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1 Introduction

1.1 Parkinson’s disease (PD)

Parkinson’s disease (PD) and the associated motor symptoms were first described in
1817 by James Parkinson (Parkinson 2002). Presently PD is viewed as the most common
movement disorder and the second most common neurodegenerative disease. The risk
of developing PD rises steadily with increasing age. The prevalence of PD is
approximately one percent at the age of 60 and increases to five percent by the age of 85
(de Lau & Breteler 2006). In 2015 around 6.1 million people were affected worldwide
compared to 2.5 million people diagnosed with PD in 1990. However, the number of
affected people is expected to rise due to higher life expectancy (Dorsey et al. 2018). The
associated disease burden will impact health care systems and costs in the coming

decades (Kowal et al. 2013, Bohingamu Mudiyanselage et al. 2017).

PD is a slowly progressive disease of the central nervous system (CNS) causing a broad
range of non-motor and motor symptoms (Kalia & Lang 2015). These symptoms are linked
to pathological changes which are described in chapter 1.4. Non-motor symptoms such
as hypersomnia (Haehner et al. 2007), rapid eye movement sleep behavior disorder
(RBD) (Jankovi¢ et al. 2015), and constipation (Svensson et al. 2016, Stirpe et al. 2016)
can precede the development of typical motor symptoms and subsequent diagnosis by
more than ten years (Schrag et al. 2015). PD is defined by motor symptoms like resting
tremor, rigidity, bradykinesia, shuffling gait, postural instability, and dysphagia (Postuma
et al. 2015, Kalia & Lang 2015). In addition to the motor symptoms, neuropsychiatric
features can evolve at later time points including fatigue, depression, obsessive-
compulsive disorder, hallucinations, and cognitive impairment (Reijnders et al. 2008,
Chahine et al. 2016).

Currently, no disease-modifying therapies are available. Symptomatic treatment targets
dopamine dysbalance caused by the loss of dopaminergic neurons in the substantia nigra
(SN) (Sveinbjornsdottir 2016). The drugs either increase the dopamine concentration
(levodopa, monoamine oxidase B inhibitors) or stimulate dopamine receptors (dopamine
agonists) (Rizek et al. 2016). Nevertheless, treatment can lead to psychotic symptoms

and during disease progression, to fluctuations of motor function (e.g. wearing off as well
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as dystonia) and the increase of non-motor symptoms, due to the loss of dopaminergic

cells and elevated dopamine sensitivity (see Figure 1.1) (Hely et al. 2008).

A

Pre-motor/prodromal period Parkinson’s disease diagnosis
Early Advanced/late
Complications
Psychosis
2
3 5
i Fluctuations
s Dyskinesia Motor
§ Dysphagia
= Postural instability
= Bradykinesia Freezing of gait
Rigidity Falls
Tremor
EDS Pain Urinary symptoms Non-motor
Hyposmia Fatigue Orthostatic hypotension
Constipation RBD Depression md Dementia
T T T T T ;
-20 -10 0 10 20

Time (years)

Figure 1.1: Typical symptoms in the progression of PD. The pre-motor period of PD can
start around twenty to ten years before diagnosis with the appearance of non-motor
symptoms like RBD and constipation. PD is diagnosed with the onset of motor symptoms like
tremor and rigidity, which is followed by the development of a shuffling gait and postural
instability. More neuropsychiatric characteristics can develop over time and complications
often arise from the long-term side effects of symptomatic therapy. All of this increases the
patient's level of disability. EDS: excessive daytime sleepiness; MCI: mild cognitive
impairment; Reprinted from (Kalia & Lang 2015) with permission from Elsevier.

1.2 Forms of PD

PD can be either genetic or sporadic. Familial PD, which only accounts for approximately
five percent of known PD cases, is an inherited form of this disease and might present
with early-onset and a faster progression (Verstraeten et al. 2015, Deng et al. 2018).
However, most cases of PD occur sporadically, due to an interplay of genetic,
demographic, and environmental factors. These patients usually show a late-onset of the
disease (Pang et al. 2019). In terms of clinical features, familial and sporadic PD have a

broad overlap in the appearance of symptoms (Carr et al. 2003, Baba et al. 2006).

Familial PD underlies genetic causes and the first missense mutation linked to PD was
found in the SNCA locus which encodes for the protein a-synuclein (a-syn)
(Polymeropoulos et al. 1997). Up until now, six mutations in the SNCA gene have been
identified as monogenic, i.e., just one of these mutations is sufficient for PD development
(Kruger et al. 1998, Proukakis et al. 2013). Similarly, the multiplication of the SCNA gene

leads to PD indicating the pivotal role of this gene and its dosage in disease development
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(Singleton et al. 2003, Chartier-Harlin et al. 2004). In addition, 18 more genes have been
identified and linked to PD although some follow a polygenic inheritance (Hernandez et
al. 2016).

Sporadic PD is a multifactorial disorder and is presumed to be caused by a complex
interaction of genetic susceptibility, age, sex, and environmental factors (Bennett et al.
1996, Ball et al. 2019, Selvaraj & Piramanayagam 2019). The genes accounting for the
genetic vulnerability in sporadic cases are often similar to the genes affected in familial
PD (Selvaraj & Piramanayagam 2019). Protective environmental factors are caffeine
intake, cigarette smoking, and physical activity whereas pesticides and B-antagonists

have been identified as environmental risk factors (Belvisi et al. 2020).

1.3 a-synuclein, the central protein involved in PD

Synucleinopathies including PD, dementia with Lewy bodies, multiple system atrophy, and
further disorders are characterized by aggregated a-syn as the main component in Lewy
bodies (LBs) (Spillantini et al., 1998). In PD, a-syn and more importantly aggregated a-
syn is implicated in disease development and progression. Originally, the 140 amino acid
long protein human a-syn was discovered in isolated amyloid plaques derived from
Alzheimer's disease (AD) patient brains (Ueda et al. 1993). A few years later it was found
in LBs and consequently linked to PD (Spillantini et al., 1997; Wakabayashi et al., 1997).
The synuclein family is highly conserved and besides a-syn includes B-synuclein and y-
synuclein (Lavedan 1998). The homology of a-syn is furthermore conserved across
species with human and mouse synuclein having a 95-% primary sequence match
(Rochet et al. 2000).

1.3.1 Structure and function

The a-syn protein has a highly dynamic structure and in its physiological state, it mostly
exists as an intrinsically disordered and soluble protein (Bertoncini et al. 2005). However,
bound to phospholipids, the protein assembles a more structured and stabilized a-helical
conformation (Davidson et al. 1998, Ulmer et al. 2005). The a-syn sequence can be
divided into three distinct domains (see Figure 1.2 A). The N-terminus domain contains
seven, eleven amino acid long sequence repeats predicted to form a helical secondary

structure. This domain possesses lipid-binding properties (Bussell & Eliezer 2003).
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Indeed, it has been shown that a-syn can bind to membranes and in particular binds
preferentially to curved lipid membranes such as vesicles (Varkey et al. 2010). The middle
domain of the a-syn sequence, the non-amyloid  component (NAC), exhibits a highly
hydrophobic nature (Rodriguez et al. 2015). Therefore, this domain has a strong
propensity to form 3-sheet structures leading to the formation of aggregates (Giasson et
al.,, 2001). The last domain at the C-terminus is unstructured, flexible, and highly
negatively charged. It was shown to facilitate solubility and thus this domain is crucial in
hindering the pathological aggregation process (Bertini et al. 2007, Wu et al. 2008).

The protein a-syn is ubiquitously expressed in the CNS, nevertheless, it is also found in
blood circulating cells and in the hematopoietic cells of the bone marrow (Lavedan 1998,
Nakai et al. 2007). In the brain, a-syn is vastly expressed in the synaptic terminals of
neurons (Goedert, 2001; Iwai et al., 1995) and reported to be associated with synaptic
vesicles there (Maroteaux & Scheller 1991). The physiological functions of a-syn are still

not fully understood, but its function seems to be abundant.

In primary neurons from rats, an a-syn knockdown induced a decreased vesicle pool size
(Murphy et al. 2000, Cabin et al. 2002). This effect was confirmed in vivo by the
characterization of a-syn deficient mice. These mice displayed reduced dopamine levels
in the presynaptic terminals of the SN and alterations in the vesicle pool size and
mobilization (Abeliovich et al. 2000). However, overexpression of a-syn also led to a
decrease in dopamine levels in mice. (Nemani et al. 2010). This was mediated by the
reduced uptake of synaptic vesicles and a subsequent reduction in the vesicle recycling
pool (Nemani et al. 2010, Scott & Roy 2012). In addition, a-syn has been found to interact
with the assembly of the soluble N-ethylmaleimide-sensitive factor attachment protein
receptor (SNARE) complex, which is involved in synaptic exocytosis (Burré et al. 2010,
Garcia-Reitbock et al. 2010). In summary, a-syn was suggested to play a role in the
regulation of vesicle trafficking, vesicle budding, and neurotransmitter release (Burré
2015).

1.3.2 Aggregation and toxicity

The native and soluble a-syn can undergo conformational changes that trigger
aggregation. This development might be influenced by altered protein synthesis, gene
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mutations, or changes in the cellular environment (Lashuel et al. 2013, Villar-Piqué et al.
2016). Aggregation of a-syn is a multistep process and begins with misfolding of
monomeric a-syn. Subsequently, soluble oligomers are formed in a reversible process
(Kalia et al. 2013). In a further step, the oligomers act as a seeding template. They
gradually assemble more misfolded a-syn and eventually convert into large insoluble -
sheet structured amyloid fibrils (see Figure 1.2 B) (Villar-Piqué et al. 2016). These a-syn
aggregates display a different subcellular distribution and are increasingly observed in the
axons and the soma of neurons (Benskey et al. 2016).

(A)

1 61 95 140
N-terminus membrane binding domain NAC domain | unstructured domain| C-terminus

(B)

5 — 0 — oS

Native Misfolded

a-synuclein a-synuclein ) ) )
oligomeric amyloid

species fibrils

Figure 1.2: Schematic of SNCA sequence and aggregation process of a-syn. (A) The 140
amino acid sequence of a-syn is divided into three domains. At the N-terminus, there is a
helical structured membrane-binding domain. The middle domain contains the non-amyloid 3
component (NAC) and is aggregation-prone. The last domain at the C-terminus has an
unstructured conformation. (B) In its physiological state, native a-syn is present in a partially
folded monomeric structure. However, under pathological conditions, it can misfold and then
aggregate. Initially, soluble oligomeric species are formed. Then, more misfolded a-synuclein
is recruited, leading to the formation of insoluble amyloid fibrils. Created with Biorender.

Aggregated a-syn is implicated in causing toxicity by disruption of several cellular
mechanisms and consequently increasing cellular stress (Wong & Krainc, 2017). It is still
controversial regarding which a-syn aggregates i.e. oligomers versus fibrils are the more
toxic species (Conway et al. 2000, Winner et al. 2011, Pieri et al. 2012, Peelaerts et al.
2015). However, all aggregated a-syn species have proven to be capable of
permeabilizing lipid membranes (Lashuel et al. 2002, Volles & Lansbury 2002, van
Rooijen et al. 2010).
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As expected from the localization and function of a-syn, synaptic homeostasis is one of
the main pathways disrupted by a-syn aggregation. In this case, a-syn disrupts the
dopamine release as well as the SNARE complex and alters the mobility of synaptic
vesicles and the size of their pool (Choi et al., 2013; Nemani et al., 2010; Wang et al.,
2014). Furthermore, the endoplasmic reticulum (ER) and associated Golgi pathway are
affected by a-syn aggregates. Studies using different models indicate that a-syn
overexpression and aggregation leads to ER stress, disrupts ER trafficking, and even
induces Golgi fragmentation (Outeiro & Lindquist 2003, Cooper et al. 2006, Colla et al.
2012, Paiva et al. 2018). A-Syn aggregates can also trigger mitochondrial dysfunction. In
cell and animal models, they have been described to cause mitochondrial DNA damage,
enhance mitophagy, and even induce mitochondrial fragmentation (Martin et al. 2006,
Choubey et al. 2011, Nakamura et al. 2011). This results in increased release of reactive
oxygen species (ROS), which results in even more aggregation of a-syn (Giasson et al.,
2000). The lysosomal-autophagy pathway is the main pathway for the clearance of a-syn
aggregates (Lee et al., 2004). However, a-syn aggregates can block the formation of
autophagosomes or impair enzymatic degradation in lysosomes leading to a-syn
accumulation in the cell (Martinez-Vicente et al. 2008, Winslow et al. 2010, Tanik et al.
2013, Mazzulli et al. 2016).

1.3.3 Cell-to-cell transmission

Surprisingly, a-syn has been detected in the CSF and plasma of healthy individuals
indicating that a-syn secretion is indeed a physiological process (El-Agnaf et al. 2003b,
Llorens et al. 2016). The release of a-syn has also been demonstrated from wild-type and
a-syn overexpressing neurons in vitro (El-Agnaf et al. 2003a). However, under
pathological conditions, this mechanism of neuronal a-syn secretion has been proposed
to act as an active clearing mechanism to reduce intracellular pathological a-syn levels
(Ejlerskov et al. 2013). Lysosomal and mitochondrial dysfunction, impairment of the
proteasomal function, or high levels of a-syn may trigger the increased secretion of a-syn
(Jang et al., 2010; Lee et al., 2005; Reyes et al., 2015). On the one hand, this secreted a-
syn can be degraded by extracellular proteases or by microglia phagocytosis (Kim et al.,
2012; Lee et al., 2008a). On the other hand, it can be taken up by other cells like neurons
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or microglia and accumulate (Choi et al., 2020; Danzer et al., 2009; Desplats et al.,
2009b).

Depicted in Figure 1.3 are different molecular release and uptake mechanisms previously
proposed for a-syn. Some mechanisms appear to be a-syn species-specific (Grozdanov
& Danzer 2018). Monomeric a-syn can be released or taken up via a translocator in the
cell membrane as a passive diffusion mechanism, whereas for aggregated a-syn a
passive release mechanism is membrane leakage (Ahn et al., 2006; Lee et al., 2008a;
Lee et al., 2005; Stockl et al., 2013). A-syn sorted into multivesicular bodies can be
released freely by non-classical exocytosis or inside of vesicles, i.e.: exosomes as an
active release mechanism. In addition, a-syn can be released from the cell membrane
within microvesicles (Emmanouilidou et al., 2010; Lee et al.,, 2005). Furthermore,
tunneling nanotubes provide an active mechanism that facilitates the transfer of various

a-syn species between two cells (Abounit et al. 2016, Dieriks et al. 2017).

Secreted a-syn in the extracellular space has been reported to be internalized by receptor-
mediated endocytosis or directly at the membrane by pinocytosis (Hansen et al., 2011;
Lee etal., 2008a; Mao et al., 2016; Shrivastava et al., 2015). For the extracellular vesicles,
i.e. exosomes and microvesicles phagocytosis has been proposed as an internalization

pathway (Danzer et al. 2012).
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Figure 1.3: Release and uptake mechanisms of a-syn between cells. Different a-syn species
can be released in extracellular vesicles either by the shedding of microvesicles from the cell
membrane (1) or via the release of exosomes by the fusion of multivesicular bodies (MVB)
with the membrane (2). Naked a-syn can be released from these MVBs via the non-classical
exocytosis pathway (3). A direct transfer can occur via a tunneling nanotube between two
cells (4). A-Syn can be transferred by passive release, relying on a translocator in the cell
membrane (5). Free extracellular a-syn species can bind to receptors and be internalized (7)
or taken up by pinocytosis (8). Extracellular vesicles with a-syn are taken up by phagocytosis
(6). Schematic illustration based on (Grozdanov & Danzer 2018). Created with Biorender.

1.4 Pathologyin PD

In PD the two main pathological hallmarks are LB pathology and the loss of dopaminergic
neurons in the SN pars compacta (pc) (Braak & Del Tredici, 2009; Goedert et al., 2013).
In addition, studies in recent years have recognized that neuroinflammation is a
contributing factor in PD. However, it is controversial whether this process is beneficial
and/or detrimental during disease progression (Dzamko et al. 2015, Rocha et al. 2015,

Ransohoff 2016). The interplay of all these processes is crucial in the pathogenesis of PD.

1.4.1 Lewy body pathology

LBs were first identified in the post-mortem brains of PD patients in 1912 (Lewy 1912).
They were characterized 50 years later as intracytoplasmic protein-rich depositions in
neuronal somas (Duffy & Tennyson, 1965). Misfolded and aggregated a-syn was found to

be the primary component in LBs and in addition, other neuronal proteins and lipid
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membranes have been also associated with these inclusions (Shahmoradian et al., 2019;
Wakabayashi et al., 2013). The deposits can also occur in heuronal processes, mostly in
distal axons, where they are referred to as Lewy neurites (LN) (Marti et al. 2003). Until
now evidence of LBs and LNs in PD patients has been detected not only in the CNS, but
also in the peripheral nervous system, and the enteric nervous system (Braak & Del
Tredici 2017).

Braak and colleagues analyzed post mortem brains of sporadic PD patients and described
a stereotypical pattern of LB distribution at various time points during the course of the
disease (Braak et al. 2003). The proposed model by Braak states that LB pathology
originates in two distinct brain regions namely the dorsal motor nucleus of the vagus nerve
(DMX) and the olfactory bulbs. From there LB pathology distributes in a spatial and
temporal pattern to other anatomically connected brain regions (see Figure 1.4 A) (Braak
et al. 2003, 2004). At present, however, in only about 50 % of postmortem PD brains does
the pattern of LB distribution match that found by Braak (Beach et al., 2009; Jellinger,
2009; Kalaitzakis et al., 2008). Therefore, LB distribution and thus a-syn pathology cannot
be explained by synaptic connectivity alone (Surmeier et al. 2017a). It has been suggested
that, in addition to anatomical connectivity, certain types of neurons with defined intrinsic
factors are more prone to develop LB pathology (Walsh & Selkoe 2016, Brundin & Melki
2017, Killinger & Kordower 2019).

Based on the stereotypical distribution pattern of LBs in PD, a prion-like spreading of a-
syn pathology has been hypothesized. According to this hypothesis, a-syn misfolding and
aggregation described in chapter 1.3.2 is triggered by an exogenous factor. Aggregated
a-syn then acts as a template for the aggregation of native a-syn when transferred to other
cells (Frost & Diamond 2010, Brettschneider et al. 2015). In chapter 1.3.3 different
potential cellular mechanisms of a-syn cell-to-cell transfer are discussed. The prion-like
spreading of a-syn is supported by the finding that PD patients, who received fetal
mesencephalic neuron transplants in the striatum, exhibited proteinaceous deposits
resembling LBs in these grafted neurons (Kordower et al., 2011; Li et al., 2008). In
addition, animal experiments revealed that purified LBs from PD patient brains could
induce aggregation of endogenous a-syn in mice and nonhuman primates (Recasens et
al. 2014b).
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1.4.2 Neuronal vulnerability

The second hallmark of PD is the loss of dopaminergic neurons in the SNpc. In general,
the neuronal vulnerability of distinct neurons in different brain regions is part of the
pathology in PDs progression (Surmeier et al. 2017b). This pattern of neuronal
vulnerability only partially overlaps with the pattern of LB pathology in neurons (see Figure
1.4 B).

The average loss of dopaminergic neurons in the SNpc of diagnosed PD patients is
approximately 68 %. Moreover, the neuronal loss in the SNpc correlates with the disease
progression (Milber et al. 2012, Kordower et al. 2013, Kraemmer et al. 2014).
Unfortunately, the extent of neuronal loss in other brain regions has not been consistently
reported. In general neuronal loss has been reported in regions of the brain stem such as
the locus coeruleus (LC), pedunculopontine nucleus (PPN), the area tegmentalis
ventralis, and the DMX, but also in the basal forebrain (Giguere et al. 2018). This
vulnerability does not necessarily affect entire brain regions, but often only particular
populations of neurons. For instance, in the PPN only cholinergic neurons die but not
dopaminergic, glutamatergic, or GABAergic neurons (Halliday et al. 1990). Itis speculated
that these vulnerable neuronal populations share common cell-autonomous features that
may make them more vulnerable to aging, oxidative stress, and thus to cell death. The
proposed common features of these vulnerable neurons are their highly branched
morphology and their constant executed pace-making function (Surmeier et al. 2017b,
Giguére et al. 2018).
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Figure 1.4: Stereotypical pattern of LB pathology and neuronal loss in PD. (A) Based on
Braak, the propagation of LB pathology starts from the olfactory bulbs and the DMX. As the
disease progresses, the pathology spreads to higher brain regions, indicated by the white
arrow. The LB severity (marked in different shades of brown) differs in the brain regions. SNd:
SNpc; dv: DMX; iz: intermediate reticular zone; IL: intralaminar thalamus (B) The pattern of
neuron loss in specific brain regions in PD is shown by the white arrow. Neuron loss is almost
confined to the brainstem and the severity is variable but most severe in the SN. LC: locus
coeruleus. Reprinted from (Surmeier et al. 2017a).

1.4.3 Microglia and Neuroinflammation

Neuroinflammation contributes to the pathogenesis of neurodegenerative diseases such
as PD, primarily through reactive microglia and astrocytes (McGeer et al. 1988, Imamura
et al. 2003, Gerhard et al. 2006, Doorn et al. 2014). Microglia are the immune cells of the
CNS and their central function is maintaining brain homeostasis and monitoring the brain
for changes (Nimmerjahn et al. 2005). To maintain this homeostasis and immune balance
in the brain microglia phagocytose pathogens as well as dysfunctional and dead neurons
(Erwig & Henson 2007, Napoli & Neumann 2009). They can even trigger programmed cell
death in neurons by releasing TNF-a, glutamate, superoxide, or nitric oxide (Marin-Teva
et al. 2011). However, microglia exhibit both regional and age-related heterogeneity in
their function, phenotype, and gene expression pattern (Keane et al., 2021; Li et al., 2019;
Stratoulias et al., 2019).

In response to an endogenous or exogenous stimulus, microglia start the process of
activation by changing their morphology and function (Hickman et al. 2018). In PD the
activation of microglia is facilitated by extracellular monomeric or aggregated a-syn
released by neurons (Emmanouilidou et al. 2010). This a-syn acts as a damage-

associated molecular pattern (DAMP). Monomeric a-syn and oligomers bind mainly to toll-
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like-receptor (TLR)2, TLR4, and the scavenger receptor cluster of differentiation (CD) 36
on microglia, whereas a-syn fibrils bind preferentially to the Fc gamma receptor (FcyR)
(Choi et al., 2020; Fellner et al., 2013; Kim et al., 2013; Su et al., 2008).

This interaction induces diverse pathways like the nuclear factor kappa-light-chain-
enhancer of activated B cells (NF-kB) and the mitogen-activated protein (MAP) kinase
pathway. These cascades result in the activation of the NLR family pyrin domain
containing 3 (NLRP3) inflammasome, an increase in ROS, and the expression and
release of cytokines (see Figure 1.5) (Ferreira & Romero-Ramos 2018, Kam et al. 2020).
Released pro-inflammatory cytokines include tumor necrosis factor (TNF)-a, interleukin
(IL)-1B, IL-6, and along with other factors they create an inflammatory environment
(Klegeris et al. 2008, Su et al. 2008, Couch et al. 2011). When inflammation and microglia
activation becomes chronic, this toxic environment can contribute to neuronal death and
neurodegeneration (Gao et al., 2011; Gordon et al., 2018; Wang et al., 2015; Zhang et al.,
2005).

Importantly, binding of a-syn to the aforementioned receptors can activate microglia and
facilitate uptake of a-syn by phagocytosis (see Figure 1.5) (Zhang et al., 2005). Indeed,
microglia have been shown to have the highest degradative capacity for a-syn compared
with other cells in the brain (Lee et al., 2008b). This degradation is facilitated by the
autophagy pathway of the microglia (Choi et al., 2020). However, an excess of a-syn or
fibrillar a-syn species can impede microglial phagocytosis (Choi et al., 2015; Haenseler et
al., 2017) leading to a-syn accumulation in microglia (Croisier et al. 2005, Tanriover et al.
2020). It is still unclear if microglia are also involved in the process of a-syn transmission.
Recently two studies reported, that microglia release a-syn in extracellular vesicles and
may propagate a-syn to nearby neurons (Guo et al. 2020, Xia et al. 2021). In another
study, aggregated a-syn was previously shown to be transported between microglia by
tunneling nanotubes (Scheiblich et al. 2021).
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Figure 1.5: Microglia activation by neuronal released a-syn. Under pathological conditions
aggregated and monomeric a-syn is released by neurons (blue) and activates microglia
(purple) by binding to receptors like TLR2, TLR4, CD36, or FcyR on the microglia surface.
Subsequently, NF-kB or MAP kinase pathways are activated, leading to transcriptional
changes in the nucleus. As a result, cytokines are expressed and released such as IL-6, IL-
1B, and TNF-a, the NLRP3 inflammasome is activated, and more reactive oxygen species
(ROS) are produced. In addition, the receptor-bound a-syn is internalized by some receptors
and degraded in the lysosome. Created with Biorender.

Ultimately, it remains controversial whether microglia play a beneficial or detrimental role
in PD or if their role switches during disease progression. They release pro-inflammatory
cytokines such as IL13 and TNF-a in a-syn pathology and can trigger neuronal cell death
(Cardinale et al. 2021). Furthermore, microglia are known to phagocytose dead but also
live and dysfunctional neurons in PD (Janda et al.,, 2018; Tremblay et al., 2019). In
addition, microglia can phagocytose a-syn as described, but they may be also involved in

the release and spread of a-syn.

1.5 Murine PD Models

There is no animal model available that fully recapitulates the heterogeneous PD
pathology in humans. However, murine PD models provide a valuable tool to study various
aspects of PD, disease pathology, and development. They are based on the
administration of toxins, the use of transgenic models, the injection of viral vectors, or the

injection of a-syn preformed fibrils (Chia et al. 2020).
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Toxin-based models are the classic parkinsonian models and are the easiest to use. Local
injection of the neurotoxin 6-hydroxydopamine (6-ODHA) into the brain or the systemic
administration of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) results in
neuroinflammation, rapid and selective loss of dopaminergic neurons in the SN, and
subsequent motor deficits (Ungerstedt et al. 1974, Sedelis et al. 2001). The model using
the pesticide rotenone leads not only to dopaminergic neuronal loss in the SN and
observable behavioral deficits but also to a-syn positive inclusions (Betarbet et al. 2000).
However, compared to the neurotoxin models the rotenone model is not as consistent in
terms of pathology features. In general, toxin-based models show consistent high
dopaminergic neuron loss with associated motor deficits that resemble the late stages of
PD. Unfortunately, they mostly fail to mimic the a-syn pathology and spreading as well as

the slow progression of PD (Blandini & Armentero 2012).

Transgenic models utilize overexpression and/or silencing of genes or mutated genes that
have been associated with familial PD (Li et al., 2010; Li et al., 2009; Masliah et al., 2000).
Overexpression of wild-type or mutated a-syn is commonly used to study the function and
aggregation of a-syn. This overexpression is often accompanied by neuroinflammation.
Depending on the extent of expression, the regions, and the type of a-syn, this usually
results in a-syn aggregation and mild motor impairments but generally is accompanied by
very little dopaminergic neuronal loss in the SN (Richfield et al. 2002, Neumann et al.
2002, Emmer et al. 2011). Transgenic models using other gene mutations associated with
familial PD often exhibit disruption of distinct molecular mechanisms such as
mitochondrial or lysosomal dysfunction. However, they often fail to mimic PD pathology
such as dopaminergic loss and motor deficits, and/or a-syn inclusion (Blandini &
Armentero 2012).

Given the close relationship between a-syn pathology and PD, additional PD models have
been developed that focus specifically on the role of a-syn in the disease. In these models,
synthetic a-syn preformed-fibrils (PFFs) are generated and then administered preferably
to the striatum or the SN of mice (Gdmez-Benito et al. 2020). These exogenous a-syn
fibrils trigger the aggregation of endogenous a-syn resulting in LB-like inclusions. Over
time these a-syn inclusions were discovered to spread from the injected region to other

brain regions. Moreover, neuroinflammation, mild dopaminergic loss in the SN, and motor
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impairment were also detected (Breid et al., 2016; Duffy et al., 2018; Luk et al., 2012;
Recasens et al., 2014a). Overall the PFF model mimics a-syn pathology and propagation

under physiological a-syn levels but is triggered by an exogenous factor.

An alternative PD model to observe a-syn pathology is the overexpression of a-syn using
viral vectors. In this case, the advantage is the targeted expression of a-syn in a brain
region and a defined cell type such as neurons. The injection of viral vectors into the SN
or striatum causes LB-like a-syn inclusions in neurons, variable neuronal loss, and
associated motor dysfunction (Koprich et al. 2010, Oliveras-Salva et al. 2013). However,
this model is not only used to investigate neurodegeneration and a-syn pathology in the
SN. To study the ability of a-syn transmission and propagation in the brain, a recombinant
adeno-associated virus (rAAV) can be injected into the vagus nerve. This allows targeted
a-syn overexpression in the medulla oblongata (MO), more specifically in the DMX and
the area postrema (AP). Surprisingly, over time, this leads to a neuron-to-neuron
transmission of a-syn to more rostral regions from the MO to the midbrain and the
forebrain (Ulusoy et al. 2013, Helwig et al. 2016). As the DMX is one of the first brain
regions affected by LB pathology this seems a compelling model to monitor a-syn
propagation. However, no neuronal loss or a-syn inclusions in the nigrostriatal system or
motor impairments are observed in this model even at longer time points (Rusconi et al.
2018).

1.6 Factors influencing PD development

As discussed in chapter 1.2, most cases of PD occur sporadically, with various
environmental, demographic, and genetic factors influencing the prevalence of PD. Here,
two important aspects and their role as risk or protective factors in PD are described in

more detail.

1.6.1 Aging as arisk factor in PD

The number of people diagnosed with PD rises rapidly with age, making it the most crucial
risk factor known in PD (Hirsch et al., 2016; Pringsheim et al., 2014). The process of aging,
in general, is outlined as a time-dependent decline of various physiological functions and
for humans nine hallmarks are defined to contribute to this phenotype on the cellular and

molecular level (see Figure 1.6) (Lopez-Otin et al. 2013). Interestingly, there are several



26

hallmarks such as loss of proteostasis, cellular senescence, genomic instability,

mitochondrial dysfunction, and altered intercellular communication which are also
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Figure 1.6: Factors impacting the process of aging. The phenotype of aging is defined on the
molecular and cellular level by nine hallmarks. Reprinted from (LOpez-Otin et al. 2013) with
permission from Elsevier.

The aging process has widespread implications on the CNS. For instance, brain mass is
known to decline during aging (Patterson 2015). Neuronal loss has been noted in the SN
of aged but otherwise healthy people (Ma et al. 1999, Chen et al. 2000). One contributing
factor may be that aging microglia are known to adopt a more reactive phenotype and
produce pro-inflammatory cytokines. This gradual shift in aging has been termed
"inflamm-aging" and can cause chronic inflammation and tissue damage (Franceschi et
al., 2000; Franceschi et al., 2007).

Interestingly, studies have also detected a-syn depositions in a small number of elderly
but otherwise healthy individuals (Buchman et al., 2012; Jellinger, 2004) and increased a-
syn levels in the SN (Chu & Kordower, 2007; Li et al., 2004). In addition, a-syn has been
found to be increasingly relocated from the synapses to the soma of neurons during aging
(Chu & Kordower 2007). Taken together, this suggests that aging plays a central role in
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the development and progression of PD (Collier et al. 2017). Surprisingly, little attention
has been paid to the role of aging in the context of a-syn pathology and propagation in PD

animal models.

1.6.2 Physical activity and enriched environment as a protective factor in
PD

Physical activity is related to a reduction in the risk of developing PD. Many studies have
found that moderate and high levels of physical activity are inversely correlated with the
prevalence of PD (Ascherio & Schwarzschild, 2016; Bellou et al., 2016; Logroscino et al.,
2006; Xu et al., 2010; Yang et al., 2015). Consequently, the increase in physical activity
has been suggested as a simple and low-risk intervention to minimize the total number of
PD cases (Marras et al. 2019). It has also been reported that physical activity can
influence the development of diseases in patients. It has been shown that motor
symptoms such as gait and balance and non-motor symptoms such as cognitive decline
can be slowed in their progression and even improved by regular physical activity (Herman
et al. 2007, Oguh et al. 2014, Combs-Miller & Moore 2019, Paul et al. 2019). In addition,
cognitive training as an early intervention in the development of PD has also been shown

to reduce symptom progression (Leung et al. 2015, Glizer & MacDonald 2016).

Enriched environment (EE) is an experimental paradigm that combines cognitive training
and physical exercise to investigate the beneficial effects of these aspects on the brain.
In rodent models, this is achieved by providing animals with a complex and changing
environment with different objects and wheels to enhance sensory, cognitive, and physical
stimulation. However, the paradigm is not standardized, and there is wide variation in
components like object properties, social stimulation, larger space, and duration of

stimulation (Nithianantharajah & Hannan 2006, Kempermann 2019).

Overall, EE has a variety of effects on the healthy brain in different brain regions as
depicted in Figure 1.7. In rodents, EE has been shown to enhance synaptic plasticity (van
Praag et al. 2000), increase the branching of dendrites (Faherty et al. 2003), and the
number of dendritic spines in the cortex and the hippocampus (Leggio et al. 2005). In the
hippocampus, adult neurogenesis was enhanced by EE by increasing the number of
proliferating neurons (Kempermann et al. 2002, Bruel-Jungerman et al. 2005). In addition,
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there are reports of increased numbers of astrocytes, microglia, and oligodendrocytes in
various brain regions after EE treatment (Sirevaag & Greenough 1987, Ehninger &
Kempermann 2003, Kronenberg et al. 2007). All these changes are likely mediated by the
alteration of cellular and molecular mechanisms by EE. At the molecular level, EE alters
gene expression (Rampon et al.,, 2000; Wassouf et al., 2018; Zhang et al., 2018).
Similarly, cellular processes are changed by EE such as the level of neurotransmitters
(Ragu Varman & Rajan 2015), immune factors (Singhal et al. 2014), or neurotrophic
elements such as brain-derived neurotrophic factor (BDNF) (Gualtieri et al. 2017).

Environmental enrichment
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Figure 1.7: Effect of enriched environment on brain structure and function. EE has been
shown to enhance synaptic plasticity and neurogenesis in the hippocampus. This is also mediated
by an increase in neurotrophic factors. In addition, increased branching of dendrites and numbers
of synapses were found. EE was also suggested to alter immune factors and thus improve the
immune response. On the molecular level, EE was demonstrated to alter gene expression.
Reprinted from (Wassouf & Schulze-Hentrich 2019).

Several studies have demonstrated a beneficial effect of EE in neurodegenerative
diseases such as PD, AD, and Huntington (van Dellen et al. 2000, Brown et al. 2013,
Fischer 2016) and in various forms of brain injury (Hicks et al. 2007, Kovesdi et al. 2011,
de Boer et al. 2020). The effect of EE in PD was first studied in rodents in toxin-based PD
models. They reported reduced neuronal loss, attenuated glia insult, and improved motor
behavior upon exposure to EE (Bezard et al. 2003, Steiner et al. 2006, Anastasia et al.
2009, Goldberg et al. 2011). These improvements are associated with augmented levels
of BDNF and glial cell-derived neurotrophic factor (GDNF) (Cohen et al. 2003, Faherty et
al. 2005). However, the underlying mechanisms of EE and the beneficial alterations in

neurodegenerative diseases remain enigmatic.
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To better understand EE and its effect on PD also in the context of a-syn pathology, recent
studies have examined EE in a-syn overexpressing mice. They demonstrated that EE
exposure reduced oxidative stress and recovered the olfactory function in an a-syn
overexpression mouse model (Wi et al. 2018). Furthermore, Wassouf et al. showed that
long-term EE could offset alterations caused by a-syn overexpression at the mRNA level
in neurons, microglia, and astrocytes (Wassouf et al. 2018). Nevertheless, it remains
unclear whether EE has a direct impact on a-syn propagation and microglial activation in
the context of a-syn pathology.

1.7 Aim

A-syn is an important aspect of PD development and one of the main drivers of PD
progression. In particular, the distribution of a-syn to restricted brain regions during
disease progression appears to be an important mechanism in the development of the
disease. Therefore, in this study, we used an rAAV-based ha-syn overexpression model
showing the propagation of ha-syn from the brainstem, more specifically in DMX, to higher

brain regions.

However, it is not known which cell-intrinsic aspects and external factors might play a
crucial role in the propagation of a-syn. Therefore, this study aimed to investigate the role
of aging as a cell-intrinsic aspect and enriched environment as an external factor in the
propagation of a-syn. In addition, the role of these factors on microglia and

neuroinflammation as well as neuronal vulnerability was investigated.
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2 Material and Methods

2.1 Materials

2.1.1 Compounds, consumables, and commercial kits

All plastic consumables were purchased from BD Falcon (BD Biosciences, Le Pont de

Claix, France), Greiner bio-One GmbH (Frickenhausen, Germany), Starlab GmbH

(Hamburg, Germany), or Eppendorf AG (Hamburg, Germany). All surgery tools were

purchased from World Precision Instruments (WPI, Sarasota, USA), Fine Science tools
(FST, Foster City, USA), AgnThos (Lidingb, Sweden), or Hammacher (Solingen,

Germany). Mouse toys and wheels for EE were acquired at an online pet store and

sterilized with H202 before usage.

Table 2.1: List of consumables and compounds.
Reagent

Manufacturer/Catalog number

BD Microlance 3 Sonderkaniilen 26G

Becton Dickinson GmbH (304300)

BD Plastipak Tuberkulinspritzen 1 ml

Becton Dickinson GmbH (300013)

Basal Medium Eagle (BME)

Gibco (21010046)

Bovine Serum albumin (BSA), reagent grade

Hiss Diagnostics (1900-0016)

Buprenorphin-hydrochlorid (Temgesic® 0.3 mg/mL)

GEHE (PZN 00345928)

Carprofen (Rimadyl® Cattle 50 mg/ml)

Pharmacy (PZN P3935116)

cOmplete protease Inhibitor cocktail

Roche Diagnostics (11836153001)

Corning® cell strainer (70 pm)

Merck (CLS431751)

Cresyl violet solution double strength

FD Neurotechnologies (PS102-02)

DPX Mountant for histology

Merck (06522)

Dulbecco’s Phosphate Buffered Saline (DPBS)
(without Mg?* and Ca?")

Gibco (14190169)

GlycoBlue Coprecipitant (15 mg/mL)

Invitrogen (AM9515)

Hanks' Balanced Salt Solution (HBSS)

Gibco (14025092)

Human Brain Total RNA 1 mg/ml

Invitrogen (AM7962)

Immersol 518 F

Zeiss (10539438)

Isoflurane (Vetflurane® 1000 mg/g)

Pharmacy (PZN 4001404)

MACS LS column

Miltenyi Biotec (140-096-433)

Minimum Essential Medium Eagle (MEM)

Gibco (11090081)

MicroAmp Fast Optical 96-Well Reaction Plate

Applied Biosystems (4346907)

MSD Read Buffer T (4x)

Meso Scale Discovery (R92TD-1)

MVP Total RNA Mouse Brain C57BL6, Male 0.9
pg/pl

Agilent (736501-41)

MULTI-ARRAY® 96 Plate

Meso Scale Discovery (L15XA-6)

Myelin removal beads

Miltenyi Biotec (130-094-060)

Normal horse serum (NHS) blocking solution

Vector Laboratories (S-2000-20)
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O.C.T. compound embedding medium

VWR (361603E)

Pentobarbital-natrium (Release ad us. Vet.
300 mg/ml)

Wirtschaftsgenossenschaft deutscher
Tierarzte (PZN 21217)

peqGOLD TriFast

VWR (30-2010DE)

Power SYBR Green PCR Master Mix

Thermo Fisher Scientific (4368577)

Precellys® Keramik-Kit (2 ml Tubes with 1.4 mm
ceramic beads)

Bertin Instruments (432-3751DE)

SuperFrost Plus slides

Thermo Fisher Scientific (10149870)

Surgical disposable blades (sterile)

B. Braun (BA211)

TagMan Fast Advanced Master Mix

Applied Biosystems (11380912)

Ultra Mikrotom blade

Thermo Fisher Scientific (3053835)

Zeba Spin Desalting Columns, 40K MWCO

Table 2.2: List of commercial kits.
Commercial Kits
DAB Peroxidase (HRP) Substrate kit

Thermo Fisher Scientific (87768)

Manufacturer/Catalog number
Vector Laboratories (SK-4100)

LDH Assay Kit (Cytotoxicity)

Abcam (ab65393)

LIVE/DEAD Fixable Near-IR Dead Cell stain kit, for
633 or 635 nm excitation

Invitrogen (L10119)

Neural Tissue Dissociation Kit (P)

Miltenyi Biotec (130-092-628)

Pierce BCA protein assay kit

ThermoFisher Scientific (23225)

RecoverALL Total Nucleic Acid Isolation Kit for
FFPE

Invitrogen (AM1975)

SuperScript IV Vilo Master Mix with ezDNase
enzyme

ThermoFisher Scientific (11766050)

SuperScript Vilo cDNA Synthesis Kit

ThermoFisher Scientific (1754050)

VECTASTAIN Elite ABC-HRP Kit

2.1.2 Buffers and solutions

2.1.2.1 General buffers

Vector Laboratories (PK-6100)

All chemicals were purchased from AppliChem GmbH (Darmstadt, Germany), Merck

(Darmstadt, Germany), VWR (Darmstadt, Germany) or Roth (Karlsruhe, Germany). All

solutions were prepared with sterile ddH20 and stored at room temperature (RT) unless

described otherwise.
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Table 2.3: Summary of general buffers and solutions.

Buffer/Solution

Composition

CHAPS lysis buffer, pH 8.0

1 % [w/v] 3-[(3-cholamidopropyl)dimethylammonio]-1-
propanesulfonate

5 mM ethylendiaminetetra acetic acid (EDTA)

50 mM Tris-Hcl

at4° C

flow cytometry (FC) buffer

2.5 % [wiv] BSA
0.5 mM EDTA
in PBS

at4° C

maintenance medium

MEM (1x)

0,2 % sodium bicarbonate
0,6 % glucose

1 % sodium pyruvate (100x)
1 % pen-Strep

1 % glutamax

2 % B27 (50x)

0.2 M phosphate buffer, pH 7.4

27.6 g NaH,PO,
53.6 of Na,HPO,
Add to 1 L with ddH.O

phosphate buffered saline
(PBS),pH 7.4

1 % [w/v] PBS powder

PBST

0.05 [v/v] Tween-20
in PBS

plating medium

BME (1x diluted with Eagle’s BSS)

10 % FBS (filtrated and heat-inactivated)
20 % (w/vol) glucose

1 mM sodium pyruvate

2 mM glutamine

1 % pen-Strep

poly-1 lysine (PLL) buffer

0,5 mg/ml poly-I lysine (molecular weight: 30.000-70.000)
94 mM sodium tetrabonate
50 mM boric acid

tris-buffered saline (TBS)

0.05 M TRISMA Base
0.15 M NacCl
adjust pH to 7.6 with HCI

TBS-triton

0.25 % [v/v] Triton-X-100
in TBS

TBS-tween

0.1 % [v/v] Tween-20
in TBS
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2.1.2.2 Buffers for protein biochemistry

Table 2.4: Buffers for protein biochemistry.

Buffer Composition
. 1 % [w/v] BSA
blocking buffer (for ECL) in PBST
PBS pH 7.4

1 % [v/v] Triton-X-100
3 pl/ml protease inhibitor mix
protease inhibitor was added freshly

homogenization buffer

2.1.2.3 Buffers for Histology

Table 2.5: Buffers for tissue preparation and histology.

Buffer Composition
. . 5 % [v/v] NHS
blocking solution (for CIH) in TBS

2.5 [v/v] fetal bovine serum (FBS)
2.5 [viv] BSA

100 % blocking solution (for IF) | 2.5 [v/v] fish gelatin

In1xPBS pH 7.4

Stored at -20° C

13.3 % Mowiol

33.3 % Glycerol

mowiol 133 mM Tris-HCI pH 8.5
24mg/ml DABCO
Stored at -20 °C

1 % [w/v] PBS powder

1x PBS with heparin 180 U/ml Heparin

4 % [w/v] PFA

400 ml ddH.O

4 % paraformaldehyde (PFA) heat up to 55° C

600 ml 0.2 M Phosphate buffer
freshly prepared every time, 4° C

10 % [v/V] H202

guenching solution 10 % [v/v] Methanol
in TBS
30 % [wi/v] Sucrose
30 % sucrose in 1x PBS
at4° C

2.51 g g NaH2PO4
8.72 g of Na;HPO,
Walters antifreeze solution 30 % Ethylene glycol
30 % Glycerol

Add to 1 L with ddH20




2.1.3 Vectors

The rAAV was produced by Sirion Biotech (Munich, Germany) as serotype 2 for the
genome and serotype 6 for the capsid. To produce the rAAV a reporter plasmid was used
containing the human a-synuclein (ha-syn) sequence, green fluorescent protein (GFP), or
no gene sequence insert for an empty rAAV. The gene is under the control of the human
synapsinl promoter to ensure the expression of this gene only in neuronal cells. The
plasmids (see Figure 2.1) enclosed additional DNA coding for the woodchuck hepatitis
virus post-transcriptional regulatory element (WPRE) and a polyadenylation signal
sequence (pA) to enhance gene expression. The rAAVs were purified through a
discontinuous iodixanol gradient and the rAAV containing layer further by a heparin affinity

chromatography. The stock titer was determined by quantitative PCR against WPRE.

Figure 2.1: Reporter plasmid sequence for rAAVs. The reporter plasmid for a rAAV contained
two inverted terminal repeat sequences (ITR) in the beginning and the end of the plasmid. The
rAAVs comprised the promoter sequence (human Synapsin 1) followed by the gene for human a-
synuclein (ha-syn) (1), the gene for the green fluorescent protein (GFP) (2), or no gene insert at
all (3). Additionally, two enhancer sequences the woodchuck hepatitis virus post-transcriptional
regulatory element (WPRE) and a polyadenylation signal sequence (pA) were added. Created
with Biorender.

2.1.4 Synthetic oligonucleotides

All primers were synthesized by Sigma-Aldrich (Munich, Germany) and purified by high-
performance liquid chromatography. Primers were reconstituted with ddH20 and diluted
to a 10 uM working solution and stored at -20° C. All FAM labeled TagMan probes were
ordered from Applied Biosystems (Waltham, USA).
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Table 2.6: List of used primers for RT-PCR.

Primer

Sequence [5’-3’]

ha-syn forward

AATGAAGAAGGAGCCCCACAG

ha-syn reverse

AAGGCATTTCATAAGCCTCATTGTC

Table 2.7: List of used TagMan probes for RT-PCR.

Primer

Catalog number

GAPDH

Mm99999915 g1

Ibal

MmO00479862_g1

-6

MmO00446190_m1

I-1B

MmO00434228_m1

TNF-a

MmO00443258_m1

TLR2

MmO00442346_m1

SPP1

2.1.5 Antibodies

MmO00436767_m1

Table 2.8 shows all antibodies used in the electrochemiluminescence (ECL) assay, flow

cytometry, and immunohistochemistry (IHC). IHC antibodies are distinguished between

immunofluorescence (IF) and chromogenic immunohistochemistry (CIH).

Table 2.8: List of antibodies.

Antibody target Fluorophore Host Application Manufacturer
[clone] ltag species /Dilution /Catalog number
) ; ECL assay ;
a-synuclein [4B12] mouse (3 ug/ml) Biolegend (807801)
a-synuclein [Syn- ECL assay ) )
211] Sulfotagged mouse (1 ug/mi) Invitrogen (32-8100)
ECL assay Equitech-Bio. Inc
goat lgG goat (1 mg/ml) (SLG56)
. ECL assay Rockland Inc (D609-
mouse IgG fraction mouse (1 mg/ml) 0200)
CD16/CD32 FcR rat Flow cytometry | eBioscience (14-
block [93] (1:200) 0161-86)
CD45 [30-F11] BV711 rat (Fl"_’i’égi’tometry Biolegend (103147)
Flow cytometry | eBioscience
CD11b [M1/70] BUV737 rat (1:200) (564443)
CD11c [N418] BV605 hamster (Fl'f’i’égg’tome”y Biolegend (117334)
CD68 [FA-11] AF488 rat (Fl'f’i’;’)g{t"me”y Biolegend (137011)
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Adobe lllustrator 25.4

Illustration of figures

CCR2 [SA203G11] | BV510 mouse (Fl'f’i’;’)g)ytome”y Biolegend (150617)
. Flow cytometry | eBioscience (25-
CLECTA [bg1fpj] PE-Cy7 rat (1:100) 5859-80)
MHC I Flow cytometry .
[M5/114.15.2] Bv421 rat (1:100) Biolegend (107632)
TLR2 [CB225] PE rat Flow cytometry | giilegend (148603)
(2:200)
a-synuclein . CHI primary
(MIFR1) rabbit (1:50000) Abcam (ab138501)
. . - CHI secondary | Vector Laboratories
anti-Rabbit IgG biotinylated goat (1:200) (BA-1000-1.5)
IF primary
Ibal goat (1:500) Abcam (ab5076)
: IF secondary Thermo Fisher
anti-Goat IgG Alexa 555 donkey (1:300) (A21432)
2.1.6 Software
Table 2.9: Overview of used software.
Software Application Source

Adobe Systems Inc

bioRender

Schemes for figures

BioRender.com

Fiji (Imagej.net)

Image processing and analysis

https://imagej.net/software/fiji/

FlowJo

Analysis of flow cytometry data

BD Life Sciences

GraphPad Prism® 9.1

Data and statistical analysis

GraphPad Software Inc.

llastik 1.3.3

Automated pixel classification
for image analysis

(Berg et al. 2019)

Imaris 9.7.1

Image analysis

Oxford Instruments

MS Office Excel 2016

Data analysis

Microsoft

MS Office Word 2016

Writing and editing

Microsoft

MSD Discovery
Workbench 3.0 Data
Analysis Toolbox

Analysis of ECL assay

Meso Scale Discovery

Photoshop 22.4.3

Image processing

Adobe Systems Inc

Zen blue 2.3 lite

Image processing

Zeiss
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2.2 Methods
2.2.1 Animals

The animal care committee of the State Agency Nature, Environment and Consumer
Protection (LANUV) in North Rhine Westphalia approved all animal protocols and
procedures. The mice were housed under standard conditions with a 12 h night/12 h day
cycle in ventilated cages with free access to food and water. During EE mice were held in
rat cages with the addition of several toys and wheels available. Wild-type mice were
obtained either from Janvier (C57BL/6JR]j) or from Charles River (C57BL/6J). For
neuronal cultures, pregnant mice from Charles River (NMRI) were acquired. For
experiments with EE, mice were between 9 and 10 months of age. The aging experiments
were carried out in three different age groups. Young mice were between 3 and 5 months,
mid-aged mice were between 13 and 15 months, and aged mice were between 22 and
23 months old.

2.2.2 Primary neuronal cultures

Neuronal cultures from the cortex of mouse embryos (day 16) were prepared and kindly
provided by Dr. Anna Antoniou and Dr. Loic Auderset. The day before 12-well plates were
coated with PLL buffer for 1 h at RT and then dried. After dissection 175.000 cortical
neurons were seeded per well supplemented with plating medium. Three hours later the
medium was changed to 500 pul maintenance medium. Three days after plating the
neurons were transfected with rAAV. Here two different multiplicity of infections (MOI)
doses were used for rAAVs. The low dose was a MOI of 20.000 equals 3.5x10° Gc and
the high dose a MOI of 80.000 equals 1.4x10%° Gc. Per condition, three technical

replicates were prepared.

2.2.3 Enriched environment

The EE protocol was adapted from previously published experiments (Benito et al. 2018).
The EE was started two weeks before rAAV injection into the vagus nerve and lasted until
six weeks after the injection. In groups of five, the mice were housed in rat cages (1500
cm?) with two running wheels and seven toys freely accessible. The toys ranged from
tunnels in different sizes and materials, seesaws, suspension bridges, houses, walls to

climb to little balls in different colors and sizes with bells inside. Every day two toys were
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exchanged and the whole EE set up in the cage was altered. At the same time control
animals were housed in standard mouse cages (501 cm?). To expose them to the same

stress cages for control mice were every day opened for one min.

2.2.4 Surgical procedure

The rAAV stock titer of 3,55x1012 for ha-syn and 1x10%® Ge/mL for GFP and empty rAAV
was diluted with DPBS to a working concentration of 6x10%! Ge/mL if not stated otherwise.
Mice were intraperitoneally injected with 0.06 mg/kg buprenorphine 30 min before the
surgery. Under isoflurane anesthesia supplemented with oxygen and nitrous oxide mice
were shaved and a one cm incision was made at the middle line of the neck. Then the left
vagus nerve was isolated from the surrounding tissue and placed onto a paraffin plate. A
blunt 36-gauge needle, connected by an extension tube to a 10 yl NanoFil syringe, was
inserted into the nerve and 800 nl of rAVV were injected with an UltraMicroPump (WPI).
While the virus was injected with a flow rate of 350 nl/min the paraffin plate was removed
to avoid strong bending of the nerve. After the injection, the needle was kept in place for
an additional minute for optimal diffusion of the liquid in the nerve. Then the wound was
disinfected and closed with metal clips. The mice were transferred to a new preheated
cage and monitored until they recovered from surgery. Mice were treated subcutaneously

with 5 mg/kg carprofen for the following three days and wound healing was observed.

2.2.5 Tissue preparation

Depending on the subsequent analysis the brain was prepared and stored differently.

2.2.5.1 Fixed tissue for histology

Mice were injected intraperitoneal with an overdose of pentobarbital (600 mg/kg). When
mice were deeply anesthetized (no pedal reflex) the chest was opened and the ascending
heart aorta was punctured with a 26G needle. The mouse was perfused with PBS
supplemented with Heparin for 2 min and then with ice-cold 4 % PFA for 2.5 min with a
10 rpm/min flow rate (300 series laboratory tube pumps D/E, Watson-Marlow). Next, the
brain was removed and post-fixed for 24 h in 4 % PFA and cryopreserved for at least 48 h

in 30 % sucrose. To obtain coronal sections the brain was cut with a freezing microtome
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Microm HM 458 (Thermo Scientific) in 35 pm sections. The sections were stored at -20° C

in Walters antifreeze solution.

2.2.5.2 Fresh tissue for protein and RNA isolation

Mice were sacrificed by cervical dislocation and the brain was removed. After a quick
wash in ice-cold PBS, the brain was dried and snap-frozen on dry ice. The brains were
stored at -80° C until the dissection. A part of the MO in the brain stem was dissected as
this is the region where the injected rAAV transfected the neurons of the DMX. Therefore,
brains were thawed for at least 1 h at -20° C and then 80 ym coronal sections were cut
on the cryostat 3050S (Leica Microsystems). From the beginning of the brain stem, 12
sections from bregma -7.08 to -8.0 were identified. For that reason, earlier and later
sections were stained with cresyl violet to confirm bregma values. From these sections,
the cerebellum was discarded and the upper half was dissected. This section containing
the DMX and surrounding regions was divided into ipsilateral (ipsi; i.e., injected side) and
contralateral (contra; i.e., not-injected side) (see Figure 2.2). For protein isolation 2/3 of
the material was used and 1/3 for RNA isolation. All samples were stored at -80° C until

further usage.

(A) (B)

.
' :
¢ '
< '
DMX transfected
~ with AAV
v

Bregma Brainstem
-7.08 till -8

Figure 2.2: Scheme for dissection. (A) Sagittal cut through the mouse brain showing in blue
the brain stem. The dotted arrows indicate the region of interest cut coronal for further
dissection steps. (B) Coronal view of the region of interest. The contralateral side is gray and
the ipsilateral side with DMX transfected by the rAAV is yellow. The shaded area shows the
discarded regions. Created with Biorender.

2.2.5.3 Fresh tissue for cell isolation

Mice without injection were processed on the first day. Mice with rAAV injection were
processed on the following day. Mice were sacrificed by cervical dislocation and the brain

was washed with ice-cold HBSS. The cerebellum was removed and the brain was placed
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in a cooled brain matrix. The brain was divided into three regions: MO (bregma from -8.5
to -5.5); Pons and Midbrain (Pons+MB; bregma from -5.5 to -2.5); Forebrain (FB; bregma

from -2.5 to +5.0). Each region was put in ice-cold HBSS and immediately processed.

2.2.6 Histology
2.2.6.1 Free-floating chromogenic immunohistochemistry

For ha-syn staining, every 5" section of the brain was used. All free-floating stainings were
done in a glass vial or a 24-well-plate depending on the number of sections. All incubations
were carried out shaking with a Microplate shaker PMS-1000i (Grant Instruments LTD) at
RT. Sections were first washed two times with TBS for 5 min. Then sections were
incubated for 30 min with quenching solution to suppress endogenous peroxidase activity.
Next, the sections were washed for 10 min three times with TBS-Triton. To block
unspecific binding, the samples were incubated with blocking buffer for 1 h and afterwards
rinsed three times with TBS-Triton for 10 min. The primary antibody was diluted according
to Table 2.8 in TBS-Triton complemented with 1 % BSA and then incubated with sections
overnight. Sections were washed three times with TBS-Triton for 10 min and then the
appropriate biotinylated secondary antibody (1:200 dilution) in TBS-Triton supplemented
with 1 % BSA was added for 1 h. Sections were again washed 10 min three times with
TBS-Triton and then treated with the avidin-biotin-peroxidase complex, which was
prepared following the kit manual instructions, for 1 h. Sections were washed two times
with TBS-Triton and the last time with TBS. For the color reaction following the 3-3’-
diaminobenzidine (DAB) peroxidase kit manual, the solution was prepared. Depending on
the color reaction the sections were developed for 45 to 60 sec in the solution but always
with the same amount of time per experiment. Next, they were washed three times with
TBS. Sections were then mounted on coated slides and dried for 2 h at 37° C. Finally,
sections were delipidated and dehydrated following the process described in Table 2.10

and then coverslipped with DPX mounting medium.
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Table 2.10: Delipidation and dehydration procedure.

Solution Repetition Time of incubation
H.0 1x 2 min
70% ethanol (EtOH) 1x 2 min
95% EtOH 1x 2 min
100% EtOH 3x 2 min
Xylene 3x 2 min

2.2.6.2 On slide chromogenic immunohistochemistry

The nissl staining was done for every 5" section of the brain containing the DMX. Sections
were mounted onto coated slides and dried for 2 h at 37° C. Next slides were processed
for delipidation and dehydration (see Table 2.10) and stained with cresyl violet following
the process described in Table 2.11. Sections were coverslipped using DPX mounting

medium.

Table 2.11: Procedure for nissl staining.

Solution Repetition Step

100% EtOH 3 X 2 min

95% EtOH 1x 2 min

70% EtOH 1x 2 min

H.O 1x 2 min

cresyl violet 1x between 3 to 5 min
H.O 1x 2 min

0.1% acetic acid in 95% EtOH 1x between 5 to 30 sec
95% EtOH 1x 2 min

100% EtOH 3 X 2 min

Xylene 3x 2 min

2.2.6.3 Free-floating immunofluorescence

The staining was carried out in a 24-well plate with maximal three sections per well. All
steps were carried out at RT and shaking if not stated otherwise. Sections were washed
three times with TBS and then permeabilized with 0.3 % TritonX-100 and 0.6 % H202 in
TBS for 30 min. Sections were washed three times with TBS for 10 min and blocked in
2 % blocking solution in TBS-Tween for 1 h. The primary antibody was diluted according
to Table 2.8 in a 2 % blocking solution in TBS-Tween and incubated overnight at 4° C.
After washing three times for 10 min the fluorophore-coupled species-specific secondary
antibody was used in a 1:300 dilution in 2 % Blocking solution for 1 h. The sections were
washed three times with TBS-Tween for 5 min, mounted onto coated slides, and dried for
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2 h. Afterwards, they were coverslipped with Mowiol added with 1:1000 4’,6-diamidino-2-
phenylindole (DAPI). Sections were stored in the dark and at 4° C.

2.2.7 Histological quantifications

Quantitative analysis was done while blinded to the experimental group. All microscopes
used were provided by the light microscope facility of the DZNE (Bonn). The 40x oil

objective was used in combination with Immersol 518 F.

2.2.7.1 Counting human a-synuclein (ha-syn) positive fibers

Every 5" section from the brain stained for ha-syn with DAB was used. The section with
a predefined bregma value was identified using the 10x magnification objective of the Epi-
Scope (Carl-Zeiss). Using a 40x objective with immersion oil the ha-syn positive fibers
were counted on the ipsilateral side. A positive fiber was defined as at least two ha-syn
dots in the vicinity of each other. Depending on the injection titer and time point the PONS

was not counted due to many fibers which could not be separated anymore.

2.2.7.2 Imaging and image processing

Brightfield microscopy

Every 5™ section from the brain stained for ha-syn with DAB was used. For an automated
evaluation of ha-syn accumulation the section at the bregma value -5.4 and the section
before and after was chosen. The whole sections were semi-automatically imaged using
the Axioscan Z1 microscope (Carl Zeiss) with the 20x objective and a depth of 24 bit and
1 um Z-stacks. The tiles were stitched automatically. The ipsilateral side of the sections

was exported as Tiff-file and the exact section was cut with Adobe Photoshop.

Fluorescence microscopy

To count Ibal positive cells two brainstem sections including the DMX were chosen and
semi-automatically imaged using the Axioscan Z1 microscope (Carl Zeiss). The DAPI
signal was used as a reference channel to find the focus and for automatic stitching. The
whole sections were imaged with a 20x objective and a depth of 16 bit and 1 um Z-stacks.
The maximum intensity projection was done with Zen blue 2.3 lite manually and the files

were exported as czi-file.
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2.2.8 Data analysis
2.2.8.1 Automated fiber counting

For quantification, the pixel classification tool in llastik was used. For the training of the
program at least five sections per experiment were used. In each section, the background
was marked in one color and the brown stained fibers in another color. After successful
training, the classification tool was applied to all sections. Next, the exported grayscale
masks were imported to Fiji. Here a threshold was set and the area of ha-syn was

analyzed.

2.2.8.2 Cell counting

To count the microglia, the czi-files of the Ibal/DAPI images were opened with Fiji. First,
the region of interest was defined based on the DAPI and Ibal signal which contained the
DMX, NTS, area postrema, a small part of the hypoglossal nucleus, and the intermediate
reticular nucleus. Using the cell counter plugin by Kurt De Vos Ibal cells that were also
positive for DAPI were counted by hand. The number of cells was normalized to the area

of the region.

2.2.9 Flow cytometry
2.29.1 Cellisolation

All steps were carried out at 4° C and with ice-cooled HBSS. The brain, dissected as
described in chapter 2.2.5.3, was homogenized as described in the manual for the
neuronal dissociation kit, by enzymatic and mechanical dissociation with the gentleMACS
dissociator (Miltenyi biotec). 1 mL of the buffer mix was used for the FB samples and
0.5 mL for the PONS+MB and the MO samples. After the dissociation, each sample was
additionally processed through a 70 um cell strainer to acquire a single cell suspension.
The tubes were washed twice and in the end, the samples were topped up to 15 mL with
HBSS. After a centrifugation step (400xg, 7 min) samples were washed once more with
15 mL HBSS. The cells were resuspended in 500 pyl FC buffer and 120 ul of myelin
removal beads for the FB and 60 ul of myelin removal beads for PONS+MB and the MO
samples were added to bind the myelin. After 15 min incubation in the dark, the samples
were filled up to 10 mL with FC buffer and centrifuged (400xg, 7 min). At the same time,
LS columns were placed in a MidiMACS separator magnet (Miltenyi biotec) and were
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equilibrated with 3 mL of FC buffer. As the cell suspension was separated by a negative
selection the flow-through of the column was collected. Samples were mixed with 1 mL
FC buffer and loaded onto a LS column. The tubes were washed with 1 mL of FC buffer
and applied onto the respective column. Finally, all columns were washed with 1 mL of
FC buffer. The flow-through was centrifuged (400xg, 7 min) and taken up in 1 mL (FB),
500 ul (Pons+MB), or 100 ul (MO) FC buffer.

2.2.9.2 Staining

The antibody mix (see Table 2.8, all antibodies for flow cytometry) was prepared for all
staining’s in PBS including the Live/dead kit in a 1:1000 dilution. For each region, 100 ul
of cell suspension from Section 2.2.9.1 was transferred to a 96-well plate. The plate was
spun at 1500 rpm for 5 min. The cells were resuspended in 100 ul of the antibody mix and
incubated for 20 min in the dark. This mix contained a dye to visualize dead cells from live
cells to exclude them from the flow cytometry analysis. Additionally, a CD16/CD32FcR
antibody was present in this solution to block the respective receptors since other
antibodies could non-specifically bind to the CD16 or CD32 receptor. Cells were
centrifuged (1500 rpm, 5 min) and then fixed with 4 % PFA for 10 min. Samples were
measured with a FACSymphony A5 (BD Bioscience).

2.2.10 Biochemical analysis
2.2.10.1 LDH Assay

Supernatant from neuronal cultures from chapter 2.2.2 was taken four days after
transduction with rAAVs for the lactate dehydrogenase (LDH) assay. The instructions of
the manual were followed and slightly optimized. Non-treated neurons used as high
control were lysed for 1 h by adding 20 % of lysis buffer to destroy all cells and get the
maximal LDH release. Afterwards, 100 pl of cell supernatant from all samples was taken
and centrifuged (600xg, 10 min). Meanwhile, the LDH reaction mix was prepared with
WST substrate and LDH assay buffer (1:50). Then 50 pl of the samples and 100 pl of the
reaction mix were added into an optically clear 96-well plate. The plate was incubated
between 55 and 100 minutes until the high control exceeded an optical density (OD) of

1.6. The plate was measured at 450 nm with the FLUOstar omega plate reader (BMG
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Labtech). The cytotoxicity was calculated as a percentage from the OD values. Low
control refers to the OD of non-treated cells:

cytotoxicity = (Sample — Low control)/(High control — Low control) * 100

2.2.10.2 Protein isolation and quantification

Dissected samples from fresh tissue as described in chapter 2.2.5.2 were homogenized
mechanically. For that process samples were already dissected and stored at -80° C in
2 mL Precellys tubes. Sterile ceramic beads and 70 pl of homogenization buffer were
added to the samples. The tissue was homogenized for 60 sec at 5000 rpm with the
Precellys 24-Dual Tissue homogenizer (Bertin Instruments) and transferred to a new tube.
Precellys tubes and beads were washed with 30 pl homogenization buffer. Samples were
mixed for 10 min at 4° C on a rotator (40 rpm). To break cell membranes, the samples
were additionally sonicated (1xcycle, 5 sec, 10 % power) with a Sonicator CL-18 (Thermo
Fisher Scientific). Afterwards, lysates were incubated for 10 min at 4° C and centrifuged

(3000xg, 30 min). Pellet and supernatant were stored separately at -20° C.

Protein quantification was carried out using the bicinchoninic acid assay (BCA). Following
the manual bovine serum albumin standards were prepared using the homogenization
buffer. For the samples, 25 ul or 10 ul of the supernatant from protein isolation was diluted
(1:6 for 25 yl and 1:4 for 10 ul) with homogenization buffer. All standards and samples
were measured as duplicates. Briefly, 10 or 25 pl of standards and samples were added
to a 96-well plate. Additionally, 200 ul of the working solution was added and the plate
was shaken briefly to mix. After an incubation of 30 minutes in the dark at 37° C the plate
was measured at 562 nm with the FLUOstar omega plate reader (BMG Labtech). The

data was analyzed using excel.

2.2.10.3 Electrochemiluminescence assay

The electrochemiluminescence (ECL) assay is based on the principle of a sandwich
enzyme-linked immunosorbent assay (ELISA) however with a more sensitive detection
system that is based on electrochemical stimulation. The detection antibody syn-211 was
sulfotagged and kindly provided by Dr. Anne Stindl. A multiarray 96-well plate was coated
with 30 pl of the capture antibody 4B12 against ha-syn in PBS overnight at 4° C. The plate
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was washed 3 times with PBS-Tween and then blocked by incubation with 150 pl blocking
buffer for 1 h at 300 rpm. For the dilution of the standard and samples the buffer, in which
the samples were dissolved, was supplemented with 1 % BSA. The recombinant ha-syn
standard (kindly provided by Dr. Omar El-Agnaf, Hamad Bin Khalifa University) was
diluted in a four-fold series from 25 ng/mL to 6.1 pg/mL. Cell lysates in 1 % CHAPS lysis
buffer (kindly provided by Dr. Jing Gong) were used in the following dilutions: 1:2.5, 1:5,
1:10, and 1:100. The mouse tissue samples from chapter 2.2.5.2 in homogenization buffer
were used with 7.5 or 2.73 pg of total protein. After blocking the plate was washed 3 times
with PBS-Tween and then 25 pl of standard or sample in replicates was applied. The plate
was incubated for 1 h at 750 rpm and washed again 3 times with PBS-Tween. 25 ul of the
detection antibody in blocking buffer complemented with mouse 1gG and goat IgG was
added to the plate and mixed at 700 rpm for 1 h. Finally, the plate was washed three times
with PBS-Tween and following the read buffer was applied. The plate was measured at
620 nm with the Sector imager 6000 (Meso Scale Discovery) and analyzed with the

software by Meso Scale Discovery.

2.2.11 RNAisolation and cDNA synthesis for fresh tissue

RNA isolation

The samples were already dissected as described in chapter 2.2.5.2 and stored at -80° C
in 2 mL tubes for the Precellys system. Total RNA extraction was carried out under RNA-
free conditions. After thawing the samples on ice 1 mL of Trizol and autoclaved ceramic
beads were added. The tissue was then homogenized for 60 sec at 5000 rpm with the
Precellys 24-Dual Tissue homogenizer (Bertin Instruments). The solution was transferred
to a tube and incubated for 5 min at RT. Then 0.2 mL of chloroform was added and the
samples were mixed by turning the tube upside down. After 5 min incubation, the samples
were centrifuged for phase separation at 12.000xg for 5 min. The RNA containing
aqueous layer at the top was carefully collected without disturbing the other layers and
added to a new tube containing 4.7 pl of glycoblue. The blue-colored glycogen was used
to precipitate the RNA more efficiently. After precipitating the RNA with the addition of
0.5 mL isopropanol the samples were incubated for 10 min on ice and then centrifuged
(10 min, 4° C, 12.000xg). The supernatant was discarded and the pellet was washed two
times with 1 mL of 75 % EtOH and centrifuged (10 min, 4° C, 12.000xg). The RNA pellet
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was air-dried for 10 to 15 min at RT and then dissolved in 40 ul RNAse free water. The
RNA was quantified using the DS-11 Spectrophotometer (DeNovix) and stored at -80° C

until further usage.

cDNA synthesis

Following RNA extraction cDNA was synthesized following the manual instruction of the
SuperScript IV Vilo kit. Briefly, 100 ng RNA was mixed on ice with 1 ul of ezDNase enzyme
and 1 yl of ezDNAse buffer and filled up to 10 pl with RNAse free water. After incubation
at 37° C for 2 min in the T3000 Thermocycler Kombi (Biometra) 6 ul of RNAse free water
and 4 ul of SuperScript IV Vilo master mix were added. RNA was reverse transcribed with
the first incubation at 25° C for 10 min and the next incubation step at 50° C for 10 min.
All enzymes were deactivated with an additional step at 85° C for 5 min. Synthesized
cDNA was stored at -20° C.

2.2.12 RNA isolation and cDNA synthesis for fixed tissue

Dissection of DMX

The 35 um sections were dissected as described in chapter 2.2.5.1 but with an additional
cut to dissect almost only the DMX. Two sections every 175 um were pooled from bregma
values between -8.0 to -6.8. The dissected sections were stored for a maximum of 3 days

in antifreeze solution at -20° C for subsequent RNA isolation.

RNA isolation

Total RNA was extracted using the RevoverAll Total nucleic acid isolation kit under
RNAse-free conditions. In brief, sections were centrifuged (13.000 rpm, 5 min) and the
cryoprotective medium was discarded. The tissue was treated with 1 mL of xylene and
heated to 50° C for 15 min. After centrifugation (13.000 rpm, 5 min) the supernatant was
discarded and the pellet was washed twice with 1 mL 100 % EtOH. The pellet was air-
dried for 10 minutes and then 100 pl of digestion buffer and 4 ul of protease were added
per sample. For digestion, the tube was mixed and then incubated for 15 min at 50° C and
then for 15 min at 80° C. To isolate the nucleic acids 120 pl of isolation additive and 275 pl

of 100 % EtOH was added and then everything was transferred onto the filter cartridge.
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Here all centrifugation steps were carried out at 10.000 rpm for 1 min. After centrifugation,
the flow-through was discarded. The filter was washed with 700 ul of wash buffer 1 and
then 500 pl of wash buffer 2/3. The filter was centrifuged again to remove buffer residues.
For DNA digestion 6 ul of DNase buffer and 4 ul of DNAse were mixed and filled to 60 pl
with nuclease-free water. This mixture was pipetted in the center of the filter and incubated
at RT for 30 min. Afterwards, 700 pl of wash buffer 1 was incubated for 1 min on the filter,
centrifuged, and the flow-through was discarded. Additionally, the filter was washed twice
with 500 yl wash buffer 2/3. As the last step, the samples were centrifuged again to
remove residual fluid, and then the filter was transferred to a new tube. The extracted RNA
was eluted from the filter with 30 yl of nuclease-free water by 1 min incubation and

centrifugation. RNA quantity was checked using the DS-11 Spectrophotometer (DeNovix).

cDNA synthesis

Extracted RNA was reverse transcribed into cDNA with the SuperScript Vilo kit. For each
sample, 100 ng of RNA was mixed with 4 pl of master mix and filled up to 20 ul with
RNAse-free water. All samples were incubated in a T3000 Thermocycler Kombi
(Biometra). The reaction was started at 25° C for 10 min, followed by 60 min of 42° C and
at 85° C for 5 min. Synthesized cDNA was stored at -20° C.

2.2.13 Reverse transcription polymerase chain reaction (RT-PCR)

RT-PCR was performed using SYBR green reagent and the primers in Table 2.6 or with
TagMan probes listed in Table 2.7 and the TagMan Fast Advanced Master Mix. The PCR
was carried out with a StepOneplus Real-Time PCR machine (Thermo Fisher Scientific).
The program included an initial denaturation phase with 10 min 95° C and an amplification
phase with 40 cycles including 15 sec at 95° C and 1 min at 60° C. The program ended
at 25° C for 15 sec. For SYBR-green the melt curves were generated and checked as

quality control.
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Quantitative PCR

For quantitative PCR of ha-syn, a reference sample of human RNA was used to generate
a standard curve. Hence, 1 ug of this reference human RNA was reverse transcribed into
cDNA using the SuperScript Vilo kit. The obtained cDNA was diluted to 6.25 ng/ul and
further to 0.39 ng/pl with a two-fold dilution series. The RT-PCR Master mix included 1 pl
of forward and reverse primer for ha-syn, 10 ul of SYBR green master mix, and 7 ul of
nucleic acid-free water. In the end, 1 yl of sample or reference cDNA was applied to the
plate. The generated standard curve was every time incorporated into a master curve of

all standard curves of ha-syn.

Relative PCR

For relative quantification, a standard mouse brain RNA was measured on all plates for
all genes as an internal calibrator. The RT-PCR mix included 1 pl of TagMan probe and
10 pl of TagMan Fast Advanced Master Mix and varying cDNA concentrations depending
on the gene of interest. The relative expression of the gene of interest was calculated
using the 2-22€T Method.

2.2.14 Statistical analysis

All results were statistically evaluated using GraphPad Prism 9.1. Comparison of means
between two groups was analyzed with an unpaired two-tailed t-test. Multiple groups were
compared with the one-way ANOVA followed by Tukey’s multiple comparison test or with
two-way ANOVA followed by Tukey’s multiple comparison test. All data is represented
with the standard error of the mean (SEM) as error bars. All p-values under 0.05 were
considered statistically significant and are marked as following: *p<0.05 **p<0.01

***p<0.001 ****p<0.0001. The number of biological samples is indicated by n.
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3 Results

3.1 Propagation model of ha-syn

An established mouse model of rAAV-mediated ha-syn overexpression in targeted
neurons of the MO was used to study ha-syn propagation to higher brain regions (Helwig
et al. 2016, Musgrove et al. 2019). Mice were unilaterally injected with rAAV into the vagus
nerve, resulting in a retrograde transfer of rAAV along neural pathways. Subsequently,
the rAAV transduces the ganglionic neurons of the inferior ganglion of the vagus (IGX)
and the neurons of the DMX and nucleus ambiguous (AMB) confined by the anatomical
distribution of the efferent and afferent fibers forming the vagus nerve. In these neurons
on the ipsilateral, i.e. the injected side, the overexpressed ha-syn is distributed in the
transduced neurons in the soma and in the axons. The axons of the IGX neurons project
from the vagus nerve to the nucleus of the tractus solitaire (NTS), to the AP, and to the
DMX, and therefore ha-syn accumulations are seen in the neuronal projections in these
regions (see Figure 3.1 A). Moreover, these afferent fibers project not only to the injected,
i.e., ipsilateral but also to the noninjected, i.e., contralateral, side of the brain. In a time-
dependent manner, the overexpressed ha-syn in the transduced regions is transmitted to
more rostral brain regions such as the midbrain and forebrain where it accumulates in
neuronal projections. This inter-neuronal transmission leads to a progressive propagation
and a stereotypic pattern of ha-syn accumulation in distinct higher brain regions as

depicted in Figure 3.1 B.
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Figure 3.1: Schematic representation of rAAV-mediated and targeted ha-syn
overexpression and propagation model. (A) The rAAV is unilaterally injected into the vagus
nerve of a mouse. The rAAV transfers retrogradely along the vagus nerve and transduces ganglion
neurons in the IGX (black dot) and neurons in the brain stem, which are connected to the vagus
nerve tracts, i.e.; in the AMB and the DMX (black dots). These neurons then overexpress the ha-
syn protein. The afferent fibers of the IGX neurons project into the AP, NTS, and DMX, so that
overexpressed ha-syn in the IGX also accumulates in these neuronal projections. (B) Transduced
neurons in the DMX are positive for overexpressed ha-syn. This sustained overexpression initiates
a time-dependent propagation of the exogenous protein to more rostral brain regions such as the
midbrain and forebrain. In these regions, ha-syn accumulates in neuronal projections. To quantify
the spreading, the ha-syn immunoreactive fibers are counted at defined Bregma values in the
PONS (Bregma -5.4), caudal midbrain (cMB; Bregma -4.6), rostral midbrain (rMB; Bregma -3.4),
and forebrain (FB; 1 Bregma -2.18; 2 Bregma -0.94 and 3 Bregma +0.14). Created with Biorender.

3.2 Effect of EE on ha-syn pathology

The EE paradigm is used to enhance the cognitive and motor stimulation of the brain. This
is achieved by using toys with different shapes, materials, and sizes, as well as wheels
that are freely accessible. To increase the cognitive stimulation the position of the objects
and the objects themselves are altered every day to maintain the novelty of the EE model

(see Figure 3.2 A). In this experimental setup, only female mice aged 9 to 10 months were
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used, as we observed more aggressive behavior in male mice when exposed to EE. Mice
were placed in standard housing (SH) or EE two weeks before the rAAV (ha-syn) injection

into the vagus nerve. Mice were sacrificed six weeks after injection (see Figure 3.2 B).
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Figure 3.2: Enriched environment model and experimental setup. (A) The EE paradigm is
based on providing a multisensory stimulating environment for mice that encompasses a larger
space. Access to wheels provides voluntary physical activity and motor stimulation. Cognitive,
visual, and somatosensory input is achieved through various toys, dens, and climbing aids that
are used in turn. Obtained from (Nithianantharajah & Hannan 2006). (B) In this experimental
setup, female mice (9 to 10 months) were housed in rat cages with the EE paradigm or in standard
housing (SH) in mouse cages for two weeks. Then, the mice were injected with rAAV into the left
vagus nerve to induce overexpression of ha-syn in the MO and they were sacrificed six weeks
later to analyze ha-syn propagation and microglial activation. Created with Biorender.

3.2.1 Upregulated microglial activation markers in ha-syn
overexpressing mice with EE treatment

Wassouf et al. reported that microglial gene expression was disturbed by ha-syn
pathology and that these changes could be rescued by EE treatment. Therefore, we first
wanted to determine whether EE affects microglial activation in our PD model and
subsequent neuroinflammation upon ha-syn expression. More specifically, we examined
microglial activation markers in wild-type mice and in mice with ha-syn pathology after EE
exposure. To characterize the shift of homeostatic and resting microglia to a more reactive
phenotype, a series of markers (CD11lb, CD45, TLR2, CD11c, MHCII, CD68, and
CLECT7A) were examined by flow cytometry. These markers are known to be upregulated

in microglia upon activation (Hoogland et al. 2015, Jurga et al. 2020).

To analyze the microglial activation in different brain regions the brain was divided into
three main regions based on the ha-syn spreading at six weeks. The MO is the region
where the ha-syn is overexpressed and a lot of ha-syn accumulations are found in

neuronal projections. In more rostral regions such as the PONS and midbrain (MB), we
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see moderate spreading of ha-syn in axons after six weeks of injection. In contrast, in the
forebrain (FB), there is little or no spreading of ha-syn at this time after injection (see
Figure 3.3 A).

The gating strategy for characterization of microglial markers by flow cytometry is
described in Figure 3.3 B. Briefly, the isolated cells from the different brain regions were
first gated using the forward (FSC) and sideward scatter (SSC). This allows debris to be
excluded as these parameters reflect the granularity and size of cells. Based on the
sideward scatter and width doublet cells were then excluded from further analysis as these
cells can be a major source of autofluorescence. Next, dead cells were excluded based
on a viability stain. Finally, microglia were identified as the CD45/ntermediate gand CD11khigh
population. For all stained markers, the positive populations were acquired using a

fluorescence minus one control and an unstained control.
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Figure 3.3: Schematic for dissection of brain regions and gating strategy for microglia
profiling. Female mice were injected with 6x10'!* Ge/mL of rAAV (ha-syn) into the left vagus nerve.
(A) The cerebellum and the olfactory bulbs were discarded. The brain was then divided into three
regions, the MO, the PONS with the midbrain (MB), and the forebrain (FB). (B) For all regions,
cells were isolated and then analyzed by flow cytometry. Cells were gated by the forward and
sideward scatter area correlating to their size and granularity. Only individual cells were included
and further only live cells were analyzed. Microglia were determined as the CD11b"9" and
CD45inermediate hoplation. Flow cytometry and analysis were performed by Dr. Lily Keane. Created
with Biorender.
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First, the microglia phenotype of wild-type mice was monitored with and without EE
treatment and the expression of CD11b, CD45, TLR2, CD11lc, MHC II, CD68, and
CLECTA on microglia was measured. In wild-type mice, we did not detect a difference in
the expression of any microglial activation markers between wild-type mice in SH and EE.
However, the expression of the markers was different in the different brain regions
regardless of EE treatment. In MO, the expression of all activation markers on microglia
was higher than in the PONS+MB and in the FB (see Figure 3.4). This suggests a regional
difference in the expression of microglial markers in the brain under homeostatic

conditions.
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Figure 3.4: Microglia activation markers are not altered by EE in wild-type mice, but exhibit
regional differences in expression. The expression of microglial activation markers was
assessed for the gated CD11b"9" and CD45"emediate mjcroglia population by flow cytometry and
is given as the geometric mean (GEO) of the mean fluorescence intensity (MFI). Data are
represented as mean + SEM; n=5; Unpaired students t-test for each region.
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However, looking at the level of microglial activation markers in mice with ha-syn
overexpression in the MO and propagation to more rostral brain regions, a change was
seen with EE treatment. Activation markers such as CD11b, CD68, and TLR2 were
significantly higher in mice with EE compared to SH mice in the MO, and for CD11b, the
change was evident even in the other brain regions. Consistent with this, MHC Il and
CD45 showed a strong tendency toward upregulated expression after EE treatment in ha-
syn affected regions. Only the markers CLEC7A and CD11c showed no change between
SH and EE treatment in ha-syn overexpressing mice (see Figure 3.5). These results
suggest that in an a-syn pathology challenged surrounding microglia activation is

increased upon EE treatment.
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Figure 3.5: Microglia activation markers are partly upregulated by EE in ha-syn
overexpressing mice. The expression of microglial activation markers was measured for the
gated CD11b"9" and CD45"emediae microglia population by flow cytometry and is given as the
geometric mean (GEO) of the mean fluorescence intensity (MFI). Activation markers like TLR2,
CD68, and CD11b are significantly upregulated and CD45 and MHC Il show a trend to higher
expression in EE-treated mice. This effect is most apparent in the brain stem and midbrain which
are the ha-syn affected regions after 6 weeks of rAAV injection. Data is represented as mean *
SEM; * p<0.05 and ** p<0.01; n=5 except for MO region for EE n=4; Unpaired students t-test for
each region.
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3.2.2 Ha-syn expression and spreading is not affected by EE treatment

We wanted to know whether this shift in microglial activation in ha-syn overexpressing
mice with EE treatment would affect ha-syn propagation from the DMX to higher brain
regions. However, we first examined whether EE treatment affected rAAV-mediated ha-
syn overexpression in the DMX. For this purpose, the DMX was dissected and ha-syn
MRNA was quantified by RT-PCR. The not-injected side, i.e. the contralateral side, was
used as a negative control for ha-syn since the rAAV transduces only cells in the DMX on
the ipsilateral side (data not shown). The ha-syn mRNA expression levels in the DMX on
the ipsilateral side were comparable between the SH and EE groups (see Figure 3.6 A).
The level of ha-syn expression was further assessed by semi-quantitative counting of ha-
syn positive cells in every 5" DMX containing section. The number of ha-syn-positive cells
in the DMX correlated with ha-syn mRNA expression in the DMX in the respective animal
(see Figure 3.6 B). In addition, MO sections immunostained for ha-syn showed similar
staining of ha-syn in neurons in the DMX and in neuronal projections in the DMX, the NTS,
and the AP (see Figure 3.6 C).
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Figure 3.6: Overexpression of ha-syn in DMX is similar in SH and EE mice. Female mice
were injected with 6x10'* Ge/mL of rAAV (ha-syn) into the left vagus nerve. (A) Overexpression
of ha-syn mRNA in the DMX was quantified by RT-PCR using a ha-syn standard curve. (B) Ha-
syn mRNA expression in the DMX determined by RT-PCR correlates with the number of ha-syn
positive neurons counted in the DMX of each animal. (C-D) Representative images of ha-syn
stained MO sections in SH (C) and EE (D) mice. The DMX with ha-syn expressing neurons on the
ipsilateral side is delineated in white and ha-syn immunostained accumulations in neuronal
projections of the NTS are indicated by a white asterisk. Data from two independent experiments
are presented as mean; Linear regression + 95% confidence interval and r square value; n=13 for
SH and n=15 for EE; Unpaired students t-test.
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To evaluate if EE exposure has an impact on the propagation of the overexpressed ha-
syn we measured the spreading from the DMX to higher brain regions. The ha-syn
accumulations in the neuronal projections were counted as ha-syn positive fibers only on
the ipsilateral side of the brain and at specific bregma values, i.e. the PONS (Bregma -
5.4) and the caudal midbrain (cMB; Bregma -4.6). The counting revealed no difference in
the number of ha-syn positive fibers between the mice with SH and EE (see Figure 3.7).
In conclusion, the EE had no effect on ha-syn overexpression in the DMX nor on ha-syn
propagation to higher brain regions such as the PONS and the midbrain.
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Figure 3.7: No difference in ha-syn propagation in SH and EE mice. Defined sections were
counted for ha-syn positive fibers on the ipsilateral side in the PONS (Bregma -5.4) and cMB
(Bregma -4.6). Data are represented as mean + SEM; n=14 for SH and n= 16 for EE; Unpaired
students t-test for each region.

3.3 Effect of aging on ha-syn pathology

To investigate the effect of aging on ha-syn propagation, and the phenotype of microglia
the ha-syn propagation model was used in three different age groups of mice with 3 to 5
months (young), 13 to 15 months (mid-aged), and 22 to 23 months (aged). The effects
were observed at different time points after the rAAV injection inducing the ha-syn
overexpression in the MO as depicted in Figure 3.8. Male mice were used for all
experiments, except for the experiment at 8 weeks, in which one cohort consisted of male
mice and the second independent experiment consisted of female mice. Female and male
mice were included as ha-syn propagation was reported to be independent of sex in this

model in young mice (Helwig, personal communication).
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Figure 3.8: Experimental setup for aging study. Young, mid-aged, and aged mice were injected
with an rAAV (ha-syn, GFP, or empty) into the vagus nerve and then analyzed two, six, and eight
weeks afterward. Created with Biorender.

3.3.1 Specific detection of ha-syn

First, we developed an assay to specifically quantify ha-syn protein expression in mouse
tissue with an ECL assay based on the principle of a sandwich ELISA. Only the capture
antibody and not the detection of this assay was ha-syn specific. However, only ha-syn
was detected, which was demonstrated by measuring cell lysate from a cell line with
endogenous mouse a-syn (N2A cells) and a cell line with endogenous ha-syn (HEK cells).
While different dilutions of the N2A lysate showed only a low background signal below the
detection limit, the HEK lysate showed a signal corresponding to the different dilutions
(see Figure 3.9 A). Similarly, naive mouse tissue did not yield a signal in the assay, but

when recombinant ha-syn was added, it could be detected (see Figure 3.9 B).
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Figure 3.9: Ha-syn can be specifically detected in cell lysates and mouse tissue. Samples
were measured by ECL using a ha-syn specific capture antibody and quantified using a
recombinant ha-syn standard curve. (A) Cell lysates were measured at different dilution levels.
The signal from N2A cell lysate was below the detection limit. (B) The signal from naive mouse
tissue was below the detection limit. However, recombinant ha-syn added to mouse tissue could
be measured. Data are represented as mean = SEM.
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3.3.1 Toxicity of rAAV and protein overexpression in vitro

The cytotoxicity of rAAV and protein overexpression with rAAV were first examined in vitro
using cortical neuronal cultures of mouse embryos. Cytotoxicity for empty AAV, GFP, and
ha-syn rAAV was measured by LDH release in the supernatant four days after
transduction. In addition, two different doses of rAAV, 3.5x10° Gc (low dose) and 1.4x10%°
Gc (high dose) were used for transduction. In empty AAV, cytotoxicity of approximately
5% was measured for both doses of rAAV compared with neurons treated with the solution
in which the rAAVs were dissolved (Tween 0.014% or 500 mM in PBS) as a negative
control. However, for GFP and ha-syn, there was a dose-dependent cytotoxicity effect that
resulted in approximately 15 percent cytotoxicity at a high dose of rAAV (see Figure 3.10).
However, it is difficult to conclude from the toxicity of rAAVS in vitro to the toxicity of the

rAAVs in vivo.
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Figure 3.10: Dose-dependent cytotoxicity of protein overexpression and rAAV cytotoxicity
in embryonal cortical neurons. Representative images of GFP transduced neurons four days
after transduction for low (A) and (B) high doses of rAAV. (C) Cytotoxicity was measured by LDH
release in the supernatant of neurons four days after transduction with different rAAVs. Empty
AAV showed low cytotoxicity compared to the negative control treated neurons. GFP and ha-syn
AAV showed dose-dependent cytotoxicity. The low dose of rAAV was 3.5x10° G¢ (MOl 10.000)
and the high dose was 1.4x10'° Gc¢ (MOI 80.000). Neuronal cultures were prepared by Dr. Anna
Antoniou and Dr. Loic Auderset. Data are represented as mean + SEM; * p<0.05, ***p<0.001 and
**++n<0.0001; n=3; Two-way ANOVA posthoc Tukey’s multiple comparison test.
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3.3.2 Characterization of ha-syn pathology in vivo after two weeks

Two weeks after rAAV injection into the vagus nerve, there is robust transduction of rAAV
and ha-syn expression in the MO. Therefore, we wanted to characterize this initial ha-syn
expression in the DMX in different age groups.

3.3.2.1 No neuronal loss in the DMX

First, we wanted to investigate whether rAAV transduction and ha-syn overexpression in
the DMX could lead to neuronal death in the DMX two weeks after injection. The DMX
was delineated in nissl-stained sections, and neurons were stereologically counted on the
contralateral side as control (intact side) and on the ipsilateral side (injected side). The
number of neurons was counted only in young mice because they showed the highest
neuron loss at later time points after rAAV injection. However, in DMX of young mice, no
neuronal loss was observed between the ipsilateral and contralateral sides after two

weeks of injection (see Figure 3.11).
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Figure 3.11: Neuronal loss was not observed in young mice after two weeks of rAAV
injection and ha-syn overexpression. Male mice were injected with 6x10'* GC/mL rAAV (ha-
syn). Every 5™ section of the MO was used for the Nissl staining. The DMX was delineated and
the number of neurons on the ipsilateral (injected) and contralateral (intact) sides were counted.
Injections were performed by Dr. Michael Helwig. Stereological counting was performed by Dr.
Ayse Ulusoy. Data are represented as mean = SEM; n=5; Unpaired students t-test.
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3.3.2.2 Similar ha-syn expression in the DMX

It was important to determine whether aging affected ha-syn mRNA and protein levels in
the MO two weeks post-injection. All age groups were injected with the same amount of
rAAV for ha-syn overexpression in the MO. RNA and protein levels were measured for
the ipsilateral and contralateral side, respectively. For mRNA expression, the contralateral
side was used as a negative control, because the neurons here were not rAAV-transduced
and therefore do not express ha-syn mRNA. On the ipsilateral side, ha-syn mRNA

expression quantified by RT-PCR was comparable in young, mid-aged, and aged mice
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(see Figure 3.12 A). At the protein level, four times more ha-syn was measured on the
ipsilateral side than on the contralateral side in all mice (data not shown), because more
ha-syn protein accumulates in neuronal projections on the ipsilateral side. Overall, ha-syn
protein accumulations in MOs analyzed with ha-syn-specific ECL showed the same
amount of ha-syn protein expression in young, mid-aged, and aged mice (see Figure 3.12
B). Interestingly, ha-syn mRNA expression in DMX and ha-syn protein levels in DMX,
NTS, and AP of the same animal correlated well in all age groups, except for one outlier

in the aged group (see Figure 3.12 C).
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Figure 3.12: Ha-syn protein and mRNA expression is comparable in young, mid-aged, and
aged mice two weeks after injection. Male mice were injected with 6x10** GC/mL rAAV (ha-
syn). The MO was dissected from the brain, and RNA was isolated from one-third of the alternating
sections and protein from two-thirds of the alternating sections. (A) The mRNA expression of ha-
syn was determined by RT-PCR and quantified using a ha-syn standard curve. (B) Ha-syn protein
levels were quantified by ECL and normalized to total tissue protein levels measured by BCA. (C)
Correlation of ha-syn mRNA and protein concentrations in MO of the same animals. Injections
were performed by Angela Rollar and Dr. Michael Helwig. Data are represented as mean + SEM;
For (A) n=9 for young, 7 for mid-aged, 9 for aged; For (B+C) n=6 for young and mid-aged, 7 for
aged. One-way ANOVA posthoc Tukey’s multiple comparison test.

3.3.2.3 Age-related changes in activation of microglia with ha-syn
overexpression

It is known that a-syn can bind to receptors on the microglia surface leading to their
activation, resulting in a reactive phenotype that creates a pro-inflammatory environment,
as described in chapter 1.4.3. Therefore, we wanted to investigate whether
overexpression of ha-syn differentially alters microglia expression patterns in young, mid-
aged, and aged mice. To this end, we examined the mRNA expression of pro-

inflammatory cytokines TNF-a, IL-6, and IL-1 and the microglial activation markers Ibal,
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TLR2, and SPP1 in the MO. The mRNA expression levels were normalized to the
housekeeping gene GAPDH. In general, for each cytokine and activation marker, we

found similar expression on the ipsilateral and contralateral sides in all age groups.

The cytokines TNF-a, IL-6, and IL-13 are mainly produced by activated microglia and are
the major mediators of a pro-inflammatory environment (DiSabato et al. 2016). TNF-a
showed an age-dependent increase in mMRNA expression and mRNA levels were
significantly altered between young and aged mice. IL-6 mMRNA expression also showed
a trend toward higher expression in mid-aged and aged mice compared with young mice,

whereas IL-18 mRNA levels did not differ between age groups (see Figure 3.13).

Microglia exhibit constitutive expression of Ibal. However, the protein is known to be
upregulated by microglial activation and associated with phagocytosis (Ohsawa et al.
2000, Sasaki et al. 2001). TLR2 is a toll like receptor expressed on microglia and neurons.
It is known that a-syn binds to TLR2 leading to the activation of microglia (Dzamko et al.,
2017; Kim et al., 2013). SPP1, also known as osteopontin, is elevated in numerous CNS
pathologies, modulates inflammatory processes, and is mainly expressed by activated
microglia (Shin et al. 2011, Riew et al. 2019). Ibal mRNA levels were slightly elevated in
mid-aged mice and significantly increased in aged mice compared to young mice. TLR2
MRNA expression was significantly increased in the mid-aged and even more in the aged
than in young mice. However, SPP1 mRNA was not altered between young, mid-aged,
and aged mice (see Figure 3.13). In conclusion, in mice overexpressing ha-syn, the mRNA
expression of microglial activation markers and pro-inflammatory cytokines are

differentially expressed with age.
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Figure 3.13: Age-dependent increase in some pro-inflammatory cytokines and microglial
activation markers associated with ha-syn overexpression. Pro-inflammatory markers and
microglia activation markers were assessed by relative RT-PCR normalized to the expression of
GAPDH on the ipsilateral (injected) and contralateral (intact) sides after two weeks of injection. All
markers showed comparable results between the ipsi- and contralateral sides. The pro-
inflammatory marker TNF-a was significantly increased in aged mice compared with young mice.
In addition, microglial activation markers Ibal and TRL-2 were significantly higher in aged mice
than in young. Data are represented as mean; * p<0.05, ** p<0.01, **p<0.001 and ****p<0.0001;
n=6 for young and mid-aged, 7 for aged; One-way ANOVA posthoc Tukey’s multiple comparison
test.

3.3.3 Characterization of ha-syn pathology in vivo after six weeks

As the ha-syn propagation that is induced by ha-syn overexpression in the MO is time-
dependent we analyzed young, mid-aged, and aged mice six weeks after rAAV treatment.
The ha-syn positive fibers were counted in more rostral brain areas such as the PONS
and midbrain. In addition, we characterized the neuronal number and the ha-syn

expression in the DMX at that time point.

3.3.3.1 Changes in ha-syn expression and neuronal numbers in the DMX

Ha-syn expression was evaluated by mRNA isolation from PFA-perfused brain sections.
Detected ha-syn mRNA levels in the DMX changed slightly between the age groups
compared to the evaluation at two weeks. Ha-syn levels in young and aged mice were
comparable, but ha-syn levels of mid-aged mice were almost significantly increased (see

Figure 3.14 A). Analysis of neuronal numbers in the DMX showed that there was a slight
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neuronal loss in young and aged mice, but it was highly variable in both groups. However,
the percentage of neurons in the DMX was not significantly different between young, mid-
aged, and aged mice, with neuronal counts normalized to the respective contralateral
(intact) side (see Figure 3.14 B).
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Figure 3.14: Ha-syn expression is altered after six weeks of injection but no significant
neuronal loss is observed in the DMX. Male mice were injected with 6x10'* GC/mL rAAV (ha-
syn). (A) Ha-syn mRNA expression in the DMX was measured by quantitative RT-PCR after six
weeks of injection. In the mid-aged group, ha-syn expression was almost significantly increased
compared with the young and aged animals. (B) In nissl stained sections, the neurons in the
delineated DMX were counted and the ipsilateral (injected) counts were normalized to the counts
of the contralateral (intact) side. Injections were performed by Angela Rollar. Stereological
counting was performed by Dr. Ayse Ulusoy. Data are represented as mean + SEM; for (A) n=9
for young, 8 for mid-aged, 10 for aged; For (B) n=4; One-way ANOVA posthoc Tukey’s multiple
comparison test.

3.3.3.2 No difference in ha-syn propagation

Considering the increased ha-syn load in mid-aged mice in the DMX, we wondered if there
was also a difference in ha-syn propagation from the MO to more rostral brain regions.
However, the graph depicted in Figure 3.15 A shows no difference in ha-syn positive fibers
counted in the PONS or the caudal midbrain (cMB) between young, mid-aged, and aged
mice. Automatic analysis of the area of ha-syn accumulations in three consecutive PONS
brain sections also showed no significant change in the extent of ha-syn accumulations

between young, mid-aged, and aged mice (see Figure 3.15 B).
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Figure 3.15: No difference in ha-syn spreading to higher brain regions after six weeks of
injection. (A) Defined sections rostral to the MO were manually counted for ha-syn positive fibers
on the ipsilateral side in the PONS (Bregma -5.4) and cMB (Bregma -4.6). (B) For the same
samples, three consecutive sections in the PONS (middle section with Bregma -5.4) were
automatically measured for ha-syn accumulation by area. Data are represented as mean + SEM
(A) or as median with first and third quartile (B); n=8 for young, 7 for mid-aged,9 for aged; One-
way ANOVA posthoc Tukey’s multiple comparison test.

3.3.4 Characterization of ha-syn pathology in vivo after eight weeks

Next, we characterized young, mid-aged, and aged mice eight weeks post AAV injection
to see whether ha-syn levels continued to change in the DMX and whether this had a

delayed effect on ha-syn propagation and accumulation in more rostral brain regions.

3.34.1 AIt_ered ha-syn levels in DMX and propagation to higher brain
regions

DMX mRNA was isolated from PFA-perfused brain sections. Analysis of two independent
experiments showed the same results, independent of sex and a slightly different rAAV
stock titer. It revealed that ha-syn mRNA expression in DMX was significantly higher after
eight weeks not only in mid-aged mice but also in aged mice compared with young mice
(see Figure 3.16 A). Consistent with this result, ha-syn staining showed more ha-syn
positive cells in the DMX of mid-aged and aged mice compared to young mice (see Figure
3.16 B).
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Figure 3.16: Ha-syn expression is augmented in mid-aged and aged mice eight weeks post-
injection. Female mice were injected with a virus titer of 5x10'* Gc/mL and male mice were
injected with a virus titer of 6x10 Ge/mL. (A) Ha-syn mRNA in the DMX was evaluated by
guantitative RT-PCR and expression levels were normalized to those of young mice. Aged and
mid-aged mice showed significantly elevated ha-syn levels compared to young mice after eight
weeks post rAAV injection. (B) Representative images of ha-syn positive neurons in DMX for
young, mid-aged, and aged mice. Injections were done by Angela Rollar and Dr. Michael Helwig.
Data are represented as mean + SEM; * p<0.05 and ** p<0.01; n=13 for young, 7 for mid-aged,13
for aged; One-way ANOVA posthoc Tukey’s multiple comparison test.

After eight weeks, the propagation of ha-syn was observed in neuronal projections up to
the forebrain to Bregma values of -0.94 for one experiment (young and aged mice) and
+0.14 for the second experiment (young, mid-aged, and aged mice). Unfortunately, ha-
syn accumulations in the PONS were so high in the second experiment that ha-syn
positive fibers could not be counted manually. The observed propagation was consistent
with previous results showing progressive rostral propagation of ha-syn over time and
higher ha-syn accumulation. The spreading pattern of ha-syn at six and eight weeks was
consistent with the anatomical connection of neuronal projections of the MO to higher
brain regions. Moreover, all mice showed the same topographic distribution in the affected

regions.

Eight weeks after rAAV injection, aged and mid-aged mice showed increased ha-syn-
positive fibers in the PONS, midbrain, and forebrain compared with young mice. This trend
was not evident only in the rostral midbrain (rMB), but the general number of ha-syn fibers
was very low in this region at all ages. The increase of ha-syn fibers was significant in the
Forebrain 1 and caudal midbrain for the mid-aged mice compared to young mice (see
Figure 3.17 A). In line with that, we observed a 2-fold increase in ha-syn accumulations in
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three consecutive PONS sections in mid-aged and aged mice compared with young mice
(see Figure 3.17 B). This effect is also observed in the parabrachial area which is a
stereotypic region for ha-syn accumulation in the PONS (see Figure 3.17 C and D). Here,
mid-aged and aged mice have enhanced ha-syn accumulation compared to young mice.
Briefly, these results show that after eight weeks of AAV injection, there is an age-
dependent shift to higher ha-syn levels in the DMX and augmented ha-syn propagation to

more rostral brain regions.
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Figure 3.17: Increased ha-syn propagation and accumulation in mid-aged and aged mice.
(A) Spreading of ha-syn positive fibers was determined on the ipsilateral side of the brain. Regions
were counted up to the FB2 or FB3 for the respective experiment. The counted fibers on the
ipsilateral side were increased in aged and mid-aged mice compared with young mice. (B) The
same trend was observed by automatic measurement of ha-syn accumulation in three consecutive
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PONS sections. (C) The whole PONS section at Bregma -5.4 was counted manually for ha-syn
fibers and measured automatically for the ha-syn area. Representative images were acquired in
the parabrachial region indicated by the black box. (D) Representative images of ha-syn positive
accumulations in neuronal projections. Data from two independent experiments are presented as
mean + SEM (A) and as median with first and third quartile (B); * p<0.05; n=13 for young, 6 for
mid-aged,13 for aged except for (A) PONS n=5 for young and aged and for FB3 n=8 for young
and aged; One-way ANOVA posthoc Tukey’s multiple comparison test per region. Created with
Biorender.

3.3.4.2 Neuronal loss in DMX by protein overexpression

Ha-syn overexpression in the DMX was significantly altered in mid-aged and aged mice
after eight weeks of injection compared to young mice, leading to the question of whether
this difference was due to the loss of ha-syn overexpressing cells in the DMX of young
mice. Therefore, neurons in the DMX were counted by stereology for all age groups in the
injected (ipsilateral side) and intact side (contralateral side). Surprisingly, the percentage
of neuronal loss normalized to the intact side showed that age inversely correlated with
neuronal loss. Neuron loss was about 50 percent in young mice, but only 35 percent in
mid-aged mice and 25 percent in aged mice (see Figure 3.18 A and B). Subsequently, we
investigated whether this neuronal vulnerability was ha-syn specific or due to general
protein overexpression or AAV transduction. For that, mice were injected into the vagus
nerve with empty rAAV, rAAV overexpressing GFP or ha-syn for eight weeks. The neurons
in the DMX were counted by stereology. The empty AAV control showed almost no
neuronal loss in the DMX, suggesting that the AAV transduction has no effect on neuronal
viability. However, for GFP and ha-syn, we observed a comparable inverse correlation
between age and neuronal loss in the DMX (see Figure 3.18 C). Young mice displayed
significantly fewer neurons, approximately 30 percent, in the DMX compared with aged
mice, suggesting an age-dependent neuronal susceptibility to overexpression toxicity of
GFP and ha-syn in the DMX.
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Figure 3.18: Neuronal loss correlates inversely with age in ha-syn and GFP overexpressing
mice. (A) Female mice were injected with rAAV into the vagus nerve (titer 5x10'* Ge/mL). Neurons
in the DMX were stereologically counted in every 5" section containing the DMX. The number of
neurons was normalized to the contralateral, i.e., intact, side for each animal. In young mice,
neuron loss in the DMX was significantly higher than in aged mice. (B) Representative images of
nissl stained sections with the DMX delineated in white. The neuronal loss on the injected side is
visible in young mice compared to the intact side. However, in aged mice, the neuronal numbers
in the DMX are comparable to those on the intact side. (C) Male mice were injected with an rAAV
titer of 6x10'* Gec/mL into the vagus nerve. Young mice injected with GFP or ha-syn show a
significantly reduced number of neurons compared to the intact side in the DMX after eight weeks
of injection. In aged mice, there is no significant difference in neuronal numbers in the DMX for
ha-syn or GFP injection and overexpression. Stereological counting was performed by Dr. Ayse
Ulusoy. Data are presented as mean + SEM; * p<0.05 and ** p<0.01; ****p<0.0001; n=4; One-
way ANOVA (A) and two-way ANOVA (D) posthoc Tukey’s multiple comparison test.

3.3.4.3 Microglia numbers are affected by age and ha-syn overexpression

To investigate the mechanism of neuronal loss in the DMX and the reason for the inversely
correlated neuronal vulnerability, we characterized microglia at eight weeks after ha-syn
overexpression. For this purpose, sections containing the DMX eight weeks after rAAV
injection were stained for Ibal and DAPI. Microglia were counted as lbal and DAPI
double-positive cells in the DMX and surrounding areas such as the NTS and AP in control
(naive) and ha-syn overexpressing mice (see Figure 3.19 A). Consistent with published
data, the number of microglia was increased in aged naive mice compared with young
naive mice. Interestingly, with ha-syn overexpression, the number of microglia was

increased in young mice compared with young naive mice. However, the number of
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microglia in aged mice was similar between the naive mice and ha-syn overexpressing
mice (see Figure 3.19 B). Furthermore, in ha-syn mice, we did not detect any difference
in the number of microglia between the ipsilateral and contralateral side (see Figure 3.19
C). In short, overexpression of ha-syn in DMX leads to increased numbers of microglia in

young mice but not in aged mice.
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Figure 3.19: Number of microglia is elevated in young but not in aged mice upon ha-syn
expression. (A) Representative images of Ibal and DAPI stained MO sections. Microglia were
counted in this region in wild-type (naive) and 8 weeks rAAV (ha-syn) injected mice in young and
aged groups. The white box shows the DMX in higher magnification. Scale bar 200 um for the
whole section and 20 um for higher magnification. (B) Ibal and DAPI double-positive cells were
counted and normalized to the area of the counted region. Microglia were increased in aged
compared with young haive mice but also upregulated in young ha-syn expressing mice in contrast
to young naive mice. (C) The number of microglia counted did not differ between the ipsilateral
(injected) and contralateral (not injected) sides in ha-syn overexpressing mice. Data are presented
as mean = SEM; ****p<0.0001; n=3 for naive mice, 4 for ha-syn injected mice; two MO sections
were analyzed per animal; Two-way ANOVA posthoc Tukey’s multiple comparison test.
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4 Discussion

4.1 Propagation model of ha-syn

The stereotypical distribution of LBs containing high amounts of aggregated a-syn in the
brain is an important hallmark in PD. In vitro, it was shown that soluble a-syn possesses
the capability to transfer from cell to cell (Sung et al. 2001, Ahn et al. 2006, Domert et al.
2016). Furthermore, the transmission of a-syn to grafted neurons in the SN or striatum
has been reported in mice (Desplats et al. 2009a, Hansen et al. 2011) and PD patients
(Chu & Kordower, 2010; Li et al., 2008). This intercellular spread of a-syn in the brain is
thought to occur through neuronal transsynaptic transmission (Kiechle et al. 2019).

To better understand the propagation of a-syn and the factors that influence it, a mouse
model was used in which rAAVs were injected into the vagus nerve to induce a targeted
overexpression of ha-syn (see Figure 3.1 A). It has been already shown that injection of
rAAV into the vagus nerve leads to a retrograde transfer of the rAAV and the targeted
transduction of neurons in the MO such as the DMX and the AP. The restricted
transduction of the rAAV only in the neurons of these regions was confirmed by measuring
the WPRE expression of the rAAV. More rostral brain regions are devoid of this WPRE
expression but are affected by the ha-syn spreading excluding AAV diffusion and proving
ha-syn propagation (Helwig et al. 2016). Using a control protein such as GFP it was also
demonstrated that the propagation is a specific feature of ha-syn since GFP could not be
detected in higher brain regions after overexpression in the MO (Helwig et al. 2016). The
stereotypical pattern of ha-syn propagation in this model showed affected areas known to
have no direct anatomical connections to the vagus nerve. Therefore, this model
demonstrates the neuronal transmission of ha-syn from the MO to the neurons, which
project from higher brain regions such as the coeruleus—subcoeruleus complex (pons),
dorsal raphae (midbrain), amygdala (medial temporal lobe) to the MO (own observation)
(Ulusoy et al. 2013, Helwig et al. 2016, Rusconi et al. 2018).

This consistent a-syn spreading pattern to distinct brain regions, however, did not reach
the SN. Normally this region is affected by LB pathology in PD patients as shown in

chapter 1.4.1. An additional limitation in this model is that the transferred a-syn was only
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detected in neuronal projections but did not accumulate in the soma of the neurons. LB

pathology in PD patients is observed in axons as well as in neuronal somas.

In summary, we and others showed, that this model displays in vivo transmission of the

overexpressed ha-syn from neuron to neuron from the MO to higher brain regions.

4.2 Effect of Enriched environment

A study by Wassouf et al. demonstrated that gene expression changes in neurons and
microglia caused by ha-syn overexpression in the hippocampus could be reversed by
long-term EE treatment (Wassouf et al. 2018). However, it has not yet been investigated
whether this change in gene expression upon EE treatment leads to a change in microglial
activation based on the expression of activation markers. In addition, we wanted to assess
if EE already modifies the microglial activation markers under homeostatic conditions in
wild-type mice. In this context, we also wanted to know whether the changes in microglia
after EE treatment could have a direct effect on the propagation of a-syn to higher brain

regions.

4.2.1 EE effect on microglial activation in wild-type mice

EE exposure to wild-type mice did not change the expression of microglial activation
markers as depicted in Figure 3.4. However, all markers were generally higher expressed
in the MO compared to the PONS and midbrain, and the forebrain. In mice overexpressing
ha-syn in the MO and with ha-syn propagation to higher brain regions, we could observe
an increase of most activation markers on microglia (see Figure 3.5). This impact was
most pronounced in the ha-syn affected brain regions such as the MO, Pons, and

midbrain.

Only a few studies examined changes in microglia activation upon EE exposure in wild-
type mice. Previous studies indicated that pro-inflammatory genes were reduced and
microglia morphology was altered upon long-term EE treatment in aged mice (McMurphy
et al. 2018, Ali et al. 2019). However, the change in inflammation gene expression was
observable in the hypothalamus but was not present in the amygdala. Another study
investigated the gene expression in the hippocampus of wild-type mice upon EE exposure

compared to control mice and this revealed only a small number of differentially regulated
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genes in all cell types (Wassouf et al. 2018). Overall based on literature, the changes of
EE exposure in healthy conditions on cells in the brain seem to be subtle if present at all.
Our data indicate no change in microglial activation markers upon EE in wild-type mice.
Therefore, it would be important to analyze individual brain regions such as the
hippocampus or the hypothalamus to capture these subtle changes in the activation state

of microglia in other brain regions.

Surprisingly, we could demonstrate higher expression levels of microglial activation
markers in the MO compared to the other measured regions independent of EE treatment.
The regional heterogeneity of microglia based on mRNA, protein expression patterns, or
morphology was already described in many studies (de Haas et al., 2008; Grabert et al.,
2016; Li et al., 2019; Masuda et al., 2019; Orit et al., 2016; Sharma et al., 2015). They
also revealed that the microglia mRNA pattern of the brainstem cluster with the cerebellum
and, based on proteomic studies, these regions share a similar microenvironment in
contrast to other brain regions (Sharma et al. 2015, Masuda et al. 2019). Assuming that
brainstem microglia are similar to the cerebellum based on their gene and protein
expression pattern, our data are consistent with studies showing that microglia in the
cerebellum are in a so-called "immune-vigilant" state, in which microglial activation
markers are elevated compared with other brain regions such as the cortex or midbrain
(Grabert et al. 2016).

4.2.2 EE effect on microglial activation in ha-syn overexpressing mice

The microglial activation markers are mostly involved in immune signaling or phagocytosis
and they are increased when microglia are shifted to a reactive state. (Boche et al. 2013,
Ransohoff & El Khoury 2015). It is also known from literature that ha-syn overexpression
and accumulation activates microglia (Hirsch & Hunot, 2009). Therefore, it was
unexpected to detect an increase in microglial activation markers in ha-syn
overexpressing and propagating mice after EE exposure compared to mice in SH (see
Figure 3.5). However, the higher level of activation upon EE exposure of microglia had no

positive or negative effect on ha-syn propagation.

In brain diseases such as stroke, depression, or glioma it was shown that microglia are
shifted to a reactive and pro-inflammatory state in the disease model and rescued upon
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EE exposure to an anti-inflammatory or homeostatic state resulting in the improvement of
the disease's phenotype or progression (Chabry et al.,, 2015; Garofalo et al., 2015;
Quattromani et al., 2014). AD models are more deeply studied with EE exposure and they
exhibit contradicting results. Two studies showed that EE can prevent a shift of microglia
to a more pro-inflammatory state upon AB or tau pathology (Lahiani-Cohen et al., 2011,
Xu et al., 2016). These mice were young (one or four months) when exposed to eight
weeks or nine months of EE. However, another study revealed that mid-aged mice treated
six months with EE had no difference in AB load and less microglia but microglia were
shifted to a more reactive state (Stuart et al. 2019). In PD there is only one study
examining microglia and EE exposure. It showed in the hippocampus that microglia gene
expression patterns upon a-syn overexpression were more reactive but were rescued to

a more homeostatic microglia state upon EE (Wassouf et al. 2018).

The results of the microglial activation phenotype upon EE in ha-syn overexpressing and
propagating mice are partly contradicting to what is reported in the literature for microglia
activation in other brain disease models. However, studies in AD models suggest that EE
exposure may have differential effects on microglia at different ages, as microglia in young
mice transition to a less reactive state, whereas they adopt a more reactive state in mid-
aged mice. This fits with our results showing more activation in eleven to twelve months
old mice. Compared with the study performed in a PD model, some differences should be
considered. In our study, we examined the expression of microglial activation markers on
protein level compared to mMRNA levels in the literature, which may indicate differential
regulation of these markers at the protein level. Moreover, our study was performed in
different brain regions and not well-specified regions, which means that different
microenvironments and heterogeneity of microglia may play a role and the EE effect in
single brain regions can get lost. Another important step is to verify that our EE protocol
is working successfully. Benito and colleagues have shown that the EE protocol used in
this study successfully increased synaptic plasticity, a known factor modulated by EE, by
increasing long-term potentiation in the hippocampus (Benito et al. 2018). Nevertheless,
it would be valuable to verify whether EE treatment was successful in our experimental
setup. This could be done by validating a known EE effect, such as increased adult
neurogenesis in the dentate gyrus by staining of doublecortin for neuronal precursor cells



76

and a proliferation marker such as Ki67 (Couillard-Despres et al. 2005) or increased BDNF
levels in the hippocampus by RT-PCR (Jha et al. 2016).

In conclusion, microglia are more activated after EE exposure at six weeks with ha-syn
pathology. Nevertheless, it remains a question whether this is an increase in activation
compared with microglia activation with ha-syn pathology or whether it is a rescue of
microglia activation disrupted by ha-syn pathology. To answer this question, the next step
must be to stain and analyze wild-type and ha-syn overexpression mice with and without
EE on the same day to directly compare microglia activation levels between wild-type and
ha-syn overexpressing mice. Considering that upregulated microglial activation upon EE
exposure could be a rescue of microglial activation disrupted by ha-syn, this would
suggest that microglial activation might be helpful at elevated a-syn levels. It is possible
that microglial activation is beneficial in the early stages of PD, represented by our PD
mouse model since microglia are able to clear a-syn and a-syn-burdened neurons. Only
later in the course of PD could microglial activation become detrimental after long-term
activation and neuroinflammation. Therefore, it would be interesting to investigate whether
increased microglia activation with EE treatment leads to greater a-syn clearance in ha-

syn overexpressing mice than in control mice.

4.2.3 EE effect on ha-syn propagation

Interestingly, the ha-syn overexpression in the DMX and ha-syn propagation to higher
brain regions showed no difference when mice were exposed to EE treatment compared
to standard housed mice (see Figure 3.6 and Figure 3.7). It might be that the
consequences of EE exposure do not modulate a-syn propagation due to several reasons.
In AD models, the most common neurodegenerative disease, controversial reports were
described on how or if EE affects AB levels and depositions, as AB is aggregating and
forming plaques in AD (Jankowsky et al. 2003, Arendash et al. 2004, Lazarov et al. 2005).
Foremost, it could be that molecular and cellular changes seen in other studies upon EE
(see chapter 1.6.2) do not necessarily translate into functional changes altering a-syn
propagation to other brain regions. Especially as most studies show the beneficial effect
of EE on the brain or in neurodegenerative disease in brain regions such as the
hippocampus, the cortex, or the SN (Kempermann 2019).
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However, it might be that EE could modulate a-syn propagation and there are limitations
by the experimental setup. The effect of EE could depend on the age at which enrichment
starts since EE tends to have a higher beneficial impact at a younger age and during brain
development (Baroncelli et al. 2010, Fischer 2016). In our study, the mice were already
mid-aged at nine to ten months, so EE may affect ha-syn propagation in younger mice. In
addition, the duration of exposure to enriched environments is critical to the outcome as
demonstrated by many studies (Rampon et al. 2000, Nithianantharajah & Hannan 2006,
Garofalo et al. 2015, Hase et al. 2017). It could be that EE treatment affects ha-syn spread
after longer time points following exposure. Another important factor in interpreting these
results is to confirm that the EE protocol was successful, as described earlier in the section

on the effects of EE on microglial activation markers.

4.3 Effect of aging

Aging is a major risk factor in PD and the protein a-syn is the most central player in PD
disease. We wanted to investigate if and how aging could have a direct effect on ha-syn

propagation.

4.3.1 Age-dependent ha-syn overexpression in DMX and propagation to
higher brain regions

In our model of rAAV induced ha-syn overexpression in the MO and propagation to more
rostral brain regions, we found a time-dependent effect of aging on ha-syn propagation.
After eight weeks but not after six weeks post-injection, we detected a more pronounced
propagation of ha-syn to more rostral brain regions in the mid-aged and aged mice
compared with young mice (see Figure 3.15 and Figure 3.17). This alteration of ha-syn
propagation was accompanied by a change of ha-syn overexpression levels in the DMX
over time. After two weeks, the level of ha-syn overexpression by rAAV injection was
similar in all age groups. However, after six weeks there was an increase in ha-syn
overexpression in mid-aged mice and at eight weeks a similar rise in mid-aged and aged

mice compared to young (see Figure 3.14 and Figure 3.16).

There are not many studies published on the a-syn propagation in animal models of PD
that address the effects of aging on a-syn pathology and spreading. However, our data fit

with previously published results based on the PFF model, which also concluded that age
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enhances the spread of a-syn fibrils and pathology (Challis et al. 2020, Van Den Berge et
al. 2021). In addition, in an animal model of AD, it has been reported that the spread of

tau is enhanced in aged mice (Susanne et al. 2021).

We have shown that there is a correlation between ha-syn mRNA expression and ha-syn
positive cells in the DMX and between ha-syn mRNA and protein quantity (see Figure 3.6
and Figure 3.12). In addition, in previous work using this ha-syn propagation mouse
model, it has been shown that there is a relationship between the level of ha-syn
overexpression in the DMX and the extent of ha-syn propagation. It was demonstrated
that the concentration of the injected rAAV and consequently the level of ha-syn
overexpression in the DMX directly correlates with the amount of ha-syn propagation and
how far rostrally ha-syn spreads (Helwig et al. 2016). In another study, the toxicity of
different purified rAAV stocks revealed that fewer ha-syn containing neurons in the DMX
cause less prominent ha-syn spreading. This suggests that a-syn is not spread by dying
neurons but by interneuronal transmission across living neurons (Ulusoy et al. 2015).
Interestingly, this can also be observed with long-term ha-syn overexpression in the DMX
for several months. Specifically, it was reported that ha-syn-containing neurons in the
DMX and ha-syn overexpression decline three months after injection compared with six
weeks and continued to decline after six months and one year. At the same time, the ha-
syn spreading to higher regions increased at three months compared to six weeks but
then decreased dramatically at six months and one year. This shows a delayed effect
between the amount of ha-syn overexpression in DMX and the resulting ha-syn
propagation (Rusconi et al. 2018). Ultimately, this suggests that the propagation of a-syn
depends on its continued overexpression in DMX. However, when these neurons die, this

leads to a disruption of propagation.

Overall, our data indicate that aging affects a-syn pathology in our model. However, it
does not seem to directly affect the ha-syn transmission and the resulting propagation,

but the level of ha-syn overexpression in the DMX.
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4.3.2 Inverse age-dependent neuronal vulnerability in DMX by protein
overexpression

We reported that overexpression of ha-syn was increased in older mice and that this

resulted in enhanced ha-syn propagation and accumulation in more rostral brain regions

such as the midbrain and forebrain. We wondered whether this difference was due to loss

of ha-syn expressing neurons in the DMX in young but not in aged mice. Could aging be

responsible for differential susceptibility of DMX neurons to overexpression of ha-syn?

In cortical embryonal neurons in vitro, we observed that empty rAAV induced some
neuronal death. However, GFP and ha-syn overexpression by rAAV transduction revealed
a dose-dependent increase in cell death (see Figure 3.10). Nevertheless, it is difficult to
conclude about rAAV or protein toxicity from in vitro results to in vivo processes (Royo et
al. 2008). In vivo, we observed some cell death in DMX at six weeks, which was significant
at eight weeks (see Figure 3.14 and Figure 3.18). The most striking observation in the
DMX eight weeks post-injection was that there is an inverse correlation of neuronal loss
and aging, with young mice showing 30 percent more neuronal loss than aged mice. This
effect was evident for GFP and ha-syn overexpression, while the empty rAAV caused no

significant neuronal loss.

In vivo, rAAVs are commonly used for protein overexpression because they are known to
have a low chance of integrating into the host genome and are not very immunogenic
(Albert et al. 2017). Therefore, it is consistent with the literature that the empty rAAV does
not cause significant neuronal death in DMX eight weeks after transduction. However,
rAAV-induced GFP overexpression is already known to result in considerable loss of
neurons, e.g., dopaminergic neurons in the SN (Klein et al., 2006; Koprich et al., 2011;
Landeck et al., 2017; Ortinski et al., 2010). This potential toxicity of GFP by
overexpression, which is also known in other paradigms and in vitro, leads to the
suggestion that GFP is not an optimal protein control (Ulusoy et al. 2010). It has been
suggested that proteins such as actin, collagen, or B-Galactosidase, which are unlikely to
become toxic by overexpression, may serve as better controls (Albert et al. 2017).
Assuming that GFP and ha-syn have this intrinsic property and are more susceptible to
toxicity by overexpression, the next step should be to overexpress other proteins to

examine neuronal vulnerability in DMX in young and aged mice. These control proteins
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should not be susceptible to toxicity by overexpression and should be also relevant in

Vvivo, e.g., another endogenous expressed neuronal protein.

We are the first to describe an inverse age-dependent sensitivity in neurons by a
distinctive insult such as protein overexpression in young and aged mice in the DMX.
There is only one other study addressing age-related neuronal vulnerability, in which
huntingtin protein was overexpressed in the striatum of young and old rats. However, this
showed that older animals had a greater loss of neurons compared to young animals
(Diguet et al. 2009). These contradictory results raise the question of whether this effect
might be region-specific (DMX vs. striatum), which could be answered by overexpression
of ha-syn in other brain regions. Furthermore, this effect could be dependent on the protein

and its toxicity when overexpressed.

4.3.3 Age and ha-syn dependent changes in microglia

This neuronal vulnerability may not only be mediated by general protein overexpression
but may be related to the response of microglia to this challenge. Indeed, a recent study
has shown that microglia overexpressing a-syn and thus activated can trigger neuronal
death in the SN. However, these neurons showed almost no a-syn depositions and die

due to the toxic environment generated by the microglia (Bido et al. 2021).

Therefore, we hypothesized that the inverse age-dependent neuronal vulnerability we see
in the DMX might be caused by a differential response of microglia in young and aged
mice to ha-syn pathology. Many reasons suggest the involvement of microglia in this
context as it is known that overexpression of ha-syn by rAAV causes activation of
microglia (Theodore et al. 2008). In addition, as discussed in chapter 1.4.3, the activation
of microglia can lead to neuronal death or phagocytosis of dysfunctional neurons.
However, this phagocytic ability of microglia is known to decrease with aging
(Bliederhaeuser et al. 2016).

Two weeks after rAAV injection and ha-syn overexpression, the pro-inflammatory cytokine
IL-6 was augmented and TNF-a was significantly increased in aged mice compared with
young counterparts. In addition, microglial activation markers Ibal and TLR2 were also

significantly increased in aged mice compared with young mice (see Figure 3.13).
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Moreover, eight weeks after injection, the number of microglia identified as Ibal-positive
and DAPI-positive was increased in young mice compared with naive controls. However,
there was no difference in the number of microglia in aged mice with ha-syn
overexpression compared with naive aged mice. In general, the number of microglia

increased with age in wild-type mice (see Figure 3.19).

Consistent with the literature, aged microglia in the ha-syn propagation model showed
increased TNF-a and I-6 production in the DMX compared with young mice. It is well
described that a more reactive phenotype is established in aging microglia, leading to an
exaggerated pro-inflammatory state (Perry & Holmes 2014, Michell-Robinson et al. 2015)
and a stronger pro-inflammatory response to insults (Rawji et al. 2016). For example,
aged microglia in mice produce higher levels of TNF-a and IL-6 in the CNS upon
stimulation and ex vivo compared with young microglia (Godbout et al. 2005, Njie et al.
2012, Bliederhaeuser et al. 2016). Consistent with the observed effects on microglia
activation markers, Ibal and TLR2 are known to be upregulated by a-syn and with aging
(Kim et al., 2015; Letiembre et al., 2007; Ogura et al., 1994; Watson et al., 2012).

However, there are certain limitations in the interpretation of our data based on the
experimental design used to characterize microglial activation and pro-inflammatory
markers two weeks after overexpression of ha-syn. We did not measure the expression
levels of the activation and pro-inflammatory markers in young and aged wild-type mice.
Therefore, we cannot distinguish the extent to which the increase of these markers is due
to the age effect or the ha-syn pathology insult. This is an important experiment that should
be performed in the future. In addition, the marker Ibal is also expressed by peripheral
macrophages (Sasaki et al. 2001), so the signal of lbal expression might not only
originate from microglia but also partly from macrophages infiltrating the brain. Another
limitation is that the receptor TLR2 is expressed on microglia as well as on neurons and
plays a role in a-syn pathology in both cell types (Kwon et al. 2019). It has been reported
that the expression of TLR2 is upregulated by the a-syn interaction on microglia and
neurons and triggers a pro-inflammatory response. However, this activation leads to
upregulation of phagocytosis of a-syn in microglia, whereas in neurons it reduces uptake

and degradation of a-syn (Dzamko et al., 2017; Kim et al., 2015).
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Our finding that microglia numbers increase with age in naive mice is consistent with the
literature (Tremblay et al., 2012; Wong, 2013). It is difficult to compare the number of
microglia in the MO with ha-syn overexpression with other studies as microglia were
counted in other brain regions, at different ages, and/or at different time points after a-syn
expression. One study showed in the SN that one month-old mice overexpressing a-syn
had higher microglia counts compared with age-matched control mice. However, after
twelve months a-syn expressing mice had a lower number of microglia than age-matched
mice (Su et al. 2009). The majority of a-syn transgenic mice as in this study, express a-
syn from the developmental stage onwards, and therefore the effects in old mice are

accumulated by lifelong a-syn expression.

We observed an interesting age-dependent difference between the numbers of young and
aged microglia eight weeks after rAAV injection when ha-syn is overexpressed in the
DMX. The increase of microglia numbers is known to be a part of the normal activation
process (Davis et al. 2017). It appears that in aged mice the process of microglial
activation is impaired with ha-syn pathology. Therefore, we want to further characterize
the phenotype and activation of microglia to better understand how young and old
microglia are differentially affected by ha-syn pathology. Using Ibal microglia staining, we
could recognize that the morphology of young and aged microglia looks different in ha-
syn overexpressing mice (see Figure 3.19 A). For this reason, we plan to characterize
microglial morphology and pro-inflammatory cytokine expression in young and aged mice
at eight weeks. In a next step, we aim to characterize the number of microglia in young
and old mice two weeks after rAAV injection in the absence of neuronal loss in DMX. This
should determine if microglia reaction upon ha-syn early on is already different in young
and aged mice.
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4.4 Conclusion and outlook

In this study, we investigated the influence of aging as a cell-intrinsic factor and EE as an
external factor on a-syn propagation, neuronal susceptibility, and the impact on microglia.
We conclude that EE has no effect on ha-syn propagation in this mouse model but
modulates microglial activation in ha-syn challenged regions. However, aging increased
the propagation of ha-syn to more rostral brain regions. These increased ha-syn
accumulations in mid-aged and aged mice compared to young could be explained by the
higher ha-syn overexpression in the mice in the DMX eight weeks after rAAV injection.
Furthermore, we reported that a possible cause for this age-dependent shift in ha-syn
overexpression in the DMX was due to differential loss of these neurons. In summary, our
results show an increased loss of neurons and a decrease in ha-syn levels in young mice
in DMX, whereas the opposite is observed in aged mice. This inverse age-dependent
neuronal vulnerability was observed not only in mice overexpressing ha-syn in the DMX
but also in GFP-overexpressing mice. We also detected age-dependent differences in the
response of microglia to ha-syn in DMX, which may be related to the neuronal vulnerability
in the DMX.

Surprisingly, the results suggest that age-related changes contribute to decreased
neuronal susceptibility of DMX in aged mice. This neuronal vulnerability is caused by high
expression of ha-syn and GFP, which are known to have toxic properties when present in
excessive amounts in the cell. However, the consequence of age-related differences in
protein concentrations in our mouse model is a-syn specific, as only ha-syn shows
propagation to higher brain regions. Considering that a-syn is endogenously expressed
and known to increase with age in the brain (Végh et al. 2014), we hypothesize that this
may be a relevant mechanism in PD, where neurons with high a-syn levels in aged

neurons do not die and are not cleared by microglia but continue to secrete a-syn.

It would be interesting to decipher the exact mechanism of how neurons die in this
paradigm and why this mechanism fails with aging. Concurrently, the mechanism which

fails with age could be the clearance of the dysfunctional or dead neurons by microglia.
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5 Abstract

Parkinson’s disease (PD) is the second most common neurodegenerative disease. The
prevalence of sporadic PD results from a complex interaction of demographic, genetic,
and environmental factors. Age is one of the strongest risk factors, while on the other
hand, physical activity is considered a protective factor. PD is characterized by three
pathological hallmarks (i) a-synuclein-rich inclusions found in neurons known as Lewy
bodies, (ii) loss of dopaminergic neurons in the Substantia nigra pars compacta, and (iii)
chronic neuroinflammation. The a-synuclein depositions show a spatiotemporal
distribution pattern in PD patients during disease progression suggesting that a-synuclein
may propagate to distinct neuronal populations throughout the brain by neuronal

connectivity.

However, it is unclear how aging as a cell-intrinsic factor and an enriched environment
(EE) combining physical exercise and cognitive stimulation as an external factor influence
a-synuclein pathology. To investigate how these factors may modulate the propagation of
a-synuclein, we have chosen a PD mouse model with unilateral injection of recombinant
adeno-associated viral vectors into the vagus nerve which leads to overexpression of
human a-synuclein (ha-syn) in the neurons of its dorsal motor nucleus. This model shows
selective spreading of the overexpressed ha-syn from the medulla oblongata to the pons,
midbrain, and forebrain by neuron-to-neuron transmission. Our results show in the
affected regions of ha-syn expression (DMX) and spreading (e.g. pons and midbrain) an
increase in microglial activation with EE treatment compared to standard housed mice.
However, EE does not influence the ha-syn propagation to more rostral brain regions. We
demonstrate that aging accelerates the propagation of ha-syn, as mid-aged (13-15
months) and aged mice (22-23 months) showed increased accumulations in higher brain
regions compared with young mice (3-5 months). Interestingly, this propagation was
related to increased ha-syn levels in the DMX over time in mid-aged and aged mice. We
showed that these higher levels resulted from inverse neuronal loss in the DMX, with
young mice exhibiting more neuronal loss than older mice. This inverse age-dependent
susceptibility was also observed in GFP overexpression, indicating a general susceptibility
to overexpression of toxic proteins. Moreover, these results might be related to the

different number and activation of microglia in young and aged animals.
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These findings suggest an inverse age-specific vulnerability of neurons in the DMX, which
then specifically drives ha-syn propagation in aged animals in our ha-syn overexpression
and propagation model. This may be an important process in PD that neurons with high
levels of a-synuclein cannot be degraded and continue to propagate and accumulate a-
synuclein to other brain regions.
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