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Abstract  

 III 

Abstract 
In synucleinopathies such as Parkinson’s disease misfolding of α-synuclein, normally 
a cellular and soluble protein, leads to the accumulation of insoluble protein aggregates 
and to central nervous system disease (CNS). Misfolded α-synuclein acts as a seed, 
by recruiting native α-synuclein and inducing its misfolding into insoluble α-synuclein 
aggregates. Aggregated α-synuclein shows prion-like characteristics and spreads via 
cell-to-cell transmission throughout the central nervous system but also within the 
periphery, ultimately causing neurological disease. 

 
Because the spatiotemporal spreading of pathological α-synuclein from the periphery 
to the CNS is not fully elucidated this work investigated and compared the spreading 
of pathological α-synuclein after intravenous or oral inoculation with that after 
intracerebral or intraperitoneal inoculation of TgM83+/− mice overexpressing the A53T 
mutant of human α-synuclein with α-synuclein fibrils. In accordance with previous 
studies, an infection rate of 100% was observed for intracerebrally and intraperitoneally 
injected mice. Moreover, this study is the first to show that a single intravenous injection 
of α-synuclein fibrils causes synucleinopathy in 100% of the challenged mice, and even 
a single oral gavage with α-synuclein fibrils results in 50% of the challenged mice in 
neurological disease. Diseased mice displayed aggregates of sarkosyl-insoluble and 
phosphorylated α-synuclein, which colocalized with ubiquitin and p62 and were 
accompanied by gliosis, indicative of neuroinflammation, throughout the CNS. In 
contrast, none of the control mice that were challenged with bovine serum albumin via 
the same routes developed any neurological disease or neuropathology. These 
findings show that aggregated α-synuclein behaves like a prion causing 
neuropathology and CNS disease, not only after intracerebral or intraperitoneal 
challenge but also by neuroinvasion after a single intravenous, or oral challenge. 
 
Since cerebral ischemia increases the risk of developing Parkinson’s disease (PD) 
without being clear what the underlying mechanism is, the second aim of this work was 
to study the impact of ischemic stroke on α-synuclein aggregation, which is known to 
cause PD. To investigate post-ischemic changes to the CNS, focal cerebral ischemia 
was induced by middle cerebral artery occlusion (MCAO) in transgenic mice 
overexpressing the A53T mutant of human of α-synuclein. Ischemic mice displayed 

significant motor deficits and loss of dopaminergic neurons in the substantia nigra at 
360 days after MCAO. This was caused by a significantly increased amount of 
aggregated α-synuclein, which was accompanied by neuroinflammation as indicated 
by astrogliosis and microgliosis. In summary, cerebral ischemia induced a 
synucleinopathy with loss of dopaminergic neurons in the substantia nigra resulting in 
motor deficits in a mouse model of PD, which may explain why cerebral ischemia 
increases the risk of PD. 
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1 Introduction 
 

1.1 Synucleinopathies and Parkinson’s disease  
Synucleinopathies are a group of neurodegenerative disorders characterized by the 
intracellular deposition of misfolded and aggregated α-synuclein, such as in the 
cytoplasm and neurites of neurons in Parkinson’s disease (PD) and dementia with 
Lewy bodies, or in the cytoplasm of oligodendrocytes in multiple system atrophy 

(Tamgüney and Korczyn, 2018). PD is the second most common neurodegenerative 
disease after Alzheimer’s disease (Kalia and Lang, 2015). In addition to aging as the 
most critical risk factor for PD, several external factors are associated with an 
increased risk of developing PD. Those include environmental toxins, drug and 
pesticide exposure, dairy consumption, and history of traumatic brain injury or 
melanoma (Hubble et al., 1993; Park et al., 2005; Ascherio and Schwarzschild, 2016; 
Tysnes and Storstein, 2017). Most patients develop PD as a sporadic disease without 
known genetic predisposition. However, some familial cases have been described. 
These rare familial cases are mainly due to multiplications or missense mutations of 
SNCA, the gene encoding α-synuclein, but additional genetic mutations were found for 
several PARK genes, also known as familial PD genes (Polymeropoulos et al., 1997; 
Pankratz and Foroud, 2004; Hyun et al., 2013; Chan et al., 2017).  
 
The pathological hallmarks of PD are intracellular Lewy bodies (LBs), or Lewy neurites 
(LNs), consisting of misfolded α-synuclein, and selective degeneration of 
dopaminergic neurons in the substantia nigra (SN) (Spillantini et al., 1997; A E Lang 
and Lozano, 1998; Anthony E. Lang and Lozano, 1998). The major component of LBs 
is accumulated pathological α-synuclein, although it was shown that ubiquitin and 
neurofilaments are also characteristics of LBs (Tofaris et al., 2003; Kanazawa et al., 
2008). Braak and colleagues first observed that the accumulation of α-synuclein in the 
brain follows a stereotypic pattern. In postmortem PD brain, LBs were first found in the 
olfactory bulb and the dorsal motor nucleus of the vagal nerve (dmX) prior to motor 
impairment. It was observed that with disease progression, connected brain areas 
become affected as well. Braak and colleagues determined six stages for α-synuclein 
spreading within the brain (Heiko Braak et al., 2003). Aggregated α-synuclein 
pathology in stage I and II is present in the olfactory bulb and the dmX including 

connected areas of the lower brainstem. In these two stages patients may suffer from 
loss of smell, and emotional and sleep disorders. During stage III, LBs propagate into 
midbrain regions, such as the amygdala and SN. Furthermore, patients may 
experience thermoregulation disorder. In stage IV, LB pathology reaches the thalamus 
and the interconnected meso- and allocortex and, thus, initiates the symptomatic 
phase of PD. At this stage, dopaminergic neurons of the SN are already severely 
damaged, so that the clinical major symptoms become apparent: bradykinesia, resting 
tremor, rigidity, and instability. In stage V and VI, the neocortex and the frontal lobe is 
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invaded, resulting in Lewy pathology throughout all motor and sensory brain regions. 
At the ultimate stage, patients suffer from psychiatric symptoms, visual hallucinations 
and dementia, in addition to the clinical motor symptoms (Heiko Braak et al., 2003; 
Goedert, Clavaguera and Tolnay, 2010; Goedert et al., 2014; Braak and Del Tredici, 
2016). Most of the previously mentioned symptoms in PD may be explained by a loss 
of dopamine signaling due to synaptic dysfunction and loss of dopaminergic neurons 
(Jankovic, 2008). These characteristic motor symptoms are classically treated with 
dopamine replacement therapy, where L-3,4-dihydroxy-L-phenylalanine (L-DOPA), 

the precursor of dopamine, compensates the lack of dopamine within the brain (Abbott, 
2010; Bastide et al., 2015).  
 
 

1.2 Native α-synuclein 
The protein was named α-synuclein after its location in the presynaptic terminals in the 
electric organ of the electric ray Torpedo californica (Maroteaux, Campanelli and 
Scheller, 1988). Shortly after identification of α-synuclein, two additional members of 

the synuclein family were discovered: b-synuclein and g-synuclein (Nakajo et al., 1993; 
Jakes, Spillantini and Goedert, 1994; Lavedan et al., 1998). Native α-synuclein is only 
present in vertebrates (George, 2002) and is mainly expressed in the brain (Jakes, 
Spillantini and Goedert, 1994; Iwai et al., 1995). Although the cellular function of 
α-synuclein remains unclear, its affinity for synaptic vesicles (Maroteaux, Campanelli 
and Scheller, 1988; Kahle et al., 2000), synapsin III (Zaltieri et al., 2015), and the 
SNARE-protein synaptobrevin-2 (Burré et al., 2010; Burré, Sharma and Südhof, 2014; 
Lou et al., 2017) indicates an involvement in membrane-associated vesicle trafficking 
via the SNARE complex.  
 
α-Synuclein is a 140 amino acid long cellular protein, encoded by the SCNA gene that 
has been mapped to the human chromosome 4q21-q23 (Polymeropoulos et al., 1996). 
The 140 amino acids of the protein are divided into three major domains. The highly 
conserved N-terminal domain, which is also the membrane-binding domain, forms an 
amphipathic α-helix (Davidson et al., 1998; Eliezer et al., 2001; Chandra et al., 2003). 
This domain consists of the first 60 amino acids and interestingly, also holds the 
mutation sites for all known missense mutations. The eight mutations A18T, A29S, 
A30P, E46K, H50Q, G51D, A53E and A53T, are linked to early onset of familial PD 
(Polymeropoulos et al., 1997; Conway, Harper and Lansbury, 1998; Krüger et al., 
1998; Zarranz et al., 2004; Appel-Cresswell et al., 2013; Hoffman-Zacharska et al., 

2013; Kiely et al., 2013; Pasanen et al., 2014). The amino acids 61 to 95 form the 

hydrophobic ‘non-amyloid-b component’, shortened to ‘NAC domain’. This domain 
holds the ability to form α-synuclein aggregates by changing the conformation from 

random coil to b-sheets (Ueda et al., 1993). Additionally, it determines the binding 
affinity to cellular membranes (Fusco et al., 2014). In contrast, the acidic C-terminal 
domain (amino acids 96-140) is mainly unstructured and therefore counteracts the 
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NAC aggregation by steric inhibition (Crowther et al., 1998; Davidson et al., 1998; 
Hoyer et al., 2004). The C-terminal domain also holds various posttranslational 
modification sites (Uversky and Eliezer, 2009; Oueslati, Fournier and Lashuel, 2010) 
and a calcium binding site (Nielsen et al., 2001) (Figure 1.1). 
 

 
 
Figure 1.1: Native α-synuclein. α-synuclein consists of 140 amino acids, ranging from the 

membrane binding N-terminus over the non-amyloid-b component (NAC), to the Ca2+-binding 
domain at the C-terminal domain (a). The secondary structure of α-synuclein (PDB: 1XQ8), 
as well as PD-related mutations and posttranslational modifications are presented according 
to their affected amino acids (b). 

 
 

1.3 Accumulation of α-synuclein  
Under physiological conditions, monomeric α-synuclein is either soluble or membrane 
bound (Davidson et al., 1998; Eliezer et al., 2001). Upon disease conditions and 
cellular stress, α-synuclein monomers can spontaneously misfold by undergoing 
conformational change, and form oligomers. These intermediate oligomers seem to 
exist in equilibrium with monomeric α-synuclein. Oligomeric α-synuclein acts as a 
template and recruits endogenous monomeric α-synuclein to self-assemble and form 
protofilaments, that ultimately accumulate into neurotoxic fibrils. α-Synuclein fibrils are 

rich in b-sheets and packed in parallel, thus resemble amyloids, the most stable protein 
configuration (Smith et al., 2006). Insoluble α-synuclein fibrils form inclusions either in 
the soma of neurons, defined as LBs, or in neuronal neurites, then called Lewy neurites 
(Figure 1.2) (Spillantini et al., 1997; Lashuel et al., 2002; Cremades et al., 2012; 
Horvath et al., 2012; Kalia et al., 2013; Tuttle et al., 2016).  
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Figure 1.2: α-Synuclein polymerization. Spontaneously misfolding of α-synuclein leads to 

assembly of b-sheet-rich oligomeric α-synuclein, accumulating into amyloid fibrils, ultimately 
aggregating into Lewy bodies and Lewy neurites. 

 
 

1.4 Posttranslational modifications of α-synuclein 
There are various posttranslational modifications that affect the physiological function, 
aggregate formation, and thus neurotoxicity of α-synuclein. Most of these modification 

sites are located within the N- or C-terminal domain (Uversky and Eliezer, 2009; 
Oueslati, Fournier and Lashuel, 2010) (residues 1-60 and 96-140; Figure 1.1). 
 

1.4.1 Phosphorylation 
Posttranslational phosphorylation is controlled by various kinases, including casein 
kinase I and II, G protein-coupled receptor kinases, and polo-like kinase 2 (Feany and 
Bender, 2000; Fujiwara et al., 2002; Inglis et al., 2009; Bergeron et al., 2014). Two 
common phosphorylation sites are at serine 87 and serine 129, which both can be 
found in aggregated α-synuclein (Okochi et al., 2000; Fujiwara et al., 2002). Although 
Anderson et al. found that the most dominant posttranslational modification of 
α-synuclein in LBs is phosphorylation at serine 129 (S129), which is nowadays known 
as one major hallmark of PD (Anderson et al., 2006; Foulds et al., 2013). In contrast, 
phosphorylation at tyrosine 125 has no impact on α-synuclein aggregation (Burai et 

al., 2015), and the effect of phosphorylation at tyrosine 133 and 136 is still unclear 
(Feany and Bender, 2000; Ellis et al., 2001; Ahn et al., 2002).  
 

1.4.2 Nitration and oxidation 
Another posttranslational modification of α-synuclein is nitration, which occurs due to 
oxidative and nitrative stress and has also been detected in LBs of various 
synucleinopathies (Duda et al., 2000; Giasson et al., 2000). During this modification, 
the hydrogen atom at the phenol ring of the tyrosine is replaced by a nitro group to 
form 3-nitrotyrosine (Chavarría and Souza, 2013). This modification occurs specific at 
the tyrosine residues Y39, Y125, Y133, and Y136 of α-synuclein (Sevcsik et al., 2011; 
Burai et al., 2015). All four nitrated monomeric α-synuclein species lead to increased 
α-synuclein accumulation and therefore, may favor fibril formation (Figure 1.3) (Hodara 
et al., 2004; Danielson et al., 2009). Additionally, it was shown that increased levels of 
oxidative stress also lead to increased neuronal spreading of α-synuclein throughout 
the brain (Musgrove et al., 2019). 
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1.4.3 Truncation 
Posttranslational modification of full-length α-synuclein produces various truncated 
forms of the protein with molecular masses ranging between 10-15 kDa. These 
variations are also characteristically found in LBs and LNs (Baba et al., 1998; Crowther 
et al., 1998; Anderson et al., 2006). Additionally, C-terminally truncated α-synuclein 
has been shown to increase the accumulation of full-length α-synuclein and, therefore, 
exhibits a seeding property (Murray et al., 2003; Tofaris et al., 2003; Hoyer et al., 2004). 
 

1.4.4 Ubiquitination and Sumoylation 
Gomez-Tortosa and colleagues have shown that α-synuclein is co-localized with 
ubiquitin in LBs (Kuzuhara et al., 1988; Gómez-Tortosa et al., 2000). Detection of 
mono-, di-, or tri-ubiquitinated α-synuclein in inclusion bodies suggests that 
ubiquitination marks pathological changes in α-synuclein, rather than only targeting 
α-synuclein for turnover by the ubiquitin-proteasome machinery (Hasegawa et al., 
2002; Tofaris et al., 2003; Nonaka, Iwatsubo and Hasegawa, 2004; Lee et al., 2008). 
Ubiquitination of α-synuclein is possible at nine different lysine residues (K6, K10, K12, 
K21, K23, K32, K34, K46, and K96), where K6, K10 and K12 can also be ubiquitinated 
post aggregate formation (Nonaka, Iwatsubo and Hasegawa, 2005; Rott et al., 2008). 
Depending on the side and the length of the ubiquitin chain these modifications can 
promote fibril formation or α-synuclein degradation (Hejjaoui et al., 2011; Meier et al., 
2012; Abeywardana et al., 2013; Haj-Yahya et al., 2013). However, new findings have 
shown that ubiquitination at K6, K23, or K96 inhibits α-synuclein oligomerization (Moon 
et al., 2020). Additionally, inhibition of the ubiquitin-proteasome machinery and the 
autophagy-lysosomal degradation pathway has been shown to induce accumulation 
of phosphorylated α-synuclein (p-α-synuclein) at S129, suggesting that p-α-synuclein 

is degraded in a ubiquitin-independent manner (Chau et al., 2009; Machiya et al., 
2010). Moreover, α-synuclein is covalently attached to small ubiquitin-related modifier 
(SUMO) via lysine residues (Dorval and Fraser, 2006). Rott et al. have shown that 
SUMOylation also enhances α-synuclein accumulation by inhibiting the ubiquitin-
dependent degradation pathway (Rott et al., 2017). 
 
 

1.5 Toxicity of α-synuclein 
1.5.1 Cellular stress 
Posttranslational modifications and consequent oligomerization of α-synuclein play a 
key role in mitochondrial dysfunction. It has been shown that α-synuclein oligomers 
cause mitochondrial-associated membrane dysfunction, leading to inhibition of 
mitochondrial complexes, permeabilization of mitochondrial-like membranes, and 
increased mitochondrial fragmentation (Guardia-Laguarta et al., 2014; Plotegher, 
Gratton and Bubacco, 2014; Stefanovic et al., 2014; Subramaniam et al., 2014). 
Various α-synuclein missense mutations have a specific impact on mitochondrial 
damage. The H50Q mutation for example, leads to oligomerization and mitochondrial 
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fragmentation in hippocampal neurons (Appel-Cresswell et al., 2013; Khalaf et al., 
2014), and the A53T mutation, along with phosphorylated α-synuclein at S129, leads 
to increased intracellular reactive oxygen species (ROS) levels resulting in enhanced 
mitochondrial fragmentation (Perfeito et al., 2014). Monomeric and oligomeric 
α-synuclein can also inhibit the mitochondrial protein import machinery by binding to 
the outer membrane (TOM) 20 receptor, additionally resulting in increased ROS 
production and loss of mitochondrial membrane potential (Rostovtseva et al., 2015; Di 
Maio et al., 2016).  

 
Due to its membrane-binding ability, α-synuclein is directly interacting with synaptic 
vesicles and the membrane of the endoplasmic reticulum (ER) and the golgi apparatus. 
Overexpression of α-synuclein causes golgi fragmentation, leading to altered synaptic 
vesicle release and intracellular protein trafficking by rupture of synaptic vesicles, 
resulting in decreased neurotransmitter release (Gosavi et al., 2002). It has been 
shown that 90% of aggregated α-synuclein is not located in LBs but in the neuronal 
presynapse, where it causes synaptic dysfunction (Kramer and Schulz-Schaeffer, 
2007; Schulz-Schaeffer, 2010). Binding of oligomeric α-synuclein to several N-terminal 
domains of synaptobrevin induces vesicle clustering, limits synaptobrevin in the 
synapse, and thereby prevents SNARE complex formation and exocytosis. Thus, 
aggregated α-synuclein may also inhibit dopamine release, resulting in the common 
symptoms of synucleinopathies (Nemani et al., 2010; Choi et al., 2013).  
 
Oligomeric α-synuclein also affects the axonal transport machinery by reducing 
microtubule stability, neuritic kinesin, and their dependent cargo transport, preventing 
microtubule assembly (Chen et al., 2007; Zhou et al., 2010; Prots et al., 2013). 
Overexpression of α-synuclein also affects cellular Ca2+ influx, potentially by a pore-
forming mechanism in a structure-specific manner, ultimately resulting in Ca2+-
dependent cell death (Danzer et al., 2007; Angelova et al., 2016; Ysselstein et al., 
2017). Destabilized Ca2+ homeostasis, golgi fragmentation, and synaptic dysfunction 
induces ER stress, promotes the activation of the unfolded protein response and, 
therefore, ultimately leads to cell death (Figure 1.3) (Conn et al., 2004; Silva et al., 
2005; Smith et al., 2005; Hoozemans et al., 2007; Colla et al., 2012; Heman-Ackah et 

al., 2017).  
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Figure 1.3: Effects on α-synuclein aggregation and toxicity of pathological α-synuclein. 
Aggregation of α-synuclein leads to endoplasmic reticulum (ER) stress, golgi fragmentation, 
synaptic dysfunction, membrane depolarization by a pore forming mechanism, and impaired 
intracellular degradation via the ubiquitin-proteasome system (UPS) and the autophagy-
lysosome pathway (ALP), which in turn leads to enhanced accumulation of α-synuclein. 
Reactive oxygen species (ROS) are generated by α-synuclein aggregates, inclusions also 
cause mitochondrial fragmentation and induce neuroinflammation, both of which lead to 
additional ROS, resulting in increased α-synuclein aggregation. Ultimately, α-synuclein 
aggregation leads to neuropathology, causing neurodegeneration and motor impairment. 

 

1.5.2 Loss of dopaminergic neurons 
There are various cellular toxicity mechanisms following α-synuclein overexpression 
which cause damage to vulnerable neurons in different brain areas, such as the dorsal 
motor nucleus of the vagus, the putamen, and especially the substantia nigra pars 
compacta (Hirsch, 1994; Dickson, 2007; Sulzer and Surmeier, 2013). However, the 
most vulnerable neurons to be affected are dopaminergic neurons in the SN (Hirsch, 
Graybiel and Agid, 1988; Petrucelli et al., 2002; Chung et al., 2005). Toxicity of 
α-synuclein to dopaminergic neurons was shown in different models, ranging from 
Drosophila, C. elegans, rodents to different cell culture models, as well as in PD 
patients (Feany and Bender, 2000; Masliah et al., 2000a; Zhou et al., 2000; Lee et al., 
2002; Lakso et al., 2003; Lin and Khoshbouei, 2019; Hoban et al., 2020). Additionally, 
it has been shown that α-synuclein directly interacts with dopamine. Also, it negatively 
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regulates dopamine synthesis by binding to tyrosine hydroxylase (TH) and reducing its 
enzymatic activity. Thus, overexpression of α-synuclein reduces the conversion of 
L-tyrosine to L-DOPA catalyzed by TH (Abeliovich et al., 2000; Perez et al., 2002; 
Herrera et al., 2008). Dopamine may also induce α-synuclein oligomerization via 
increased oxidative stress through dopamine oxidation (Fahn and Cohen, 1992; Lee 
et al., 2011). Overexpression of α-synuclein and the degeneration of dopaminergic 
neurons in the SN ultimately results in dopamine loss in the basal ganglia. Thus, 
projecting to the striatum and motor cortex, brain areas responsible for motor behavior 

and movement, causing the characteristic motor symptoms of PD (Figure 1.3) (Hirsch, 
Graybiel and Agid, 1988; Michel, Hirsch and Hunot, 2016).  
 

1.5.3 Protein degradation 
There are currently two protein degradation pathways known that control the quality of 
cellular components and therefore, preserve cell homeostasis. One is the ubiquitin-
proteasome system (UPS), which degrades short-lived proteins in the cytoplasm and 
the nucleus, and the other is the autophagy-lysosome pathway (ALP), which degrades 
long-lived proteins and abnormal cell organelles in the cytoplasm (Ciechanover, 2006). 
α-Synuclein can be tagged for degradation via the UPS by poly-ubiquitination, which 
also enables degradation via the ALP by noncovalently binding to the ubiquitin-binding 
protein p62/sequestome-1 (Webb et al., 2003; Ebrahimi-Fakhari et al., 2011). This 
protein works as a cargo receptor for autophagy, as it selectively interacts with LC3 on 
the phagophore membrane (Lamark et al., 2009). Proteasomes efficiently degrade 
wild-type (WT) α-synuclein but fail to do so when α-synuclein is aggregated, as it 
cannot be entirely unfolded to fit into the narrow 20S core of the proteasome. 
Macroautophagy is more efficient in degrading α-synuclein aggregates (Ravikumar, 

Duden and Rubinsztein, 2002; Taylor, Hardy and Fischbeck, 2002). It has also been 
shown that WT α-synuclein is selectively recognized and translocated into lysosomes 
via the chaperone-mediated autophagy pathway. In contrast, the pathological 
α-synuclein A53T and A30P mutants bind to the LAMP2A receptor on lysosomes, 
where they inhibit their own uptake and degradation and that of other proteins (Cuervo 
et al., 2004). Inhibition of autophagy ultimately leads to formation of inclusion bodies 
due to failure of the clearance mechanism and, therefore, promotes α-synuclein 
accumulation (Figure 1.3). These inclusion bodies are ubiquitinated for delivery to the 
UPS, but also bound to p62/sequestome-1 for p62-dependent autophagy (Rideout, 
Lang-Rollin and Stefanis, 2004; Rubinsztein, 2006). Thus, ubiquitin and p62 are used 
as markers for pathological α-synuclein aggregates resembling LBs (Kuusisto, 
Parkkinen and Alafuzoff, 2003; Kuusisto, Kauppinen and Alafuzoff, 2008). 
 

1.5.4 Neuroinflammation  
Neurodegenerative diseases are associated with neuroinflammation, characterized by 
microgliosis and astrogliosis (Hirsch and Hunot, 2009). Inflammation is induced upon 
overexpression or posttranslational modification of α-synuclein leading to neurotoxicity 
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of the altered protein. Intracellular Ca2+ influx, ROS, mitochondrial stress, ER stress, 
and activation of the unfolded protein response initiate the proinflammatory response 
via the NF-κB and JNK signaling pathways (Figure 1.3) (Klegeris et al., 2008; 
Prabhakaran, Chapman and Gunasekar, 2011; Kim et al., 2013). 
 
Microglia are the tissue resident macrophages and the main immune cells in the CNS, 
maintaining homeostasis of the microenvironment by chemotaxis, phagocytosis, and 
secretion of various inflammatory mediators (Aschoff, 1924; Ransohoff and Cardona, 

2010; Tremblay et al., 2011). Upon brain injury, motile microglia get activated and 
produce specific cytokines that recruit additional immune cells, migrate to the injury, 
and extend their processes towards the lesion to isolate the injured tissue and maintain 
the microenvironment (McGeer et al., 1987; Szalay et al., 2016). During the 
inflammatory response inactivated, ramified microglia transform into amoeboid and 
active microglia (Davalos et al., 2005; Nimmerjahn, Kirchhoff and Helmchen, 2005; 
Hines et al., 2009; Stirling et al., 2014). Microgliosis is induced in PD, as microglia 
activation has been detected in brain samples of PD patients and various animal 
models of PD, where microgliosis in the SN can even be detected before dopaminergic 
cells die (McGeer et al., 1988; Ouchi et al., 2005; Duffy et al., 2018; Ferreira and 
Romero-Ramos, 2018). Extracellular α-synuclein promotes microglial activation via the 
NF-κB pathway, acts as an endogenous agonist for toll-like receptor 2, and may be a 
chemoattractant promoting microglial migration (Park et al., 2008; Kim et al., 2013; 
Wang et al., 2015; Yun et al., 2018).  
 
Astrocytes are the most abundant glia cells in the brain and actively communicate with 
microglia, oligodendrocytes, other glia cells, and neurons. In addition, astrocytes 
maintain the homeostasis of the microenvironment in the brain, regulate synaptic 
transmission, control permeability of the blood-brain barrier and the homeostasis of 
water and ions, as well as the secretion of neurotrophins (Lee et al., 2003; Sofroniew 
and Vinters, 2010; Allaman, Bélanger and Magistretti, 2011; Wilton, Dissing-Olesen 
and Stevens, 2019). After an immune response is induced by microglia, astrocytes 
become activated and build a barrier around the injury by surrounding the tissue and 
removing ions and neurotransmitters released from injured cells (Sofroniew and 
Vinters, 2010; Jeong et al., 2014). Upon ROS detection, astrogliosis is directly induced 
to protect neurons from oxidative stress and to inhibit an excessive inflammatory 

response by regulating microgliosis (Tsacopoulos and Magistretti, 1996; Yang, Min 
and Joe, 2007; Kim et al., 2010; Park et al., 2012). Although α-synuclein is expressed 
in small amounts in astrocytes, they take up α-synuclein released from neurons in a 
toll-like receptor 4-independent way and induce neuroinflammation (Fellner et al., 
2013; Rannikko, Weber and Kahle, 2015). In postmortem PD tissue, α-synuclein 
accumulations have not only been found in neurons but also in astrocytes, suggesting 
that they play a role in the degradation of pathological α-synuclein to maintain a healthy 
microenvironment (Wakabayashi et al., 2000; Lee et al., 2010; Zhang et al., 2016).  
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1.6 Transmission of α-synuclein 
1.6.1 Cell-to-cell transmission 
Cellular transmission of aggregated α-synuclein to neighboring neurons via different 
routes was shown in cell culture and mouse models. Oligomeric α-synuclein may be 
released by the donor neuron to the extracellular space from where it can enter a 
recipient neuron either by clathrin-mediated endocytosis (Figure 1.4, 1), direct diffusion 
through the plasma membrane (Figure 1.4, 2), or receptor-mediated endocytosis as 
seen after binding to lymphocyte-activation gene 3 (Figure 1.4, 3) (Desplats et al., 
2009; Abounit et al., 2016; Mao et al., 2016; Oh et al., 2016). Additionally, membrane-
bound exocytosis in an ATP13A2/PARK9, Rab11, and Ca2+-dependent manner 
(Figure 1.4, 4), and lysosomal-vesicle trafficking through tunneling nanotubes (Figure 
1.4, 5) have also been suggested as possible routes in the cell-to-cell propagation of 
α-synuclein (Figure 1.4) (Emmanouilidou et al., 2010; Danzer et al., 2012; Chutna et 

al., 2014; Tsunemi, Hamada and Krainc, 2014). Upon uptake of oligomeric α-synuclein 
by a recipient neuron, endogenous monomeric α-synuclein is recruited to form larger 
α-synuclein aggregates and fibrils leading to Lewy pathology and neuronal death (Luk 
et al., 2009; Volpicelli-Daley et al., 2011). 
 
 

 
 

Figure 1.4: Transmission mechanism from donor neuron to recipient neuron of α-synuclein, 
in a caudal-to-rostral manner. Cellular transmission of oligomeric α-synuclein via endocytosis 
(1), diffusion (2), receptor-mediated endocytosis (3), membrane-bound exocytosis (4), or 
nanotubes connecting neurons (5). Based on Guo and Lee, 2014. 
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1.6.2 Spreading within the nervous systems 
It has been shown that pathological α-synuclein spreads in a caudo-rostral manner 
within the brain but also spreads from the periphery to the brain (Masuda-Suzukake et 

al., 2013; Ulusoy et al., 2013; Holmqvist et al., 2014; Bernis et al., 2015). Preformed 
α-synuclein fibrils injected intraperitoneally, intramuscularly, or into the gastrointestinal 
tract can trans-synaptically spread into the brain via the vagus nerve and initiate LB 
pathology (Sacino, Brooks, Thomas, McKinney, Lee, et al., 2014; Breid et al., 2016; 
Uemura et al., 2018; Kim et al., 2019). Recent evidence demonstrates that pathological 

α-synuclein can even spread bidirectionally between connected areas throughout the 
peripheral nervous system (PNS), the enteric nervous system (ENS), and the CNS 
(Van Den Berge et al., 2019a).  
 
 

1.7 Prion-like behavior 
Within the last decades, misfolded α-synuclein was discussed to show some prion-like 

behavior. Prions (PrPSC) are b-sheet rich, infectious conformers of the native cellular 

prion protein (PrPC), which only have little b-sheet structure, and promote self-
polymerization by structural conversion of PrPC into PrPSC (Prusiner, 1991). The 
accumulation and propagation of PrPSC ultimately causes transmissible spongiform 
encephalopathies, such as bovine spongiform encephalopathy (BSE) in cattle, chronic 
wasting disease (CWD) in deer and elk, and Creutzfeldt-Jakob disease (CJD) in 
humans (Prusiner, 1998; Tamgüney et al., 2009). Prions have been classified into 
strains regarding the induced neuropathology and clinical outcome, as different strains 
and their conformations cause different diseases (Collinge and Clarke, 2007). Some 
prion strains can be transmitted across organisms and even via different routes and 
result in CNS disease, such as after intracerebral, intraperitoneal, intramuscular 
injection, and intravenous injection, blood transfusion, or oral uptake. Such a case was 
discovered for BSE prions from diseased cattle, which caused variant CJD in human 
after oral uptake (Hill et al., 1997; Aguzzi and Polymenidou, 2004; Mabbott, 2017). So 
far, prion diseases are the only protein misfolding diseases known to be transmissible 
between and to humans. 
 
However, there is growing evidence of parallels between prion diseases and other 
protein-misfolding diseases. Pathological α-synuclein strains have been shown to 
cause specific forms of disease in animal models, based on the mutation site, without 
altering characteristics, even after repeated passaging between different animal 
models (Woerman et al., 2017, 2019). Moreover, caudal-to-rostral trans-synaptic 
propagation of α-synuclein, along with Braak’s hypothesis (1.1) show that aggregated 

α-synuclein spreads throughout the whole CNS in a stereotypic, and therefore, prion-
like manner, ultimately causing neurodegenerative disease (Kordower et al., 2008; 
Masuda-Suzukake et al., 2013; Peelaerts et al., 2018). However, the exact molecular 
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mechanisms that trigger misfolding, fibrillization, LB formation, cell-to-cell 
transmission, and spreading of α-synuclein are poorly understood. 
 
 

1.8 Stroke as a neurodegenerative condition 
1.8.1 Stroke 
Stroke is the second most common cause of death after heart disease causing 9% of 
all fatalities worldwide, and even silent strokes without any immediate clinical 
manifestation are observed in up to 28% of the population (Mozaffarian et al., 2016). 
Approximately 85% of all stroke cases are ischemic, and are associated with a risk 
that increases with age, as 18% of individuals over 45 years of age have already 
experienced symptoms of stroke (Howard et al., 2006). Other major risk factors are 
hypertension, sleep apnea, hyperlipidemia, diabetes mellitus, antithrombotic therapy, 
and tobacco and alcohol consumption (Guzik and Bushnell, 2017). Ischemic stroke 
with a cerebral blood flow threshold below 12 mL/min/100 g leads to oxygen 
deprivation in the tissue and loss of physiological cell functions, resulting in permanent 
tissue damage within seconds (Zaidat et al., 2012). 
 
On a molecular basis, ischemia induces a cascade of events in the ischemic core 
leading to glutamate release, Ca2+-influx, imbalance of membrane homeostasis, 
oxidative stress, ER stress, mitochondrial dysfunction, cytochrome c release, 
activation of caspases, and inflammatory responses. Ultimately, ischemic stroke 
results in neuronal death comprising apoptosis, autophagy, and necrosis. Reperfusion, 
the reoxygenation of the tissue after ischemia, leads to free radical formation, and, 
therefore, enhances the ischemic effects by causing an increase of reactive oxygen 

and nitrogen species. Upon reperfusion, the secondary neuronal injury also triggers 
inflammation and neuronal changes in brain regions connected to the ischemic core 
(Figure 1.5) (Lipton, 1999; Lo, Dalkara and Moskowitz, 2003; Sen et al., 2009; Xing et 

al., 2012; Lopez, Dempsey and Vemuganti, 2015; Zhao et al., 2016a). Additionally, 
molecular mechanisms of ischemia-reperfusion are known to promote brain damage 
in chronic neurodegenerative disorders such as Alzheimer’s disease (Qiu et al., 2010).  
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Figure 1.5: Pathological processes upon ischemic stroke. Cerebral ischemic cascades 
generate reactive oxygen species (ROS) causing endoplasmic reticulum (ER) stress, 
oxidative DNA damage, and increased nitric oxide (NO) levels, which trigger inflammatory 
responses and ultimately cell death. Additionally, Ca2+-influx causes membrane 
depolarization and mitochondrial dysfunction and results in mitochondrial-dependent 
apoptosis and cell death. 

 
 

1.8.2 Stroke in Parkinson’s disease 
Interestingly, the cellular responses in post-stroke tissue, including oxidative stress, 
ER stress, and mitochondrial dysfunction, seem to be similar to those that mediate the 
pathophysiological mechanisms causing α-synuclein aggregation and therefore, 
toxicity in PD (Figure 1.3 & Figure 1.5). Previous epidemiological studies reported an 
increased risk of PD after a stroke but also an increased risk of having a stroke after a 
PD diagnosis (Becker, Jick and Meier, 2010; Garcia-Gracia et al., 2013; Huang et al., 
2019; Kummer et al., 2019). In animal models of cerebral ischemia, it has been shown 
that neuronal death and inflammation not only occur in the striatum, where the 
ischemic core is localized, but also in the interconnected SN (Block, Dihné and Loos, 
2005; Rodriguez-Grande et al., 2013). Studies observed an increased level of 
α-synuclein in the ischemic core within the first hours up to 7 days of reperfusion (Hu 
et al., 2006; Unal-Cevik et al., 2011; Rodriguez-Grande et al., 2013; T. H. Kim et al., 
2016). However, additional studies are needed to identify if ischemic stroke can cause 
α-synuclein aggregation and subsequently idiopathic PD. 
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1.9 Mouse models of Parkinson’s disease 
Mouse models of PD are either based on local or systemic transmission of neurotoxins 
or α-synuclein fibrils, or on transgenic mouse lines, or a combination of both. These 
models replicate most pathological features of PD, such as neurodegeneration and 
neuroinflammation, accompanied by severe PD-like motor symptoms. 
 

1.9.1 Toxin-induced mouse models 
In mice, PD-like disorders can be induced by transmission of neurotoxins or other 
chemical compounds, leading to a better understanding of the pathophysiology. For 
example, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) systemic intoxication 
results in severe neurodegeneration in the SN, and development of the characteristic 
PD locomotor impairments without LB formation (Chiueh et al., 1984; Langston et al., 
1999). Intracerebral injection of the neurotoxin 6-hydroxy-dopamine (6-OHDA) induces 
loss of nigrostriatal dopamine and dopaminergic neurons, motor behavioral 
abnormalities, and neuroinflammation, however, lacking α-synuclein accumulation 
(Ungerstedt, 1971; Perese et al., 1989). The intoxication-model using the pesticide 
rotenone leads to parkinsonism, loss of nigrostriatal dopamine and dopaminergic 
neurons, and loss of myenteric neurons. Additionally, upon rotenone administration, 
inclusion bodies are observed, morphologically resembling LBs, as they are immune-
positive for α-synuclein and ubiquitin (Betarbet et al., 2000; Sherer et al., 2003; Drolet 
et al., 2009). Systemic administration with 1,1’-dimethyl-4,4’-bipyridinium (paraquat) 
also induces loss of dopaminergic neurons and dopamine in nigrostriatal regions, 
resulting in PD-like motor impairment. Chronic exposure to paraquat leads to an 
accumulation of α-synuclein-like aggregates in the SN and reduced expression of 
some nicotinic acetylcholine receptor subunits, resulting in an even more reduced 

dopamine release in the striatum (Brooks et al., 1999; Manning-Bog et al., 2002; 
O’Leary et al., 2008). All these intoxication models result in loss of dopaminergic 
neurons and motor impairment, typical for PD, however, most of them fail to mimic the 
important aggregation and spreading of α-synuclein in PD.  
 

1.9.2 Genetic mouse models of PD  
Synucleinopathies can be mimicked by transgenic mouse models overexpressing 
α-synuclein, or by induced overexpression, which can be achieved by using viral 
vectors driving the expression of WT or mutant α-synuclein. Injected adeno-associated 
virus vectors enhance nigral α-synuclein expression, leading to α-synuclein 
accumulation in the SN, loss of dopaminergic neurons, and thus to PD-like locomotor 
dysfunction (Koprich et al., 2010; Dimant et al., 2014; Peelaerts et al., 2015a; Van der 
Perren et al., 2015). Other well-known models showing PD-like phenotypes and the 
typical prion-like behavior are, for instance, transgenic (Tg) mouse lines 
overexpressing human WT, A53T, or A30P mutant α-synuclein under the murine prion 
promotor (PrP). PrP-driven expression of α-synuclein results in high expression levels 
in the brain and spinal cord but also in slightly elevated expression levels throughout 
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other tissues. Pathology in Tg mice causes synucleinopathies, and thus supports 
α-synuclein self-assembly and a toxic gain-of-function for aggregated α-synuclein 
(Giasson et al., 2002; Lee et al., 2002). Mice overexpressing α-synuclein suffer from 
ER stress, oxidative stress, and mitochondrial dysfunction, leading to activation of cell 
death pathways and ultimately resulting in LB pathology, neurodegeneration, and 
behavioral impairment. Thus, Tg mice represent the rapid onset of cellular 
mechanisms and symptoms that are present in familial PD, due to multiplications of 
the SNCA gene or specific missense mutation (Kirik et al., 2002; Lo Bianco et al., 2002; 

Singleton et al., 2003; Farrer et al., 2004; Ibáñez et al., 2004). Synucleinopathy models 
based on inoculation with preformed α-synuclein fibrils help to investigate the prion-
like spreading of α-synuclein, as these models are not limited to the brain and, thus, 
useful to investigate propagation from the periphery to the brain and vice versa 
(Holmqvist et al., 2014; Breid et al., 2016; Van Den Berge et al., 2019a). 
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1.10   Aim 
The first objective of this work was to investigate whether accumulated α-synuclein 
aggregates can neuroinvade the CNS from the periphery after intravenous or oral 
challenge and cause neurological disease. To this aim, a transgenic mouse model 
overexpressing the A53T mutant of human α-synuclein was challenged intravenously 
or orally with recombinant fibrils of human α-synuclein. Transmission via these two 
routes was compared with transmission after intracerebral and intraperitoneal 
challenge, to address the questions: 

i. Are α-synuclein aggregates able to cross the brain-blood barrier and cause 
CNS disease after a single intravenous injection? 

ii. Are α-synuclein aggregates able to cross the gastrointestinal wall and invade 
the CNS to cause neuropathology after a single oral transmission? 

 
The second aim of this work was to identify the impact of ischemic stroke on 
α-synuclein aggregation and central neuroinvasion as a potential cause for 
synucleinopathies. The long-term consequences of an ischemic stroke on α-synuclein 
aggregation and the survival of dopaminergic neurons but also potential clearing 
mechanism via neuroinflammation should be investigated. To address these 
questions, a focal ischemia by middle cerebral artery occlusion (MCAO) was induced 
in transgenic mice, overexpressing the A53T mutant of human α-synuclein, which were 
subsequently examined over a period of 360 days for behavioral impairment, 
neuroinflammation, neurodegeneration, and α-synuclein aggregation. 
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2 Material and Methods 

2.1 Material 
Chemicals were purchased from Life Technologies (Carlsbad, USA), Roth (Karlsruhe, 
Germany), Sigma-Aldrich (St. Louis, USA), or Thermo Fischer Scientific (Waltham, 
USA), unless stated otherwise. All purchased chemicals were either classified as ‘for 
research only’ or “suitable for molecular biology” and fulfilled analytical quality grade. 
Consumables were purchased from BD Bioscience (Heidelberg, Germany), Eppendorf 

(Hamburg, Germany), Greiner Bio-One (Kremsmünster, Austria), Th. Geyer 
(Renningen, Germany), or VWR (Radnor, USA). Microscopic slides and coverslips 
were purchased from Thermo Fisher Scientific (Waltham, USA) and surgical 
instruments were purchased from Fine Science Tools (Foster City, USA). 
 
Table 1: Buffers and solutions used 

Buffer Composition 

Blocking buffer 
 

20% (v/v) 
1% (v/v) 
0.5% (v/v) 
1× 

Normal goat serum 
BSA 
Triton X-100 
PBS 

Citric buffer (CB) 9 mL 
41 mL 
450 mL 

M Citric acid 
0.1 M Sodium citrate dehydrate 
dH2O 

Copper (II) sulfate 
CuSO4 solution 

10 mM 
50 mM 

CuSO4 
Ammonium Acetate 
dH2O 
pH 5 

Paraformaldehyde (PFA) 
0,4% 

0,4% (w/v) 
1× 

Paraformaldehyde 
TBS 
pH 7.4 

Primary antibody mix 
 

1% (v/v) 
1% (v/v) 
0.25% (v/v) 
1× 

Normal goat serum 
BSA 
Triton X-100 
PBS 

Secondary antibody mix 1% (v/v) 
1% (v/v) 
1× 

Normal goat serum 
BSA 
PBS 

Tris-buffered saline (TBS) 
10× 

24 g 
88 g 
Up to 1L 

Trizma base 
NaCl 
dH2O 
pH 7.6 

TBS + Tween 20 (TBST) 
0.05% 

0.05% (v/v) 
1× 

Tween 20 
TBS 

TD4215 4% (w/v) 
2% (v/v) 
192 mM 
25 mM 
5% (w/v) 

Sodium dodecyl sulfate (SDS) 
 β-mercaptoethanol 
Glycine 
Tris 
Sucrose 

Transfer buffer stock 10× 60.4 g  
288 g 
Up to 2 L 

Trizma base 
Glycin 
ddH2O 
pH 8.6 

Transfer buffer 50 mL 
50 mL 
450 mL 

Transfer buffer stock (10X) 
MeOH 
dH2O 
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Washing buffer, phosphate-
buffered saline (PBS) + Triton 
X-100 (PBST) 

0.25% (v/v) 
1× 

Triton X-100 
PBS 

 
Table 2: Summary of kits used 

Kits Company 

alpha-Synuclein aggregation kit Cisbio, Codolet, France 

DNeasy Blood & Tissue Kit Quiagen, Hilden, Germany 

ImmPACT DAB, Peroxidase Substrate Kit Vector Laboratories, Burlingame, USA 

LuminocCt qPCR ReadyMix Sigma, St. Louis, USA 

Mouse on Mouse Immunodetection Kit Vector Laboratories, Burlingame, USA 

Mouse SNCα (Synuclein Alpha) ELISA kit Elabscience, Houston, USA 

Pierce BSA Protein Assay Kit Thermo Fisher Scientific, Waltham, USA 

SensoLyte α-Synuclein (human) ELISA Kit AnaSpec, Fremont, USA 

Vectastain Elite ABC HRP Kit Vector Laboratories, Burlingame, USA 

 
Table 3: Summary of primers used with their sequences 

Primer Description Primer sequence [5’ to 3’] 

oIMR1544 internal positive 
control fwd 

CACGTGGGCTCCAGCATT 

oIMR3580 internal positive 
control rev 

TCACCAGTCATTTCTGCCTTTG 

oIMR1770 Tg fwd TGACGGGTGTGACAGCAGTAG 

oIMR1771 Tg rev CAGTGGCTGCTGCAATG 

TmoIMR0025 Tg probe [6FAM]CCCTGCTCCCTCCACTGTCTTCTGG[BHQ1] 

TmoIMR0105 internal ctrl probe [Cyanine5]CCAATGGTCGGGCACTGCTCAA[BHQ3] 

 

Primary antibodies (Table 4) and secondary antibodies (Table 5) used in this thesis, 
their application and the corresponding concentrations are listed below. 
 
Table 4: Primary antibodies and their dilution 

Target (alternative name) 
[antibody clone] 

Reference Host 
Dilution 
(IF/IHC) 

Antigen 
Retrieval 

Dilution 
(WB) 

alpha-Synuclein [Syn211] 36-008,  
Merck 
Millipore 

Mouse 1:20,000 Formic 
acid 

 

alpha-Synuclein (fibrillar) [Syn-F1] 847802, 
Biolegend 

Mouse 1:500 CB  

alpha-Synuclein (oligomeric and 
fibrillar) [Syn-O2] 

847602, 
Biolegend 

Mouse 1:500 CB  

alpha-Synuclein (phospho S129) 
[EP1536Y] 

AB51253, 
Abcam 

Rabbit 1:200 CB 1:1,000 
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alpha-Synuclein (phospho S129) 
[pSyn#64] 

015-25191, 
Wako 

Mouse 1:1,200 CB  

alpha-Synuclein (phospho S129) 
[pSyn#64], biotin-conjugated 

010-26481, 
Wako 

Mouse 1:1,000 CB  

GAPDH ab226408, 
Abcam 

   1:1,000 

Glial fibrillary acidic protein 
(GFAP) 

Z0334, 
Dako 

Rabbit 1:500 CB  

Ionized calcium binding adaptor 
molecule 1 (Iba1) 

019-19741, 
Wako 

Rabbit 1:500 CB  

Neuronal Nuclei (NeuN) [A60] MAB377, 
Merck 
Millipore 

Mouse 1:1,000 CB  

p62 (sequestosome-1) 18420-1-AP, 
Proteintech 

Rabbit 1:100 CB  

Tyrosine Hydroxylase (TH) Ab152, 
Merck 
Millipore 

Rabbit 1:1,000 CB  

Ubiquitin (Ubi-1) MAB1510, 
Merck 
Millipore 

Mouse 1:500 Formic 
acid  

 

 

 
Table 5: Secondary antibodies used and their dilution 

Secondary antibody Reference Host 
Dilution 

(IF) 
Dilution 

(WB) 

Alexa Fluor 488/594, anti-
mouse IgG  

A11001/A11005, Thermo Fisher 
Scientific 

Goat 1:1,000  

Alexa Fluor 488/594, anti-
rabbit IgG  

A1108/A11012, Thermo Fisher 
Scientific 

Goat 1:1,000  

Anti-rabbit IgG, HRP-
conjugated 

Cay10004301, Cayman 
Chemical 

Goat  1:10,000 

 
 
The following table lists software programs either used for data acquisition, evaluation, 
presentation of data, or preparation of pictures and graphs for this thesis Table 6. 
 
Table 6: Suppliers of software 

Product Company name 

Adobe Acrobat 9 Pro Adobe Systems Inc., Mountain View, USA 

Adobe Illustrator CS5  Adobe Systems Inc., Mountain View, USA 

Adobe Photoshop CS5  Adobe Systems Inc., Mountain View, USA 

BioRender BioRender Biotech, Toronto, Canada 

Fusion FX Vilber Lourmat, Eberhardzell, Germany 
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Image J1 NIH, Wayne Rasband, Bethesda, USA 

Mendeley  London, UK 

Microsoft Office 2016 Microsoft Corporation, Redmond, USA 

Omega Control BMG Labtech, Ortenberg, Germany 

Prism 8 GraphPad Software Inc., San Diego, USA 

Zen 2010 (ZenBlue) Carl Zeiss, Jena, Germany 

 
 

2.2 Methods 
2.2.1 Preparation of recombinant α-synuclein fibrils 
The expression and purification of the recombinant human α-synuclein protein was 
conducted by Dr. Julius Tachu Babila (German Center of Neurodegenerative Diseases 
(DZNE), Bonn) and prepared as previously described (Breid et al., 2016). Briefly, 
Escherichia coli strain BL21(DE3) cells harboring the pET-3a expression plasmid for 
human wild-type α-synuclein (pET-3a expression plasmid, Novagen) were grown in 
1 L LB media consisting of ampicillin, chloramphenicol and 1% (v/v) glucose, at 37 ˚C 
to an optical density of 0.5 at 600 nm (OD600). Protein expression was induced with 
0.1 mM isopropyl-β-d-thiogalactopyranoside and the bacteria were grown at 37 °C for 
5 h. Using osmotic shock, periplasmatic material was released into the buffer and cells 

were pelleted by centrifugation at 6,000 ´ g for 15 min at room temperature (RT). The 
pellet was taken up in 35% (w/v) sucrose solution containing 2 mM EDTA and 30 mM 
Tris-HCl (pH 7.2) and incubated for 15 min on a shaker at RT. Cells were harvested 
and resuspended in ice-cold water supplemented with 5 mM MgSO4. Periplasmatic 

material was boiled for 20 min before being centrifuged at 21,000 ´ g for 30 min. For 
fractional ammonium sulfate precipitation, 19.4 g/100 mL (NH4)2SO4 were added to the 
supernatant over a 10 min time period during gentle stirring on ice to achieve a 35% 

saturation. Following centrifugation at 21,000 ´ g for 30 min, additional 11.8 g/100 mL 
(NH4)2SO4 was added during gentle stirring on ice for another 10 min, to increase the 
saturation up to 55%. The centrifugation step was repeated again and the pellet was 
resuspended in 10 mL water prior to three dialyses against 20 nM Tris-HCl (pH 8.0) 
for 3 h each. An ÄKTA pure chromatography system (GE Healthcare) was used to 
purify α-synuclein via Resource Q anion exchange chromatography with 20 mM Tris-
HCl (pH 8.0) as binding and 500 mM NaCl in 10 mM Tris-HCl (pH 8.0) as elution buffer. 
A 30 mL linearly increasing gradient from binding towards elution buffer was used to 

release α-synuclein from the column. The fractions were pooled and dialyzed against 
150 mM NaCl in 20 mM Tris-HCl (pH 7.2). The purified protein was agitated for 7 days 
at 37 ˚C and 900 rpm in an orbital thermomixer to obtain fibrils. α-Synuclein fibrils were 
diluted in PBS to a final concentration of 4.25 µg/µL and sonicated on ice for 1 min with 
40 pulses of 0.5 s with 1 s breaks and 50% amplitude using a Sonopuls mini20 
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sonicator. Generated human WT α-synuclein fibrils were verified to have low levels of 
endotoxins (>0.01 EU/mL) by use of the ToxinSensorTM Chromogenic LAL Endotoxin 
Assay Kit (Genscript) according to the manufacturer’s instructions.  
 

2.2.1.1  Atomic force microscopy 
To evaluate the length distribution of the prepared α-synuclein fibrils, atomic force 
microscopy was performed by Alexandra Ziemski (Institut für Physikalische Biologie, 
Heinrich-Heine-Universität Düsseldorf). Therefore, 5 µL of sonicated fibrils were 
loaded onto a mica slide and incubated for 15 min at RT. The slide was washed three 
times with H2O and dried with N2. The fibrils were measured using the NanoWizard III 
(JPK BioAFM) with an OMCL-AC160TS cantilever (Olympus) in tapping mode in air. 
A total number of 547 fibrils were analyzed using the ruler tool in ImageJ to determine 
the length distribution of the prepared fibrils. 
 
 

2.2.2 Animals 
All experiments involving animals were approved by the animal care committee of the 

North Rhine-Westphalia State Environment Agency (LANUV). Mice were housed 
under standard conditions with a 12 h light-dark cycle with free access to food and 
water. Inoculation and MCAO experiments were performed on six- to eight-week-old 
C57BL/6J WT mice and hemizygous TgM83+/− (B6;C3-Tg[Prnp-SNCA*A53T]83Vle/J, 
The Jackson Laboratory) mice of both genders. TgM83+/− mice, overexpressing the 
A53T mutant of human α-synuclein under the prion promoter on a C57BL/6 
background (Giasson et al., 2002) were crossed to WT C57BL/6J mice and their 
progeny were genotyped for the presence of the transgene. 
 

2.2.2.1  Genotyping 

DNA-isolation 
DNA was isolated either from small tail biopsies or from ear punches using the DNeasy 
Blood & Tissue Kit according to manufacturer’s instruction. Briefly, biopsies were lysed 
in a Proteinase K containing buffer under shaking at 56 ˚C for 1 h. To separate cell 

debris, samples were centrifuged for 2 min at 6,000 ´ g and RNase A was added to 
the supernatant. After 2 min of incubation, a mix of 200 µL buffer AL and 200 µL EtOH 
was added to the sample, briefly mixed and loaded on silicia-membrane spin columns. 

DNA was purified by centrifugation at 6,000 ´ g for 1 min each with two washing steps 

with 500 µL buffer AW1 in between and a following centrifugation step at 20,000 ´ g 
for 3 min after adding 500 µL buffer AW2. DNA was eluted by 45 µL buffer AE and a 

final centrifugation at 6,000 ´ g for 1 min. Concentration of the isolated DNA was 
determined by photometric analysis using the FLUOstar omega microplate reader 
(BMG Labtech) and the extracted DNA was further used for genotyping using real-time 
polymerase chain reaction (PCR).  
 



Material and Methods Methods 

 22 

Real-time polymerase chain reaction 
To determine the genotypes of murine progeny, 90 ng of isolated DNA was amplified 
by real-time PCR. An internal positive control as well as 6FAM- and Cyanine5-
fluorescently labeled oligonucleotides binding downstream to one of the primers were 
used. All primer sequences used for the internal positive control, the amplification of 
the transgene as well as the labeled oligonucleotides are listed in Table 3. The master 
mix containing the primers, Taq Polymerase and the reference dye ROX was pipetted 
onto a PCR plate in triplicates before the sample was added. The sample plate was 

incubated for 2 min at 50 ˚C and the DNA was pre-denatured for 10 min at 95 ˚C, 
followed by 40 cycles of 15 s denaturing at 95 ̊ C and annealing and extension at 60 ˚C 
for 1 min. The fluorescent reporter signal was normalized to the reference dye and the 
fluorescence signal was detected by the 7900 HT Fast Real Time PCR system. 
 
 

2.2.2.2  Peripheral challenge study 
Six- to eight-week-old TgM83+/− mice were intracerebrally inoculated either with 10 µg 
(2.3 µL) or 50 µg (12 µL) of sonicated human α-synuclein fibrils in PBS. For peripheral 
challenge, six- to eight-week-old TgM83+/− mice were inoculated intraperitoneally, 
intravenously or orally with 50 µg (12 µL) of sonicated human α-synuclein fibrils in PBS. 
Additionally, one group of animals was challenged orally with a high dose of 500 µg 
(120 µL) of human α-synuclein fibrils. Animals challenged intracerebrally, 
intraperitoneally, or intravenously with 50 µg (25 µL) bovine serum albumin (BSA) in 
0.9% (w/v) saline solution, or orally challenged with 500 µg (250 µL) BSA in 0.9% (w/v) 
saline solution served as controls (Figure 2.1). 
 

 
 

Figure 2.1: Experimental overview of the inoculation study. TgM83+/− mice overexpressing the 
A53T mutant of human α-synuclein were challenged intracerebrally, intravenously, 
intraperitoneally, or orally with fibrils made from recombinant human α-synuclein or with BSA 
as a control. Animals were sacrificed after developing neurological signs of disease. 
Neuropathology was analyzed by staining of brain and spinal cord tissue sections for 
pathological α-synuclein, by biochemistry for phosphorylated α-synuclein, and with a 
fluorescence resonance energy transfer (FRET) assay for aggregated α-synuclein. 
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All animals were weighed weekly and monitored three times per week for neurological 
signs of disease, such as weight loss, reduced grooming, ataxia, circling, kyphosis, 
paraparesis, and paralysis. Mice were sacrificed as soon as they showed clinical signs 
of neurological disease. 
 

Intracerebral transmission 
For intracerebral injection with α-synuclein fibrils or BSA, mice were weighed and 
carprofen was administered subcutaneously according to their bodyweight (5 mg/kg) 
30 min prior to the surgery as an analgesic. Mice were anaesthetized by using a 
1.5-2.0% isoflurane and oxygen gas mixture with a flow rate of 200 mL/min. To prevent 
dryness of the eyes during surgery, ointment (Bayer) was applied to cover the eyes, 
and hypothermia was prevented by placing the mice on a 37 ˚C warm heating pad in 
the stereotaxic frame (Kopf instruments). Mice were fixed by a palate bar and two 
additional ear bars. A small area on the head was disinfected with Braunol (B. Braun) 
and a 0.5 cm long midline incision on the scalp was made. The bregma was located 
and the injection coordinates were adjusted to +0.2 mm relative to the bregma and 
+2.0 mm relative to the midline on the stereotaxic frame and a 29-gauge disposable 
hypodermic syringe (VWR) was set to 2.6 mm below the dura to start the injection. An 
injection rate of 1.4 µL/min was used. The syringe was left in place for 5 additional 
minutes to avoid any loss of inoculum, before the needle was slowly retracted. The 
scalp was disinfected again and the incision was closed using a veterinary tissue 
adhesive (3M Vetbond). Mice were then transferred into a heated cage and constantly 
monitored until they completely recovered from surgery. 
 

Intravenous transmission 
Mice were weighed and anaesthetized by a 1.5-2.0% isoflurane/oxygen mixture with a 
flow rate of 200 mL/min for intravenous transmission. To dilate the tail vessels of the 
mice, the tail was warmed using an infrared lamp. The tail was then disinfected with 
70% EtOH and the lateral tail veins were located. A 29-gauge needle (VWR) was 
inserted almost in parallel to the right lateral tail vein and 50 µg (12 µL) sonicated 
human α-synuclein fibrils or 50 µg (25 µL) BSA were slowly injected. After removing 
the needle, slight pressure was applied to the puncture site until the bleeding has 
stopped to prevent backflow of the inoculum. Mice were then transferred into a heated 
cage and monitored until they had completely recovered. 
 

Intraperitoneal transmission 
For intraperitoneal transmission, conscious mice were restrained by standard tail and 
scruff handling in the head-down position. Either 50 µg (12 µL) sonicated human 
α-synuclein fibrils or 50 µg (25 µL) BSA were injected into the right peritoneum using 
a 29-gauge disposable hypodermic syringe (VWR). Afterwards the mice were directly 
placed back in their cages. 
 



Material and Methods Methods 

 24 

Oral transmission 
Conscious mice were restrained by normal tail and scruff handling for direct 
administration by oral gavage. They were held in an upright position and the neck was 
extended using a 20-gauge ball-tip disposable feeding needle (Sigma), which was 
gently passed through the mouth into the esophagus. Then 50 µg (12 µL) or 500 µg 
(120 µL) of sonicated human α-synuclein fibrils or 500 µg (250 µL) BSA were slowly 
administered. The feeding needle was removed slowly and mice were directly placed 
back in their cages, where they were monitored for a few minutes. 

 
 

2.2.2.3  Middle cerebral artery occlusion study 
Six- to eight-week-old TgM83+/− mice were subjected to either a middle cerebral artery 
occlusion (MCAO) or a sham control surgery (SHAM). To compare α-synuclein 
changes post MCAO over time, endpoints of the study were set to 14, 30, 90, 180 and 
360 days post surgery (dps) (Figure 2.2). 
 

 
 

Figure 2.2: Experimental overview of the MCAO study. TgM83+/−mice overexpressing the 
A53T mutant of human α-synuclein underwent surgery. Either a middle cerebral artery 
occlusion (MCAO) for 30 min or a sham surgery without occlusion of the artery was 
performed. Animals were sacrificed at 14, 30, 90, 180, or 360 days and neuropathology was 
analyzed by histology. A fluorescence energy transfer (FRET) assay was used to detect 
aggregated α-synuclein. Additionally, motor behavior of mice was tested at 90, 180, and 
360 dps on a rotarod treadmill. 
 
 

MCAO 
Mice were weighed and carprofen was administered subcutaneously according to their 
bodyweight (5 mg/kg) 30 min prior to the surgery. Mice were anaesthetized in a 
1.5-2.0% isoflurane and oxygen gas mixture with a flow rate of 200 mL/min. To prevent 
dryness of the eyes during surgery, ointment (Bayer) was applied to cover the eyes, 
and hypothermia was prevented by placing the mice on a 37 ˚C warm heating pad. 
The neck was shaved, the skin disinfected with Braunol (B. Braun) and a midline 
incision was made. The right common carotid artery (CAA) was carefully separated 
from surrounding tissue and the vagus nerve. A permanent ligation was made 4 mm 
proximal to the bifurcation, which splits the CCA into the external carotid artery (ECA) 
and the internal carotid artery (ICA) using 6/0 sutures (Feuerstein). The CCA was 
clipped proximal to the bifurcation and the ECA was also clipped with a vascular clamp 
(FST) to prevent backflow from the distal vasculature. A microincision into the CCA, 
distal to the permanent knot was made using spring scissors (FST), and a silicon-
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coated filament (Doccol) was inserted into the CAA. Following insertion, the clip at the 
bifurcation was removed and the filament was gently guided into the ICA, until the tip 
occluded the middle cerebral artery (MCA), after 9 to 11 mm of filament insertion. The 
filament was fixed in this position for 30 min with an additional suture directly distal to 
the microincision (Figure 2.3).  

 
 

Figure 2.3: Middle cerebral artery occlusion (MCAO). The common carotid artery (CCA) was 
isolated and the blood flow was stopped by a permanent and a semi-permanent knot just 
before the bifurcation of the external carotid artery (ECA), which was also clipped. A silicone-
coated nylon filament was inserted via a microincision into the CCA and guided through the 
internal common artery (ICA) until it reached the bifurcation to the middle cerebral artery 
(MCA). The filament was fixed in position to occlude the MCA for 30 min, before it was 
removed again. 

 
During the incubation time a volume replenishment of 0.5 mL 0.9% (w/v) saline (B. 
Braun) was administered subcutaneously. After 30 min of MCAO, the filament was 
removed to allow natural reperfusion. To this aim, the suture was shortly opened to 
remove the filament and then directly closed with a permanent ligation. The vascular 
clamp at the ECA was removed and the neck incision was disinfected and closed with 
surgical sutures (Himed). Mice were then transferred into a heated cage and constantly 
monitored until they had completely recovered from surgery. Sham control mice 
underwent the same surgical procedure of ligation and microincision of the CCA but 
without insertion of a filament. 
 

Rotarod 
To evaluate general motor performance, coordination, and skill learning the rotarod 
test was used. The animals were subjected to the rotarod test 90, 180, and 360 days 
post surgery (dps). The mice were placed on the horizontal rotarod treadmill (Med 
associates Inc.) and the latency to fall was measured during a time period of 300 s, 
during which the speed accelerated from 4 to 40 rpm. Mice were subjected to four 
rotarod sessions, with a 10-min breaks in between of which the first run was considered 
as training session and was not scored. 
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2.2.3  Mouse tissue preparation 
Animals showing signs of disease or reaching the endpoint of the study, were either 
sacrificed by spinal dislocation or with an overdose of ketamine/xylazine. For 
biochemical analysis, mice were sacrificed by spinal dislocation and organs were 
dissected, snap-frozen on dry ice, and stored at –80 ˚C.  
For histological analysis, mice were sacrificed by intraperitoneal overdose with 
ketamine/xylazine and transcardially perfused with 8 mL ice-cold 0.9% saline (B. 
Braun), followed by 10% (v/v) ice-cold formalin neutral buffer solution (Sigma) using a 
perfusion pump (ISMATEC) until the mice were fixed. The organs were dissected and 
underwent post-fixation overnight in 10% (v/v) formalin neutral buffer solution. Prior to 
paraffin embedding, the organs were dehydrated in a series of graded ethanol baths 
(70%, 70%, 86%, 86%, 95%, 95%, 100%, 100% EtOH), transferred into two xylene 
baths (Sigma), and finally infiltrated with liquid paraffin (Leica) using an automated 
tissue processor (Leica) with each step lasting 2 h. Tissue sections were embedded 
using a paraffin embedding module (Leica) and finally cut into 6-µm thick coronal 
sections using a microtome (Leica). The sections were mounted on adhesive 
SuperFrost Plus slides (Thermo Fisher Scientific), dried overnight at 37 ˚C, and stored 
at 4 ˚C. 
 
 

2.2.4 Histological analysis 

2.2.4.1  Immunohistochemical analysis 
For immunohistochemistry, tissue sections were first deparaffinized and then 
rehydrated through incubation in xylene and in a series of solutions with decreasing 
concentrations of ethanol to water, followed by heat-induced antigen-retrieval with citric 
buffer (pH 6.0). By incubation with 5% (v/v) hydrogen peroxide solution (Sigma) in 
methanol (Sigma) for 30 min, endogenous peroxidase activity in the tissue was 
inhibited. Tissue sections were blocked with 20% (v/v) normal goat serum and 1% (v/v) 
BSA in 0.5% (v/v) Triton X-100 in PBS for 1 h at room temperature. The appropriate 
primary antibody (Table 4) was diluted in 1% (v/v) normal goat serum, 1% (v/v) BSA, 
and 0.25% (v/v) Triton X-100 in PBS (PBST) and incubated overnight at RT. After 
washing once with PBST and twice with PBS, the tissue sections were incubated for 1 
h with peroxidase-conjugated secondary antibody by use of the Mouse On Mouse kit 

(Vector Labs) diluted in 1% (v/v) normal goat serum and 1% (v/v) BSA in PBS at RT. 
That step was not necessary for the phospho- α-synuclein staining using the directly 
biotinylated #64 antibody (wako). After washing once with PBST and twice with PBS, 
peroxidase-positive structures were visualized by incubation with DAB (3-3’-
diaminobenzidine, Vector Labs) for 20-40 s. The reaction was directly stopped with 
3% (v/v) hydrogen peroxide solution. Tissue sections were counterstained with 
Mayer’s hematoxylin (Merck), coverslipped with Eukitt (Sigma), and scanned using the 
Slide scanner AxioScan.Z1 (Carl Zeiss) and Zen Lite software. 
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2.2.4.2  Immunofluorescence analysis 
For immunofluorescence, the 6-µm thick brain and spinal cord coronal sections were 
deparaffinized as described above. Tissue sections underwent heat-induced antigen-
retrieval with citric buffer (pH 6.0) or, for staining for ubiquitin, with 70% (v/v) formic 
acid (Sigma). After washing twice with PBS, autofluorescence from the mouse tissue 
was quenched by incubation in CuSO4 solution for 90 min at RT in the dark. Tissue 
sections were first washed with PBS, followed by blocking for 1 h in blocking buffer. 
The primary antibodies (Table 4) were diluted in primary antibody mix and incubated 
overnight at RT. Following one washing step with PBST and two with PBS, sections 
were incubated in secondary antibody-mix, as well as the appropriate Alexa Fluor 488- 
and Alexa Fluor 594-conjugated secondary antibodies (1:1,000, Thermo Fischer 
Scientific) and the nuclear marker DAPI (1:1,000, Thermo Fisher Scientific) for 1 h at 
RT. Tissue sections were once washed with PBST and twice with PBS, coverslipped 
using Fluoromount medium (Sigma), and analyzed with a LSM700 or LSM900 confocal 
laser scanning microscope (Carl Zeiss). 
 
 

2.2.5 Biochemical analysis 

2.2.5.1  Preparation of tissue homogenates 
The Precellys 24 Dual homogenizer was used to prepare 25% (w/v) brain and 
10% (w/v) spinal cord homogenates. Tissue samples were homogenized in ice-cold 
Ca2+-and Mg2+-free PBS (pH 7.4) in the presence of phosphatase and protease 

inhibitors by two 30 s cycles at 6500 rpm. Samples were then centrifuged at 1,000 ´ g 
for 5 min at 4 ˚C to separate tissue debris and the supernatant was adjusted to 750 mM 

NaCl before spinning at 1000 ´ g for 5 min at 4 ºC. Total protein concentration was 
determined using the Pierce BCA Protein Assay Kit (Thermo Fischer Scientific). PBS 
was used as blank, as well as diluent for standard preparation, and for a 1:10 or 1:50 
pre-dilution of the tissue samples. All samples were analyzed in triplicates. Briefly, 
15 µL of sample was first transferred to a 96-well plate to which 150 µL of detection 
solution (a mix of solution A and solution B at a 40:1 ratio) was added. The plate was 
first placed on a shaker for 30 s to ensure gentle mixing and then incubated at 37 ˚C 
for 30 min in the dark. The plate was cooled down to RT before fluorescence emission 
was measured at 562 nm on a FLUOstar omega microplate reader (BMG Labtech). 
 

2.2.5.2  Sarkosyl-insoluble fractions 
To separate sarkosyl-soluble from sarkosyl-insoluble α-synuclein aggregates, a 
volume of brain homogenate containing 500 µg of total protein was added to the same 
volume of 20% (w/v) N-lauroylsarcosyl to reach a final sarkosyl concentration of 
10% (w/v) , which was incubated for 15 min on ice. Samples were centrifuged on 3 mL 

of a 10% sucrose cushion at 465.000 ´ g for 1 h at 4 ˚C in a TLA-110 rotor. The pellets 
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of the sarkosyl-insoluble proteins were resuspended in 50 µL freshly prepared TD4215 
denaturing buffer and stored at –20 ˚C.  
 

2.2.5.3  SDS-Page & Western blotting 
To separate proteins from sarkosyl-insoluble fractions according to their molecular 
weight, they were subjected to SDS polyacrylamide gel electrophoresis of proteins 
(SDS PAGE). To this end fractions were thawed and heat denatured at 99 ˚C for 5 min 
at 700 rpm. The total volume of denatured sarkosyl fractions (50 µL) was loaded on a 
4-12% Bis-Tris gel and separated in a morpholineethanesulfonic acid (MES) buffer 
system. For reference of the molecular weight, SeeBlue™ Plus2 Pre-stained Protein 
Standard (Life Technologies) was used. Proteins were size-separated by gel 
electrophoresis for about 180 min at 120 V. Proteins were then transferred onto 
methanol-activated poly-vinylidene difluoride (PDVF) membranes using the Semi-Dry 
Transfer Unit (Hoefer) for 75 min at 0.8 mA/cm2. After cross-linking the membrane with 
0.4% (v/v) paraformaldehyde in Tris-buffered saline (TBS) for 30 min at RT, 
membranes were blocked with 5% (w/v) skim milk in TBS with 0.05% Tween 20 (TBST) 
for 1 h to reduce unspecific antibody binding. Membranes were incubated with a 

primary antibody for phosphorylated a-synuclein (EP1536Y) overnight at 4 ˚C in 
5% (w/v) skim milk in TBST. Following three washing steps with TBST for 15 min, 
membranes were incubated with specific anti-rabbit horseradish peroxidase-linked 
secondary antibody (1:10,000) for 1 h at RT. After washing three times for 10 min in 
TBST, equal amounts of SuperSignal West Dura extended-substrate were mixed and 
added to the membrane for 1 min at RT. Chemiluminescence signal was detected 
using the Fusion FX imaging system (Vilbert). To stain for total protein, membranes 
were washed 3 times for 15 min with TBST, prior to blocking with 5% (w/v) milk in 
TBST for 1 h at RT. Membranes were then probed with an antibody to glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) overnight at 4 ˚C in 5% (w/v) skim milk in 

TBST. 
 

2.2.5.4  TR-FRET Immunoassay 
Aggregation of human α-synuclein was quantified by homogeneous time resolved 
fluorescence technology (FRET). FRET assay for the inoculation experiments was 
performed by Dr. Maria Eugenia Bernis (DZNE, Bonn) and FRET assay for the MCAO 
experiments was performed by Dr. Jessica Grigoletto (DZNE, Bonn) following the 
manufacturer’s instructions. Briefly, 1 µg of total protein from 25% (w/v) brain 
homogenate or 10% (w/v) spinal cord homogenate were prepared in triplicates by 
adding 1× lysis buffer. Pre-mixed antibodies, anti-h-α-Synuclein-d2 (acceptor) and 
anti-h-α-Synuclein-Tb-Cryptase (donor) were added to the sample. A negative control, 
Cryptase control and buffer control were prepared as suggested by the company. 
Twenty microliter of the final mix containing sample and antibody, as well as the 
controls were transferred on a 384-F-clear bottom plate (Greiner Bio-one), covered 
with a plate sealer, and incubated for 20 h at RT. Fluorescence emission was 
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measured at 665 nm for FRET-dependent acceptor fluorescence and at 620 nm for 
FRET-independent donor fluorescence on a CLARIOstar microplate reader (BMG 
Labtech). The ratio of both fluorescence emission values multiplied by 10,000 was 
directly proportional to the amount of human α-synuclein aggregates in each sample. 
 
 

2.2.6 Data Analysis 

2.2.6.1  Phospho-α-synuclein score 
For quantification of pathology in different brain areas, coronal sections 0.26 mm, 
−1.70 mm, −3.28 mm, and −6.24 mm away from the bregma were analyzed for 
α-synuclein accumulation in neurites and somata using the pSyn#64 biotin-conjugated 
antibody specific for phosphorylated α-synuclein at Ser129. A scoring scheme from 0 
to 5 was used (0: no pathology, 1: sparse pathology [few affected neurites, no affected 
soma], 2: mild pathology [more affected neurites, maximally 2 affected somata], 3: 
moderate pathology [some affected somata and neurites, but with large areas without 
pathology], 4: dense pathology [many affected neurites and somata], 5: severe 
pathology [large area covered with pathology]), based on Rey et al (Rey et al., 2016). 

For each inoculation route, the final score for each brain region was the average of the 
scores obtained for the left and right hemispheres of three animals. The scores were 
depicted as a color-coded heat map on a brain-section schematic based on the Allen 
Mouse Brain Atlas (Allen, 2007). Quantification was performed using ImageJ. 
 

2.2.7 Statistics 
For statistical analysis GraphPad Prism 8 was used. Data are presented as 
mean ± SD, unless stated otherwise. Treatment effects in different inoculation groups 
were compared using one-way ANOVA followed by the Holm-Šídák test. Both 
hemispheres of MCAO- and sham-treated animals were compared using one-way 
ANOVA followed by the Tukey’s post-hoc test, unless stated otherwise. P values below 
0.05 were considered statistically significant. 
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3 Results 
 

Parkinson’s disease is characterized by an accumulation of insoluble α-synuclein 
aggregates (Conway, Harper and Lansbury, 1998; Spillantini et al., 1998) resulting in 
an increased immune response, increased ubiquitination, and a loss of dopaminergic 
neurons, and ultimately leads to CNS disease (Masliah et al., 2000b; Leverenz et al., 
2007; Watanabe et al., 2012). These morphological and functional changes between 
diseased and healthy control mice were investigated by behavioral analysis and 
scoring of inoculated mice, immunohistochemical and immunofluorescence analyses, 
as well as by biochemical analyses via western blotting and additional FRET assays 
of brain and spinal cord tissue samples.  
 

3.1 Peripheral challenge study 
The spreading of pathological α-synuclein was investigated after intracerebral, 
intraperitoneal, intravenous, or oral challenge with human α-synuclein fibrils in 
TgM83+/− mice. These transgenic mice overexpress human α-synuclein with a PD-
associated mutation (A53T) (Giasson et al., 2002). Hemizygous TgM83+/− mice have 
been demonstrated to remain healthy for over 650 days (Watts et al., 2013). Mice were 
either challenged with human α-synuclein fibrils or with BSA, which served as a 
negative control, and were sacrificed after they developed clinical signs of neurological 
disease. Brain and spinal cord tissues were analyzed for pathological α-synuclein and 
other disease markers by immunohistochemical and biochemical analyses. 
 

3.1.1 Transmission of α-synuclein fibrils leads to severe neurological 

disease  
In order to study the propagation of pathological α-synuclein in TgM83+/− mice after 
challenge with human α-synuclein fibrils, first the length of the produced recombinant 
α-synuclein fibrils after sonication was determined. Atomic force microscopy (AFM) 
displayed the length of the fibrils according to a color scale (Figure 3.1a). An evaluation 
of the AFM image by statistical analysis revealed that the length of the majority of the 

sonicated α-synuclein fibrils was within a range of 25 to 70 nm (Figure 3.1b). Mice 
inoculated over the four routes with these fibrils were monitored for symptoms of 
neurological disease, such as ataxia, kyphosis, paralysis of the hindlimb, or generally 
motor impairments. All TgM83+/− mice intracerebrally injected with human α-synuclein 
fibrils did show signs of disease. Ten out of ten mice intracerebrally challenged with 
10 µg α-synuclein fibrils developed disease within 156 ± 20 days (black dashed line; 
Figure 3.1c). Mice injected with higher doses (50 µg) of α-synuclein fibrils developed 
clinical signs of disease within 133 ± 4 days (black solid line). Intraperitoneal challenge 
with 50 µg α-synuclein fibrils led to signs of neurological damage in 10 out of 10 mice 
in 202 ± 35 days post injection (orange line). Neurological symptoms appeared in 
10 out of 10 mice in 208 ± 20 days after intravenous challenge with 50 µg α-synuclein 
fibrils (pink line). Oral challenge of TgM83+/− mice with α-synuclein fibrils did not result 
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in full transmission. Two out of 8 animals orally challenged with 50 µg α-synuclein fibrils 
showed signs of disease at 220 and 350 days post oral gavage (blue dashed line), and 
4 out of 8 mice orally challenged with 500 µg α-synuclein fibrils developed symptoms 
in 384 ± 131 days (blue solid line). Two mice out of each orally challenged group (50 µg 
[264 and 355 dpi] and 500 µg [150 and 192 dpi]) were found dead without showing 
detectable signs of disease. The cause of death for these four mice could not be 
determined due to advanced tissue decomposition. Control mice challenged 
intracerebrally, intraperitoneally, or intravenously with 50 µg BSA remained healthy 

during the entire observation time for up to 400 days post challenge (black dotted 
lines). Likewise, none of the oral control mice developed signs of neurological disease 
in over 570 days post challenge with 500 µg BSA (blue dotted lines; Figure 3.1c, Table 
7). 
 

 
 
Figure 3.1: Intracerebral, intraperitoneal, intravenous, or oral challenge with α-synuclein fibrils 
lead to neurological disease in TgM83+/− mice. Atomic force microscopy image to determine 
the length of the sonicated α-synuclein fibrils used for inoculation. The color code indicates 
the height profile of the α-synuclein fibrils (a). The size distribution of sonicated α-synuclein 
fibrils was determined by statistical analysis of atomic force microscopy images (b). Kaplan-
Meier survival curves showing the percentage of animals without disease over time. Signs of 
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neurological disease appeared in 2 out of 8 mice at 220 and 350 days post oral challenge 
with 50 μg of α-synuclein fibrils (p. o.; blue dashed line), and four out of 8 mice within 384 ± 
131 days (mean ± SD) after oral challenge with 500 μg fibrils (p. o.; blue solid line). Ten out 
of 10 mice showed signs of neurological disease 208 ± 20 days post intravenous injection (i. 
v.; pink line) and 202 ± 35 days post intraperitoneal injection of 50 μg α-synuclein fibrils (i. p.; 
orange line). Intracerebral challenge with 10 μg or 50 μg α-syn fibrils resulted in neurological 
disease in 156 ± 20 days (i. c.; black dashed line) and 133 ± 4 days (black solid line), 
respectively, in 10 out of 10 mice in each group. There were no clinical signs of clinical 
disease detected in BSA-injected control mice (dotted lines, overlapping) (c). Scale 
bar = 200 nm. Published in Lohmann et al., 2019. 

 
 
 
Table 7: Incubation times in TgM83+/− mice after challenge with human α-synuclein fibrils or 
BSA via different routes. 
 

Inoculation 
route 

Inoculum type and 
amount [µg] 

Mice with disease/ 
mice inoculated 

Mean 
survival time 
± SD [d] 

Intracerebral α-synuclein fibrils [10] 10/10 156 ± 20 

α-synuclein fibrils [50] 10/10 133 ± 4 

BSA [50] 0/8 ≥ 400 

Intraperitoneal α-synuclein fibrils [50] 10/10 202 ± 35 

BSA [50] 0/8 ≥ 400 

Intravenous α-synuclein fibrils [50] 10/10 208 ± 20 

BSA [50] 0/9 ≥ 400 

Oral α-synuclein fibrils [50] 2/8 220 and 350 

α-synuclein fibrils [500] 4/8 384 ± 131 

BSA [500] 0/9 ≥ 570 

 
 
 

3.1.2 Diseased mice accumulate pathological α-synuclein in the CNS 
Accumulation of pathological α-synuclein is a hallmark of PD (Spillantini et al., 1997; 
Baba et al., 1998). To investigate the relation between decreased survival of TgM83+/− 
mice challenged with human α-synuclein fibrils over different routes, and increased 
aggregation of α-synuclein, homogeneous time resolved fluorescence technology 
(FRET) assays were performed. This method allows quantification of levels of 
aggregated α-synuclein in brain and spinal cord homogenates. The amount of 
aggregated α-synuclein was highly increased in the CNS of TgM83+/− mice after 
intracerebral (black), intravenously (pink), intraperitoneally (orange), and after orally 
(blue) challenge with human α-synuclein fibrils, compared to the CNS of BSA-
challenged control mice. All mice challenged with α-synuclein fibrils displayed higher 

amounts of aggregated α-synuclein in brain versus spinal cord tissue homogenates 
(Figure 3.2). 
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Figure 3.2: Aggregation of α-synuclein in the CNS of TgM83+/− mice challenged with 
α-synuclein fibrils. Levels of α-synuclein (α-syn) aggregation were quantified in brain and 
spinal cord homogenates of intracerebrally (black), intravenously (pink), intraperitoneally 
(orange), and orally (blue) challenged TgM83+/− mice using a FRET assay. Aggregated 
α-synuclein in the CNS was detected for every inoculation route when α-synuclein fibrils had 
been inoculated. In contrast, brain and spinal cord tissue homogenates of control mice 
injected with BSA did not contain any aggregated α-synuclein. Data shown as mean ± SD. 
Published in Lohmann et al., 2019. 

 
 
The tendency for α-synuclein to form detergent-insoluble aggregates in the CNS after 
challenge of TgM83+/− mice with α-synuclein fibrils was further shown by 
immunoblotting sarkosyl-insoluble fractions of brain homogenates against the 
EP1536Y antibody (Campbell et al., 2001). This antibody recognizes phosphorylation 
at serine 129 (S129) of α-synuclein which is described as the most common 
modification leading to synucleinopathy lesions (Fujiwara et al., 2002; Anderson et al., 
2006). 
 
Western blot analysis showed sarkosyl-insoluble phosphorylated α-synuclein in brain 
tissue of all with α-synuclein fibrils challenged animals. Monomeric phosphorylated 
α-synuclein presented as a 14 kDa molecule and oligomeric species of phosphorylated 
α-synuclein presented as several additional high-molecular weight bands above the 
monomer. Interestingly, brains of intracerebrally injected mice seemed to contain less 
monomeric and oligomeric phosphorylated α-synuclein, compared to intraperitoneal, 
intravenous, or orally challenged mice. In contrast, brains of BSA-challenged control 
mice did not contain any detectable species of sarkosyl-insoluble phosphorylated 

α-synuclein (Figure 3.3).  
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Figure 3.3: Detection of sarkosyl-insoluble aggregates of phosphorylated α-synuclein in the 
brains of TgM83+/− mice challenged with α-synuclein fibrils. Biochemical analysis via western 
blotting of sarkosyl-insoluble fractions from brain tissue shows phosphorylated α-synuclein 
as recognized by the EP1536Y antibody. Brain homogenates of TgM83+/− mice challenged 
with α-synuclein fibrils, regardless of the inoculation route, showed bands for sarkosyl-
insoluble aggregates of phosphorylated α-synuclein, which presented as high-molecular 
weight bands above the 14 kDa band of monomeric, phosphorylated α-synuclein. In contrast, 
brain homogenates of BSA-injected control mice did not contain any sarkosyl-insoluble 
α-synuclein aggregates. Molecular masses are shown in kilodalton (kDa). Equal sample 
loading in each lane was controlled by detection of GAPDH. Published in Lohmann et al., 
2019. 

 
 
Apart from the apparently lower amount of phosphorylated α-synuclein in 
intracerebrally inoculated animals, western blot and FRET assay provided similar 
results, showing increased levels of pathological α-synuclein in TgM83+/− mice after 
fibril inoculation, regardless of the route. 
 
 

3.1.3 Distribution of pathological α-synuclein in the CNS of diseased 

mice 
The influence of the different inoculation routes on α-synuclein aggregation and 
spreading in the CNS was investigated by analysis of different brain and spinal cord 
tissue sections with the pSyn#64 antibody recognizing phosphorylation at S129 of 
α-synuclein and an additional counterstaining with hematoxylin as a nuclear marker 
(Figure 3.4). Immunostaining visualized a strong accumulation of pathological 

α-synuclein throughout the whole brain and displayed a rostral to caudal pattern of 
pathology intensity in TgM83+/− mice for every inoculation route. Pathology was 
detected regardless of the route of inoculation in the frontal lobe, such as the motor 
cortex and striatum, in the parietal-temporal lobe, including the amygdala and the 
hypothalamus, and in the brain stem of challenged animals. Phosphorylated 
α-synuclein was present in neuronal cell bodies and neurites within these brain areas 
and the spinal cord of all mice challenged with α-synuclein fibrils. Interestingly, the 
hippocampus only showed α-synuclein pathology after intracerebral or oral challenge 
with α-synuclein fibrils but was not affected after intraperitoneal or intravenous 
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injection. None of the BSA-challenged control mice showed deposits of phosphorylated 
α-synuclein in any of these brain areas or the spinal cord.  
 

 
 



Results Peripheral challenge study 

 36 

Figure 3.4: Immunohistochemical analysis shows neuropathology in the CNS of TgM83+/− 
mice after challenge with α-synuclein fibrils for all four routes. In TgM83+/− mice challenged 
intracerebrally, intraperitoneally, intravenously, or orally with α-synuclein (α-syn) fibrils, 
phosphorylated α-synuclein was present in neuronal cell bodies and neurites, as detected by 
staining with the pSyn#64 antibody recognizing phosphorylation at S129 of α-synuclein. 
Pathological α-synuclein was present throughout the brain, including the motor cortex, 
striatum, hippocampus, hypothalamus, amygdala, brain stem, as well as in the spinal cord. 
In contrast, none of the BSA-challenged mice showed any phosphorylated α-synuclein in the 
brain or the spinal cord. Scale bar = 50 μm. Published in Lohmann et al., 2019. 

 
 
Anatomical distribution of pathology in the form of phosphorylated α-synuclein deposits 
across the four inoculation groups was quantified. The findings were scaled from 0 to 
5 reflective of no to severe pathology, and depicted as a heat map showing the extent 
of pathology in different brain regions (Figure 3.5). The most frontal sections at bregma 
0.26 mm with mostly cortical regions showed none or just sparse pathology. Most 
pathology was detected in the primary and secondary motor cortex, where more 
affected neurites and somata were present in all four groups. Pathological α-synuclein 
was detected in the striatum and the lateral septal nucleus for all inoculation routes, 
with minor pathology presented after intraperitoneal challenge. At bregma –1.70 mm, 
affected neurites were spread throughout most of the cortical regions, showing less 
pathology after intravenous injection. A nearly identical amount of α-synuclein 
pathology was observed in the interbrain regions for all transmission routes. Here, the 
brains showed a sparse to mild pathology in the amygdala, a mild pathology throughout 
the thalamus, and a moderate pathology throughout the hypothalamus. Dense 
pathology was observed in the peduncular part of the lateral hypothalamus after oral 
and intravenous challenge. The hippocampal regions were not affected after 
intravenous or intraperitoneal challenge. However, sparse pathology was detected in 
all hippocampal regions after oral challenge. After intracerebral challenge mild 
pathology was detected in the CA1 region, moderate pathology in the CA3 region, and 

a severe pathology in the dentate gyrus. For sections from posterior areas, at bregma 
–3.28 mm no pathology was detected in any of the cortical regions for all but 
intracerebrally challenged mice, where sparse pathology was found in most cortical 
regions. Distribution of α-synuclein within the hippocampal regions showed sparse 
pathology for the oral route, and sparse to mild pathology in the CA1 and CA3 region, 
and moderate pathology in the dentate gyrus for the intracerebral route. An increased 
amount of pathology was observed in the midbrain region of all four groups, with 
sparse-to-mild pathology in the medial geniculate nuclei and a mild-to-moderate 
pathology in the parabrachial pigmented nucleus of the ventral tegmental area. The 
substantia nigra displayed a mild pathology after oral, intracerebral, and intraperitoneal 
challenge with α-synuclein fibrils and a moderate pathology was detected after 
intravenous injection. The superior colliculus indicated the following distribution 
pattern: mild-to-dense for intraperitoneal and intracerebral challenge, moderate-to-
dense for intravenous challenge, and moderate-to-severe pathology for orally 
challenged mice. In the inner midbrain regions consistent moderate-to-dense 
pathology was observed in the lateral periaqueductal grey, the anterior pretectal 
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nucleus, the parvicellular part of the red nucleus, and the mesencephalic reticular 
formation consistent in all four groups. The only exception was a severe pathology in 
the mesencephalic reticular formation of orally challenged mice. At bregma –6.24 mm 
sparse-to-mild pathology was observed in the cerebellar nuclei, except for the 
cerebellum. Sparse pathology was also detected in the outer regions of the hindbrain, 
such as the inferior cerebellar peduncle and the spinal trigeminal tract. In contrast, 
moderate-to-dense pathology was present in the facial and the raphe magnus nuclei 
in all groups. Dense pathology was observed in the reticular nucleus after oral, 

intracerebral, and intraperitoneal challenge, and severe pathology after intravenous 
challenge. 
 
 

 
 

Figure 3.5: Heat map showing the distribution of phosphorylated α-synuclein in TgM83+/− 
mice after challenge with α-synuclein fibrils for all four routes. Distribution of phosphorylated 
α-synuclein in the brains of inoculated TgM83+/− mice with human α-synuclein fibrils was 
quantified and summarized on a scale from 0 to 5 reflective of no to severe pathology as a 
heat map for four coronal brain sections. n = 3/group. Published in Lohmann et al., 2019. 
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Generally, oral, intracerebral, intraperitoneal, and intravenous challenge resulted in a 
consistent distribution of phosphorylated α-synuclein deposits but with overall less 
pathology after intraperitoneal challenge. One exception was the hippocampus, 
especially the dentate gyrus, showing pathology only after intracerebral and oral 
challenge but not after intravenous or intraperitoneal challenge with α-synuclein fibrils. 
 
 

3.1.4 Neuropathology displays oligomeric and fibrillar α-synuclein 
As synucleinopathies are characterized by the presence of oligomeric intermediates 
and ultimately fibrillar α-synuclein (Spillantini et al., 1998; Giasson et al., 1999), the 
conformation of the detected phosphorylated α-synuclein was further confirmed by 
immunohistochemistry. Hence, brain stem tissue sections, of TgM83+/− mice 
inoculated over different routes with human α-synuclein fibrils, which were shown to 
heavily accumulate phosphorylated α-synuclein, were prepared and probed with 
conformation specific antibodies. Here, the antibodies Syn-O2, recognizing early 
oligomers and late fibrils, and Syn-F1, specifically recognizing fibrillar α-synuclein 
(Vaikath et al., 2015) were used, and the tissue sections were counterstained with 
hematoxylin (Figure 3.6). Fibrillar and oligomeric α-synuclein was detected in all 
TgM83+/− mice challenged with α-synuclein fibrils, regardless of the route. Oligomeric 
and fibrillar α-synuclein mainly showed as intraneuronal inclusions but was also 
detected in neurites throughout the whole brain stem. In contrast, none of the 
BSA-challenged control mice showed fibrillar or oligomeric α-synuclein. 
 
In summary, intracerebral, intraperitoneal, intravenous, and oral challenge of human 

α-synuclein fibrils lead to oligomeric and fibrillar conformations of phosphorylated 
α-synuclein in the brain of challenged TgM83+/− mice, resulting in insoluble inclusions 
that resemble Lewy bodies. 
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Figure 3.6: Immunohistochemical analysis shows fibrillar and oligomeric α-synuclein in 
TgM83+/− mice after challenge with α-synuclein fibrils for all four inoculation routes. Fibrillar 
and oligomeric α-synuclein was detected by the Syn-F1 and Syn-O2 antibodies, that 
recognize these specific conformers of pathological α-synuclein. Brain stem tissue sections 
of TgM83+/− mice challenged intracerebrally, intraperitoneally, intravenously, or orally with 
α-synuclein fibrils showed conformer specific α-synuclein in the soma and in neurites of 
affected neurons. None of the BSA-challenged mice showed any fibrillar or oligomeric 
α-synuclein. Scale bar = 50 µm. Published in Lohmann et al., 2019. 

 
 

3.1.5 Pathological α-synuclein colocalizes with ubiquitin and p62 in 

the CNS 
Abnormal proteins are targets of the quality-control process and are directed towards 
the degradation machinery, including ubiquitin-mediated degradation by the 
proteasome. In line with this pathological α-synuclein in Lewy bodies has been shown 
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to be marked for degradation with ubiquitin without being efficiently removed (Lowe et 

al., 1988; Kuusisto, Parkkinen and Alafuzoff, 2003; Masuda-Suzukake et al., 2013).  
Hence, brain stem and spinal cord sections from TgM83+/− mice inoculated orally, 
intracerebrally, intraperitoneally, or intravenously with α-synuclein fibrils or BSA were 
double stained for phosphorylated α-synuclein (EP1536Y) and ubiquitin (MAB1510). 
Immunofluorescence staining confirmed co-localization of phosphorylated α-synuclein 
and ubiquitinated protein deposits in brain stem and spinal cord sections of diseased 
mice of all groups. In contrast, none of the healthy BSA controls showed deposits of 

phosphorylated α-synuclein or ubiquitin (Figure 3.7).  
 

 
 
Figure 3.7: Aggregates of phosphorylated α-synuclein colocalize with ubiquitin in the CNS of 
inoculated TgM83+/− mice inoculated with α-synuclein fibrils. Immunofluorescence staining of 
brain stem and spinal cord tissue sections shows that phosphorylated α-synuclein (red), 
detected by the EP1536Y antibody, colocalizes with ubiquitin (green), detected by the 
MAB1510 antibody (shown are merged images). Colocalization (yellow) was detected in all 
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TgM83+/− mice inoculated with human α-synuclein fibrils, regardless of the inoculation route. 
In contrast, none of the BSA-challenged mice showed phosphorylated α-synuclein or 
ubiquitin protein deposits either in the brain stem nor in the spinal cord. Nuclear staining with 
DAPI is shown in blue. Scale bar = 20 µm. Published in Lohmann et al., 2019. 

 
 
Correlating closely with the ubiquitination of phosphorylated α-synuclein, Lewy bodies 
have also been shown to include the ubiquitin-binding protein p62 (Sequestome-1), 
which is normally involved in the proteasomal degradation of ubiquitinated proteins 
through activation of autophagy-mediated clearance, a process that seems to be 
inhibited in inclusion bodies (Kuusisto, Salminen and Alafuzoff, 2001; Watanabe et al., 
2012; Sato et al., 2018). Given the ubiquitination of phosphorylated α-synuclein, 
validation of pathological α-synuclein after fibril inoculation was shown by 
immunofluorescence staining for phosphorylated α-synuclein (pSyn#64) and p62 
(18420-1 AP). Double-staining of brain stem and spinal cord sections confirmed 
co-localization of phosphorylated α-synuclein and p62 in the brains of diseased mice. 
Neither deposits of phosphorylated α-synuclein nor p62 were detected in BSA control 
mice (Figure 3.8).  
 
Thus, co-localization of phosphorylated α-synuclein with ubiquitin or p62 indicates an 
aberrant protein homeostasis in the CNS of TgM83+/− mice challenged intracerebrally, 
intravenously, intraperitoneally, or orally with human α-synuclein fibrils. 
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Figure 3.8: Aggregates of phosphorylated α-synuclein colocalize with p62 in the CNS of 
inoculated TgM83+/− mice inoculated with α-synuclein fibrils. Immunofluorescence staining of 
brain stem and spinal cord tissue sections shows that phosphorylated α-synuclein (red), 
detected by the pSyn#64 antibody, colocalizes with p62 (sequestome-1, green), detected by 
the 18420-1 AP antibody (shown are merged images). Colocalization (yellow) was detected 
in all TgM83+/− mice inoculated with human α-synuclein fibrils, regardless of the route. In 
contrast, none of the BSA-challenged mice showed phosphorylated α-synuclein or p62-
tagged protein deposits, either in the brain stem nor in the spinal cord. Nuclear staining with 
DAPI is shown in blue. Scale bar = 20 µm. Published in Lohmann et al., 2019. 
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3.1.6 Pathological α-synuclein induces neuroinflammation in the 

brains of diseased mice 
The progression of neurodegeneration in synucleinopathies is often indicated by 
α-synuclein pathology, which is accompanied by increased astrogliosis and 
microgliosis (Zhang et al., 2005; Breid et al., 2016; Duffy et al., 2018). Therefore, brain 
stem sections of TgM83+/− mice inoculated intracerebrally, intravenously, 
intraperitoneally, or orally were analyzed by immunofluorescence co-staining of 
phosphorylated α-synuclein (pSyn#64), and either ionized calcium-binding adaptor 

molecule-1 (Iba1) for microglia detection, or glial fibrillary acidic protein (GFAP) for 
detection of reactive astrocytes (Figure 3.9a). Quantification of the relative area 
occupied by microglia in close proximity to pathological α-synuclein revealed a 
significant increase in microgliosis after human α-synuclein fibril challenge in all 
diseased mice compared to BSA-challenged control mice (mean % ± SD; p ≤ 0.001; 
Figure 3.9b). Area analysis of astrocytes in close proximity to pathological α-synuclein 
also showed a significant increase in astrogliosis in all diseased mice compared to 
healthy, BSA-challenged control animals (mean % ± SD; p ≤ 0.05; Figure 3.9c).  
 
In conclusion, neuroinflammation indicated by microgliosis and astrogliosis was 
significantly induced after intracerebral, intravenous, intraperitoneal, and oral 
challenge with α-synuclein fibrils. 
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Figure 3.9: Astrogliosis and microgliosis was significantly increased in TgM83+/− mice 
inoculated with human α-synuclein fibrils. Immunofluorescence staining of brain stem tissue 
sections of TgM83+/− mice challenged with α-synuclein fibrils shows that phosphorylated 
α-synuclein deposits (red), detected with the pSyn#64 antibody, were frequently surrounded 
by microglia (green), detected with the Iba-1 antibody, and astroglia (green), detected with 
the GFAP antibody. In contrast, none of the BSA-challenged mice showed deposits of 
phosphorylated α-synuclein or reactive astrocytes and microglia (a). Quantification of the 
brain stem of challenged TgM83+/− mice, positive for Iba-1 (b) or GFAP (c) after 
immunostaining reveals that microgliosis and astrogliosis were significantly induced in 
α-synuclein challenged animals regardless of the inoculation route compared to BSA-
challenged animals. Data shown as mean % ± SD. One-way ANOVA followed by Holm-Šídák 
test (P: * ≤ 0.05, *** ≤ 0.001, **** ≤ 0.0001). n = 3–4/group. N = 4. Nuclear staining with DAPI 
is shown in blue. Scale bar = 20 μm. Published in Lohmann et al., 2019. 
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3.2 MCAO study 
The correlation between focal cerebral ischemia and α-synuclein aggregation is mostly 
unclear. This thesis aims to uncover whether the cellular response in post-stroke tissue 
triggers a cascade, which could induce aggregation of α-synuclein and cause the loss 
of dopaminergic neurons in the SN, and thus lead to PD (Spillantini et al., 1997; A E 
Lang and Lozano, 1998; Anthony E. Lang and Lozano, 1998). Therefore, hemizygous 
TgM83+/− mice overexpressing the A53T mutant of human α-synuclein (Giasson et al., 
2002) were either subjected to 30 min of middle cerebral artery occlusion (MCAO) or 

to a negative-control sham surgery. Mice were monitored for signs of disease, weight 
loss, and behavioral impairment until they were sacrificed at 14, 30, 90, 180, and 360 
days post surgery (dps). Ipsi- and contralateral brain hemispheres were analyzed for 
neuroinflammation, neurodegeneration, and pathological α-synuclein by 
immunohistochemical and biochemical methods. 
 
 

3.2.1 MCAO-treated mice display motor deficits 
Following the MCAO or sham surgery, TgM83+/− mice were monitored weekly for signs 
of malaise and disease, using a neurological scoring system and bodyweight. None of 
the treated mice showed any signs indicative of impaired health or neurological 
disease, such as reduced grooming, impaired wound healing, dyspnea, impaired 
movement, paralysis, or kyphosis. The only neurological abnormality mice showed 
after MCAO, was circling towards the left direction due to a mild hemiparesis. Also, 
weight gain in TgM83+/− mice subjected to surgery appeared to be normal. Female 
MCAO- and sham-treated control mice constantly gained bodyweight from 19.8 ± 1.0 g 
up to 29.3 ± 3.0 g over the duration of the experiment time of 360 days, indicating that 

they were healthy animals (Figure 3.10). 
 

 
 
 
 

Figure 3.10: MCAO-treated TgM83+/− mice gain weight. Female animals subjected to MCAO 
(n=8, Indian red lines) as well as female sham animals (n=6, blue lines) remained healthy and 
continuously gained bodyweight over the maximum time of 360 days. 
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Behavioral assessment of MCAO- and sham-treated TgM83+/− mice at 90, 180, and 
360 dps was performed using the rotarod test. This performance test reveals changes 
in the ability for motor-skill learning and coordination, and thus provides information on 
motor impairment (Buitrago et al., 2004). Mice were placed on an accelerating rotarod 
treadmill and the latency to fall was recorded. Sham-treated control mice displayed a 
similar latency to fall at all three timepoints, with an overall mean of 197 ± 13 s. Mice 

90 days after the MCAO also displayed a similar level of motor behavior as the sham-
treated mice, with a latency to fall after 219 ± 21 s. At 180 dps, a significant effect of 
the MCAO on the motor behavior was observed, as MCAO-treated animals displayed 
a significantly decreased latency to fall (153 ± 17 s; p = 0.024), compared to 90 dps. 
The level of motor impairment was further increased at 360 days after the MCAO. At 
this timepoint, the latency to fall was significantly elevated in MCAO-treated animals, 
compared to the early 90 dps timepoint (219 ± 21 s; p = 0.002), and also compared to 
the control group 360 days after the sham surgery (205 ± 20; p = 0.007; data not 
shown), excluding an age-dependent reduction of motor performance (Figure 3.11). 
 
 

 
 

Figure 3.11: Middle cerebral artery occlusion in TgM83+/- leads to behavioral deficits. Sham- 
and MCAO-treated mice were tested for motor impairment using a rotarod at 90, 180, and 
360 days post surgery. TgM83+/- mice that underwent 30 min MCAO (Indian red) showed 
significantly reduced motor skills at 180 and 360 days post surgery compared to 90 days 
post surgery. In contrast, sham-treated control animals (blue) did not show behavioral deficits 
over time. Data shown as mean ± SEM. Two-way ANOVA followed by Tukey post-hoc test (P: 
* ≤ 0.05, ** ≤ 0.01). n = 6–10/group. 

 
 
 

3.2.2 MCAO-treated mice display neuronal loss 
The striatum was the most affected brain region after transient MCAO and the center 
of the ischemic core region of the lesion. The total ischemic region ranged from bregma 

+1.20 mm to bregma -2.10 mm. There, neurons are the most sensitive cell types to be 
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affected by ischemia (Endres et al., 1998; Buscemi et al., 2019). Therefore, coronal 
sections at bregma 0.14 mm and bregma –1.22 mm of TgM83+/− mice subjected to 
MCAO were stained for neurons, using the NeuN antibody (MAB377), which 
recognizes the specific neuron-binding protein, and additional counterstaining with 
hematoxylin as a nuclear marker. Immunostaining visualized the neuronal population 
in the lesion area of TgM83+/− mice 14 days after the MCAO (Figure 3.12). Less 
neuronal staining was present in the ipsilateral hemisphere after MCAO compared to 
the contralateral hemisphere. Hence, the ischemic core region corresponds to the 

infarct volume, as it is characterized by the loss of vulnerable neurons. Due to the 
specific neuronal degeneration in the ipsilateral ischemic region, it can be concluded 
that the MCAO surgery successful induced a focal cerebral ischemia. 
 
 

 
 

Figure 3.12: Immunohistochemical staining shows ipsilateral neuronal loss in TgM83+/− mice 
after MCAO. Neurons in the ischemic brains were detected by the MAB377 antibody, 
recognizing the specific neuron-binding protein NeuN. Brain sections at bregma 0.14 mm 
and bregma –1.22 mm of TgM83+/− mice subjected to MCAO showed ipsilateral neuronal 
degeneration in the ischemic core and peri-infarct region. Scale bar = 500 µm. 

 
 

3.2.3 MCAO-induced neuroinflammation 
The neurodegeneration in ischemic tissue is accompanied by an early induction of 
microgliosis and astrogliosis (Iadecola and Anrather, 2011; Kuric and Ruscher, 2014). 
In synucleinopathies on the other hand, an increased neuroinflammation is due to the 
progression of neurodegeneration over time (Zhang et al., 2005; Breid et al., 2016). As 
a proof of a valid ischemia model, and to investigate the progression of 
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neuroinflammation over time, the stroke lesion area, ranging from bregma +1.20 mm 

to bregma -2.10 mm was analyzed in MCAO- and sham-treated TgM83+/− mice. 
Therefore, 12 brain sections throughout the lesion area were stained for microglia, 
using the ionized calcium-binding adaptor molecule-1 (Iba-1) and an additional 
counterstaining with hematoxylin as a nuclear marker. Immunostaining visualized 
microglia in the acute stroke tissue of ipsi- and contralateral brain hemispheres of 
MCAO- and sham-treated TgM83+/− mice over a time of 360 dps (Figure 3.13a). 
Quantification of relative area occupied by microglia revealed an induction of 
microgliosis in the ipsilateral hemisphere of MCAO-treated mice. A significantly 
increased microgliosis was detected at 14 dps in ipsilateral MCAO brains (3.7 ± 2.6%; 

p < 0.0001), compared to the contralateral hemisphere (0.8 ± 0.4%), as well as to the 
ipsi- (0.8 ± 0.4%) and contralateral sham controls (0.6 ± 0.3%). In ipsilateral MCAO 
tissue 30 dps microglia were still significant increased (2.9 ± 2.6 %; p < 0.0001) 
compared to the contralateral hemisphere (0.9 ± 0.5%) and to ipsi- (1.3 ± 0.9%) and 
contralateral sham control brains (0.9 ± 0.4%), although a significant decrease 
compared to the ipsilateral MCAO hemisphere at 14 dps was displayed (p = 0.007). At 
90 dps ipsilateral MCAO tissue displayed significant increased microgliosis 
(1.9 ± 1.6%; p < 0.0001) compared to sham controls (ipsi: 0.5 ± 0.4%; contra: 
0.4 ± 0.4%). In contrast, no significant difference was detected within the MCAO- and 
sham-treated hemispheres at 180 dps. A significant reduction in microgliosis in the 
ipsilateral stroke lesion area compared to 14 dps was also observed at 90 (1.9 ± 1.6%), 
180 (1.6 ± 0.7%), and 360 dps (2.1 ± 0.7%; p < 0.0001), although at 360 dps a trend, 
that the area fraction of microglia seems to be increasing again was visible. 
Additionally, ipsilateral MCAO tissue shows a significant increase in microgliosis 
(2.1 ± 0.7%; p < 0.0001) compared to the ipsi- (0.6 ± 0.4%) and contralateral sham 
controls (0.6 ± 0.3%) at 360 dps (Figure 3.13b). 
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Figure 3.13: Immunhistochemical analysis shows induced ipsilateral microgliosis in TgM83+/− 
mice after MCAO. In MCAO- and sham-treated mice microglia were detected by the Iba-1 

antibody within the stroke lesion area, ranging from bregma +1.20 mm to bregma -2.10 mm 
(a). Quantification of ipsilateral (ipsi) and contralateral (contra) hemispheres of TgM83+/− mice, 
revealed a significant ipsilaterally induced microgliosis in mice subjected to MCAO (dark 
Indian red), when compared to the ipsi- (dark blue) and contralateral (light blue) hemispheres 
of sham-treated animals. Significantly increased microgliosis was present ipsilaterally in 
MCAO mice 14, 30, 90, and 360 days post surgery (dps) (b). Data shown as mean % ± SD. 
Two-way ANOVA followed by Tukey post-hoc test (P: **** < 0.0001). n = 3-5/group. N = 12. 
Scale bar = 1000 μm. 

 
 
Next to microgliosis, TgM83+/− mice were also analyzed for astrogliosis as a marker for 
induced ischemia and the progression of neurodegeneration over time. Therefore, six 

sections of the lesion area, ranging from bregma +1.20 mm to bregma -2.10 mm were 
stained for glial fibrillary acidic protein (GFAP) for detection of reactive astrocytes and 
additionally counterstained with hematoxylin as a nuclear marker. Immunostaining 
revealed an increase in staining for astrocytes in the ipsi- and contralateral brain 
hemispheres of MCAO- and sham-treated TgM83+/− mice over a time of 360 dps 
(Figure 3.14a). Quantification of relative area fraction of astrocytes revealed an 
induction of astrogliosis in the ipsilateral hemisphere of MCAO-treated mice. At 14 dps 
a significantly increased astrogliosis was detected in the ipsilateral MCAO-treated 
hemisphere (13.6 ± 7.7%; p < 0.0001) compared to the contralateral hemisphere 
(1.1 ± 1.4%), as well as to the ipsi- (2.3 ± 1.2%) and contralateral hemispheres of sham 
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controls (1.6 ± 1.9%). Astrogliosis in ipsilateral MCAO tissue was still significantly 
increased after 30 days (8.5 ± 5.9%; p < 0.0001) compared to the contralateral tissue 
(2.1 ± 2.3%) and to ipsi- (1.9 ± 1.4%) and contralateral (1.0 ± 1.0%) tissue of sham 
control brains. No significant difference in astroglia was detected at 90 dps within the 
MCAO- and sham-treated hemispheres. At 180 days after the MCAO, a significant 
ipsilateral increase in astroglia was detected (5.6 ± 5.9%) when compared to the 
contralateral side (2.2 ± 1.7%; p = 0.0184) and the ipsi- (0.9 ± 0.9%; p = 0.0006) and 
contralateral (0.4 ± 0.5%; p < 0.0001) side of sham control mice. Ultimately, a 

significant increase in microgliosis was detected in the ipsilateral MCAO hemisphere 
(6.8 ± 5.0%) compared to the contralateral hemisphere (3.3 ± 2.2%, p = 0.0110) and 
both hemispheres of sham control mice (ipsi: 0.8 ± 0.7%; contra: 0.5 ± 0.6%; 
p < 0.0001) at 360 dps (Figure 3.14b). 
 

 
 

Figure 3.14: Immunhistochemical analysis shows induced ipsilateral astrogliosis in TgM83+/− 
mice after MCAO. In MCAO- and sham-treated mice astroglia were detected by the GFAP 

antibody within the stroke lesion area, ranging from bregma +1.20 mm to bregma -2.10 mm 
(a). Quantification of ipsilateral (ipsi) and contralateral (contra) hemispheres of TgM83+/− mice, 
revealed a significant ipsilaterally induced astrogliosis in mice subjected to MCAO (dark 
Indian red) when compared to ipsi- (dark blue) and contralateral (light blue) sham animals. 
Significantly increased astrogliosis was present ipsilaterally in MCAO mice at 14, 30, 180, and 
360 days post surgery (b). Data shown as mean % ± SD. Two-way ANOVA followed by Tukey 
post-hoc test (P: * < 0.05, **** < 0.0001). n = 3-5/group. N = 6. Scale bar = 1000 μm. 
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Additionally, astrogliosis in the ipsilateral MCAO hemisphere of TgM83+/− mice was 
significantly reduced for later time points, when compared to 14 dps (p < 0.0001; data 
not shown). Although the data showed that astrogliosis in ipsilateral stroke tissue was 
significantly increased at 14 dps (13.6 ± 7.7%) astrogliosis is decreasing in the lesion 
area for up to 90 dps (1.4 ± 1.4%). Onwards from 90 dps astrogliosis in the ipsilateral 
lesion area was significantly increased again, up to 5.6 ± 5.9% at 180 dps (p = 0.0004; 
data not shown), and 6.8 ± 5.0% area fraction of astroglia (p < 0.0001; data not shown) 
at 360 dps.  

 
Generally, 30 min of MCAO induced a significant, acute, and early neuroinflammation 
in the ipsilateral brain hemisphere of TgM83+/− mice. Additionally, a decrease in 
neuroinflammation was observed in the lesion area for time points greater than 14 dps 
and lasting for up to 90 or 180 dps. At 360 dps, a renewed increase in 
neuroinflammation was detected, as the number of microglia and astrocytes was 
increased again in MCAO-treated animals. 
 
 

3.2.4 MCAO leads to a loss of dopaminergic neurons 
To determine if a stroke can induce PD, MCAO-treated mice were analyzed for a loss 
of dopaminergic neurons in the substantia nigra (SN), which is one of the hallmarks of 
PD (Hirsch, Graybiel and Agid, 1988; Petrucelli et al., 2002). Therefore, dopaminergic 
neurons in four SN sections per TgM83+/− mouse were immunostained, using the 
ab152 antibody, recognizing tyrosine hydroxylase (TH). Nuclei were counterstained 
with hematoxylin. Immunostaining visualized dopaminergic neurons in the SN of ipsi- 
and contralateral brain hemispheres of MCAO- and sham-treated TgM83+/− mice over 

a period of 360 days (Figure 3.15a). No significant loss of dopaminergic neurons was 
detected at 14, 30, 90, and at 180 dps, as MCAO- and sham-treated mice displayed a 
similar number of dopaminergic neurons with 107.8 ± 13.3 TH+ cells in both brain 
hemispheres.  In contrast, degeneration of dopaminergic neurons was detected in the 
ipsilateral hemisphere of MCAO-treated animals at 360 dps. With 74.45 ± 27.9 TH+ 
cells the number of dopaminergic neurons was significantly reduced in the ipsilateral 
hemisphere of MCAO-treated mice when compared to the contralateral hemisphere 
with 119.5 ± 47 cells (p = 0.0047), and the ipsi- (124.8 ± 28.7 cells; p = 0.0004) and 
contralateral hemispheres (117.9 ± 29.6 cells; p = 0.0024) of sham-treated control 
mice (Figure 3.15b). 
 
In conclusion, MCAO with a 30 min ischemia leads to a significant loss of dopaminergic 
neurons in the ipsilateral brain hemisphere of TgM83+/− mice within 360 dps. 
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Figure 3.15: Immunhistochemical analysis shows ipsilateral loss of dopaminergic neurons in 
TgM83+/− mice at 360 days after MCAO. In the substantia nigra of MCAO- and sham-treated 
mice dopaminergic neurons were detected with an antibody against TH (a). Quantification of 
TH+ cells in the ipsilateral (ipsi) and contralateral (contra) area of the substantia nigra of 
TgM83+/− mice, revealed significant loss of dopaminergic neurons in its ipsilateral part of mice 
that had been subjected to an MCAO-treatment (dark Indian red) when compared to the 
contralateral (light Indian red) or the sham-treated control animals (dark and light blue) at 360 
days post surgery (b). Data shown as mean TH+ cell numbers ± SD. Two-way ANOVA 
followed by Tukey post-hoc test (P: ** < 0.01, *** < 0.001). n = 3-5/group. N = 4. Scale bar = 
500 μm. 

 
 

3.2.5 MCAO causes α-synuclein to aggregate 
Since a significant loss of dopaminergic neurons in the SN was observed at 360 dps, 
the correlation between MCAO and PD was further investigated. To this end, mice 
subjected to MCAO were examined for an accumulation of aggregated α-synuclein in 
their CNS, which is another hallmark of PD (Spillantini et al., 1997; Baba et al., 1998). 
Thus, a homogeneous time resolved fluorescence technology (FRET) assay was 

performed with brain homogenates of MCAO- and sham-treated TgM83+/− mice to 
quantify the amount of α-synuclein aggregates in each brain hemisphere (Figure 3.16). 
No difference was observed between all four groups at 14 dps. At 30 dps, both brain 
hemispheres of MCAO-treated animals showed a significantly elevated amount of 
aggregated α-synuclein when compared to sham-treated control mice. The ipsilateral 
hemisphere of MCAO-treated mice (636.73 ± 14.6) showed a significantly increased 
amount of aggregated α-synuclein when compared to contralateral (614.2 ± 20.7; 
p = 0.0146), and ipsi- and contralateral (508.9 ± 6.6; 503.4 ± 6.7; p < 0.0001) sham-
treated mice. A significant increase was also measured in MCAO-treated (718.9 ± 
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13.0) mice when compared to sham-treated mice (ipsi: 508.4 ± 7.1; contra: 512.4 ± 
6.5; p < 0.0001) treated mice at 90 dps, and at 180 dps (MCAO ipsi: 815.2 ± 12.3; 
sham: ipsi: 513.6 ± 3.9; contra: 517.1 ± 4.6; p < 0.0001). At 360 dps, the level of 
aggregated α-synuclein in the ipsilateral hemisphere of MCAO-treated mice (1043.3 ± 
13.3, p < 0.0001) was significantly increased when compared to the contralateral 
hemisphere (1011.1 ± 8.5), and both hemispheres of control mice (520.7 ± 7.6). 
 
Thus, the amount of aggregated α-synuclein in brain homogenates prepared from ipsi- 

(512.5 ± 7.8) and contralateral (512.8 ± 9.0) brain hemispheres of sham-treated control 
mice remained similarly low over 360 days, while the level of aggregated α-synuclein 
in the brains of mice subjected to MCAO increased significantly over time. 
 
 

 
 

Figure 3.16: The amount of aggregated α-synuclein was increased in the brains of TgM83+/− 
mice after MCAO. The amount of aggregated α-synuclein was quantified in brain 
homogenates prepared from the ipsilateral (ipsi, dark color) and contralateral (contra, light 
color) brain hemispheres of TgM83+/− mice subjected to MCAO- (Indian red) or sham-treated 
animals (blue) using FRET assay. Significantly increased amounts of aggregated α-synuclein 
were detected in both brain hemispheres of mice subjected to MCAO at 30, 90, 180, and 360 
days post surgery when compared to the sham controls. Data shown as whiskers from 
minimum to maximum with the additional horizontal line in the box representing the median. 
Two-way ANOVA followed by Tukey post-hoc test (P: * < 0.05, **** < 0.0001). n = 3/group. 
N = 3. 
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4 Discussion 
 

4.1 Peripheral challenge study 
This study successfully showed the onset of neurological disease after a single 
challenge of TgM83+/– mice with human recombinant α-synuclein fibrils along four 
different routes. Several characteristic traits of synucleinopathies were identified. 
Among these were inclusions of phosphorylated α-synuclein in the soma and neurites 
of neurons, colocalization of phosphorylated α-synuclein with ubiquitin and p62, as well 
as the presence of specific oligomeric and fibrillar conformers of pathologic 
α-synuclein, along with neuroinflammation as evidenced by astrogliosis and 
microgliosis, and the development of motor impairment. All these pathologic changes 
showed that α-synuclein prionoids can invaded the CNS and cause disease, not only 

after intracerebral and intraperitoneal, but also after a single intravenous and oral 
challenge of α-synuclein fibrils. 
 
Both oral and intravenous transmission of prions are known to cause clinical prion 
disease (Hunter et al., 2002; Huang and MacPherson, 2004). Moreover, several 
studies have shown that intracerebral challenge of WT and Tg mice with recombinant 
α-synuclein fibrils induce prion-like propagation of phosphorylated α-synuclein 
pathology, ultimately causing CNS disease (Kelvin C. Luk et al., 2012; Masuda-
Suzukake et al., 2013; Rutherford et al., 2017). Additionally, transmission from the 
periphery to the CNS was verified via intraperitoneal transmission of α-synuclein fibrils 
(Breid et al., 2016; Sargent et al., 2017). In this study, both types of transmission, 
intracerebrally and intraperitoneally injections were used as a control for the infectivity 
of the produced recombinant α-synuclein fibrils. Findings of pathological α-synuclein 
in the myenteric and submucosal plexuses of the gastrointestinal wall in PD patients 
suggest the existence of a gut-to-brain propagation of pathological α-synuclein via 
peripheral nerves (Holmqvist et al., 2014; Manfredsson et al., 2018). To gain further 
insights into the prion-like behavior of α-synuclein, this work investigated the 
propensity of α-synuclein fibrils to induce a synucleinopathy after oral challenge. 
Furthermore, systemic challenge after a single intravenous injection of recombinant 
human α-synuclein fibrils in TgM83+/– mice was investigated. 
 
 

4.1.1 Intracerebral injection of α-synuclein fibrils causes 

neurological disease 
Several transmission studies have been published over the last decade, of which most 
primarily focused on intracerebral transmission and later also on peripheral 
transmission. Injection of α-synuclein fibrils into different brain regions, such as the 
striatum, hippocampus, and SN, as well as intramuscular injection into the femoris or 
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gastrocnemius muscle, and intragastric and intraperitoneal injections successfully 
seeded the aggregation of endogenous α-synuclein causing central and peripheral 
spreading of α-synuclein and neuropathology (Kelvin C Luk et al., 2012; Masuda-
Suzukake et al., 2013; Sacino, Brooks, Thomas, McKinney, Lee, et al., 2014; Breid et 

al., 2016). Even though an aggregation of α-synuclein was observed in all studies, the 
severity of neuropathology and the propagation of pathologic α-synuclein throughout 
the brain differed, and a loss of dopaminergic neurons or motor impairment was not 
seen in all studies. These different outcomes likely originate in different experimental 

setups, starting from α-synuclein fibril preparation, resulting in various protein 
conformations and therefore in various seeding properties. Some studies used 
recombinant mouse α-synuclein fibrils, whereas others used human α-synuclein fibrils. 
In a WT mouse model, mouse α-synuclein fibrils are shown to be more effective in 
spreading and showing a rapid-onset of disease phenotypes compared to human fibrils 
(Kelvin C Luk et al., 2012). In contrast, human α-synuclein fibrils are more pathogenic 
than mouse α-synuclein fibrils in Tg mouse models overexpressing specific mutant 
human forms of α-synuclein such as the TgM83+/– mouse model (Sacino, Brooks, 
Thomas, McKinney, McGarvey, et al., 2014). Even pathogenic human α-synuclein can 
come in different oligomeric or fibrillar forms, and have several protein modifications 
caused by deletion or mutation of various amino acids (Rutherford et al., 2017). For 
fibril formation, aggregation of recombinant α-synuclein is mostly done by shaking at 
37 ˚C but protocols differ in duration of the shaking, which can range from 3 to 7 days, 
possibly resulting in intermediates with different conformations, affecting the toxicity 
and propagation properties of the respective prepared fibril (Winner et al., 2011). 
Additionally, fibrils are mostly sonicated to obtain fibrils with a length under 100 nm, as 
these transmit more easily than larger fibrils, and therefore lead to a rapid disease 
onset (Tarutani et al., 2016). Finally, bacterial endotoxins should be removed from the 
prepared recombinant α-synuclein fibrils, as these likely enhance inflammation and 
indirectly affect the propagation properties of α-synuclein, and may even result in 
structurally distinct α-synuclein fibril strains (Gao et al., 2011; C. Kim et al., 2016). 
 
In this thesis, the Tg mouse line TgM83+/–, overexpressing human α-synuclein was 
used, and thus, recombinant human WT α-synuclein preformed fibrils were prepared 
for inoculation. It was shown in previous studies that transmission of human 
α-synuclein fibrils to Tg mice recruits endogenous monomeric human α-synuclein, 

carrying the familial A53T mutation, which is overexpressed in TgM83+/– mice. Human 
α-synuclein preformed fibrils seed the aggregation of α-synuclein, leading to a rapid 
onset of a synucleinopathy (Bétemps et al., 2014; Sargent et al., 2017). As the aim of 
this study was to investigate different routes of neuroinvasion of α-synuclein from the 
periphery, regarding transmission and synucleinopathy onset, WT α-synuclein fibrils 
were used. These were assembled by agitation at 37 ˚C for 7 days, resulting in larger 
α-synuclein species, including protofibrils and fibrils. The following sonication step 
resulted in α-synuclein preformed fibrils with a majority fibril length of 25 nm to 70 nm 
(Figure 3.1), possessing a well-suited fibril length for cell-to-cell transmission and a 
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rapid disease onset (Tarutani et al., 2016). An endotoxin removal kit ensured low levels 
of endotoxins in the prepared α-synuclein fibrils (>0.01 EU/ mL), so that an effect on 
neuropathology by endotoxins could be excluded, resulting in potent recombinant 
human WT α-synuclein preformed fibrils. 
 
The amount of inoculum used in intracerebral transmission studies in mice varies 
considerably, with some studies reporting the use of 2 µg and others of up to 25 µg of 
α-synuclein fibrils (Kelvin C Luk et al., 2012; Bétemps et al., 2014). Aggregation of 

α-synuclein with subsequent CNS disease could be induced upon intracerebral 
injection of 4 µg, whereas 2 µg of preformed α-synuclein fibrils failed to cause 
aggregation and disease (Sacino, Mieu Brooks, McGarvey, McKinney, Thomas, 
Levites, et al., 2014; Sacino, Mieu Brooks, Shaw, Golde, Giasson, McKinney, et al., 
2014). In primary cultured neurons a dose-dependency between the amount of 
inoculated α-synuclein fibrils and the pathological outcome was observed (Volpicelli-
Daley, Luk and Lee, 2014). However, in mice a dose-dependency upon intramuscular 
injection was not observed, as mice injected with 2 µg, 5 µg, and 10 µg preformed 
fibrils had similar mean survival times until disease onset, and also did not show a 
major difference in α-synuclein aggregation and spreading, suggesting that for 
intramuscular injections the highest infectious dose was already reached using 2 µg 
preformed fibrils (Sorrentino et al., 2018). In previous studies a single intraperitoneal 
injection with 50 µg of human α-synuclein fibrils was sufficient to cause CNS disease 
in TgM83+/– mice (Breid et al., 2016). Based on that, a concentration of 50 µg 
α-synuclein fibrils was chosen as inoculum for intraperitoneal, intravenous, 
intracerebral, and oral challenge. To further evaluate parameters of neuropathology a 
lower dose of 10 µg fibrils was used for intracerebral challenge of an additional mouse 
cohort, as this is the commonly used amount for intracerebral challenge. Since 50 µg 
of α-synuclein fibrils may be extremely diluted upon arrival in the stomach, a high-level 
dose of 500 µg fibrils was used for oral challenge of an additional cohort as well. 
According to Sorrentino et al., in this study a dose-dependence upon intracerebral 
injection of 10 µg and 50 µg preformed α-synuclein fibrils was not observed (Sorrentino 
et al., 2018). The mean survival times within these two groups just differed in 23 days, 
until α-synuclein aggregation caused CNS disease (Figure 3.1, Table 7). Additionally, 
similar amounts of aggregated α-synuclein were detected in the brains and spinal 
cords of injected mice, also displaying a comparable spreading pattern throughout the 

CNS (Figure 3.2). 
 
The distribution of α-synuclein and onset of neuropathology also depends on the 
injection sites, as injection of α-synuclein fibrils into the striatum was shown to cause 
faster disease onset compared to injections into the SN (Masuda-Suzukake et al., 
2014). Additionally, bilateral injection into the brain causes faster propagation of 
α-synuclein throughout the brain, even though the same total amount of fibrils is 
injected. Unilateral injected fibrils not only propagate caudal to rostral, but also from 
ipsilateral to contralateral sites, resulting in a different pathology in the contralateral 
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site compared to the injected site (Masuda-Suzukake et al., 2013). Bilaterally injected 
fibrils on the other hand, are already distributed between the two hemispheres upon 
injection, causing faster disease onset (Sacino, Mieu Brooks, Shaw, Golde, Giasson, 
McKinney, et al., 2014). These studies show that α-synuclein prionoids propagate over 
long distances via trans-synaptic pathways and axonal transport of interconnected 
areas in a spatiotemporal pattern throughout the brain. Pathological α-synuclein is able 
to transmit from cell-to-cell within the basal ganglia, causing neuropathology not only 
in the striatum, but also in the dopaminoceptive regions, which are connected via 

dopaminergic projections with the striatum, such as the SN, amygdala, and parts of 
the cortex, causing pathology throughout the brain (David Smith and Paul Bolam, 
1990; Gibb, 1997).  
 
According to the spatiotemporal spreading pattern, intrastriatal injection of α-synuclein 
fibrils in this work also resulted in propagation along the anatomical connected brain 
areas, causing neuropathology in the SN, amygdala, thalamus, and the neocortex 
(Figure 3.5). Additionally, neuropathology was observed in hippocampal regions after 
intrastriatal and oral but not after intraperitoneal or intravenous transmission of 
α-synuclein fibrils (Figure 3.4). Severe hippocampal pathology was observed after 
intrastriatal injection, as the striatum and hippocampus are connected via 
dopaminergic projections, enhancing α-synuclein spreading and toxicity along 
interconnected regions. In contrast, hippocampal injection of α-synuclein fibrils have 
been reported not to spread along these or other connections to the striatum, as no 
phosphorylated α-synuclein was detected there within 4 months after injection (Sacino, 
Mieu Brooks, Shaw, Golde, Giasson, McKinney, et al., 2014). The majority of 
endogenous α-synuclein is expressed in the hippocampal formation of mice, therefore 
the hippocampus seems to be a perfect region to seed polymerization of α-synuclein 
fibrils (Thul and Lindskog, 2018). In line with this, elevated expression levels of 
α-synuclein have been detected in the human hippocampus of PD and LBD patients 
(Camicioli et al., 2003; Apostolova et al., 2010). Additionally, native α-synuclein 
regulates dendritic maturation of adult neurogenesis in the hippocampus, and an 
impairment of neurogenesis was observed in the dentate gyrus of PD patients 
(Höglinger et al., 2004; Winner et al., 2012). In the present study, oral and intracerebral 
challenge lead to severe pathology in the dentate gyrus, and only to moderate 
pathology in the hippocampal regions CA1 and CA3, suggesting that the hippocampus 

and, especially, the dentate gyrus are selectively vulnerable to α-synuclein pathology 
(Henderson et al., 2019). 
 
 

4.1.2 Transmission of α-synuclein via peripheral routes causes 

pathology and neurological disease 
Corresponding to Braak’s stages observation, LB pathology seem to spread 
retrogradely in patients with sporadic PD, which lead to the gut-to-brain dual-hit 
hypothesis, which has been investigated in various animal models (Heiko Braak et al., 
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2003). A body-to-brain propagation was observed after injection of α-synuclein fibrils 
into the body of mice, such as into the gastric wall, the peritoneal cavity, hind limb 
muscles, and the urogenital tract, and is believed to happen retrogradely via the vagus 
nerve to the dorsal motor nucleus of the vagus nerve, resulting in neuropathology and 
CNS disease (Sacino, Brooks, Thomas, McKinney, Lee, et al., 2014; Ayers et al., 2017; 
Manfredsson et al., 2018; Ding et al., 2020). This route of propagation was further 
highlighted by vagotomy, were the vagal nerves were severed bilaterally, after which 
fibrils injected into the gastric wall were not capable to propagate to the brain and to 

induce any neuropathology (Uemura et al., 2018; Kim et al., 2019). In this study, 
intraperitoneal transmission resulted in 100% infection rate, causing CNS disease 
202 ± 35 days after injection (Table 7). This result is comparable with a previous study 
from this lab, in which intraperitoneal injection with 50 µg fibrils caused neuropathology 
229 ± 17 days post injection in TgM83+/– mice (Breid et al., 2016). In both studies, 
pathological α-synuclein was detected in the motor cortex, the striatum, the 
hypothalamus, the amygdala, the brain stem, and the spinal cord and thus, throughout 
the CNS. In this study, intraperitoneal injection presented mild pathology in rostral brain 
regions, such as cortical regions, striatum, hypothalamus and thalamus, and moderate 
pathology in caudal brain regions, such as the midbrain and brain stem. This 
distribution pattern has been obtained by immuno-histochemistry for p-α-synuclein 
(Figure 3.5), and is in accordance with previous results (Breid et al., 2016). 
Additionally, neuroinflammation was detected upon disease onset, as astrogliosis and 
microgliosis were significantly induced (Figure 3.9). The other peripheral route used in 
this thesis caused disease in two out of eight TgM83+/– mice at day 220 and 350 after 
oral transmission of 50 µg α-synuclein fibrils. A higher dose of 500 µg α-synuclein 
fibrils via oral gavage caused disease in 50% of the challenged mice, within 
384 ± 131 days (Table 7). Although oral challenge presented a lower and slower 
infection rate, severe pathology in caudal parts of the brain was detected by 
immunohistochemistry for p-α-synuclein and biochemical analysis of insoluble 
oligomeric p-α-synuclein (Figure 3.4, Figure 3.3). Deposits of pathological α-synuclein 
in the brain and spinal cord were colocalized with markers for p62 and ubiquitin, 
presented conformer specific aggregates, and induced neuroinflammation throughout 
the CNS in all diseased mice (Figure 3.6, Figure 3.7, Figure 3.8). This work therefore 
shows for the first time that orally transmitted α-synuclein fibrils are able to cross the 
gastrointestinal wall and neuroinvade the CNS, ultimately causing motor symptoms 

and disease. 
 
A previous study challenged WT mice orally with 400 µg human α-synuclein fibrils 
every two weeks for two months, but failed to detect any pathological α-synuclein in 
the CNS 6 and 14 months after challenge (Masuda-Suzukake et al., 2014). 
Challenging WT mice with human α-synuclein would not result in potent seeding of 
α-synuclein aggregation, even if α-synuclein fibrils would have crossed the 
gastrointestinal tract, as only transgenic modified mice are able to express human 
α-synuclein, but not WT mice. In other studies, investigating the gut-to-brain 
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hypothesis, α-synuclein fibrils were directly injected into the intestinal wall of the 
stomach or into the gut wall of the duodenum (Manfredsson et al., 2018; Van Den 
Berge et al., 2019b). Injection of 48 µg mouse α-synuclein fibrils into the stomach wall 
of WT mice resulted in pathology in the brain stem 12 months post injection, but failed 
to induce neurodegeneration (Uemura et al., 2018). In 2019, Kim and colleagues 
showed that a total amount of 25 µg mouse α-synuclein fibrils injected at two sites in 
the upper duodenum and at two sites in the pyloric stomach of WT mice, caused 
pathology and loss of dopaminergic neurons 10 months post injection (Kim et al., 

2019). Even though these studies showed that gut-to-brain propagation of α-synuclein 
can cause neurological disease within 12 months, similar amounts of α-synuclein fibrils 
to those used in this thesis, were directly injected into the gastrointestinal wall. The 
stomach and duodenum are directly connected to the vagus nerve via the myenteric 
and submucosal plexus in the gastrointestinal wall, giving an interplay between the 
ENS and CNS by the vagus and pelvic nerves via sympathetic pathways, resulting in 
normal trans-synaptical propagation of α-synuclein via the vagus nerve to the dorsal 
motor nucleus of the vagus nerve (Hawkes, Del Tredici and Braak, 2007; Furness, 
2012). In contrast, orally transmitted α-synuclein fibrils as in the present study, 
probably first need to cross the epithelial lining of the gastrointestinal wall, to then 
propagate along the pyloric stomach and duodenum, until they reach the enteric 
plexus, to finally spread retrogradely via the vagal nerve to the brain (H. Braak et al., 
2003). Additionally, given that the amount of fibrils is extremely reduced in the 
gastrointestinal tract, partly due to digestion by different enzymes and the highly acidic 
environment and because of their excretion in feces, resulting in a much lower 
infectious dose, it is striking that not only the high dose of 500 µg fibrils but also the 
lower dose of 50 µg α-synuclein fibrils resulted in disease onset within 12 months. 
However, the exact mechanism how α-synuclein propagates from the stomach to the 
CNS has still to be investigated.  
 
The difference in the pathology pattern on disease onset between the two peripheral 
routes used in this thesis may be based upon different α-synuclein strains. Similar to 
prions, where different prion strains cause a variety of clinical phenotypes of prion 
disease, there is growing evidence that there may be different strains of α-synuclein 
with different conformers and therefore biophysical properties. The different structures 
of α-synuclein strains cause different levels of toxicity, different seeding properties and 

propagation patterns, resulting in specific phenotypes of synucleinopathies (Bousset 
et al., 2013; Peelaerts et al., 2015b). There are different α-synuclein strains in different 
cell types, suggesting an effect of the intracellular environment on α-synuclein strain 
generation. Pathological α-synuclein accumulation in oligodendrocytes presents a glial 
cytoplasmic inclusions (GCI)-like strain, as it is seen in multiple system atrophy (MSA). 
This GCI-like strain shows a more compact structure and is 1,000-fold more potent in 
seeding aggregation, even maintaining this seeding activity when propagated into 
neurons, than α-synuclein that is aggregated in neurons, presented as LB’s (Peng et 

al., 2018). Given that the cellular milieu of the gastrointestinal tract varies from the one 
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of the peritoneum, α-synuclein may be taken up by different cell types, causing 
accumulation of gut-specific α-synuclein strains. These strains may own different 
propagation and seeding properties, thus, oral transmission may favor a gut-specific 
α-synuclein strain, resulting in hippocampal invasion of pathological α-synuclein only 
after oral, but not after intraperitoneal transmission. 
 
 

4.1.3 Intravenous transmission causes neuropathology and 

neurological disease 
In familial PD patients, α-synuclein was not only detected in the CNS and 
gastrointestinal tract, but also in the blood. The multiplication of the SNCA gene 
doubles the amount of α-synuclein in the blood, with more than 99% of α-synuclein 
specifically found in red blood cells (Miller et al., 2004; Barbour et al., 2008). 
Additionally, it was shown, that the presence of native α-synuclein increases the 
permeability of the blood brain barrier, enabling neuroinvasion of pathogens from the 
blood to the brain (Jangula and Murphy, 2013). Based on these data, the prion-like 
behavior of α-synuclein in regard of transmission via the hematogenous route, as it is 
known to transmit prion diseases via blood-transfusion resulting in neuroinvasion 
(Hunter et al., 2002; Llewelyn et al., 2004), was investigated here. To evaluate the 
prion-like character of α-synuclein, TgM83+/– mice were intravenously injected with 
50 µg α-synuclein fibrils. This work is the first time, that a single systemic 
administration resulted in full transmission in 10 out of 10 animals at 208 ± 20 dpi, 
including neuropathology and signs of neurological disease (Figure 3.1, Figure 3.2, 
Figure 3.6). This shows that α-synuclein fibrils are able to cross the blood brain barrier 
and to seed propagation of pathological α-synuclein throughout the CNS. 
 
Previous studies obtained similar results, although they used a rat model and 
performed repeated injections of fluorescent labeled α-synuclein fibrils, with 10 µg 
every 2 weeks over 4 months, resulting in a total amount of 80 µg (Peelaerts et al., 
2015b). In another study, intravenous injection of 20 µg mouse α-synuclein fibrils into 

2-months-old homozygous TgM83+/+ mice resulted in neuroinvasion and pathology in 
the CNS of all 5 mice, at 120 dpi (Ayers et al., 2017).  In contrast to our findings, none 
of the challenged homozygous mice showed motor impairment or signs of disease. A 
possible reason may be the reduced time period of the experiment, which was 
necessary to rule out a spontaneous onset of motor impairment, which homozygous 
TgM83+/+ mice develop from 8 months of age on (Giasson et al., 2002). Additionally, 
not human but mouse α-synuclein fibrils were used, and although these fibrils were 
sonicated, the polymers imaged via electron microscopy had a length of about 150 nm, 
and were, thus, twice the size of the fibrils used in the studies described here. These 
bigger fibrils may take longer to penetrate cells and the blood brain barrier, and may 
be taken up and degraded by immune cells, the UPS, and the ALP after crossing the 
blood brain barrier, causing a different disease onset due to a temporal clearance 
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pattern. Therefore, these fibrils may be too big to be potent enough to not only cause 
neuropathology, but also signs of neurological disease within that shorter experiment. 
 
 

4.1.4 Prion-like character of α-synuclein 
However, systematic administration of infectious prions had been reported to cause 
replication in non-nervous tissue and uptake via various nerve endings in lymphoid 
organs (Aguzzi, Sigurdson and Heikenwaelder, 2008; McCulloch et al., 2011). Findings 
about the behavior of pathogenic α-synuclein regarding uptake from the bloodstream 
are still limited. In patients with LB disorders, pathological α-synuclein was not only 
found in the CNS, ENS, and the blood, but also in other organs (Beach et al., 2010). 
Additionally, a recent study showed that α-synuclein fibrils injected into the 
gastrointestinal tract of rats, not only propagated within the ENS and CNS, but also 
propagated to the heart. Pathological α-synuclein was even observed in the heart at 
an earlier timepoint compared to the SN (Van Den Berge et al., 2019). 
 
My findings, of α-synuclein being able to cross the blood brain barrier, together with 
the evidence of α-synuclein being observed in various organs, promotes the 
hypothesis of α-synuclein uptake from the bloodstream via nerve endings into organs, 
and therefore a prion-like hypothesis for the propagation of α-synuclein. Even though 
transmission of synucleinopathies via blood-transfusion has not been reported yet, the 
unknown incubation time until disease onset needs to be considered. Based on LB’s 
that were found in peripheral organs of patients up to 20 years prior to their PD 
diagnosis (Stokholm et al., 2016), peripheral transmission of pathological α-synuclein 
may cause PD after several decades. A similar extended incubation time is also known 

for human prion diseases, such as up to 40 years incubation time for Creutzfeldt-Jakob 
disease prions (Rudge et al., 2015). Considering that PD is the second most common 
neurodegenerative disease with increasing age as the major risk factor, it is 
complicated to observe and track possible transmission cases, and to distinguish them 
clearly from familial or idiopathic cases of PD. 
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4.2 MCAO study 
Besides the propagation and disease-causing accumulation of transmitted α-synuclein 
via different routes, this thesis aimed to investigate as well the effect of focal cerebral 
ischemia on α-synuclein aggregation. This study confirmed that even a mild MCAO-
induced ischemic injury leads to behavioral deficits and neuronal loss in the ischemic 
core over time, to a loss of dopaminergic neurons, accompanied by an increased level 
of aggregated α-synuclein. Thus, mice subjected to a mild cerebral ischemia 
developed motor deficits and neuropathology resembling PD. 

 
 

4.2.1 Mild MCAO causes motor deficits and neurodegeneration 
Since the majority of ischemic strokes in patients occur in the area around the middle 
cerebral artery, many animal models mimicking strokes in this area have been 
developed over time (Mohr, Lazar and Marshall, 2011). Focal cerebral stroke models 
in animals vary from permanent stroke, by e.g. photo-thrombosis, embolic stroke, or 
intraluminal permanent suture of arteries, up to transient stroke, by middle cerebral 
artery occlusion (MCAO) (Lee et al., 2007; Wells et al., 2012; Zhang et al., 2015; 
Sommer, 2017). The transient MCAO model is a highly studied and established model, 
resulting in an ischemic core and penumbra region similar to human cerebral stroke. 
The ischemic impact can be determined by the duration of occlusion, leading to a mild 
(up to 30 min), moderate (30 - 90 min) or severe (from 90 min on) insult of the tissue 
and thus, to a proportional increase in infarct size (Maeda, Hata and Hossmann, 1999; 
McColl et al., 2004; Howells et al., 2010). Because the duration time of ischemia, and 
the following reperfusion time are highly controllable and reproducible, transient MCAO 
was used in this thesis to model cerebral ischemia. Occlusion of the MCA, one of the 

largest arteries in the brain follows a stereotypical progression in a rodent model by 
first affecting the striatum, followed by the hypothalamus and cerebral cortices. A lesion 
of the striatum results in altered coordination of motor and cognitive behavior, resulting 
in hemiparesis, and a lesion of the hypothalamus affects homeostatic mechanisms and 
hormone release. The affected cerebral cortices are the temporal cortex, leading to 
impaired hearing and communication, the parietal cortex, resulting in altered sensory 
processing of sounds, touch and movement, and the occipital cortex, which exhibits 
most regions of the visual cortex, leading to impaired visual processing (Zülch, 1981; 
Garcia, Liu and Ho, 1995; Popp et al., 2009). All these impairments manifest as defined 
symptoms of human cerebral stroke: contralateral paresis and sensory loss in face, 
arms, and legs, anosognosia, spatial neglect, and hemi-sensory impaired vision 
(Rehme and Grefkes, 2013; Vossel et al., 2013; Boes et al., 2015). 
 
In this thesis, a mild MCAO with a 30 min ischemia was performed in 6 to 8-week-old 
TgM83+/– mice. The natural reperfusion, induced upon removal of the silicon coated 
nylon filament was stopped at 14, 30, 90, 180, or 360 days post surgery (dps), by 
sacrificing the animals. Within 360 days post ischemia, MCAO- and sham-treated 
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control animals constantly gained weight suggesting a good general condition (Figure 
3.10). At 180 and 360 dps significant behavioral deficits were observed by the rotarod 
performance test in animals following a mild ischemia (Figure 3.11). The animals 
circled towards the left direction for a short period of time after the surgery. However, 
no other signs of impaired general health condition were monitored over the time 
period of this experiment. Due to the striatum being the most affected brain region after 
MCAO, the motor impairment of circling towards the left direction can be explained by 
a mild hemiparesis. Hemisphere impairment is affecting the function of the 

contralateral, in this case the left front limbs of the mice following occlusion of the right 
MCA. An additional reason may be contralateral vision loss, which requires the mice 
to circle, to get a complete picture of their surroundings. Thus, circling towards the 
contralateral site can be used as a basic score for success of the stroke-modeling 
surgery (Longa et al., 1989; Engel et al., 2010). Additionally, the successfully induced 
cerebral ischemia was verified by NeuN staining of the ipsilateral neuronal loss (Figure 
3.12). Since neurons are particularly vulnerable to ischemia, neuronal damage follows 
a spatiotemporal pattern resulting in an early observable lesion core. Additional 
confirmation of the induced ischemia was an increased neuroinflammation in the 
ischemic core. The amount of activated microglia and astroglia were significantly 
increased, especially in the ipsilateral striatal and thalamic regions within the first 
30 days of reperfusion (Figure 3.13, Figure 3.14). Alteration of these confirmed regions 
can lead to motor impairment, that may result in circling towards the contralateral site, 
as these striatal regions are the first regions to be affected by MCAO and responsible 
for motor symptoms (Endres et al., 1998).  
 
 

4.2.2 MCAO causes neuroinflammation 
It was previously shown that 30 min MCAO induces neuroinflammation with astrocytes 
slowly surrounding the periphery of the lesion along the infarct area after 48 h, and a 
manifestation of a glial scar at 7 dps (Wanner et al., 2013; Buscemi et al., 2019). In 
contrast, activated microglia have been described to invade the ischemic core region 
much faster, with an induced microgliosis at 3 h of reperfusion. Activated microglia 
were even detected in brain regions where no neuronal degeneration had happened 
yet, as microglia seem to respond to reduced and lost signals originating from injured 
neurons (Ransohoff and Cardona, 2010; Buscemi et al., 2019). In this thesis, increased 
neuroinflammation was verified at the earlier time points. Microgliosis was significantly 
increased in the ipsilateral site 14, 30, and 90 d after the MCAO. However, after 180 
dps no significant increase in microgliosis was detected anymore. Interestingly, at 
360 dps microgliosis was significantly increased again (Figure 3.13). Similar to the 
behavior of activated microglia, significantly increased numbers of astrocytes were 
detected in the ipsilateral side 14 and 30 d after MCAO, again being reduced at 30 dps 
compared to 14 dps. No significant difference was detected at 90 dps. Although the 
numbers of astrocytes were reduced to a minimum at 90 dps, significantly increased 
astrogliosis was detected again at 180 and 360 dps (Figure 3.14). This time-dependent 



Discussion MCAO study 

 65 

change in neuroinflammation could explain possible microenvironmental changes in 
the brain. Additionally, it was previously shown that cerebral ischemia leads to 
inflammation not only in the lesion core but also in interconnected areas, such as the 
SN over time (Block, Dihné and Loos, 2005; Rodriguez-Grande et al., 2013).  
 
 

4.2.3 MCAO causes loss of dopaminergic neurons and 

neuropathology 
One of the hallmarks of PD is loss of dopaminergic neurons (Hirsch, Graybiel and Agid, 
1988; Petrucelli et al., 2002). To evaluate if cerebral ischemia may cause PD, and 
because we detected increased inflammation, also in the interconnected SN, the loss 
of dopaminergic neurons was investigated. No significant differences were detected in 
the number of dopaminergic neurons comparing MCAO- and sham-treated controls for 
up to 180 d. At 360 dps the ipsilateral hemisphere of MCAO-treated mice showed a 
significant reduction of dopaminergic neurons (Figure 3.15). As dopaminergic neurons 
are vulnerable to oxidative stress (Morató et al., 2014) and the striatum is directly 
connected with the SN via GABAergic projections, it was shown before that lesion of 
the striatum causes significant loss of dopaminergic neurons in the SN (Burke et al., 
1992; Mao et al., 2017; Zhong et al., 2019). Most of these studies used a severe 
(120 min) or permanent form of MCAO and shorter reperfusion times (48 h). Since 
here a significant reduction of dopaminergic neurons was only detected at 360 dps, 
the latest time point, loss of dopaminergic neurons may not be a result of direct impact 
of the cerebral ischemia, but due to the toxicity of α-synuclein aggregation (Feany and 
Bender, 2000; Masliah et al., 2000a; Lee et al., 2002; Hoban et al., 2020). Cerebral 
ischemia not only leads to neuroinflammation and following neuronal degeneration  but 

also to altered expression of various proteins (Li et al., 1997).  
 
Since another hallmark of PD are inclusion bodies consisting of aggregated 
α-synuclein (Spillantini et al., 1997; Baba et al., 1998), several studies investigated the 
effects of cerebral ischemia on altered expression of α-synuclein, mediating secondary 
brain damage. A population-based study performed a 3-year follow up, to evaluate risk 
of getting a stroke between PD and non-PD groups. They found out, that risk of getting 
an ischemic stroke was significantly increased in PD patients (Huang et al., 2013). 
Since α-synuclein levels are upregulated in the red blood cells of PD patients, more 
studies investigated blood samples of ischemic stroke patients (Miller et al., 2004; 
Barbour et al., 2008). A significant higher level of oligomeric α-synuclein was found in 
red blood cells in PD patients, but also in ischemic stroke patients, compared to healthy 
subjects (Zhao et al., 2016b). In addition, another study observed significantly higher 
levels of not only oligomeric α-synuclein, but also of hemoglobin-bound and S129 
phosphorylated α-synuclein in patients with acute ischemic stroke (Wu et al., 2019). In 
this thesis, the amount of aggregated α-synuclein in ipsi- and contralateral 
hemispheres of sham animals remained similar over all five timepoints, whereas the 
level of aggregated α-synuclein in mice subjected to MCAO significantly increased 
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over time. Thus, at 360 dps MCAO-treated mice displayed a significantly elevated 
amount of aggregated α-synuclein in comparison to sham-treated controls. This 
significant increase was observed in both, the ipsi- and contralateral hemisphere of 
mice subjected to MCAO (Figure 3.16).  
 
In a previous study, aggregated α-synuclein was observed in neurons and even 
colocalized with ubiquitin, indicating mature LBs, when mice were subjected to a mild, 
30 min MCAO and 72 h of reperfusion (Unal-Cevik et al., 2011). Another study 

performed 90 min MCAO in mice, with a reperfusion time of max 7 days. They already 
observed a significantly increased nuclear level of cortical phosphorylation of 
α-synuclein, at 24 h of reperfusion. However, lacking these in their cytosolic levels, 
indicating nuclear translocation of α-synuclein and phospho-α-synuclein. They also 
performed 90 min MCAO with a reperfusion time of 4 months in α-syn+/+ mice, and 
detected an ipsilateral increase in α-synuclein that resisted proteinase K treatment, 
and thus, proper α-synuclein aggregates (T. H. Kim et al., 2016). Following a very mild 
MCAO (5 min) in gerbils α-synuclein levels started to increase 3 h after ischemia in the 
CA1 region of the hippocampus. A maximum level of α-synuclein expression was 
reached 1 day post ischemia, and decreased steadily over the course of 4 days (Yoon 
et al., 2006). In contrast, permanent MCAO, without reperfusion caused a decrease in 
α-synuclein in the cerebral cortices of WT rats at 1 day of occlusion (Kang et al., 2018). 
This was verified by glutamate treatment of hippocampal-derived cell line, leading to 
reduction of α-synuclein in a dose dependent manner (Koh, 2017). Since an ischemic 
event leads to oxygen deprivation, it impacts the microenvironment of the brain due to 
the ischemic infarct, initiating cell death and inflammation, resulting in loss of neurons, 
and activation and migration of microglia and astrocytes into the lesion core (Burda 
and Sofroniew, 2014; Feng et al., 2017). These immune cells express activation 
markers, produce cytokines and recruit lymphocytes. All the mechanisms are 
accompanied by an increased amount of reactive oxygen species (ROS), leading to 
ER stress, oxidative DNA damage and mitochondrial dysfunction, ultimately resulting 
in cell death (Lipton, 1999; Lo, Dalkara and Moskowitz, 2003; Sen et al., 2009; Xing et 
al., 2012; Lopez, Dempsey and Vemuganti, 2015; Zhao et al., 2016a). Additionally, 
abnormal α-synuclein enhances an inflammatory response not only via accumulation, 
but also via release of the aggregated protein into the extracellular space (Glass et al., 
2010). Extracellular α-synuclein promotes microglia activation via the NF-κB pathway, 

by acting as an endogenous agonist for the Toll-like receptor 2, and may be a 
chemoattractant, promoting microglia migration (Park et al., 2008; Kim et al., 2013; 
Wang et al., 2015; Yun et al., 2018), ultimately inducing increased ROS release.  
 
Reperfusion, the reoxygenation of the tissue, is responsible for the secondary neuronal 
injury. It leads to formation of additional elevated free radical levels, resulting in an 
increase of reactive oxygen and nitrogen species in the tissue, that enhances the 
ischemic effect (Lo, Dalkara and Moskowitz, 2003; Xing et al., 2012; Lopez, Dempsey 
and Vemuganti, 2015; Zhao et al., 2016a). Since no reperfusion occurs by permanent 
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MCAO, less ROS is present in the tissue, also reducing cellular changes that are 
known to mediate pathophysiological mechanisms in α-synuclein aggregation 
(Guardia-Laguarta et al., 2014; Stefanovic et al., 2014). By performing MCAO and the 
naturally occurring reperfusion, the increased levels of ROS lead to increased 
spreading of pathological α-synuclein within the brain, but also to increased 
accumulation (Musgrove et al., 2019). In the presence of ROS all four methionine (met) 
residues of α-synuclein are oxidized to met sulfoxides (Glaser et al., 2005; Zhu et al., 
2006; Lee and Gladyshev, 2011). This oxidation of α-synuclein reduces the binding 

affinity for biological membranes and also inhibits protein degradation by the 20S 
proteasome due to structural alteration (Maltsev et al., 2013; Alvarez-Castelao et al., 
2014). Therefore, N- and C-terminal methionine oxidation via ROS enhances 
oligomerization of α-synuclein, resulting in inclusion bodies (Mirzaei et al., 2006; 
Carmo-Gonçalves et al., 2014). 
 
In consistence with previous studies, an increase in aggregated α-synuclein in the 
brains of mice subjected to MCAO was observed. Although no alteration in aggregated 
α-synuclein was present at 14 dps, but afterwards, starting from 30 dps. In contrast, 
most previous studies only have a reperfusion time of 1 day up to 7 days, and no 
extended time periods. Most of them observed a significant upregulation of α-synuclein 
within the first 24 h of reperfusion, with a declining number over time. Due to ischemia 
and reperfusion, an early increase in ROS may lead to α-synuclein aggregation, but 
above all to an inflammatory response. Neuroinflammation not only reacts to the 
ischemic impact, but it also enhances clearing mechanism, such as protein 
degradation. Due to the significantly increased micro- and astrogliosis at 14 and 30 dps 
in the animal model studied in this thesis, clearing mechanism may be potent enough 
to reduce the amount of α-synuclein within the second week post MCAO, as other 
studies already observed a decline in aggregated α-synuclein after 1 day. However, 
the continuously recruited and activated immune cells also release ROS, which was 
previously reported to act as a mediator, linking inflammation and pathological 
α-synuclein in PD (Gao et al., 2008). Thus, increased amount of ROS triggers 
α-synuclein oligomerization via different mechanisms. At a later stage (90 dps), a 
decrease in neuroinflammation was observed, and thus a reduction in clearing 
mechanism of abnormal proteins. The abnormal α-synuclein may then polymerize 
more strongly into aggregates and recruit more and more native protein. Based on this, 

the significantly increased activation of astrocytes and microglia at the later time points 
may be due to the presence of aggregated α-synuclein at 360 dps, and therefore 
causing toxicity.  
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5 Conclusion and future perspectives 
 

The findings presented in the first part of this thesis reveal that not only intracerebral 
and intraperitoneal injections, but also a single intravenous or oral challenge causes 
spreading of pathological α-synuclein to the CNS and neurological disease. 
Neurological disease in all Tg mice overexpressing human α-synuclein was observed 
after intracerebral, intraperitoneal, or intravenous challenge. In comparison to the 
previous routes, oral challenge resulted in a delayed onset of disease and a 
transmission rate of only 50% when challenged with 500 µg fibrils. A clear relation 
between occurrence of symptoms and severity of pathology was seen, as well as a 
clear induction of astrogliosis and microgliosis. All four inoculation routes resulted in a 
similar distribution of phosphorylated α-synuclein deposits in the CNS, although 
pathological α-synuclein only invaded the hippocampal regions after oral and 

intracerebral inoculation. Fibrillar and oligomeric α-synuclein as well as colocalization 
of phosphorylated α-synuclein with ubiquitin and p62 were detected, from which it can 
be concluded with certainty that all four inoculation routes resulted in LB-like 
pathological α-synuclein deposits in the CNS. These findings support the hypothesis 
that α-synuclein is a ‘prion-like’ protein, as misfolded α-synuclein and some prion 
proteins can cross the blood brain barrier upon intravenous injection. Additionally, 
α-synuclein can cross the gastrointestinal wall and invade the CNS after oral uptake 
and cause neuropathology as it was shown for some prion strains. However, how the 
pathological α-synuclein propagates to the CNS upon oral uptake need further 
investigation.  
 
Epidemiological findings suggest that ischemic stroke increases the risk of subsequent 
PD. However, to date no animal model or mechanistic explanation exists that can proof 
this causal relation or can be used to study it. In the second part of this thesis a new 
mouse model was established to study this problem: MCAO in combination with a one-
year follow up revealed a causal relation between mild cerebral ischemia and PD. 
Cerebral ischemia resulted in aggregation of α-synuclein and a concomitant loss of 
dopaminergic neurons in the SN, which subsequently results in PD. Mice displayed 
significant motor deficits and loss of dopaminergic neurons in the SN within a year after 
the MCAO. Additionally, neuroinflammation was significantly increased at early time 
points (14 and 30 dps) due to the infarct but also after a year. This late-stage 
astrogliosis and microgliosis were consistent with a significantly increased amount of 
aggregated α-synuclein. Thus, mice subjected to a mild MCAO developed 
neuropathology and motor deficits resembling PD within a year after treatment. 
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