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Abstract

Parkinson’s disease (PD) is the most common neurodegenerative movement disorder
of unknown aetiology. The neuropathological hallmarks of PD are Lewy bodies/neurites
(LBs/LNs), deposits of abnormal aggregated proteins, mainly a-synuclein (a-syn), and
the progressive loss of dopaminergic neurons in the substantia nigra pars compacta
(SNpc), causing striatal dopaminergic deficiency responsible for the classic motor
symptoms observed in PD patients.

To unravel the molecular mechanisms involved in the neurodegenerative process and
the establishment of therapeutic interventions, robust animal models are needed.
However, no model system has yet been developed that efficiently replicates all main
pathological and clinical features of the disease. In this study we aimed to establish a
novel model of PD based on the inoculation of human wild-type a-syn pre-formed fibrils
(PFFs) into the striatum of SNCA-OVX transgenic mice. Our results show that
pathological a-syn induces the neurodegenerative process in the SNCA-OVX model by
facilitating the conversion of endogenous a-syn to pathological a-syn inclusion bodies
that exhibit morphological and molecular properties of human LBs/LNs. We
demonstrate a-syn propagation to distant brain areas, possibly along interneuronal
pathways. Furthermore, we detect that PFF-seeded a-syn pathology has an impact on
the integrity of the nigrostriatal pathway, resulting in the loss of SNpc dopaminergic
neurons and dopaminergic denervation in the striatum. No robust motor deficits were
observed, but additional assays need to be conducted to complement our results.

Therefore, our findings indicate that the PFF-injected SNCA-OVX mouse model is a
suitable model to reproduce human a-syn pathology, to study its impact on disease
progression and to investigate new therapeutic approaches aimed to prevent or halt
pathological a-syn aggregation and propagation.



Zusammenfassung

Die Parkinson-Krankheit ist die haufigste neurodegenerative Motor-Erkrankung, deren
Atiologie bislang unbekannt ist. Neuropathologisch &uRert sich die Krankheit durch das
sukzessive Absterben dopaminerger Neuronen der Substantia nigra pars compacta
(SNpc), sowie dem Auftreten von abnormalen Proteinablagerungen, die Lewy-
Korperchen/Neuriten (LBs/LNs) genannt werden und hauptsachlich das Protein a-
synuclein (a-syn) enthalten. Der Verlust dopaminerger Nervenzellen fihrt zu einem
striatalen Mangel and Dopamin, der flr die klassischen Motorsymptome verantwortlich
ist, die bei Parkinson-Patienten zu beobachteten sind.

Zur Untersuchung der zugrundeliegenden molekularen Mechanismen und der
Entwicklung von Therapiemdglichkeiten werden robuste Tiermodelle in der Forschung
bendtigt. Bisher wurde noch kein Modellsystem entwickelt, das alle pathologischen und
klinischen Merkmale der Krankheit effizient reproduziert. Das Ziel dieser Studie war die
Etablierung eines neuen Parkinson-Krankheit-Modells, das durch die Injektion humaner
wild type praformierten a-syn Fibrillen in das Striatum transgener SNCA-OVX Mause
generiert wird. Unsere Beobachtungen zeigen, dass die Inokulation mit pathologischem
a-syn neurodegenerative Prozesse in dem Modell induziert, indem es die Umwandlung
von endogenem a-syn in pathologische a-syn Aggregate begunstigt. Die beobachteten
a-syn Aggregate zeigen morphologische und molekulare Eigenschaften von humanen
LBs/LNs und breiten sich von der Injektionsstelle in entfernte Hirnregionen aus,
mdglicherweise entlang neuronaler Verbindungen. Darlber hinaus verursachen
pathologische a-syn Aggregate den Verlust von Dopamin-produzierender Neuronen in
der SNpc und die Denervierung dopaminerger Nervenendigungen im Striatum. Es
wurde keine robuste Motorbeeintrachtigung festgestellt, was mit weiteren Tests
untersucht werden muss.

Die Ergebnisse der Studie demonstrieren, dass dieses Modellsystem, basierend auf
der Administration von humanen wild type praformierten a-syn Fibrillen in SNCA-OVX
Mause, geeignet ist, die humane a-syn Pathologie und dessen Auswirkung auf den
progressiven Krankheitsverlauf widerzuspiegeln. Zudem kénnen neue therapeutische
Ansatze erforscht werden, die darauf abzielen, die pathologische Aggregation sowie
Ausbreitung von a-syn zu unterbinden oder verlangsamen.



Resumen

La enfermedad de Parkinson (EP) es un trastorno neurodegenerativo motor de
etiologia desconocida, que cursa con un amplio espectro de sintomas motores y no
motores. Se caracteriza por la pérdida de neuronas dopaminérgicas de la substancia
negra pars compacta (SNpc) y la presencia de cuerpos/neuritas de Lewy (LBs/LNs),
que son agregados de proteinas, restos de membranas y organulos subcelulares, cuyo
componente principal es la proteina presinaptica (a-syn). La degeneracion de estas
neuronas resulta en una deficiencia de dopamina en el estriado, responsable de los
sintomas motores observados en los pacientes con EP.

Para desentranar los mecanismos moleculares implicados en el proceso
neurodegenerativo de la EP y desarrollar nuevas estrategias terapéuticas, se
necesitan modelos animales robustos. Sin embargo, aun no se ha desarrollado ningun
modelo animal que reproduzca de forma eficiente todas las caracteristicas patoldgicas
y clinicas de la enfermedad. En este estudio se pretende establecer un nuevo modelo
basado en la administracion de fibrillas preformadas de a-syn humana wild type en el
estriado de ratones transgénicos SNCA-OVX. Nuestros resultados muestran que la a-
syn patolégica induce el proceso patolégico y neurodegenerativo que caracteriza a la
EP en el modelo murino SNCA-OVX, facilitando la conversién de la a-syn endégena a
agregados patolégicos de a-syn. Demostramos que estos agregados comparten
caracteristicas morfoldégicas y moleculares con los LBs/LNs observados en la EP
humana. Ademas, demostramos la propagacion de la patologia de la a-syn a regiones
cerebrales alejadas del sitio de la inyeccion, mediante la implicacion de conexiones
intraneuronales directas, pero posiblemente también mediante conexiones
interneuronales. También mostramos que la patologia de la a-syn inducida tras la
inyeccion de PFFs impacta en la integridad de la via nigroestriatal, resultando en la
pérdida de terminales axonales en el estriado y de cuerpos celulares de las neuronas
dopaminérgicas en la SNpc. Sin embargo, no observamos un déficit motor grave en el
punto temporal post-inyeccién evaluado.

Por lo tanto, estos resultados indican que el modelo SNCA-OVX inyectado con PFFs
de a-Syn reproduce la patologia humana de a-syn, y es un modelo adecuado para
estudiar su impacto en la progresion de la enfermedad e investigar nuevos enfoques
terapéuticos dirigidos a prevenir o detener la agregacion y propagacioén de la patologia.



Introduction

Parkinson’s disease (PD)

Parkinson’s disease (PD) is a neurodegenerative movement disorder that was first
medically described in “An Essay on the Shaking Palsy” by James Parkinson in 1817.
Even though the first formal description is ascribed to James Parkinson, the disease
was already known in several civilizations long time before but was often
misinterpreted as other diseases (Raudino., 2012). It was not until 1872 that the french
neurologist Jean-Martin Charcot separated PD from multiple sclerosis and other
disorders characterized by tremor. He and his students described the clinical spectrum
of this illness, differentiating two types, the tremorous and rigid/akinetic form, and
distinguished bradykinesia as a separate cardinal feature. Also, Charcot was the first
one proposing the term “Parkinson’s disease” instead of the earlier used descriptions
“paralysis agitans” or “shaking palsy”, acknowledging that PD patients do not
necessarily display tremor and are not markedly weak (Goetz, 2011; Charcot, 1872).

Today, PD is the second most common neurodegenerative disease after Alzheimer’'s
disease with a global prevalence of more than 6 million individuals. From 1990 to 2016,
the number of individuals diagnosed with PD globally increased 145%, making it the
fastest growing neurological disorder (Dorsey et al., 2018; GBD 2016 Neurology
Collaborators). Typically, the onset is between 55 and 65 years, affecting 1-2% of
people over 60 years and rising to 3.5% at the age 85-89 years (Rizek et al., 2016).
The prevalence of PD is higher in men than women. A study found a higher incidence
rate among men with the relative risk being 1.5 times greater in men than women. The
increased risk of PD in men might be explained by exposure to toxic substances, head
trauma, neuroprotection by oestrogen, mitochondrial dysfunction, or X linkage of
genetic risk factors (Wooten et al., 2004).

The cause of PD remains elusive, and no cure or preventive therapy has yet been
discovered. Also, diagnosis remains a challenge because classic clinical features of the
disease are shared with other neurodegenerative conditions, and a definitive diagnosis
from the earliest stages is not possible with current diagnostic tests or biomarkers
(Tolosa et al., 2021).

Neuropathological hallmarks of PD

The neuropathological hallmarks of PD are (1) the degeneration of dopaminergic cells
in the substantia nigra pars compacta (SNpc), accompanied by (2) the formation of
proteinaceous inclusions in form of Lewy bodies (LBs) and Lewy neurites (LNs)
(Fig. 1). The cell bodies of SNpc dopaminergic neurons contain the dark-brown
pigment neuromelanin (Marsden, 1983), hence the loss of these cells leads to the
classical finding of SNpc depigmentation in PD. LBs are intraneuronal aggregates of
more than 90 molecules (Wakabayashi et al., 2013, Wakabayashi et al., 2007) that are
mainly composed of a-synuclein (a-syn) (Spillantini et al., 1997), a neuronal protein
that is highly enriched in presynaptic nerve terminals (Maroteaux et al., 1988).

The cells of the SNpc are most vulnerable to neurodegeneration occurring in PD (see
“Introduction — Parkinson’s disease — Aetiology”) and it selectively affects the
ventrolateral cell groups (A9) that project to the posterolateral putamen, constituting the
nigrostriatal pathway of the basal ganglia. On the other hand, dorsal and medial cell
groups (A10) are more resistant and are part of the mesolimbic DA pathway (Dickson
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et al., 2009; Dickson, 2018). The distinct pattern of nigral neuronal loss is consistent
with the uneven loss of dopamine (DA) in the striatum, where the putamen is more
impacted than the caudate nucleus. The loss of nigrostriatal projections leading to
substantial DA loss in the putamen contributes to motor symptoms in PD patients
(Rinne et al., 1993).

A B
’ I. - 3 Ve B 3 | ?:\
: : A o
o e >
ﬁ ' = e i
- { ® o " R‘ o’
Fxle 1 (e
a e o ‘v N "
} - 4 L
R & A y e
15} 4 " ® &
} e
L0 SRR ¢ oA

Fig. 1: Neuropathological hallmarks of Parkinson's disease (PD). (A) Macroscopic view of a
transverse section of the mesencephalon. Dopaminergic cell loss of the SNpc is visible as depigmentation
in the SN (red arrows) of a PD patient (right), compared to a healthy person (left). (B) Lewy bodies (black
arrows) in pigmented neurons of the SN (Hematoxylin Eosin staining). Inclusions are also seen in neuronal
processes, mostly axons, so-called Lewy neurites (not shown). Scale bar: 10 um (Modified from Bloem et
al., 2021, supplementary appendix)

Basal ganglia and related nuclei

The basal ganglia and related nuclei refer to various subcortical cell groups that
primarily play a role in motor control, but also motor learning, executive functions and
behaviour, and emotions. In the strictest sense, the basal ganglia consist of striatum (or
caudate-putamen) and globus pallidus, while related nuclei include the subthalamic
nucleus (STN) and substantia nigra (SN). To better understand the circuitry in the basal
ganglia, its nuclei can be divided into (1) input nuclei, (2) output nuclei, and (3) intrinsic
nuclei. Input nuclei consist of caudate nucleus, putamen and nucleus accumbens that
receive information from different sources, mainly cortical, thalamic, nigral, but also
striatal afferents. On the contrary, output nuclei are the internal segment of globus
pallidus (GPi) and the substantia nigra pars reticulata (SNr) that send information from
the basal ganglia to the thalamus. Intrinsic nuclei are located between input and output
nuclei, namely the external segment of globus pallidus (GPe), STN, and SNpc
(Lanciego et al., 2012).

The striatum contains medium-sized spiny neurons (MSNSs) that are inhibitory neurons
using GABA as neurotransmitter. MSNs from the dorsal striatum that project to the
output nuclei GPi and SNr express dopamine receptor subtype 1 receptors (D{R)
(“direct” pathway), whereas MSNs that innervate the GPe nucleus (intrinsic nucleus)
express the dopamine receptor subtype 2 (D2R) (“indirect” pathway) (Lanciego et al.,
2012). The differential expression of dopamine receptors is associated with distinct G-
proteins that are coupled to different intracellular signalling pathways, resulting in
distinct biochemical responses of MSNs upon DA receptor activation (Calabresi et al.,
2014).

Striatal afferents include projections from multiple brain areas. The entire cortex, both
ipsilateral and contralateral, innervate the striatum with glutamatergic projections. Also,
thalamic innervations reach the striatum, being an additional source of glutamatergic
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afferents. However, little is known about thalamic influence in basal ganglia function
and dysfunction, consequently the thalamostriatal pathway is usually not mentioned in
models of basal ganglia circuits. Moreover, the amygdaloid complex provides
glutamatergic inputs to the striatum and serotonergic projections arise from the raphe
nuclei, mainly the dorsal nucleus (Lanciego et al., 2012). The nigrostriatal system
constitutes the major source of DA in the striatum and originates from the SNpc (A9
cell group). The second nucleus of the SN, the pars reticulata (SNr), projects inhibitory
axons to the thalamus (Young et al., 2023) and receives dopaminergic projections from
the ventral tier of the SNpc (Lanciego et al., 2012).

The classical model of functional organization of the basal ganglia is described by the
direct and indirect striatopallidal pathway, working in opposition to one another (Fig. 2).
Striatal neurons of the direct pathway (indicated in red), activated by DA, project to the
GPi and SNr, exhibiting an inhibitory action on these nuclei. The inhibition of inhibitory
GPi/SNr neurons leads to a disinhibition of the thalamus that sends excitatory
connections to the motor cortex. As a result, the motor cortex is activated and
facilitates locomotor activation and movement. The indirect pathway (indicated in blue),
on the other hand, inhibits motor activity. MSNs expressing D2-family receptors are
inhibited by DA and project indirectly to the GPi/SNr via the GPe and STN. The
inhibition of GPe neurons results in disinhibition of the glutamatergic neurons of the
STN which stimulates GPi/SNr inhibitory (GABA) projections to the thalamus.
Ultimately, the motor cortex is inhibited, resulting in the reduction of locomotor activity
and movement (Calabresi et al., 2014; Young et al., 2023).
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Fig. 2: Schematic overview of the classical direct/indirect motor pathway of the basal ganglia. (A) In
physiological condition, DA input from the SNpc activates D1-expressing striatal MSNs of the direct
pathway (red) and inhibits D2-expressing striatal neurons of the indirect pathway (blue). The output nuclei
GPi/SNr project to the thalamus which sends efferents to the cortex. Appropriate execution of movement
requires balance of both direct and indirect pathways. (B) In PD patients, the loss of dopaminergic SNpc
neurons reduces striatal DA and thereby receptor stimulation in MSNs. The imbalance of direct and
indirect pathway leads to canonical motor symptoms observed in PD. (Modified from Calabresi et al.,
2014)

For the appropriate execution of normal movement an adequate balance of direct and
indirect pathway is necessary. The loss of dopaminergic neurons in the SNpc
underlying PD leads to striatal DA depletion and reduces DA receptor stimulation in
striatal MSNs. This results in the imbalance of direct and indirect pathway stimulation
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and over-inhibition of thalamic neurons projecting to the cortex. The abnormal
activation of output nuclei manifests in the appearance of typical motor symptoms
observed in PD patients (Calabresi et al., 2014; Dauer et al., 2003).

Motor and non-motor symptoms

The classic motor symptoms of PD are tremor, bradykinesia/hypokinesia/akinesia,
rigidity and postural instability, amongst others (Table 1, left) (Balestrino et al., 2020).
PD tremor appears at rest, decreasing with voluntary movement. Bradykinesia
(slowness of movement), hypokinesia (reduction in movement amplitude), and akinesia
(absence of normal unconscious movements) manifest as a variety of symptoms such
as hypomimia (reduction of facial expressions), drooling (failure to swallow without
thinking about it), and micrographia (decreased size of handwriting) (Dauer et al.,
2003).

Tremor Hyposmia, anosmia

Rigidit Psychiatric symptoms
gengy Depression, anxiety, apathy, halluciantions, psychosis
Bradykinesia, akinesia, hypokinesia

hypomimia, hypophonia, drooling, micrographia Dementia, cognitive impairment

Postural instability Sensory symptoms

Postural abnormality Genitourinary symptoms

camptocormia, Pisa syndrome urinary frequency, urgency, reduced libido, sexual dysfunction
Gait disturbances Gastrointestinal symptoms

freezing, festination, start/target/obstacle hesitation constipation, delayed/reduced stomach emptying
Alterations in blinking, eye movements Dysphagia, sialorrhoea, dysarthria, hypophonia

Disturbances of sleep and wakefulness
Cardiovascular symptoms

blood pression variations (postural, postprandial), dysrhythmias

Table 1: Motor and non-motor symptoms of PD. (Modified from Balestrino et al., 2020)

Even though PD is defined as a movement disorder, the disease comprises multiple
non-motor features (Table 1, right). Symptoms range from olfactory impairment,
dysphagia, sialorrhoea, gastrointestinal and cardiovascular symptoms, to sleep,
sensorial, cognitive and neuropsychiatric disturbances (Balestrino et al., 2020). It has
been shown that non-motor symptoms contribute to a great extent to the disability of
affected individuals and have a negative impact on health-related quality of life in PD
(Santos-Garcia et al., 2013; Santos Garcia et al., 2019).

Interestingly, several of these symptoms have been shown to arise up to 10 years
before the manifestation of motor impairment, the prodromal phase of PD, and are
concurringly termed “prodromal symptoms” (Postuma et al., 2012). 90% of PD patients
manifest olfactory deficits, that are usually bilateral and can occur before the onset of
DA loss-related motor symptoms (Bohnen et al., 2008). Also, rapid eye movement
(REM) sleep behaviour disorder (RBD) can occur in the early course of the disease
process, before the manifestation of motor signs (Postuma et al., 2015). Among
prodromal symptoms, RBD stands out in that more than 90% of those with isolated
RBD develop neurodegenerative parkinsonism, commonly PD or PD dementia (Iranzo
et al., 2013; Dauvilliers et al., 2018). Further, depression is common in patients with PD
and may as well precede motor signs (Shiba et al., 2000; Reijnders et al., 2008).
Gastrointestinal disturbances such as constipation may be observed before the
alteration in motor function, as well (Abbott et al., 2001). The cause of gastrointestinal
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dysfunctions is not well understood and may be attributed to extrinsic and intrinsic
pathological and biochemical changes. Also, multiple neurotransmitter and
neuromodulators (such as acetylcholine, dopamine, noradrenaline, etc.) influence
bowel function, explaining the complexity of symptomatology (Schapira et al., 2017).

Until relatively recently, PD has primarily been considered a motor disorder and
research primarily focused on the investigation of motor deficits, which is why
neuropathological mechanisms underlying non-motor features of PD are poorly
understood. However, growing evidence propose the implication of dopaminergic as
well as non-dopaminergic systems, along with the involvement of diverse structures
outside the nigrostriatal pathway (Schapira et al., 2017). Besides DA, neurotransmitter
systems involved in the non-motor symptoms of PD pathophysiology include the
noradrenergic system of the locus coeruleus, the serotonergic system of the dorsal
raphe nuclei, and the cholinergic system of the nucleus basalis of Meynert and the
pedunculopontine nucleus (Qamar et al., 2017). It is important to unravel the molecular
basis involved in the development of non-motor symptoms, and to develop tools that
allow early diagnosis of the disease, as early detection provides a wide time window to
prevent disease development and progression.

Lewy pathology

As mentioned before, Lewy pathology is one of the hallmarks of PD as well as other
synucleinopathies such as dementia with Lewy bodies (DLB), and multiple systems
atrophy (MSA). LBs are proteinaceous intracellular inclusion bodies of abnormal
aggregated proteins, mainly consisting of a-syn (Spillantini et al., 1997) together with
more than other 90 molecular components such as p62/sequestosome 1,
proteasomes, ubiquitin-pathway-related proteins (Wakabayashi et al., 2007,
Wakabayashi et al., 2013).

LBs have been found within a-syn-expressing neuronal populations in PD and DLB
affected individuals (Spillantini et al., 1998b), and oligodendrocytes in MSA patients
(Spillantini et al.,, 1998a). In PD and DLB, widespread a-syn aggregation has
additionally been found in neighbouring astroglial cells (Song et al., 2009). Yet,
phosphorylated a-syn inclusions are not only found in cell bodies but also in cellular
processes, mostly axonal, so-called Lewy neurites (LNs) (Wakabayashi et al., 1992;
Wakabayashi et al., 2013). Lewy pathology is also defined by crowded environment of
membranes that include vesicular structures and fragmented organelles. Dysmorphic
mitochondria, lipid membranes, and lysosomal structures are found, together with
proteins of degradation pathways such as ubiquitin and p62/SQSTM1. This finding
indicates the contribution of damaged organelles in the formation of LBs
(Shahmoradian et al., 2019).

Although LB pathology has been reported in the SNpc and contributes to
neurodegeneration of dopaminergic neurons, it has been shown that a-syn pathology is
not exclusively restricted to this brain region. Braak and colleagues have discovered
the presence of LBs in non-PD post-mortem brains and proposed the olfactory bulb
(OB) and the enteric nervous system (ENS) of the gastrointestinal tract (GIT) as
putative sites of origin for a-syn aggregation. From these starting points, the pathology
spreads via the olfactory tract and vagus nerve, respectively, to other brain regions
following neural connectivity, with a-syn pathology being present in the midbrain and
cortex at later disease stages (Fig. 3 A). Hence, the progression of a-syn pathology is
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thought to follow a distinct caudo-rostral pattern throughout the CNS (Braak et al.,
2003; Braak et al., 2004). According to this theory, PD was divided in 6 stages, defined
by the development of a-syn inclusions in specific brain areas, including dorsal motor
nucleus of the vagus nerve (DMX), OB, dorsal raphe nuclei (DR), magnocellular
portions of reticular formation, locus coeruleus, SN, and cortex. Each stage
corresponds to specific symptomology of PD (Fig. 3 B) (Rizek et al., 2016).

B

Stage 1

Olfactory bulb (OB)
Dorsal motor nucleus of the vagus nerve (DMX)
Peripheral autonomic neurons

Constipation
Anosmia

Stage 2

Locus coeruleus Sleep and mood
Dorsal raphe nuclei (DR) dysfunction

Stage 3

Substantia nigra (SN)
Basal forebrain (BFB)
Central subnucleus of amygdala

Classical PD motor
symptoms (see Table 1)

Stage 4

Thalamus

Medial temporal cortex (MTC) Dementia
Hippocampus Psychosis

Cortical and basolateral nuclei of amygdala
Stage 5 and 6

Cortical regions

Fig. 3: Braak staging of Lewy body deposition. Braak et al. (2003) proposed that LB progression
begins from the OB and DMX, respectively, and spreads via the olfactory tract and vagus nerve to other
brain regions, ultimately reaching cortical areas. (A) Schematic representation of the progression of Lewy
pathology throughout the brain, following a specific caudo-rostral pattern. (Modified from Schapira et al.,
2017) (B) PD was divided in 6 stages depending on LB pathology, each corresponding to specific
symptomology. (Modified from Rizek et al., 2016)

Neuropathological findings support the “gut-brain” axis in PD and early a-syn
aggregation in the periphery, including gastric myenteric and submucosal plexuses and
gastrointestinal tissues, during prodromal stages of PD (Braak et al., 2006; Stokholm et
al., 2016). Environmental factors (e.g., changes in gut microbiome, toxins) are
hypothesized to initiate disease progression by causing inflammation and oxidative
stress which leads to abnormal a-syn aggregation. The spreading of ENS-formed a-syn
seeds towards the CNS is enabled by increased permeability of the intestinal barrier
(“leaky gut”) via the DMX (Fig. 3 A) (Del Tredici et al., 2016; Jan et al., 2021).

As discussed above, distinct non-motor features (Table 1) have been shown to appear
years before the manifestation of motor deficits, the prodromal phase of PD (Ross et
al., 2012; Postuma et al., 2012). This observation is interesting in the context of the
Braak’s hypothesis (Braak et al., 2003; Braak et al., 2004) as the onset of prodromal
symptoms corresponds to a stage where pathological changes involve extranigral sites,
such as the lower brain stem, the olfactory bulb and tracts, and the peripheral
autonomic nervous system (Fig. 3 B) (Schapira et al., 2017; Tolosa et al., 2021). For
instance, the DMX is a key modulator of autonomic control of the bowel, where
pathological changes occur early in the disease progress, explaining constipation as a
possible prodromal feature of PD (Abbott et al., 2001). Consistently, the pre-motor
development of hyposmia and RBD has been explained with the concept of early brain
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stem involvement in a-syn pathology (Boeve et al., 2007; Ferrer et al., 2011; Schapira
et al., 2017).

Although Lewy pathology is usually observed in PD, some findings challenge the
concept of a-syn as a key feature of development and progression of the disease. First,
not all cases of parkinsonism are characterized by a-syn inclusions. Studies revealed
that familial PD mutations in Parkin, and the LRRK2 G2019S mutation evoke
neurodegeneration in the absence of LBs (Gaig et al., 2009; Johansen et al., 2018).
Moreover, post-mortem analysis showed that LBs/LNs may be present in the brain
without clinical PD symptoms (Parkkinen et al., 2005). Another observation was made
in advanced PD patients, where only a minority of grafted neurons demonstrated Lewy
body-like inclusions, while their appearance did not have functional consequences for
neurons surviving for long time periods (Kordower et al., 2008; Gémez-Benito et al.,
2020).

Aetiology: from genetic and environmental factors to aging

Until today, the aetiology of PD remains unresolved. However, studies have shown that
a complex interplay between risk and protective factors, including genetic and
environmental ones, contribute to disease pathogenesis. Hence, PD is considered a
multifactorial disorder with age being the greatest risk factor. Changes in the
nigrostriatal system during normal aging contribute to the pathogenesis of PD affecting
the morphological and functional integrity of cells. The prevalence and incidence
increase nearly exponentially with age and peak after 80 years (Driver et al., 2009;
Pringsheim et al., 2014). Interestingly, 10 to 15% of patients have family history among
first-degree relatives (Thacker et al., 2008), and in a minority of affected individuals a
single gene mutation is found, usually associated with a younger age of onset
(Verstraeten et al., 2015). As well, in sporadic forms of PD a genetic susceptibility has
been proven in genome-wide association studies (GWAS) (Nalls et al., 2014; Nalls et
al., 2019).

The common cellular and molecular converging pathways implicated in PD
pathogenesis in all the different PD phenotypes are processes involved in the
regulation of protein homeostasis, or proteostasis, including abnormalities in protein
aggregation, intracellular protein and membrane trafficking, and protein disposal by
ubiquitin-proteasome and lysosome-autophagy systems, along with processes involved
in mitochondrial function and mitophagy, synaptic function and DA transmission (Kalia
et al., 2015).

Many studies investigated the genetics underpinning PD. Several genes implicated in
monogenic familial forms of PD have been identified, genetic mutations underlying
Gaucher disease have been related to PD (Garcia-Sanz et al., 2017) and GWAS
revealed additional risk factors for developing PD (Table 2) (Delamarre et al., 2017).

Monogenic genes, or mendelian inherited genes, can be distinguished between
autosomal dominant transmission and recessive transmission. Mutations in the genes
SNCA (PARKT; encoding a-synuclein), LRRK2 (PARKS8; encoding dardarin), VPS35
(encoding vacuolar protein sorting 35), CHCHDZ2, and EIF4G1 have been shown to
cause autosomal dominant forms of PD. On the contrary, mutations in Parkin (PARK2),
PINK1 (PARK6; PTEN-induced kinase 1), DJ-1 (PARK7), ATP13A2 (PARK9),
PLA2G6, FBXO7, DNAJC6, and RAB39B have been shown to cause autosomal
recessive PD and/or parkinsonism (Delamarre et al., 2017; Hernandez et al., 2016).
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Combining all monogenic forms of PD, about 30% of familial and 3-5% of sporadic
cases can be explained (Kumar et al., 2011; Hernandez et al., 2016).

Autosomal dominant SNCA, LRRK2, VPS35, CHCHD2, EIF4G1

Parkin, PINK1, DJ1, ATP13A2, PLA2G6,

Autosomal recessive FBX07, DNAJC6, RAB39B

Gaucher disease GBA1

SNCA, MAPT, LRRK2, HLA-DRB5, BST1, GAK,
SNPs increasing PD risk (GWAS) ACMSD, STK39, MCCC1/LAMP3, SYT11,
CCDC62/HIP1R, etc.

Table 2: Genetics of PD. Genes implicated in mendelian and non-mendelian transmission of PD.
(Modified from Delamarre et al., 2017)

For a long time, PD was considered a sporadic disease without genetic influence.
However, in 1997, the a-synuclein encoding gene SNCA was the first gene to be
discovered, causing autosomal dominant PD (Polymeropoulos et al., 1997). Today a
total of seven point mutations are associated with SNCA familial forms of
synucleinopathies: A30P, E46K, H50Q, G51D, AS53E, A53T, and A30G
(Polymeropoulos et al., 1997; Krlger et al., 1998; Zarranz et al., 2004; Lesage et al.,
2013; Proukakis et al., 2013; Pasanen et al., 2014; Liu et al., 2021). Moreover,
duplications and triplications of the complete SNCA gene were linked to PD (Klein et
al., 2012; Hernandez et al., 2016). It has been discovered that genomic duplications
and triplications of the SNCA gene lead to early-onset of PD. The severity and age of
disease onset correlate with copy number of SNCA, indicating a gene-dose effect
(Hernandez et al., 2016).

Additionally, several mutations have been discovered in the Leucine-rich repeat
kinase 2 (LRRKZ2) gene which are the most frequent genetic cause of late-onset PD,
being found in familial (autosomal dominant) as well as sporadic cases (Lesage et al.,
2006; Lesage et al.,, 2009; Klein et al., 2012; Hernandez et al., 2016). Another
autosomal dominant mutation was detected in the vacuolar protein sorting 35 homolog
gene (VPS35) (Zimprich et al., 2011), encoding a protein that is possibly involved in
degradation of a-syn (Delamarre et al., 2017; Hernandez et al., 2016). In general, a
mutation in the gene is rare (1% of familial, 0.2% of sporadic PD) (Delamarre et al.,
2017; Zimprich et al., 2011; Hernandez et al., 2016), and symptoms as well as disease
onset resembles typical idiopathic PD (Kumar et al., 2012).

Unlike autosomal dominant PD that usually has an onset similar to sporadic PD,
recessively inherited parkinsonism is more frequently linked to early onset PD.
Autosomal recessive genes include Parkin, PINK1, FBXO7 and DJ1 (Table 2).
Interestingly, the neuropathology of Parkin mutations consists of strong loss of SNpc
neurons, but lack of post-mortem LBs in most cases (Mori et al., 2003). A possible
explanation for missing LB pathology might be the early onset of the disease (Doherty
Hardy, 2013), considering that no cases of juvenile-onset PD have been reported that
demonstrated post-mortem LBs (Mizutani et al. 1991; Hernandez et al., 2016).
Mutations in PINK1, FBXO7 and DJ1 are similarly reported to cause early-onset
autosomal recessive PD. DJ71 acts as a chaperone protein that acts against the
aggregation of a-syn and its mutation leads to altered mitochondrial shape and
increased ROS levels (Delamarre et al., 2017; Hernandez et al., 2016).

The most important risk factor yet discovered for PD are the mutations in the
glucocerebrosidase (GBA1) gene, encoding the lysosomal enzyme glucocerebrosidase
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(GCase). Studies have indicated that 7-10% of PD patients carry a GBA1 mutation and
GBA1-linked PD is clinically indistinguishable from idiopathic PD (Migdalska-Richards
et al., 2016). The presence of a GBA71 gene mutation generates the reduction in
GCase enzyme activity or stability, leading to impaired lysosomal function, ER stress,
Golgi fragmentation, increased apoptosis, decline of a-syn degradation/increasing a-
syn aggregation, mitochondria dysfunction and fragmentation (Garcia-Sanz et al.,
2017). Homozygous mutations lead to Gaucher disease (GD), the most frequent
lysosomal storage disorder. Both homozygous and heterozygous mutations in GBA1
gene can increase the PD risk 20-30-fold (Schapira, 2015; Migdalska-Richards et al.,
2016; Garcia-Sanz et al., 2017; Garcia-Sanz et al., 2021).

More recently, GWAS discovered single nucleotide polymorphisms (SNPs) of genes
associated with increased risk of developing PD. Studies reported several additional
gene associations with PD including components of the immune system and confirmed
the involvement of known genes such as SNCA and tau. In 2019, the largest meta-
analysis of GWAS identified 90 independent, genome-wide, statistically significant risk
factors that make up for 16-36% of the heritable risk of PD (Nalls et al., 2014, Nalls et
al., 2019).

In addition to genetic factors, lifestyle and environmental factors are important when
talking about the multifactorial aetiology of PD. Established risk factors include
environmental toxins such as pesticides, consumption of dairy products, and traumatic
brain injury. Several protective factors have also been reported in multiple studies such
as smoking, caffeine intake (coffee- and tea-drinking), anti-inflammatory drug use, high
plasma urate levels, or physical activity (Delamarre et al., 2017; Fan et al., 2020;
Balestrino et al., 2020; Bloem et al., 2021). Interestingly, estrogen might be a protective
factor against PD since PD is more frequent in men compared to women, yet
controversial results have been reported (Miller et la., 2010). Most recently, is has been
proposed that an infection with SARS-CoV-2 shares clinical manifestations and
inflammatory/molecular pathways with PD and might stimulate neurodegenerative and
neuroinflammatory cascades, possibly increasing the risk of developing parkinsonism
and PD (Mysiris et al., 2022).

As mentioned above, age has been shown to be the greatest risk factor for idiopathic
PD. Aging can be described as a progressive accumulation of molecular and cellular
dysfunction causing the breakdown of tissues that is needed to sustain life. Biological
processes that are affected in aging involve mitochondrial homeostasis, protein
homeostasis and inflammation. Several molecular hallmarks seen in aging brains
overlap with mechanisms that are involved in PD neurodegenerative processes
(Fig. 4). These mechanisms include oxidative damage and mitochondrial dysfunction,
loss of protein homeostasis, neuroinflammation, impaired stress response. Age-related
dysfunction likely affects neurons vulnerable to PD-linked risk factors (genetic and/or
environmental) impairing the same processes which results in additional dysfunction
and potentially promotes a-syn pathology (Coleman et al., 2022).

It is well known that dopaminergic neurons of the SNpc are most affected by
neurodegeneration in PD and have been shown to be more vulnerable to cell loss in
aging compared to other brain areas. Elucidating why DAergic cell populations,
especially that of the SNpc, are more susceptible to age-related processes might give
insights into PD disease mechanisms. The cellular environment of the SN might be an
important factor for the selective vulnerability of dopaminergic SN neurons in aging and
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PD. The cells of the SN are in many ways special as they are believed to be in
additional oxidative stress due to DA metabolism and as well exhibit pace making
activity (therefore have special calcium dynamics, see “Introduction — Parkinson’s
disease — a-Synuclein — propagation and spreading”), potentially important for the
maintenance of DA levels within the striatum. These characteristics make cells of the
SN more sensitive to changes in protein degradation pathways and mitochondrial
impairment. Age-related processes such as the loss of neuromelanin (possibly
neuroprotective) pigmentation, accumulation of reactive oxygen species (ROS)
generated as a by-product during DA metabolism, decreasing ability of neurons and
mitochondria to handle calcium and iron levels, and decline in protein degradation
efficiency are exemplary stressors that lead to cell loss of vulnerable neurons as soon
as additional insults occur. Additional insults can be mitochondrial dysfunction (e.g.,
complex | deficiency) or a-syn mutation/accumulation of toxic species. Yet, in some
cases changes in protein degradation pathways and mutations in mitochondrial DNA
alone have been sufficient to cause SN cell loss. Hence, it is believed that neurons get
weakened with increasing age which eventually leads to the disability to respond to
further insults seen in PD. It is the ensemble of all processes that eventually induce cell
loss. Interestingly, it has been shown that in addition to SN cells other neuronal cell
populations are affected by similar processes such as mitochondrial alterations and LB
pathology. These observations suggest that the unique mixture of these features within
the SN contributes to its vulnerability and thus, to the development of PD (Reeve et al.,
2014).

Aging effect Biological function PD effect
/ \ Mitochondrial Homeostasis Environmental factors slow respiration,
impaired respiration, turnover and respiration promote oxidative stress
fusion/fission balance turnover (mitophagy, biogenesis) Genetic mutations impair mitophagy and
accumulated mtDNA mutation morphology (fusion, fission) biogenesis (PINK1), increase fragmentation
elevated ROS and oxidative stress mDNA maintenance (DJ-1, LRRK2, SNCA), damage mDNA
ROS generation and oxidative stress (LRRK2, SNCA)

LRRK2 mutations alter protein synthesis
PINK1 and Parkin mutations impair
mitophagy

SNCA mutations promote self-propagating
misfolding and aggregation

decrease in global protein synthesis
protein misfolding and aggregation
increased

impaired protein turnover via proteasome
and autophagy

Protein Homeostasis
synthesis and folding
turnover
organelle turnover

activated microglia surrounding
degenerating cells

chronic low-level inflammation attributed to Inflammation elevated pro-inflammatory cytokines in
prolonged microglial activation and reduced immune cell activation brain and CSF ey
immune cell clearance inflammatory response

infiltration of peripheral immune cells in the
/ brain

Fig. 4: Key biological processes that are affected in aging and PD. It has been shown that overlapping
effects of aging and PD exist on biological processes involved in mitochondrial, protein homeostasis and
inflammation. Environmental as well as genetic factors contribute to the dysfunction of processes. For
additional detailed information see the review Coleman et al., 2022. (Modified from Coleman et al., 2022)

Diagnosis

When motor symptoms become evident in patients with PD, DA in the putamen is
depleted around 80%, and approximately 60% of SNpc dopaminergic neurons have
already degenerated. Clinically, any disease including the loss of DA in the striatum
may lead to “parkinsonism”, a syndrome characterized by tremor at rest, rigidity,
slowness or absence of voluntary movement, postural instability and freezing.
Accounting for approximately 80% of cases, PD is the most common cause of
parkinsonism (Dauer et al., 2003). In practice, PD is a clinical diagnosis including
history taking and neurological examination. However, a definitive diagnosis can
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usually only be made based on typical neuropathological changes in the brain (Fig. 1)
(Bloem et al., 2021). Patients must exhibit the core clinical features as well as
responsiveness of motor symptoms to levodopa administration is required to satisfy the
criteria for diagnosis of PD (Berardelli et al., 2013).

Nevertheless, several non-motor symptoms, including hyposmia and RBD, arise in the
prodromal phase of PD, several years before the onset and diagnosis of classic motor
impairment (see “Introduction — Parkinson’s disease — Motor and non-motor
symptoms”) (Ross et al., 2012; Postuma et al., 2012). It is evident that the prodromal
phase is an important opportunity to identify individuals at high risk of developing PD,
to gain insight in disease development and progression and constitutes a promising
therapeutic window for neuroprotective treatments before the occurrence of massive
neurodegeneration (Schapira et al.,, 2017; Balestrino et al., 2020). Prodromal
symptoms have been proposed to be most effective as early biomarker in combination
with other biomarkers like imaging, more-specific clinical, genetic, and/or biochemical
parameters (Schapira et al., 2017). In this regard, a-syn has been suggested to be a
promising biomarker in PD (Fayyad et al., 2019). Studies reported that the detection of
a-syn in the cerebral spinal fluid (CSF) might present a promising tool to identify PD,
reporting a decrease in the total level of a-syn levels in patients compared to control
individuals (Parnetti et al., 2014; Eusebi et al., 2017; Mollenauer et al., 2019), while
oligomeric a-syn species were significantly increased (Hansson et al., 2014; Fayyad et
al., 2019).

a-Synuclein

The intracellular protein a-syn received initial attention when it was identified as the
major component of LBs and LNs (Spillantini et al., 1997), one of the neuropathology
hallmarks of PD. Since then, the protein has been linked to several neurodegenerative
diseases that are commonly known as synucleinopathies, including PD, DLB, and
MSA. The exact molecular mechanisms underlying pathogenesis are still unsolved, but
the process of pathological aggregation of a-syn is a shared event in all diseases
(Villar-Piqué et al., 2016).

Structure and physiological function

a-Syn is a small cytoplasmatic protein spanning a length of 140 amino acids. It is
enriched in the presynaptic terminals, playing a role in the assembly of the SNARE
complexes (Burré et al., 2010; Jan et al., 2021), and is highly expressed in the brain,
but also in other organs of the adult human (Ltic et al., 2004). The protein is a product
of the SNCA gene which is located at position 21 in the long arm of chromosome 4
(Shibasaki et al., 1995), which is the first gene identified to cause autosomal dominant
PD (Polymeropoulos et al., 1997). In several studies genetic mutations (point
mutations, duplications, triplications, SNPs) of SNCA have been linked to PD
development (Polymeropoulos et al., 1997; Kriger et al., 1998; Zarranz et al., 2004;
Klein et al., 2012; Lesage et al., 2013; Proukakis et al., 2013; Pasanen et al., 2014;
Nalls et al., 2014; Nalls et al., 2019; Liu et al., 2021).

Structurally, a-syn can be divided in three core elements: (1) the amphipathic lysine-
rich N-terminal, residues 1-60, that is known to be implicated in lipid-binding (Ulmer et
al., 2005), (2) the central non-amyloid-component (NAC) domain, residues 61-95, that
consists of a highly hydrophobic motif which is critical for a-syn aggregation (Giasson
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et al., 2001), and (3) the acidic carboxyl-terminal region, residues 96—140, responsible
for the protein’s chaperone-like activity (Souza et al., 2000). Truncations or deletions of
the C-terminus have been shown to enhance aggregation and cytotoxicity of a-syn in
vitro (Hoyer et al., 2004; Tofaris et al., 2006; Ma et al., 2018).

The physiological function of a-syn remains a controversial subject. It has been
suggested that a-syn acts at the presynaptic terminal regulating synaptic vesicle
dynamics (Ghosh et al., 2017). This hypothesis is consistent with findings of a-syn
within in the synapse (Maroteaux et al., 1988), its co-localization with reserve pool of
synaptic vesicles (Lee et al., 2008), its interaction/binding with/to synaptobrevin-2
(VAMP2, a component of the SNARE complex required for synaptic vesicle fusion) and
its implication in the assembly of the SNARE complex (Burré et al., 2010). Further, it
has been reported that a a-syn might be implicated in DA neurotransmission
(Abeliovich et al., 2000). Besides being highly abundant in the presynaptic terminals of
neurons, its localization has been confirmed in most subcellular compartments such as
nucleus, cytoplasm, Golgi complexes, endoplasmic reticulum (ER), mitochondria and
axons (Zhang et al., 2008; Ghosh et al., 2017). Hence, it has been proposed that a-syn
might have a function in the nucleus since it was initially found in the nuclear
compartment, however, this finding remains controversial (Maroteaux et al., 1988;
Huang et al., 2011). The protein might play a role in gene expression pathways, but it is
not known if a-syn directly interacts with DNA or regulates important players in
transcription (Villar-Piqué et al., 2016).

Aggregation and toxicity

The native conformation of a-syn under physiological conditions remains
undetermined. It is proposed that a-syn exists in various conformations, primarily
occurring as soluble intrinsically disordered monomer in the cytosol but adopting a
highly ordered a-helix-rich form upon membrane binding (Jao et al., 2004; Burré et al.,
2013). Also, the existence of an alternative, tetrameric, aggregation-resistant a-syn
population has been reported, which remains controversial (Bartels et al., 2011). As an
intrinsically disordered protein, a-syn is thought to change between various
conformations, ranging from fully unfolded to a fully folded protein (Fig. 5 A).

On the other hand, a-syn as an amyloid protein can form aggregates. It has been
shown that the natively unfolded protein contains the property to self-assemble into
higher-order structures (amyloid fibrils) upon in vitro incubation for a long time (Conway
et al.,, 2000; Ghosh et al., 2017; Polinski et al., 2018). Isoforms can perform drastic
structural changes that produce B-sheet-like assemblies, precursors of more complex
amyloid forms of the protein. After initial aggregation, small oligomeric species
(intermediate species in the aggregation process) are formed that are stabilized by
sheet interactions, giving rise to higher molecular weight, insoluble protofibrils that
polymerize into amylogenic fibrils which are found in LBs (Estaun-Panzano et al.,
2023). The self-assembly pathway of a-syn is presented in Fig. 5 B. While the primary
nucleation process is critical for the formation of initial fibrils from monomers, later
amyloid structures are similarly problematic since they act as a “black hole”, attracting
more and more monomers to form fibrils. This process is known as secondary
nucleation and involves the fragmentation of pre-formed fibrils which increases the
number of ends for the elongation process. Also, it catalyses the formation of more
oligomers by interaction of monomers with the surface of fibrils (Ghosh et al., 2017;
Estaun-Panzano et al., 2023). The process of a-syn self-assembly follows a sigmoidal
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growth curve of three phases: (1) initial lag phase, where the aggregation prone
nucleus is formed (primary nucleation), (2) growth phase of fibril elongation, and (3)
plateau phase of fibril maturation (Jan et al., 2021; Ghosh et al., 2017; Estaun-Panzano
et al., 2023).

In vitro several external factors have been shown to induce misfolding and aggregation
of a-syn: acidic pH, increasing temperature, molecular crowding, organic solvents,
pesticides, metal ions and a-syn binding proteins. Further, membranes and membrane
binding might influence physiological function and aggregation of a-syn along with
post-translational modifications such as phosphorylation, ubiquitination, nitration, N-
terminal acetylation, lysine modification, truncation (Ghosh et al., 2017, Jan et al.,,
2021). In general, physiological processes such as mitochondrial impairment, defect of
lysosomal autophagy and ubiquitin-proteasome systems, oxidative stress, and
neuroinflammation are processes that not only contribute to the misfolding of a-syn, but
also the spreading of pathology and progression of PD (Gémez-Benito et al., 2020).

Notably, the vast majority of a-syn accumulated in LBs are phosphorylated at the C-
terminally located serine residue-129 which makes Ser129 hyperphosphorylation a
widely regarded pathological hallmark of PD and other synucleinopathies (Fujiwara et
al., 2002). But not only environmental aspects, also genetic features influence the state
of a-syn regarding oligomer and fibril formation. Investigating familial PD-linked SNCA
mutations in vitro revealed distinct effects on the aggregation properties
(oligomerization and fibrillation) of a-syn. So far, studies discovered that E46K (Choi et
al., 2004), A53T (Conway et al., 1998), H50Q (Ghosh et al., 2013) mutations, enhance
a-syn fibril formation, while A30P (Conway et al., 2000), G51D (Fares et al., 2014),
A53E (Ghosh et al., 2014) mutations decelerate a-syn fibrillation rate. Moreover, A30P
(Conway et al.,, 2000) and G51P (Fares et al., 2014) mutations were proposed to
accelerate non-fibrillar aggregation by a-syn.

Importantly, the final structure of amyloid fibrils is dependent on several factors: (1) the
possible B-sheet conformations of monomers as the initial starting point and (2)
external factors such as pH, specific cellular and/or extracellular environment. Different
condition result in different species of a-syn aggregates (polymorphs) with variable
toxicity and manifestations. These different species are also known as a-syn strains
and target distinct brain regions and cell types, giving rise to different pathological
responses dependent on their properties (Lau et al., 2020; Estaun-Panzano et al.,
2023). Among synucleinopathies different types of cerebral a-syn inclusions can be
observed which might be attributed to the heterogeneity of a-syn strains, each
reflecting the spread and growth of different amyloid species (Estaun-Panzano et al.,
2023). While the presence of LBs/LNs within neurons is the pathological hallmark of
PD and DLB (Spillantini et al., 1998b), MSA is characterized by the cytoplasmatic
aggregation of a-syn in oligodendrocytes (Spillantini et al., 1998a).

Regarding toxicity of a-syn species, it is not answered yet whether oligomers, rather
than mature fibrils are the most potent neurotoxic species causing degeneration in PD.
Many findings support the notion of oligomeric a-syn species being the most toxic form
(Winner et al., 2011; Karpinar et al., 2009). Consistently, increased levels of soluble a-
syn oligomers have been found in brain and CSF of patients containing LB pathology
compared to healthy controls (Paleologou et al., 2009; Hansson et al., 2014). Studies
revealed that non-fibrillar oligomers bind to the cell membrane, cause toxicity, and
increase reactive ROS (Ghosh et al., 2017). However, several studies suggest toxicity
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for fibrillar and mature a-syn species since a-syn fibrils display prion-like behaviour and
can seed a-syn aggregation. Exogenous introduced a-syn fibrils have the capacity to
get internalized in the cell to induce endogenous a-syn of the cell to form LB-like
inclusions, cause toxicity and spread the disease pathology through cell-to-cell
transmission mechanisms (Volpicelli-Daley et al., 2011; Luk et al., 2012a, Luk et al.,
2012b, Recasens et al., 2014). These findings indicate that not only oligomers, but also
fibrils exhibit pathological features. Another theory suggests mature a-syn aggregates
to be a protection mechanism to trap toxic oligomers, as the formation of aggregates
has been linked to decreased cytotoxicity, and a-syn inclusions might constitute
protective cell aggresomes (Tanaka et al., 2004; Wakabayashi et al., 2007; Villar-Piqué
et al., 2016).
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Fig. 5: Schematic representation of a-syn aggregation, nucleation processes and the physiological
functions of a-syn that are impaired in pathological a-syn state. (A) Aggregation process of a-syn.
Different monomeric conformations exist in an equilibrium, ranging from a fully unfolded to a fully folded
state. Aggregation involves the formation of B-sheet assemblies that lead to the formation of complex
fibrillated forms which are found in LBs. (Modified from Estaun-Panzano et al, 2023) (B) Self-assembly
pathway of a-syn. Primary nucleation describes the initiation of the aggregation process, when monomers
form oligomeric species, while secondary nucleation involves the formation of oligomeric species from
monomers in a fibril-catalyzed manner. (Modified from Ghosh et al., 2017) (C) Function of a-syn and
defects in pathological state. Among other tasks, a-syn functions at the presynaptic terminal, regulating
synaptic vesicle dynamics and is implicated in the assembly of the SNARE complex. In its toxic state, a-
syn becomes dysfunctional affecting intracellular organelles and pathways including proteasomes, ER-to-
Golgi trafficking, lysosomes, microtubules, mitochondria, and membranes. (Modified from Villar-Piqué et
al., 2016)

Several findings have shown that the pathological aggregation of a-syn affects synaptic
function by inducing calcium dyshomeostasis, mitochondrial impairment, ER stress,
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impairment of protein clearance pathways such as autophagy, disruption of biological
membranes, neuroinflammation and oxidative stress. In general, pathological a-syn
aggregates disturb several intracellular organelles and pathways including
proteasomes, lysosomes, synapses, microtubules, ER-to-Golgi trafficking,
mitochondria, and membranes (Fig. 5 C) (Villar-Piqué et al., 2016; Gomez-Benito et
al., 2020; Jan et al., 2021). a-Syn degradation occurs via the autophagy-lysosomal and
ubiquitin-proteasome system (UPS) pathway (Webb et al., 2003). Hence, disruption of
clearance pathways further aggregation of abnormal a-syn and its self-propagation.
Also, lipid membranes and crowded organelles have been found in LBs, suggesting
that alteration of these structures contribute to LB formation (Shahmoradian et al.,
2019). Moreover, a-syn aggregates in the presynaptic terminal disturbs SNARE
complex-assembly and consequently decreases the efficiency of DA release from
nerve terminals, causing impairment of synaptic function (Garcia-Reitbdck et al., 2010).

Propagation and spreading

The findings of a-syn aggregations in form of LBs and LNs in grafted fetal
mesencephalic progenitor neurons in the striatum of PD patients provided initial
evidence supporting the hypothesis of “prion-like” propagation of a-syn (Kordower et
al., 2008; Li et al., 2008). Since then, in vitro studies have revealed that (1) cultured
neurons are able to secrete into and take up a-syn from the extracellular space and (2)
the treatment of cultured cells with recombinant a-syn fibrils induces the assembly of
endogenous a-syn into Lewy-like structures (Luk et al., 2009; Volpicelli-Daley et al.,
2011; Reyes et al.,, 2015). These findings suggest the potential of a-syn to seed
pathological conversion of endogenous a-syn and to propagate throughout the brain.

Based on these in vitro studies, observations have been confirmed in in vivo models of
PD. It has been reported that a-syn seeds from recombinant proteins (pre-formed
fibrils) (Kim et al., 2019; Luk et al., 2012a; Patterson et al., 2019; Paumier et al., 2015;
Rey et al., 2016; Shimozawa et al., 2017) or aggregates containing-lysates from
diseased brains (Recasens et al., 2014; Herman et al., 2023) can induce propagation
of a-syn in rodents and non-human primates, supporting the hypothesis of its prion-like
nature. Additionally, studies of neural stem cell transplantation into transgenic mice
expressing human a-syn (Deplats et al., 2009) further support the ability of long-
distance a-syn propagation.

Despite the evidence of a-syn containing the ability of cell-to-cell transfer, the
underlying molecular pathways remain largely elusive. It is thought that a-syn
undergoes exocytosis, being released from the cell into the interstitial compartment as
naked protein or in vesicles, so-called exosomes (Shi et al., 2014; Stuendl et al., 2016;
Peng et al., 2020; Jan et al., 2021). Interestingly, not only neurons, but also microglial
exosomes might significantly contribute to the progression of a-syn pathology (Guo et
al., 2020). However, the conformational properties regarding conformational state are
unknown. Once released, a-syn might interact with extracellular components, and has
been shown to be taken up by neighbouring cells via various routes which include
(1) direct penetration of the membrane, (2) fluid-phase or (3) receptor-mediated
endocytosis, (4) fusion of plasma-exosomal membranes, and (5) tunnelling nanotubes
that directly connect two adjacent cells (Abounit et al., 2016; Peng et al., 2020; Jan et
al.,, 2021). Within the recipient cell, a-syn seeds undergo post translational
modifications, including truncation, phosphorylation, ubiquination, which promote the
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interaction with a-syn monomers and other cytosolic proteins, enhancing a-syn
aggregation and propagation (Peng et al., 2020; Jan et al., 2021).

However, not all PD patients exhibit LB pathology, and the presence of LB pathology
does not necessarily lead to functional deficits in surviving neurons. These
observations have challenged the theory of “prion-like” nature of a-syn (Parkkinen et
al.,, 2005; Kordower et al., 2008; Gomez-Benito et al., 2020). It has led to the
postulation of the “selective neuronal vulnerability” hypothesis, stating that certain
neuronal population are more at risk to adverse stimuli from the local microenvironment
(e.g., neuroinflammation, metabolic defects) due to their inherent cellular and functional
properties, which in turn contributes to the propagation of a-syn (see “Introduction —
Parkinson’s disease — Aetiology”). It has been reported that, in a cytoarchitectural
aspect, cells typically affected by a-syn pathology are CNS projection neurons with
thin, long unmyelinated, or poorly myelinated axons, and high number of axonal
terminals (e.g., hyperbranching axons) (Cheng et al., 2010; Jan et al.,, 2021).
Interestingly, in the rat brain a dopaminergic neuron makes up to a quarter million
striatal synapses, whereas the human brain contains 10-times higher number of vesicle
release sites (Matsuda et al., 2009). Also, functional properties of cell populations have
been postulated as factor predisposing neurons to a-syn related toxicity, which does
not necessarily correlate with LB burden. For instance, SNpc dopaminergic neurons
exhibit autonomous pace making activity that includes large intracellular Ca?*
oscillations and low Ca?* buffering. This activity enables the sustained release of DA
which is necessary for the proper functioning of target structures, including the striatum
(Guzman et al., 2009; Jan et al., 2021). Impaired calcium handling is part of age-
related dysfunctions that occur in dopaminergic SNpc neurons. These observations
give a hint on why specific neuron populations, here DAergic SNpc cells, might be
more susceptible to adverse stressors such as aggregation and propagation of a-syn.
Several age-related processes involved in dopaminergic cell death in SNpc neurons
are discussed above (see “Introduction — Parkinson’s disease — Aetiology”), further
supporting selective neuronal vulnerability hypothesis of the dopaminergic SNpc
population.

Moreover, it has been shown that glial cells and neuroinflammation play an
unneglectable role in a-syn pathology. The intramuscular injection of a-syn fibrils in
human A53T transgenic mice did not only produce a-syn pathology and
neurodegeneration, but also astrogliosis at a later timepoints (Sorrentino et al., 2018).
Similarly, hind limb intramuscular injection of a-syn in wild-type (WT) and transgenic
mice induced widespread CNS a-syn pathology, accompanied by astrogliosis,
microgliosis, and motor impairments (Sacino et al., 2014). Misfolded a-syn might trigger
the activation of microglia, while activated microglia can promote the abnormal
aggregation of a-syn via toxic cytokine release, creating a positive feedback loop
between inflammation and aggregation. Hence, it remains unclear if inflammation is the
cause or consequence of protein aggregation in this context (Olanow et al., 2019;
Goémez-Benito et al., 2020). These findings support the concept that glial cells influence
the formation and propagation of a-syn aggregates, possibly having an effect on the
local environment of neuronal populations.
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Models of Parkinson’s disease

In general, the use of animal models is highly needed in research to understand
biological mechanisms in health and disease, and the development of diagnostic
methods and therapeutical strategies. PD is considered a heterogenous disease with
multiple factors causing disease onset, various symptoms, and distinct rate of
progression. The heterogeneity of the disease has led to the establishment of
numerous models to study the different aspects of PD, while no model can perfectly
mimic all pathological and clinical features of human PD. PD model systems can be
distinguished between (1) toxin-based models, (2) genetic models, and (3) a-syn
propagation models based on the introduction of exogenous a-syn species.

Toxin-based models

The most classical models of PD remain neurotoxin models. These models are based
on the degeneration of dopaminergic neurons which is induced by the local or systemic
administration of neurotoxins. Neurotoxins used include 6-hydroxydopamine (6-OHDA)
and 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), and other pesticides such as
rotenone, paraquat, maneb, and trichloroethylene, while 6-OHDA and MPTP are the
most commonly used toxins. These models are valuable since they are relatively easy
to establish, and their results can be compared with a large amount of previously
conducted studies. Nevertheless, a huge drawback of neurotoxin models is that they
only elicit motor symptoms, reflecting the late, chronic, dopamine-depleted state,
without reliably presenting neuropathological features, including a-syn pathology (Kin
et al., 2019). Further, the analysis non-motor features can be impeded by robust motor
phenotypes (Taguchi et al., 2020).

Genetic models

Genetics plays an important part in the development of PD as several disease-
modifying mutations have been found in familial PD and several genetic risk factors
have been identified in GWAS (see chapter “Parkinson’s disease — Aetiology”). The o-
syn encoding gene SNCA was the first gene to be associated with PD, together with
the finding of a-syn aggregates being the major component of LBs (Spillantini et al.,
1997; Polymeropoulos et al., 1997). Since then, research has focused on a-syn based
models, but also additional monogenic PD mutations have been used to generate PD
models and study the effects of mutated proteins in PD (Table 3) (Konnova et al.,
2018).

Genetic manipulation is achieved by (1) generating transgenic organisms or (2)
administrating viral vectors that mediate the overexpression of a-syn (Kirik et al., 2002;
Kirik et al., 2003; Decressac et al., 2012; Oliveras-Salva et al., 2013). Mutated genes in
transgenic animals include SNCA (Giasson et al., 2002; Rockenstein et al., 2002;
Tofaris et al., 2006; Cannon et al., 2013; Janezic et al., 2013) and other PD-related
genes such as DJ-1 (Goldberg et al., 2005; Kim et al., 2005), Parkin (Goldberg et al.,
2003), Pitx3 (Hwang et al, 2003), LRRK2 (Lin et al., 2009; Hinkle et al., 2012), and
PINK1 (Akundi et al., 2011).

Transgenic models modifying a-syn are useful to investigate the role of a-syn and its
relation to PD and similarities to other synucleinopathies. Though, it has to be
considered that, in general, transgenic modulation affects early development stages,
which interferes with the modelling of late onset neurodegeneration. Also, there is an
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inherent risk of transgenic models which is the development of compensatory
mechanisms and additional deficits during development (Konnova et al., 2018). Some
studies of genetic models revealed changes in motor function and behaviour (Hinkle et
al., 2012), yet many studies assessing the integrity of the nigrostriatal DA system did
not observe loss of dopaminergic neurons (Goldberg et al., 2003; Hinkle et al., 2012;
Blesa et al., 2014). Until now, various a-syn overexpression transgenic models have
been developed, though results remain very variable. It has been observed that the
extent of dopaminergic neurodegeneration primarily depends on the promotor used to
drive transgene expression and protein expression level. In general, the findings
suggest that genetic alternation in transgenic mice are insufficient to reproduce all the
neuropathological hallmarks of PD (Blesa et al., 2014).

PARK1 SNCA A30P, A53T, E46K a-syn Dominant

Various mutations, exonic deletions,

PARK2 PRKN duplication and triplication Parkin Recessive
PARK4 SNCA Duplication and triplication a-syn Dominant
PARKS UCH-L1 193M and S18Y UCH-L1 Dominant
PARKG6 PINK1 G309D, exonic deletions PINK1 Recessive
PARK?7 DJ-1 Homozygous exon deletion, L166P DJ-1 Recessive
PARKS8 LRRK2 G2019S, R1441C/G, and others Dardarin Dominant

Table 3: Familial mutations that have been used in genetic animal models of PD. Mutation used are
in genes encoding for proteins implicated in biological processes linked to PD progression. (Modified from
Konnova et al., 2018)

In 2013, Janezic and colleagues created a transgenic mouse line overexpressing a-syn
which was generated by injecting a bacterial artificial chromosome (BAC) construct
carrying the complete 111-kb human wild-type SNCA locus and endogenous promotor
sequences into C57/BI6 pronuclei. The BAC technology allows the expression of a
transgene under the control of native promoters and regulatory elements, enabling a
physiological spatio-temporal expression profile of the transgene product. The SNCA-
OVX mouse line expresses WT human a-syn onto an a-syn-null (Snca™") pure C57/BI6
background to prevent interactions with endogenous mouse a-syn. The level of a-syn
overexpression in SNCA-OVX mice mirrors the alteration in human a-syn levels
resulting from a ftriplication of SNCA locus in familial PD (Miller et al.,, 2004).
Additionally, elevated levels of a-syn have been reported in sporadic PD in which a 6-
fold increase in a-syn mRNA levels was observed in remaining DA midbrain neurons
from patients (Griindemann et al., 2008). Therefore, this model was proposed to be
useful for modelling both familial and sporadic PD. The mice display early deficits in DA
release from terminals in the dorsal striatum, which is followed by neurodegeneration of
SNpc DA cells and reduced spontaneous firing rate of these neurons. In sum, the
greatly reduced DA output, results in motor impairments in aged animals. However, DA
dysfunction and neurodegeneration occurred although no pathological protein
aggregation was present in the striatum and SNpc (Janezic et al., 2013).

Regarding viral vector-mediated models, advantages are targeting of the nigrostriatal
system, the induction of pathology in adulthood, and the possibility to adjust dosage.
To induce overexpression of a-syn in rodents, recombinant adeno-associated virus
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(rAAV) and lentivirus (LV)-based vectors have been used in previous studies. It has
been shown that not only the genetic variant of the gene, but also the viral vectors, the
dose administered, and the transfection efficiency influence the PD phenotype
(Konnova et al., 2018; Van der Perren et al., 2015; Kirik et al., 2002).

The overexpression of a-syn mediated by rAAV is an important model to study a-syn
aggregation and its contribution to neurodegeneration, and consequently motor and
cognitive impairment, along with evaluation of potential therapeutics (Gomez-Benito et
al., 2020). By overexpressing WT a-syn or expressing PD-associated mutations (A53T,
A30P) of a-syn utilizing rAAV, dopaminergic SNpc neurons are progressively lost
(Koprich et al., 2011; Oliveras-Salva et al., 2013; Ip et al., 2017) and striatal DA is
decreased (Koprich et al.,, 2011; Ip et al., 2017). However, the degree of
neurodegeneration is variable among studies, depending on serotypes, promotors, a-
syn species, doses, injection site. Also, species, strain and age of animals used
influence the phenotype observed (Goémez-Benito et al., 2020). In addition to
dopaminergic loss, some studies show motor alterations following rAAV-mediated a-
syn overexpression, appearing several weeks after viral injection (Kirik et al., 2002;
Decressac et al., 2012; Oliveras-Salva et al., 2013; Ip et al., 2017). Moreover, rAAV-
mediated overexpression models induce a-syn pathology with a dramatic increase in
the levels of the protein (Kirik et al., 2002; Oliveras-Salva et al., 2013; Van der Perren
et al., 2015; Ip et al., 2017; Gomez-Benito et al., 2020). These levels were higher than
those found in idiopathic PD or even in patients with SNCA multiplications suggesting
that this model might not be suitable to reproduce human PD and study mechanisms
related to idiopathic PD (Duffy et al., 2018a). Injections of rAAV overexpressing a-syn
generate hyperphosphorylated syn (pa-syn) immunoreactive inclusions that are
proteinase-K resistant (Ip et al., 2017), but do not reproduce morphological features of
human LBs. Immunoreactive pa-syn inclusions are frequently localized to the nucleus
(Duffy et al., 2018a) and are present as small and punctuate structures (Ip et al., 2017;
Gomez-Benito et al.,, 2020), in contrast to large, cytoplasmic aggregates found in
human Lewy pathology. Further, it has been observed that a-syn expression is
maintained within striatal MSNs, travelling from the cell body to the terminals in an
anterograde manner. No transmission of a-syn aggregates to other non-transduced
cells was observed, despite expression of endogenous a-syn. Hence, a-syn pathology
is restricted to neurons transduced by rAAV which makes this model not useful to study
the prion-like behaviour of pathological a-syn aggregates (Gémez-Benito et al., 2020).

a-Syn propagation models

A suitable model for studying the prion-like behaviour of a-syn and its propagation
through the brain is the inoculation with exogenous a-syn. As described in chapter “a-
Synuclein — propagation and spreading” several in vitro and in vivo studies have
previously shown the potential of a-syn to seed pathological conversion of endogenous
a-syn and its ability to propagate throughout the brain. Most of these models based on
the inoculation with pre-formed fibrils (PFFs) or PD brain lysates have demonstrated
progressive protein aggregation, neuronal loss, neuroinflammation, and development
of motor deficits (Recasens et al, 2014; Paumier et al., 2015; Shimozawa et al., 2017;
Patterson et al., 2019; Chung et al., 2019). These studies report that endogenous a-
syn is required for developing the pathology, and PFFs a-syn might act as a template
for endogenous a-syn to convert into pathological inclusions (Luk et al., 2012b; Kim et
al., 2019; Recasens et al., 2014; Gémez-Benito et al., 2020).
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The intracerebral introduction of PFFs induce the accumulation of phosphorylated a-
syn, localized in the soma as well as cellular processes. Some studies reported co-
localization of pa-syn inclusions with markers found in human Lewy pathology,
indicating that they share common properties (Gomez-Benito et al., 2020). Moreover,
aggregates are hyperphosphorylated at Ser129, thioflavin S-positive, proteinase-K-
resistant, and co-localize with p62 and ubiquitin (Rey et al., 2016; Paumier et al., 2015;
Luk et al., 2012a; Luk et al., 2012b; Duffy et al., 2018b; Chung et al., 2019). However,
pa-syn immunoreactive aggregates present different morphological features than
human LBs: from granules with cytoplasmic staining, wrapped around the nucleus, to
compact, rounded structures with dark staining in the entire cell (Luk et al., 2012a;
Paumier et al., 2015; Rey et al., 2016; Gémez-Benito et al., 2020).

All studies have shown the spreading of pathological a-syn from the injection site to
anatomically interconnected brain regions. It is proposed that fibrils are taken up by
nerve terminals, and then travel to the cell body following a fibrillary retrograde
transport (Gémez-Benito et al., 2020). When PFFs are injected into the striatum, a-syn
inclusion are picked up by terminals close to the injection site, and can be detected in
other brain areas over time, such as locus coeruleus, SNpc, thalamus, hypothalamus,
amygdala, neocortex, indicating that there is a time-dependent propagation of a-syn
pathology (Luk et al., 2012a; Luk et al., 2012b; Paumier et al., 2015; Patterson et al.,
2019). Depending on injection site and rodent model, unilateral inoculation can
generate bilateral pathology. Still, contralateral pathology has been shown to develop
at lower levels and later time points compared to the ipsilateral hemisphere. The fibers
are mainly found in the striatum, but also motor cortex, amygdala, and SN (Luk et al.,
2012a; Luk et al., 2012b; Paumier et al., 2015; Gémez-Benito et al., 2020; Polinski et
al., 2021).

Even though the striatum is the most commonly used intracerebral injection site, also
OB, hippocampus, SN has been used for inoculation with PFFs, along with peripheral
sites such as intramuscular, intraglossal, intraperitoneal, intestinal and intravitreal
injections (Chung et al., 2019; Polinski et al., 2021; Pérez-Acufia et al., 2023). It is
evident that the propagation pattern is variable depending on injection site since a-syn
spreading follows neural connection trajectories. But not only the injection site, also the
amount and type of PFFs contribute to high variability between PFF-injected models
(Polinski et al., 2021; Chung et al., 2019) and the animal/strain used (Luk et al.,
2012a). Another important aspect is the high precision is needed during surgical
procedures to enable adequate inoculation at the site of interest (Gémez-Benito et al.,
2020). Also, it has been shown in previous studies that species from which a-syn PFFs
are derived seems to be critical for the efficient formation and propagation of
aggregates, indicating more efficient aggregate formation when PFFs are derived of
the same origin as endogenous a-syn (Fares et al., 2016, Luk et al., 2016; Rey et al,
2016; Kim et al., 2019).

According to the Braak’s hypothesis (Braak et al, 2003; Braak et al., 2004), a-syn PFFs
have also been administered through peripheral routes such as OB and GIT.
Supporting the viewpoint of the “gut-brain” axis, several models have been established
where a-syn was injected into the GIT. Exogenous inoculation with PFFs or PD brain
lysates into the GIT of WT rats have shown emergence of a-syn aggregation in the
ENS, subsequently inclusions in the DMX two days post injection (Holmqvist et al.,
2014). Initial models of a-syn fibril injections into the stomach of mice did not show
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further propagation from the DMX to the CNS (Uemura et al., 2018), mice injected with
a-syn fibrils into the stomach and duodenum displayed a-syn propagation from the
brainstem to the midbrain, amygdala, hippocampus, and eventually olfactory bulb (Kim
et al.,, 2019). 1 month post inoculation stool number per passage and water content
were reduced, motor symptoms, anxiety/depression, memory impairment was
observed after 7 months, and finally 9 months post injection the olfactory system was
affected. This a-syn propagation model was able to reproduce motor as well as non-
motor symptoms of PD from prodromal disease stages (Taguchi et al., 2020). In a
study where PFFs were injected into the OB of mice, pathological pa-syn aggregation
was found in areas distant to the injection site which indicates the spatial progression
of a-syn pathology over time. Further, DA cell loss and olfactory dysfunction was
observed 1 month post injection (Rey et al., 2016; Rey et al., 2018). These models are
valuable to study a-syn propagation in early disease stages and investigate prodromal
PD symptoms.

It can be concluded that models of a-syn propagation are a valuable tool to reproduce
the LB-like pathology, investigate the spatio-temporal propagation of pathological
aggregates, determine their anatomical, molecular and behavioural impact, as well as
to develop and test therapies aiming to impede formation of inclusions and their
spreading. Yet, there is great variability among results of generated PFF-based
models, especially between research groups. Therefore, standard protocols for the
preparation of PFFs are needed, along with studies to improve optimal conditions for
generating the models (e.g., concentration/origin of PFFs, site of injection, strain) to
obtain efficient and robust phenotypes (Chung et al., 2019; Gémez-Benito et al., 2020).
Here, we have established a new murine model of PD by injecting human wild-type o-
syn PFFs into the dorsal striatum of the SNCA-OVX transgenic mouse model (Janezic
et al., 2013).
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Hypothesis and objectives

Parkinson’s disease (PD) is a heterogenous disease with many different phenotypes,
patterns of progression, pathological findings, genetic predispositions, whose complex
aetiology is not completely understood. To unravel the molecular bases that lead to the
onset and progression of the disease, as well as the development of therapeutic
strategies that can prevent or slow down disease progression, animal models that
accurately recapitulate the PD pathology are needed. However, so far, models
developed only reproduce certain aspects of the disease, leaving room for
improvement of PD models.

Recently, a transgenic mouse line that overexpresses human a-syn (SNCA-OVX) was
generated, displaying early DA release deficits from terminals in the dorsal striatum,
followed by the loss of dopaminergic SNpc neurons and motor impairment in aged
animals in the absence of pathological protein aggregation. The model reflects the
spatio-temporal expression pattern of human a-syn, is absent of murine endogenous a-
syn, and shows a-syn expression levels similar to those in familial and sporadic human
PD (Janezic et al., 2013). Furthermore, previous studies have shown that intracerebral
or systemic administration of synthetic a-syn PFFs (Kim et al., 2019; Luk et al., 2012a;
Patterson et al., 2019; Paumier et al., 2015; Rey et al., 2016; Shimozawa et al., 2017),
PD-patient derived LB extracts (Recasens et al., 2014) and CSF-extracellular vesicles
from patients (Herman et al., 2023) induces PD-like pathology in rodents and non-
human primates. It is well established that these models are a valuable tool for
studying the spreading of a-syn, dopaminergic neurodegeneration and
neuroinflammation.

Based on these previous findings the following hypothesis and objectives are proposed
for this master thesis.

Hypothesis

The intrastriatal inoculation with human wild-type a-syn pre-formed fibrils (PFFs) of the
SNCA-OVX transgenic mouse model boosts a-synuclein neuropathology, further
disrupting nigrostriatal pathway and worsening motor symptomology.

General objective

The overall objective of this thesis was to establish and characterize a novel
Parkinson’s disease (PD) mouse model. Therefore, the SNCA-OVX transgenic mouse
line was inoculated with human wild-type a-syn PFFs. Resulting PD-like pathology was
characterized including induction of a-synuclein aggregation and spreading,
dopaminergic neurodegeneration, and motor behaviour.

Specific objectives

1. To characterize a-syn pathology in the SNCA-OVX mouse model
following human wild-type a-syn PFF inoculation into the dorsal striatum.

2. To determine the integrity of the nigrostriatal pathway upon human wild-
type a-syn PFF injection into the SNCA-OVX mouse model.

3. To evaluate the motor impairment after a-syn PFF injection into the
SNCA-OVX mouse model.
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Experimental design

The experimental design of this study is illustrated in Fig. 6. To establish a novel PD
mouse model, transgenic SNCA-OVX mice were unilaterally injected with human wild-
type a-syn pre-formed fibrils (PFFs) into the right dorsal striatum. 150 days post
injection (dpi), PFF-inoculated mice performed the challenging beam transversal test to
assess motor performance and fine motor control. Then, animals were sacrificed 150
dpi and histological analysis was performed to investigate PD-related pathology on a
histological level. As control, intact SNCA-OVX and Snca”- (Ctrl) mice were used.
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SNCA-OVX 0 dpi 150 dpi of SNCA-OVX+PFFs
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£ SNCA-OVX

£ Snca’(Ctrl)
Fig. 6: Experimental design of the study. SNCA-OVX mice were injected with human wild-type a-syn

PFFs. 150 dpi animals performed the challenging beam transversal test and were sacrificed for histological
analysis. Control animals were intact SNCA-OVX and Snca” (Ctrl) mice. (Created using BioRender.com)
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Material and Methods

Animals

In this study the SNCA-OVX transgenic mouse model (C57BL/60laHsd) was used as
previously described in Janezic et al. (2013). A total of 11 female and male SNCA-OVX
mice between 2 and 3 months of age were used for the inoculation with human wild-
type a-syn PFFs. As control, SNCA-OVX and Snca’- (Ctrl) of both sexes were included
in this study. 6-months-old SNCA-OVX mice, along with Snca™~ (C57BL/60laHsd)
(Specht et al., 2001) of 6 and 12 months, respectively, were used. For the behavioural
test, control animals were different from those used for histochemical analysis. Animals
were 6 months old (both sexes). The number of subjects for each experiment is
indicated in figures and graphs.

Animals were housed under standard laboratory conditions at 22°C room temperature,
a humidity of 20% in a 12-h light/dark cycle with water and food ad libitum. Mice were
reared in social groups of 3-6 mice per cage. Animal care, husbandry and experiments
complied with current European (2010/63/EU) and Spanish (RD53/2013) legislation. All
procedures have been approved by the Animal Experimentation Ethics Committee of
the Cajal Institute, the CSIC (Consejo Superior de Investigaciones Cientificas) and the
Community of Madrid.

Injection material and administration

Pre-formed fibrils (PFFs)

The human wild-type a-syn PFFs were obtained from the laboratory of Kelvin C. Luk
(University of Pennsylvania, Department of Pathology and Laboratory Medicine, USA)
and prepared as previously described (Giasson et al., 2001, Luk et al., 2009, Volpicelli-
Daley et al., 2011, Luk et al., 2012b). In short, full-length wild-type human a-syn was
expressed in Escherichia coli followed by purification and an in vitro fibril assembly of
purified a-syn monomers (5 mg/ml). Human PFFs were collected after 5 days of
incubation at 37°C with constant agitation and stored in aliquotes at -80°C until use.
Shortly before intracerebral injection, PFFs were diluted in sterile PBS (2 mg/ml) and
sonicated. Injected volume of PFFs was 2.5 pl per animal.

Stereotaxic injection

Stereotaxic surgical procedures were performed as previously described (Zhang et al.,
2019, Luk et al., 2012b, Chatterjee et el., 2018). Mice were placed under deep surgical
anaesthesia (1% isoflurane) during all surgical procedures and set into a stereotaxic
frame with a mouse adaptor. For inoculation with a-syn PFFs animals received
unilateral injections of prepared human a-syn PFFs (2.5 pl, 5 ug) into the right dorsal
striatum using the following coordinates: AP +0.2 mm, ML +2.0 mm, DV -3.56 mm from
the cranium (Fig. 7). Injections were performed with a Hamilton syringe at a flow rate of
0.4 ul/min with the needle kept in place for = 5 minutes. Control animals did not receive
an injection.
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Injection schematic

AP =+0.2 mm
ML =2.0 mm
DV = -3.56 mm
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Fig. 7: Schematic diagram of stereotaxic PFF injection into the right dorsal striatum. Coordinates of
intrastriatal injection of human wild-type a-syn PFFs are illustrated. Coronal view (left), sagittal view (right).
(Idea from Luk et al., 2012a) (Created using BioRender.com)

Behaviour experiment

Challenging beam transversal test

Motor performance was measured using a beam test previously described in detail by
Fleming et al. (2004). The test was carried out on a Plexiglas beam of 1 m length and
17 cm height that progressively gets narrow from 3.5 cm to 0.5 cm. The end of the
beam lead directly into the animal’s home cage. Animals were transferred to the testing
room 30 minutes prior to the first trial for acclimation. On two consecutive days animals
were trained to cross the beam from the widest to the narrowest section. On the first
training day, animals received one assisted and one unassisted ftrial. Guidance
included positioning the home cage in close proximity the animal to encourage forward
movement along the beam. On the consecutive training day, animals traversed the
beam without guidance of the experimenter. On the third day, a metal grid with 0.8 cm-
diameter holes was placed 1 cm above the beam and animals were recorded while
traversing the beam for a total of 2 trials.

Videotapes were viewed in slow motion and each animal was rated manually for
latency and number of steps needed to traverse the beam along with the number of
errors conducted. Parameters were only measured when animals performed a forward
movement. A timer was set when animals started walking towards their home cage
after being placed on the beam and stopped when the head crossed the edge of the
beam into the home cage. Steps were counted for each forward-directed movement of
the left hindlimb. An error was counted when a limb (forelimb or hindlimb) slipped
through or missed the grid and was visible between the grid and the beam surface.
Trials of animals that did not cross the beam within 120 seconds were excluded. Time,
number of steps, and errors per step scores were calculated for both trails and
averaged.

Histological stainings

Sample extraction

For morphological and stereological studies, the animals were anaesthetised with
sodium phentobarbital (100 mg/kg) and perfused transcardially with cold saline
followed by 4% paraformaldehyde (PFA) in phosphate buffer (PB) at 4°C (pH 7.4).
Brains were removed, immersed overnight in the same fixative solution and maintained
in PB until further use. Samples were included in 3% agarose and serial coronal
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sections (30 ym) were obtained on a slicing vibratome (Leica Microsystems, Madrid,
Spain). Sections were stored in PB/0.02% sodium azide at 4°C until
immunohistochemical processing.

Immunohistochemistry (IHC)

Immunohistochemical procedures were carried out on free-floating 30 um sections
using standard avidin-biotin protocols (Ortiz et al., 2010; Ares-Santos et al., 2012).
Washing steps were performed using PBS-0.2% Tx (Triton X-1009) (Sigma, ref.
T8787) and endogenous peroxidase activity was blocked with 3% H:O. in PBS-
0.2% Tx for 10 minutes. Sections were pre-blocked with 10% Normal Goat Serum
(NGS) (Merck-Millipore, ref. S26-100mL) in PBS-0.2% Tx for 2 hours to prevent non-
specific binding. Sections were incubated in specific primary (Ab1) and secondary
(Ab2) antibodies, respectively (Table 4). All antibodies were prepared in PBS-0.2% Tx
containing 1% NGS. Samples were incubated in Streptavidin conjugated with
Horseradish peroxidase (HRP) (Invitrogen, ref. 434323) for 1 hour (1:5000, RT) and
developed by providing samples with the HRP substrate 3,3’-Diaminobenzidina (DAB)
(Sigma, ref. D5637). The chromogenic reaction was monitored every 5 minutes using
an optical microscope (Leica Microsystems, Spain). After washing, sections were
mounted on gelatine-coated glass slides air-dried, dehydrated in a graded series of
ethanol, cleared with xylene (VWR, ref. 141769.2711) and cover-slipped using the
mounting medium DPX (Merck, ref. 1.00579.0500). Representative images were taken
on an optical microscope (Leica Microsystems, Madrid, Spain) equipped with a Leica
DFC 290 HD video camera using a 4x, 5x 10x and 20x objective, respectively (specific
magnification is indicated in figure legend).

Antibody Manufacturer Dilution Host Incubation
Anti-p-syn (biotinylated) 1:1000 (IHC), . o .
(Ab1) Wako, pSyn #64 1:500 (IF) Mouse 2 nights, 4°C, rotation
Anti-p62/SQSTM1 (C- . . . . .
Terminal) (Ab1) Progen, GP62-C 1:400 (IF) Guinea pig 1 night, RT, rotation
. Merck-Millipore, 1:1000 . . o .
Anti-TH (Ab1) AB152p (IHC+IF) Rabbit 1 night, 4°C, rotation
Anti-guinea pig Invitrogen
conjugated Alexa Fluor A11073 ’ 1:500 Goat 5 hours, RT, rotation
488 (Ab2)
Anti-rabbit conjugated ThermoFisher, . .
Alexa Fluor 594 (Ab2) #A-21207 1:500 Donkey 5 hours, RT, rotation
IgG anti-rabbit .
(biotinylated) (Ab2) Vector, BA-1000 1:500 Goat 1 hour
Streptavidin conjugated s 514206 1:500 5 hours, RT, rotation

Alexa Fluor 568

Table 4: Primary and secondary antibodies used in this study.

Immunofluorescence

Free-floating 30 pym sections were used for immunofluorescence double-staining.
Sections were pre-blocked in 10% Normal Goat Serum (NGS) for 2-3 hours, followed
by primary and secondary antibody incubation (Table 4). Antibodies were prepared in
1% NGS. Then, samples were mounted on gelatine-coated glass slides and covered
with a cover slip using mounting medium ProLongGoldTM (ThermoFisher, ref.
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P36930). Representative images were taken with a confocal microscope (Leica SP-5
inverted, Leica Microsystems) using a 63x objective.

Image acquisition and analysis

Scoring of pa-syn pathology

To semi-quantify a-syn pathology throughout the brain, scoring of pa-syn positivity was
performed as described in Rey et al. (2016). Briefly, whole-brain images of pa-syn
immunostained tissue (1:12 series) were taken using a Thunder microscope (Leica
microsystems) with a 20x objective. Merged whole-brain images of 9 PFF-inoculated
animals were used to assess pa-syn positivity in selected brain regions of sections
corresponding to +1.70, +0.98, +0.26, -0.46, -1.22, -1.94, -2.70, -3.16, -4.16 and -4.84
from Bregma (from striatum to DR). Immunopositivity for pa-syn (phosphorylated at
Ser129) was scored from 0 to 4 (0, no pathology; 1, mild [few neurites and/or 1 somal];
2, moderate [more neurites and 1-2 somas]; 3, dense [many neurites and cell bodies];
4, severe [very strong pathology]). The score was assigned to each region of each
brain section per animal by comparing with template images. Studied brain regions and
the template scoring scale are presented in Fig. S1. Score values per region are
shown in a representative brain map using a colour code and correspond to mean
score values of all animals.

Quantification of pa-syn aggreqgates

For pa-syn quantification in the striatum, whole-brain images of pa-syn immune-stained
tissue (1:12 series) were captured by a Thunder microscope (Leica Microsystems) with
a 20x objective. To specifically quantify the number of pa-syn aggregates in the
striatum, the individual images containing the contralateral and ipsilateral striatum,
respectively, were selected and used for automatic analysis in ImagedJ (Rasband, W.S.,
Imaged, U. S. National Institutes of Health, Bethesda, Maryland, USA,
https://imagej.nih.gov/ij/, 1997-2018). Image segmentation was performed in pa-syn
JPEG images from the striatum using the plugin Labkit (Arzt et al., 2022). This ImageJ
plugin is designed for manual and automated image segmentation via pixel
classification and works efficiently on big image data sets. The classifier was manually
trained to recognize the total number of pa-syn aggregates/fibers based on
representative images. As an output, the classifier creates a binary image
distinguishing background from pixels of interest or objects (Fig. S2 B). Then,
skeletonization was performed using Skeletonize 2D/3D plugin (Lee et al., 1994) to find
the centrelines of the segmented objects in the input image by symmetrically eroding
their surface until the skeleton remains, creating high-resolution morphologically
accurate objects of segmented fibers (Fig. S2 C). After this, the Analyze Skeleton
plugin (Arganda-Carreras et al., 2010) was used to obtain descriptive parameters of the
objects, such as fiber branch length, and total number of branches, in order to
comprise the features of interest of each segmented and skeletonized fiber in a file. To
exclude artifacts and unspecific segmented objects, a size-dependent filter was applied
excluding objects with a total size under 10 pixels (Fig. S2 D). The parameter of
interest was the total number of pa-syn aggregates in each section, and the total
number of pa-syn aggregates per animal. Approximately, 10-20 images per
hemisphere (ipsilateral/contralateral) for each section and 6 sections per animal were
analysed. Data are represented as the mean value of sections per animal and was
calculated via Python.
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To assess the number of phosphorylated a-syn aggregates in the SNpc tissue
immunostained for pa-syn (1:12 series) was captured on an optical microscope using a
5x objective. The total number of pa-syn aggregates were counted manually using a
cell counting aid of Imaged. Both hemispheres of 2-3 sections per animals were
analysed (Fig. S83). Data are represented as mean number of pa-syn aggregates per
animal.

Quantitative assessment of innervation density

To assess the dopaminergic innervation density in the striatum and SNr TH expression
was quantified as described previously (Ares-Santos et al., 2014, Fernandez-Pérez et
al., 2022). Images were captured using an optical microscope (Leica Microsystems).
With the aid of Analytical Imaging Station software (Imaging Research, Linton, UK)
colour intensities were converted into a gray scale to quantify the area of staining in the
striatum as a proportion of stained pixels (stained area) in relation to total pixels in the
scanned area. The threshold for stained pixels was obtained from the previous
measurement of the signal in a control animal and applied to all animals. Both
hemispheres were quantified in PFF-inoculated animals, while only 1 hemisphere was
measured in control animals.

To investigate the density of dopaminergic terminals in the striatum TH-immunostained
sections (1:12 series) were captured using a 4x objective. 6-8 sections per animal were
used and averaged per animal (n number indicated in figure legends). Data are
presented as the percentage of TH-stained area, normalized to the mean of control
animals (100%).

To assess the fiber density in the SNr TH-immunostained sections (1:4 series) were
imaged using a 40x objective. Per animal sections of 3 caudo-rostral levels were
quantified using images in the same region of the SNr (Fig. S4). Values for each
animal correspond to the mean of sections. Data are normalized to control.

Stereological quantification of TH-positive cells

The total number of TH-positive neurons in the SNpc was estimated by (unbiased)
stereological counting method using the optical fractionator probe Stereolnvestigator
(Microbrightfield Bioscience, Colchester, VT) coupled to a Nikon Eclipse 80i
microscope. This unbiased method of cell counting is neither affected by the volume of
reference (SNpc) nor the size of the counted element (neurons). The region of interest
(SNpc) was detected and traced at low magnification (2x objective) and data recording
was performed at high magnification (100x objective). To avoid double counting of
neurons with unusual shapes, only TH-stained cells in optimal focus were counted.
Every fourth of section of biological replicates were recorded throughout the entire
extent of the SNpc of 30 ym coronal slices, yielding 7-9 sections per animal. Cell
counting was performed in the ipsilateral and contralateral hemisphere for PFF-
inoculated animals, while only one hemisphere was counted for control mice (Granado
et al., 2008, Ares-Santos et al., 2014). Representative pictures were captured with an
optical microscope (Leica Microsystems, Madrid, Spain) equipped with a Leica DFC
290 HD video camera (5x objective).
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Statistical analysis

All data are presented as mean % standard error of the mean (SEM). Statistical
analysis was performed, and graphs were generated using the GraphPad Prism
version 8.0.2. Before analysis, data were tested for normal distribution using the
D'Agostino-Pearson Test. Comparisons between two groups were performed with a t-
test or Mann Whitney test, while 3 groups were compared using one-way ANOVA.
Correlation was calculated using the Pearson correlation coefficient with 95%
confidence interval. To statistically evaluate the differences between sexes a 2-way
ANOVA was applied. Statistical significance was set at * p<0.05, ** p<0.01,
*** p<0.001, **** p<0.0001. All information including sample size and specific statistical
test are indicated in figure legends.
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Results

Effect of human wild-type a-syn PFF inoculation on a-syn pathology

1. Human wild-type a-syn PFF injection into the dorsal striatum of SNCA-OVX mice
leads to widespread a-syn accumulation throughout the brain.

In several studies it has been shown that the unilateral administration of human a-syn
PFFs into the striatum of mice induces the accumulation of pathological a-syn in the
brain (Earls et al., 2020, Fares et al., 2016, Luk et al., 2012b, Luk et al., 2016, Milanese
et al., 2018). It has been reported in numerous studies that more than 90% of a-syn
within LBs are phosphorylated at the residue Ser129, this post-translational
modification being considered a pathological marker for human LBs/LNs (Fujiwara et
al., 2002; Oueslati, 2016, Gémez-Benito et al., 2020; Ghanem et al., 2022). Therefore,
to determine whether human a-syn PFF injection results in widespread pathological a-
syn accumulation, we performed an immunohistochemical staining against
phosphorylated a-syn (pa-syn).

As seen in Fig. 8, pa-syn accumulations are found in the brain of PFF-injected SNCA-
OVX mice. Aggregates are clearly visible in the striatum (Str), especially at the site of
injection, along with several other brain areas (Fig. 8 A). More specifically, the
pathology is found in the ipsilateral hemisphere (from left to right) in the internal
capsule (Cl), motor cortex (M Ctx), ectorhinal cortex (Ect Ctx), piriform cortex (Pir Ctx),
thalamus (Thal), hypothalamus (Hyp), hippocampus (Hipp), anterior basolateral
amygdala nucleus (BLA), postmedial cortex amygdala nucleus (PMCo), substantia
nigra pars compacta (SNpc), dorsal raphe nucleus (DR), olfactory bulb (OB), cingulate
cortex (Cg Ctx) and corpus callosum (cc) (Fig. 8 B). No accumulation of pa-syn is
observed in the striatum or any other brain regions of control (Ctrl) and non-injected
OVX animals (Fig. 8 B, below).

Additionally, pa-syn-positive aggregates can be found in brain regions of the
contralateral hemisphere such as striatum, cortical areas, hippocampus and nuclei of
the amygdala (Fig. 8 C). Interestingly, pa-syn accumulations are present in white
matter structures that connect the right and left cerebral hemispheres, namely the
corpus callosum (cc) and anterior commissure (ac) (Fig. 8 C). The presence of pa-syn
inclusions in commissural fibers that extend bilaterally might explain interhemispheric
transmission of a-syn pathology.

We observe that 150 dpi different brain regions are affected by varying degrees. In the
ipsilateral hemisphere, the striatum, especially the injection site, amygdala nuclei and
internal capsule contain a relatively high number of pa-syn, while other brain areas like
thalamus, hypothalamus, DR and SN display few pa-syn aggregates. Also, corpus
callosum and anterior commissure contain a high number of pa-syn aggregates. On
the contralateral side, a smaller number of pa-syn immunopositive inclusions are
detected (Fig. 8 B, C).

For a better visualization and semi-quantification of the extent of a-syn pathology, we
created a diagram illustrating the anatomical pattern of pa-syn propagation in the brain
on coronal sections (Fig. 8 A). For this purpose, the degree of pa-syn aggregations
was scored per brain region at multiple caudo-rostral levels. The represented value for
each brain regions corresponds to the mean score value of all animals and is displayed
in a colour code that represents the extent of pa-syn aggregation. The propagation
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map semi-quantitatively represents the observations discussed before. The pathology
spreads rostrally to the frontal lobe, and caudally to the DR.
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Fig. 8: Induction and transmission of pa-syn pathology after intrastriatal inoculation with human a-
syn PFFs. (A) A propagation map of pathological a-syn throughout the brain is illustrated. Caudo-rostral
levels of brain sections are indicated from Bregma. The severity of pathology is indicated using a color
code (from white, no pathology, to red, severe pathology). The mean score value per brain section and
region/area at each level is illustrated (n=9). The injection site is indicated with a black dot.
(B) Representative images of pa-syn immunohistochemistry of selected brain areas ipsilateral to the
injection site (Bregma: 0.26). No pa-syn pathology was observed in the striatum of control animals (B,
below). (C) Representative images of pa-syn staining of selected brain areas contralateral to the injection
site. Staining in the OB and Cg Ctx (rostral) was performed in only one animal. Scale bar: 50 ym (20x).
Complete terminology of brain regions can be found in the List of abbreviations.
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Overall, these results indicate that the unilateral a-syn PFF inoculation into the dorsal
striatum of SNCA-OVX mice induces the aggregation of pathological a-syn. Further, we
demonstrate that pathological a-syn spreads from the injection site to interconnected
brain areas throughout the brain.

2. 0-Syn aggregates induced upon human wild-type a-syn PFF injection mimic the
pathological properties of human Lewy bodies.

To further characterize pathological a-syn aggregates found in the brain of PFF-
injected animals, immunofluorescence staining was performed against pa-syn,
p62/SQSTM1 and TH in the striatum and SN, respectively. The protein
p62/sequestome 1 (p62/SQSTM1) is a molecular component of LBs required for a-syn
autophagy and is commonly used as a key marker of human LBs (Watanabe et al.,
2012, Wakabayashi et al., 2013, Kuusisto et al., 2001). TH is the rate-limiting enzyme
in the biosynthesis of dopamine, commonly used as a marker for identifying
dopaminergic neurons.

In Fig. 9 A immunofluorescence staining against pa-syn (red) and p62/SQSTM1
(green) in the striatum is shown. Merged images reveal co-localization of these
proteins, demonstrating that pa-syn aggregates found after human a-syn PFF injection
share common features with human LBs/LNs. In the SN co-localization of pa-
syn/p62/SQSTM1 can be observed in TH-positive cells (blue) (Fig. 9 B), indicating that
a-syn PFFs induce LB-like pa-syn inclusions in dopaminergic neurons of the SN.
These results demonstrate that PFFs seed intraneuronal inclusions that share common
features with human LBs/LNs.

Additionally, we observe that the pa-syn-positive aggregates display different
morphologies (Fig. 8 B, C, higher augmentation: Fig. 85). They are present as dense,
round inclusions or fine fibers. In this work | will use the terms pa-syn or pathological a-
syn aggregates/inclusions/accumulations/deposits, referring to pa-syn-immunopositive
accumulations distributed both in perikaryal/cell body and neurites, regardless of their
morphology.
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Fig. 9: Pathological characterization of a-syn aggregates. (A) Immunofluorescence staining against
pa-syn and p62/SQSSTM1 reveals co-localization in the striatum of PFF-injected animals.
(B) Immunofluorescence staining against TH, pa-syn and p62/SQSTM1 shows co-localization in the SN of
injected animals. Scale bar: 50 pm (63x, left), 20 ym (zoom 2.5, right)

3. Unilateral human wild-type a-syn PFF injection results in the bilateral accumulation
of pa-syn inclusions in the striatum.

As described before, PFF inoculation of SNCA-OVX mice results in pa-syn aggregation
throughout the brain (Fig. 8). We wanted to take a closer look at the pathology in the
striatum, a brain region affected in PD. Striatal DA depletion caused by the loss of
dopaminergic neurons in the SNpc is responsible for the typical motor symptoms
observed in PD patients (Dauer et al.,, 2003). As a-syn PFFs were injected in the
dorsal striatum, pa-syn pathology is severe in this region and aggregates are highly
abundant close to the injection site (Fig. 10 A). Aggregates are observed in both
hemispheres but are more pronounced in the ipsilateral, where pa-syn aggregates are
detected as dense inclusions along with fibers. In contrast, only fine fibers are visible in
the contralateral hemisphere (Fig. 10 A, left).

In Ctrl and non-injected OVX mice there is a lack of pa-syn accumulation (Fig. 10 B),
suggesting that a-syn PFF inoculation is needed to induce the accumulation of
pathological a-syn. Hence the lack of a-syn or exclusive overexpression of human a-
syn is not sufficient to induce pathological a-syn inclusions.

Moreover, we quantified the number of pa-syn immunopositive accumulations in the
ipsilateral and contralateral striatum. The automatic quantification of pa-syn aggregates
revealed statistically significant higher number of pa-syn aggregates in the ipsilateral
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hemisphere (302.40 + 50.23 pa-syn aggregates) compared to the contralateral side
(86.48 + 13.23 pa-syn aggregates) (p=0.0007) (Fig. 10 C).
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Fig. 10: PFF seeded pa-syn pathology in the striatum. (A) Staining against pa-syn in the striatum of
PFF-inoculated OVX-mice. Images of ipsilateral striatum are presented from 3 different animals at similar
caudo-rostral levels. Scale bar: 200 ym (5%, above), 50 um (20x, below). (B) Staining against pa-syn in the
striatum of non-injected control animals. Scale bar: 200 pm (5x) (C) Quantification of pa-syn aggregates in
the striatum of contralateral and ipsilateral hemispheres of PFF-inoculated OVX-mice (n=9). Values
expressed as mean + SEM. *** p<0.001 compared with contralateral hemisphere, t-test.

4. Unilateral human wild-type a-syn PFF injection results in the ipsilateral accumulation
of pa-syn inclusions in the SNpc.

After confirming the occurrence of pa-syn aggregates in the striatum, we wanted to
investigate the pa-syn pathology in the SNpc 150 dpi with a-syn PFF.
Immunohistochemistry against pa-syn in the SNpc revealed pathological a-syn
aggregates in the ipsilateral hemisphere (Fig. 11 A), whereas no pathology is found in
the contralateral hemisphere as well as in animals that were not injected with PFFs
(Fig. 11 B). To quantitatively assess the number of pa-syn accumulations in the SNpc,
aggregates were manually counted. Statistical analysis of data confirmed that pa-syn
pathology found in the ipsilateral SNpc (11.15 £ 2.779 pa-syn aggregates) (p<0.0001),
is significantly higher compared to the contralateral SNpc, where no pathology is found
(Fig. 11 C).
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Fig. 11: Pathological pa-syn aggregates in the SNpc induced by a-syn PFFs. (A) Staining against pa-
syn of PFF-inoculated animals. Representative images of pa-syn aggregates in the ipsilateral SN of 3
different animals. Note variability of number of aggregates. Scale bar: 100 pm (10x, left), 50 ym (20x, right)
(B) Staining against pa-syn of PFF-injected (contralateral), Ctrl and non-injected OVX animals. No pa-syn
aggregates are found. Scale bar: 100 um (10x) (C) Quantification of pa-syn aggregates in the contralateral
and ipsilateral SNpc (n=9). Values expressed as mean + SEM. **** p<0.0001 compared to contralateral
hemisphere, Mann-Whitney test.

Effect of human wild-type a-syn PFF inoculation on the integrity of
the nigrostriatal pathway

1. Human wild-type a-syn PFF inoculation results in unilateral DA striatal denervation.

After confirming pathological a-syn aggregates in multiple brain areas including the
striatum and SN, the nigrostriatal pathway was investigated. It has been shown that
dopaminergic neurons of the SNpc that project to the striatum selectively degenerate in
PD. The loss of these striatal innervations from the midbrain leads to DA deficiency in
the striatum, especially the putamen, and causes motor symptoms that are observed in
PD patients (Rinne et al., 1993; Dickson et al., 2009; Dickson, 2018). We aimed to
explore whether the accumulation of pathological a-syn in mice injected with PFFs has
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any impact on dopaminergic neurons and terminals of the nigrostriatal system.
Therefore, immunohistochemistry against TH was conducted in the striatum and SN.

To analyse the loss of dopaminergic terminals in the striatum, we evaluated the TH-
positive fiber density in the striatum of PFF-injected OVX mice and control animals.
Representative images of the striatum reveal a reduction of TH-stained area in the
ipsilateral hemisphere of PFF-inoculated SNCA-OVX mice (Fig. 12 A, right). This
reduction is most prominent close to the injection site (dorsal striatum). The
contralateral hemisphere does not show a significant decrease in TH-staining like
control animals that were not injected with PFFs (Fig. 12 A, left). Also, no difference
could be observed between hemispheres of control animals (not shown). The
quantification of TH-stained area confirmed significant loss of TH-staining in the
ipsilateral hemisphere compared to Ctrl (mean reduction of 29.69%, p<0.01), whereas
the contralateral does not show significant difference compared to control animals
(Fig. 12 B). Though, we observed that non-injected OVX animals and the contralateral
hemisphere of PFF-injected mice show a lower percentage of TH-stained area
compared to Ctrl, even if non-significant (contralateral: mean reduction of 13.63%,
OVX: mean reduction of 13.31%). These results suggest that a-syn pathology induced
upon PFF inoculation leads to striatal denervation in the ipsilateral hemisphere but not
in the contralateral.
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Fig. 12: Loss of dopaminergic innervation after inoculation with a-syn PFFs. (A) Representative
pictures of staining against TH in the striatum of control and PFF-injected mice. Reduction of TH-stained
area in the ipsilateral hemisphere of PFF-injected animals can be seen. Scale bar: 200 pm (4x)
(B) Percentage of stained area for TH in the striatum are shown for Ctrl (n=7), OVX (n=5), and PFF-
inoculated mice (n=9) (6-8 sections per striatum). For Ctrl and non-injected OVX mice only 1 hemisphere
was measured. Data are normalized against Ctrl. Values expressed as mean + SEM. ** p<0.01 compared
to Ctrl hemisphere, Kruskal-Wallis test with Dunn’s multiple comparisons test.

2. Human wild-type a-syn PFF inoculation produces a decrease in dopaminergic
neurons in the ipsilateral SNpc accompanied by a loss of fiber density.

Next, we examined the loss of dopaminergic neurons in the SNpc upon human wild-
type a-syn PFF inoculation. As seen in Fig. 13 A, OVX mice injected with PFFs have

45



fewer dopaminergic neurons in the ipsilateral SNpc compared to Ctrl and non-injected
OVX animals. Stereological quantification reflects a marked neuronal loss in the
ipsilateral SNpc (6079 + 473.4 TH-positive cells) of OVX mice injected with PFFs
compared to non-injected OVX (8705 + 632.5 TH-positive cells) and contralateral SNpc
(8628 + 196.4 TH-positive cells) of OVX animals injected with PFFs (Fig. 13 B). These
findings are statistically significant (p<0.05).

The cell number of the contralateral SNpc is comparable to that of control animals
(Fig. 13 A). Stereological evaluation revealed that there is no difference in the number
of dopaminergic cells of non-injected OVX (8705 + 632.5 TH-positive cells) and
contralateral OVX-injected mice (8628 + 196.4 TH-positive cells) compared to Ctrl
(8363 £ 514.5 TH-positive cells) (Fig. 13 B). Furthermore, no difference in the number
of TH-positive cells can be observed between hemispheres of control animals (not
shown). It can be concluded that human a-syn PFF inoculation leads to the loss of TH-
positive neurons in the ipsilateral SNpc.
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Fig. 13: Integrity of dopaminergic neurons in the SNpc after inoculation with a-syn PFFs. (A) TH-
staining in the SN of control animals and PFF-injected mice in the contralateral as well as ipsilateral
hemisphere. Loss of neuronal cells can be observed in the ipsilateral hemisphere of PFF-injected mice.
Scale bar: 200 um (5x) (B) Quantification of TH-immunopositive neurons in the SNpc of Ctrl (n=7), non-
injected OVX (n=5), and PFF-inoculated mice (n=8) (7-9 slices per animal analyzed). Data represented as
number of cells + SEM. * p<0.05 compared to OVX, # p<0.05 compared to contralateral hemisphere,
Kruskal-Wallis test with Dunn’s multiple comparisons test.

To further study the integrity of the nigral DA system, we examined the loss of
dopaminergic projections from the SNpc to the SNr. Representative images in
Fig. 14 A show an evident decrease of innervation density in the ipsilateral SNr of PFF-
injected animals compared to non-injected Ctrl and OVX mice. The quantification of
percentage of TH-stained area in the SNr confirms that the SNr of the ipsilateral
hemisphere is significantly less innervated compared to the Ctrl hemisphere (mean
reduction of 36.82%) (p=0.0094) (Fig. 14 B).

The contralateral SNr is slightly less densely innervated compared to Ctrl (mean
reduction of 11.28%), as can be seen in representative pictures (A) and
quantification (B). Still, projections to the contralateral SNr are of higher density than to
the ipsilateral, even if statistically not significant. Interestingly, also OVX mice show
marginally less projections to the SNr (mean reduction of 7%) which is not statistically
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significant. Moreover, no difference in the number of TH-positive fibers is observed
between hemispheres of control animals (not shown). Concludingly, PFF inoculation
leads to decreased innervation of the ipsilateral SNr.
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Fig. 14: Loss of dopaminergic innervation density of the SNr after inoculation with human wild-type
a-syn PFFs. (A) TH staining in the SNr of Ctrl, OVX and PFF-inoculated animals is presented. Loss of
innervation density is noted in the ipsilateral SNr. Scale bar: 50 um (40x) (B) Quantification of the
percentage of TH-stained area in the SNr of Ctrl (n=8), OVX (n=5), and PFF-inoculated mice (n=9) is
presented. Data are normalized against Ctrl. 3-6 sections per animal are analyzed. Data expressed as
mean + SEM. ** p<0.01 compared to Ctrl, Kruskal-Wallis test with Dunn’s multiple comparisons test.

Effect of human wild-type a-syn PFF inoculation on motor behaviour

1. SNCA-OVX mice do not demonstrate clear motor deficits upon human wild-type a-
syn PFF inoculation.

With the objective of determining whether striatal denervation and the lower number of
dopaminergic neurons found in the ipsilateral SNpc of PFF-inoculated SNCA-OVX
mice has any effect on the motor behaviour of these mice, we assessed motor
performance and fine motor control using the challenging beam transversal test
(Fig. 15). This behavioural assay was used in previous studies to evaluate the motor
behaviour of parkinsonian mice (Fleming et al., 2004, Hwang et al., 2005). Parameters
studied were errors per steps (A), steps (B), and time to traverse the beam (C).

Overall, no significant differences are seen between groups in any of the parameters
after statistical analysis. Still, clear trends can be observed in the data. Ctrl animals
cross the beam the fastest, while OVX mice, injected as well as non-injected, display a
longer latency to cross the beam compared to Cirl (Fig. 15 C). Animals of all three
experimental groups take a similar number of steps to traverse (mean around 18 steps)
(Fig. 15 B). Regarding errors per step, PFF-injected mice display a similar ratio as Ctrl
animals (PFF: 0.16, Ctrl: 0.15), while OVX mice show a lower ratio (0.09) (Fig. 15 A).

| want to mention that values vary considerably within the group, especially for values
of Ctrl animals for Errors per Steps (Fig. 15 A) as well as values of injected or non-
injected OVX mice for the parameter time to traverse the beam (Fig. 15 C).
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Fig. 15: Motor performance and fine motor control of control and PFF-inoculated mice. Motor
behaviour was measured in Ctrl, non-injected OVX and PFF-inoculated OVX mice using the challenging
beam transversal test. Parameters investigated were errors per step (A), total steps (B) and time (C) to
traverse the beam. PFF-injected animals were 7-8 months of age, while Ctrl and OVX subjects were 6
months old (n=11 per group). Data expressed as mean + SEM. Kruskal-Wallis test.

Correlation studies

Do observed pathologies have a correlational relationship?

During this work we have studied the neuropathology induced by PFF inoculation of
SNCA-OVX mice, the impact of a-pathology on the nigrostriatal pathway and the motor
behaviour. Then, we sought to put the information together to investigate putative
correlation between pa-syn pathology and degeneration of the nigrostriatal pathway, as
well as motor impairment and reduced striatal TH innervation (Fig. 16). To compute a
measure for the interplay between parameters, the Pearson correlation was calculated
between the number of pa-syn aggregates and percentage of stained area (TH) in the
striatum (A), number of pa-syn aggregates and number of TH-positive cells in the SN
(B), and the percentage of stained area (TH) in the ipsilateral striatum and errors per
step (C).

In Fig. 16 A the correlation between the number of pa-syn aggregates and percentage
of TH-stained area in the ipsilateral and contralateral striatum, respectively, are
presented. A slight positive correlation can be observed in the contralateral hemisphere
(r=0.1915), whereas a slight negative correlation is visible in the ipsilateral hemisphere
(r=-0.09783). However, the results are considered non-significant as a consequence of
high p-values (ipsilateral p=0,6496, contralateral p=0.8177). Fig. 16 B displays the
correlation of number of pa-syn aggregates and number of TH-positive cells in the
SNpc. Since no pathological a-syn accumulated in the contralateral SNpc, no
correlation between parameters can be calculated. On the other hand, the ipsilateral
hemisphere shows a moderate negative correlation between parameters (r=-0.5781),
although considered not significant since the p-value is greater than 0.5 (p=0.1740).
Lastly, TH-stained area of the ipsilateral striatum is correlated with errors per steps
conducted during the challenging beam transversal test (Fig. 16 C). We observed a
slight positive correlation (r=0.1005) that was statistically not significant (p=0.7970).

Overall, correlation studies confirm that the number of pa-syn aggregates is higher in
the ipsilateral hemisphere compared to the contralateral of striatum and SNpc.
Additionally, the percentage of striatal TH-stained area and the number of TH-positive
neurons in the SNpc is higher in the contralateral than in the ipsilateral hemisphere
(Fig. 16 A, B).
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Furthermore, it is important to highlight that, in general, for the parameters evaluated,
the values do not follow a linear trend, with the number of pa-syn aggregates being
especially variable. This makes it difficult to establish robust correlations and reflects
the great variability of the model, which is a surgery-dependent model.
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Fig. 16: Correlation studies of obtained results. Pearson correlation with 95% confidence interval was
calculated. (A) Correlation of numbers of pa-syn aggregates and percentage of TH-stained area in the
striatum. The correlation coefficient for contralateral was 0.1915 (P<0.6496, 95% CI -0.5932 to 0.7896).
The correlation coefficient for ipsilateral was -0.098 (P<0.8177, 95% CI -0.7507 to 0.6518). (B) Correlation
of number of pa-syn aggregates and number of TH-positive cells in the SN. The correlation coefficient for
ipsilateral was -0.5781 (P<0.1740, 95% CI -0.9274 to 0.3098). (C) Correlation of the percentage of TH-
stained area in the ipsilateral striatum and Errors per Steps. The correlation coefficient was 0.1005

(P<0.7970, 95% CI -0.6039 to 0.7168). A linear regression trend line was inserted in the scatter diagram.
Sample size is indicated as dots.
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Analysis of sex differences

Do obtained data display sex-specific differences?

To investigate if our results have differences between female and male animals, we
divided our data of our experimental groups Ctrl, non-injected SNCA-OVX and PFF-
injected SNCA-OVX animals, respectively, per sex for each parameter.

In Fig. 17 the number of pa-syn aggregates in the striatum (A) and SNpc (B) are
illustrated. In general, no significant differences are found (statistical tests indicated in
the figure legend). However, in the ipsilateral striatum the mean number of pa-syn
aggregates is higher for male than female mice (Fig. 17 A). In the contralateral striatum
similar number of pa-syn aggregates are found between sexes. In the ipsilateral SNpc,
a tendency for more pa-syn inclusions in male animals compared to females can be
perceived (not significant) (Fig. 17 B) but note the high variability of male animals.
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Fig. 17: Pathological a-syn inclusions in the Striatum and SNpc comparing sexes. Number of pa-syn
aggregates in the striatum of both hemispheres (A) and ipsilateral SNpc (B) in female and male mice,
respectively. No significant differences are observed between sexes. 2-way ANOVA (A), Mann-Whitney
test (B). N numbers are indicated as dots.

In Fig. 18 the striatal innervation density (A), the number of TH-positive cells in the
SNpc (B), and the innervation density of the SNr (C) comparing sexes is demonstrated.
In the striatum a significant difference is observed in TH-stained area between female
and male of non-injected OVX animals, being smaller in male (mean difference of
33.98%) (p<0.05) (Fig. 18 A). Also, in the ipsilateral SNr the percentage of TH-stained
area was significantly smaller in male PFF-injected OVX mice compared to female
(mean difference of 38.22%) (p<0.01) (Fig. 18 C).
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Fig. 18: Nigrostriatal pathway comparing sexes. (A) TH-stained area in the striatum of control animals
and PFF-injected mice reflecting density of dopaminergic innervation. (B) Number of TH-positive cells in
the SNpc of control and PFF-injected animals. No significant differences seen. (C) TH-stained area in the
SNr of control and PFF-injected animals reflecting density of dopaminergic terminals in this region.
Normalized data are represented (for A, C). 2-way ANOVA with Sidak’s multiple comparisons test.
* p<0.05 comparing male and female of OVX mice. ** p<0.01 comparing ipsilateral hemisphere of female
and male of PFF-injected animals. N numbers are indicated as dots.

In Fig. 19 the motor performance and fine motor control of Ctrl, non-injected OVX and
PFF-injected animals is presented, separating data of female and male subjects. After
statistical analysis no significant differences is observable between sexes. Yet, there is
a trend towards higher errors per step of male Ctrl animals compared to female, but the
high variability within the group must be acknowledged (Fig. 19 A).
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Fig. 19: Motor performance and fine motor control comparing sexes. A challenging beam transversal
test was performed. Measured parameters were errors per step (A), steps (B), and time to traverse (C) the
beam. No significant differences are observed between sexes. 2-way ANOVA with Sidak’s multiple
comparisons test. N numbers are indicated as dots.

Overall, no clear pattern is observed with values of female or male animals being
(significantly) smaller/higher. Some trends are present, as described above. However,
the high variability within groups must be recognized, along with a low number of
animals per parameter.
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Discussion

Parkinson’s disease (PD) is the most common neurodegenerative movement disorder
with a global prevalence of more than 6 million individuals and the fastest growing
neurological disorder worldwide (Dorsey et al., 2018; GBD 2016 Neurology
Collaborators). The typical onset of clinical symptoms is between 55 and 65 years
(Rizek et al., 2016; Balestrino et al., 2020), when DA in the putamen is depleted around
80% and approximately 60% of SNpc dopaminergic neurons have already degenerated
(Dauer et al., 2003). PD is a heterogenous disease of unknown aetiology in which
environmental influence, aging, and causative and susceptibility genetic factor are
involved in pathogenesis (Hernandez et al., 2016; Delamarre et al., 2017; Coleman et
al., 2022). However, despite numerous efforts, the exact mechanisms contributing to
PD development remain unknown which makes the early and precise diagnosis and
adequate treatment of PD impossible. To date, no therapeutics have been discovered
that efficiently demonstrate a disease-modifying effect, hence the development of
interventions that slow or halt the progression of PD continues to be important in PD
research (Vijiaratnam et al., 2021).

To overcome current challenges in the diagnosis and treatment of PD, it is crucial to
better understand the mechanisms of disease development and progression.
Therefore, animal models that efficiently replicate the core features of human PD are
urgently needed in research. So far, no animal model has been discovered that mimics
all aspects of the disease. This led to the objective of this study in which we aimed to
establish a novel murine PD model based on the inoculation with exogenous a-syn.
Previous studies have revealed that the intracerebral or systemic inoculation with
synthetic a-syn PFFs into rodents or non-human primates elicits spreading of a-syn,
dopaminergic neurodegeneration and neuroinflammation (Kim et al., 2019; Luk et al.,
2012a; Patterson et al., 2019; Paumier et al., 2015; Rey et al., 2016; Shimozawa et al.,
2017). Further, a recently established human a-syn overexpressing transgenic mouse
line (SNCA-OVX) showed dopaminergic neurodegeneration in the absence of
pathological protein aggregation (Janezic et al., 2013).

To establish a PD mouse model that develops PD-like pathology, we unilaterally
injected SNCA-OVX transgenic mice with human wild-type a-syn pre-formed fibrils
(PFFs) into the right dorsal striatum (Fig. 6). It is the first time that PFFs were injected
into SNCA-OVX transgenic mice. In this transgenic model, the physiological spatio-
temporal expression pattern of human a-syn is facilitated in mouse using BAC
technology, and human a-syn is expressed onto a Snca’~ C57/BI6 background to
prevent the interaction with endogenous mouse a-syn (Janezic et al., 2013). In
previous studies where human a-syn PFFs were injected into the striatum of a-syn
overexpressing transgenic mice, the protein was expressed under the control of a prion
protein (PrP) gene promotor (Luk et al., 2012b; Sorrentino et al., 2017; Earls et al.,
2020) which does not reflect the native expression pattern of human a-syn. Further, in
these studies mice lines were created onto a C57BI/C3H background (Giasson et al.,
2002), hence expressing endogenous murine a-syn. Therefore, the injection with PFFs
in SNCA-OVX mice allows the investigation of exclusively human a-syn, that is
expressed in the same temporal and spatial pattern as in humans. Moreover,
overexpression of a-syn is a mechanism underlying sporadic and familial PD since
elevated a-syn levels have been demonstrated in both forms (Miller et al., 2004;
Grindemann et al.,, 2008). In SNCA-OVX mice the level of a-syn overexpression
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resembles the alteration of a-syn expression levels resulting from SNCA gene
triplication in familial PD (Miller et al., 2004; Janezic et al., 2013), making it a useful
model to study human disease conditions compared to conventional transgenic
overexpression models such as rAAv-mediated models that display a dramatic
increase in the levels of the protein, unlike observed in human PD (Kirik et al., 2002;
Oliveras-Salva et al., 2013; Duffy et al.,, 2018a; Gémez-Benito et al., 2020). Taken
together, the PFF-injected SNCA-OVX mouse model might constitute a novel model
system that more precisely replicates human PD pathology and its underlying
molecular mechanisms.

Aggregation and spreading of a-syn

To investigate whether inoculation with synthetic a-syn PFFs induces a-syn pathology
in SNCA-OVX mice, we performed IHC staining against pa-syn, a marker of
pathological a-syn in human LBs/LNs (Fujiwara et al., 2002). Consistent with previous
findings, deposits of pa-syn were visible in the injection site, the dorsal striatum
(Fig. 8 B). The great variability of this model system has been attributed to the PFF
injection site, among other factors (Gémez-Benito et al., 2020; Polinski et al., 2021).
Consistent with previous studies where PFFs were injected in to the striatum, we
observe pa-syn accumulations in motor, cingulate, piriform, somatosensory, and
entorhinal cortices, olfactory bulb, nuclei of the amygdala, striatum, thalamus and SNpc
(Fig. 8 A, B) (Luk et al., 2012a; Luk et al., 2016; Paumier et al., 2015; Duffy et al.,
2018b). These areas are directly interconnected with the injection site, providing
abundant innervation to the striatum (Wall et al., 2013; Lanciego et al., 2012). The
propagation map of a-syn pathology (Fig. 8 A) shows that pa-syn is most abundant in
the injection site, and from there it spreads to other brain regions, mentioned above.
The colour code illustrates extent of the pathology which is most severe at the injection
site (dorsal striatum) and decreases in more distant areas. These observations
demonstrate that PFF-seeded a-syn aggregates spread from the striatum to linked
brain structures and suggest that pathological a-syn might propagate in a prion-like
manner through interneuronal transmission mechanisms, as previously proposed
(Kordower et al., 2008; Luk et al., 2012a; Masuda-Suzukake et al., 2013).

Previous publications have indicated that PFFs are taken up by nerve terminals, where
they serve as a template and convert endogenous a-syn to pathological
hyperphosphorylated form. Over time, abnormal a-syn aggregates accumulate into
LNs/LBs inclusions and are transported to interconnected brain regions following a
fibrillary retrograde manner (Duffy et al.,, 2018b; Gomez-Benito et al., 2020). Our
findings of pa-syn deposits in regions that provide striatal afferents are consistent with
the hypothesis of retrograde a-syn propagation.

In this study, we observe accumulations of pa-syn as dense inclusion bodies or fine
fibers (Fig. S$5), which suggests that these aggregates are localized in the cytoplasm of
cell bodies or neuritic processes, as described previously (Luk et al., 2012a; Gémez-
Benito et al., 2020). We confirm that pa-syn deposits are present within dopaminergic
neurons of the SN (Fig. 9 B), again supporting the proposed propagation hypothesis
via interneuronal connectivity. Human a-syn PFFs are picked up by the nerve terminals
of dopaminergic neurons in the striatum, travelling from there to the cell bodies located
in the SNpc. However, we did not investigate a-syn pathology in glial cells which is why
we cannot exclude that observed pa-syn inclusions are present in other cell types than
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neurons. Interestingly, neuroinflammation has been suggested to be one of the main
mechanisms contributing to PD pathogenesis. However, the role of neuroinflammation
in the progress of a-syn pathology has not been determined exactly; inflammation may
be a response or to or cause of a-syn pathology. Future studies will be aimed at
analysing the a-syn-like pathology in the inflammatory response cells, including
microglia and astrocytes, and how these cells contribute to disease progression, as
done in previous studies (Lai et al., 2021; Luk et al., 2012b).

Furthermore, pa-syn aggregates co-localize with p62/SQSTM1 in the striatum
(Fig. 9 A) and dopaminergic neurons of the SN (Fig. 9 B), indicating that PFF-seeded
inclusion share features with human LBs/LNs which is consistent with previous studies
(Luk et al., 2012a; Luk et al., 2012b; Paumier et al., 2015; Rey et al., 2016; Chung et
al., 2019). For further characterization of induced pa-syn deposits and detection of
LBs/LNs-like properties, staining against ubiquitin (Kuzuhara et al., 1988) and heat-
shock protein 90 can be conducted in the future. To evaluate amyloid behaviour of a-
syn inclusions, digestion with the proteinase K enzyme can be performed since it has
been shown that insoluble aggregates such as prions and amyloids prove increased
resistance to proteinase K (Takeda et al., 1998; Recasens et al., 2014). Furthermore,
thioflavin-S staining is useful to evaluate the solubility of found a-syn aggregates by
evidencing the presence of amyloid plaques (Luk et al., 2012b).

Importantly, anti-pa-syn IHC demonstrates pa-syn pathology only in PFF-injected
animals, whereas Ctrl mice, deficient of endogenous murine a-syn, and non-injected
SNCA-OVX mice, overexpressing human wild-type a-syn, do not reveal
immunoreactive pa-syn inclusions in any region of the brain (Fig. 8 B, Fig. 10 B,
Fig. 11 B). Furthermore, several studies have shown that the injection of a-syn PFFs
into murine Snca’- transgenic mice does not lead to the formation of pathological a-syn
inclusions (Luk et al., 2012b; Kim et al., 2019). Taken together, our and previous
findings indicate that for the occurrence of a-syn pathology (1) endogenous a-syn is
needed as a template, (2) human wild-type PFFs act as seeds to convert endogenous
a-syn into aggregates of pa-syn and ultimately (3) PFF inoculation is sufficient to
induce the spreading of abnormal pa-syn aggregation to distant brain areas.

Striatal inoculation with a-syn PFFs induces pa-syn immunopositive inclusions in the
ipsilateral SNpc (Fig. 8 B, Fig. 11 A) and are detectable in TH-positive dopaminergic
neurons within this brain region (Fig. 9 B). However, we do not detect pa-syn
inclusions in the SNpc contralateral to the injection site (Fig. 11 B). Since the
nigrostriatal pathway is exclusively unilateral, pathological pa-syn inclusions are
restricted to the injected hemisphere, which is consistent with previous studies (Luk et
al., 2012a; Paumier et al., 2015). It is well established that DA neurons in the ventral
tier of the SNpc, which project mostly to sensory-motor territories of the dorsal striatum,
are most vulnerable for neurodegeneration in PD (Dickson et al., 2009; Surmeier et al.,
2017; Dickson, 2018; Wong et al., 2019; Young et al., 2023). As seen in Fig. 11 A the
majority of pa-syn deposits are found in the ventral part of the SNpc, where in turn we
can observe the greatest loss of TH-positive neurons (Fig. 13 A). These findings again
support the interneuronal spread of a-syn aggregates from striatal terminals to cell
bodies in the SNpc.

Moreover, pa-syn aggregates are present not only in the ipsilateral hemisphere, but
also in some areas of the contralateral hemisphere to the injection site, especially in
the striatum (Fig. 10 A), cortices, and nuclei of the amygdala (Fig. 8 C).
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Immunohistochemical staining revealed that pa-syn aggregates in the contralateral site
are less abundant compared to the ipsilateral hemisphere which is graphically
illustrated in the propagation map (Fig. 8 A). To confirm our observation, the number of
Ser129-phosphorylated a-syn aggregates was automatically quantified in the striatum
(Fig. 10 C), confirming that significantly more pa-syn aggregates are detected in the
ipsilateral hemisphere, in agreement with previous studies (Lai et al., 2021). Similarly,
as mentioned before, no aggregates are found in the contralateral SNpc and manual
quantification confirmed significant differences between hemispheres (Fig. 11 B, C).
Future analysis will be aimed at determining the number of pa-syn inclusions in other
brain areas of interest, such as the motor cortex or amygdala, using the quantification
method developed (see “Material and methods — Image acquisition and analysis —
Quantification of pa-syn aggregates”).

Immunoreactive accumulations of pa-syn are detected in fibers of the anterior
commissure and corpus callosum (Fig. 8 C), suggesting a spread of a-syn along major
white matter fibers and that they might serve as path for disease transmission. These
tracts are commissural fibers that extend bilaterally and connect both hemispheres,
which could explain the interhemispheric transmission of a-syn pathology, overserved
in this and previous studies (Luk et al., 2012; Luk et al., 2012b; Paumier et al., 2015;
Creed et al., 2022). Moreover, pa-syn positive deposits are visible in the internal
capsule (Fig. 8 B), a white matter structure consisting of projection fibers to and from
the cerebral cortex, passing through/fusing into the corpus striatum (Ni et al., 2018).
Since this region is adjacent to the injection site, the internal capsule might take up
pathological pa-syn seeds and provide a travel route to other brain areas, further
indicating a-syn propagation following interneuronal connectivity.

Notably, pa-syn accumulations are particularly abundant in the cortices and nuclei of
the amygdala, especially the PMCo, not only in the ipsilateral, but also in the
contralateral hemisphere (Fig. 8 C). It is known that the entire cortex, both ipsilateral
and contralateral hemisphere, innervate the striatum. As well, the striatum is bilaterally
connected to the amygdala, receiving glutamatergic inputs (Pan et al., 2010; Lanciego
et al., 2012). The high number of pa-syn aggregates in contralateral cortices and nuclei
of the amygdala might be explained by the high degree of innervation from these brain
regions, being in accordance with previous publications and proposed a-syn
propagation along neuronal pathways (Luk et al., 2012a; Paumier et al., 2015;
Patterson et al., 2019; Creed et al., 2022).

Further, we observe pa-syn inclusions in the DR (Fig. 8 B), although in a lower number
compared to other brain regions (Fig. 8 A). This observation is in contrast with other
studies where no a-syn aggregates were found in the DR until 180 days after
intrastriatal inoculation with mouse a-syn PFFs in mouse (C57BL6/CH3, Luk et al.,
2012a) and rat (Sprague Dawley, Paumier et al., 2015). In these studies, no a-syn
pathology was found in distant monoaminergic cell groups, neither in the serotonergic
DR, nor in the norepinephrine locus coeruleus. Hence, they proposed that
monoaminergic populations are differentially vulnerable/susceptible to a-syn pathology.
However, the DR (and locus coeruleus) constitute a brain area from where projections
to the striatum arise, even though having a relatively sparse input (Lanciego et al.,
2012; Pasquier et al., 1977), providing a route of transmission. The low number of
aggregations in the DR observed in this study might be related to the low degree of
innervation. Nevertheless, it is important to highlight the differences between our study
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and previous ones, such as the animal species/strain, the dose, and the type of a-syn
PFFs injected. Since all these factors are described to influence a-syn pathology
(Goémez-Benito et al., 2020), they could explain the differences observed in the
propagation pattern.

Interestingly, we detect pathological pa-syn deposits in the hippocampus of both the
ipsilateral and contralateral hemispheres (Fig. 8 B, C). The a-syn pathology in this area
is relatively low and slightly more pronounced in the ipsilateral hemisphere (Fig. 8 A),
with fine a-syn deposits, possibly located in cellular processes. This observation is
interesting as hippocampal projections to the dorsal striatum (injection site, Fig. 7) are
not known, whereas direct projections from the hippocampus to the ventral striatum
have been described (Thierry et al., 2000; Creed et al., 2022). We hypothesize that
(1) it is possible that a-syn aggregates reach the ventral striatum despite having been
injected dorsally or (2) due to the technical difficulty of stereotaxic injections, in some
animals a-syn PFFs have been injected more closely to the ventral striatum, explaining
the finding of pa-syn inclusions in the hippocampus. In past studies hippocampal
pathology is typically not reported: immunopositive pa-syn accumulations were not
found until 180 days after intrastriatal mouse a-syn inoculation in mouse (Luk et al.,
2012a) and rat (Paumier et al., 2015). However, other publications reported
hippocampal pa-syn aggregates upon unilateral inoculation into the striatum. Lai et al.
(2021) found a low number of small immunopositive pa-syn inclusions at 30, 90, and
120 days after mouse a-syn PFF injection. Similarly, Luk et al. (2012b) found few pa-
syn inclusions in the hippocampus 30 and 90 days after injection of C-terminally
truncated human a-syn1-120 Myc PFFs in the right striatum and cortex. Also, Creed et
al. (2022) detected bilateral pa-syn positive aggregates in the hippocampus at 3- and
6-months post injection of wild-type mice, intrastriatally injected with small length
mouse PFFs. Creed and colleagues hypothesized that the preparation of shorter PFFs
might facilitate the diffusion from the dorsal striatum to ventral striatum, from where o-
syn aggregates could spread to the hippocampus. Further, hippocampal pathology was
reported in transgenic mice upon direct hippocampal injection of recombinant a-syn in
transgenic mice (Sacino et al., 2014), internal capsule/caudate putamen inoculation
with full-length wild-type human/mouse a-syn fibrils in a-syn transgenic/non-transgenic
mice (Sorrentino et al., 2017), and bilateral intrastriatal injection with a-syn PFFs
generated using a distinct sonication protocol (Stoyka et al., 2021), similar to Creed et
al. (2022). These findings show that injection site, origin and preparation of PFFs, and
host species is crucial for the induction of a-syn pathology, which has been reported
previously (Gomez-Benito et al., 2020). Interestingly, we find a-syn pathology in the
internal capsule (Fig. 8 B), whose neuronal processes might be implicated in the
propagation of a-syn to the hippocampus as hippocampal pa-syn pathology was
detected upon mouse/human WT a-syn PFF inoculation into the internal capsule of
transgenic mice (Sorrentino et al., 2017).

Lastly, | want to highlight that this a-syn based PD model constitutes a good model
system to study both familial and sporadic PD. Janezic et al. (2013) reported that the
transgenic mouse line SNCA-OVX overexpressing human wild-type a-syn mimics
increased a-syn levels caused by SNCA triplication, and also mentioned that sporadic
PD displays elevated a-syn mRNA levels. Here, we show that the inoculation with
human a-syn PFFs induces a-syn pathology, that was absent transgenic SNCA-OVX
animals (Janezic et al., 2013). Thereby, we managed to model pa-syn aggregation and
propagation in a context with disease-relevant a-syn expression levels. Furthermore, in
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this model we study the pathology of human a-syn by injecting human a-syn PFFs into
human a-syn overexpressing mice, that lack endogenous murine a-syn (Janezic et al.,
2013). Previous studies used wild-type mice for intrastriatal inoculation with mouse
(Luk et al., 2012a; Lai et al., 2021; Creed et al., 2022) or human a-syn PFFs (Luk et al.,
2016; Fares et al., 2016) for studying PD pathology. However, studying the human and
not murine form of a-syn is important since it is similar but not identical to that found in
the mouse. Furthermore, we excluded potential interactions of human a-syn with
endogenous one to exclusively observe human a-syn pathology. Moreover, in our
model the a-syn encoding SNCA gene expression is driven by endogenous promoters
and regulatory elements to enable correct spatio-temporal regulation of expression
(Janezic et al.,, 2013). That makes this model especially useful to determine which
brain areas are most vulnerable to a-syn pathology in human disease since the pattern
of expression in SNCA-OVX mice reflects the human a-syn expression profile. In
contrast, in previous studies where PFFs were injected in a-syn overexpressing
transgenic mice, a-syn was expressed under PrP gene promoters (Luk et al., 2012b;
Sorrentino et al., 2017; Earls et al.,, 2020). Altogether, our model allows us to
investigate disease mechanisms that resemble the human pathology of PD more
closely compared to previous model systems.

Impact of a-syn pathology on dopaminergic neurodegeneration

To assess if PFF-seeded a-syn pathology in SNCA-OVX mice has an impact on the
integrity of the nigrostriatal pathway, we performed IHC experiments against TH in the
striatum, SNpc, and SNr.

We observed that a-syn pathology in PFF-injected SNCA-OVX mice is accompanied by
a decrease in dopaminergic nerve terminal density in the striatum using TH
immunoreactivity (Fig. 12), as observed in previous studies (Lai et al., 2021; Paumier
et al., 2015). More specifically, the significant reduction in the ipsilateral hemisphere of
PFF-injected animals and the minor (non-significant) decrease in the contralateral
hemisphere is conclusive with observed PFF-seeded a-syn pathology in the striatum,
where more pa-syn deposits are detected in the ipsilateral than in the contralateral
hemisphere (Fig. 10). This finding suggests that a-syn pathology leads to a reduction
in TH immunoreactivity, indicating a decrease of innervation density in the striatum.
However, it must be considered that the reduction of cell markers like TH solely shows
a downregulation of such but does not confirm that terminals are lost/degenerated.
More specifically, it has been described that a-syn regulates/controls DA synthesis and
its content in the different vesicular pools in dopaminergic neurons (Venda et al., 2010)
and a-syn inhibits TH activity due to TH dephosphorylation through a-syn interaction
with protein phosphatase 2A (Peng et al., 2005).

Moreover, the minor loss of TH immunoreactivity in non-injected SNCA-OVX mice
compared to Ctrl (Fig. 12) might be consistent with the early deficits in DA transmission
in the dorsal striatum of SNCA-OVX observed previously (Janezic et al., 2013). TH
regulates DA neurotransmission at the DA biosynthesis step by being the rate-limiting
enzyme that catalyses the conversion of L-tyrosine to (L-DOPA). Although, reduced DA
release were not due to lower levels of DA content in the striatum as HPLC revealed
similar net DA content compared to Ctrl (Janezic et al., 2013).

One limitation of this study is the control group as we did not inject pure vehicle into
control animals. Typically, in previous studies control animals were injected with pure

58



PBS and/or a-syn monomers (Luk et al., 2012a; Rey et al., 2016; Duffy et al., 2018b;
Creed et al., 2022) to demonstrate that (1) the injection and vehicle material itself does
not affect the observed phenotype, and (2) specifically a-syn fibrils, not monomers, are
needed to induce PD-like pathology. Many studies reported that monomers do not
induce robust pa-synuclein immunoreactive inclusions (Volpicelli-Daley et al., 2011;
Luk et al., 2012a; Rey et al., 2016; Creed et al., 2022), whereas others found inclusion-
containing neurons at later time points, without nigrostriatal degeneration (Paumier et
al., 2015; Patterson et al., 2019). Hence, it would be important to include a control
group to confirm that a-syn pathology is induced by a-syn PFFs, but not a-syn
monomers. Moreover, the dopaminergic system is particularly vulnerable to stress (see
“Introduction — Parkinson’s disease — aetiology”). Therefore, it is important to
demonstrate that striatal loss of TH immunoreactivity is induced specifically by the
formation of pa-syn aggregates and not due to stress associated with injection and/or
vehicle material.

To further study PFF related effects on the nigrostriatal pathway, stereological
quantification of TH-positive neurons was performed in the SNpc. We observed that a-
syn pathology induced unilateral loss of TH immunoreactivity in the SNpc (Fig. 13) as
observed in previous studies (Luk et al., 2012a; Luk et al., 2016; Lai et al., 2021; Creed
et al.,, 2022). This is in line with our finding of ipsilateral pa-syn aggregates in the SNpc
(Fig. 11), indicating that inclusions trigger the reduction of TH-positive cells. Yet, there
are studies that report bilateral degeneration of nigral neurons in presence of ipsilateral
SNpc pa-syn inclusions after unilateral a-syn PFF inoculation (Paumier et al., 2015;
Duffy et al., 2018b), with later onset of contralateral degeneration at 6 months post
injection (Patterson et al., 2019). This indicates a possible “inclusion-independent”
mechanism affecting nigral degeneration in the contralateral hemisphere (Patterson et
al., 2019). To study possible bilateral degeneration, IHC at later time points could be
conducted.

Importantly, it would be interesting to confirm an actual degeneration of neurons and/or
nerve terminals. Until now, we observed a reduction of TH-stained area which could
also be related to a downregulation of TH expression but does not necessarily confirm
the death of DA neurons/terminals. To investigate whether an actual reduction in cell
number is present, tissue can be processed with hematoxylin and eosin staining
(making cell nuclei visible) or NeuN staining (used to visualize neuronal nuclei), to
assess the number of cells (Janezic et al., 2013). Another more selective method to
study neuronal degeneration is silver staining (Ares-Santos et al., 2014).

Janezic et al. (2013) demonstrated the loss of dopaminergic SNpc neurons in 18
months-old SNCA-OVX mice in the absence of a-syn pathology. Hence, they proposed
that pathological a-syn is not required for neuronal death in the SN but is a
consequence of human a-syn overexpression. In this study, we observe a reduction of
TH-positive cells in the ipsilateral SNpc in 7-8 months-old SNCA-OVX mice upon
inoculation with a-syn PFFs (Fig. 13). This finding indicates that PFF-seeded a-syn
aggregation is able to accelerate cell death in the SN to earlier timepoints, even though
pathological a-syn aggregation might not be necessary for DA neurodegeneration and
might occur anyways in aged SNCA-OVX animals, according to Janezic et al. (2013).
Further, we did not observe a reduction in TH-immunoreactive cells in non-injected
SNCA-OVX animals (7-8 months) compared to Ctrl SNCA-deficient mice (Fig. 13)
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which is consistent with previously obtained results, where dopaminergic cell loss was
only observed in aged SNCA-OVX mice of 18 months (Janezic et al., 2013).

Consistently, we observe a decrease of TH immunoreactivity in the ipsilateral SNr
(Fig. 14), indicating that dopaminergic innervation density from the SNpc is decreased
in this area. This finding additionally indicates that pa-syn aggregates found in the
ipsilateral SNpc (Fig. 11) not only lead to unilateral SNpc neuron loss, but also to a
reduction of dopaminergic SNpc projections. Future studies will aim to analyse
morphological abnormalities in dopaminergic neurons of SNpc induced by a-syn
aggregates, such as neuronal shrinkage (Chiu et al., 2021) or pathological changes
including pyknotic perykaria, vacuolation of the cytoplasm, or swollen processes as
described in previous studies (Tofaris et al., 2006).

Effect of a-syn pathology on motor behaviour

To investigate whether dopaminergic denervation in the striatum (Fig. 12) leads to
motor deficits, we performed a challenging beam transversal test 150 days after human
a-syn PFF inoculation (Fig. 15). Errors per step made is the parameter that might most
reliably reflect fine motor deficits. We observe that PFF-injected animals display a
higher errors per step ratio compared to non-injected SNCA-OVX animals, but
practically the same ratio as Ctrl animals (Fig. 15 A). However, it is important to
highlight the wide variability observed, especially in the Ctrl group, which could be
attributed to the age of tested animals. Studies from our laboratory (unpublished data)
show that the weight of mice changes considerably depending on the age and
genotype of the animal (Fig. S6). We observe a prominent age-dependent weight gain
in Ctrl mice that is not observed in SNCA-OVX mice. In particular, we find that the body
weight of Ctrl mice is significantly higher at 6- and 12-months of age compared to
SNCA-OVX mice. For behavioural testing, we used Ctrl and non-injected SNCA-OVX
mice of 6 months. At this age, differences in weight are already observed between Cirl
and SNCA-OVX mice, which can complicate the interpretation of our results. Since we
observed difficulties to traverse the beam for some Ctrl animals possibly due to higher
body mass, we hypothesize that the weight of the animals is important for carrying out
the test. In previous studies it has been taken into account that body weight might have
an impact on motor behaviour in the rotarod test, a test to evaluate grip strength, motor
coordination and balance (Brown et al., 2007; Wagner et al., 2019). Though, a previous
study reported that the challenging beam transversal test might be less influenced by
body weight in comparison to other tests assessing motor performance such as rotarod
and pole test (Fleming et al., 2013). Still, for future studies it is important to weight
animals before behavioural assessment to exclude body mass-related variabilities.

However, no differences are observed in the number of steps between groups
(Fig. 15 B). Interestingly, non-injected SNCA-OVX and PFF-inoculated SNCA-OVX
mice take slightly more time to traverse the beam compared to Ctrl (Fig. 15 C), with no
apparent statistically significant differences between these two groups. Though, it has
to be noted that some animals in all the measured parameter deviate from the values
of the majority in the group, increasing the mean of the group. It is interesting that
although PFF-injected mice do not take more steps to cross the beam or spend more
time than non-injected SNCA-OVX mice, the ratio of errors per step is higher in PFF-
injected animals.
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Furthermore, it has to be considered that the latency to traverse the beam is not
exclusively dependent on the worsening of motor behaviour but can be influenced by
other factors like distraction or lack of motivation (Luong et al., 2011). We observed
that many animals took more time to cross the beam because they were sniffing, not
moving, or turning around and walking back to the start. We can exclude that animals
did not understand how to fulfil the task because they already performed the test
several times before recording the trials. Interestingly, we observed while conducting
the behavioural experiments that SNCA-OVX mice display a more anxious behaviour
compared to Ctrl animals. Supporting our observation, a recent publication reported an
age-dependent increase in anxiety-like behaviour in SNCA-OVX mice (Lamontagne-
Proulx et al., 2023). To confirm this observation, it would be interesting to perform
additional tests to evaluate anxiety such as open field test or elevated plus maze (Walf
et al., 2007; Luk et al., 2012a; Rey et al., 2016; Lamontagne-Proulx et al., 2023).

In this study, we did not find clear motor deficits, but the observations discussed above
must be acknowledged. A limitation of the present study is the use of only one single
behavioural test. To complement our results, we should perform further behaviour
assays to determine whether striatal denervation produces motor impairment.
Experiments to assess the deterioration of motor symptoms conducted in previous
studies include rotarod test (Luk et al., 2012a; Kim et al., 2019; Lai et al., 2021), wire-
hang test (Luk et al., 2012a; Lai et al., 2021), clasping test (Lai et al., 2021), pole test
(Mao et al., 2016; Kim et al., 2019), grip strength test to assess neuromuscular strength
(Mao et al., 2016; Kim et al., 2019), open-field activity to assess motor and anxiety-
related deficits (Luk et al., 2012a; Rey et al., 2016; Patterson et al., 2019; Lamontagne-
Proulx et al., 2023), cylinder task test to evaluate forelimb use asymmetry since extent
of striatal denervation correlates with forelimb use (Paumier et al., 2015; Gombash et
al., 2013; Patterson et al., 2019).

Correlation studies

In the end, we wanted to measure the interplay between obtained results using the
Pearson correlation (Fig. 16). Correlations calculated were between the number of pa-
syn aggregates and striatal TH-immunopositive area (A), number of pa-syn aggregates
and number of TH-positive SNpc neurons (B), and the TH-immunopositive area in the
ipsilateral striatum and errors per step (C).

Based on our hypothesis and previous studies we expected a negative correlation
between parameters. In other words, we presumed that a higher number of pa-syn
aggregates coincide with (1) a more pronounced striatal denervation and (2) increased
loss of dopaminergic SNpc neurons. Further, we hypothesized that low striatal
innervation coincides with high errors per step. In our study we observe that a higher
number of pathological pa-syn deposits might correlate with lower dopaminergic cells
in the SNpc (Fig. 16 B), however not significant. The other parameters did not display
expected tendency. However, it is important to note that a loss of DA striatal terminals
and neurons in the SNpc at a specific time point may involve a reduction in the number
of pa-syn aggregates as a direct consequence of degeneration. This would establish a
positive correlation between the number of pa-syn aggregates and the DA
denervation/degeneration of the nigrostriatal pathway, as previously observed (Luk et
al, 2012a; Lai et al., 2021).
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We aimed to investigate the interplay between parameters, especially between
individual animals. The presentation of data using the mean value of a group can mask
observation of individual animals. To demonstrate findings for each animal, we
performed the correlation analysis. It is well described that the model based on the
inoculation with exogenous a-syn comes with high variability between animals (and
research groups) due to the preparation of fibrils, the selected injection site and high
precision that is required during stereotaxic procedures (Gémez-Benito et al., 2020). In
that context | want to highlight that values are scattered and not all uniformly placed
around the linear trend line, especially noticeable in Fig. 16 C. This finding reflects a
variability between animals and the need to have a high number of injected mice to
obtain homogenous results that provide robustness to the generated model.

Sex-specific differences

As a last part, | wanted to explore whether our obtained results display differences
between female and male animals. It is well known, and many times reviewed that sex
bias exist in basic research among all disciplines. It has been reported that many
publications do not provide information about studied sex, even though sex might
influence outcomes. Moreover, if sex was reported, the analysed sex was mainly male
(Kong et al., 2016; Bryant et al., 2018; Coiro et al., 2019; Mili¢i¢ Stanic¢ et al., 2021).
One review stated that, in animal research, 22% of papers would not specify the sex of
animals. While of those publications that specified the sex, 80% included males only.
Moreover, regarding the number of animals studied; 84% were male, and 16% female
(Yoon et al., 2014).

Furthermore, it is known that differences between sexes are present in PD. Reportedly,
the incidence rate of developing PD is higher in men with the relative risk being 1.5
times greater in men than women (Wooten et al., 2004). Reviews explored the sex-
specific differences in PD regarding disease risk factors, manifestation of motor and
non-motor symptoms, and response to treatment (Cerri et al., 2019; Vaidya et al.,
2021). Interestingly, a recent publication investigated sex and age differences in the
SNCA-OVX transgenic mouse model (Lamontagne-Proulx et al., 2023). This study
reported a more abrupt nigrostriatal DA decrease, together with increased microgliosis
in male SNCA-OVX animals compared to female. The difference in DA content was
lost at 18 months of age, which authors attributed to the reduction of neuroprotection
promoted by female sex steroids. Conjointly, these observations encouraged me to
look into sex-specific differences in our obtained results and include this part into my
thesis.

Overall, analysis of sex-specific variation in a-syn pathology (Fig. 17), nigrostriatal
pathway integrity (Fig. 18), and motor performance and fine motor control (Fig. 19) did
not reveal significant differences between female and male animals. However, it must
be recognized that the number of animals per parameter, group and sex is low, and
values are highly variable within the same group. In future experiments, it is desirable
to increase the number of animals per group and equal the number between sexes.

Additionally, | want to mention that errors per step ratio is (not significantly) higher in
males of the Ctrl group compared to Ctrl females (Fig. 19 A). This observation is
consistent with our finding that weight increase is, overall, higher in males compared to
females (Fig. S6 B, C). Male Ctrl mice display higher body mass at 6 months
compared to females of the same group and time point. This observation again
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supports that body weight could influence the errors made when crossing the beam, as
discussed in the previous section (motor behaviour).

Future outlook

In the next section, future research ideas are presented, and additional experiments
are proposed to fully characterize our novel PD model based on the inoculation with
human wild-type a-syn PFFs into the dorsal striatum of SNCA-OVX mice.

In the future, it would be interesting to study inflammatory response upon PFF
inoculation and determine how it contributes to the development and/or progression of
the pathology. Previously, it has been shown in cell culture studies that both soluble
and aggregated a-syn activate neuroinflammation (Zhang et al., 2005; Lee et al., 2009;
Kim et al., 2013). Other studies reported activation of an inflammatory response at the
same time or even prior to pathological a-syn accumulation, in vivo and in vitro upon
administration of exogenous a-syn (Duffy et al., 2018b; Olanow et al., 2019; Kim et al.,
2020; Lai et al.,, 2021). Duffy et al. (2018) demonstrated that intraneuronal pa-syn
inclusions induced MHC-II expression and reactive microgliosis prior to
neurodegeneration in the SNpc, providing evidence for microglial contribution to nigral
cell loss. Olanow et al. (2019) observed activated microglia even before a-syn
accumulation in grafted cells. Consistently, it was shown in a PFF mouse model that
neuroinflammatory response precede a-syn aggregation (lzco et al., 2021). Another
study revealed that both astrocytes and microglia are highly activated upon striatal PFF
injection in mouse before the acceleration of a-syn accumulation, possibly contributing
to pa-syn aggregation (Lai et al., 2021). Taken together, these findings suggest that
neuroinflammation might precede and contribute to pathological a-syn propagation,
which contrasts with a previous notion of inflammation being (solely) a consequence of
synucleinopathy. Interestingly, a recent study in PFF-injected mice reported that the
activation of microglia, triggered by oligomeric a-syn, occurs even before the presence
of pa-syn inclusions and neurodegeneration. Further, neurodegeneration and
microgliosis is detected in regions with and absent of pa-syn inclusions. Their findings
indicate that microgliosis, not a-syn aggregates, might be the major driver of
degeneration of the midbrain (Garcia et al., 2022). All these findings show that further
research has to be conducted to elucidate whether inflammation is cause or
consequence of a-syn pathology, or both, which ultimately leads to neurodegeneration
of midbrain neurons. To investigate neuroinflammation and the occurrence of reactive
astrocytes and microglia, IHC and/or immunoblots against Iba1 (all microglia marker),
MHC-II (antigen-presenting microglia marker) and GFAP (astrocyte marker) can be
performed (Duffy et al., 2018b; Lai et al., 2019). Also, RNAscope in situ hybridization
(against Iba-1, MHC-II) has been performed in past studies (Duffy et al., 2018b).

In this study we show that pa-syn aggregates behave like a prion, spreading from the
injection site to other brain areas. We hypothesize that the routes of transmissibility
follow interneuronal connectivity via fibrillary retrograde transport (Gémez-Benito et al.,
2020). Some studies of PFF models did not detect pa-syn aggregates in glial cells like
astrocytes, microglia or oligodendrocytes, proposing transneuronal transport of a-syn
seeds (Rey et al., 2016; Paumier et al., 2015). However, several studies observed that
pa-syn inclusions are not only found in neurons, but also glial cells such as microglia
and/or astrocytes in several brain regions (Lai et al., 2021; Luk et al., 2012b; Sorrentino
et al., 2017; Sorrentino et al., 2018). This observation is consistent with reports that a-
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syn seeds can be transferred between neurons and astrocytes, potentially via
exosomes or tunneling tubes (Rostami et al., 2017). Interestingly, it has been
postulated that microglia are a key player in the transmission of a-syn via exosomal
pathways (Xia et al., 2019) and microglial exosomes are implicated in the progression
of a-syn pathology (Guo et al., 2020). Hence, Lai et al. (2021) hypothesized that
activated microglia might take up pathological a-syn to clear it up, and then release
fragmented a-syn via exosomes. These could be transferred to other cells/neurons and
enable accelerated a-syn transmission. Together, these findings suggest that a-syn
transfer might not only appear via the canonical interneuronal connections, but that
glia-neuronal transmission could also be associated with a-syn spreading. Therefore, it
would be interesting to determine if pa-syn inclusions are present not only in neurons,
but also in other cell types such as astrocytes and microglia. IHC against
phosphorylated a-syn, Iba1, GFAP can be conducted to assess if pa-syn deposits co-
localize with markers of glial cell types.

In addition, it would be interesting to further investigate the conformational nature of the
detected pathological a-syn using conformation-specific antibodies. Previously, it has
been proposed that oligomeric species are the most toxic entity of a-syn (Winner et al.,
2011; Karpinar et al., 2009). However, a-syn exists in numerous forms — monomers,
tetramers, oligomers, fibrils — and during disease a-syn undergoes conformational
changes that ultimately lead to the formation of abnormal aggregates and inclusion
bodies. Since it is known that a-syn exists in many states which are differently
implicated in disease progression, it would be interesting to study whether specific
conformations of a-syn have an increased potential in spreading along the neuroaxis
depending on their toxicity, transmissibility and seeding (see “Introduction -
Parkinson’s disease — a-Synuclein — propagation and spreading”). Further supporting
this objective is the fact that structurally distinct a-syn assemblies or strains have been
discovered that target distinct brain areas/cell types, and cause different clinical-
pathological responses, giving rise to different manifestations of synucleinopathies (PD,
DLB, MSA) (see “Introduction — Parkinson’s disease — Aggregation and toxicity”). To
study conformational species of a-syn, IHC using antibodies against O2 (anti-a-syn
fibrils/oligomers) and F2 (anti-a-syn fibrils) can be performed and compared with
immunoreactivity to pa-syn (Vaikath et al., 2015; Duffy et al., 2018b; Patterson et al.,
2019).

Lastly, | want to mention that this PD mouse model is a good model system to study
therapy strategies. It is well established that a-syn PFF models of PD are an inducible
model which enables the spatio-temporal control of pathology induction. It provides a
wide temporal window that allows monitoring and/or tracking of pathology onset and
progression. Furthermore, this model is useful to study human PD progression since o-
syn levels in PFF models are much closer to that of human condition, in contrast to
viral vector-based or some transgenic models. Also, pathology is induced by disease-
relevant changes of endogenous a-syn upon a-syn PFF injection (Polinski et al., 2018;
Volpicelli-Daley et al., 2011; Luk et al., 2012a; Paumier et al., 2015). Since the PFF-
based model of PD relatively robustly mimics the propagation of a-syn, it might be of
use to study therapeutic intervention that aim to prevent the development of a-syn, halt
its progression, or restrict a-syn transmission. It has been proposed that the exosomal
transmission of a-syn might be an interesting therapeutic target (Xia et al., 2019; Guo
et al., 2020). Moreover, the utility of antibodies against a-syn as a diagnostic tool and
therapeutic target has been proposed. Disease-modifying therapies using antibodies
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have focused on reducing a-syn expression, decreasing a-syn aggregation, increasing
a-syn clearance via autophagy, preventing the seeding/spreading of a-syn and
nanobodies targeting a-syn have been used as a therapeutic approach (reviewed in
Vaikath et al., 2019). Recently, nanobodies have been tested in a-syn PFF models.
One study has shown that the fibril-specific nanobody PFFNB2 prevented PFF induced
a-syn phosphorylation and propagation from the injection site to the cortex (Butler et
al., 2022), supporting that PFF models are a promising tool to study disease
mechanisms as well as disease-modifying interventions.
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Conclusions

From the results obtained in this study, we can draw the following conclusions:

1. The intrastriatal inoculation with human wild-type a-syn pre-formed fibrils
(PFFs) into SNCA-OVX mice seeds the formation of pathological a-syn
aggregates.

2. Pathological a-syn deposits propagate from the injection site to distant

brain areas in both hemispheres, possibly along interneuronal
connectivity via retrograde transmission.

3. Pathological a-syn inclusions display properties of human Lewy bodies
and Lewy neurites.

4. PFF-seeded a-syn pathology is accompanied by disturbances of the
nigrostriatal system, including unilateral loss of striatal terminals and
dopaminergic neurons in the SNpc, along with dopaminergic denervation
in the SNr.

5. No robust motor impairment is observed in the PFF-injected SNCA-OVX
mouse model using the challenging beam transversal test, but additional
tests should be performed.

It was the first time that PFFs were injected into SNCA-OVX transgenic mice. Given
our obtained results and the characteristics of the used transgenic mouse line (Janezic
et al.,, 2013), including the spatio-temporal expression pattern of human a-syn, the
absence of endogenous murine a-syn, and a-syn expression levels similar to that
observed in human PD patients, we conclude that this novel PD mouse model more
closely reflects a-syn pathology and disease processes underlying human PD
compared to previous PD model systems. Further, we established a model that is a
useful tool to study therapeutic approaches aiming to prevent or halt a-syn pathology
and its consequences.

Lastly, we did not observe clear sex-specific differences in our data, but the number of
animals was very low per group. To further characterize this PD mouse model,
additional experiments should be conducted. It would be interesting to investigate
neuroinflammation, a-syn pathology in glial cells, and conformational species of a-syn.
For a detailed summary of obtained results see Table 6 in supplementary material.
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Fig. S1: Scoring of pa-syn propagation per selected brain region. (A) Brain regions that were
considered for scoring map are indicated in blue. Caudo-rostral levels of brain sections are indicated from
Bregma. Complete terminology for brain regions can be found in the List of Abbreviations. (B) The
template scale was used to assign scores to each region for each animal, ranging from no pathology (0) to
severe pathology (4). Scale bar: 50 ym (20x)
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Fig. S2: Automatic quantification of pa-syn aggregates in the Striatum using Imaged.
(A) Representative images of pa-syn immunostained tissue in the ipsilateral striatum of PFF-injected
animals with many (left) and few (right) pa-syn aggregates. Red arrows mark some pa-syn
aggregates/fibers (possibly located within cell bodies or processes), exemplary for processing steps. The
original image was taken with a Thunder microscope using a 20x objective. (B) Image segmentation was
performed using the plugin Labkit. The classifier creates a binary image to distinguish background (here
white) from pixels of interest, the pa-syn aggregates (here black). (C) Skeletonization of objects of interest
was performed using Skeletonize 2D/3D plugin. (D) As a last step, a size-dependent filter was applied to
exclude artifacts and unspecific segmented objects. Remaining objects are counted to obtain the number
of pa-syn aggregates per individual image of the section per animal.
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Level 1
-2.92

Level 2
-3.28

Level 3
-3.64

Fig. S3: Manual quantification of pa-syn in the SNpc. Approximate caudo-rostral levels used for the
counting of pa-syn aggregates are presented. Coordinates are indicated from Bregma. Scale bar:

200 pm (5x)

Level 1 Level 2 Level 3
-3.16 -3.28 -3.40

Fig. S4: Quantification of innervation density in the SNr. Per animal images of 3 different caudo-rostral
levels were quantified and captured approximately within the same region of the SNr (indicated as a
square) using a 40x objective. Caudo-rostral coordinates are indicated from Bregma. Scale bar:

200 pm (5x)
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ipsilateral

contralateral

Fig. S5: Morphology of pa-syn aggregates induced by human wild-type a-syn PFF inoculation.
Representative images of pa-syn aggregates in the SN, hypothalamus, entorhinal cortex (ipsilateral) and
striatum, PMCo (contralateral) are presented. Dense inclusions in cell bodies are indicated with black
arrows, while aggregates in fibers are highlighted in white. Scale bar: 50 ym (20x)
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Weight increase of WT, Ctrl and OVX animals

The weight growth of WT, Ctrl and OVX animals was monitored at 3, 6 and 12 months
(Fig. S6 A). It can be noted that all groups display the same weight at 3 months of age
(WT: 20.8 g, Ctrl: 22.47 g, OVX: 23.5 g). At 6 months, WT and Ctrl animals display
similar body weight (WT: 33.37 g, Ctrl: 32.17 g), whereas OVX gain significantly less
compared to control animals (26.375 g). The disparity is even greater at 12 months
(WT: 39.11 g, Ctrl: 37.31 g, OVX: 28.06 g). The observed differences are significant,
and p-values are indicated in the figure legend.

When presenting data separated by sex (Fig. S6 B, C) the same trend can be
observed. OVX mice gain significantly less mass compared to WT and Ctrl, although
the weight difference at 6 and 12 months, respectively, is more prominent in male
animals (Fig. S6 C). Further, it can be seen that Ctrl animals show significant sex-
specific differences in weight. Male Ctrl mice weigh around 40 g at 6 months, whereas
female display below 30 g (Fig. S6 B, C). See figure legends for p-values of statistically
significant differences.
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Fig. S6: Weight increase of WT, Ctrl and OVX mice over time. (A) Increase in weight of WT, Ctrl and
OVX animals at 3, 6 and 12 months of age is presented. * p<0.05 comparing WT and OVX (p=0,022),
## p<0.01 comparing Ctrl and OVX (p=0,0075), **** p<0.0001 comparing WT and OVX, #### p<0.0001
comparing Ctrl and OVX. (B) Weight gain of female animals only. **** p<0.0001 comparing WT and OVX,
## p<0.01 comparing WT and Ctrl (p=0,0084). (C) Weight gain of male animals only. ** p<0.001
comparing Ctrl and OVX (p=0,0016), # p<0.05 comparing WT and OVX (p=0,0248), **** p<0,0001
comparing Ctrl and OVX, ### p<0.001 comparing WT and OVX (p=0,0002). 2-way ANOVA with Tukey’s
multiple comparisons test. N numbers are indicated in Table 5.
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Numbers of animals used in Fig. S6

all animals
Fig. S6 A

female
Fig. S6 B

male
Fig. S6 C

3m
6m

WT Ctrl ovX
n=10 n=16 n=16
n=6 n=18 n=18
n=10 n=17 n=16
n=5 n=5 n=9
=3 n=10 n=11
=8 n=6 n=10
=5 n=11 n=7
=3 n=8 n=7
=2 n=11 n=6

Table 5: Number of animals used for “Fig. S6: Weight increase of WT, Ctrl and OVX mice over

time”.

Summary of obtained results in this study

Rodent strain
Age

Injectate
Injection site
Total dose

Sacrifice dpi

Ser129 pa-syn pathology

Striatal TH-loss
SNpc TH-positive cell loss
SNr TH-loss

Behavioural deficits

Future outlook

SNCA-OVX (C57BL/60laHsd)

2-3 months

Human wild-type a-syn pre-formed fibrils (PFFs)
Right dorsal striatum (unilateral)

2,5 pl (5 pg)

150

Striatum (ipsilateral: high, contralateral: low)

SN (ipsilateral: low, contralateral: no)

Cortex (ipsilateral: medium, contralateral: medium)
Amygdala (ipsilateral: high, contralateral medium)
Thalamus (ipsilateral: low, contralateral: no)
Hypothalamus (ipsilateral: low, contralateral: no)
Hippocampus (ipsilateral: low, contralateral: low)
DR (low)

Internal capsule, corpus callosum, anterior
commissure (medium/high)

Ipsilateral
Ipsilateral
Ipsilateral
No robust motor deficits observed using the

challenging beam transversal test

Neuroinflammation, implication of glial cell types,
include additional motor assays, distinct
conformational a-syn species, sex-specific phenotype

Table 6: The murine PFF-based PD model established in this study. Information about the generation
of the model as well as observations and characterization of the PD-like pathology, and ideas for future
experiments. (ldea for this table from Polinski et al., 2021)
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