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Abstract
Almandoz Gil, L. 2018. Characterization of Physiological and Pathological Alpha-Synuclein.
Implications for Parkinson’s Disease and Related Disorders. Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of Medicine 1434. 65 pp. Uppsala: Acta
Universitatis Upsaliensis. ISBN 978-91-513-0248-5.

Aggregated alpha-synuclein is the main component of Lewy bodies and Lewy neurites,
intraneuronal inclusions found in the brains of Parkinson’s disease (PD) and dementia with
Lewy bodies (DLB) patients (synucleinopathies). Alpha-synuclein is a presynaptic protein,
which is most commonly an unfolded monomer in its physiological state. However, under
pathological conditions it can start to misfold and enter an aggregation pathway that will lead
to the formation of oligomers of increasing size and finally insoluble fibrils. The oligomers
have been hypothesized to be the most neurotoxic species, but studies of their properties have
been hindered by their heterogeneity and kinetic instability. The overall aim of this thesis
was to characterize and compare physiological and pathological forms of alpha-synuclein
from different sources: recombinant monomers, oligomers formed in vitro through exposure
to oxidative stress related reactive aldehydes, aggregates from a synucleinopathy mouse model
and from synucleinopathy patients.

In paper I we studied the effect of low molar excess of two lipid peroxidation products,
4-oxo-2-nonenal (ONE) and 4-hydroxy-2-nonenal (HNE), on the oligomerization of alpha-
synuclein. Through biophysical methods we observed that, although both aldehydes bound
to alpha-synuclein directly, ONE produced SDS-stable oligomers more rapidly than HNE.
Moreover, ONE induced oligomerization at both acidic and neutral pH, while HNE only formed
oligomers at neutral pH.

In paper II we mapped the surface exposed epitopes of in vitro and in vivo generated alpha-
synuclein species by using immunoglobulin Y antibodies raised against short linear peptides
covering most of the alpha-synuclein sequence. Monomers were found to react with most
antibodies, while the latter part of the N-terminus and mid-region of HNE oligomers and
fibrils was found to be occluded in oligomers and fibrils. Through immunohistochemistry we
compared alpha-synuclein aggregates in brain tissue from patients with synucleinopathies as
well as from a mouse model expressing A30P human alpha-synuclein. Although the exposed
epitopes were found to be similar overall, subtle differences were detected in the C-terminus.

An additional aim of this thesis was to characterize synaptic aggregates of alpha-synuclein.
In paper III we obtained synaptosomal preparations of the A30P mouse model and found that
a subset of the alpha-synuclein present in the synaptosomes was proteinase K resistant and
therefore aggregated. Further biochemical analyses showed that the aggregated alpha-synuclein
mainly was of human, i.e. transgenic, origin and that Ser 129 was not phosphorylated, which
otherwise is a common post translational modification of alpha-synuclein in Lewy bodies.

It has been suggested that alpha-synuclein plays a role in neurotransmitter release by binding
to the SNARE protein VAMP-2 and thereby chaperoning the SNARE complex assembly. In
paper IV we used proximity ligation assay to visualize the co-localization of alpha-synuclein
and the SNARE proteins in primary neurons from non-transgenic and A30P transgenic mice.

In conclusion, in this thesis we have characterized a variety of alpha-synuclein species and
shed light on the diversity of alpha-synuclein aggregates. Additionally, we have characterized
synaptic species of alpha-synuclein and analyzed the co-localization between alpha-synuclein
and SNARE proteins in neurons.
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A smooth sea never 
made a skilled sailor 

- Anonymous 

Caminante, son tus huellas 
el camino y nada más; 

Caminante, no hay camino, 
se hace camino al andar. 

Al andar se hace el camino, 
y al volver la vista atrás 
se ve la senda que nunca 
se ha de volver a pisar. 

Caminante no hay camino 
sino estelas en la mar. 

- Antonio Machado 
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Introduction 

Synucleinopathies 
Synucleinopathies are a subset of neurodegenerative diseases, which include 
Parkinson’s disease (PD), dementia with Lewy bodies (DLB) and multiple 
system atrophy (MSA). Their common feature is the presence of pathologi-
cal aggregates of insoluble, fibrillar alpha-synuclein in selective populations 
of neurons and glial cells [1–3] (Fig. 1).  

Figure 1. Lewy body pathology in the substantia nigra of a DLB patient. Immuno-
histochemical staining of Lewy bodies (white arrowheads) and Lewy neurites (black 
arrowhead) with an IgY antibody against alpha-synuclein amino acids 1-10. 

Parkinson’s disease is a neurodegenerative disorder with an estimated preva-
lence of 0,3 % in the general population and 1% in people over 60 years of 
age [4]. The four typical motor symptoms of PD are bradykinesia or slow-
ness of movement, resting tremor, posture instability and rigidity. These 
symptoms are associated with the selective death of dopaminergic neurons in 
the substantia nigra pars compacta, which leads to a decrease in dopamine 
levels [5]. Additionally, as other neural systems and organs are also affected 
in PD, an array of non-motor symptoms can arise, including cognitive im-
pairment, sleep disorders, depression and sensory symptoms [6, 7]. The oth-
er main neuropathological feature is the presence of intracellular fibrillary 
inclusions in the brain stem called Lewy bodies and Lewy neurites, com-
posed by aggregated alpha-synuclein and other proteins [1, 3].  
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The disease arises in two forms: sporadic or familial [8]. In the familial 
type, mutations in various genes (most significantly in the genes of alpha-
synuclein, LRRK2, parkin, PINK1 and DJ-1 [9–13]) can be inherited in au-
tosomal dominant or autosomal recessive fashion. Although there is no cure, 
drugs like L-DOPA, dopamine agonists, and MAO-B inhibitors, as well as 
surgical treatments like deep brain stimulation, can be used to alleviate 
symptoms [14, 15]. Additionally, both active [16, 17] and passive [18, 19] 
immunization have been found to reduce alpha-synuclein levels in animal 
models and, therefore, several alpha-synuclein vaccination programs are 
currently under evaluation in clinical trials [20, 21]. 

Dementia with Lewy bodies is the second most common form of demen-
tia, after Alzheimer’s disease (AD), and it affects approximately 15% of all 
dementia patients [22–24].  In addition to dementia, which is essential for a 
DLB diagnosis, the core clinical features are fluctuating cognition, parkin-
sonism, REM sleep behavior disorder and recurrent visual hallucinations. 
The pathology is characterized by the presence of Lewy bodies in cortical 
areas, which later in the disease affect large parts of the brain. Parkinson’s 
disease with dementia (PD dementia) shares many similarities with the neu-
ropathological profile of DLB, but PD dementia is diagnosed when the de-
mentia appears after 1 year from the PD diagnosis [25]. 

Multiple system atrophy is a rare, adult-onset, progressive neurodegenera-
tive disorder characterized by autonomic failure, cerebellar ataxia, varying 
degrees of parkinsonism, urinary dysfunction and corticospinal disorders 
[26]. The annual incidence rate is estimated at three new cases per 100.000 
people [27]. Typically it involves the degeneration of striatonigral and 
olivopontocerebellar structures. Glial cytoplasmic inclusions containing 
alpha-synuclein are a hallmark of this disease [26].  

There are other disorders where alpha-synuclein fibrillary inclusions are 
present. For example, a significant number of AD patients (estimates vary 
between 7-30%) present Lewy body pathology, in addition to having extra-
cellular amyloid-beta plaques and intracellular neurofibrillary tau tangles 
[28]. Other diseases with alpha-synuclein deposits include pure autonomic 
failure and neuroaxonal dystrophies [29]. The fact that a number of diseases, 
exhibiting a variety of symptoms, have the presence of alpha-synuclein in-
clusions in common indicates that they may share a common pathological 
mechanism. These findings point to the importance of further elucidating the 
function and dysfunction of alpha-synuclein. 

Alpha-synuclein 
Alpha-synuclein is a 140 amino acid protein which is mainly expressed in 
the central nervous system, primarily in the presynaptic nerve terminals [30]. 
Together with beta-synuclein and gamma-synuclein, it is part of the synucle-



 15

in family which has only been described in vertebrates [31]. Alpha-synuclein 
was first discovered in humans when Uéda and colleagues purified a short 
peptide from the amyloid beta plaques of AD patients, which they named the 
non-amyloid component (NAC). Its precursor, the non-amyloid component 
precursor protein (NACP) was described in the same study [32] and could be 
identified as alpha-synuclein, previously found in Torpedo (electric ray) 
electroplaques and rat brain [33]. In later efforts, no evidence for NAC was 
found in amyloid beta plaques, hence this finding remains controversial [34]. 

Alpha-synuclein can be divided into three structural domains (Fig. 2): an 
amino-terminus (N-terminus) that interacts with lipids (1-60), a hydrophobic 
core region that encompasses the previously mentioned NAC peptide (61-
95) and an acidic carboxyl-terminus (C-terminus) with random coil structure 
(96-140). From residues 1-95, it contains seven imperfect repeats of 11 ami-
no acids with a KTKGEV consensus sequence [31, 35]. The sequence of the 
N-terminus is highly conserved within the synuclein family, while the hy-
drophobic mid-region and the C-terminus differ amongst them. 

 
Figure 2. Nuclear magnetic resonance (NMR) prediction of micelle-bound human 
alpha-synuclein structure (1xq8, from the protein data bank,[36]). The N-terminal 
region (red, 1-60) is amphipathic and can bind to lipids, the NAC region (green, 61-
95) consists of hydrophobic residues and the C-terminus (blue, 96-140) forms a 
random coil. The black dots indicate the missense mutations associated with familial 
PD (A30P, E46K, H50Q, G51D, A53T and A53E), which are all in the N-terminal 
region. 

Under physiological conditions, cytosolic alpha-synuclein appears to be an 
unfolded monomer with little secondary structure [37]. However, it has been 
suggested that in its native state it forms a helically folded tetramer which 
does not aggregate over time [38]. Upon binding to lipid membranes, alpha-
synuclein folds into one of two possible alpha-helical conformations in its N-
terminus, either a single extended alpha helix or two anti-parallel alpha-
helices [39, 40]. Due to the structure of its N-terminus, alpha-synuclein can 
sense and generate membrane curvature and it binds preferentially to highly 
curved membranes [41, 42]. Additionally, it has recently been observed that 
it can multimerize in the presence of membranes [43]. 
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The pathological properties of alpha-synuclein were first discovered when 
it was found to be the main fibrillar component of Lewy bodies and Lewy 
neurites, the hallmark lesions in the brain of PD patients and other similar 
neurodegenerative disorders [1, 2]. Duplications and triplications of SNCA, 
the alpha-synuclein gene, [44, 45] and six missense point mutations (A53T, 
A30P, E46K, H50Q, G51D, and A53E [9, 46–50]) have all been found to 
cause familial forms of synucleinopathies. In addition, genome-wide asso-
ciation studies have revealed that variants of SNCA are associated with spo-
radic PD [51, 52]. 

The SNARE proteins  
Soluble N-ethylmaleimide-sensitive factor attachment protein receptor 
(SNARE) proteins form a superfamily of small proteins that share the 
SNARE motif, a conserved coiled-coil stretch of 60-70 amino acids [53, 54]. 
The function of the SNARE proteins is to mediate membrane fusion in ve-
sicular trafficking in eukaryotes. SNARE proteins on opposing membranes 
form a bundle of four alpha-helices, called the SNARE complex, which re-
leases the free energy needed to bring the membranes together and start their 
fusion [55]. The SNARE proteins are classified as either v-SNAREs (vesi-
cle-membrane SNAREs) or t-SNAREs (target-membrane SNAREs) depend-
ing on which membrane they are localized, but as not all SNARE proteins 
could be included in these categories, a new classification was developed 
where the SNARE proteins were arranged according to the amino acid pre-
sent at a characteristic position in the SNARE motif: either a glutamine (Q) 
or an arginine (R). There are three glutamines (Q) and one arginine (R) in 
the helical bundle and therefore the SNARE proteins were reclassified into 
Q-SNARE proteins (Qa, Qb and Qc, specifically) and R-SNARE proteins. 
Usually, R-SNAREs are v-SNARE proteins and Q-SNAREs are t-SNARE 
proteins [53, 54]. 

The SNARE proteins that have been most extensively studied are those 
that mediate neuronal exocytosis by fusing the membrane of the synaptic 
vesicles to the plasma membrane at the pre-synapse, i.e., syntaxin-1, SNAP-
25 and VAMP-2/synaptobrevin-2 (Fig. 3). The SNARE motifs of VAMP-2 
and syntaxin-1 (R and Qa, respectively) are bound to a transmembrane do-
main, which is usually the norm in SNARE proteins. In contrast, SNAP-25 
contains two SNARE motifs (Qb and Qc). As VAMP-2 is positioned in the 
synaptic vesicle membrane and syntaxin-1 and SNAP-25 are in the plasma 
membrane, when the four motifs form the helical bundle, i.e., they form the 
SNARE complex, the two membranes are pulled together and the fusion 
takes place [56, 57].  
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Figure 3. SNARE proteins. A) The domain structures of VAMP-2, syntaxin-1 and 
SNAP-25. The three SNAREs share the SNARE motif (R, Qa, Qb, Qc respective-
ly).VAMP-2 and syntaxin-1 also have a transmembrane domain (TMD) in the C-
terminus. Additionally, syntaxin-1 has a regulatory domain (Habc) in the N-
terminus. B) The SNARE complex is composed of the four helical SNARE motifs. 
Their assembly triggers the fusion between the membranes of the synaptic vesicle 
and the presynapse. SNARE complex structure 1N7S, from the protein data bank, 
[58]. 

Several other proteins are involved in the exocytosis of synaptic vesicles, 
although their precise molecular mechanisms have still not been fully eluci-
dated. Munc18 is a protein that binds to syntaxin-1 and, together with anoth-
er protein of the same family, Munc13, is involved in guiding the SNARE 
complex assembly [59, 60]. Deletion of either one of them causes the com-
plete inhibition of exocytosis [61, 62]. Synaptotagmins (specifically 1, 2 and 
9) are calcium detecting proteins that are bound to the membrane of synaptic 
vesicles and regulate calcium-triggered exocytosis [63]. Complexins are 
small proteins that bind to the surface of the partially assembled SNARE 
complex and are believed to have a dual function: they can promote or inhib-
it fusion [64, 65]. 

The physiological function of alpha-synuclein in the 
synapse 
The function of alpha-synuclein is one of the most controversial topics in the 
field. Due to its presynaptic localization in neurons and its ability to interact 
with membranes, it was hypothesized early on that alpha-synuclein could 
have a function related to neurotransmitter release [33, 39]. Alpha-synuclein 
does not seem to be necessary for synaptic transmission in general, as it is 
only present in vertebrates and alpha-synuclein knockout mice are viable and 
present normal brain architecture, but nevertheless alpha-synuclein has been 
found to be involved in many aspects of neurotransmitter release (reviewed 
in Burré, 2015 [66]) (Fig. 4). 
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Figure 4. The functions of alpha-synuclein in the synapse include: 1) Regulation of 
dopamine metabolism through interaction with several proteins involved in dopa-
mine synthesis and transport. 2) Maintenance of vesicle pools through clustering of 
vesicles. 3) Chaperone role in the assembly of the SNARE complex through interac-
tion with VAMP-2. Two types of physiological monomeric alpha-synuclein are 
depicted in the diagram: unfolded and membrane-bound alpha-helical alpha-
synuclein. 

Alpha-synuclein has been proposed to have several roles in the metabolism 
of dopamine. It can inhibit the activity of tyrosine hydroxylase, the enzyme 
that catalyzes the rate limiting step of dopamine synthesis, by directly bind-
ing to it [67]. Over-expression of alpha-synuclein causes a reduction of tyro-
sine hydroxylase activity and dopamine synthesis [68, 69]. It can also inhibit 
the activity of dopa decarboxylase, the enzyme that converts L-DOPA into 
dopamine [70]. Alpha-synuclein also affects the vesicular dopamine trans-
porter VMAT2, which transports dopamine and other monoamines from the 
cytosol into the synaptic vesicles. Knocking down alpha-synuclein increases 
the density of VMAT2 per vesicle and overexpressing it resulted on the in-
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hibition of VMAT2 activity [71]. Additionally, alpha-synuclein can directly 
bind to the dopamine transporter (DAT) [67], but research on the effects of 
this interaction has yielded conflicting results: overexpression of alpha-
synuclein has resulted in an increased [72] or decreased [73] uptake of do-
pamine. 

Alpha-synuclein has been reported to chaperone the assembly of the 
SNARE complex by binding its C-terminus to the N-terminus of VAMP-2 
[74]. It seems to exert this function through cooperation with chaperone 
CSPalpha, as transgenic expression of alpha-synuclein rescued the lethal 
neurodegeneration caused by the knockout of  CSPalpha in mice [74, 75]. 
However, this hypothesis has been questioned since alpha-synuclein has 
been found to inhibit SNARE-mediated vesicle fusion in vitro by binding to 
the lipid membrane directly, without any binding to SNARE proteins [76, 
77]. Overall, alpha-synuclein seems to be involved in the regulation of the 
fusion of the synaptic vesicles to the plasma membrane at the synaptic cleft. 

Before the fusion event happens, alpha-synuclein is involved in the regu-
lations of the size and the release properties of the pools of synaptic vesicles 
[78, 79]. It has been proposed that alpha-synuclein multimers cluster synap-
tic vesicles and restrict their trafficking, thus regulating vesicle recycling 
[80]. Cryoelectron tomography studies have shown that alpha-synuclein also 
impacts the size of the presynapse and the synaptic vesicle pool organization 
[81].  

Additionally, when studying mRNA levels of alpha-synuclein in specific 
regions of the brain of the zebra finch, a reduced expression was found in 
regions related to bird song during song acquisition, suggesting a role in 
synaptic plasticity. However the related mechanisms remain poorly under-
stood [82]. 

Although research has focused on the synaptic function, the role of alpha-
synuclein in other organelles has also been studied. The presence of alpha-
synuclein in the nucleus is debated [83], but it has been suggested that it 
could be involved in gene regulation by interacting with histones [84, 85]. 
Several functions of alpha-synuclein in the mitochondria have been reported, 
including the regulation of mitochondrial dynamics [86] and the mainte-
nance of calcium homeostasis in the mitochondria [87]. 

Alpha-synuclein aggregation 
Protein misfolding and aggregation are key to the pathogenesis of several 
neurodegenerative diseases, including the synucleinopathies. The first step 
of the aggregation pathway of alpha-synuclein is a conformation shift of the 
disordered monomer, which results in a partially folded monomeric interme-
diate (Fig. 5). This intermediate molecule has the ability to self-assemble and 
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form oligomers and protofibrils of increasing sizes [88]. Finally, insoluble 
fibrils are formed which exhibit parallel beta-sheet conformation [89]. 

 
Figure 5. Aggregation pathway of alpha-synuclein. The natively unfolded protein 
can shift its conformation, become partially folded and start self-aggregating. These 
soluble intermediate molecules will become larger in size, from oligomers to proto-
fibrils. Finally they will form insoluble fibrils that will constitute the Lewy bodies. It 
is not completely clear which of these aggregates have pathological effects, but 
increasing evidence indicates that oligomers and protofibrils are the neurotoxic spe-
cies. 

The A53T, A30P, E43K, and H50Q mutations present in patients with famil-
ial synucleinopathies have been found to increase aggregation of alpha-
synuclein in vitro [90–92]. Additionally, it was recently suggested that the 
common denominator for the pathological effect of the missense mutations 
is an increased tetramer destabilization leading to the formation of aggrega-
tion prone unfolded monomers [93]. However, this has not yet been verified 
in other studies. These findings support the hypothesis that the aggregation 
process is central to the neuropathological effect of alpha-synuclein.  

It is not certain if the aggregation on itself is neurotoxic or if its deleteri-
ous effects are due to an indirect loss-of-function, as alpha-synuclein is una-
ble to fulfill its physiological role while sequestered in inclusions. Triple 
knock-out synuclein mice exhibit neuronal dysfunction only in the long term 
compared to the more dramatic consequences of over-expression of alpha-
synuclein, which in certain studies was found to inhibit neurotransmitter 
release [74, 94, 95]. These features support the notion that pathological al-
pha-synuclein exerts a toxic gain-of-function. Furthermore, in a study which 
systematically generated mutants spanning the entire alpha-synuclein mole-
cule and studied their consequences in physiological and pathological con-
texts, it was found that functionally inactive alpha-synuclein does not neces-
sarily cause pathology [96]. 
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Alpha-synuclein oligomers 
One of the biggest challenges when studying alpha-synuclein aggregation is 
the heterogeneity and transient nature of the alpha-synuclein oligomers. A 
wide range of methods have been used to stabilize oligomeric alpha-
synuclein species in vitro, including protein lyophilization [97, 98], incuba-
tion with lipid membranes [98], chemical modifications such as oxidation 
and nitration [99, 100], and addition of chemical compounds such as dopa-
mine, baicalein and epigallocatechin gallate [101–103]. These oligomers 
have been found to be extremely heterogeneous in secondary structure, size 
and morphology; as they can exhibit different shapes, such as spheres, chains 
or annular structures [104]. They can either be on-pathway or off-pathway, 
i.e. they will eventually form fibrils or they will be kinetically stable and 
remain in an oligomeric state (Fig. 5). An important question that still re-
mains mostly unanswered is how similar these in vitro oligomers are to the 
alpha-synuclein oligomers found in vivo. Detection through conformation 
specific antibodies [105] and fluorescent assays like bimolecular fluores-
cence complementation and oligomeric proximity ligation assay [106, 107] 
are methods that can be used to assess the localization and size of oligomers 
in vivo, but the structural and morphological information that can be ob-
tained from these methods is limited. 

Another central question is the identity of the neurotoxic species in the 
aggregation pathway of alpha-synuclein. The intermediate size aggregates, 
i.e. the oligomers and protofibrils, are believed to be the most likely candi-
dates. A wide range of pathogenic effects of alpha-synuclein oligomers have 
been described: they can alter structural components of the cell including the 
cytoskeleton [108] and the membrane, which they can permeabilize by form-
ing pore-like structures [97]. This results in an increased calcium influx 
which can trigger cell death [109]. They can also induce endoplasmic reticu-
lum stress since applying alpha-synuclein oligomers onto cells caused a 
strong activation of the endoplasmic reticulum stress marker X-box-binding 
protein 1 [110]. In line with this observation, accumulation of alpha-
synuclein oligomers can be detected in the endoplasmic reticulum of animal 
models of Lewy body disorders [111, 112]. Additionally, alpha-synuclein 
oligomers have been found to impair the two major protein degradation sys-
tems, the autophagy-lysosomal pathway and the ubiquitin-proteasome sys-
tem [113]. Mitochondrial morphology and function can also be affected by 
alpha-synuclein oligomers [114, 115]. Finally, alpha-synuclein aggregates 
could promote inflammatory responses, as it has been shown that they can 
activate microglia [116, 117]. All in all, it seems likely that alpha-synuclein 
oligomers exert a toxic effect through a combination of mechanisms. 
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Oxidative stress and ONE- and HNE- induced alpha-
synuclein oligomers 
Oxidative stress is defined as an imbalance between the biochemical pro-
cesses that produce reactive oxygen species (ROS) and those responsible of 
their clearance [118]. Such species have a harmful effect in cell metabolism 
as they can damage all types of biomolecules (carbohydrates, lipids, proteins 
and nucleic acids). The central nervous system is particularly sensitive to 
oxidative stress due to the high utilization of oxygen and the relatively low 
content of antioxidants and related enzymes. Moreover, it contains a high 
concentration of polyunsaturated lipids, which are particularly prone to oxi-
dation [119]. 

One of the consequences of oxidative stress in the nervous system is a 
process known as lipid peroxidation, where ROS oxidize lipids (either the 
lipid bilayers of cellular membranes or circulating lipoproteins) producing 
reactive aldehydes such as 4-oxo-2-nonenal (ONE) and 4-hydroxy-2-nonenal 
(HNE) [120] (Fig. 6). The HNE molecule is highly reactive towards thiol 
and amino groups and it modifies proteins by reacting with cysteine, lysine 
and histidine [121]. The ONE molecule shares the same molecular structure 
as HNE, with the exception of a carbonyl group at the C4 position, instead of 
a hydroxyl group [122]. Moreover, ONE reacts with cysteine, lysine, histi-
dine and arginine and it is more reactive than HNE, therefore having a great-
er cross-linking potential [123]. 

 
Figure 6. The chemical structures of aldehydes 4-oxo-2-nonenal (ONE) and 4-
hydroxy-2-nonenal (HNE). 

Oxidative stress has been implicated in numerous neurodegenerative diseas-
es, including the synucleinopathies. Immunohistochemical studies have lo-
cated HNE modified proteins in the Lewy Bodies of PD and DLB patients 
[124, 125] and also in the neuronal and glial inclusions of MSA patients 
[126]. Mass spectrometry experiments have shown that HNE covalently 
modifies alpha-synuclein in vitro [127]. Furthermore, Qin and colleagues 
observed that the amount of incorporated HNE was proportional to the HNE 
concentration used in the incubation and that the HNE-modified alpha-
synuclein formed soluble oligomers [128]. Similarly, ONE has the ability to 
cross-link alpha-synuclein and induce its oligomerization in vitro [129].  

Both HNE- and ONE-induced oligomers have been characterized as being 
large (around 2000 kDa) and rich in beta-structure, but while ONE-induced 
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oligomers were relatively amorphous, the HNE-induced oligomers were 
found to have a protofibril-like morphology and even an annular structure in 
some cases [128, 130]. HNE- and ONE-induced oligomers do not form fi-
brils even after prolonged incubation periods and they have been found to be 
cytotoxic [128, 130, 131]. Furthermore, the HNE-induced oligomers have 
been found to increase the intracellular level of ROS preceding cell death 
[132]. Additionally, when neuronal cells were treated with HNE the release 
of alpha-synuclein and therefore its seeding capability were increased [131, 
133]. 

Alpha-synuclein fibrils and Lewy pathology 
The insoluble alpha-synuclein fibrils constitute the last stage of the alpha-
synuclein aggregation pathway. As observed by X-ray diffraction, they have 
the typical cross-beta structure of amyloid fibrils [134], that is, parallel beta-
sheets run perpendicular to the axis of the fibril. In spite of extensive re-
search on in vitro generated fibrils with techniques such as nuclear magnetic 
resonance spectroscopy and electron microscopy, their precise structure at an 
atomical level has not been elucidated yet, partially due to fibril polymor-
phism [89, 135]. For example, the tightly packed, beta-sheet core of the fi-
brils is generally considered to include residues 35-96, but reports vary 
greatly on the exact amount of amino acids and larger stretches of the N-
terminus and the C-terminus have been implicated, up to 30-110 [89, 136, 
137].  

Both in vitro and in vivo formed fibrils have been studied through pro-
teinase K degradation. Proteinase K is a broad spectrum serine protease with 
proteolytic active against native proteins [138]. Partial proteinase K re-
sistance is a characteristic feature of amyloid protein compared to its mono-
meric form, as it was demonstrated with the prion protein [139]. In in vitro 
fibrils, the mid-region of alpha-synuclein, which forms the core of the fibrils, 
has been found to be proteinase K resistant, while the N-terminus and C-
terminus was degraded [140, 141]. Alpha-synuclein fibrils extracted from 
human synucleinopathy brain behaved similarly [140, 142]. 

The alpha-synuclein fibrils are the main components of the Lewy bodies 
and Lewy neurites in synucleinopathy brains and, similar to fibrils in vitro,  
immunohistochemical studies have shown that these inclusions are also par-
tially proteinase K resistant [143–145]. As their appearance coincides with 
neuronal loss in the substantia nigra, Lewy bodies have been considered 
instrumental to the neurodegeneration in PD [146]. Their presence has been 
the basis of the Braak hypothesis, a model for the spreading of disease, 
which states that alpha-synuclein pathology is initiated in either the olfactory 
bulb or the dorsal motor nucleus of vagus and progressively spreads to other 
connected regions of the brain [147]. However, the Braak staging model and 
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the toxic effects of Lewy bodies have been put into question, due to the lack 
of correlation between amount of Lewy bodies and disease severity [148, 
149]. Additionally, it has been reported that dysfunction of the dopaminergic 
cells in the substantia nigra precede Lewy body pathology in PD patients 
[150]. An alternative hypothesis states that Lewy bodies exert a neuroprotec-
tive function, by sequestering misfolded alpha-synuclein [151]. Overall, the 
role of Lewy bodies and Lewy neurites in disease remains unclear [152]. 

Alpha-synuclein pathology in the synapse 
Synaptic dysfunction is a well-established feature of the synucleinopathies, 
as extensive imaging research in patients show deficiencies in several neuro-
transmitter systems [153]. Due to the presynaptic localization of alpha-
synuclein, it has been speculated that synapses could be the primary site of 
alpha-synuclein pathology [152, 154].  

Alpha-synuclein aggregates have been found in the synapses of synucle-
inopathy patients and mouse models. It has been reported that up to 90% of 
alpha-synuclein aggregates are found in the synapse, and not in Lewy bodies 
in DLB and PD [144, 155]. These small synaptic aggregates were accompa-
nied by a decrease in the levels of several synaptic proteins and loss of den-
dritic spines. Tanji et al described proteinase K resistant synaptic aggregates 
in DLB cases and in an A53T human alpha-synuclein mouse model [143]. 
Similar aggregates have been found in other synucleinopathy mouse models. 
Proteinase K resistant aggregates have been found in a mouse model ex-
pressing human alpha-synuclein fused to green fluorescent protein [156]. 
Mice expressing human 1-120 truncated alpha-synuclein present aggregates 
in striatal dopaminergic synapses and a redistribution of SNARE proteins 
SNAP-25, VAMP-2 and syntaxin-1 [157]. It is not known how aggregated 
alpha-synuclein affects the SNARE complex assembly, but in vitro experi-
ments indicate that large oligomers inhibit docking via a mechanism that 
requires binding to VAMP-2 [158]. Interestingly, a transgenic mouse model 
expressing mutated and dysfunctional SNAP-25 exhibited abnormal locali-
zation and accumulation of endogenous alpha-synuclein, suggesting that not 
only alpha-synuclein aggregation has an impact on SNARE proteins, but that 
the opposite could be true too [159]. 

Beyond their presynaptic effects, the postynapse has also been found to 
be affected by alpha-synuclein aggregates. The addition of exogenous alpha-
synuclein oligomers on hippocampal rat brain slices caused a suppression of 
long term potentiation, through the activation of N-Metyl-D-Aspartate 
(NMDA) receptors [160]. Recently, it has been reported that alpha-synuclein 
oligomers can interact with the cellular prion protein and alter calcium ho-
meostasis, causing synaptic dysfunction [161]. Additionally, studies with 
human and mouse models have shown that the motor symptoms in synucle-
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inopathies are associated with shrinkage of dendrites and spine morphology 
abnormalities [162]. For example, it has been shown in a mouse model that 
overexpresses human A30P alpha-synuclein under the Thy-1 promoter there 
was an impairment of the branching and growth of dendrites in adult-born 
granule cells in the olfactory bulb [163]. 

Propagation of alpha-synuclein pathology 
As mentioned above, the Braak model described the progressive spread of 
alpha-synuclein pathology through different regions of the brain [147]. This 
led to the hypothesis that alpha-synuclein is capable of “prion-like spread-
ing”. Prions are proteins that undergo a change in conformation and start a 
seeding process, where the misfolded prion proteins (PrPSc) act as a template 
for normal prion proteins (PrPC), and thus, become self-propagating [164, 
165]. While PrPC are alpha-helical and can be degraded by proteinase K, 
PrPSc contain high amounts of  beta-sheets and are partially resistant to pro-
teinase K [139, 166, 167]. Additional support for the prion-like spreading of 
alpha-synuclein came when Lewy bodies were observed in grafted embryon-
ic mesencephalic neurons transplanted to the putamen of PD patients, which 
indicated a host-to-graft transmission of the alpha-synuclein pathology [168, 
169]. 

In recent years, the potential spreading of alpha-synuclein pathology has 
been extensively studied in cell cultures and animal models. Cell-to-cell 
transmission of alpha-synuclein has been observed in co-cultures of alpha-
synuclein over-expressing neurons and acceptor neurons and also in neu-
ronal stem cells injected into alpha-synuclein transgenic mice [170]. Exoge-
nously added oligomers and fibrils have also been reported to be internalized 
and seed alpha-synuclein aggregation in cultured neurons [171–173]. In an-
imal models, transmission of alpha-synuclein pathology has been observed 
from injections of recombinant alpha-synuclein fibrils [174], brain homoge-
nates from transgenic alpha-synuclein mouse models [175, 176] and brain 
homogenates from synucleinopathy patients [177, 178].  

It has been suggested that, similar to the prion protein, alpha-synuclein 
can form different “strains” of aggregates with distinct biophysical charac-
teristics which can cause different pathological phenotypes. Diverse alpha-
synuclein fibrillar assemblies have been described, with different morpholo-
gy, proteinase K resistance, seeding capabilities and cellular toxicity [179, 
180]. Two of these assemblies (named “ribbons” and “fibrils” by the authors 
[180]) gave rise to distinct histopathological and behavioral phenotypes 
when injected into rat brain [181]. 

Furthermore, brain homogenates from MSA patients could transmit al-
pha-synuclein pathology when injected into transgenic mice expressing hu-
man alpha-synuclein with the A53T mutation, while homogenates from PD 
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patients could not [178, 182], which suggests that MSA could be caused by a 
strain of alpha-synuclein prions, distinct from those affecting the PD brain. 
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Aims 

The overall goal of this thesis was to characterize and compare physiological 
and pathological forms of alpha-synuclein from different sources: recombi-
nant monomers, oligomers formed in vitro through exposure to oxidative 
stress related reactive aldehydes, aggregates from an A30P alpha-synuclein 
mouse model and brain tissues from synucleinopathy patients. Additionally, 
we aimed to investigate the physiological and pathological role of alpha-
synuclein in the synapse, by characterizing synaptic alpha-synuclein aggre-
gates and studying the co-localization between physiological alpha-synuclein 
and the SNARE proteins.    

Specific aims 
I To investigate the effect of low molar excess of reactive alde-

hydes ONE and HNE on the aggregation of alpha-synuclein. 
II To characterize the surface exposed epitopes of in vitro and in 

vivo forms of alpha-synuclein. 
III To analyze the biochemical characteristics of synaptic aggre-

gates of alpha-synuclein in a synucleinopathy mouse model. 
IV To assess the co-localization between alpha-synuclein and 

SNARE proteins in primary neurons through in situ proximity 
ligation assay. 
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Methods 

In vitro aggregation of alpha-synuclein 
In paper I we used two well-established methods to induce oligomerization 
of recombinant human monomeric alpha-synuclein: lyophilization [97, 98] 
and the addition of reactive aldehydes, ONE and HNE [128, 129]. Both 
methods produce stable oligomers that do not form fibrils [128, 130, 183]. In 
paper I, ONE and HNE were added in a molar excess of 3:1 (aldehyde to 
protein) to study the effects of a low concentration of aldehydes. In paper II 
HNE was added to alpha-synuclein at a 30:1 molar excess to obtain a total 
conversion of monomers to oligomers. 

In paper II, in addition to producing HNE-induced alpha-synuclein oli-
gomers as previously described, we generated alpha-synuclein fibrils by 
incubating recombinant monomeric alpha-synuclein in agitation for 7 days at 
37 °C. 

Biological material and sample preparation 
Alpha-synuclein mouse models 
Animal models of PD should recapitulate the progressive loss of dopaminer-
gic neurons in the substantia nigra that correlate with motor impairments in 
an age dependent manner. Additionally, they should present Lewy bodies 
and Lewy neurites in the brain.  

Animal models of synucleinopathies can be divided into two categories: 
toxin-based (6-hydroxydopamine, MTPT, rotenone etc.) and genetic. While 
toxin-based models frequently cause degeneration of the dopaminergic neu-
rons in the substantia nigra in rodents and primates, they usually do not 
present Lewy bodies [184]. Similarly, MSA animal models should feature 
striatonigral degeneration and olivopontocerebellar atrophy and glial cyto-
plasmic inclusions, which are better recapitulated by transgenic models than 
by toxin-based models [185]. 

Some of the most common genetic animal models are transgenic mouse 
models that overexpress alpha-synuclein (wild type, A30P, A53T or trunca-
tions). The phenotype of the models in these cases is highly dependent on 
the promoter used, e.g. the tyrosine hydroxylase-, Thy-1, Prion- or PDGFβ-
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promoter [186]. Although alpha-synuclein aggregation can be observed in 
these models, most do not display dopaminergic cell loss, with a couple of 
exceptions [187–189]. 

Throughout this thesis, a homozygous (Thy-1)-h [A30P] alpha-synuclein 
transgenic mouse model was used. In this model, the transgene is overex-
pressed approximately twofold compared to the endogenous levels of alpha-
synuclein [190]. These mice present proteinase K-resistant alpha-synuclein 
aggregates with a phosphorylation at the amino acid serine129 in the brain-
stem [142, 191]. The presence of aggregates has been reported as early as 4 
months [112] The mice undergo a cognitive decline at 12 months of age, 
whereas they present impaired locomotor behavior at 8 months of age [192, 
193]. Studies on the impairment of neurotransmitter systems and synaptic 
pathology in this mouse have yielded mixed results. It has recently been 
reported that the A30P alpha-synuclein mice have lower tyrosine hydrox-
ylase in the midbrain at 8 and 11 months, compared to non-transgenic mice 
[193]. However, an earlier study showed that there are no differences in the 
dopamine levels in the striatum and frontal cortex of these mice and non-
transgenic mice at 8 months [142]. Finally, abnormal growth of dendritic 
spines have been reported in the granule cells in the olfactory bulb of this 
mouse model [163]. 

Paraffin embedded blocks of brain tissue from the A30P alpha-synuclein 
mouse model were used for immunohistochemistry in paper II and paper 
III. Homogenates from brain were used in paper III for synaptosome isola-
tion. Finally, primary neuronal cultures were established from embryonal 
cortices of the A30P alpha-synuclein mouse model in paper IV to study the 
co-localization of alpha-synuclein and the SNARE proteins through proximi-
ty ligation assay (PLA). 

Primary cortical neuron cultures 
In paper IV we prepared primary cortical neuron cultures from embryos 
dissected at day 14 (E14) from non-transgenic (C57BL/6) and A30P alpha-
synuclein transgenic mouse. After dissecting the cortices, the cells were dis-
associated and grown on cover slips coated with poly-L-ornithine and lam-
inin, and kept on cell culture plates. Neurobasal medium was used to grow 
the neurons for 12 d at 37 °C, 5% CO2. 

Synaptosome isolation  
Synaptosomes are brain homogenate preparations that are enriched in isolat-
ed nerve terminals through subcellular fractionation techniques and they are 
useful models to study synaptic function [194]. When brain tissue is homog-
enized, the shear force causes nerve endings to become detached. Then they 
reseal and form spherical structures that can be recovered through centrifu-
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gation. Frequently, the post-synaptic density remains attached to the synap-
tosome, due to the adhesion molecules that keep the presynapse and the 
postsynapse linked together across the synaptic cleft [195]. 

In paper III we produced synaptosomal preparations from the brains of 
A30P alpha-synuclein mice through Ficoll density gradient centrifugation 
(Fig. 7). In brief, the left hemispheres were homogenized and centrifuged at 
low speed to pellet nuclei and other debris (P1). Then the supernatant (S1) 
was centrifuged at high speed, yielding a pellet (P2) which will be the crude 
synaptosome fraction. For further purification, we resuspended the pellet in a 
sucrose buffer and added it in a discontinuos Ficoll gradient. After an ultra-
centrifugation step, the synaptosomal fraction was recovered. Ficoll is a 
high-mass, hydrophilic carbohydrate polymer which can be used instead of 
sucrose to create a discontinuous gradient under isotonic conditions, there-
fore maintaining the integrity of the synaptosomes [195]. 

 
Figure 7. Schematic diagram of the protocol for synaptosome isolation. Shear force 
causes nerve endings to separate during brain homogenization. Then they become 
enclosed, forming synaptosomes, which can be separated through density gradient 
centrifugation by a Ficoll gradient. The synaptosomes can have the postsynaptic 
density attached (black bar). 

Size exclusion chromatography 
Size exclusion-high performance liquid chromatography (SEC-HPLC) sepa-
rates molecules in solution according to their size (more specifically, their 
hydrodynamic volume [196]) and, therefore, it is an appropriate technique to 
measure the amount of oligomers vs monomer in a protein sample. In paper 
I we used SEC to analyze samples of alpha-synuclein incubated with ONE 
or HNE for increasing time periods to analyze the rate of oligomerization of 
alpha-synuclein in the presence of ONE and HNE.  

The principle behind SEC is the retention of smaller molecules in the ma-
trix of the stationary phase, in this case agarose contained in a column. The 
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larger molecules will simply elute with the mobile phase, without entering 
the pores of the stationary phase. The smaller the molecule, the longer it will 
be retained in the stationary phase. By using gel filtration markers with a 
known molecular weight and measuring their retention time, the size of the 
molecules of interest can be estimated. However, due to the unfolded and 
disordered structure of monomeric alpha-synuclein, it elutes as a larger mol-
ecule than expected (approximately 50 kDa as opposed to its theoretical size, 
14 kDa [130]). 

Atomic force microscopy 
The morphology of the ONE- and HNE-induced oligomers was studied in 
paper I through atomic force microscopy (AFM). AFM is a high-resolution 
scanning microscopy technique used to visualize the structure of molecules 
at the nanometer scale. This is accomplished by monitoring the position of a 
sharp tip on a cantilever that scans the surface of the sample [197]. In our 
experiments, the samples were dried onto a freshly cleaved mica surface and 
the imaging mode was “non-contact”, i.e., the tip of the cantilever did not 
directly touch the sample. 

Circular dichroism 
Ultraviolet circular dichroism (CD) spectroscopy makes use of polarized 
light to obtain information about the secondary structure of proteins. In pa-
per I we used CD to compare the secondary structure of monomers, ONE- 
and HNE-induced alpha-synuclein oligomers. The alpha-helical confor-
mation has a characteristic CD spectrum of two minima at 208 nm and 222 
nm, while beta-sheets exhibit a minimum at 218 nm. Finally, the random coil 
typically has a minimum at around 200 nm [198].  

Mass spectrometry 
Mass spectrometry (MS) is a technique used to identify and quantify proteins 
in a complex sample, based on their mass. This is accomplished by ionizing 
the molecules in a sample and sorting them according to their mass-to-
charge ratio. The basic parts of a mass spectrometer are an ion source, a 
mass analyzer and a detector. For protein identification, the samples are typ-
ically first digested with a sequence dependent enzyme, like trypsin, and 
then separated through a chromatography technique.  

One of the applications of MS is to identify modifications in the amino 
acid sequence of a protein. In this case, after the initial mass measurement, 
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the ions of interest are selected and subjected to fragmentation and another 
round of mass spectrometry. This is known as tandem mass spectrometry or 
MS/MS [199]. In paper I we analyzed ONE and HNE adducts of alpha-
synuclein through MS/MS. The samples were digested with trypsin, which 
cleaves the amino acid sequence after arginine and lysine, and Glu-C, which 
cleaves after glutamic acid. We detected and measured peptides with mass 
additions of 136 or 154 Da for ONE and 138 or 156 Da for HNE, as the mo-
lecular weight of ONE and HNE are 154 Da and 156 Da (variations in the 
chemical reactions producing the adducts can also yield 136 or 138 Da addi-
tions). As ONE and HNE can only modify cysteines, lysines and histidines, 
when measuring the mass additions in short peptides it was possible to learn 
which amino acid within the alpha-synuclein sequence was modified specifi-
cally.  

In paper I we also performed a semi-quantitative analysis to investigate 
which modifications were most abundant in our samples. We first quantified 
the amount of peptides with ONE and HNE modifications, relative to the 
amount of unmodified peptides. Then we calculated the ratio of modifica-
tions found at pH 7.4 relative to those found at pH 5.4. 

Immunological techniques 
Immunological techniques are methods based on antigen-antibody interac-
tion. 

SDS-PAGE and immunoblotting 
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is 
a polymer gel-based protein separation technique. The proteins in the sample 
are denatured by heat and their intrinsic charge is covered by the negative 
charge of the detergent SDS, so that when an electrical current is applied to 
the gel the proteins will be separated by size only. The proteins are then de-
tected by protein immunoblotting or western blot, i.e. the proteins are trans-
ferred from the gel onto a membrane and detected by primary antibodies 
specific against the protein of interest. The primary antibodies are then tar-
geted by secondary antibodies conjugated either to horse radish peroxidase 
(HRP) or a fluorophore. 

In paper I, the presence of SDS resistant, ONE- or HNE-induced oligo-
mers was measured, as an indirect measure of their cross-linking. In paper 
III, SDS-PAGE and immunoblotting were used to estimate the amount of 
several synaptic proteins in the synaptosome samples. In both papers a fluo-
rescently labelled secondary antibody was used for detection. 

Additionally, in paper I we used a different immunoblotting technique 
known as “dot blot” where a droplet of the sample is dried directly on the 
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membrane, without previous separations, before incubating the membrane 
with the appropriate antibody. In paper I we first performed a proteinase K 
treatment of the samples to study their compactness and proteinase K re-
sistance.  

Epitope mapping with immunoglobulin Y 
Panels of antibodies recognizing linear epitopes through the sequence of a 
protein are useful to characterize the morphology of the protein. These types 
of studies also can produce antibodies with improved characteristics or spec-
ificity towards certain kinds of alpha-synuclein species [200–202]. In paper 
II we raised polyclonal immunoglobulin Y antibodies against short synthetic 
peptides covering a large part of the alpha-synuclein sequence. 

Immunoglobulin Y (IgY) is the avian counterpart to the mammalian im-
munoglobulin G (IgG) and is found in high concentrations in the yolk of 
chicken eggs (Fig. 8) [203]. It possesses several advantages compared to IgG 
due to its biochemical properties and its simple purification process. Due to 
the greater phylogenetic difference between the chicken and mammalian 
species compared to two mammalian species, the immune response is usual-
ly increased when a mammalian antigen is used to immunize a chicken than 
other mammals. The immunological cross-reactivity between IgY and IgG is 
also decreased [204, 205]. Since the antibodies can be easily extracted in 
large quantities from the eggs of the chickens, the collection of blood is 
eliminated and the number of animals is reduced, thus minimizing the ani-
mal suffering. 

 
Figure 8. The overall structure of IgY is very similar to IgG, with two light chains 
and two heavy chains, but the heavy chain of IgY is formed by four constant regions 
and one variable region, as opposed to the heavy chains of IgG which have three 
constant regions and one variable region [203]. 
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ELISA 
The enzyme-linked immunosorbent assay (ELISA) is an immunological 
technique that uses antibody recognition to detect and quantify proteins in a 
sample. We have used three variants in this thesis (Fig.9): indirect ELISA 
(paper I, II), phospholipid ELISA (paper II) and sandwich ELISA (paper 
IV). In these three variants the coating in the plate/sample configuration is 
different, but the detection steps remain the same: a primary antibody bind-
ing to the protein of interest is recognized by a secondary antibody conjugat-
ed to an enzyme, in this case an HRP molecule. When the substrate for the 
enzyme is added, the substrate reacts with the enzyme and changes color, 
which will be the readout of the assay.   

In an indirect ELISA, the sample is coated directly to the microtiter plate. 
In paper I we measured the presence of HNE-modified histidines in HNE-
induced alpha-synuclein oligomers by coating the plates with HNE oligo-
mers. In paper II we used indirect ELISA to measure the binding of IgY 
antibodies to their respective epitopes of monomeric, HNE-oligomeric and 
fibrillar alpha-synuclein. 

In a phospholipid ELISA, a phospholipid or mix of phospholipids is coat-
ed on the plate and interacting molecules are added in solution to measure 
their binding to the phospholipids. In paper II the microtiter plates were 
coated with phosphatidylserine and monomeric and fibrillar alpha-synuclein 
were then added.  

In a sandwich ELISA, the plate is coated with a capture antibody, which 
will bind to a protein of interest in the sample. In paper IV we used an al-
pha-synuclein sandwich ELISA, with two antibodies from different species 
recognizing alpha-synuclein, to measure the amount of alpha-synuclein pre-
sent in cell lysates.    
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Figure 9. The three ELISA variants used in this thesis: A) Indirect ELISA; the anti-
gen is directly bound to the plate. B)  Phospholipid ELISA; phospholipids are coated 
to the bottom of the plate, which allows detection of antigens bound to the phospho-
lipids. C) Sandwich ELISA; two different antibodies recognize the antigen: a cap-
ture antibody is bound to the plate and a detection antibody is added after the anti-
gen. In all setups a secondary antibody is used to amplify the signal. An HRP mole-
cule is bound to the secondary antibody, which will produce a detectable signal, in 
the presence of an appropriate substrate. 

Immunohistochemistry and immunocytochemistry  
Immunohistochemistry and immunocytochemistry are techniques to selec-
tively image proteins in tissue and cultured cells, respectively, by using anti-
bodies. The most common detection methods are chromogenic or fluores-
cence. Although the terms “immunohistochemistry” and “immunocytochem-
istry” are commonly used to encompass all labeling methods, technically the 
“-chemistry” suffix refers to chromogenic detection using antibodies conju-
gated to enzymes and the term “immunofluorescence” is used for fluores-
cence detection [206]. 

In both these techniques the sample is fixed, blocked and incubated with a 
primary antibody against the protein of interest. The primary antibody is 
then targeted with a detection secondary antibody bound to a reporter mole-
cule, either a fluorophore (fluorescence) or an enzyme (chromogenic). The 
signal can then be observed with a microscope. Immunohistochemical analy-
sis using alpha-synuclein antibodies is the most common method used for 
the post mortem characterization of alpha-synuclein pathology and diagnosis 
of synucleinopathies [207]. 

In paper II we performed immunohistochemistry with IgY antibodies in 
brain tissue from a synucleinopathy mouse model and synucleinopathy pa-
tients. In paper IV we studied the localization of alpha-synuclein and the 
SNARE proteins in primary neuron cultures through immunofluorescence.  
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In situ proximity ligation assay 
In situ proximity ligation assay (PLA) is a method developed to monitor 
protein-protein interactions in cells and tissue, at a single molecule resolu-
tion [208, 209]. The two proteins of interest are targeted by two primary 
antibodies of different species (Fig. 10). These antibodies, in turn, are target-
ed by the PLA probes, oligonucleotide-labeled secondary antibodies. If the 
proteins of interest are localized in close proximity to each other (less than 
40 nm), the oligonucleotides will form an amplification template together 
with two circularization oligonucleotides. The template will then be ampli-
fied by a rolling circle amplification step and the resulting DNA strand will 
be bound by fluorescently labeled oligonucleotides. This results in the ampli-
fication of the signal, from only one pair of molecules. 

In paper IV we used in situ PLA to detect the co-localization of alpha-
synuclein and the SNARE proteins in primary cortical neurons from wild 
type and A30P alpha-synuclein transgenic mouse. Using two different alpha-
synuclein antibodies, we obtained PLA signal from either total alpha-
synuclein (both human and mouse) or, specifically, human alpha-synuclein. 

 
Figure 10. In situ proximity ligation assay for the detection of two interacting pro-
teins. 1) The two proteins of interest are targeted with two primary antibodies from 
different species. The primary antibodies are detected by the PLA probes, secondary 
antibodies bound to an oligonucleotide. 2) If the two oligonucleotides, are in close 
proximity, they will hybridize with circularization oligonucleotides and ligate with 
each other. 3) A rolling circle amplification step will copy the formed DNA se-
quence repeatedly. This sequence will be recognized by fluorescently labeled oligo-
nucleotides, allowing detection. 
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Results and discussion 

Due to its dynamic structure, alpha-synuclein has been termed a “chamele-
on-protein” [210]. It can adopt several conformations in its physiological 
state, i.e. an unfolded monomer, an alpha-helical monomer or a tetram-
er/multimer [37, 38, 211]. Moreover, it also forms different types of patho-
logical aggregates, including morphologically heterogeneous oligomers [90, 
98, 104] and fibrils, which are the main components of Lewy body patholo-
gy [1, 141]. These oligomeric species have mostly been generated in vitro 
and it is not fully elucidated how the structure compares to pathological al-
pha-synuclein aggregates found in patients. It is also possible to study alpha-
synuclein species through immunological techniques directly in brain tissue, 
in cultured cells or by isolating them in brain preparations. However, the 
isolation procedure, chosen model and characterization technique will likely 
have an impact on the morphology of the aggregates. In these studies, we 
decided to take a combinatorial approach to face these challenges, by study-
ing aggregates from different sources with diverse techniques.   

ONE- and HNE-induced alpha-synuclein oligomers 
The lipid peroxidation products ONE and HNE can induce alpha-synuclein 
oligomerization in vitro. These oligomers have been characterized as being 
beta-sheet rich and not on a fibrillar pathway and they have been used as 
models to study the uptake and neurotoxicity of in vivo alpha-synuclein oli-
gomers [128, 130, 131]. In these studies, a near 100% conversion of mono-
meric to oligomeric alpha-synuclein was obtained by using a high molar 
excess of ONE and HNE (aldehyde:alpha-synuclein, 20-30:1), however, 
such concentrations are most likely much higher than the physiological con-
centration of the aldehydes. In paper I we studied the effects of incubating 
alpha-synuclein with low molar excess of ONE and HNE (3:1). Furthermore, 
as alpha-synuclein aggregation has been shown to be enhanced at a slightly 
acidic pH [88], the effect of HNE- and ONE-modification of alpha-synuclein 
was investigated both at pH 5.4 and 7.4.  

Analysis by size exclusion chromatography showed that ONE rapidly in-
duced the formation of oligomers at both pH (under 15 min), while in the 
presence of HNE oligomers only formed after 24 h at pH 7.4 and not at all at 
pH 5.4. The size of the oligomers ranged between 800 and 2000 kDa. Simi-
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larly, in the western blot analysis a wide range of SDS-stable oligomers were 
found in the samples treated with ONE at early time points, but for HNE 
samples SDS-resistant high-molecular bands only appeared at later time 
points (Fig. 11). 

 
Figure 11. Western blot analysis of alpha-synuclein incubated with low molar ex-
cess of ONE or HNE, at pH 5.4 or 7.4, for 15 min-96 h. With increasing incubation 
times high molecular weight bands increased in intensity, while monomeric and low 
molecular weight bands decreased. While ONE oligomers could be observed already 
at 15 min, HNE induced oligomers appeared at approximately 24 hours.  

The compactness of the oligomers was analyzed by digestion with proteinase 
K, which showed that all samples with oligomers were resistant to proteinase 
K to a certain extent. The samples incubated at pH 7.4 were the least sensi-
tive to proteinase K, but since ONE 7.4 produced more oligomers than HNE 
7.4, the HNE-induced oligomers were more compact. Circular dichroism 
analysis revealed that, similar to alpha-synuclein oligomers generated at high 
molar excess [130], the oligomers formed in this study were rich in beta-
sheet secondary structure. 

We also investigated which His and Lys residues were modified by ONE 
or HNE in the alpha-synuclein sequence through mass spectrometry analy-
sis. While ONE modified more positions than HNE at both pHs, there were 
more HNE modified peptides compared to ONE modified peptides, as 
shown by semi-quantitative mass spectrometry. Additional experiments on 
HNE-histidine modification using indirect ELISA showed that the modifica-
tion was present already at 15 min at both pHs and that most of the HNE 
modified histidine was found in the oligomeric fraction, as opposed to the 
monomeric fraction. 

Overall, ONE and HNE are able to induce alpha-synuclein oligomeriza-
tion even at low molar excess. However, we found differences in their ag-
gregation process, as ONE caused rapid cross-linking at both acidic and 
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physiological pH. On the other hand, HNE did not induce oligomerization at 
pH 5.4, even though it did modify several alpha-synuclein residues (Fig. 12). 

 
Figure 12. Time line of alpha-synuclein oligomer formation, induced by low molar 
excess of ONE and HNE at pH 7.4 or 5.4.  

In paper II we used an indirect ELISA with polyclonal IgY antibodies 
against short peptides in the alpha-synuclein sequence to map the surface 
exposed epitopes of high molar excess (30:1) HNE-induced oligomers. The 
exposed epitope profile for the HNE oligomers resembled that of the in vitro 
generated fibrils, more than the monomers, with antibodies 49-58 and 64-73 
producing no signal.  

Surface-exposed epitope mapping of in vitro species of 
alpha-synuclein 
The exposed amino acid stretches in a protein or protein assembly determine 
its interaction partners (other proteins, lipids etc.) and shed light on the mor-
phology of the protein. In paper II, we raised 10 polyclonal IgY antibodies 
against short peptides covering most of the alpha-synuclein sequence with 
the aim of characterizing surface-exposed epitopes of different alpha-
synuclein species. Indirect ELISA was performed to identify the epitopes of 
recombinant human alpha-synuclein and in vitro generated alpha-synuclein 
aggregates i.e. HNE-induced oligomers, and in vitro generated fibrils (Fig 
13). As expected due to its unfolded structured, monomeric alpha-synuclein 
reacted with all the antibodies. As previously mentioned, oligomeric alpha-
synuclein had a similar antibody reactivity pattern as the monomers in the C-
terminus, but the epitopes at the mid-region were occluded. The fibrils only 
reacted with the 1-10 antibody and antibodies against the C-terminus (96-
140), presumably due to the hydrophobic core [89]. We generated fibrils 
with alpha-synuclein containing either A30P, E46K or A53T, three of the 
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point mutations that can cause familial PD [9, 46, 47]. These mutations have 
been reported to enhance aggregation and they are all found at the N-
terminus [90, 91]. In spite of the morphological heterogeneity reported for 
these kinds of fibrils [212], their exposed epitopes seemed similar to those of 
the wild type fibrils.  

 
Figure 13. Surface exposed epitopes of in vitro alpha-synuclein species (monomers, 
HNE induced oligomers and fibrils), analyzed through indirect ELISA with IgY 
antibodies. 

To study the morphology of alpha-synuclein species when bound to phos-
pholipids, a phospholipid ELISA was used. In this assay, the alpha-synuclein 
monomers and fibrils were incubated in plates coated with phosphatidylser-
ine and probed with the polyclonal antibodies. In general, the N-terminal and 
mid-region antibodies did not react with neither the monomeric nor the fi-
brillar alpha-synuclein, indicating that this region was interacting with phos-
phatidylserine, as expected [39, 213]. 

Surface-exposed epitope mapping of pathological 
aggregates of alpha-synuclein in a synucleinopathy 
mouse model and synucleinopathy patients 
In paper II the IgY antibodies were used for immunohistochemical analysis 
of brain tissue from transgenic mice overexpressing A30P human alpha-
synuclein and from the substantia nigra of synucleinopathy patients. The 
tissues were pretreated with proteinase K to digest non-aggregated alpha-
synuclein. Two independent assessors performed semi-quantitative analyses 



 41

of the amount of pathology (the staining intensity was scored on a scale from 
0 to 3) (Fig. 14). 

While in the human tissue, the stained structures were mostly Lewy bod-
ies and neurites, in mouse tissue we observed a wide variety of structures, 
including inclusions, Lewy-neurite like elongated structures and grain-like 
aggregates. We observed a similar trend in both mouse and human tissue, 
with mostly C-terminal antibodies producing the strongest staining. N-
terminal antibody 1-10 also stained alpha-synuclein pathology. Despite the 
overall similarities, small differences were observed with certain antibodies 
(96-105, 116-125, 131-140). The alpha-synuclein deposited in mouse tissue 
is also human, but environmental factors could have an effect on its mor-
phology or the binding ability of the antibody. In a recent study Dhillon et al 
characterized a new panel of monoclonal antibodies against different se-
quences within the alpha-synuclein molecule and, similar to our results, 
found small differences in the reactivity of antibodies in tissue from synucle-
inopathy patients and mouse models [202] 

 
Figure 14. Semi-quantitative assessment of the intensity of the immunostaining of 
IgY antibodies in four A30P synuclein mice and four synucleinopathy patients. 
*P<0.05; **P<0.001, two-way ANOVA followed by Bonferroni post hoc test, error 
bars represent the standard error of the mean. 

Proteinase K resistant synaptic aggregates 
In paper II, after proteinase K (PK) treatment, we observed small, granular 
structures stained with IgY antibodies in the brain of A30P mice, very simi-
lar to the synaptic aggregates found in tissue from other alpha-synuclein 
mouse models [143, 214].  Alpha-synuclein has been previously detected in 
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the synapses of the A30P mouse [190] and we therefore decided to study 
synaptic aggregates in this model. 

In paper III we performed synaptosomal isolation of the brains from 
A30P mice. To analyze the timeline of the synaptic aggregates, we studied 
two age groups: 11 m and older than 17 m. Through a western blot assay 
recognizing both human and mouse alpha-synuclein, we found abundant 
alpha-synuclein in the synapse of transgenic mice, approximately two-fold 
compared to non-transgenic mice, which is consistent with previous descrip-
tions of the mouse model [190]. The alpha-synuclein was found to be PK-
resistant, which indicates that is most likely aggregated (Fig. 15). The human 
alpha-synuclein was found to be more PK resistant than the mouse alpha-
synuclein, and therefore the aggregates are composed mostly of human al-
pha-synuclein. In spite of the high sequence similarity between human and 
mouse alpha-synuclein (95%), there seems to be a barrier for cross-seeding 
between the two species [215], which could explain why the majority of 
alpha-synuclein in the deposits of A30P mice was of  human origin. Ser129 
phosphorylated alpha-synuclein was observed in the synapses of the trans-
genic mice, but the phosphorylated alpha-synuclein was digested with PK 
and thus not part of the formed aggregates.  We saw no differences in the PK 
resistance and the phosphorylation levels between both age groups. 

 
Figure 15. Quantification of western blot analysis of proteinase K (PK) resistant 
mouse alpha-synuclein and human alpha-synuclein in the synaptosomes of non-
transgenic (Non-Tg) and A30P transgenic mice. Two-way ANOVA followed by 
Bonferroni post hoc test (*** P<0.001), error bars represent the standard error of the 
mean.  

To study the potential pathological effects of these aggregates in the syn-
apse, we studied the levels of several synaptic proteins. We focused on the 
SNARE proteins and other proteins related with membrane fusion at the 
synapse, specifically SNAP-25, VAMP-2, Munc-18 and complexin 1/2. We 
also analyzed the levels of intact SDS-resistant SNARE complexes. Finally, 
we also investigated the levels of post-synaptic marker PSD-95 and a synap-
tic vesicle associated protein, SV2A. No differences were found between 
non-transgenic and transgenic samples between any of the proteins. Differ-
ences have been found in the levels of synaptic proteins in other mouse 
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models [95], but it is possible that the aggregates in the A30P mouse brain 
have an effect only in specific regions of the brain and, hence, could not be 
detected in a sample originated from the whole hemisphere.  

Visualization of alpha-synuclein and the SNARE 
proteins  
As part of our studies on the effects of alpha-synuclein in the synapse, we 
optimized a version of in situ PLA to visualize the co-localization of alpha-
synuclein and the SNARE proteins. In paper IV we cultured cortical prima-
ry neurons of non-transgenic and transgenic mice overexpressing A30P hu-
man alpha-synuclein. In these cells we used two different alpha-synuclein 
monoclonal antibodies for PLA: 1338, which recognizes both human and 
mouse alpha-synuclein and Syn204, which only recognizes human alpha-
synuclein.  

A positive PLA signal was obtained between alpha-synuclein and all 
three SNARE proteins (Fig. 16). The distribution of the PLA signal was 
similar for all three SNARE proteins. The signal was abundant and found 
mostly in the processes, but also in the soma. This indicates close proximity 
between alpha-synuclein and the SNARE proteins in the primary neurons. 
Due to limitations of the PLA technique no direct binding between the pro-
teins could be demonstrated, although previous studies have used immuno-
precipitation to show that the C-terminus of alpha-synuclein is bound to the 
N-terminus of VAMP-2 [74]. No differences were observed in the amount of 
signal between the non-transgenic and the transgenic neurons. This could be 
explained by the low levels of human alpha-synuclein found in the transgen-
ic primary neurons. Human alpha-synuclein was detected through immuno-
fluorescence in 13% of the transgenic primary neurons and was mostly con-
centrated in the cell soma. 
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Figure 16. Representative confocal images of in situ PLA between total alpha-
synuclein (mouse and human) and VAMP-2 (red) in non-transgenic and A30P 
transgenic cortical primary neurons. The processes plane is visualized in an orthog-
onal view, details of processes can be observed in inlets. F-actin stained by phal-
loidin-FITC (green), DAPI (blue). Scale bar 20 µm. 

To further investigate if human alpha-synuclein was in the proximity of the 
SNARE proteins in transgenic primary neurons, we performed PLA using 
the SNARE protein antibodies and Syn204, which specifically recognizes 
human alpha-synuclein. The PLA signal was only found in a small propor-
tion of neurons, as expected from the immunofluorescence results. The sig-
nal was mostly found in in the soma of the neurons. 
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Further studies 
The physiological and pathological role of alpha-synuclein in the synapse is 
still poorly understood. This is especially true in regard to the effects of al-
pha-synuclein aggregation in the synapse. The synaptosomal aggregates 
from A30P human alpha-synuclein mice investigated in paper III were 
found to be proteinase K resistant, but require further characterization. If a 
purer preparation of alpha-synuclein material could be obtained by e.g. im-
munoprecipitation, the size and structure of the aggregates could be studied 
by size-exclusion chromatography, atomic force microscopy and other bio-
physical techniques. If large enough amounts were obtained, synaptic alpha-
synuclein could be used in toxicity and uptake studies in cells or animal 
models. Such sample preparations could also be used as antigen to immunize 
animals and obtain antibodies against synaptic alpha-synuclein.   

Another interesting aspect would be to compare these aggregates formed 
in a transgenic mouse, with those found in the brains of synucleinopathy 
patients. A similar study should be performed in humans to investigate the 
presence of proteinase K resistant aggregates and their effect on the synapse. 
Since the A30P mutation could potentially disrupt the synaptic localization 
of alpha-synuclein, future experiments should also be performed in a mouse 
model overexpressing wild type human alpha-synuclein. 

In situ PLA (paper IV) is a technique that could potentially uncover 
pathological changes in protein levels and/or distribution in the synapse. 
Instead of using the SNARE proteins, it could be used to investigate poten-
tial co-localization between alpha-synuclein and other synaptic proteins. For 
example, Zaltieri et al used PLA to describe for the first time the interaction 
between alpha-synuclein and synapsin III in dopaminergic neurons [216].   
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Concluding remarks 

In paper I we concluded that ONE and HNE could induce alpha-synuclein 
oligomer formation at low concentrations, albeit through different pathways. 
ONE modified more residues and due to increased cross-linking events 
caused a faster oligomerization than HNE. Additionally, ONE could form 
oligomers at both pH 5.4 and pH 7.4, but HNE could only oligomerize al-
pha-synuclein at pH 7.4, even though at pH 5.4 HNE could modify alpha-
synuclein. 

In paper II we found that certain epitopes, particularly those in the C-
terminus of the protein, were exposed in both in vitro and in vivo generated 
species of alpha-synuclein, while the hydrophobic mid-region was mostly 
occluded. Immunohistochemical analyses showed that there were small 
morphological differences between the aggregates found in A30P transgenic 
mouse brain and alpha-synucleinopathy patient brain. 

In paper III we isolated the synaptosomal fraction from A30P mouse 
brain through Ficoll density gradient ultracentrifugation. The human alpha-
synuclein found in these fractions was PK resistant and therefore, aggregat-
ed. The levels of relevant synaptic proteins were analyzed through western 
blot, but no changes were observed in the transgenic mouse brains compared 
to non-transgenic. 

In paper IV we used PLA to visualize the co-localization between alpha-
synuclein and the SNARE proteins in primary neuronal cultures, isolated 
from either non-transgenic or A30P alpha-synuclein transgenic mice. Abun-
dant positive PLA signal between endogenous mouse alpha-synuclein and 
the SNARE proteins was found, but no differences were observed between 
the primary neurons from non-transgenic and A30P transgenic mice. Addi-
tionally, we observed co-localization between human alpha-synuclein and 
SNARE proteins, using a human alpha-synuclein specific antibody in the 
PLA. 

In conclusion, the first two papers highlight the morphological diversity 
of alpha-synuclein aggregates and in the third paper we specifically charac-
terize the aggregates found in the synapses. The fourth paper shows a tech-
nique that could be useful to study the physiological function of alpha-
synuclein. 
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Popular science summary 

The many forms of alpha-synuclein: in sickness and in 
health 
Parkinson’s disease is the second most common neurodegenerative disorder 
after Alzheimer’s disease. The symptoms include tremors, muscle rigidity, 
slowness of movement, and problems with gait and balance, which are all 
associated with the death of dopamine producing neurons. Parkinson’s dis-
ease is the best known of a group of related disorders known as synucleinop-
athies, which also include dementia with Lewy bodies and multiple system 
atrophy. The common feature of these disorders is the aggregation of a pro-
tein called alpha-synuclein, which is abundant in brain cells. 

Proteins are long chains of a particular kind of molecule called amino ac-
id. The chains can adopt distinct three-dimensional shapes. Additionally, 
some proteins are groups of several chains, bound together in different ways. 
Alpha-synuclein has been called a “chameleon protein” because it can adopt 
an unusually high number of distinct shapes. In its normal state in healthy 
cells, alpha-synuclein is a disordered protein, without a rigid shape, but un-
der pathological conditions it can adopt a structure that triggers its self-
aggregation. Individual molecules will start binding to each other, forming 
small assemblies, known as oligomers, that eventually will develop into long 
thread-like structures, so called fibrils. The oligomers themselves can have a 
variety of shapes and sizes, including annular and rod-like structures. It has 
been hypothesized that the oligomers are toxic to the cells and are the cause 
of the disease. However, a lot remains to be understood about the aggrega-
tion process and the effects that the different aggregates have in the cells. 

In this thesis we have used a variety of techniques to characterize alpha-
synuclein of different origins. We have mostly utilized immunological tech-
niques, i.e. methods that take advantage of the specific binding of antibodies 
to their target protein. With this approach, antibodies can be labelled and 
used to detect specific conformations of proteins in either tissues, cells or in 
the test-tube. 

In paper I we produced alpha-synuclein oligomers by adding two related 
compounds known as 4-oxo-2-nonenal (ONE) and 4-hydroxy-2-nonenal 
(HNE). Although the chemical structure of ONE and HNE seem similar, we 
found that ONE produces alpha-synuclein oligomers with more ease than 
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HNE. Additionally, HNE could not form oligomers in a slightly acidic envi-
ronment, while ONE could.  

In paper II we used a panel of antibodies, each detecting a specific small 
part of the amino acid sequence of alpha-synuclein, to investigate the shape 
of alpha-synuclein oligomers and fibrils in the test-tube. We also used the 
antibodies on brain tissue from synucleinopathy patients and a mouse model 
which contains pathologically large amounts of alpha-synuclein in its brain. 
We found that although the shape of the aggregates in human and mice are 
overall very similar, some differences could also be detected. 

In paper III we focused on alpha-synuclein found in one particular loca-
tion in the cell: the synapse. Synapses are essential for the function of the 
nervous system, as they allow the signal transmission between nerve cells. 
Alpha-synuclein is particularly abundant in synapses and it has been sug-
gested to play a role in synaptic transmission. We isolated the synapses from 
the brain of the same mouse model used in the previous study and found that 
synaptic alpha-synuclein had certain pathological characteristics. 

In paper IV we cultured neurons from the alpha-synuclein mice and used 
an antibody based technique to further study the potential role of alpha-
synuclein in the synapses. It has been suggested that alpha-synuclein can 
bind directly to another synaptic protein, known as VAMP-2, to regulate an 
important process of synaptic transmission. With this technique, known as 
proximity ligation assay, we could observe that in the neurons alpha-
synuclein is indeed in close proximity to VAMP-2 and to two other associat-
ed synaptic proteins. We studied neurons both from normal mice and alpha-
synuclein mice, but as we could not observe any differences we concluded 
that alpha-synuclein seems to be associated with VAMP-2 and related pro-
teins in the neurons of both types of mice.  

In spite of extensive research, alpha-synuclein continues to be a mysteri-
ous protein. In this thesis we have shed light on the diversity of alpha-
synuclein aggregates and how small differences in the environment and 
origin of the alpha-synuclein molecules can impact the aggregation pathway. 
Additionally, we have characterized synaptic alpha-synuclein aggregates and 
studied its relation to other proteins that are important for the function of the 
synapse.  
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Resumen divulgativo 

Las mil formas de la alfa-sinucleína: en la salud y en la 
enfermedad 
La enfermedad de Parkinson es la segunda enfermedad neurodegenerativa 
más común, después de la enfermedad de Alzheimer. Los síntomas más 
característicos incluyen temblores, rigidez muscular, lentitud de movimiento 
y problemas de equilibrio y están relacionados con la muerte de las neuronas 
productoras de dopamina. La enfermedad de Parkinson es el trastorno más 
conocido de un grupo de enfermedades llamadas sinucleinopatías, que 
también incluyen la demencia de cuerpos de Lewy y la atrofia 
multisistémica. La característica que comparten estas enfermedades es la 
presencia de agregados de una proteína, llamada alfa-sinucleína, en células 
del sistema nervioso.  

Las proteínas son largas cadenas de un tipo de moléculas llamadas 
aminoácidos y pueden tener diferentes formas tridimensionales. Además, 
algunas proteínas están formadas por grupos de varias cadenas, unidas entre 
sí de diferentes maneras. Una de las particularidades de la alfa-sinucleína es 
que puede adquirir muchas formas  diferentes y por esto se ha ganado el 
apodo de “proteína camaleón”. En su estado normal en células sanas, la alfa-
sinucleína es una proteína desestructurada, sin forma rígida, pero en 
condiciones patológicas puede adoptar una estructura “enferma” que causa la 
agregación de la proteína, es decir, moléculas de alfa-sinucleína comenzarán 
a agruparse en pequeños agregados llamados oligómeros. Estos agregados 
continuarán creciendo hasta formar fibras o filamentos. Los oligómeros 
pueden adquirir una gran variedad de tamaños y formas, por ejemplo pueden 
tener forma de anillo o de palo. Una de las hipótesis más importantes en el 
estudio de la alfa-sinucleína es que los oligómeros son tóxicos para las 
células nerviosas y son la causa de la enfermedad. Sin embargo, todavía 
queda mucho por descubrir sobre el proceso de agregación de la alfa-
sinucleína y los efectos de los distintos tipos de agregados en las células. 

En esta tesis se han utilizado varias técnicas para caracterizar alfa-
sinucleína de distintos orígenes, especialmente métodos inmunológicos, es 
decir, técnicas basadas en las propiedades especiales de los anticuerpos, que 
pueden unirse selectivamente a proteínas específicas. Los anticuerpos 
pueden ser marcados de manera que permitan la detección de proteínas de 
interés en tejidos, células o en el tubo de ensayo. 
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En el primer artículo se utilizaron dos compuestos químicos llamados 4-
oxo-2-nonenal (ONE) y  4-hidroxi-2-nonenal (HNE) para producir 
oligómeros de alfa-sinucleína. Aunque la estructura de ONE y HNE parezca 
similar, en este estudio se descubrió que ONE produce oligómeros de alfa-
sinucleína con mayor facilidad que HNE. Además, HNE no genera 
oligómeros en soluciones ácidas, pero ONE sí. 

En el segundo artículo se utilizó un panel de anticuerpos que detectan 
específicamente pequeñas partes de la secuencia de aminoácidos de la alfa-
sinucleína, para obtener información sobre la forma de la alfa-sinucleína en 
muestras de oligómeros y fibras en el tubo de ensayo. Estos anticuerpos 
también se utilizaron en muestras de tejido cerebral de pacientes de 
sinucleinopatías y ratones de laboratorio. Los ratones que se utilizaron en 
este estudio son un modelo de la enfermedad de Parkinson (ratones alfa-
sinucleína) y contienen más alfa-sinucleína de lo normal en el cerebro. Se 
descubrió que aunque la forma de los agregados de alfa-sinucleína es similar 
en humanos y ratones, también hay pequeñas diferencias. 

En el tercero artículo se investigó la alfa-sinucleína que se encuentra en 
un lugar particular de las neuronas: la sinapsis. Las sinapsis son esenciales 
para el funcionamiento del sistema nervioso, ya que es donde ocurre la 
transmisión del impulso nervioso que permite la comunicación entre 
neuronas. La alfa-sinucleína es especialmente abundante en las sinapsis y se 
cree que su función está relacionada con la transmisión del impulso 
nervioso. En este estudio se aislaron sinapsis de cerebros de ratones alfa-
sinucleína y se descubrió que ésta tiene ciertas características patológicas. 

Para el cuarto artículo se cultivaron neuronas de ratones alfa-sinucleína y 
se utilizó una técnica basada en anticuerpos para estudiar la posible función 
de la alfa-sinucleína en la sinapsis. Se cree que la alfa-sinucleína regula uno 
de los procesos celulares relacionados con la transmisión sináptica mediante 
la interacción con otra proteína sináptica, VAMP-2. Con esta técnica se 
observó que la alfa-sinucleína se encuentra muy cerca de VAMP-2 y de otras 
dos proteínas relacionadas. El estudio se realizó en neuronas de ratones 
normales y ratones alfa-sinucleína, pero no se descubrieron diferencias entre 
los dos tipos de neuronas. 

A pesar de numerosas investigaciones, la alfa-sinucleína continúa siendo 
una proteína misteriosa. Esta tesis ha resaltado la diversidad de los distintos 
tipos de agregados de alfa-sinucleína y cómo pequeñas diferencias en los 
orígenes y el entorno de las moléculas de alfa-sinucleína pueden impactar el 
proceso de agregación. Además, se han caracterizado agregados sinápticos 
de alfa-sinucleína y se ha estudiado su interacción con otras proteínas de 
gran importancia para la función de la sinapsis.  
 
 



 51

Acknowledgements 

The work presented in this thesis was performed at the Deparment of Public 
Health and Caring Sciences, division of Molecular Geriatrics at Rudbeck 
Laboratory, Uppsala University. The work was supported financially by 
grants from Marianne and Marcus Wallenberg Foundation, Swedish 
Alzheimer Foundation, Swedish Parkinson Foundation, Uppsala Berzelii 
Technology Center for Neurodiagnostics, Swedish Brain Foundation, 
Swedish Society of Medicine, Lennart and Christina Kalén, Stohne's 
Foundation, Åhlén Foundation and Swedish Brain Power 

A lot of talented people made this thesis possible and I would like to thank 
them all: 

My supervisor, Joakim, thank you so much for all your hard work and for 
making me part of the Synaptic Synuclein team. Your genuine enthusiasm 
for research made the work much more enjoyable. Thanks for always 
listening and taking my ideas into consideration. Wherever I go, I will take 
with me all I have learned from you: perseverance, patience, optimism and 
the importance of wearing fashionable socks and shoes. 

My co-supervisor, Martin, thank you for your constant support. Thanks to 
you I have gained a more clinical perspective of the neurodegenerative 
diseases. I also really appreciate all your help in the writing process of the 
manuscripts. I hope we keep in touch, maybe we can meet in your next visit 
to Boston. 

My co-authors and collaborators, who made the papers in this thesis 
possible. Thank you for all your work and the many interesting discussions 
we have shared. 

I would like to specially thank my dear friend-neighbor-lab partner, Emma. 
A big part of this thesis is yours too. You are so nice and easy-going that 
looking back at our work, even the hardest parts don’t seem so bad. You 
have grown a lot and I am proud of you! 

To all the past and present members of the Molecular Geriatrics group 
(once a Molger, always a Molger!), I consider myself lucky to have worked 



 52 

with all of you. You are such a diverse group of people with so many differ-
different interests; I have really enjoyed our meals together, sitting at the 
Molger table, packed like sardines in a can. I have also received so much 
help from every single one of you. Thank you for sharing your knowledge, 
time and cakes! 

The Uppsala gang, I’ll always remember all the fun times we’ve had. I will 
miss you all and I expect plenty of visits in the future! To Vero, gracias por 
siete años de amistad, I’m going to miss your Venezuelan expressions 
(Cotufas? Teipe??). Elisabeth, thanks for always checking on me and being 
part of the PhD journey every step of the way. María, you’re the little sister 
that I never had. Silvio, thanks for all the cheese and chocolate. Anish, you 
always make me laugh. Evangelos, you are so fun and reliable, I wish you 
had come to the lab sooner! Robin, it seems like yesterday that we were 
doing Swedish crosswords together in the lunchroom of the second floor, 
I’m so happy that you’ve stayed part of the group even after you left.  

I would like to thank all my friends across the world, I don’t see you half as 
often as I would want to, but I’m always thinking of you: Lisa and Tania for 
your contagious adventurous spirit. Lise, for keeping the magic of Norway 
alive. Marta, you are the loveliest. Si he llegado hasta aquí es en parte 
gracias a tus apuntes. Thanks to Beñat, who has put up with me the longest. 
Cada vez estamos más cerca de la placa en el banco. To Donna, Richard 
and Noah, your love and support means the world to me, you truly are 
family and I can’t wait to live close to you. 

A todos los de casa. Gracias por cuidarme tanto. Por los espárragos de 
Falces, las sopas de pescado, los marmitakos, chuletones, corderitos, el 
marisco. Por las sobremesas y las tardes de chinchón. Gracias por poner 
interés en mi trabajo y por cruzar el continente para verme hablar en inglés 
durante tres horas. Uxue eta Irati bereziki, maite zaituztet, pila pila, patata 
tortilla. 

Iñigo, beti aurrera. “Believe in me who believes in you”. 

Aita eta ama. Hamabi urte etxetik kanpo eta azkenean nire liburutxoa idatzi 
dut. Orain inoiz baino urrunerago noa, baina badakizute laster bueltatuko 
naizela. Behar izan dudan guztia eta gehiago eman didazute, eskerrik asko. 

Tsong, you make my life better in every way. I love you. Let’s continue our 
adventure! 
 



 53

References 

1. Spillantini MG, Schmidt ML, Lee VMY, et al (1997) Alpha-synuclein in Lewy 
bodies. Nature 388:839–840. doi: 10.1038/42166 

2. Spillantini MG, Crowther RA, Jakes R, et al (1998) Alpha-Synuclein in 
filamentous inclusions of Lewy bodies from Parkinson’s disease and dementia 
with Lewy bodies. Proc Natl Acad Sci U S A 95:6469–6473. doi: 
10.1073/pnas.95.11.6469 

3. Goedert M (2001) Parkinson’s Disease and other α-Synucleinopathies. Clin 
Chem Lab Med 39:308–312. doi: 10.1515/CCLM.2001.047 

4. de Lau LML, Breteler MMB (2006) Epidemiology of Parkinson disease. Lancet 
Neurol 5:525–535. 

5. Jankovic J (2008) Parkinson’s disease: clinical features and diagnosis. J Neurol 
Neurosurg Psychiatry 79:368–76. doi: 10.1136/jnnp.2007.131045 

6. Chaudhuri KR, Healy DG, Schapira AH V (2006) Non-motor symptoms of 
Parkinson’s disease: diagnosis and management. Lancet Neurol 5:235–245. doi: 
10.1016/S1474-4422(06)70373-8 

7. Jellinger KA (2012) Neuropathology of sporadic Parkinson’s disease: 
Evaluation and changes of concepts. Mov Disord 27:8–30. doi: 
10.1002/mds.23795 

8. Shadrina MI, Slominsky PA, Limborska SA (2010) Molecular mechanisms of 
pathogenesis of Parkinson’s disease. Int Rev Cell Mol Biol 281:229–66. doi: 
10.1016/S1937-6448(10)81006-8 

9. Polymeropoulos MH, Lavedan C, Leroy E, et al (1997) Mutation in the Alpha-
Synuclein Gene Identified in Families with Parkinson’s Disease. Science  
276:2045–2047. doi: 10.1126/science.276.5321.2045 

10. Kitada T, Asakawa S, Hattori N, et al (1998) Mutations in the parkin gene cause 
autosomal recessive juvenile parkinsonism. Nature 392:605–608. doi: 
10.1038/33416 

11. Bonifati V, Rizzu P, van Baren MJ, et al (2003) Mutations in the DJ-1 gene 
associated with autosomal recessive early-onset parkinsonism. Science  
299:256–259. doi: 10.1126/science.1077209 

12. Paisán-Ruíz C, Jain S, Evans EW, et al (2004) Cloning of the gene containing 
mutations that cause PARK8-linked Parkinson’s disease. Neuron 44:595–600. 
doi: 10.1016/j.neuron.2004.10.023 

13. Valente EM, Abou-Sleiman PM, Caputo V, et al (2004) Hereditary early-onset 
Parkinson’s disease caused by mutations in PINK1. Science 304:1158–1160. 
doi: 10.1126/science.1096284 

14. Bronstein JM, Tagliati M, Alterman RL, et al (2011) Deep Brain Stimulation 
for Parkinson Disease. Arch Neurol 68:165–171. doi: 
10.1001/archneurol.2010.260 

15. Connolly BS, Lang AE (2014) Pharmacological Treatment of Parkinson 
Disease. Jama 311:1670. doi: 10.1001/jama.2014.3654 



 54 

16. Masliah E, Rockenstein E, Adame A, et al (2005) Effects of alpha-synuclein 
immunization in a mouse model of Parkinson’s disease. Neuron 46:857–68. doi: 
10.1016/j.neuron.2005.05.010 

17. Sanchez-Guajardo V, Annibali A, Jensen PH, Romero-Ramos M (2013) α-
synuclein vaccination prevents the accumulation of parkinson disease-like 
pathologic inclusions in striatum in association with regulatory T cell 
recruitment in a rat model. J Neuropathol Exp Neurol 72:624–645. doi: 
10.1097/NEN.0b013e31829768d2 

18. Masliah E, Rockenstein E, Mante M, et al (2011) Passive immunization reduces 
behavioral and neuropathological deficits in an alpha-synuclein transgenic 
model of lewy body disease. PLoS One. doi: 10.1371/journal.pone.0019338 

19. Lindström V, Fagerqvist T, Nordström E, et al (2014) Immunotherapy targeting 
α-synuclein protofibrils reduced pathology in (Thy-1)-h[A30P] α-synuclein 
mice. Neurobiol Dis 69:134–143. doi: 10.1016/j.nbd.2014.05.009 

20. Schneeberger A, Mandler M, Mattner F, Schmidt W (2012) Vaccination for 
Parkinson’s disease. Parkinsonism Relat Disord 18:S11–S13. doi: 
10.1016/S1353-8020(11)70006-2 

21. Schenk DB, Koller M, Ness DK, et al (2017) First-in-human assessment of 
PRX002, an anti–α-synuclein monoclonal antibody, in healthy volunteers. Mov 
Disord 32:211–218. doi: 10.1002/mds.26878 

22. Mckeith I, Mintzer J, Aarsland D, et al (2004) Dementia with Lewy bodies. 
Lancet Neurol 3:19–28. 

23. Rahkonen T, Eloniemi-Sulkava U, Rissanen S, et al (2003) Dementia with 
Lewy bodies according to the consensus criteria in a general population aged 75 
years or older. J Neurol Neurosurg Psychiatry 74:720–724. doi: 
10.1136/jnnp.74.6.720 

24. Stevens T, Livingston G, Kitchen G, et al (2002) Islington study of dementia 
subtypes in the community. Br J Psychiatry 180:270–276. doi: 
10.1192/bjp.180.3.270 

25. McKeith I, Boeve B, Dickson D, et al (2017) Diagnosis and management of 
dementia with Lewy bodies Fourth consensus report of the DLB Consortium. 
Neurology 89:88–100. 

26. Gilman S, Wenning GK, Low P a, et al (2008) Second consensus statement on 
the diagnosis of multiple system atrophy. Neurology 71:670–6. doi: 
10.1212/01.wnl.0000324625.00404.15 

27. Bower JH, Maraganore DM, McDonnell SK, Rocca WA (1997) Incidence of 
progressive supranuclear palsy and multiple system atrophy in Olmsted County, 
Minnesota, 1976 to 1990. Neurology 49:1284–1288. 

28. Hamilton RL (2000) Lewy Bodies in Alzheimer’s Disease: A 
Neuropathological Review of 145 Cases Using Alpha-Synuclein 
Immunohistochemistry. Brain Pathol 10:378–384. 

29. Jellinger KA (2003) Neuropathological spectrum of synucleinopathies. Mov 
Disord 18:2–12. doi: 10.1002/mds.10557 

30. Jakes R, Spillantini MG, Goedert M (1994) Identification of two distinct 
synucleins from human brain. FEBS Lett 345:27–32. 

31. George JM (2001) The Synucleins. Genome Biol 3:1–6. 
32. Uéda K, Fukushima H, Masliah E, et al (1993) Molecular cloning of cDNA 

encoding an unrecognized component of amyloid in Alzheimer disease. Proc 
Natl Acad Sci U S A 90:11282–6. 

33. Maroteaux L, Campanelli JT, Scheller RH (1988) Synuclein: A Neuron-
Specific Presynaptic Nerve Terminal Protein Localized to the Nucleus and 
Presynaptic Nerve Terminal. J Neurosci 8:2804–2815. 



 55

34. Culvenor JG, Mclean CA, Cutt S, et al (1999) Non-AB Component of 
Alzheimer’s Disease Amyloid (NAC) Revisited. Am J Pathol 155:1173–1181. 
doi: 10.1016/S0002-9440(10)65220-0 

35. Bussell Jr. R, Eliezer D (2004) Effects of Parkinson’s Disease-Linked 
Mutations on the Structure of lipid-associated alpha-synuclein. Biochemistry 
43:4810–4818. 

36. Ulmer TS, Bax A, Cole NB, Nussbaum RL (2005) Structure and Dynamics of 
Micelle-bound Human Alpha-Synuclein. J Biol Chem 280:9595–9603. doi: 
10.1074/jbc.M411805200 

37. Fauvet B, Mbefo MK, Fares M-B, et al (2012) α-Synuclein in central nervous 
system and from erythrocytes, mammalian cells, and Escherichia coli exists 
predominantly as disordered monomer. J Biol Chem 287:15345–64. doi: 
10.1074/jbc.M111.318949 

38. Bartels T, Choi JG, Selkoe DJ (2011) α-Synuclein occurs physiologically as a 
helically folded tetramer that resists aggregation. Nature 477:107–110. doi: 
10.1038/nature10324 

39. Davidson WS, Jonas  a, Clayton DF, George JM (1998) Stabilization of alpha-
synuclein secondary structure upon binding to synthetic membranes. J Biol 
Chem 273:9443–9449. doi: 10.1074/jbc.273.16.9443 

40. Ferreon ACM, Gambin Y, Lemke EA, Deniz AA (2009) Interplay of alpha-
synuclein binding and conformational switching probed by single-molecule 
fluorescence. Proc Natl Acad Sci U S A 106:5645–50. doi: 
10.1073/pnas.0809232106 

41. Middleton ER, Rhoades E (2010) Effects of Curvature and Composition on α-
Synuclein Binding to Lipid Vesicles. Biophys J 99:2279–2288. doi: 
10.1016/j.bpj.2010.07.056 

42. Westphal CH, Chandra SS (2013) Monomeric synucleins generate membrane 
curvature. J Biol Chem 288:1829–40. doi: 10.1074/jbc.M112.418871 

43. Burré J, Sharma M, Südhof TC (2014) α-Synuclein assembles into higher-order 
multimers upon membrane binding to promote SNARE complex formation. 
Proc Natl Acad Sci U S A 111:E4274-83. doi: 10.1073/pnas.1416598111 

44. Ibáñez P, Bonnet A-M, Débarges B, et al (2004) Causal relation between α-
synuclein locus duplication as a cause of familial Parkinson’s disease. Lancet 
364:1169–1171. doi: 10.1016/S0140-6736(04)17104-3 

45. Singleton AB, Farrer M, Johnson J, et al (2003) Alpha-Synuclein Locus 
Triplication Causes Parkinson’s Disease. Science  302:841. doi: 
10.1126/science.1090278 

46. Krüger R, Kuhn W, Müller T, et al (1998) Ala30Pro mutation in the gene 
encoding α-synuclein in Parkinson’s disease. Nat Genet 18:106–108. doi: 
10.1038/ng0298-106 

47. Zarranz JJ, Alegre J, Gómez-Esteban JC, et al (2004) The new mutation, E46K, 
of alpha-synuclein causes Parkinson and Lewy body dementia. Ann Neurol 
55:164–73. doi: 10.1002/ana.10795 

48. Appel-Cresswell S, Vilarino-Guell C, Encarnacion M, et al (2013) Alpha-
synuclein p.H50Q, a novel pathogenic mutation for Parkinson’s disease. Mov 
Disord Off J Mov Disord Soc 0:1–3. doi: 10.1002/mds.25421 

49. Lesage S, Anheim M, Letournel F, et al (2013) G51D α-synuclein mutation 
causes a novel parkinsonian-pyramidal syndrome. Ann Neurol. doi: 
10.1002/ana.23894 
 
 



 56 

50. Pasanen P, Myllykangas L, Siitonen M, et al (2014) A novel α-synuclein 
mutation A53E associated with atypical multiple system atrophy and 
Parkinson’s disease-type pathology. Neurobiol Aging 35:2180.e1-5. doi: 
10.1016/j.neurobiolaging.2014.03.024 

51. Simón-Sánchez J, Schulte C, Bras JM, et al (2009) Genome-wide association 
study reveals genetic risk underlying Parkinson’s disease. Nat Genet 41:1308–
12. doi: 10.1038/ng.487 

52. Satake W, Nakabayashi Y, Mizuta I, et al (2009) Genome-wide association 
study identifies common variants at four loci as genetic risk factors for 
Parkinson’s disease. Nat Genet 41:1303–7. doi: 10.1038/ng.485 

53. Kloepper TH, Kienle CN, Fasshauer D (2007) An elaborate classification of 
SNARE proteins sheds light on the conservation of the eukaryotic 
endomembranse system. Mol Biol Cell 18:3463–3471. doi: 10.1091/mbc.E07 

54. Fasshauer D, Sutton RB, Brunger  a T, Jahn R (1998) Conserved structural 
features of the synaptic fusion complex: SNARE proteins reclassified as Q- and 
R-SNAREs. Proc Natl Acad Sci U S A 95:15781–15786. doi: 
10.1073/pnas.95.26.15781 

55. Jahn R, Scheller RH (2006) SNAREs — engines for membrane fusion. Nat Rev 
Mol Cell Biol 7:631–643. doi: 10.1038/nrm2002 

56. Jahn R, Fasshauer D (2012) Molecular machines governing exocytosis of 
synaptic vesicles. Nature 490:201–207. doi: 10.1038/nature11320 

57. Söllner T, Whiteheart SW, Brunner M, et al (1993) SNAP receptors implicated 
in vesicle targeting and fusion. Nature 362:318–324. 

58. Ernst JA, Brunger AT (2003) High resolution structure, stability, and 
synaptotagmin binding of a truncated neuronal SNARE complex. J Biol Chem 
278:8630–8636. doi: 10.1074/jbc.M211889200 

59. Toonen RFG, Verhage M (2007) Munc18-1 in secretion: lonely Munc joins 
SNARE team and takes control. Trends Neurosci 30:564–572. doi: 
10.1016/j.tins.2007.08.008 

60. Rizo J, Südhof TC (2002) Snares and Munc18 in synaptic vesicle fusion. Nat 
Rev Neurosci 3:641–653. doi: 10.1038/nrn898 

61. Verhage M, Maia AS, Plomp JJ, et al (2000) Synaptic Assembly of the Brain in 
the Absence of Neurotransmitter Secretion. Science 287:864–869. doi: 
10.1126/science.287.5454.864 

62. Varoqueaux F, Sigler A, Rhee J-S, et al (2002) Total arrest of spontaneous and 
evoked synaptic transmission but normal synaptogenesis in the absence of 
Munc13-mediated vesicle priming. Proc Natl Acad Sci 99:9037–9042. doi: 
10.1073/pnas.122623799 

63. Pang ZP, Südhof TC (2010) Cell biology of Ca2+-triggered exocytosis. Curr 
Opin Cell Biol 22:496–505. doi: 10.1016/j.ceb.2010.05.001 

64. Xue M, Lin YQ, Pan H, et al (2009) Tilting the Balance between Facilitatory 
and Inhibitory Functions of Mammalian and Drosophila Complexins 
Orchestrates Synaptic Vesicle Exocytosis. Neuron 64:367–380. doi: 
10.1016/j.neuron.2009.09.043 

65. McMahon HT, Missler M, Li C, Südhof TC (1995) Complexins: Cytosolic 
proteins that regulate SNAP receptor function. Cell 83:111–119. doi: 
10.1016/0092-8674(95)90239-2 

66. Burré J (2015) The synaptic function of α-synuclein. J Parkinsons Dis 5:699–
713. doi: 10.3233/JPD-150642 

67. Perez RG, Waymire JC, Lin E, et al (2002) A role for α-synuclein in the 
Regulation of Dopamine Biosynthesis. J Neurosci 22:3090–3099. doi: 
20026307 



 57

68. Masliah E, Rockenstein E, Veinbergs I, et al (2000) Dopaminergic loss and 
inclusion body formation in alpha- synuclein mice: Implications for 
neurodegenerative disorders. Science 287:1265–1269. 

69. Kirik D, Rosenblad C, Burger C, et al (2002) Parkinson-like neurodegeneration 
induced by targeted overexpression of α-synuclein in the nigrostriatal system. J 
Neurosci 22:2780–2791. doi: 20026246 

70. Tehranian R, Montoya SE, Van Laar AD, et al (2006) Alpha-synuclein inhibits 
aromatic amino acid decarboxylase activity in dopaminergic cells. J Neurochem 
99:1188–1196. doi: 10.1111/j.1471-4159.2006.04146.x 

71. Guo JT, Chen AQ, Kong Q, et al (2008) Inhibition of vesicular monoamine 
transporter-2 activity in α-synuclein stably transfected SH-SY5Y cells. Cell Mol 
Neurobiol 28:35–47. doi: 10.1007/s10571-007-9227-0 

72. Lee FJS, Liu F, Pristupa ZB, Niznik HB (2001) Direct binding and functional 
coupling of alpha-synuclein to the dopamine transporters accelerate dopamine 
induced apoptosis. FASEB J 17:2151–2153. 

73. Wersinger C, Sidhu A (2003) Attenuation of dopamine transporter activity by 
α-synuclein. Neurosci Lett 340:189–192. doi: 10.1016/S0304-3940(03)00097-1 

74. Burré J, Sharma M, Tsetsenis T, et al (2010) Alpha-synuclein promotes 
SNARE-complex assembly in vivo and in vitro. Science (80- ) 329:1663–7. doi: 
10.1126/science.1195227 

75. Chandra S, Gallardo G, Fernández-Chacón R, et al (2005) Alpha-synuclein 
cooperates with CSPalpha in preventing neurodegeneration. Cell 123:383–96. 
doi: 10.1016/j.cell.2005.09.028 

76. DeWitt DC, Rhoades E (2013) α-Synuclein can inhibit SNARE-mediated 
vesicle fusion through direct interactions with lipid bilayers. Biochemistry 
52:2385–7. doi: 10.1021/bi4002369 

77. Lai Y, Kim S, Varkey J, et al (2014) Nonaggregated Alpha-Synuclein 
Influences SNARE-Dependent Vesicle Docking via Membrane Binding. 
Biochemistry 53:3889–3896. 

78. Scott D, Roy S (2012) Alpha-Synuclein Inhibits Intersynaptic Vesicle Mobility 
and Maintains Recycling-Pool Homeostasis. J Neurosci 32:10129–10135. doi: 
10.1523/JNEUROSCI.0535-12.2012 

79. Murphy DD, Rueter SM, Trojanowski JQ, Lee VM (2000) Synucleins are 
developmentally expressed, and alpha-synuclein regulates the size of the 
presynaptic vesicular pool in primary hippocampal neurons. J Neurosci 
20:3214–3220. 

80. Wang L, Das U, Scott DA, et al (2014) Alpha-Synuclein multimers cluster 
synaptic vesicles and attenuate recycling. Curr Biol 24:2319–2326. doi: 
10.1016/j.cub.2014.08.027 

81. Vargas KJ, Schrod N, Davis T, et al (2017) Synucleins Have Multiple Effects 
on Presynaptic Architecture. CellReports 18:161–173. doi: 
10.1016/j.celrep.2016.12.023 

82. George JM, Jin H, Woods WS, Clayton DF (1995) Characterization of a novel 
protein regulated during the critical period for song learning in the zebra finch. 
Neuron 15:361–372. doi: 0896-6273(95)90040-3 [pii] 

83. Huang Z, Xu Z, Wu Y, Zhou Y (2011) Determining nuclear localization of 
alpha-synuclein in mouse brains. Neuroscience 199:318–332. doi: 
10.1016/j.neuroscience.2011.10.016 

84. Kontopoulos E, Parvin JD, Feany MB (2006) Αlpha-Synuclein Acts in the 
Nucleus To Inhibit Histone Acetylation and Promote Neurotoxicity. Hum Mol 
Genet 15:3012–3023. doi: 10.1093/hmg/ddl243 



 58 

85. Goers J, Manning-Bog AB, McCormack AL, et al (2003) Nuclear localization 
of alpha-synuclein and its interaction with histones. Biochemistry 42:8465–
8471. doi: 10.1021/bi0341152 

86. Xie W, Chung KKK (2012) Alpha-synuclein impairs normal dynamics of 
mitochondria in cell and animal models of Parkinson’s disease. J Neurochem 
122:404–414. doi: 10.1111/j.1471-4159.2012.07769.x 

87. Calì T, Ottolini D, Negro A, Brini M (2012) Αlpha-Synuclein Controls 
Mitochondrial Calcium Homeostasis By Enhancing Endoplasmic Reticulum-
Mitochondria Interactions. J Biol Chem 287:17914–17929. doi: 
10.1074/jbc.M111.302794 

88. Uversky VN, Li J, Fink AL (2001) Evidence for a partially folded intermediate 
in alpha-synuclein fibril formation. J Biol Chem 276:10737–44. doi: 
10.1074/jbc.M010907200 

89. Vilar M, Chou H-T, Lührs T, et al (2008) The fold of alpha-synuclein fibrils. 
Proc Natl Acad Sci U S A 105:8637–42. doi: 10.1073/pnas.0712179105 

90. Conway KA, Lee S, Rochet J, et al (2000) Acceleration of oligomerization, not 
fibrillization, is a shared property of both alpha-synuclein mutations linked to 
early-onset Parkinson’s disease: Implications for pathogenesis and therapy. Proc 
Natl Acad Sci 97:571–576. 

91. Greenbaum EA, Graves CL, Mishizen-Eberz AJ, et al (2005) The E46K 
mutation in alpha-synuclein increases amyloid fibril formation. J Biol Chem 
280:7800–7. doi: 10.1074/jbc.M411638200 

92. Ghosh D, Mondal M, Mohite GM, et al (2013) The parkinson’s disease-
associated H50Q mutation accelerates α-synuclein aggregation in vitro. 
Biochemistry 52:6925–6927. doi: 10.1021/bi400999d 

93. Dettmer U, Newman AJ, Soldner F, et al (2015) Parkinson-causing α-synuclein 
missense mutations shift native tetramers to monomers as a mechanism for 
disease initiation. Nat Commun 6:7314. doi: 10.1038/ncomms8314 

94. Greten-Harrison B, Polydoro M, Morimoto-Tomita M, et al (2010) αβγ-
Synuclein triple knockout mice reveal age-dependent neuronal dysfunction. 
Proc Natl Acad Sci U S A 107:19573–8. doi: 10.1073/pnas.1005005107 

95. Nemani VM, Lu W, Berge V, et al (2010) Increased expression of alpha-
synuclein reduces neurotransmitter release by inhibiting synaptic vesicle 
reclustering after endocytosis. Neuron 65:66–79. doi: 10.1016/j.neuron. 
2009.12.023 

96. Burré J, Sharma M, Südhof TC (2012) Systematic mutagenesis of α-synuclein 
reveals distinct sequence requirements for physiological and pathological 
activities. J Neurosci 32:15227–42. doi: 10.1523/JNEUROSCI.3545-12.2012 

97. Volles MJ, Lee S-J, Rochet J-C, et al (2001) Vesicle Permeabilization by 
Protofibrillar α-Synuclein: Implications for the Pathogenesis and Treatment of 
Parkinson’s Disease. Biochemistry 40:7812–7819. doi: 10.1021/bi0102398 

98. Ding TT, Lee S-J, Rochet J-C, Lansbury PT (2002) Annular Alpha-Synuclein 
Protofibrils Are Produced When Spherical Protofibrils Are Incubated in 
Solution or Bound to Brain-Derived Membranes. Biochemistry 41:10209–
10217. doi: 10.1021/bi020139h 

99. Souza JM, Giasson BI, Chen Q, et al (2000) Dityrosine cross-linking promotes 
formation of stable α-synuclein polymers: Implication of nitrative and oxidative 
stress in the pathogenesis of neurodegenerative synucleinopathies. J Biol Chem 
275:18344–18349.doi:10.1074/jbc.M000206200 
 
 



 59

100. Zhou W, Long C, Reaney SH, et al (2010) Methionine oxidation stabilizes non-
toxic oligomers of alpha-synuclein through strengthening the auto-inhibitory 
intra-molecular long-range interactions. Biochim Biophys Acta - Mol Basis Dis 
1802:322–330. doi: 10.1016/j.bbadis.2009.12.004 

101. Zhu M, Rajamani S, Kaylor J, et al (2004) The Flavonoid Baicalein Inhibits 
Fibrillation of Alpha-Synuclein and Disaggregates Existing Fibrils. J Biol Chem 
279:26846–26857. doi: 10.1074/jbc.M403129200 

102. Cappai R, Leck S-L, Tew DJ, et al (2005) Dopamine promotes alpha-synuclein 
aggregation into SDS- resistant soluble oligomers via a distinct folding 
pathway. FASEB J 19:1377–9. 

103. Ehrnhoefer DE, Bieschke J, Boeddrich A, et al (2008) EGCG redirects 
amyloidogenic polypeptides into unstructured, off-pathway oligomers. Nat 
Struct Mol Biol 15:558–566. doi: 10.1038/nsmb.1437 

104. Cremades N, Chen SW, Dobson CM (2017) Structural Characteristics of α-
Synuclein Oligomers, 1st ed. Early Stage Protein Misfolding Amyloid Aggreg. 
doi: 10.1016/bs.ircmb.2016.08.010 

105. Kovacs GG, Wagner U, Dumont B, et al (2012) An antibody with high 
reactivity for disease-associated α-synuclein reveals extensive brain pathology. 
Acta Neuropathol 124:37–50. doi: 10.1007/s00401-012-0964-x 

106. Outeiro TF, Putcha P, Tetzlaff JE, et al (2008) Formation of toxic oligomeric 
alpha-synuclein species in living cells. PLoS One 3:e1867. doi: 
10.1371/journal.pone.0001867 

107. Roberts RF, Wade-Martins R, Alegre-Abarrategui J (2015) Direct visualization 
of alpha-synuclein oligomers reveals previously undetected pathology in 
Parkinson’s disease brain. Brain 138:1642–57. doi: 10.1093/brain/awv040 

108. Chen L, Jin J, Davis J, et al (2007) Oligomeric alpha-synuclein inhibits tubulin 
polymerization. Biochem Biophys Res Commun 356:548–53. doi: 
10.1016/j.bbrc.2007.02.163 

109. Danzer KM, Haasen D, Karow AR, et al (2007) Different species of alpha-
synuclein oligomers induce calcium influx and seeding. J Neurosci 27:9220–
9232. doi: 10.1523/JNEUROSCI.2617-07.2007 

110. Castillo-Carranza DL, Zhang Y, Guerrero-Muñoz MJ, et al (2012) Differential 
activation of the ER stress factor XBP1 by oligomeric assemblies. Neurochem 
Res 37:1707–1717. doi: 10.1007/s11064-012-0780-7 

111. Colla E, Jensen PH, Pletnikova O, et al (2012) Accumulation of toxic α-
synuclein oligomer within endoplasmic reticulum occurs in α-synucleinopathy 
in vivo. J Neurosci 32:3301–5. doi: 10.1523/JNEUROSCI.5368-11.2012 

112. Fagerqvist T, Lindström V, Nordström E, et al (2013) Monoclonal antibodies 
selective for α-synuclein oligomers/ protofibrils recognize brain pathology in 
Lewy body disorders and α-synuclein transgenic mice with the disease-causing 
A30P mutation. J Neurochem 126:131–144. doi: 10.1111/jnc.12175 

113. Xilouri M, Brekk OR, Stefanis L (2013) Alpha-synuclein and Protein 
Degradation Systems: a Reciprocal Relationship. Mol Neurobiol 47:537–51. 
doi: 10.1007/s12035-012-8341-2 

114. Parihar MS, Parihar A, Fujita M, et al (2009) Alpha-synuclein overexpression 
and aggregation exacerbates impairment of mitochondrial functions by 
augmenting oxidative stress in human neuroblastoma cells. Int J Biochem Cell 
Biol 41:2015–2024. doi: 10.1016/j.biocel.2009.05.008 

115. Nakamura K (2013) Alpha-Synuclein and Mitochondria: Partners in Crime? 
Neurotherapeutics 10:391–399. doi: 10.1007/s13311-013-0182-9 



 60 

116. Zhang W, Wang T, Pei Z, et al (2005) Aggregated alpha-synuclein activates 
microglia: a process leading to disease progression in Parkinson’s disease. 
FASEB J 19:533–542. doi: 10.1096/fj.04-2751com 

117. Wilms H, Rosenstiel P, Romero-Ramos M, et al (2009) Suppression of MAP 
kinases inhibits microglial activation and attenuates neuronal cell death induced 
by alpha-synuclein protofibrils. Int J Immunopathol Pharmacol 22:897–909. 
doi: 5 [pii] 

118. Sies H (2015) Oxidative stress: a concept in redox biology and medicine. Redox 
Biol 4C:180–183. doi: 10.1016/j.redox.2015.01.002 

119. Sayre LM, Perry G, Smith MA (2008) Oxidative stress and neurotoxicity. Chem 
Res Toxicol 21:172–88. doi: 10.1021/tx700210j 

120. Sayre LM, Lin D, Yuan Q, et al (2006) Protein adducts generated from products 
of lipid oxidation: focus on HNE and ONE. Drug Metab Rev 38:651–75. doi: 
10.1080/03602530600959508 

121. Esterbauer H, Schaur R., Zollner H (1991) Chemistry and biochemistry of 4-
hydroxynonenal, malonaldehyde and related aldehydes. Free Radic Biol Med 
11:81–128. 

122. Rindgen D, Nakajima M, Wehrli S, et al (1999) Covalent modifications to 2’-
deoxyguanosine by 4-oxo-2-nonenal, a novel product of lipid peroxidation. 
Chem Res Toxicol 12:1195–204. 

123. Lin D, Lee H, Liu Q, et al (2005) 4-Oxo-2-nonenal is both more neurotoxic and 
more protein reactive than 4-hydroxy-2-nonenal. Chem Res Toxicol 18:1219–
31. doi: 10.1021/tx050080q 

124. Yoritaka A, Hattori N, Uchida K, et al (1996) Immunohistochemical detection 
of 4-hydroxynonenal protein adducts in Parkinson disease. Proc Natl Acad Sci 
U S A 93:2696–701. 

125. Castellani RJ, Perry G, Siedlak SL, et al (2002) Hydroxynonenal adducts 
indicate a role for lipid peroxidation in neocortical and brainstem Lewy bodies 
in humans. Neurosci Lett 319:25–8. 

126. Shibata N, Inose Y, Toi S, et al (2010) Involvement of 4-hydroxy-2-nonenal 
accumulation in multiple system atrophy. Acta Histochem Cytochem 43:69–75. 
doi: 10.1267/ahc.10005 

127. Trostchansky A, Lind S, Hodara R, et al (2006) Interaction with phospholipids 
modulates alpha-synuclein nitration and lipid-protein adduct formation. 
Biochem J 393:343–9. doi: 10.1042/BJ20051277 

128. Qin Z, Hu D, Han S, et al (2007) Effect of 4-hydroxy-2-nonenal modification 
on alpha-synuclein aggregation. J Biol Chem 282:5862–70. doi: 
10.1074/jbc.M608126200 

129. Näsström T, Wahlberg T, Karlsson M, et al (2009) The lipid peroxidation 
metabolite 4-oxo-2-nonenal cross-links alpha-synuclein causing rapid formation 
of stable oligomers. Biochem Biophys Res Commun 378:872–6. doi: 
10.1016/j.bbrc.2008.12.005 

130. Näsström T, Fagerqvist T, Barbu M, et al (2011) The lipid peroxidation 
products 4-oxo-2-nonenal and 4-hydroxy-2-nonenal promote the formation of 
α-synuclein oligomers with distinct biochemical, morphological, and functional 
properties. Free Radic Biol Med 50:428–37. doi: 10.1016/j.freeradbiomed. 
2010.11.027 

131. Bae E-J, Ho D-H, Park E, et al (2013) Lipid Peroxidation Product 4-Hydroxy-2-
Nonenal Promotes Seeding-Capable Oligomer Formation and Cell-to-Cell 
Transfer of α-Synuclein. Antioxid Redox Signal 18:770–783. doi: 10.1089/ 
ars.2011.4429 



 61

132. Xiang W, Schlachetzki JCM, Helling S, et al (2013) Oxidative stress-induced 
posttranslational modifications of alpha-synuclein: Specific modification of 
alpha-synuclein by 4-hydroxy-2-nonenal increases dopaminergic toxicity. Mol 
Cell Neurosci 54:71–83. doi: 10.1016/j.mcn.2013.01.004 

133. Zhang S, Eitan E, Wu TY, Mattson MP (2018) Intercellular transfer of 
pathogenic α-synuclein by extracellular vesicles is induced by the lipid 
peroxidation product 4-hydroxynonenal. Neurobiol Aging 61:52–65. doi: 
10.1016/j.neurobiolaging.2017.09.016 

134. Serpell LC, Berriman J, Jakes R, et al (2000) Fiber diffraction of synthetic 
alpha-synuclein filaments shows amyloid-like cross-beta conformation. Proc 
Natl Acad Sci U S A 97:4897–4902. doi: 10.1073/pnas.97.9.4897 

135. Heise H, Hoyer W, Becker S, et al (2005) Molecular-level secondary structure, 
polymorphism, and dynamics of full-length alpha-synuclein fibrils studied by 
solid-state NMR. Proc Natl Acad Sci U S A 102:15871–15876. doi: 
10.1073/pnas.0506109102 

136. Tuttle MD, Comellas G, Nieuwkoop AJ, et al (2016) Solid-state NMR structure 
of a pathogenic fibril of full-length human α-synuclein. Nat Struct Mol Biol 
23:1–9. doi: 10.1038/nsmb.3194 

137. Haney CM, Petersson EJ (2018) Fluorescence spectroscopy reveals N-terminal 
order in fibrillar forms of α-synuclein. Chem Commun 54:833–836. doi: 
10.1039/C7CC08601F 

138. Ebeling W, Hennrich N, Klockow M, et al (1974) Proteinase K from 
Tritirachium album Limber. Eur J Biochem 47:91–97. doi: 10.1111/j.1432-
1033.1974.tb03671.x 

139. Bolton D, McKinley M, Prusiner S (1982) Identification of a protein that 
purifies with the scrapie prion. Science 218:1309–1311. doi: 
10.1126/science.6815801 

140. Miake H, Mizusawa H, Iwatsubo T, Hasegawa M (2002) Biochemical 
characterization of the core structure of alpha-synuclein filaments. J Biol Chem 
277:19213–19219. doi: 10.1074/jbc.M110551200 

141. Conway KA, Harper JD, Lansbury PT (2000) Fibrils Formed in Vitro from α-
Synuclein and Two Mutant Forms Linked to Parkinson’s Disease are Typical 
Amyloid. Biochemistry 39:2552–2563. doi: 10.1021/bi991447r 

142. Neumann M, Kahle PJ, Giasson BI, et al (2002) Misfolded proteinase K-
resistant hyperphosphorylated alpha-synuclein in aged transgenic mice with 
locomotor deterioration and in human alpha-synucleinopathies. J Clin Invest 
110:1429–1439. doi: 10.1172/JCI200215777.Introduction 

143. Tanji K, Mori F, Mimura J, et al (2010) Proteinase K-resistant alpha-synuclein 
is deposited in presynapses in human Lewy body disease and A53T alpha-
synuclein transgenic mice. Acta Neuropathol 120:145–154. doi: 10.1007/ 
s00401-010-0676-z 

144. Schulz-Schaeffer WJ (2010) The synaptic pathology of α-synuclein aggregation 
in dementia with Lewy bodies, Parkinson’s disease and Parkinson’s disease 
dementia. Acta Neuropathol 120:131–143. doi: 10.1007/s00401-010-0711-0 

145. Neumann M, Müller V, Kretzschmar H a, et al (2004) Regional distribution of 
proteinase K-resistant alpha-synuclein correlates with Lewy body disease stage. 
J Neuropathol Exp Neurol 63:1225–1235. 

146. Greffard S, Verny M, Bonnet AM, et al (2010) A stable proportion of Lewy 
body bearing neurons in the substantia nigra suggests a model in which the 
Lewy body causes neuronal death. Neurobiol Aging 31:99–103. doi: 
10.1016/j.neurobiolaging.2008.03.015 



 62 

147. Braak H, Tredici K Del, Rüb U, et al (2003) Staging of brain pathology related 
to sporadic Parkinson’s disease. Neurobiol Aging 24:197–211. doi: 
10.1016/S0197-4580(02)00065-9 

148. Gómez-Tortosa E, Newell K, Irizarry MC, et al (1999) Clinical and quantitative 
pathologic correlates of dementia with Lewy bodies. Neurology 53:1284–1291. 
doi: 10.1212/WNL.53.6.1284 

149. Jellinger KA (2009) A critical evaluation of current staging of α-synuclein 
pathology in Lewy body disorders. Biochim Biophys Acta - Mol Basis Dis 
1792:730–740. doi: 10.1016/j.bbadis.2008.07.006 

150. Milber JM, Noorigian J V., Morley JF, et al (2012) Lewy pathology is not the 
first sign of degeneration in vulnerable neurons in parkinson disease. Neurology 
79:2307–2314. doi: 10.1212/WNL.0b013e318278fe32 

151. Olanow CW, Perl DP, Demartino GN, Mcnaught KSP (2004) Lewy-body 
formation is an aggresome-related process: a hypothesis. Lancet Neurol 3:496–
503. 

152. Schulz-Schaeffer W (2015) Is Cell Death Primary or Secondary in the 
Pathophysiology of Idiopathic Parkinson’s Disease? Biomolecules 5:1467–
1479. doi: 10.3390/biom5031467 

153. Nikolaus S, Antke C, Müller HW (2009) In vivo imaging of synaptic function 
in the central nervous system: I. Movement disorders and dementia. Behav 
Brain Res 204:1–31. doi: 10.1016/j.bbr.2009.06.009 

154. Calo L, Wegrzynowicz M, Santivañez-Perez J, Grazia Spillantini M (2016) 
Synaptic failure and α-synuclein. Mov Disord 31:169–177. doi: 
10.1002/mds.26479 

155. Kramer ML, Schulz-Schaeffer WJ (2007) Presynaptic alpha-synuclein 
aggregates, not Lewy bodies, cause neurodegeneration in dementia with Lewy 
bodies. J Neurosci 27:1405–10. doi: 10.1523/JNEUROSCI.4564-06.2007 

156. Spinelli KJ, Taylor JK, Osterberg VR, et al (2014) Presynaptic Alpha-Synuclein 
Aggregation in a Mouse Model of Parkinson’s Disease. J Neurosci 34:2037–
2050. doi: 10.1523/JNEUROSCI.2581-13.2014 

157. Garcia-Reitböck P, Anichtchik O, Bellucci A, et al (2010) SNARE protein 
redistribution and synaptic failure in a transgenic mouse model of Parkinson’s 
disease. Brain 133:2032–2044. doi: 10.1093/brain/awq132 

158. Choi B-K, Choi M-G, Kim J-Y, et al (2013) Large synuclein oligomers inhibit 
neuronal SNARE-mediated vesicle docking. Proc Natl Acad Sci. doi: 
10.1073/pnas.1218424110 

159. Nakata Y, Yasuda T, Fukaya M, et al (2012) Accumulation of Alpha-Synuclein 
Triggered by Presynaptic Dysfunction. J Neurosci 32:17186–17196. doi: 
10.1523/JNEUROSCI.2220-12.2012 

160. Diógenes MJ, Dias RB, Rombo DM, et al (2012) Extracellular Alpha-Synuclein 
Oligomers Modulate Synaptic Transmission and Impair LTP Via NMDA-
Receptor Activation. J Neurosci 32:11750–11762. doi: 10.1523/JNEUROSCI. 
0234-12.2012 

161. Ferreira DG, Temido-Ferreira M, Miranda HV, et al (2017) a-Synuclein 
interacts with PrPC to induce cognitive impairment through mGluR5 and 
NMDAR2B. Nat Neurosci. doi: 10.1038/nn.4648 

162. Herms J, Dorostkar MM (2016) Dendritic Spine Pathology in 
Neurodegenerative Diseases. Annu Rev Pathol 11:annurev-pathol-012615-
044216. doi: 10.1146/annurev-pathol-012615-044216 

163. Neuner J, Ovsepian S V, Dorostkar M, et al (2014) Pathological α-synuclein 
impairs adult-born granule cell development and functional integration in the 
olfactory bulb. Nat Commun 5:3915. doi: 10.1038/ncomms4915 



 63

164. Prusiner SB (1982) Novel Proteinaceous Infectious Particles Cause Scrapie. 
Science (80- ) 216:136–144. 

165. Cobb NJ, Surewicz WK (2009) Prion Diseases and Their Biochemical 
Mechanisms. Biochemistry 48:2574–2585. doi: 10.1021/bi900108v.Prion 

166. Pan K, Baldwin M, Nguyen J, et al (1993) Conversion of alpha-helices into 
beta-sheets features in the formation of the scrapie prion proteins. Biochemistry 
90:10962–10966. doi: VL - 90 

167. Prusiner SB (1998) Prions. Proc Natl Acad Sci 95:13363–13383. 
168. Li J-Y, Englund E, Holton JL, et al (2008) Lewy bodies in grafted neurons in 

subjects with Parkinson’s disease suggest host-to-graft disease propagation. Nat 
Med 14:501–503. doi: 10.1038/nm1746 

169. Kordower JH, Chu Y, Hauser RA, et al (2008) Lewy body–like pathology in 
long-term embryonic nigral transplants in Parkinson’s disease. Nat Med 
14:504–506. doi: 10.1038/nm1747 

170. Desplats P, Lee H-J, Bae E-J, et al (2009) Inclusion formation and neuronal cell 
death through neuron-to-neuron transmission of alpha-synuclein. Proc Natl 
Acad Sci 106:13010–13015. doi: 10.1073/pnas.0909073106 

171. Danzer KM, Krebs SK, Wolff M, et al (2009) Seeding induced by α-synuclein 
oligomers provides evidence for spreading of α-synuclein pathology. J 
Neurochem 111:192–203. doi: 10.1111/j.1471-4159.2009.06324.x 

172. Volpicelli-Daley LA, Luk KC, Patel TP, et al (2011) Exogenous Alpha-Synuclein 
Fibrils Induce Lewy Body Pathology Leading to Synaptic Dysfunction and 
Neuron Death. Neuron 72:57–71. doi: 10.1016/j.neuron.2011.08.033 

173. Luk KC, Song C, O’Brien P, et al (2009) Exogenous alpha-synuclein fibrils 
seed the formation of Lewy body-like intracellular inclusions in cultured cells. 
Proc Natl Acad Sci U S A 106:20051–6. doi: 10.1073/pnas.0908005106 

174. Luk KC, Kehm V, Carroll J, et al (2012) Pathological a-Synuclein Transmission 
in Nontransgenic Mice. Science 949:949–953. doi: 10.1126/ 
science.1227157 

175. Mougenot A-LJ, Bencsik A, Nicot S, et al (2011) Transmission of prion strains 
in a transgenic mouse model overexpressing human A53T mutated α-synuclein. 
J Neuropathol Exp Neurol 70:377–385. doi: 10.1097/NEN.0b013e318217d95f 

176. Luk KC, Kehm VM, Zhang B, et al (2012) Intracerebral inoculation of 
pathological alpha-synuclein initiates a rapidly progressive neurodegenerative 
alpha-synucleinopathy in mice. J Exp Med 209:975–986. doi: 10.1084/ 
jem.20112457 

177. Recasens A, Dehay B, Bové J, et al (2014) Lewy body extracts from Parkinson 
disease brains trigger α-synuclein pathology and neurodegeneration in mice and 
monkeys. Ann Neurol 75:351–362. doi: 10.1002/ana.24066 

178. Prusiner SB, Woerman AL, Mordes D a., et al (2015) Evidence for α-synuclein 
prions causing multiple system atrophy in humans with parkinsonism. Proc Natl 
Acad Sci 201514475. doi: 10.1073/pnas.1514475112 

179. Guo JL, Covell DJ, Daniels JP, et al (2013) Distinct α-synuclein strains 
differentially promote tau inclusions in neurons. Cell 154:103–117. doi: 
10.1016/j.cell.2013.05.057 

180. Bousset L, Pieri L, Ruiz-Arlandis G, et al (2013) Structural and functional 
characterization of two alpha-synuclein strains. Nat Commun 4:2575. doi: 
10.1038/ncomms3575 

181. Peelaerts W, Bousset L, Van der Perren A, et al (2015) α-Synuclein strains 
cause distinct synucleinopathies after local and systemic administration. Nature 
522:340–344. doi: 10.1038/nature14547 



 64 

182. Watts JC, Giles K, Oehler A, et al (2013) Transmission of multiple system 
atrophy prions to transgenic mice. Proc Natl Acad Sci 110:19555–19560. doi: 
10.1073/pnas.1318268110 

183. Chen SW, Drakulic S, Deas E, et al (2015) Structural characterization of toxic 
oligomers that are kinetically trapped during α-synuclein fibril formation. Proc 
Natl Acad Sci U S A 112:E1994-2003. doi: 10.1073/pnas.1421204112 

184. Giráldez-Pérez R, Antolín-Vallespín M, Muñoz M, Sánchez-Capelo A (2014) 
Models of α-synuclein aggregation in Parkinson’s disease. Acta Neuropathol 
Commun 2:176. doi: 10.1186/s40478-014-0176-9 

185. Stefanova N, Wenning GK (2015) Animal models of multiple system atrophy. 
Clin Auton Res 25:9–17. doi: 10.1007/s10286-014-0266-6 

186. Koprich JB, Kalia L V, Brotchie JM (2017) Animal models of α-
synucleinopathy for Parkinson disease drug development. Nat Publ Gr 3–5. doi: 
10.1038/nrn.2017.75 

187. Thiruchelvam MJ, Powers JM, Cory-Slechta DA, Richfield EK (2004) Risk 
factors for dopaminergic neuron loss in human a-synuclein transgenic mice. Eur 
J Neurosci 19:845–854. doi: 10.1111/j.1460-9568.2004.03139.x 

188. Wakamatsu M, Ishii A, Iwata S, et al (2008) Selective loss of nigral dopamine 
neurons induced by overexpression of truncated human alpha-synuclein in mice. 
Neurobiol Aging 29:574–85. doi: 10.1016/j.neurobiolaging.2006.11.017 

189. Chesselet MF (2008) In vivo alpha-synuclein overexpression in rodents: A 
useful model of Parkinson’s disease? Exp Neurol 209:22–27. doi: 
10.1016/j.expneurol.2007.08.006 

190. Kahle PJ, Neumann M, Ozmen L, et al (2000) Subcellular localization of wild-
type and Parkinson’s disease-associated mutant alpha-synuclein in human and 
transgenic mouse brain. J Neurosci 20:6365–6373. doi: 20/17/6365 [pii] 

191. Schell H, Hasegawa T, Neumann M, Kahle PJ (2009) Nuclear and neuritic 
distribution of serine-129 phosphorylated α-synuclein in transgenic mice. 
Neuroscience 160:796–804. doi: 10.1016/j.neuroscience.2009.03.002 

192. Freichel C, Neumann M, Ballard T, et al (2007) Age-dependent cognitive 
decline and amygdala pathology in α-synuclein transgenic mice. Neurobiol 
Aging 28:1421–1435. doi: 10.1016/j.neurobiolaging.2006.06.013 

193. Ekmark-Lewén S, Lindström V, Gumucio A, et al (2018) Early fine motor 
impairment and behavioral dysfunction in (Thy-1)-h[A30P] alpha-synuclein 
mice. Brain Behav In press. doi: 10.1002/brb3.915 

194. Evans GJO (2015) The synaptosome as a model system for studying synaptic 
physiology. Cold Spring Harb Protoc 2015:421–424. doi: 10.1101/ 
pdb.top074450 

195. Jhou J-F, Tai H-C (2017) The Study of Postmortem Human Synaptosomes for 
Understanding Alzheimer’s Disease and Other Neurological Disorders: A 
Review. Neurol Ther 6:57–68. doi: 10.1007/s40120-017-0070-z 

196. Grubisic Z, Rempp P, Benoit H (1967) A universal calibration for gel 
permeation chromatography. J Polym Sci Part B Polym Lett 5:753–759. doi: 
10.1002/pol.1967.110050903 

197. Allison DP, Mortensen NP, Sullivan CJ, Doktycz MJ (2010) Atomic force 
microscopy of biological samples. Wiley Interdiscip Rev Nanomedicine 
Nanobiotechnology 2:618–634. doi: 10.1002/wnan.104 

198. Ranjbar B, Gill P (2009) Circular dichroism techniques: Biomolecular and 
nanostructural analyses- A review. Chem Biol Drug Des 74:101–120. doi: 
10.1111/j.1747-0285.2009.00847.x 

199. Domon B, Aebersold R (2006) Mass spectrometry and protein analysis. Science 
312:212–7. doi: 10.1126/science.1124619 



 65

200. Giasson BI, Jakes R, Goedert M, et al (2000) A panel of epitope-specific 
antibodies detects protein domains distributed throughout human alpha-
synuclein in lewy bodies of Parkinson’s disease. J Neurosci Res 59:528–533. 
doi: 10.1002/(SICI)1097-4547(20000215)59:4<528::AID-JNR8>3.0.CO;2-0 

201. Duda JE, Giasson BI, Mabon ME, et al (2002) Novel antibodies to synuclein 
show abundant striatal pathology in Lewy body diseases. Ann Neurol 52:205–
10. doi: 10.1002/ana.10279 

202. Dhillon J-KS, Riffe C, Moore BD, et al (2017) A novel panel of α-synuclein 
antibodies reveal distinctive staining profiles in synucleinopathies. PLoS One 
12:e0184731. doi: 10.1371/journal.pone.0184731 

203. Shimizu M, Nagashima H, Sano K, et al (1992) Molecular Stability of Chicken 
and Rabbit Immunoglobulin G. Biosci Biotechnol Biochem 56:270–271. 

204. Leslie GA, Clem LW (1969) Phylogeny of immunoglobulin structure and 
function. III. Immunoglobulins of the chicken. J ex 130:1337–1352. 

205. Hadge D, Ambrosius H (1984) Evolution of low molecular weight 
immunoglobulins-IV. IgY-like immunoglobulins of birds, reptiles and 
amphibians, precursors of mammalian IgA. Mol Immunol 21:699–707. doi: 
10.1016/0161-5890(84)90022-1 

206. Mori H, Cardiff RD (2016) Methods of Immunohistochemistry and 
Immunofluorescence: Converting Invisible to Visible. In: Ursini-Siegel J., 
Beauchemin N. Tumor Microenviron. Methods Mol. Biol. pp 1–12 

207. Croisier E, MRes DE, Deprez M, et al (2006) Comparative study of 
commercially available anti-alpha-synuclein antibodies. Neuropathol Appl 
Neurobiol 32:351–356. doi: 10.1111/j.1365-2990.2006.00722.x 

208. Söderberg O, Gullberg M, Jarvius M, et al (2006) Direct observation of 
individual endogenous protein complexes in situ by proximity ligation. Nat 
Methods 3:995–1000. doi: 10.1038/nmeth947 

209. Söderberg O, Leuchowius KJ, Gullberg M, et al (2008) Characterizing proteins 
and their interactions in cells and tissues using the in situ proximity ligation 
assay. Methods 45:227–232. doi: 10.1016/j.ymeth.2008.06.014 

210. Uversky VN (2003) A Protein-Chameleon : Conformational Plasticity of α-
Synuclein , a Disordered Protein Involved in Neurodegenerative Disorders. J 
Biomol Struct Dyn 21:37–41. 

211. Davidson WS (1998) Stabilization of alpha -Synuclein Secondary Structure 
upon Binding to Synthetic Membranes. J Biol Chem 273:9443–9449. doi: 
10.1074/jbc.273.16.9443 

212. van Raaij ME, Segers-Nolten IMJ, Subramaniam V (2006) Quantitative 
morphological analysis reveals ultrastructural diversity of amyloid fibrils from 
alpha-synuclein mutants. Biophys J 91:L96–L98. doi: 10.1529/biophysj. 
106.090449 

213. Zarbiv Y, Simhi-Haham D, Israeli E, et al (2014) Lysine residues at the first and 
second KTKEGV repeats mediate α-Synuclein binding to membrane 
phospholipids. Neurobiol Dis 70:90–8. doi: 10.1016/j.nbd.2014.05.031 

214. Lim Y, Kehm VM, Lee EB, et al (2011) Alpha-Syn Suppression Reverses 
Synaptic and Memory Defects in a Mouse Model of Dementia with Lewy 
Bodies. J Neurosci 31:10076–10087. doi: 10.1523/JNEUROSCI.0618-11.2011 

215. Luk KC, Covell DJ, Kehm VM, et al (2016) Molecular and Biological 
Compatibility with Host Alpha-Synuclein Influences Fibril Pathogenicity. Cell 
Rep 16:3373–3387. doi: 10.1016/j.celrep.2016.08.053 

216. Zaltieri M, Grigoletto J, Longhena F, et al (2015) Alpha-synuclein and synapsin 
III cooperatively regulate synaptic function in dopamine neurons. J Cell Sci 
128:2231–2243. doi: 10.1242/jcs.157867 



Acta Universitatis Upsaliensis
Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Medicine 1434

Editor: The Dean of the Faculty of Medicine

A doctoral dissertation from the Faculty of Medicine, Uppsala
University, is usually a summary of a number of papers. A few
copies of the complete dissertation are kept at major Swedish
research libraries, while the summary alone is distributed
internationally through the series Digital Comprehensive
Summaries of Uppsala Dissertations from the Faculty of
Medicine. (Prior to January, 2005, the series was published
under the title “Comprehensive Summaries of Uppsala
Dissertations from the Faculty of Medicine”.)

Distribution: publications.uu.se
urn:nbn:se:uu:diva-342761

ACTA
UNIVERSITATIS

UPSALIENSIS
UPPSALA

2018


	Abstract
	List of Papers
	Additional Publications
	Book chapters

	Contents
	Abbreviations
	Introduction
	Synucleinopathies
	Alpha-synuclein
	The SNARE proteins
	The physiological function of alpha-synuclein in the synapse
	Alpha-synuclein aggregation
	Alpha-synuclein oligomers
	Oxidative stress and ONE- and HNE- induced alpha-synuclein oligomers
	Alpha-synuclein fibrils and Lewy pathology
	Alpha-synuclein pathology in the synapse
	Propagation of alpha-synuclein pathology

	Aims
	Specific aims

	Methods
	In vitro aggregation of alpha-synuclein
	Biological material and sample preparation
	Alpha-synuclein mouse models
	Primary cortical neuron cultures
	Synaptosome isolation

	Size exclusion chromatography
	Atomic force microscopy
	Circular dichroism
	Mass spectrometry
	Immunological techniques
	SDS-PAGE and immunoblotting
	Epitope mapping with immunoglobulin Y
	ELISA
	Immunohistochemistry and immunocytochemistry
	In situ proximity ligation assay


	Results and discussion
	ONE- and HNE-induced alpha-synuclein oligomers
	Surface-exposed epitope mapping of in vitro species of alpha-synuclein
	Surface-exposed epitope mapping of pathological aggregates of alpha-synuclein in a synucleinopathy mouse model and synucleinopathy patients
	Proteinase K resistant synaptic aggregates
	Visualization of alpha-synuclein and the SNARE proteins
	Further studies

	Concluding remarks
	Popular science summary
	The many forms of alpha-synuclein: in sickness and in health

	Resumen divulgativo
	Las mil formas de la alfa-sinucleína: en la salud y en la enfermedad

	Acknowledgements
	References



