alexa
Fluor R 647, we used excitation/emission wavelengths of 488±3 nm/520±14 nm,
586±7 nm/624±40 nm and 637±5 nm/ 685±20 nm, respectively, using optical filters from AHF, Germany. The STED wavelengths for Alexa Fluor R 594 and Alexa
Fluor R 647 were set to 720±10 nm, and 750±10 nm, respectively. Beam powers for
acquisition were 1 - 5 µW for the excitation beams, as measured in front of the objective. STED beam powers amounted to 1 - 2 mW. To reduce crosstalk, pulses for
various channels were separated in time by varying optical path lengths. A homebuilt electronic gating device transmitted detector signals occurring at the correct
time to the acquisition hardware, and rejected crosstalk signals occurring at other
times. Dichroic mirrors and filters were purchased from AHF, Germany.

5.2.5

Cell culture, transfection and selection of SH-SY5Y cells

SH-SY5Y cells were grown in proliferation medium, a 1:1 mixture of Hams F12
TM
medium including Gibco R GlutaMAX
and Gibco R EBSS supplemented with 10 %
heat inactivated FBS and 1 % Penicillin/Streptomycin. All SH-SY5Y cells used in
experiments were differentiated into post-mitotic, neuron-like cells with extended dendrites and expressing neuronal marker proteins as described elsewhere28 . In short, for
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differentiation, we seeded SH-SY5Y cells to 60 % confluency and induced differentiation by adding starvation medium containing 1 % FBS and 10 µM retinoic acid for 7
days. All chemicals were obtained from Invitrogen, USA if not indicated differently.
SH-SY5Y cell lines stably expressing α-S-GFP (GFP-SH-SY5Y) were established
to visualize intracellular α-S. For transfection, SH-SY5Y cells were seeded, grown until
30 % - 50 % confluency, and transfected with pEGFP-N1-α-S. DNA (250 ng/cm2 ) was
diluted in Opti-MEM in reduced Serum medium (GIBCO R ) including Lipofectamine R
TM
LTX Reagent with PLUS
Reagent. The mix was incubated for 5 minutes at room
temperature before adding Lipofectamine R LTX. For every 250 ng of DNA, 0.5 µl
TM
of Lipofectamine R LTX and 0.19 µl of Lipofectamine PLUS
reagent were mixed,
according to manufacturers protocol. After Lipofectamine R LTX addition, a 30 minutes incubation at room temperature was performed. The medium of the cells was
changed and the DNA, Lipofectamine R LTX, and Lipofectamine R LTX Reagent with
TM
PLUS
Reagent mix were added. After one day, the medium was changed to proliferation medium. Two days after transfection, cells were trypsinized and re-seeded
in conditioned medium. The next day, G418 (500 µg/ml) was added and cells were
grown in G418 supplemented conditioned medium until selection by FACS analysis.
GFP-positive cells were expanded in culture dishes and stocks were stored in liquid
nitrogen.

5.2.6

Primary neuron extraction and culture

The extraction and culturing of primary neurons was performed as described elsewhere29 . In short, cells were obtained from new born (P1) Wistar rat pups. Both
(cortical) cerebral hemispheres were isolated in a sterile environment, minced and
trypsinized. The minced hemispheres where dissociated by trituration after which
the cells were ready to be plated on polyethylenimine-coated culture dishes (Acros
Organics, USA) with glass bottoms or polyethylenimine coated coverslips (SigmaAldrich, USA) to 60 % density. After 2 hours, adhered cells were washed with DMEM
(Invitrogen, USA) and cultured in 900 µl serum and antibiotics-free R 12 medium30
at 37◦ C with 5 % CO2 . All research involving animals has been conducted according
to Dutch law (as stated in Wet op de dierproeven), and approved by DEC, the Dutch
Animal Use Committee.

5.2.7

LBLI formation, -quantification and determination of
nuclear proximity

LBLI formation was initiated by: i) exposure to 100 µM α-S monomers, ii) exposure
to 500 nM α-S seeds both for 24 hours, followed by 4 days incubation in starvation
medium and iii) exposure to 5 nM rotenone for 28 days. Cells were labeled for αSalexa594 and phalloidinalexa647 . The cell nuclei were visualized with DAPI. Labeled
cells containing LBLIs were imaged using confocal microscopy (LSM 510, Zeiss, Germany). The LBLI morphologies were classified and divided in round, oval-kidney
like, amorphous or hairy. Nuclear proximity was evaluated by ascertaining distance
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of LBLIs to the nucleus; LBLIs whose distance to the nucleus was smaller than their
diameter were classified as juxtanuclear.

5.2.8

Immunocytochemistry, ThioS and phalloidin staining

Cell samples were washed with PBS and fixed in 3.7 % paraformaldehyde/PBS solution. For immunolabeling, cells were permeabilized with 0.3 % Triton X-100 and
0.1 % BSA in PBS. Autofluorescence was quenched with 50 mM NH4 Cl in PBS.
Thereafter, primary antibodies (Table 1) were diluted 1:100 in goat serum dilution
buffer (16 % goat serum, 0.3 % Triton X-100, 0.3 M NaCl in PBS) and incubated
overnight. The next day, cells were washed 3 times with 0.3 % Triton X-100 and 0.1
% BSA in PBS at room temperature and the appropriate secondary antibodies (Table
2) were diluted 1:100 in 0.3 % Triton X-100 and 0.1 % BSA in PBS and incubated for
1 h. For ThioS or phalloidin staining, fixed cells were incubated with 0.05 % ThioS
or 70 nM phalloidinalexa647 in PBS for 15 minutes. Nuclear counterstaining was performed by incubation in 300 nM 4’,6-diamidino-2-phenylindole (DAPI) in PBS for 10
minutes. After washing with PBS, samples were mounted with mounting medium
(ibidi, Germany).

5.2.9

Confocal Microscopy

Confocal laser scanning microscopy images were obtained using Zeiss LSM510 Confocal microscope with 63 x oil immersion objective (NA=1.4, Zeiss, Germany) with
appropriate laser lines (Argon laser (488 nm), Helium-Neon laser (543 nm), Argon
ion laser (633), Chameleon pulsed laser (340 nm, Coherent, USA). Images were taken
successively. Emission was detected using appropriate dichroic mirrors and filter sets.
Images were analyzed with the ZEN software 2009 (Zeiss, Germany).

5.2.10

Histology

For Eosin-haematoxylin staining (HE), GFP-SH-SY5Y cells were grown on cover
glasses coated with collagen IV. Subsequently cells were fixed in a 0.4 % PFA in PBS
solution. Samples were washed and stained with eosin followed by haematoxylin,
mounted with mounting medium (ibidi Germany) and imaged (E600, Nikon, Japan).
A biopsy of human mesencephalon derived from a patient diagnosed for LB disease
was dehydrated in an increasing ethanol series, embedded in paraffin and cut in 5 µm
sections. After rehydration, the sections were treated with formic acid and heated to
97◦ C for 10 minutes in TRS buffer (Dako) followed by a treatment with 3 % H2 O2 .
Samples were immunostained for α-Salexa555 , HSP70alexa633 and LMP2alexa488 (Table
1 and 2). DAPI was used as counterstaining.

5.2.11

Immunoblot analysis

Cells were seeded and grown to 60 % confluency and differentiated in T25 culture
flask (Greiner, Germany). Cells were then lysed [4x Laemmli buffer (8 % SDS, 240
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mM Tris-Cl, pH 6.8), 100 mM DTT] for 15 minutes at RT, scraped and transferred
to Eppendorf tubes. Lysates were sonicated, boiled for 5 minutes and centrifuged for
2 minutes at 12000 rcf (IEC MicroMAX tabletop centrifuge). Cleared lysates were
separated on a SDS-PAGE gel (12 %) and blotted onto methanol activated PVDF
membrane (Millipore, USA). For improved α-S detection, membranes were first fixed
in a 0.4 % PFA in PBS solution. Membranes were blocked in non-fat-dried-milk (5
% ELK, Campina) in TBS and Tween-20 (0.3 %) and incubated overnight at 4◦ C
with primary antibody against α-S or GAPDH. Primary antibodies were detected
by goat-anti-mouse-HRP conjugated antibodies [1:8000 in TBS + Tween-20 (0.3 %)].
Proteins Marker bands were visualized by Strep-Tactin-HRP [1:5000 in TBS + tween20 (0.3 %)] (Bio-Rad, USA). HRP-conjugated protein bands were detected by Clarity
Western ECL Substrate (BioRAD, USA) and imaged on a FluorChem M imager
(Protein Simple, USA).

5.2.12

5

Viability assay

Cells were seeded in 24-well plates (Greiner Bio-One GmbH, Germany) and grown
to 60 % confluency. Cells were then incubated with 100 µM α-S monomers or 500
nM α-S seeds for 24 hours, 5 nM rotenone for 28 days, or 100 µM rotenone for 36
hours. Next, cells were incubated with 0.5 mg/ml MTT in medium for 4 h at 37◦ C
in an atmosphere of 5 % CO2 . The medium was discarded carefully. After cell
solubilization with DMSO, metabolic activity was quantified on a multiwell scanning
plate by measuring the absorbance at 540 nm with background subtraction at 690
nm (Tecan Ltd, Switzerland).
antibody
α-S
α-S
α-S
α-S pSer129
20S LMP2
HSP70
GFP
GAPDH

epitope
15-123
123-140
96-140
Ser 129
LMP2
HSP70
GFP
GAPDH

Host species
mouse
guinea pig
rabbit
rabbit
rabbit
mouse
rabbit
mouse

Source
BD biosciences
Abcam
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Stressgen
Abcam
Invitrogen
Invitrogen

Table 5.1: primary antibodies
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host
goat
goat
goat
goat
goat
goat
goat
goat
goat
goat

anti
mouse
mouse
mouse
mouse
mouse
rabbit
rabbit
rabbit
rabbit
guinea pig

conjugate
HRP
Alexa488
Alexa555
Alexa594
Alexa633
Alexa488
Alexa555
Alexa633
HRP
Alexa555
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Source
Sigma
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Invitrogen

Table 5.2: secondary antibodies

5.3
5.3.1

Results
In vitro expressed α-S-GFP can be incorporated in amyloid
fibrils

Lewy bodies are a pathological hallmark of PD and consist of a core of aggregated
α-S and other proteins31 . To enable visualization of α-S distribution and aggregation
in SH-SY5Y cells, the protein was tagged with green fluorescent protein (GFP) (α-SGFP). To exclude the possibility that the attached GFP-tag hinders α-S fibrillization,
the fibril-forming properties of α-S-GFP were assessed in vitro. For this purpose,
recombinant α-S-GFP was expressed in E. coli (SI-Fig. 1), isolated and tested for
fibrillization. At physiological salt concentrations, purified-untagged, recombinantly
expressed α-S assembles into amyloid fibrils32-34 . Fibrillization could not be observed
for pure α-S-GFP or in 1:1 ratios of tagged and untagged α-S. In a 1:10 ratio however,
α-S-GFP fibrils were clearly detectable by fluorescence microscopy after 3 days of
aggregation (SI-Fig. 2). Under the experimental conditions used, long time incubation
of GFP alone did not result in fibril formation (data not shown).

5.3.2

α-S-GFP expression in cells

To effectively follow the distribution of α-S monomers and aggregates inside SHSY5Y cells, an α-S-GFP fusion construct was stably transfected. Both untaggedendogenous and GFP-tagged α-S were detected by Western blot analysis of extracts
from differentiated GFP-SH-SY5Y cells. Extracts from control SH-SY5Y cells without
the fusion construct only contained untagged α-S. In the stably transfected cells,
endogenous-untagged α-S was present in amounts close to the detection limit and
could only be observed by increasing the contrast of the blots significantly. α-S-GFP
from the transfected construct was clearly visible (Fig. 1 A). Fluorescence microscopy
of GFP-SH-SY5Y cells reveals that all cells express α-S-GFP. However, different αS-GFP fluorescence intensities were observed in the cell population (Fig. 1 B). The
differences in intensities were attributed to different expression levels of α-S-GFP
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Figure 5.1: SH-SY5Y cells stably express endogenously added α-S-GFP.
A) Immunoblot of α-S in cell lysate from SH-SY5Y and GFP-SH-SY5Y cells. GFPSH-SY5Y lysate shows immunoreactivity for α-S and α-S-GFP. The expression levels
of untagged α-S are comparable to the levels observed in untransfected SH-SY5Y
cells. B) GFP fluorescence from GFP-SH-SY5Y cells. Cells contain α-S-GFP in different concentrations, judging by different fluorescent intensities. To visualize the low
α-S-GFP levels of some cells, GFP intensity from cells with high expression levels
was saturated; scale bar: 100 µm. C) Cells with different endogenous α-S expression level.α-S-GFP fluorescence shows colocalization to α-S antibody fluorescence;
confocal image of GFP-SH-SY5Y cells with fluorescent labeling for actinalexa647 and
α-Salexa594 ; scale bar: 10 µm.

and therefore different ratios of untagged α-S and α-S-GFP. We observed a diffuse
distribution of α-S-GFP throughout the cells. Immunolabeling of α-S showed both a
cytosolic and intranuclear expression pattern (Fig. 1 C). Further, we were interested
in the effect of α-S-GFP on cell morphology. Visualization of the actin network with
fluorescently tagged phalloidin in control cells and cells expressing α-S-GFP did not
reveal notable differences (data not shown).
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Aggregation of intracellular α-S

The expression of α-S or α-S-GFP in SH-SY5Y cells did not by itself result in the
formation of α-S inclusion bodies at the time scales studied. Aiming to elucidate the
role of LBs in neurons, we tested three different approaches to induce intracellular
α-S inclusion formation in vitro. We tried to initiate α-S inclusion formation with
pre-aggregated short α-S fibrils (α-S seeds)35 , exposure to low concentrations of the
pesticide rotenone36 and incubation with high concentrations of monomeric α-S.

5.3.4

α-S seeds nucleate α-S aggregation in vitro

Aggregation of α-S into amyloid fibrils is a slow, nucleation-dependent process. One
way to initiate α-S monomer aggregation, and shorten the aggregation lag time, is by
adding seeds to a pool of monomeric α-S protein37 . These seeds are pre-aggregated
α-S fibrils or fibril fragments which can serve as nucleation sites for α-S aggregation.
In cells, α-S-fibril seeds may recruit cytoplasmic, soluble α-S proteins and convert
them into insoluble, β-sheet rich pathological species. Hence, we produced α-S seeds
by sonication of pre-aggregated α-S fibrils. The resulting fibril fragments were characterized using tapping mode atomic force microscopy (AFM). The obtained AFM
images show an inhomogeneous population of up to 500 nm long α-S fibrils fragments
(SI-Fig. 3 A). To evaluate the potency of created α-S seeds to initiate α-S aggregation, we added them to a pool of monomeric α-S in F-buffer under constant shaking.
The addition caused α-S aggregation, monitored by an immediate increase of ThioT
fluorescence. In contrast, the control containing only α-S monomers did not show
aggregation in the first 24 hours (SI-Fig. 3 B).

5.3.5

α-S seeds are internalizes and serve as core for LBLIs

To be able to initiate α-S aggregation inside cells, α-S seeds must be internalized
and come in contact with the endogenous α-S pool. Previous studies revealed that
fibrillar protein seen in various neurodegenerative disorders can be internalized by
cells upon addition to culture medium38-41 . Accordingly, we aimed for internalization
of α-S seeds and monomers by addition of these species to the cell medium. To better
observe the uptake by the cell with fluorescence microscopy, we added clustered α-S
fibrils instead of the significantly smaller α-S seeds. Using confocal microscopy, we
mainly observed attachment of the added α-S fibril clusters to the outer membrane of
the cells. Still, as expected, a fraction of the fibril clusters was internalized within the
first 12 hours (SI-Fig. 4). Due to the significantly smaller size of α-S seeds, we assume
increased cellular uptake compared to clustered α-S- fibrils. We further demonstrated
that intracellular inclusion formation could be nucleated by internalized α-S fibrils.
In treated wild type SH-SY5Y cells, we found LBLIs formed around internalized
fluorescently-labeled α-S seeds. The seeds serve as a nucleation site and form a dense
core around which endogenous α-S is recruited (Fig. 2).
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Figure 5.2: α-S-seeds nucleate LBLI formation in SH-SY5Y cells.
Differentiated SH-SY5Y cells were exposed to 500 nM fluorescently labeled α-S seeds
(α-S-seedsThioT : purple) and immunostained for α-S (α-Salexa594 : green). After this
treatments, the α-S was, in some cells, no longer homogenously distributed over the
cell volume but concentrated in micrometer sized inclusions. A magnification of the
inclusion shows that α-S-seedsThioT were taken up by the cell. The α-S-seedsThioT
act as a core for LBLI formation and recruit endogenous α-S; red: actinalexa647 ; scale
bar: 3 µm, STED microcopy.

5

5.3.6

Internalization of α-S

To be able to initiate α-S aggregation inside cells, α-S seeds must be internalized
and come in contact with the endogenous α-S pool. Previous studies revealed that
fibrillar protein seen in various neurodegenerative disorders can be internalized by
cells upon addition to culture medium38-41 . Accordingly, we aimed for internalization
of α-S seeds and monomers by addition of these species to the cell medium. To better
observe the uptake by the cell with fluorescence microscopy, we added clustered α-S
fibrils instead of the significantly smaller α-S seeds. Using confocal microscopy, we
mainly observed attachment of the added α-S fibril clusters to the outer membrane of
the cells. Still, as expected, a fraction of the fibril clusters was internalized within the
first 12 hours (SI-Fig. 4). Due to the significantly smaller size of α-S seeds, we assume
increased cellular uptake compared to clustered α-S- fibrils. We further demonstrated
that intracellular inclusion formation could be nucleated by internalized α-S fibrils.
In treated wild type SH-SY5Y cells, we found LBLIs formed around internalized
fluorescently-labeled α-S seeds. The seeds serve as a nucleation site and form a dense
core around which endogenous α-S is recruited (Fig. 2).

5.3.7

LBLI characteristics and morphology

In the SH-SY5Y cells we were able to induce the formation of LBLI by: i) addition
of 100 µM α-S monomers, ii) addition of 500 nM α-S seeds, or iii) exposure to 5
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nM rotenone. The LBLIs showed similar size and morphology to LBs found in vivo
(Fig. 3 A) and displayed key features of LBs, such as phosphorylation of α-S and
eosinophilia (Fig. 3 B-C). Additionally, we observed ThioS binding to the LBLIs, indicating that LBLIs consist of cross-beta sheet fibrils (Fig. 3 C). For all 3 approaches,
a comparable amount of LBLIs could be found (data not shown). The morphology
of the LBLIs obtained varied from LB-like spherical inclusions to spindle or thread
like aggregates resembling LN. The LBLIs differed in α-S density and distribution
and were observed in both the cell body and cell extensions (Fig. 3 D). Similar LB
morphologies found in differentiated GFP-SH-SY5Y cells were also observed in differentiated wild type SH-SY5Y cells, in rat primary neuronal cells (data not shown)
and in vivo after immunolabeling for α-S in human brain (SI-Fig. 5).
Interestingly, the obtained LBLI morphology and location in the cells differed between the three LBLI induction methods. Generally, LBLIs induced by the addition
of α-S monomers were spherical and often localized near the cell nucleus. Treatment
with rotenone mainly resulted in oval/kidney-like morphologies with well-defined borders. After exposure to fibrillar α-S seeds, a considerable fraction of cells contained
cytoplasmic thread-like, radiating fibrillar or less dense and diffuse inclusions. Such
hairy inclusions were largely absent after the other LBLI induction approaches. Similar results were obtained for wild type SH-SY5Y cells, GFP-SH-SY5Y cells (Fig. 4 A)
and primary neuronal cells (SI-Fig. 6). To quantify the different shapes, we divided
the obtained LBLIs into groups according to their observed morphology and their
proximity to the nucleus. Figure 4 A summarizes the distribution of the observed
LBLI morphologies in wild type SH-SY5Y and GFP-SH-SY5Y cells for all three LBLI
induction treatments. The LBLI morphologies were classified in round, oval/kidneylike, amorphous or hairy (fibrillar threads). Most LBLIs induced by α-S monomers
were round (50 %), and smaller fractions were oval (26 %) or amorphous (17 %). We
could only find a minor fraction of hairy LBLIs (7 %). After treatment with α-S
seeds, all LBLI morphologies appeared in comparable amounts: round 24 %, oval
29 %, amorphous 29 %, hairy 17 %. Induction of LBLI formation with rotenone
mainly resulted in oval inclusions (63 %). Other inclusions after rotenone treatment
were either round (20 %) or amorphous (17 %); hardly any hairy inclusions were
present.
The different induction methods not only influenced LBLI morphology, but also
the LBLI location within the cell. We also classified LBLIs by their proximity to the
cells nucleus. In contrast to the induction with rotenone where only 11 % of all LBLIs
were found in proximity of the nucleus, 44 % of all LBLIs formed after treatment with
α-S seeds or α-S monomers were found close to the nucleus (Fig. 4 B). Further, we
determined which LBLI morphology was most likely found close to the nucleus. 78 %
of the LBLIs located in proximity of the cells nucleus were round or oval/kidney-like.
In contrast, 83 % of amorphous inclusions and 94 % of hairy LBLIs were found further
away from the nucleus, in the cytoplasm (Fig. 4 C).
We speculate that different factors like endogenous α-S availability, crowding, or
colocalization with other proteins may define LBLI morphologies. We hypothesize
that LBLI size and location might directly interfere with cytoskeletal processes such
as protein transport or cell migration. Especially after induction with α-S seeds, a
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Figure 5.3: Induced LBLIs show key features of LBs.
A) LBs in human mesencephalon derived from a PD patient and LBLIs in GFP-SHSY5Y cells both contain α-S, are comparable in size, α-S density and morphology;
grey: α-Salexa594 , STED microscopy; scale bar: 0.5 µm. B) Haematoxylin/Eosin
staining reveals eosinophilic oval LBLIs in GFP-SH-SY5Y cells; a LBLI is indicated
by the red arrow, bright field microscopy, scale bar: 10 µm. C) α-S in LBLIs is
phosphorylated and binds ThioS; green: α-S-GFP, purple: α-S pSer129alexa555 , red:
ThioS, LBLI indicated by white arrow, scale bar: 10 µm. D) Different LBLI morphologies (hairy, amorph, tangle, fibrillar, round) were observed in different cellular
locations; α-S-GFP (green), actinalexa647 (red); nuclei are indicated by the dashed
lines; confocal images, scale bar: 10 µm.
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Figure 5.4: The induction method determines LBLI morphology and
proximity to the nucleus.
A) LBLIs were induced in SH-SY5Y cells and GFP-SH-SY5Y cells with rotenone
(blue, N=58), α-S monomers (green, N=46), α-S seeds (red, N=46) and grouped
in prevalent morphologies (round, oval, amorphous, hairy). LBLIs induced by αS monomers are predominantly round (50 %). When treated with α-S seeds, all
morphologies appear in a comparable amount. Induction with rotenone mainly results
in oval inclusions (63 %). B) Approximately 44 % of the LBLIs induced with α-S
monomers (green) and α-S seeds (red) are juxtanuclear (N=36). After treatment
with rotenone (blue) only 11 % of the LBLI are found close to the nucleus. C) LBLI
morphology predicts location in the cell. Most juxtanuclear LBLIs are either round
or oval/kidney-like (78 %). The probability for amorphous (17 %) and hairy (6 %)
LBLIs to be close to the nucleus is low.

relatively large fraction of LBLIs with a hairy morphology was present. These large,
fibrillar α-S accumulations reach throughout the cytoplasm and might have developed
along cytoskeletal networks.

5.3.8

α-S sequesters in functionally different LBLIs

Intracellular protein aggregation is considered a well-managed process21, 42 . In this
context, two intracellular inclusion sites were described: the juxta-nuclear quality
control compartment (JUNQ) is an intracellular region in which soluble misfolded
proteins concentrate to be re-folded by chaperones or to be prepared for degradation by the proteasome. Insoluble and non-degradable amyloids are sequestered to
the cytoplasmic insoluble protein deposit (IPOD). Protein aggregates in these two
inclusions sites can be distinguished by colocalization with distinct proteins. The
chaperone heat shock proteins 70 (HSP70) and the proteasome subunit low molecular mass protein 2 (LMP2) are both typically active in the JUNQ and absent in the
IPOD. Accordingly, we assigned LBLIs to functionally different compartments, based
on their colocalization with HSP70 and LMP2 in wild type SH-SY5Y cells
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Figure 5.5: α-S sequesters in IPOD and JUNQ-LBLIs in SH-SY5Y cells.
The ratio of IPOD to JUNQ-LBLI is determined by the induction method. A) LBLIs
are induced with 5 nM rotenone for 4 weeks in SH-SY5Y cells. Immunostaining was
performed for α-Salexa555 (cyan), LMP2alexa488 (green), HSP70alexa633 (red) and
counterstaining DAPI (blue). Two different LBLI types can be observed judging by
protein colocalization. HSP70 and LMP2 colocalize with α-S in JUNQ-LBLIs (top
row, red arrows), in other LBLIs, no colocalization can be observed and are therefore
categorized as IPOD-LBLI (bottom row, green arrow); scale bar: 10 µm. B) After
treatment with 100 µM α-S monomers (N=57) and 500 nM α-S seeds (N=67) for 24
hours, many JUNQ inclusions (96,5 % and 98,5 %) developed in cells. In contrast,
after 5 nM rotenone treatment for 4 weeks, 54 % of IPOD inclusions were observed.

5

(Fig. 5 A), GFP-SH-SY5Y cells (data not shown) and rat primary neurons (SI-Fig. 7).
For all three LBLI induction approaches both JUNQ and IPOD-LBLI were identified,
but distribution of LBLIs over these compartments differed. Notably, a significantly
higher amount of JUNQ-LBLIs was obtained after the α-S monomer and α-S seed
treatments for 24 hours, compared to long-duration treatment with 5 nM rotenone.
Only 4 % of LBLIs found after treatment with α-S monomers and 2 % after treatment with α-S seeds appear to be IPOD-LBLIs. In contrast, after treatment with
rotenone, 54 % of total inclusions studied showed characteristics for IPOD inclusions
(Fig. 5 B).
Based on the juxtanuclear location of JUNQ-LBLI, we conclude that JUNQ-LBLIs
typically have a round or oval/kidney-like morphology (Fig. 4 C). In the absence of
conclusive immunostaining, location and morphology seem good parameters to assign
LBLIs to IPOD and JUNQ.

5.3.9

Effect of LBLI induction method on cell viability

Long-term exposure to 5 nM rotenone leads to inclusion body formation in dopaminergic neurons of animal and human origin36 . At higher concentrations, rotenone is
very toxic (Fig. 6 B). It inhibits the mitochondrial electron transport chain42 , decreases proteasome activity and increases intracellular reactive oxygen species levels43 .
These elevated levels of reactive oxygen species were found to induce cellular proteins
to form insoluble aggregates44 . α-S aggregation itself, e.g. induced by a high intra-
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Figure 5.6: LBLI induction methods differ in cytotoxicity.
The viability of GFP-SH-SY5Y cells treated according to all 3 LBLI induction protocols was assessed by measuring the metabolic activity in an MTT assay. A) A decline
of the viability of GFP-SH-SY5Y cells exposed to α-S monomers and α-S seeds can
already be observed 24h after incubation. 100 µM α-S monomers or 500 nM α-S seeds
caused a significant decrease. B) Low concentrations of rotenone have no effect on
cell viability. In contrast, GFP-SH-SY5Y cells treated with 100 µM rotenone for 36
hours show significant decrease in viability. In contrast, 5nM rotenone concentration
in the medium did not have an effect cell viability even after 4 weeks; paired students
t-test: * signifies a p-value 50.05.

5
cellular α-S concentration, has also been related to decreased viability and increased
cytotoxicity45, 46 . We therefore compared the viability of cells, treated according to
the different LBLI induction protocols, by assessing the metabolic activity in MTT
assays.
Treatment with α-S monomers and α-S seeds resulted in an increased cytotoxicity
indicated by a reduction in the metabolic activity. In the presence of either 100 µM
monomers or 500 nM α-S seeds, a significant decrease in metabolic activity was observed after 24 hours (Fig. 6 A). For a high rotenone concentration, incubation for
36 hours resulted in a 93 % decrease in metabolic activity. In contrast, such a significant decrease in metabolic activity could not be detected upon treatment with the
low rotenone concentrations. Even after 4 weeks in culture with 5 nM rotenone, there
were no significant differences in metabolic activity compared to the control group
(Fig. 6 B).
The observed differences in cytotoxicity of the LBLI induction protocols provides
a direct link between the amount of JUNQ- and IPOD-LBLIs obtained with these
different methods. Accordingly, the change in the ratio between JUNQ- and IPODLBLIs in a cell population gives insight into the viability of this population.
Realizing that the amount and ratio of JUNQ- to IPOD LBLIs seem to have a
significant and direct effect on cellular survival in vitro, we extended our approach to
in vivo samples. Using the protocol for distinguishing JUNQ- from IPOD-inclusions
in vitro, we tested whether similar differences in α-S inclusions can be observed in vivo.
In diseased human brain tissue, many LBs and LNs in the mesencephalon could be
observed after immunolabeling for α-S (data not shown). Additional immunolabeling
for HSP70 and LMP2 revealed, like for the in vitro cell model, two distinct types of
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Figure 5.7: α-S sequesters in different LBs.
Sample of mesencephalon of patient suffering from clinical dementia (LB disease).
A) Immunostaining was performed for α-Salexa555 (cyan), LMP2alexa488 (green),
HSP70Aalexa633 (red) and counterstaining was performed with DAPI. Judging by
colocalization with LMP2 and HSP70, both IPOD and JUNQ-LBs can be observed.
Whereas IPOD-LB (lower row, indicated by green arrow) can become comparatively
large, JUNQ-LBs (upper row, indicated by white arrow) are usually smaller and less
dense; scale bar: 10 µm. B) In the patient material many more IPOD-LB (94 %)
than JUNQ-LB were observed (N=76).

5

LBs in this patient (Fig. 7 A). The majority of all LBs had IPOD characteristics
(96 %) whereas only a minor fraction could be characterized as JUNQ-LBs (4 %)
(Fig. 7 B).

5.4

Discussion

Amyloid deposits represent a hallmark of many neurodegenerative diseases2-10, 47-49 .
Toxicity in these diseases has however often been attributed to oligomeric protein
aggregates50-53 . In that respect, it remains controversial whether the amyloid deposits themselves are toxic6, 14-16, 54-61 . In some diseases, inclusion body formation
seems neuroprotective. For example, studies on Huntingtons disease indicate that
the formation of HTT inclusion bodies reduced the soluble HTT protein and enhanced neuronal survival61 . On the other hand, in PD, inclusions induced in neurons
resulted in propagation of pathological aggregates, selective decrease in synaptic proteins, progressive impairment of neuronal excitability and connectivity and eventually
cell death62 .
Whether inclusion body formation is toxic may depend on several factors. Misfolded proteins have been reported to sequester in different cell compartments21 .
Protein accumulation and aggregation in these compartments has been related to
neurotoxicity22 . Additionally, heterogeneity in inclusion body morphology, protein
composition, density and location in the cell has been reported21, 35, 36, 63, 64 . Here
we show that the three tested LBLI induction methods result in α-S inclusions which
differ in morphology, cellular location and colocalization with marker proteins. Further, these α-S inclusions can appear in different types of protein quality control
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(PQC) compartments depending on the induction method. We speculate that toxicity of the induction methods correlates with distribution of LBLIs over these different
compartments and therefore hypothesize that the sequestration of α-S in specific
compartments determines cell fate and disease pathology.
The treatment with α-S seeds and α-S monomers significantly reduced cell viability
and metabolic activity (Fig. 6 A). The mechanism by which α-S seeds affect cell fate
is not fully understood. However, to serve as nucleation points for α-S aggregation,
α-S fibrils must be internalized by the cell and gain access to the cytoplasmic α-S
monomer pool. Short fibril fragments can enter the cytoplasm, as inclusions consisting
of endogenous α-S have are shown to originate from externally supplied α-S-fibril
fragments (Fig. 2). This implies that α-S amyloid fibril fragments can propagate LB
formation and may hence play an essential role in LB formation in vivo. In literature,
this potential infectious mechanism has been discussed. α-S aggregation has been
shown to propagate from mouse brain to grafted dopaminergic neurons and to seed
aggregation in human cell cultures, indicating exchange of amyloid material or take
up after release of amyloid deposits from dying or dead cells65, 66 .
Compared to the LBLI induction method based on the addition of α-S fibril
fragments, the concentration of α-S monomers used to induce intracellular protein
aggregation was high. It has been reported that in cases of familial PD with α-S
gene locus triplication, the α-S monomer concentration in the brain was significantly
higher than the normal and lead to protein aggregation67 . Further, α-S was shown
to be secreted to the extracellular space. There, it can activate and liberate microglia from the surrounding extracellular matrix for migration, which is a hallmark
for neuroinflammation68 . Extracellular α-S can also be endocytosed by astrocytes,
which express pro-inflammatory cytokines68 . These responses could lead to increased
stress levels in cultures and may lead to toxicity. The high monomer concentration also
resulted in fibril formation in the cell medium after 24 hours (SI-Fig. 8). Hence, we
cannot exclude the possibility that the induction of LBLI formation, or the observed
effect on viability and metabolic activity results from α-S fibrils. However, toxicity depends on the particle concentration, not on the equivalent monomer concentration69 .
The particle concentration of the long fibrils in the medium is low compared to that
of sonicated fibrils. Moreover, a comparable decrease of metabolic activity is observed when cells are treated with α-S-monomers at concentrations below the critical
aggregation concentrations70 , indicating the existence of other, monomer dependent
pathways. Of the three approaches used to induce LBLI formation, the treatment
with a low concentration of rotenone was least toxic. This treatment hardly affected
the metabolic activity of the cells over weeks (Fig. 6 B). Yet, a comparable number
of cells containing LBLIs was found, indicating functional differences between LBLIs
resulting from α-S monomer or α-S seed treatment and low dose rotenone treatment.
Biochemically different inclusion bodies related to protein misfolding have been
identified and described in yeast21, 71, 72 and mammalian cells22, 72-74 . To maintain
protein homeostasis, misfolded or aggregated proteins need to be refolded, degraded
or stored safely to avoid jeopardizing cellular survival. Misfolded proteins have been
observed to localize to distinct PQC compartments depending on their solubility.
When the proteasome system is saturated by increased protein load, misfolded soluble
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proteins are temporarily stored in the JUNQ compartment, while insoluble amyloid
aggregates are sequestered in IPODs. In protein aggregation diseases, this localization
to different PQC compartments has been related to neurotoxicity or neuroprotection.
In these diseases, sequestration of misfolded or aggregated proteins in the JUNQ compartment can become toxic. The accumulation of many aggregation-prone proteins
may clog the JUNQ compartment, and block the path to proteasomal degradation.
Further, JUNQs can sequester chaperones, like HSP70, involved in protein refolding, leading to impairment of cellular protein homeostasis. Misfolded or aggregated
proteins may accumulate in the cytoplasm and become toxic21, 22, 75 .
In contrast to results reported for other proteins21 , α-S was observed to accumulate in both IPOD and JUNQ compartments. The ratio of the distribution of α-S
between these compartments depended on the LBLI induction method (Fig. 5 B). In
agreement with the observed cytotoxicity, many JUNQ-LBLIs and hardly any IPODs
were observed shortly after treatment with α-S monomers or α-S fibrils. IPODinclusions were much more prevalent after the less toxic rotenone treatment. Induction of LBLI formation with low concentrations of rotenone resulted in approximately
equal amounts of JUNQ- as of IPOD-LBLIs.
When the cell’s internal stress level is moderate, the proteins are sequestered by
the PQC to both compartments. JUNQ inclusions only develop if the quality control
machinery is compromised21 . During the rotenone treatment, the cell viability is not
affected, and we therefore conclude that cellular stress levels are low compared to
treatment with α-S monomers and α-S seeds. We postulate that during rotenone
treatment, the PQC is still partially active and proteins in the JUNQ can be refolded
or degraded to some extent. Therefore fewer JUNQ inclusions form and more nontoxic IPOD-LBLIs appear. The results presented here support the hypothesis that in
neurodegenerative diseases accumulation of aggregation prone proteins in the JUNQ
compartment is toxic22 . However, although accumulation of aggregated protein in
the IPOD has been suggested to prevent hazardous interactions with the cellular
proteome, IPOD-inclusions may still contribute to neurotoxicity by sequestering other
proteins31 , taking up space and blocking normal transport pathways, especially within
the narrow confines of the axons and dendrites (Fig. 3 D). Moreover, fibril fragments
from IPOD-LBs can theoretically seed the formation of many new amyloid inclusions.
The results obtained are not specific to the model system studied. The distribution of α-S over different PQCs observed in SH-SY5Y cells and primary neurons
was also observed in tissue derived from a patient suffering from LB disease. The
majority of LBs in this patients brain tissue was immunoreactive for α-S, but not for
HSP70 and LMP2. Only a minor fraction of less than 5 % could be assigned to the
JUNQ-compartment. The large fraction of nontoxic IPOD-LBs in diseased tissue may
result from the long time span between the onset of the disease and death. In time,
cells containing toxic JUNQ inclusions will die. Hence, the relative number of cells
containing inert and harmless IPOD inclusions is expected to increase. This suggests
that in some cases α-S is exclusively sequestered to IPOD-LBs, which hardly affects
cell viability.
In summary, our findings support a model for LB formation in which misfolded
α-S can be sequestered to either IPOD or JUNQ inclusion sites or both in vivo. We
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speculate that cellular stress levels determine the ratio of JUNQ to IPOD-LBs, which
in turn directly affects cell viability and stage or progression of disease (Fig. 8). By
preventing the induction of JUNQ-LBLIs and the subsequent decline of the intracellular protein quality control, cell and tissue degeneration may be averted. The
presented cell model system may offer an attractive platform to develop therapeutics
that target the formation, inhibition, or degradation of toxic JUNQ inclusions.

5
Figure 5.8: The sequestering of misfolded proteins to specific internal
PQC compartments is related to internal stress level and directly affects
cell viability.
Misfolded cytosolic proteins can either be refolded or degraded by proteins in the
JUNQ compartment or stored in the IPOD. This sorting of misfolded proteins is managed by the PQC. A) When misfolded proteins appear but the cell’s internal stress
level is moderate, the proteins are sequestered by the PQC to both compartments:
they are either processed or temporally stored in the JUNQ where active degradation
or refolding prevents the formation of proteinaceous inclusions. Alternatively, they
are sequestered to the IPOD where they form insoluble inclusions. IPOD inclusions
are not directly toxic, but fibrils stored in the IPOD can seed protein aggregation in
other cells. B) Elevated stress levels increase the amount of misfolded, cytoplasmic
proteins. Hence, more misfolded proteins are sequestered to the JUNQ compartment
and may saturate and exhaust the quality control machinery. The JUNQ compartment clogs, and protein degradation or refolding is impaired. Cytotoxic proteinaceous
inclusions are formed in the JUNQ, this toxicity may arise from sequestration of other
proteins involved in managing and processing misfolded proteins (e.g. HSP70) and
accumulation of misfolded or aggregated protein in the cytoplasm21 .
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Abbreviations
AFM
GFP
GFP-SH-SY5Y
HSP70
HTT
IPOD
IPOD-LB or IPOD-LBLI
JUNQ
JUNQ-LB or JUNQ-LBLI

5

LB
LBLI
LMP2
LN
PD
PQC
proteinalexa***
PI
phalloidin647
STED
ThioS
ThioT
TIRF
α-S
α-S 140C
α-S-GFP
α-S-pSer129

atomic force microscopy
green fluorescent protein
SH-SY5Y cells expressing α-synuclein with fused GFP
heat shock proteins 70
Huntingtin protein
insoluble protein deposit
Lewy body or Lewy-body-like inclusion with characteristics
of proteinous inclusions found in the IPOD
juxta-nuclear quality control compartment
Lewy body or Lewy-body-like inclusion with characteristics
of proteinous inclusions found in the JUNQ
Lewy body
Lewy body-like inclusion
low molecular mass protein 2
Lewy neurite
Parkinson’s disease
protein quality control
immunolabeled protein with specific primary and secondary
antibody conjugated to a specific Alexa Fluor R dye
propidium iodide
phalloidin with an Alexa Fluor R 647 label
stimulated emission depletion
Thioflavin S
Thioflavin T
total internal reflection
α-synuclein
α-synuclein with a single alanine to cysteine
substitution at residue 140
α-synuclein with fused GFP
α-synuclein with phosphorylated serine residue at 129
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Supplemental Figures

Figure SI-5.1: The molecular weight of α-S-GFP and α-S in SH-SY5Y
cell lysate is comparable to recombinantly expressed protein lysate.
The molecular weight of α-S-GFP and α-S in SH-SY5Y cell lysate is comparable to
recombinantly expressed protein lysate (Fig 1 A). Immunoblot of recombinant GFP,
α-S-GF, and α-S.

Figure SI-5.2: α-S-GFP assembles in vitro into fibrils.
α-S-GFP and α-S were recombinantly expressed, purified and aggregated in the ratio
1:10 in vitro into α-S fibrils; TIRF microscopy; scale bar 10 µm.
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Figure SI-5.3: Visualization of α-S seeds and effect of seeds on α-S fibrillization.
Sonicated α-S fibrils were used to initiate aggregation of an α-S monomer pool. A)
After fragmentation of long α-S fibrils, α-S aggregates were imaged by AFM. AFM
height images of ThioT labeled α-S seeds reveal small µm-sized α-S fibril pieces; scale
bar: 2 µM and 0,5 µm. B) Kinetics of α-S aggregation in the presence of 500 nM
seeds measured by ThioT uorescence reveal direct aggregation of a 25 µM solution
of α-S monomers after addition of α-S seeds. No aggregation was observed for the
control without α-S seeds.
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Figure SI-5.4: Fragmented α-S fibrils are internalized by cells upon addition to medium.
After differentiation, GFP-SH-SY5Y cells were exposed to fluorescently labeled α-Sfibril fragmentsalexa350 . Shortly after addition, cellular uptake was observed; confocal
microscopy, orthographic image, incorporated α-S fibrils are indicated by the dashed
white circle. Fibril pieces sticking to the outer membrane are indicated with white
arrows, scale bar: 5 µm.
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Figure SI-5.5: LBLI-morphologies found in vitro were also observed in
vivo.
Similar LBLI-morphologies induced in SH-SY5Y cells are found in a diseased human
brain sample. A biopsy of a sample of mesencephalon of a patient suffering from
clinical dementia was immunolabeled for α-SA594. (A) Kidney-like, (B) round, (C)
with fibrillar α-S fibrils and (D) amorphous LBs were observed, STED microcopy;
scale bar 3 µM.
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Figure SI-5.6: LBLI morphology in primary neurons depends on induction method.
After induction, LBLIs are divided into subgroups, according to their morphology.
LBLIs are induced in primary neurons and cells treated with rotenone (N=84), α-S
monomers (N=69), seeds (N=50) are grouped according to morphology (round, oval,
amorphous, hairy). LBLIs induced by α-S monomers are mainly round (74 %) and
dense. After with treatment with seeds LBLI were mainly amorphous (52 %). Induction with rotenone prevalently leads to round and oval inclusions (49 % and 31 %).
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Figure SI-5.7: α-S sequesters in IPOD and JUNQ-LBLI in rat primary
neurons.
LBLIs are induced in rat primary neurons after exposure to 100 µM of α-S monomers
for 24 hours. Immunostaining was performed for α-Salexa555 (cyan), LMP2alexa488
(green), HSP70alexa633 (red) and counterstaining DAPI (blue). Two different LBLI
types can be observed judging by protein colocalization. HSP70 and LMP2 colocalize
with α-S in JUNQ-LBLIs (top row, red arrow), in other LBLIs, no colocalization can
be observed and are therefore categorized as IPOD-LBLIs (bottom row, green arrow);
dashed white line defines cell shapes; scale bar: 10 µm.

Figure SI-5.8: α-S monomers aggregate to α-S fibrils in cell’s medium.
24 hours after addition of 100 µM α-S monomers to SH-SY5Y cells, immunolabeling
for α-Salexa555 (cyan) and counterstaining DAPI (blue) revealed the formation of α-S
fibrils in the medium that stick to the cells; confocal microscopy, scale bar: 20 µm.
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Moby Dick swam swiftly round and round the wrecked crew.
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Abstract
The formation of protein aggregates called Lewy bodies (LB) and Lewy neurites
(LN) is the pathological hallmark of Parkinson’s disease and other synucleinopathies.
The main component of these protein aggregates is α-synuclein (α -S). In synucleinopathies, elevated levels of α-S found in the cerebrospinal fluid are associated with
the disease onset. Little is known about the mechanisms by which increased levels
of α-S and the appearance of α-S inclusions contribute to development of synucleinopathies.
Here, we study the effect of exogenously added α-S on neuronal network functionality. The addition of α-S to a network of neurons results in the formation of
α-S inclusions in cells over time. Concomitant with the formation of α-S inclusions,
the electrophysiological activity of the cells in the network irreversibly declines. This
decline in activity did not result from cell death. Individual neurons stayed alive and
functional as illustrated by their ability to generate normal action potentials. The
ability to transduce or receive signals from surrounding neurons was however lost over
time. Our results indicate that although high exogenous α-S concentrations induce
LB formation this does not directly induce cell death in neuronal networks. Instead
the exogenous α-S leads to progressive impairment of neuronal connectivity.
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Introduction

Synucleinopathies are part of the large group of neurodegenerative diseases1-3 . The
three most common synucleinopathies are Parkinson’s disease (PD), Lewy body dementia, and multiple system atrophy3 . In all these diseases, the protein α-synuclein
(α-S) aggregates into amyloid fibrils which are deposited in characteristic inclusions3, 4 .
Although the disease symptoms differ between the synucleinopathies, neuropathologically they are all characterized by the degeneration and progressive loss of nerve
cells3 . The location and type of neurons in which the α-S amyloid inclusions form in
the brain differs between the diseases3, 5 .
The onset of synucleinopathies is predominantly caused by genetic and/or environmental factors. Mutations in or of the SNCA gene encoding for α-S and the
exposure to pesticides are both known to be directly associated with the development
of synucleinopathies6-9 . An example of a genetic defect, related to the development
of early onset PD, is the multiplication of the SNCA gene, which results in increased
intracellular α-S concentrations10-15 . Other factors, such as stress leads to increased
secretion of α-S into the extracellular space16-20 .
α-S is a small, soluble, intrinsically disordered protein of 140 aminoacids21-22 . α-S
concentrations in cells are estimated to range from 70-100 µM23 . In neurons, α-S is
ubiquitous, but it is particularly enriched in the nucleus and close to the synapse24-26 .
The physiological function of α-S is still debated, but it was suggested to be involved
in exocytosis27 and the regulation of the synaptic vesicle pool28-30 . Increased expression of α-S reduces neurotransmitter release by inhibiting synaptic vesicle reclustering
after endocytosis33 . α-S is constantly secreted by α-S expressing cells into the extracellular space21-22 . There, it can be taken up by other cells34-37 . The secretion is
increased under stress conditions including mitochondrial, proteasomal and lysosomal dysfunction, as well as oxidative stress38-42 . There are indications that α-S is
mainly secreted through unconventional exocytosis processes, which are independent
of the classical endoplasmic reticulum-Golgi pathway33, 39, 43 . After secretion, it can
be detected in body fluids such as plasma and cerebrospinal fluid44 .
The increased concentration of α-S in the extracellular space may have several
effects on the neuronal network. α-S was e.g. reported to cause inflammatory reactions by the activation of microglia cells45-47 . Further, we recently demonstrated
extracellular α-S to be capable of inducing the development of intracellular α-S inclusions, resembling Lewy Bodies (chapter 5). The role of α-S inclusions or Lewy Bodies
during disease is under debate. Sometimes they are reported to be toxic48 , but they
have also been indicated to improve cell survival49, 50 . Recent studies showed that
α-S inclusions may lead to progressive impairment of neuronal excitability and connectivity and cause neuronal death51 . The decreasing activity may result from dying
neurons, or vice versa, decreased activity may lead to neuronal cell death52, 53 . In α-S
knock-out mice, no impairment of basic brain functions or neuronal survival could be
observed54 . Hence, not the absence of α-S, but rather increased α-S levels seems to
be potentially be problematic.
Aiming to elucidate whether either α-S in monomeric or aggregated form interferes
with the viability and electrophysiology of neuronal networks, we here administer α-S
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to cultured networks of rat cortical neurons, monitor α-S aggregation and study the
effects on cellular viability, -functioning, as well as synaptic functioning.

6.2
6.2.1

Materials and Methods
Recombinant protein

The expression of human wild type α-S and the140C mutant (α-S 140C) with a single
alanine to cysteine substitution at residue 140 was performed in E. coli B121 (DE3)
using a pT7 based expression system. Details on the α-S purification procedure are
described else- where55 . Purified protein was stored at -80◦ C in aliquots until further
use. α-S A140C monomers were conjugated with AlexaFluor488 maleimide following
the manufacturers labeling protocol (Life Technologies, USA).

6.2.2

6

Primary neuron extraction and culture

The extraction and culturing of primary neurons was performed as described
elsewhere56 . In short, cells were obtained from new born (P1) Wistar rat pups. Both
(cortical) cerebral hemispheres were isolated in a sterile environment, minced and
trypsinized. The minced hemispheres where dissociated by trituration after which the
cells were ready to be plated on polyethylenimine-coated culture dishes (Acros Organics, USA) with glass bottoms or polyethylenimine coated coverslips (Sigma-Aldrich,
USA) to 60 % density. After 2 hours, adhered cells were washed with DMEM (Invitrogen, USA) and cultured in 900 µl, antibiotics-free R 12 medium without serum57
at 37◦ C with
5 % CO2 . Cell medium was refreshed twice a week by replacing 1/3rd of the medium
by the same amount of fresh medium. All research involving animals has been conducted according to Dutch law (as stated in Wet op de dierproeven), and approved
by DEC, the Dutch Animal Use Committee.

6.2.3

Immunocytochemistry

Cell samples were washed with PBS and fixed in 3.7 % paraformaldehyde/PBS solution. For immunolabeling, cells were permeabilized with 0.3 % Triton X-100 and 0.1 %
BSA in PBS. Autofluorescence was quenched with 50 mM NH4Cl in PBS. Thereafter,
primary antibodies (Table 1) were diluted 1:100 in goat serum dilution buffer (16 %
goat serum, 0.3 % Triton X-100, 0.3 M NaCl in PBS) and incubated overnight. The
next day, cells were washed 3 times with 0.3 % Triton X-100 and 0.1 % BSA in PBS
at room temperature. The appropriate secondary antibodies (Table 2) were diluted
1:100 in 0.3 % Triton X-100 and 0.1 % BSA in PBS and incubated with the sample
for 1 hour. For ThioS or phalloidin staining, fixed cells were incubated with 0.05 %
ThioS or 70 nM phalloidinalexa647 in PBS for 15 minutes. Nuclear counterstaining was
performed by incubation in 300 nM 4’,6-diamidino-2-phenylindole (DAPI) in PBS for
10 minutes. After washing with PBS, samples were mounted with mounting medium
(ibidi, Germany).

THE EFFECT OF ADDED α-S ON NEURONAL NETWORKS
antibody
α-S
α-S
α-S
MAP2

epitope
15-123
123-140
96-140
MAP2

Host species
mouse
guinea pig
rabbit
rabbit
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Source
BD biosciences
Abcam
Santa Cruz Biotechnology
Invitrogen

Table 6.1: primary antibodies

host
goat
goat
goat
goat
goat
goat
goat
goat
goat
goat

anti
mouse
mouse
mouse
mouse
mouse
rabbit
rabbit
rabbit
rabbit
guinea pig

conjugate
HRP
Alexa488
Alexa555
Alexa594
Alexa633
Alexa488
Alexa555
Alexa633
HRP
Alexa555

Source
Sigma
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Invitrogen
Invitrogen

Table 6.2: secondary antibodies

6
6.2.4

Confocal Microscopy

Confocal laser scanning microscopy images were obtained on a Zeiss LSM510 Confocal
microscope with 63 x oil immersion objective (NA=1.4, Zeiss, Germany) using the
appropriate laser lines (Argon laser (488 nm), Helium-Neon laser (543 nm), Argon
ion laser (633), Chameleon pulsed laser (340 nm, Coherent, USA). Images were taken
successively. Emission was detected using appropriate dichroic mirrors and filter sets.
Images were analyzed with the ZEN software 2009 (Zeiss, Germany).

6.2.5

Quantifying the number of α-S inclusions

To quantify the number of α-S inclusions, we obtained images of 3 random regions (150
µm x 150 µm) of samples containing the cells immunolabeled for α-S at different time
points with confocal microscopy. The fluorescence intensity from the α- inclusions
is typically very high. In the image analysis procedure we therefore set a threshold
above which only α-S inclusions were visible. The same threshold was applied to all
images. Next, we counted the α-S inclusions per image, averaged the data obtained
from the 3 different regions and calculated the number of inclusions/10.000 µm2 . The
thresholding procedure was performed using Photoshop (Photoshop CS5, version 12,
Adobe, USA).
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Immunoblot analysis

Cell were incubated in buffer [4x Laemmli buffer (8 % SDS, 240 mM Tris-Cl, pH 6.8),
100 mM DTT] for 15 minutes at room temperature and transferred to Eppendorf
tubes. The samples were boiled for 5 minutes and centrifuged for 2 minutes at 12000
rcf (IEC MicroMAX tabletop centrifuge). Subsequently, the proteins in the samples
were separated on a 12 % SDS-PAGE gel. The resulting gel was imaged (ex.: 488 nm,
TM
em.: 510-600 nm) on a gel imaging system (Gel Doc , Bio-Rad, USA).

6.2.7
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Metabolic activity assay/ Live dead assay

Cells were seeded in 24-well plates (Greiner Bio-One GmbH, Germany) to 60 % confluence. Subsequently, cells were incubated with 100 µM α-S monomers or 100 µM
rotenone for 1, 5 and 7 days. We used rotenone as an internal toxic control. Next,
cells were incubated with 0.5 mg/ml MTT in medium for 4 hours at 37◦ C in an atmosphere containing 5 % CO2 . The medium was discarded carefully and cells were
solubilized in DMSO. After cell solubilization, the metabolic activity was quantified in
a multiwell plate reader by measuring the absorbance at 540 nm (Tecan Ltd, Switzerland). The background absorbance was determined at 690 nm and subtracted from
the MTT signal. The shown MTT data of treated groups are normalized to a control
at the same time point. The live-dead and apoptosis assays were performed according
to manufacturers instructions (Invitrogen, USA). In short, cells were plated on glass
cover slips, washed with cold PBS and incubated with 100 µl /mL solution of propidium iodide (PI) and/or annexin V for 15 minutes at room temperature. Subsequently,
cells were washed with binding buffer. Images were obtained using an inverted fluorescence microscope (EVOS, AMG, USA) with a 20 x objective (N.A.=0.4, EVOS,
USA).

6.2.8

Micro electrode array

For electrophysiological experiments, cells were plated on one-well multi electrode
arrays (MEA; Multi Channel Systems, Reutlingen, Germany), containing 60 titanium
nitride electrodes (30 µm diameter and 200 µm pitch) and a ring forming a culture
well. To facilitate the combination of microscopy and electrophysiological recordings,
some experiments we performed on ITO MEAs, with transparent electrode leads. All
MEAs were pre-coated with poly ethylene imine. Cells were plated on MEAs at an
initial cell density of approximately 5000 cells per mm2 , which gradually decreased to
2500 cells/mm2 with aging. The culture well was filled with 900 µl in R 12 medium57 .
Neurons on the MEAs were cultured in an incubator, under standard conditions of
37◦ C, 90 % humidity, and 5 % CO2 in air. For electrophysiological recordings, we
firmly sealed the culture chambers with watertight but CO2 and O2 permeable foil
(MCS; ALA scientific), and placed the cultures in a measurement setup outside the
incubator while maintaining temperature, CO2 , and humidity. Recordings began
after an accommodation period of at least 20 minutes. After the measurements, the
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cultures were returned to the incubator. All experiments were done at least 20 days
after plating.

6.2.9

Activity recording and wave shape analysis

Action potentials (spikes) on MEAs are measured extracellularly and normally have,
depending on the location of the electrode on the neuron, a negative potential58 . The
firing rate in networks of primary neurons generally increases during the first three
weeks after plating. After that, from week 3 to week 7, only minor fluctuations are
observed and a fairly stable mean firing rate on a time scale of hours to days can be
observed59 . Firing patterns usually contained periods of seemingly uncorrelated firing, alternated by periods of highly synchronized firing at many electrodes (so called
network bursts). Data was recorded from all electrodes at a sample rate of 16 kHz,
using a custom made program that estimated the noise levels for each electrode in
real time. Potential spikes were stored whenever the signal exceeded a predefined
threshold of 5.5 times the estimated noise level. For each spike, the program stored
the time stamp, the recording electrode and 6 ms of the spike waveform (from 2 ms
before to 4 ms after the threshold crossing). The amplitude was derived from the
waveform by finding the maximum of the absolute value of all data points in the wave
form plot. Activity and wave shapes were averaged per electrode per 1 hour period.
In all experiments, only those electrodes that recorded action potentials with a correlation coefficient higher than 0.85, an absolute amplitude of more than 50 µV and
a minimum activity of more than 100 spikes/hour during baseline conditions were selected for wave shape analysis. Wave shape analysis was performed by calculating the
correlation coefficients per electrode between the average baseline wave shape and the
average wave shape at each particular hour. Following, correlation coefficients were
combined per experiment. Subsequently, correlation coefficients of all experiments
were combined and plotted against the average activity at these time points. Wave
amplitudes were combined and plotted using the same approach. For activity calculations, all electrodes were taken into account. Besides recording of spontaneous
activity, some cultures were electrically stimulated (bi-phasic square pulses, 200 µs,
16-32 µA, one stimulus pulse per 10 seconds during 25 minutes per two hours). In
these experiments, all data recorded between the start of the 25 minutes stimulation
period until 10 minutes after this period were not used for the analysis of spontaneous
activity, wave shape, and synchronicity.

6.2.10

Synchronicity analysis

Synchronized network bursts require synaptic transmission, and as such provide a
suitable indication of synaptic functioning. To analyze the synchronicity we determined a burstiness index (BI)60 . In short, 5 minute recordings were divided into 300
1 second long time bins and the total number of spikes in each bin, summed across all
electrodes was counted. The number of spikes in the 45 bins (15 % of all bins within
the 300 seconds period) containing the largest spike counts (f15) was expressed as a
fraction of the total amount of spikes in that 300 seconds period. Should most of the

6

116

CHAPTER 6

spikes occur in bursts, f15 will be close to 1; tonic firing should lead to a f15 ≈ 0.15.
We then defined a BI such that BI=(f15-0.15)/0.85, so that BI is normalized between
0 (no bursts) and 1 (burst dominated). Five minute periods with less than 600 spikes
were excluded from the analysis.

6.2.11

6

Stimulation experiments

To differentiate between neuronal and synaptic failure, cultures were electrically
stimulated61 . Electrical stimulation has been shown to induce a response in two
phases. The first phase results from direct stimulation of neurons in the near proximity of the stimulating electrode, as well as from (antidromic) activation of axons in
this area62 . The second phase, called network or late response, results from synaptic
transmission of the signals from the first phase to connecting neurons, thus creating a
wave of activity throughout the network. The first phase is relatively fast, it typically
terminates within 5-10 ms, and besides directly induced action potentials it may contain some synaptically induced spikes63 . The late phase, typically 15-300 ms after the
stimulus, contains only synaptically induced activity. Neural cultures were stimulated
at three pre-selected electrodes that were able to trigger a good network response at
the other electrodes within the network. The lowest required amplitude that was able
to induce a network response was determined and usually ranged between 16-32 µA.
The stimulation protocol consisted of random stimulation of one of the three selected
electrodes at 10 seconds intervals. Each electrode was stimulated 50 times, resulting
in a stimulation period of 25 minutes. The stimulation period was repeated every
2 hours. Direct responses and late responses were quantified by counting the total
number of action potentials in the 1-15 milliseconds latency interval (direct response)
and in the 15-300 milliseconds interval (late response). Only stimulation electrodes
that showed, on average, a minimal direct and late action potentials 60 events per
stimulation during baseline measurements were included in the calculations.

6.3
6.3.1

Results
Primary neurons contain endogenous α-S and take up
extracellular α-S

Rat primary neurons are widely used and accepted as a research platform for synucleinopathies64-67 . A key requirement for studying neuronal dysfunction in synucleinopathies is the expression of intracellular α-S. We hence tested our cultures for α-S
expression at different time points. Two weeks after plating, we observed expression of α-S by immunoblot analysis. The molecular weight of the endogenous α-S is
comparable to that of the recombinantly expressed α-S control sample. Additionally,
the cultures containing primary neurons were found to express the neuronal marker
protein MAP2. This is indicative of a neuronal protein expression pattern. After 3
weeks, we observed increased expression of both α-S and MAP2 while the expression
of the housekeeping enzyme GAPDH stayed constant (Fig. 1 A). Immunostaining
of the cells revealed α-S to be homogeneously distributed in the cells. This expres-
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sion pattern was not observed in all cells, indicating that different types of cells are
present. When α-S was expressed, we observed co-expression of the neuronal marker
MAP2, which is typical for neurons (Fig. 1 B).

6.3.2

Extracellular α-S can induce the aggregation of intracellular
α-S

To study a possible effect of extracellular α-S on intracellular α-S aggregation, we
investigated if α-S is taken up by the cells by adding fluorescently labeled monomeric
α-S (α-Salexa488 ) to the cell medium. With confocal microscopy, we observed significant uptake of α-Salexa488 by cells within 6 hours after addition. The exogenously
added α-Salexa488 could be observed everywhere in the cell, including in the cells
cytoplasm and nucleus (Fig. 1 C).

6.3.3

Monomeric exogenously added α-S hardly affects cell
viability and metabolic activity

Increased amounts of endogenous α-S can be toxic to cells48, 68-76 . To elucidate
whether this applies as well to exogenously added α-S, we evaluated the cytotoxic
effect of externally applied α-S on the cultures of primary neurons. Exposure to
α-S did not affect cell substrate adhesion as we did not observe increased numbers
of detached cells compared to control group (data not shown). Administering the
live/dead marker propidium iodide (PI) to primary neurons after 7 days showed a
slight decrease in cell viability compared to the untreated control group, and the cell
culture that was exposed to exogenously added α-S contained slightly more propidium iodide positive cells. Annexin V staining did not show any apoptotic cells in the
control and α-S exposed samples (Fig. 2 A). Since we hardly detected any effect on
cell viability, we next evaluated whether exogenously added α-S has an effect on the
metabolic activity as measured in a MTT assay. After exposure to α-S, we noted a
decrease in metabolic activity after 5 days. Two days later, after the medium was
partially replaced by fresh medium containing no α-S, the metabolic activity recovered to a value comparable to the activity of the control group. Rotenone was used as
a cytotoxic control and revealed a drastic decrease of metabolic activity after addition
(Fig. 2 B).

6.3.4

α-S monomers promote intracellular α-S inclusion formation

Recently, we discovered that the addition of exogenous α-S results in the formation
of α-S inclusions resembling LBs in cells (chapter 5). Confocal microscopy images
of cells that were immunolabeled for α-S showed that intracellular α-S inclusion had
formed after α-S administration (Fig. 3 A). Quantification of the amount of α-S
aggregates in these cultures showed that the number of α-S inclusions increases in
time (Fig. 3 B-H). Whereas only few α-S inclusions were found after 1 day of αS exposure, we noted a rapid development of more inclusions until nearly 60 α-S
inclusions per 10.000 µm2 were found at day 7 (Fig. 3 I).
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Figure 6.1: Primary neuronal cells express endogenous
α-S and neuronal marker MAP2. A) Immunoblot of cell lysate of primary neuronal
cells after 14 days shows immunoreactivity for MAP2 and α-S. The expression level
of MAP2 and α-S increases from 14 days to 21 days. GAPDH was used as internal
control. B) α-S and MAP2 can be clearly visualized in cells by after 14 days; cells
were fixed and fluorescently labeled; red: phalloidinalexa647 , cyan: α-Salexa594 , green:
MAP2alexa488 , blue: DAPI; confocal microscopy; scale bar 10 µm. C) Upon administration of 100 µM labeled α-Salexa488 and unlabeled α-S monomers (ratio 1:3), we
observed uptake of α-Salexa488 6 hours after administration; red: phalloidinalexa647 ,
green: exogenous α-Salexa488 , cyan: α-Salexa594 (endogenous and exogenous), blue:
DAPI; confocal microscopy ; scale bar 5 µm.
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Figure 6.2: α-S slightly reduces cell viability and changes metabolic activity.
A) Treatment of cells with 100 µM α-S for 7 days resulted in slight decrease of cell
viability measured by propidium iodide uptake. Dead cells were counted (3.7 cm2 )
and revealed 152 dead cells for the control and 164 for the α-S treated culture. No
apoptotic cells could be observed; scale bar: 50 µm. B). In cells treated with 100
µM α-S, we noted a slight increase in metabolic activity after Day 1. A decrease in
metabolic activity could be observed after 5 days. After 7 days, the metabolic activity recovered again to the initial level. Treatment with the toxin rotenone was used
as cytotoxic control and resulted in an instant drop in metabolic activity. Primary
neurons were cultured for 21 days, metabolic activity was assessed by MTT assay;
all given MTT values are relative to the control at the same day; n=6 for all groups;
paired students t-test: * signifies a p-value 5 0.05.

6
6.3.5

Exogenous α-S alters neuronal activity and synchronicity
but leaves the action potential amplitude unchanged

We investigated next how the additional α-S affects the activity of the neural network
by monitoring the electrophysiological activity of several neuronal networks. Initially,
all cultures were active (∼ 20 spikes per second) and their activity patterns included
periods of highly synchronized action potential firing, i.e. all cultures regularly showed
network bursts. After addition of α-S, we observed a drastic decrease in activity and
synchronicity (Fig. 4 A-B). We quantified this decrease and followed changes in the
activity and synchronicity over time for all the electrodes per experiment. We recorded
and averaged the data of eight experiments both before and after administration of
α-S. The activity data was normalized to the base line activity, before α-S exposure.
Initially, we could record action potentials from almost all electrodes: at later time
points however particularly starting beyond day 3, an increasing number of electrodes
became silent (Fig. 4 C). Monitoring the activity over a time period of 7 days revealed
an over 50 % initial increase in neuronal firing rate, directly after administration of
α-S, which lasted from a few hours up to a full day. The magnitude of the increase
varied per experiment as reflected by the relatively large error bars. After the initial
increase, the average neuronal activity decreased and dropped below baseline values
in approximately 24 hours. The decline in activity continued until day 5, when hardly
any activity was recorded any more. After a partial medium replacement at day 5, in
some experiments we observed a recovery of the activity of some neurons (Fig. 4 D). In
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Figure 6.3: Cells were exposed to
Exogenous α-S induces α-S inclusion formation in primary cells. 100 µM α-S
monomers for 1, 5 and 7 days. A) After α-S exposure, α-S inclusions were observed in the cells. B-C) Hardly any α-S inclusions formed in the control samples
after 1 and 7 days. D-F) The amount of α-S inclusions in cells exposed to exogenous
α-S increases in time. G-H) Magnification of α-S immunolabeled cell cultures at day
7. Whereas many α-S aggregates can be found in cells that were exposed to α-S
monomers (H), hardly any were detected in the control group (G). I) The number of
α-S inclusions per area increases drastically over time (α-S inclusions/10.000 µm2 ,
day 7 = 59 α-S inclusions); cells were fluorescently labeled with actinphalloidinalexa647 :
red and α-Salexa594 : cyan; confocal microscopy; scale bar 5 µM (A), 50 µm (B-F)
and 10 µm (G-H); α-S inclusions indicated by white arrows.
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two cultures, we continued the activity recordings until day 10, but we did not observe
a recovery and the neuronal activity consistently remained low (data not shown).
Monitoring and analyzing the synchronicity per experiment revealed a different trend
as that observed for the activity. The synchronicity remained stable for the first 2
days and then decreased in time. After 5 days the activity was too low to calculate the
synchronicity from the neuronal firing pattern (Fig. 4 E). A viable neuronal network
not only shows active, synchronized firing, but the action potential of functional
neurons also has a constant shape and amplitude59 . Therefore, we next analyzed the
shapes of the action potentials over time. Each represented action potential is the
result of the average of all action potentials recorded at a particular electrode within a
one hour period. Superposition of all resulting averaged action for an representative
electrode clearly shows that shape and amplitude of the averaged action potential
remains constant throughout the experiment (Fig. 4 F). This constant shape of the
action potential over time was observed for nearly all electrodes and was quantified
by calculating the correlation coefficients and amplitudes of all action potentials from
selected neurons (materials and methods) and plotting their averages against the
activity of the combined cultures at each time point. The resulting graphs show that
the amplitude and correlation coefficients do not depend on neuronal activity (Fig.
4 G-H). This indicates that in spite of the reduced activity and synchronicity the
neurons were able to generate normal and functional action potentials.

6.3.6

α-S aggregates can be found near electrodes recording
decreased activity

The addition of α-S to the neuronal network caused on the one hand the development
of α-S inclusions inside cells and on the other hand a decrease in neuronal network
activity and synchronicity. Hence, we speculate that the formation of α-S aggregates
is involved in this decrease. To substantiate this speculation and to elucidate whether
extracellular α-S monomers or intracellular α-S aggregates are involved in the decline
inactivity and synchronicity, we examined network activity after α-S administration
and α-S aggregate formation on single electrode level. On average, the activity of
neurons starts to decrease 1 day after α-S administration and falls below baseline
approximately after 3 days after post α-S (Fig. 4 C). To test whether this decline is
associated with α-S aggregate formation in the neuron, we picked single, representative active electrodes from two different MEAs and fixed the cells on the first MEA
after 3 hours and on the second after 40 hours after administration of 100 µM α-S.
During the first 3 hours the activity recorded at the electrode was fluctuating around
the mean baseline value. The fluctuations probably resulted from change of medium
(Fig. 5 A, left graph). As observed for the average activity, the activity of the selected
electrode dropped, in these 40 hours (Fig. 5 A, bar graph, middle). The shape and
amplitude of the action potential remained constant during both the 40 hours and
3 hours recordings (Fig. 5 A, left and right graph). Immunolabeling of the cells on
the MEA for α-S revealed significant differences in the amount of aggregated α-S on
and close to the electrodes. After 3 hours, we sporadically found an α-S inclusion
(Fig. 5 B, left panel). After 40 hours however, we observed a larger number of α-S

6

122

CHAPTER 6

6

Figure 6.4: Exogenous α-S decreases neuronal activity and synchronicity
of neuronal action potential firing pattern.
Primary neuronal cells were cultured for 3 weeks and subsequently exposed to 100 µM
α-S. Neuronal activity was recorded using microelectrode arrays. A) An example of a
recording of neuronal activity. On the vertical axis, all 60 electrodes are indicated and
each tick in the corresponding row represents an action potential. During baseline
recordings, started at 30 minutes before α-S administration, on average around 50
of the 60 electrodes were active and all activity patterns included network bursts.
B) Recording of the same network 4 days post α-S administration. Total neuronal
activity, the number of active neurons, and synchronicity dropped dramatically. C-D)
The average number of active electrodes and activity level was registered for 7 days.
The neuronal activity decreases after α-S administration and does not recover after 7
days. E) Neuronal firing synchronicity remained stable for 2 days and then decreased
indicated by the development of the burstiness index; BI=0 indicates no bursting;
BI=1 means that all spikes occur in bursts. F) The action potential shape of an
representative neuron remains unaltered, while its activity drops (dots; inset); colors
shift from blue to red indicates time (day 0 = blue, day 7 = red). G-H) The action
potential amplitude and correlation coefficient compared to baseline plotted against
neuronal activity remain unchanged. Error bars represent SEM; n = 8 independent
experiments.
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Figure 6.5: Decrease of neuronal activity correlates with formation α-S
aggregates found in proximity to the electrodes.
Primary neuronal cells were exposed to 100 µM α-S. Activity and α-S aggregation
was monitored on a single electrode level. A) Corresponding activity charts and
wave shapes of the particular electrode 3 hours and 40 hours after α-S administration; the color shift from blue (baseline) to red (last measurement) indicates the time.
B) Several α-S aggregates could be observed near the electrode after 40 hours. α-S inclusions indicated by white arrows, dashed lined indicate the position of the electrode,
confocal microscopy, n=15 for both groups (3 hours and 40 hours); immunolabeling
for α-Salexa594 : cyan and WGAalexa647 : red; scale bar 10 µm.

inclusions in the culture. These inclusions were also found in close proximity of the
measured electrode (Fig. 5 B). However, we expect more than one neuron to be in
in contact with the electrode and we were unable to identify the exact neuron, that
generated the signal. Hence, we could not determine whether this particular neuron
contained intracellular α-S aggregates.
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Synaptic transmission is hampered in α-S exposed neurons

Next, we examined the neuronal ability to respond to external stimuli, to shed more
light on why the activity and synchronicity of the neurons deceases in spite of their
ability to generate normal action potentials. In this experiment, we investigated
whether α-S exposed neurons can still be directly stimulated (first phase of stimulus
response, or direct response, see Materials and Methods) and whether they can transduce the signal to other neurons (late or network response). For this purpose, three
neurons per experiment were subjected to repeated electrical stimulation at 10 second
intervals, in random order. This protocol was repeated every two hours. Direct (5-15
ms latencies) and late responses (15-300 ms) that followed from each stimulation were
measured and normalized to baseline responses in the absence of α-S (Fig. 6 A). After α-S exposure, the direct responses remained relatively stable for approximately 3
days and then started to decrease. At that time, spontaneous activity dropped below
baseline as well (Fig. 4 D), suggesting that neurons with a direct connection to the
stimulated electrodes are able to generate action potentials and are therefore alive
(Fig. 6 B, Fig. 2). The late responses in contrast already starts to decrease approximately 12 hour post α-S administration. This decrease continued for 4 days until we
were no longer able to measure any late responses.Combined with the activity data
and quality of action potentials over time from figure 4 we deduce that although the
network activity initially increases, cellular communication is already inhibited at an
early stage. This suggests a problem at the level of synaptic communication rather
than at the level of the generation of action potentials.

6.4

Discussion

Increased α-S levels in brain cells and the extracellular space are associated with
the development and onset of synucleinopathies77-81 . An increase in the extracellular
concentration of α-S may be indicative of stress, since α-S is continuously secreted by
neurons in a stress dependent manner16-20 . Moreover, the α-S concentration in the
brain can be significantly increased by disease-related genetic defects such as a SNCA
gene multiplication. Increased extracellular α-S levels can result in the development
of α-S inclusions and significantly decrease viability in cell model systems (chapter 5).
The in vitro induced α-S inclusions in these model systems displayed key features of
LBs and are often associated with cell death48, 67, 82 . However, cytosolic α-S as well
as α-S inclusions have also been reported to have no influence or even to be beneficial
for cellular survival83, 84 . Although the effect of extracellular α-S and α-S inclusions
on cell viability and death have been discussed in the literature, hardly anything is
known about the effect of increased extracellular α-S levels and α-S aggregation on
the functionality of neuronal networks.

6.4.1

Elevated α-S levels do not affect cell viability

To elucidate the of effect increased α-S levels on neuronal networks, we added recombinantly expressed α-S to the growth medium of neural networks of cortical cells
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Figure 6.6: α-S interferes with intercellular communication and excitability of neurons.
Networks of primary cortical neurons are electrically stimulated before (day 0) and
after administration of 100 µM α-S. A) The first 15 milliseconds after stimulation
are dominated by action potentials that were directly triggered in neurons in the
immediate vicinity of the electrode and neurons with an axon in the electrode area
(direct response). These action potentials are synaptically propagated through the
network and neurons at other electrodes respond to this stimulus up to 300 milliseconds after the stimulation (late response). The progressing time is visualized by a
shift in color from blue (day 0) to red (day 5) every line represents the averaged result
of 12 stimulation periods (600 stimulations). B) Average development of direct and
late response, normalized to baseline values; direct stimulus response (red) and late
response (blue); n=10 electrodes in 4 different preparations.

derived from perinatal rat brains cultured on multi electrode arrays. In these neuronal networks we observed fast uptake of fluorescently labeled α-S. Six hours after
administration, α-S could be observed throughout the cells, it was localized in cellular
structures including neurites and the nucleus (Fig. 1 C). Recently, possible mechanisms on how extracellular proteins can enter the cytoplasm and gain access to the
endogenous α-S pool were discussed, yet the mechanism remains unclear38 . The addition of 100 µM α-S monomers had no noteworthy effect on cell viability or metabolic
activity at the time scales studied. We recently reported a significant decrease in
metabolic activity and cell viability in a SH-SY5Y neuroblastoma cell line upon exposure to same concentrations of α-S monomers. In this cell line the toxic effect
became apparent soon after administration (chapter 5). In primary neurons however,
the treatment with α-S seems to intervene less with the metabolic cycle of the cells
and cause less cell death. Apparently, during the first weeks the cytotoxic effects of
α-S exposure are only small in primary cultures, which is in agreement with findings
of Lee and co-workers67 . A major difference between cultures of a neuroblastoma cell
line and a primary neural cell culture is the presence of glial cells in the neural cell
culture. Glial cells generally fulfill a supporting function in neuronal networks; they
supply nutrients, oxygen, insulation, mechanically stabilize the culture and remove
pathogens. Cofactors excreted by glial cells, like glial cell line-derived neurotrophic
factor or ceramides expressed by glial cells were reported to promote synapse forma-
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tion and synapse functionality and neuronal survival85-87 . Hence, glial cells play an
active and important role in preventing neuronal degeneration and protect the neurons from α-S cytotoxicity, which may explain the observed differences with between
cultures of cortical cells and SH-SY5Y cells.

6.4.2

6

Effect of elevated α-S levels on electrophysiology

While neuronal viability remained unaffected by α-S administration (Fig. 2), we
observed in our electrophysiology experiments a decrease in i) the neuronal activity,
ii) in the amount of electrodes showing activity and iii) the level of synchronization
in neuronal networks after α-S administration (Fig. 4 C-E). The neural activity first
shows an increase of more than 50 %, followed by a progressive decrease starting 24-48
hours after α-S administration until the end of the measurements. In parallel to this
progressive decrease, the synchronicity started to decline and the amount of active
neurons dropped (Fig. 4 E). The direct response remained at a similar level for 3 days
and then started to decrease. In contrast to the direct response, the late response
to external stimulation already started to decrease 12 hours after α-S administration
(Fig. 6 B). Four days post α-S administration, the functionality of the neural network
was significantly reduced as exemplified by the decrease in activity to 25 % of the
baseline activity (Fig. 4 D), the reduction in ability to fire synchronously (Fig 4 E)
and the loss of the ability to generate a network response upon stimulation (Fig 6 B).
Looking in more detail at individual neurons in the α-S-treated network, however,
revealed the neurons themselves to be functional and healthy. Even after exposure to
α-S, neurons are able to generate action potentials with a normal amplitude and shape
even though only 20 % of the original network activity is left (Fig. 4 F-H). Although
the majority of neurons stopped firing after 4-5 days, the generated action potentials,
just before these neurons stopped firing, did not show alterations in amplitude or
wave shape indicating that neurons are functional and that their decreased activity
is probably caused by impeded synaptic transmission.
In our experiments we added monomeric α-S and observed α-S aggregation over
time. Aggregate-formation was rarely visible during the first 2 days. The observed
decrease in the functionality of the neuronal network indicated by the late response
(Fig 6 B) started earlier, soon after addition of α-S. It is not clear if this decline
in network functionality measured by intercellular communication is caused by α-S
in monomeric or aggregated form. Figure 5 B shows the presence of several α-S
aggregates near the electrode for which we determined the typical decrease in neuronal
activity. However, we could not determine of which neuron the activity was recorded
and we could hence not study whether it contained intracellular α-S aggregates.

6.4.3

Possible mechanism

The administered α-S may interfere in different ways with neuronal network functionality. In the following, we discuss the possible mechanisms that might play a role and
argue if these mechanisms would result in the observed decline in neuronal activity,
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early and late response.
Ion channels and membrane conductance
The addition of α-S to the medium may interfere with the well regulated membrane
polarization by binding and/or blocking specific non-synaptic ion channels in the
neuronal membrane88 , or otherwise alter membrane conductance89-93 . Many different types of ion channels regulate the transport of ions into or out of cells. In neurons,
these channels make neurotransmission possible by altering polarization of the neuronal membrane. In our model, interference with ion channel activity may either
occur extracellularly or even intracellularly, since we observed α-S uptake (Fig. 1 C).
A blocking and/or impairment of voltage-gated ion channels like the Na+ , K+ and
Ca2+ channels would necessarily affect the shape of the produced action potentials.
Additionally, blocked voltage-gated ion channels hamper the buildup and release of
trans-membrane potentials and would further affect both the direct and indirect neuron excitability94-96 . Our results show that neurons are still electrically excitable and
maintain the ability to generate normal action potentials, indicating that the function
of voltage gated ion channels is not significantly impaired by the addition of α-S.
Ion channels involved in synaptic functioning
α-S might prevent synaptic transmission by intervening with processes that occur presynaptically e.g. docking and fusing97, 98 post-synaptically e.g. signal transduction
from receptor to initiation of the ion channel cascade99-101 or inside the synaptic cleft
e.g. receptor blocking/stimulation and neurotransmitter sequestration101-104 . Such a
mechanism would not require the presence of α-S inclusions and/or would not necessarily reduce the health of the neurons in question. Interference in the synaptic
cleft could even be accomplished without prior internationalization of α-S. Blocked
ligand-gated ion channels in synapses like GABA (γ-aminobutyric acid) or glutamateactivated channels would in contrast to voltage-gated ion channels not necessarily
affect the shape of the action potential, and it would merely block transmission at
the affected synapse105-108 . Blocking of these channels would soon affect the indirect neuronal and not at once the direct excitability, and fits to our observations,
that indirect responses decline immediately after α-S administration. The ultimate
decline of the direct responses, which is not necessarily related to impaired synaptic
functioning might result from secondary damage, e.g. due to insufficient remaining
activity (Fig 6). Hence, impaired ion channels involved in synaptic functioning might
be responsible for the observed phenomena.
Transport
Another possible route by which administration of α-S may interfere with functionality of the neuronal network involves the aggregation of α-S and development of α-S
inclusions. Depending on the location, the formation of α-S inclusions may hamper
intracellular transport in axons thus preventing the supply of new neurotransmitter
filled vesicles to the synapse. This would allow synaptic transmission until the inclusions exceed a certain size and the vesicle pool is depleted109 . This process might take
a while to be noticed, because one action potential only uses approximately 0.5 % of
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the vesicle pool in neurons and the transmitter is also well taken up again110 . This
might explain the decrease of the direct and late response. Also the action potential
shape would remain unaffected.

6

α-S aggregates deplete intracellular α-S
The formation of intracellular α-S amyloid aggregates will result in the sequestration
of endogenous α-S and therefore decrease the intracellular α-S concentration. Three
to five days post α-S treatment, we clearly observed larger intracellular α-S inclusions,
however after 7 days, the inclusion number increased drastically (Fig. 3 I). Counting
the average amount of cells and inclusions after 5 days reveals that approximately 1/4
of the cell population might contain an inclusion whereas two days later the numbers
of cells and inclusions are almost equal. α-S is believed to play a role in the regulation of the synaptic vesicle pool available for release28-30 . α-S binds membranes and
changes the physical properties, like the curvature and lipid packing, of vesicles111, 112 .
When α-S is depleted, a dysregulation and impairment in e.g. vesicle exocytosis and
transmitter release may be expected as alteration of α-S levels or biophysical properties of vesicles results in vesicle trafficking abnormalities not only in the ER and Golgi
complex but also at the synapse1113 . In α-S knock-out mice, no severe impairment
of basic brain functions could be observed54 . We speculate that other proteins may
take over α-S-function in these systems. If α-S is however depleted in α-S expressing
cells, it may take time before these α-S-supporting or replacing protein can function
in an α-S-like manner. In our experiments, the declines in neuronal activity, early
and late response occurs before all cells contain aggregates. Therefore, although we
cannot exclude the existence of smaller pre-inclusion bodies, it seems improbable that
the α-S depletion plays a role the observed decline in synaptic activity.
Glial pathology and TLR (Toll-like receptor)
Glial pathology has been suggested to be a key factor in vitro and in vivo for dysfunctional neuronal networks. Accumulated evidence suggests that inflammation is
involved in the pathogenesis of a number of neurodegenerative diseases including
PD, Alzheimers disease, and multiple sclerosis114 . The onset and progression of
PD is accompanied by a robust inflammatory response essentially mediated by activated microglia in affected areas of the brain, which is thought to precede neuronal
degeneration115-117 . Extracellular α-S can also be endocytosed by astrocytes, which
thereupon express pro-inflammatory cytokines118 . Additionally α-S was shown to
activate and liberate microglia from the surrounding extracellular matrix, and the
subsequent migration of microglia is a hallmark for neuroinflammation118 . Preconditioning microglia with non-aggregated α-S has a remarkable impact on Toll like receptor (TLR)-mediated immunity stimulation119 . Hence, administering α-S to primary
cultures could potentially act as a priming factor for microglia to produce another
TLR response than in the absence of such priming119 . It has been indeed suggested
that microglia can undergo priming and signals from systemic infection or inflammation trigger an enhanced response that contribute to disease progression120 . By
this mechanism, specific infections or inflammatory stimuli could potentially act as a
trigger for a change in microglial response and acceleration of the onset of the disease.
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We observed a significant increase in neuronal activity shortly after addition of α-S
to the cultures. Pro-inflammatory cytokines are reported to lead to increase neuronal
activity and may decrease firing synchronicity121, 122 , supporting that inflammation
may play a role in the observed effect. This increased neuronal activity subsequently
leads to raised extracellular K+ concentration which may then force an increased
uptake of K+ into the surrounding astrocytes and result in a change in neuronal
activity123, 124 . However, this would not necessarily lead to a nearly complete decline
of neuronal communication we observed after 5 days.
Concluding, we are not able to pinpoint a single mechanism that is responsible for
the decline in neuronal functionality but can exclude e.g. that voltage-gated channels
are blocked by extracellular α-S. We postulate that a combination of mechanisms is
responsible for the observed effects. Nevertheless, we here clearly show that increased
extracellular α-S levels severely affects and influence neuronal functioning and recommend further research to tackle mechanisms that may play a role in neuronal network
dysfunctioning and the onset of synucleinopathies.

Abbreviations
BI
LB
LN
PD
PI
α-SalexaXXX
phalloidinalexa647
α-S
α-S 140C

burstiness index
Lewy body
Lewy neurite
Parkinson’s disease
Propidium iodide
mmunolabeled α-S with specific primary and secondary
antibody conjugated to Alexa Fluor R XXX
phalloidin with an Alexa Fluor R 647 label
α-synuclein
α-synuclein with a single alanine to cysteine substitution
at residue 140
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Supplemental Figures

Figure SI-6.1: α-S inclusions developed in axon-like structures after
treatment with α-S.
α-S inclusions developed in axon-like structures after treatment with α-S. Primary
neuronal cells were treated with 100 µM α-S. After 3 days, micrometer-sized α-S
inclusions were observed in the axon-like structures; cells are fluorescently labeled;
actinphalloidinalexa647 : red, α-Salexa594 : cyan: blue: DAPI; α-S inclusion indicated
by white arrows; confocal microscopy; scale bar: 10 µm.
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As for me, I am tormented with an everlasting itch for things remote. I love to sail
forbidden seas, and land on barbarous coasts.
(Herman Melville, Moby Dick; or, The Whale, Chapter 1)
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Abstract
The goal of the research described in this thesis was to shed light on the molecular mechanisms that contribute to the etiology of synucleinopathies, in particular
Parkinson’s disease (PD). We studied the protein α-synuclein (α-S) and presented
new insights on i) how α-S might functionally interact with actin, ii) the association
of α-S to vesicles in cells, iii) how α-S dysfunctions during aggregation and iv) how
α-S can cause a decline in neuronal network communication when added to the extracellular space. However, a number of questions remain unanswered, which I will
address in this chapter. This will lead to an outlook on how this research can be continued to pin down the function of α-S and to explain how its dysfunction contributes
to disease etiology and pathology.
In the following, I will summarize some results presented in this thesis and pose
additional questions that will help to reveal how my findings might be related to
pathology:
In chapter 2, we have shown in in vitro reconstituted protein systems and cell lines,
that instead of regulating actin polymerization by sequestering G-actin, α-S binds to
F-actin. We accordingly observed a high binding affinity of α-S to F-actin. Actin is
the most abundant protein in the cell1 , making up as much as 1 % of all proteins in
neuronal cells. In disease, α-S dysfunctions and aggregates to LBs. However, little is
known whether, or to which extent, the omnipresent actin influences α-S aggregation
in cells and if the F-actin/α-S complexes even contribute to LB pathology.

7

We demonstrate that α-S can accumulate into functionally different α-S inclusions in vitro and in vivo in chapter 5. Which type of inclusions prevalently forms
depended on the LB induction method. Additionally, we observed that the LB induction methods differed in toxicity. We therefore postulated one inclusion type to
be more toxic than others. However, we were not able to follow the fate of individual
cells developing intracellular α-S inclusions to study a direct effect on cell viability of
inclusion development. We can therefore not be sure that the differences in toxicity
of the induction method really arise from the formation of specific inclusions. Hence
the question remains whether the observed toxicity truly originates from a certain
inclusion type.
We observed and described α-S containing structures, smaller than the diffraction
limit, which were associated with membranes and revealed them to be nanometer-sized
vesicles with α-S on the surface in chapter 4. This finding underlines the postulated
function of α-S as a membrane binding protein2-6 . It is known that lipids can influence
α-S aggregation, for example by decreasing aggregation lag time7-10 . We hence posed
the question, whether the cytoplasmic nanometer-sized vesicles, positive for α-S might
be involved in the formation of α-S inclusions in cells and contribute to the pathology
of PD?
In this last chapter, we will address the points mentioned above by presenting and
discussing additional data to pinpoint promising future research directions.
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Lewy bodies and α-S inclusions

The formation of LBs is pathological hallmark of synucleinopathies11-14 . The role LBs
play in disease and why they form is unclear and debated15-17 . The main component
of LBs is α-S, which aggregates during the disease. Many other proteins are found to
co-aggregate in LBs. Of the additional proteins that are found in LBs, cytoskeletal
proteins constitute nearly 1/5th18 . Due to this high amount, cytoskeletal proteins
might severely influence α-S aggregation. Tubulin, for example, was reported to initiate and accelerate α-S aggregation in vitro 19 . This led to the proposition that tubulin
might be an important factor to trigger the formation of LBs and LNs in vivo. Protein damage or genetic factors may hereby increase the risk of aggregation, especially
in structures that bind multiple α-S molecules like membranes or tubulin. Other
cytoskeletal proteins found in LBs, like actin, may also influence α-S aggregation.

7.2

α-S and actin interaction might promote α-S inclusion
formation

We show that α-S and actin are possible interaction partners in chapter 2 and speculated that α-S stabilizes F-actin. We came to this conclusion because binding of α-S
increased the amount of polymerized actin (F-actin) in pellets after centrifugation
due to possible interactions between α-S covered filaments. In agreement with this
increase, we measured a high binding affinity of WT α-S for F-actin. Moreover, we observed intra-cellular α-S to colocalize with actin filaments in differentiated SH-SY5Y
cells. The functional interaction with actin seems to affect disease-related protein
aggregation. In Chapter 3 we reported that the interaction with actin could alter
α-S aggregation. Although binding to actin cannot prevent aggregation it slows down
the formation of a critical nucleus. Examining samples under conditions which promoted the aggregation of α-S and polymerization of actin, we observed colocalization
of F-actin and aggregated α-S.
Our recent experiments indicate that actin might be involved in the development
of α-S inclusions. After the formation of α-S inclusions was induced with the addition
of extracellular α-S to neuronal cells, we observed that shortly after α-S administration the cellular actin cytoskeleton disintegrated. At the same time, we observed
the formation of micrometer-sized F-actin clumps in the cultures (Fig. 1 A). A few
days after this observation, we detected huge intracellular α-S inclusions. Most interestingly, the obtained inclusions were clearly positive for F-actin (Fig. 1 B). This
colocalization of α-S and F-actin was not only observed in cells, but also for a human
brain sample of a patient diagnosed positive for LB disease (Fig. 1 C).
This implies that α-S dysfunction and the interaction of α-S with F-actin possibly
contributes to the formation of LBs during PD. We know that α-S has a high binding
affinity to F-actin. We speculate that the actin clumps are interconnected F-actin
filaments that got glued together by the additional α-S to form a wool hank-like
structure (Fig. 1 A). These F-actin clumps then possibly serve as a scaffold for α-S
inclusion formation, since we observed inclusion formation soon after the development
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of the actin clumps. This idea is supported by the observation that a lot of F-actin
could be found in the inclusions. However, several factors remain unclear. To induce
F-actin clumping, we added α-S to the medium of the cells. In chapter 6, we show that
α-S can be taken up by primary neuronal cells. Yet the uptake mechanism is unclear.
On the one hand it might enter the cell via endocytosis. In that case it is engulfed by
a membrane and has no direct contact with the cytoplasm and it is unsure whether it
is able to associate with the cytoskeleton. It has however been suggested to directly
cross the membrane on the other hand20 . By this mechanism, α-S would directly
gain access to the cytoplasm and could interact with actin. Further, in literature,
only A30P α-S was reported to have an actin cytoskeletal destabilizing effect and
induce actin-rich foci21 . Finally, we did not observe actin in all α-S inclusions in cells
or in vivo. This resulted in the conclusion that different pathways can probably lead
to a similar pathology. Thus, it is clear that the role of the interactions between α-S
and actin in the formation of α-S inclusions remains to be elucidated.

7.3

7

Further distinctive features of IPOD- and JUNQ
inclusions

We demonstrated the existence of functionally different α-S inclusions and LBs in
chapter 5. In contrast to JUNQ inclusions, IPOD inclusions lack the chaperone hsp70
and the proteasomal subunit LMP2. Further IPODs were located at different positions within the cell compared to the JUNQ inclusions, which we found mainly in
proximity to the nucleus22 . In literature22 , other properties to distinguish between
IPOD and JUNQ inclusions were reported in a yeast model, but we have not yet
included these differences to discriminate IPODS from JUNQs in our cell model. For
example, IPOD inclusions should have a much higher immobile α-S fraction than
JUNQ inclusions, since they serve as a long-term protein dump. Additionally other
proteins than lmp2 and HSP70 were reported to be useful to distinguish the two inclusions types, like proteasomes, p97 or ubiquitin. Including more tests to distinguish
IPOD from JUNQ inclusions will further consolidate our postulate that at least two
different types of LBs exist. Most strikingly, JUNQ, in contrast to IPOD inclusions,
were reported to be toxic by sequestering essential proteins from the cytoplasm and
blocking the proteasomal degadation22 . Accordingly, the more cytotoxic treatments
resulted in the formation of a lot more JUNQ inclusions in the cultures. We assume
the toxicity to arise from the JUNQ inclusions but also other mechanisms like membrane permeabilization or disruption by formed oligomers might be involved23-25 . To
be certain that JUNQ inclusions are the cause of cell death, additional experiments
need to be performed. Live cell imaging can shed light on this question. By inducing α-S inclusions in cells, one would have to search for JUNQ inclusions in living
cells and follow the cell fate over time. To prove the underlying toxic mechanism of
JUNQ inclusions, one could monitor time-controlled increase of the expression of the
sequestered chaperones after JUNQ inclusion formation. Increased expression should
enhance the probability of cell survival as shown for other proteins, e.g. the protein
huntingtin26 .
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Figure 7.1: Extracellular α-S induces F-actin clumping and can be found
in α-S inclusions and LBs.
A) α-S induced F-actin clumping in cells. Cells were cultured for 14 days and then
incubated with 100 µM WT α-S for 24 hours. Only in the group treated with αS disruption and clumping of the F-actin can be observed throughout the culture;
dotted square indicates magnified area; actin clumps are indicated by white arrows;
confocal microscopy; scale bars 20 µm. B) Exogenous α-S induces F-actin-positive
α-S inclusion in neuronal cells. Cells were incubated with 100 µM α-S for 5 days; α-S
inclusions indicated by white arrow; confocal microscopy images, scale bar: 10 µm.
C) F-actin colocalizes with Lewy bodies. In a mesencephalon sample of a patient
suffering from Lewy body disease α-S colocalizes with F-actin in Lewy Bodies and
F-actin forms a dense core; confocal microscopy; scale bar: 10 µm; cells and human brain sample were fluorescently labeled: F-actin: phalloidinα-S alexa647 (red),
α-S: alexa594(magenta, cyan) and DNA: DAPI (blue); the brain sample was kindly
provided by Casper Jansen, Pathology lab Oost-Nederland.
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Figure 7.2: α-S cluster-like structures can be observed in α-S inclusions
in SH-SY5Y cells and associated with LBs in diseased human brain.
A) α-S inclusion formation in GFP-SH-SY5Y cells was initiated by the addition of
pre-aggregated α-S fibril fragments to the cell medium. In proximity of the induced
inclusions, the α-S clusters concentration was found to be high (red arrows indicate α-S clusters). Inside the α-S inclusion, vesicle-like structures positive for α-S
could be observed (blue arrows); cells were immunolabeled with α-S alexa594 ; whitedotted square indicates magnified area; STED microscopy, scale bar 10 µm and 3 µm.
B) Sample of mesencephalon of patient suffering from LB disease was immunolabeled
for α-Sα-S alexa594 . LBs and LNs can be observed, and are indicated by white arrows.
Enlargement of LBs reveals α-S cluster-like structures associated to LBs; α-S clusterlike structures are indicated by red arrows; white-dotted square indicates magnified
area; STED microscopy; scale bar 5 µm; the brain sample was kindly provided by
Casper Jansen, Pathology lab Oost-Nederland.
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α-S cluster-like structures are found in α-S inclusions

In chapter 4, we discuss the occurrence of α-S spots that are smaller than the diffraction limit inside cells. We revealed these spots to be nanometer-sized vesicles with
many α-S molecules bound to the vesicle surface and refer to the dots as α-S clusters.
α-S clusters were ubiquitous in the studied cells. However, after inducing the formation of α-S inclusions, we sometimes observed them in high density in the proximity
of α-S inclusions. With high resolution imaging, we were also able to show that α-S
positive vesicle-like structures resembling slightly bigger α-S clusters were present in
the inclusions, suggesting α-S clusters to be somehow involved in inclusion formation
(Fig. 2 A). Most interestingly, we observed these α-S cluster-like structures not only
in the PD cell model, but also in vivo. Here, the α-S-like structures were extremely
concentrated in close proximity of the LB (Fig. 2 B).
Amyloid deposits from several human diseases have been found to contain membrane lipids27, 28 and lipids play an important role in the pathology of PD29, 30 . However, whether the α-S cluster-like structures found inside α-S inclusions and close to
LBs are really α-S associated vesicles remains a speculation at best, and needs further
study. Since they are found inside α-S inclusions, they might somehow contribute to
inclusion formation, however more research needs to be performed to elucidate their
possible role in LB formation.
In conclusion, the research presented in this thesis has identified many more questions that remain to be elucidated, but has also established the basis for new strategies
to unravel mechanisms that are involved in the formation of α-S aggregates in vitro
and in vivo.
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