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1. Introduction

1.1 Parkinson’s disease
Parkinson’s disease (PD) is a progressive neurodegenerative disorder with a significant
global burden, affecting more than 10 million individuals worldwide as of 2021 (Luo et al.
2024). First described by James Parkinson in his monograph “An essay on the shaking
palsy’ in 1817 (Parkinson 2002), PD is now recognized as a multifaceted disorder
characterized by a wide range of motor and non-motor symptoms. The primary motor
symptoms defining PD include tremor, rigidity, bradykinesia, shuffling gait, and postural
instability (Lang and Lozano 1998; Bloem et al. 2021). These symptoms are primarily
attributed to the progressive degeneration of dopaminergic neurons in the substantia nigra
pars compacta (SNpc), resulting in dopamine depletion within nigrostriatal projections and
striatal terminals and ultimately disrupting basal ganglia circuity involved in movement
regulation (Poewe et al. 2017; Kalia and Lang 2015; Panicker et al. 2021). Besides the
loss of nigral dopaminergic neurons, the second pathological hallmark of PD is the
formation of a-Synuclein (aSyn) aggregates in the form of intraneuronal inclusions called
Lewy bodies (LBs) and Lewy neurites (Dickson et al. 2009). In addition to motor
symptoms, clinical manifestations of PD include a variety of non-motor symptoms, such
as disturbances in the sleep-wake cycle, cognitive decline, mood disorders, autonomic
dysfunction, sensory abnormalities, and pain. It is conceivable that some of these non-
motor abnormalities may be a consequence of the progressive accumulation of Lewy
inclusions (Pellicano et al. 2007; Jellinger 2011; Adler and Beach 2016). Notably, some
non-motor symptoms may precede motor manifestations by over a decade, providing a
potential opportunity to use their appearance for early (pre-motor abnormalities) diagnosis
and early protective intervention (Chaudhuri and Schapira 2009; Savica et al. 2010).
Currently, there is no treatment capable of halting or slowing the progression of PD.
Therapeutic strategies primarily focus on symptomatic management aimed at addressing,
in particular, the dopamine deficiency due to neuronal loss in the SNpc. Pharmacological
treatments, such as levodopa preparations, monoamine oxidase-B inhibitors, and
dopamine agonists, seek to restore dopaminergic signaling (Fox et al. 2018; Livingston
and Monroe-Duprey 2024). While effective at early disease stages, these treatments often

lead to complications such as dyskinesias and wearing-off phenomenon after prolonged
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use (Armstrong and Okun 2020). Advanced device-aided therapeutic options, including
deep brain stimulation, MRI-guided focused ultrasound lesioning, and enteral
dopaminergic suspension systems, offer partial solutions for managing refractory motor
fluctuations; however, they are invasive and do not address the non-motor symptoms
(Bloem et al. 2021; Zhang et al. 2022). As the disease progresses, both motor and non-
motor impairments worsen, profoundly diminishing patients’ quality of life (Poewe et al.
2017; Hinnell et al. 2012).

Epidemiologically, PD is the fastest-growing neurological disorder globally, with its
prevalence having more than tripled between 1990 and 2021 (Luo et al. 2024). This trend
is expected to accelerate, primarily because PD is an age-related disorder (it is quite rare
before the age of 60-65), and increased life expectancy in future years will likely increase
aging populations (Dorsey et al. 2018; Deliz et al. 2024). These projections emphasize
the urgency of advancing our understanding of the mechanisms underlying
neurodegeneration and aSyn pathology as well as developing effective new strategies for
symptomatic and disease-modifying interventions.

1.2 Causes and modifying factors

PD is considered a multifactorial disorder that, in the vast majority of cases, arises from
the interplay between genetic, environmental, and epigenetic influences. Varying
modifying factors are thought to collectively contribute to disease onset, progression, and

clinical manifestation.

1.2.1  Genetic factors

Although most cases of PD are sporadic, approximately 5-10 % of PD cases are linked to
monogenic mutations (Lesage and Brice 2009; Pitz et al. 2024). Mutations in genes such
as LRRK2, CHCHDZ2, VPS35, and SNCA are associated with autosomal dominant PD,
whereas mutations in PRKN, DJ1, and PINK1 lead to early-onset autosomal recessive
form of the disease (Lange et al. 2022; Bandres-Ciga et al. 2020). Variants in GBA1, a
gene encoding the lysosomal enzyme glucocerebrosidase, represent the most prevalent
genetic risk factor, predisposing individuals to early-onset and more severe forms of PD
(Ryan et al. 2019; Blauwendraat et al. 2020).
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Advances in genome-wide association studies (GWAS) have identified 90
independent genetic variants across 78 loci associated with increased PD susceptibility,
underscoring the polygenetic nature of the disorder (Kim et al. 2024; Blauwendraat et al.
2020). However, genetic heritability accounts for only an estimated 16-36 % of disease
risk in sporadic PD, highlighting the importance of other non-genetic disease risk factors
(Nalls et al. 2019).

1.2.2 Environmental factors

Environmental factors are likely to contribute to PD pathogenesis. The possibility that toxic
agents may play a role in the development of nigrostriatal degeneration is strongly
supported by the effects of 1-methyl-1,2,3,4-tetrahydropyridine (MPTP), a well-known
neurotoxin capable of inducing Parkinsonian syndrome in humans (Langston 2017;
Nonnekes et al. 2018). Exposure to other toxic agents, in particular pesticides such as
paraquat and rotenone, has long been suspected to increase PD risk based on both
epidemiological and experimental evidence (Sherer et al. 2003; Li et al. 2005; Dhillon et
al. 2008; Costello et al. 2009; Tanner et al. 2011). Chronic exposure to air pollutants and
certain industrial by-products, such as solvents, may further increase disease risk (Murata
et al. 2022; Goldman et al. 2024). Additionally, traumatic brain injury, anxiety, depression,
and beta-blocker usage have also been proposed as PD risk factors, although further
investigations are needed to strengthen these associations (Ascherio and Schwarzschild
2016; Bellou et al. 2016; Grotewold and Albin 2024). Finally, it is noteworthy that
environmental variables may not only contribute to PD by promoting its pathology and
enhancing disease risk but could also act as protective factors. Perhaps the clearest
example of this protective effect is the consistently observed negative association
between smoking and PD risk, as demonstrated in epidemiological and experimental
studies (Shahi et al. 1991; Ritz et al. 2007; Li et al. 2015). Other suggested protective
factors that may reduce PD risk, based on both epidemiological and experimental
evidence, include caffeine consumption, anti-inflammatory drug use, uric acid levels, and
physical activity (Ascherio and Schwarzschild 2016; Bellou et al. 2016; Grotewold and
Albin 2024).
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1.2.3 Epigenetic factors

The role of epigenetic changes in PD pathogenesis represents a relatively new and highly
relevant area of investigation (Pavlou and Outeiro 2017; Song et al. 2023). Epigenetic
mechanisms, including DNA methylation, histone modifications, and microRNA regulation,
modulate gene expression by altering chromatin structure and accessibility of the
transcriptional machinery without changing the underlying DNA sequence; they could
thereby link, for example, environmental factors to genetic predisposition (Li 2021). The
importance of epigenetic factors in PD is highlighted by the observation that most of the
GWAS-identified risk variants are located in non-coding, regulatory genomic regions
(Maurano et al. 2012). Furthermore, the relatively low concordance rate for PD among
monozygotic twins (approximately 17 %) suggests an important role for epigenetic
variations in disease susceptibility and progression (Goldman et al. 2019). Environmental
factors, including diet, stress, and physical activity, can induce lasting epigenetic
modifications and, through these effects, contribute to disease pathogenesis. In summary,
increasing evidence points to a complex interplay between genetic, epigenetic, and
environmental factors that affects disease susceptibility and initiates pathological
processes underlying the onset and progression of PD (Cavalli and Heard 2019; Schaffner
and Kobor 2022; Klokkaris and Migdalska-Richards 2024).

1.3 Pathophysiology of PD

PD is characterized by two defining neuropathological features: the progressive
degeneration of dopaminergic neurons in the SNpc and the increasingly widespread
accumulation of LB pathology throughout the brain. Although neither feature is exclusive
to PD, their co-occurrence provides a definite diagnosis of idiopathic PD (Dickson et al.
2009; Halliday et al. 2011).

1.3.1  Neuronal vulnerability of dopaminergic neurons

Motor symptoms of PD typically emerge after a critical threshold of pathological and
neurochemical changes are reached: a loss of approximately 50 % of dopaminergic
neurons in the SNpc and a depletion of 70-80 % of striatal dopamine (Whone et al. 2003).
Dopaminergic neurons in the SNpc exhibit a unique susceptibilty to PD
neurodegenerative processes (Halliday et al. 2005; Mosharov et al. 2009). This unique
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vulnerability may not only be explained by the observation that nigral dopaminergic
neurons are sites of Lewy inclusion accumulation; in fact, these inclusions are widespread
throughout the Parkinsonian brain and also affect neuronal populations relatively resistant
to neurodegenerative processes (Wakabayashi and Takahashi 1997; Sulzer and Surmeier
2013). Several intrinsic factors are thought to predispose nigral neurons to PD-induced
demise. First, neurons in the SNpc have highly branched axons with numerous synaptic
terminals, imposing high bioenergetic demands and causing higher susceptibility to
metabolic stress (Pissadaki and Bolam 2013). Second, they exhibit autonomous
pacemaking activity, which results in sustained cytosolic calcium influx, exacerbating
mitochondrial stress and promoting excitotoxicity (Surmeier et al. 2011). Third, dopamine
metabolism within nigral neurons generates reactive oxygen species (ROS) and toxic
quinones capable of inducing oxidative damage (Burbulla et al. 2017). Finally,
mitochondrial dysfunction and increased oxidative stress can deplete lysosomes and
impair lysosomal autophagic activity, thus compromising the clearance of misfolded
proteins and damaged organelles (Xilouri et al. 2016).

1.3.2 Lewy body pathology

Lewy bodies (LB), first described by Friedrich Lewy (1912) and later linked to PD nigral
pathology by Tretiakoff (1919), are cytoplasmic inclusions characteristic of PD and other
neurodegenerative diseases, such as dementia with Lewy bodies (DLB) and multiple
system atrophy (MSA). These structures primarily consist of misfolded and aggregated
aSyn (Spillantini et al. 1997). Beyond aSyn, LBs comprise a heterogeneous mixture of
lipids, membrane fragments, and other neuronal proteins, including ubiquitin,
neurofilament proteins, tau, and proteins related to mitochondrial and autophagic
processes (Forno and Norville 1976; Shahmoradian et al. 2019). LB pathology exhibits a
predictable spatial and temporal progression, initially affecting specific brainstem and
olfactory regions before advancing to other brain areas (Braak et al. 2003). This
propagation is thought to occur through intraneuronal aSyn transfer, and for this reason,
the spreading of LB pathology progressively affects anatomically interconnected brain
regions. LB formation is prominent within the dopaminergic neurons of the SNpc; it also
involves, however, other populations of neurons using various neurotransmitter

transmissions, including serotonergic, glutamatergic, and cholinergic cells, possibly
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explaining the broad spectrum of non-motor symptoms observed in PD (Qamhawi et al.
2015; Liu et al. 2019; Braak et al. 2005).

1.4 The Alpha-Synuclein protein

The central role of aSyn in PD pathogenesis became evident following the discovery of
single-point mutations and multiplications that cause familial forms of PD (Polymeropoulos
et al. 1997; Kruger et al. 1998; Singleton et al. 2003; Chartier-Harlin et al. 2004; Zarranz
et al. 2004; Lesage et al. 2013; Pasanen et al. 2014). Another key discovery that aSyn is
a major component of LBs (Spillantini et al. 1997) underscored the fact that changes in
aSyn are not only causative factors in genetic forms of Parkinsonism but are also critically
involved in pathological processes underlying the onset and progression of sporadic (i.e.,

non-genetic) PD.

1.4.1  Structure of aSyn

aSyn, a 15 kDa protein encoded by the SNCA gene, belongs to the Synuclein family of
proteins, which also includes B- and y-Synucleins. Despite the structural similarities
between a-, [B-, and y-Synucleins, only aSyn is strongly associated with
neurodegenerative diseases (Maroteaux and Scheller 1991). In its native state, aSyn is
intrinsically disordered but adopts an a-helical conformation upon binding to lipid
membranes (Davidson et al. 1998; Weinreb et al. 1996; Eliezer et al. 2001). The protein
features a-helices and a highly unstructured, acidic C-terminal tail. The N-terminal
domain, which is positively charged due to the KTKEGV motif, facilitates lipid binding and
the formation of a-helical structures (Davidson et al. 1998; Eliezer et al. 2001). Another a-
helix contains the non-amyloid component (NAC), a hydrophobic region critical for aSyn
aggregation and LB formation (Giasson et al. 2001). The C-terminus of aSyn, largely
unstructured and highly acidic (Davidson et al. 1998; Ulmer et al. 2005), is susceptible to
post-translational modifications (Oueslati et al. 2010). This region plays an important role
in interactions with proteins, metal ions, and other ligands (Nielsen et al. 2001; Brown
2007; Liu et al. 2021), stabilizes membrane associations (Sevcsik et al. 2011), and may
modulate aSyn aggregation (Hoyer et al. 2004).
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1.4.2 Aggregation of aSyn

Under physiological conditions, aSyn is a soluble, intrinsically disordered protein.
However, aSyn is also characterized by its tendency to acquire B-sheet-rich conformations
that promote aggregation and could ultimately generate insoluble amyloid-like
aggregates. The process of aSyn aggregation bears relevant pathophysiological
implications since it may compromise cellular function and play a role in neuronal demise
(Tuttle et al. 2016). The amyloidogenic aggregation of aSyn follows a nucleation-
dependent process that can be represented by a sigmoidal curve comprising three distinct
phases: lag, elongation, and plateau (Gillam and MacPhee 2013). During the lag phase,
aSyn monomers interact to form oligomers and protofibrils - intermediate species that
exhibit significant cytotoxicity and prion-like intercellular transmissibility (Winner et al.
2011). These structures act as nucleation sites for further aggregation. The elongation
phase is characterized by rapid, exponential growth of fibrils as monomers attach to these
nuclei. This phase may also involve secondary processes such as fibril fragmentation and
seeding, which can amplify the aggregation process by creating additional nucleation sites
(Villar-Piqué, Lopes da Fonseca and Outeiro 2016).

Large aggregates and fibrils have been considered the primary drivers of
neurodegenerative processes. However, abundant and increasing experimental evidence
underscores the toxic potential of smaller aSyn oligomers, which appear particularly
harmful to cellular homeostasis (Alam et al. 2019; Ingelsson 2016). For instance,
overexpression of oligomer-inducing aSyn mutants has been shown to be more toxic than
overexpression of aSyn variants that promote fibril formation (Winner et al. 2011).
Furthermore, antibodies specifically targeting oligomers have demonstrated protective
effects against aSyn-induced toxicity (Lindstrom et al. 2014). aSyn oligomers have been
implicated in various pathogenic effects, including disruption of cytoskeletal structures,
permeabilization of membranes (plasma membrane, mitochondrial membranes,
endoplasmic reticulum (ER), and vesicle membranes), increased Ca?* influx, enhanced
ROS production, and synaptotoxicity characterized by reduced neuronal excitability and
diminished synaptic firing (Danzer et al. 2007; Parihar et al. 2009; Colla et al. 2012; Choi
et al. 2013; Volles and Lansbury 2002). Additionally, these oligomers could impair the two
major cellular protein degradation pathways: the autophagy-lysosomal system and the
ubiquitin-proteasomal system (Lindersson et al. 2004; Tanik et al. 2013).
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1.4.3 Cell-to-cell propagation of aSyn

Although the precise mechanisms underlying aSyn-associated pathology are not fully
understood, cell-to-cell transmission of aSyn may play a role in the propagation of
pathology from neuron to neuron and from one brain region to another.

Cells can secrete misfolded and aggregated aSyn via exocytosis, occasionally involving
exosomes or other extracellular vesicles; they may also directly release aSyn into the
surrounding environment upon cell death (Lee et al. 2005; Jang et al. 2010;
Emmanouilidou et al. 2010; Alvarez-Erviti et al. 2011). As supported by the Braak staging
of Lewy pathology (Braak et al. 2003; Braak et al. 2005), spreading of this pathology over
long distances might be facilitated by axonal transport. Braak and colleagues were among
the first to propose that aSyn could be taken up and released at the level of axonal
terminals, suggesting a mechanism of transsynaptic cell-to-cell transfer followed by both
antero- and retrograde transport of aSyn along axons (Jensen et al. 1999; Braak et al.
2003; Utton et al. 2005; Danzer et al. 2011). Neighboring cells may internalize extracellular
aSyn through specific receptor-mediated or bulk endocytosis (Sung et al. 2001; Lee et al.
2008; Grozdanov and Danzer 2018). Misfolded or aggregated aSyn could also enter
neurons directly by disrupting their plasma membrane (Lee et al. 2008; Ahn et al. 2006).
Finally, experimental evidence supports tunneling nanotubes as structures that could
facilitate the transfer of various aSyn species (including aggregated species) between two
cells (Abounit et al. 2016; Dieriks et al. 2017; Scheiblich et al. 2024).

Interneuronal aSyn transfer has been hypothesized as the mechanism underlying
the development of Lewy-like inclusions in PD patients who received embryonic nigral
graft transplantation (Li et al. 2008; Kordower et al. 2008). Similar inclusion formation
observed in experimental animals suggests direct host-to-graft aSyn transmission,
potentially replicating findings in transplanted PD patients (Desplats et al. 2009). Various
in-vivo models have been developed to investigate aSyn interneuronal transfer and brain
spreading. For example, brain propagation of aSyn pathology has been successfully
reproduced in rodents through injections of brain homogenate-derived or recombinant
pre-formed aSyn fibrils (PFFs) into specific brain regions (e.g., striatum or SNpc) or
peripheral tissues (Luk et al. 2012; Recasens et al. 2014; Peelaerts et al. 2015;
Abdelmotilib et al. 2017; Karampetsou et al. 2017; Duffy et al. 2018). The primary
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pathological effects observed from these PFF injections include a progressive
accumulation of intraneuronal aSyn inclusions throughout the brain, a pathology attributed
to a prion-like mechanism of protein seeding and propagation (Peelaerts et al. 2015;
Chung et al. 2019).

1.4.4 Other in-vivo models of aSyn pathology

Several models have been developed, characterized, and used to study aSyn
aggregation, transmission, and toxicity (Lama et al. 2021). Two models particularly
relevant to this project are described in detail below.

1.4.4.1 AAV-mediated aSyn overexpression model
The first model employs adeno-associated viruses (AAVs) to induce overexpression of
wild-type or mutant aSyn (Lo Bianco et al. 2002; Kirik, Rosenblad, et al. 2002). AAVs
enable targeted protein expression in specific brain regions, including the SNpc or
striatum, and facilitate transgene induction in adult animals, thereby avoiding
developmental compensation (Van der Perren et al. 2015). Recombinant AAV vectors
exhibit high tropism for nigral dopaminergic neurons, achieving over 90 % transduction
efficiency in tyrosine hydroxylase (TH)-positive neurons (Kirik, Rosenblad, et al. 2002;
Maingay et al. 2006; Ulusoy et al. 2010). AAV-mediated aSyn overexpression in the SNpc
results in progressive dopaminergic neurodegeneration and reduced striatal dopaminergic
projections within several weeks. This neuronal loss occurs more gradually compared to
conventional toxin models, with the extent varying based on virus titer, serotype, age, sex,
strain, and animal species (Klein et al. 2002; Van der Perren et al. 2011; M Decressac et
al. 2012; McFarland et al. 2009; Ulusoy et al. 2010). AAV overexpression models have
also been instrumental in studying aSyn long-distance transmission from the medulla
oblongata to more rostral brain regions (e.g., pons, mid-, and forebrain). Such transfer
and spreading can be triggered by targeted overexpression in the medullary vagal system
(Ulusoy et al. 2013; Helwig et al. 2016).

The expression of AAV-delivered genes can be fine-tuned using inducible synthetic
promoters that permit switching gene expression on or off (Domenger and Grimm 2019).
The tetracycline (Tet)-dependent system is the most commonly used inducer/repressor

method, allowing precise control over gene expression both in-vitro and in-vivo (Das et al.
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2016; Gossen and Bujard 1992). In the TetOn system, gene expression remains inactive
until activated by doxycycline, while the TetOff system operates oppositely, being active
by default and suppressed upon doxycycline addition. Both systems have been
successfully implemented in animal models using AAVs (de Solis et al. 2016; Le Guiner
et al. 2014; Pichard et al. 2012; Sohn et al. 2017; Ali Hosseini Rad et al. 2020).

1.4.4.2 Toxin-based models

The second approach utilizes neurotoxins such as 6-hydroxydopamine (6-OHDA), MPTP,
paraquat, and rotenone to replicate PD pathology. These compounds preferentially
accumulate in the dopaminergic neurons of the SNpc, inducing mitochondrial dysfunction,
oxidative stress, and, ultimately, neuronal death (Ungerstedt et al. 1974; Heikkila et al.
1984; Betarbet et al. 2000; Corasaniti et al. 1992). However, a limitation of these models
is the acute neurotoxicity they produce, which contrasts markedly with the progressive
neurodegenerative course observed in human PD (Khan et al. 2023). The unilateral 6-
OHDA model has been extensively used as a preclinical tool for evaluating
pharmacological interventions (Jiang et al. 1993; Kirik, Georgievska, et al. 2002; llijic et
al. 2011). MPTP-based models have provided insights into environmental toxicity
contributions to sporadic PD and mitochondrial dysfunctions implicated in disease
pathogenesis (Fox and Brotchie 2010). Paraquat exposure represents a particularly
relevant model for our investigations, as it has been demonstrated to elevate endogenous
aSyn levels in both the cytosolic and nuclear neuronal compartments while simultaneously
promoting aSyn aggregation (Manning-Bog et al. 2002; Goers et al. 2003; Uversky et al.
2001).

1.4.5 Localization and function of aSyn

aSyn is highly expressed throughout the brain and primarily localized at the level of
presynaptic terminals (lwai et al. 1995; Shibayama-Imazu et al. 1993). Our understanding
of the physiological roles of aSyn within neurons is still incomplete. However, presynaptic
aSyn is central to synaptic vesicle trafficking and neurotransmitter release; it facilitates the
assembly of neuronal N-ethylmaleimide-sensitive factor attachment protein receptor
(SNARE) complex, thereby aiding in the maintenance of synaptic plasticity (Burré et al.
2010). Additionally, aSyn enhances endocytosis (Varkey et al. 2010; Ben Gedalya et al.
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2009) and may act as a neuroprotective chaperone, preserving the function of the SNARE
complex (Chandra et al. 2003).

Its primary localization at presynaptic terminals does not exclude the possibility that
aSyn may be present in other cellular compartments where it may also play important
pathophysiological roles. These additional localizations may include mitochondria (Devi et
al. 2008; Chinta et al. 2010), ER (Oaks et al. 2013; Colla et al. 2012), Golgi
apparatus/lysosomes (Volpicelli-Daley et al. 2014; Mazzulli et al. 2016), and the nucleus
(Maroteaux and Scheller 1991; Specht et al. 2005; Koss et al. 2022).

Together, these findings suggest that our understanding of aSyn localization and
function is still evolving; indeed, aSyn appears to play a more dynamic role in regulating
intracellular processes than previously recognized. Particularly relevant is its potential
localization within the nucleus, which hints at the possible involvement of nuclear aSyn in

gene expression and/or epigenetic regulation.

1.5 aSyn in the nucleus

When aSyn was first discovered by Maroteaux et al. (1988) in the electric organ of Torpedo
California, the focus was primarily on identifying proteins involved in presynaptic function.
Surprisingly, the researchers also noted aSyn immunoreactivity localized to a portion of
the nuclear envelope, leading them to propose a dual role for aSyn in both presynapses
and nuclei - a hypothesis reflected in the protein’s blended name “synuclein”. Despite this
initial observation, convincing confirmation of aSyn nuclear localization did not emerge for
several years (George et al. 1995; Iwai et al. 1995; Jakes et al. 1994). Results of initial
reports showing aSyn nuclear localization were questioned due to lack of antibody
specificity and/or cross-reactivity of aSyn antibodies with non-aSyn nuclear antigens. For
example, the 3D5 aSyn antibody clone produced strong immunohistochemical signals in
the nuclei of rat and mouse tissue, which were later shown to be non-specific in aSyn
knock-out mice (lwai et al. 1995; Yu et al. 2007; Zhang et al. 2008; Huang et al. 2011;
Vivacqua et al. 2011).

In recent years, a growing body of evidence from aSyn pathology models has
consistently demonstrated nuclear localization of the protein. Several in-vitro studies using
various cell models transiently transfected with aSyn or overexpressing aSyn reported its
presence in the nucleus (McLean et al. 2000; Kontopoulos et al. 2006; Schneider et al.
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2007; Gongalves and Outeiro 2013; Fares et al. 2014). Findings in organotypic rat
hippocampal slice cultures expressing aSyn-eGFP fusion protein further supported aSyn
nuclear presence, emphasizing the critical role of the C-terminal domain of aSyn in
facilitating its nuclear localization (Specht et al. 2005). In-vivo, transgenic mice
overexpressing human aSyn revealed nuclear aSyn accumulation through electron
microscopy (Masliah et al. 2000). Various stressors, including 6-OHDA and iron, have also
been shown to promote aSyn nuclear translocation of aSyn (Sangchot et al. 2002; Monti
et al. 2007); similarly, neurotoxins, such as paraquat, rotenone, and MPTP, induce nuclear
accumulation of aSyn within rodent nigral neurons (Goers et al. 2003; Monti et al. 2010;
Vila et al. 2000).

Nuclear aSyn accumulation is increasingly recognized as a feature of
neurodegenerative diseases characterized by aSyn pathology, underscoring its potential
pathogenic relevance. In patients with MSA, aSyn-positive inclusions composed of tightly
packed straight filaments were identified within neuronal and oligodendroglial nuclei (Lin
et al. 2004; Nishie et al. 2004). In human post-stroke brains, nuclear translocation of aSyn
was observed following transient focal ischemia (Kim et al. 2016). More recently, Koss et
al. (2022) described the presence of nuclear aSyn in post-mortem brains of DLB patients.
Their results revealed oligomerization and post-translational modifications of nuclear
aSyn; in particular, phosphorylated aSyn levels were 14-fold higher in the nuclear fraction
of brain homogenates from DLB patients compared to age-matched controls (Koss et al.
2022).

1.5.1 Translocation of aSyn to the nucleus

The precise mechanisms by which aSyn translocates into the nucleus remain elusive.
Given its small size, aSyn is capable of passing through nuclear pores without the need
for transport carriers (Timney et al. 2016). Alternatively, several active mechanisms have
been proposed to regulate aSyn nuclear translocation, including its interaction with
TRIM28 or RAS-related nuclear protein (Rousseaux et al. 2016; Chen et al. 2020).
Additionally, it has been shown that aSyn can bind to retinoid acid and subsequently be
translocated into the nucleus through a calreticulin-dependent mechanism (Davidi et al.
2020). Although aSyn does not have a canonical nuclear localization signal (NLS),
importin a has been suggested to aid aSyn nuclear import (Ma, Song, Yuan, Zhang, Han,
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et al. 2014). Post-translational modifications of aSyn, such as phosphorylation and
SUMOylation, have been proposed to influence its nuclear translocation (Schaser et al.
2019; Pinho et al. 2019; Schell et al. 2009; Ryu et al. 2019). Finally, it is noteworthy that
aSyn nuclear localization may have particular functional relevance during embryonic
development. This conclusion is supported by the observation that aSyn is equally
distributed between nucleus and cytoplasm at embryonic stages before its translocation
to neuronal terminals during neuronal differentiation (Zhong et al. 2010; Pinho et al. 2019;
Pieger et al. 2022).

1.5.2 Toxic effects of nuclear aSyn localization

Nuclear translocation of aSyn during or following pathological processes may play a role
in cellular dysfunction and demise. Nuclear aSyn has been reported to exert toxic effects
by interfering with cell cycle regulation (Lee et al. 2003; Liu et al. 2011; Ma, Song, Yuan,
Zhang, Han, et al. 2014), modulating RNA metabolism (Chung et al. 2017; Popova et al.
2021), disrupting nucleocytoplasmic transport (Chen et al. 2020), and impairing nuclear
envelope integrity (Tagliafierro et al. 2019; Jiang et al. 2016; Pinho et al. 2019; Chen et al.
2020). Early in-vitro studies have shown that aSyn binds to DNA and disrupts its integrity
(Hegde and Rao 2007; Padmaraju et al. 2011; Cherny et al. 2004; Dent et al. 2022).
Consistent with these findings, nuclear aSyn has also been shown to bind chromatin and
induce oxidative DNA breaks in-vitro (Vasquez et al. 2017). The in-vivo relevance of these
findings is underscored by a study in which DNA damage and activation of the DNA
damage response were observed in dopaminergic neurons in rodent models of aSyn
pathology (Milanese et al. 2018).

While the majority of studies support the toxic potential of nuclear aSyn, a few
investigations suggest that nuclear translocation of aSyn may also result in protective
effects; for example, it may contribute to the repair of double-stranded DNA breaks
(Schaser et al. 2019; Pinho et al. 2019).

1.5.3 Transcriptional dysregulation caused by nuclear aSyn

An important mechanism by which nuclear aSyn may affect cellular pathophysiology is
through the regulation of gene expression. Various studies have demonstrated significant
changes in gene expression in PD patients (Grunblatt et al. 2004; Pinho et al. 2016) and
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experimental models of aSyn pathology, including cellular systems (Ding et al. 2013;
Pinho et al. 2019; Paiva et al. 2017) and transgenic animals (Soreq et al. 2012; Miller et
al. 2007; Yacoubian et al. 2008; Paiva et al. 2018; Du et al. 2024). These effects may
result from a variety of mechanisms, some of which could be triggered by aSyn nuclear
translocation and subsequent transcriptional dysregulation. aSyn-induced transcriptional
dysregulation may arise from direct interactions with DNA, engagement of nuclear
receptors, modulation of immediate gene pathways, and/or epigenetic mechanisms (see
below).

aSyn has been shown to bind directly to DNA, with a preference for GC-box-like
sequences, thereby altering its conformation and contributing to transcriptional
dysregulation (Vasudevaraju et al. 2012; Ma, Song, Yuan, Zhang, Yang, et al. 2014; Pinho
et al. 2019). Notably, aSyn nuclear translocation was found to be paralleled by enhanced
chromatin binding in both experimental models of oxidative stress and PD brain tissue
(Siddiqui et al. 2012). aSyn has also been shown to bind to the promoter region of PGC-
1a, a key modulator of mitochondrial homeostasis that is typically dysregulated in PD
(Eschbach et al. 2015; Siddiqui et al. 2012), as well as in proximity to the NOTCH1
promoter, which is critical for neuronal development and differentiation (Desplats et al.
2012).

aSyn is also implicated in regulating gene transcription by interacting with nuclear
proteins, including retinoid acid receptors, peroxisome proliferator-activated receptor-y,
Nurr1, and BRCA17-associated protein 1. Interestingly, these interactions modulate the
expression of genes associated with PD (Yakunin et al. 2014; Davidi et al. 2020; Lin et al.
2012; Mickael Decressac et al. 2012; Sharma et al. 2024). Furthermore, multiple studies
indicate that aSyn may be involved in at least two signaling pathways that regulate the
expression of early genes: MAPK/ERK and Ca?*/CAMKII-mediated transcriptional control
(Hashimoto et al. 2003; Shi et al. 2018; Martinez et al. 2003; Iwata et al. 2001; Chung et
al. 2019; Somayaiji et al. 2021).

Epigenetic regulation involves RNA-mediated mechanisms, such as non-coding
RNAs, DNA methylation, and specific modifications of histones. In PD models and
patients, downregulation of several microRNAs targeting SNCA has been observed,
resulting in the accumulation and aggregation of aSyn (Junn et al. 2009; Doxakis 2010;
Zhang and Cheng 2014; Kabaria et al. 2015; Li et al. 2020; Lang et al. 2022). DNA
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methylation is another mechanism by which aSyn may participate in epigenetic regulation
(Song et al. 2023). The expression of human SNCA is dependent on the methylation of
intron 1. A significant reduction in this methylation, particularly within CpG-rich promoter
regions, has been observed in the SNpc of PD patients, potentially leading to increased
expression of aSyn (Jowaed et al. 2010; Matsumoto et al. 2010; Miranda-Morales et al.
2017; Bakhit et al. 2022). This altered methylation pattern may result from the ability of
aSyn to sequester DNA methyltransferase 1 (DNMT1) from the nucleus to the cytosol,

thereby inhibiting normal DNA methylation (Desplats et al. 2011).

1.5.3.1 Interaction of aSyn with histones

Histones are proteins critically involved in the packaging and organization of nuclear DNA.
They serve as spools around which DNA winds, forming structures called nucleosomes
that facilitate the arrangement of DNA within the nucleus while also playing a role in gene
regulation. A nucleosome comprises two copies of core histones, namely H2A, H2B, H3,
and H4, while H1 aids in linking nucleosomes into higher-order structures (Luger et al.
2012; Park et al. 2022).

The association between aSyn and histones was first reported when aSyn was
found to accumulate in the nuclei and co-localize with histone H3 within SNpc neurons in
the brains of paraquat-treated mice (Goers et al. 2003). /n-vitro, aSyn was shown to form
stable complexes with histones, suggesting a potential mechanism by which aSyn may
diminish the availability of histones for DNA binding, thereby altering gene transcription
(Goers et al. 2003). Another important finding arising from in-vitro experiments was that
the binding of aSyn to histones not only affected histone complexes but also accelerated
aSyn fibrillation (Goers et al. 2003). The pathophysiological relevance of this observation
remains to be further explored since, for example, nuclear aggregation of aSyn has yet to
be investigated in the in-vivo setting. Subsequent research has confirmed the interaction
of nuclear aSyn with histone H3 both in-vitro and in Drosophila (Kontopoulos et al. 2006).
More recently, it has been demonstrated that aSyn binds to the N-terminal flexible tails of
H3, H4, and H1 (Jos et al. 2021). Other investigations have also suggested that histones
may act as nuclear pro-aggregant factors for aSyn in neurons with compromised nuclear
membrane integrity, leading to the rapid formation of aSyn aggregates (Jiang et al. 2017;
Jiang et al. 2021).
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Chromatin accessibility is influenced by various post-translational modifications of
histone tails, including acetylation, dopaminylation, methylation, phosphorylation,
serotonylation, SUMOylation, and ubiquitination (Farrelly et al. 2019; Lepack et al. 2020;
Nitsch et al. 2021). These modifications alter the surface charge of histones, thereby
modulating chromatin conformation and DNA accessibility for transcription factors and
other transcription-related proteins (Park et al. 2022). Histone acetylation is typically
associated with gene activation, whereas removal of the acetyl mark leads to a more
closed chromatin structure. Notably, the tightly regulated balance between the activities
of lysine acetyltransferases (KAT) and histone deacetyltransferases (HDAC) can be
disrupted in PD and PD models (Jin et al. 2011; Mazzocchi et al. 2019; Lee et al. 2021).
Several studies have investigated aSyn-induced changes in histone acetylation, yielding
somewhat inconsistent results, with some reporting aSyn-induced reductions while others
show aSyn-associated increases in histone acetylation (Kontopoulos et al. 2006; Liu et al.
2011; Paiva et al. 2017). Most likely, these conflicting findings reflect the complex nature
of aSyn’s role in epigenetic regulation; this role could vary, for example, under different
pathophysiological conditions and may be affected by aSyn levels and genetic variations.
Histone methylation can be linked to transcriptional repression and activation, depending
on the specific residues that methylation affects (Di Nisio et al. 2021). Distinctly altered
histone marks, including the methylation of H3K36 and H3K9, have been identified in
models of aSyn overexpression, both in-vitro and in Drosophila. In these studies, the
transcriptional dysregulation resulting from this altered histone methylation was linked to
disrupted SNARE complex assembly and synaptic vesicle fusion (Sugeno et al. 2016;
Chen et al. 2018).

1.5.4 Open questions around nuclear aSyn

A careful review of our current understanding of aSyn nuclear localization highlights the
pathophysiological relevance of this translocation and reveals important gaps in
knowledge that warrant further investigation. A critical issue in studies of aSyn nuclear
localization is the need for new methodological approaches that allow for the detection of
nuclear aSyn and facilitate investigations into aSyn-histone interactions. As previously
mentioned, this need partly arises from the questionable specificity and sensitivity of aSyn

antibodies, which may, for instance, cross-react with non-specific nuclear antigens.
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Among currently open questions concerning nuclear aSyn localization, a fundamental one
relates to the conditions and mechanisms underlying aSyn translocation. In particular,
whether a direct relationship exists between increases in cytosolic levels and the transfer
of aSyn into the nuclear compartment remains unclear, especially in the in-vivo setting.
Answers to these questions bear important pathophysiological implications since
elevations in cytosolic aSyn levels are associated with conditions (e.g., toxicant exposure)
that may promote or predispose individuals to PD pathogenesis.

Once aSyn is accumulated in the nuclear compartment, direct evidence of aSyn-
histone interactions and aSyn-induced histone modifications is lacking in in-vivo models
of PD-like pathology. Furthermore, it remains unclear whether accumulation and
“crowding” of aSyn within neuronal nuclei lead to protein aggregation that may contribute
to the long-term toxic effects of aSyn nuclear translocation. For instance, due to its
aggregation, aSyn may become “trapped” in the nucleus, potentially causing sustained
histone alterations. Another unexplored issue regarding nuclear aSyn localization
concerns again the relationship between cytosolic and nuclear aSyn levels. If aSyn gains
access to the nucleus as a consequence of increased cytosolic levels, what happens if
and when cytosolic aSyn returns to basal, low levels? Does nuclear aSyn reverse at a
similar rate and over a comparable time frame? Or does it persist longer in the nucleus,
possibly due to changes resulting from interactions with histones and/or protein
aggregation? An important corollary to these questions relates to the mechanisms
involved in aSyn clearance. Very little is understood about these mechanisms in the
context of neuronal nuclear aSyn accumulation and their role during protein translocation
into and out of the nuclear compartment. It can be hypothesized, for example, that specific
clearance mechanisms may be responsible for or contribute to the reversibility of nuclear

localization after changes in cytosolic aSyn levels.
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1.6 Aims

This project addresses these aforementioned important questions and gaps in current
knowledge regarding aSyn nuclear localization. Investigating nuclear aSyn is likely to
have relevant implications for our overall understanding of the pathogenic processes
underlying the development of PD. As discussed above, aSyn plays a central role in PD
development, and changes in aSyn pathophysiology are thought to trigger, contribute to,
or predispose individuals to PD-related pathological processes. These processes may be
promoted by well-recognized changes in aSyn molecular properties, such as enhanced
aggregation propensity and increased interneuronal mobility. They could also arise,
however, from less-studied cellular events including nuclear translocation.

This project encompasses the following five principal aims:

(i) To investigate the relationship between aSyn accumulation and nuclear
translocation using both AAV-mediated and paraquat-induced aSyn

overexpression models.

(i) To examine the interaction between aSyn and histones in-vivo through the
development and optimization of a novel proximity ligation assay (PLA).

(iiif)  To evaluate potential epigenetic alterations resulting from nuclear aSyn-
histone interactions, with a specific focus on histone modifications.

(iv)  To explore aSyn aggregation within the neuronal nucleus in-vivo.
(v)  To determine the stability or reversibility of nuclear aSyn accumulation and

aSyn-histone interactions following cytosolic aSyn clearance, utilizing a

doxycycline-inducible AAV-mediated TetOn system.
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2. Material and Methods

2.1 \Viral vectors

All recombinant AAVs used in this study were generated using a backbone plasmid
derived from an AAV2 genome encapsulated in an AAV6 capsid. Transgene expression
of human wild-type aSyn (aSyn-AAV), enhanced green fluorescent protein (GFP-AAV),
tetracycline transactivator (TetOn-AAV), and the control empty AAV (Null-AAV) is
regulated by the human Synapsin1 promoter. Meanwhile, the tetracycline-inducible
transgene expressions of aS™RE-AAV and GFPTRE-AAV are controlled by the tetracycline-
responsive element (TRE). Gene expression was enhanced using a woodchuck hepatitis
virus posttranscriptional regulatory element (WPRE) along with a polyadenylation signal
sequence (pA) downstream of the promoter and transgene sequences. Production and
titration of the AAVs were conducted by Vector Biolabs (aS™E-, and TetOn-AAVs) and
Sirion Biotech (aSyn-, GFP-, Null-AAVs). Quantitative PCR targeting WPRE was used to
determine the stock titer, and high-titer stock AAV preparations were diluted with
phosphate-buffered saline (PBS; pH 7.4; 140 mM NaCl, 7.5 mM NaH,PO,, 2.5 mM
Na,HPO,; 3 mM KCI; Merck) (Tab. 1).

Tab. 1: List of AAVs and injected AAV titers

Viral vector Final titers

1e12 gc/ml
aSyn-AAV 5e11 gc/ml

2.5e11 gc/ml
GFP-AAV 5e11 gc/ml
Null-AAV 5e11 gc/ml
aSTRE-AAV 1.125e13 gc/ml
TetOn-AAV 3.75e12 gc/mi
2.2 Animals

Animal experiments received approval from the State Agency for Nature, Environment,
and Consumer Protection in North Rhine-Westphalia, Germany. Experiments were
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conducted on female Sprague Dawley rats aged 9 and 11 weeks, as well as wild-type
C57BL/6J mice aged 18 to 21 weeks (Janvier). Animals were housed in individually
ventilated cages within a specific pathogen-free facility. They were maintained on a 12-h

light/dark cycle with ad libitum access to food and water.

2.3 Surgical procedure

During stereotaxic surgeries, rats were anesthetized with 2 % isoflurane (Vetflurane,
Virbac) mixed with O2 and N2O, and received a subcutaneous injection of the analgesic
buprenorphine (0.05 mg/kg; Bupresol, CP-Pharma) diluted in 0.9 % saline (B. Braun). To
induce transgene expression in the SNpc, a solution containing either a single AAV
preparation or multiple AAVs (1 ul) was injected intraparenchymally into the right ventral
mesencephalon, immediately dorsal to the SNpc. The following coordinates were used on
a standard U-frame stereotactic instrument (Harvard Apparatus) with a tooth bar setting
of —2.5: 5.0 mm posterior, 2.0 mm lateral to bregma, and 7.2 mm ventral to the dura mater.
Injections were performed at a rate of 0.2 ul/min using a Microliter syringe (5 ul, removable
needle; Hamilton) fitted with a glass capillary. The capillary was left in place for 5 min to
prevent backflow before being withdrawn. Post-surgery treatment included administering
tramadol hydrochloride in drinking water (0.5 mg/kg; Aliud Pharma) for 3 days following

surgery.

2.4 Drug treatment

To initiate transgene expression of aSyn or GFP, animals were treated with various
concentrations of doxycycline hydrochloride (doxycycline; Santa Cruz Biotechnology) in
their drinking water. Doxycycline-containing water was freshly prepared and replaced
every 3 to 4 days. In pilot experiments, animals received different doses of doxycycline
(0.5 mg/ml, 1 mg/ml, and 1.5 mg/ml). Subsequently, the 0.5 mg/ml concentration was
maintained for the remainder of the experiments. During treatment, animals were regularly
monitored for drinking volume, body weight, and general welfare.

Paraquat dichloride hydrate (Paraquat; Sigma-Aldrich) was dissolved in 0.9 % saline
and administered intraperitoneally in two doses of 20 mg/kg, with a one-week's interval
between the doses. Animals injected with 0.9 % saline served as controls. Mice were
regularly monitored for body weight and general welfare.
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2.5 Tissue preparation

Animals were sacrificed via an intraperitoneal injection of sodium pentobarbital
(600mg/kg; Release, WDT). For histological analyses, rats were perfused through the
ascending aorta with saline, followed by ice-cold 4 % (w/v) paraformaldehyde (PFA; Roth)
in 0.2 M phosphate buffer (pH 7.4; 78 mM NaH,PO,, 122 mM Na,HPO,; Roth). Brains
were removed, immersion-fixed in 4 % PFA for 24 h, and cryopreserved in 25 % (w/v)
sucrose (Roth) dissolved in 0.2 M phosphate buffer (pH 7.4). Subsequent analyses were
carried out on 40 uym coronal sections of the brain obtained using a freezing microtome.
Sections were stored at -20 °C in 0.2 M phosphate buffer (pH 7.4) containing 30 % glycerol
(Roth) and 30 % ethylene glycol (Roth). For analyses requiring nonfixed tissue, such as
co-immunoprecipitation (Co-IP) and proteasome activity assays, brains were dissected,
snap-frozen on dry ice, and stored at —80 °C until use.

2.6 Immunohistochemical and immunofluorescent staining procedure

A summary of primary antibodies, their sources, and working dilutions is presented in
Table 2. All immunohistochemical and immunofluorescent stainings were performed on
free-floating sections in glass vials. Brain sections were rinsed with Tris-buffered saline
(TBS; pH 7.6; 20 mM Tris, 150 mM NacCl; Roth).

2.6.1 Immunohistochemical staining

For immunohistochemical staining, endogenous peroxidase activity was quenched by
incubating the sections in a mixture of 3 % H202 (Sigma-Aldrich) and 10 % methanol
(Roth) in TBS. Non-specific binding sites were blocked by incubation in TBS with 0.25 %
Triton-X-100 (TBS-T; Roth) containing 5% normal serum (Jackson ImmunoResearch).
Samples were then incubated overnight at room temperature in a primary antibody
solution containing 1 % bovine serum albumin (BSA; Sigma-Aldrich) in TBS-T. After
rinsing, samples were incubated in an appropriate biotinylated secondary antibody
solution (1:200; Vector Laboratories) for 1 h at room temperature, followed by treatment
with avidin-biotin-peroxidase complex (ABC Elite kit, Vector Laboratories). The color

reaction was developed using the 3,3'-diaminobenzidine kit (Vector Laboratories).
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Sections were mounted on coated slides, dried, optionally stained with cresyl violet (FD
Neurotechnologies), and coverslipped with Depex (Merck).

2.6.2 Immunofluorescent staining

Tissue samples underwent antigen retrieval in 10 mM sodium citrate buffer (pH 6.0; 8.3
mM CeHsNazO7, 1.7 mM CeHsO7; Sigma-Aldrich) containing 0.05 % Tween 20 (Roth) at
95 °C for 10 min. Following retrieval, samples were subjected to the blocking procedure
described previously. For single-antibody detection, tissue sections were incubated with
primary antibodies overnight at 4 °C (Tab. 2). Subsequently, sections were incubated with
goat anti-mouse secondary antibodies conjugated with Alexa Fluor 488 (1:300; Jackson
Immunoresearch) for 2 h at room temperature. Nuclei were visualized by counterstaining
with DAPI (1:10,000; Biotium).

For double immunolabeling with TH, midbrain sections were incubated
simultaneously with directly conjugated aSyn and TH primary antibodies overnight at 4 °C
(Tab. 2). For striatal sections, a sequential staining approach was employed, beginning
with overnight incubation with TH primary antibody followed by detection using goat anti-
rabbit Alexa Fluor 647-conjugated secondary antibodies (1:300; Jackson
Immunoresearch). To minimize cross-reactivity between multiple rabbit-derived
antibodies, sections were treated with normal rabbit serum (NRS) for 1 h at room
temperature before undergoing an additional overnight incubation with directly labeled
aSyn primary antibody.

For quadruple immunofluorescence labeling, samples were processed using a
sequential labeling approach. First, for detection of H3K27 acetylation or trimethylation,
sections were incubated with respective primary antibodies (Tab. 2), followed by donkey
anti-rabbit Fab fragment (1:200, Jackson Immunoresearch), and goat anti-donkey Alexa
Fluor 594 (1:300; Jackson Immunoresearch). Second, TH and total H3 were labeled with
respective primary antibodies (Tab. 2) and visualized using goat anti-mouse Alexa Fluor
647- and goat anti-rabbit Alexa Flour 405-conjugated secondary antibodies (1:300;
Jackson Immunoresearch). Third, human aSyn was detected through overnight
incubation with directly labeled aSyn primary antibody (Tab. 2).

Following all immunolabeling procedures, samples were mounted onto coated

slides and coverslipped with Vectaschield Hardset medium (Vector Laboratories).



Tab. 2: List of primary antibodies

32

This table presents all primary antibodies and their respective dilutions used in
immunohistochemistry (IHC), immunofluorescence (IF), proximity ligation assay (PLA),
and co-immunoprecipitation (Co-IP). For immunofluorescence applications, antibody
dilutions were specifically adjusted based on the experimental context, including
quadruple staining protocols (quad) or the specific brain region analyzed, such as
midbrain sections containing the substantia nigra (SN) or striatal sections (striatum).

. Supplier/ Applica- Concen-
Target Antibody Host Catalog tion tration
grSynucieint s odlonal . abcam IHC 1:30,000
(human- rabbit )
e MJFR1 ab138501 IF 1:1,000
specific)
o-Synuclein  Monocional IF-SN 1:2,000
MJFR1 - . abcam .
(human- . rabbit IF-striatum  1:500
specific) conjugated to ab195025 IF-quad 1-400
P Alexa Fluor 488 g '
?rﬁ:g:]c_lem monoclonal rouse  Merck IF 1:1,000
e Syn211 36-008 PLA 1:20,000
specific)
a-Synuclein ~ monoclonal 8D IHC 1:10,000
(total) Syn-1 mouse Biosciences IF 1-1.000
42/a-synuclein 610787 o
saareqated monoclonal Creative IHC 1:20,000
a?g ngclein e mouse Biolabs IF 1:10,000
yhe y TAB-0748CLV  PLA 1:10,000
aggregated monoclonal mouse Merck :EC 1 ?8888
a-Synuclein 5G4 MABN389 PLA 1:10.000
H3K27 . abcam _
acetyiation polyclonal rabbit abd729 IF-quad 1:1,000
H3K27 . Merck 1:100
trimethylation polyclonal rabbit 07-449 IF-quad
. monoclonal . abcam _
histone H3 EPR16987 rabbit ab176842 PLA 1:10,000
: : abcam _
histone H3 polyclonal rabbit Ab21054 IF-quad 1:500
tyrosine olvclonal rabbit Merck IHC 1:2,000
hydroxylase ~ P°7 Ab152 IF-striatum  1:200
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tyrosine monoclonal Merck )
hydroxylase ~ LNC1 MOUSe  MaB318 IF-quad  1:300
monoclonal
: Merck
Lyrgrsclazelase tcr)\lr? J _ated to mouse  MAB318- I 1:1,000
yaroxy O Ab555

Alexa Fluor 555

2.7 Stereology

The total number of TH-positive neurons was estimated using an unbiased stereological
quantification method based on the optical fractionator principle (Stereo Investigator,
version 9, MBF Bioscience) as described by Ulusoy et al. (2010). The SNpc was
delineated at low magnification in every 6th section throughout the region. Neuronal
counting was performed using a 63 x Plan-Apochromat oil objective on an Olympus X2
UCB microscope equipped with an MBF Mac6000 System stage (Microbrightfield) and a
high-precision encoder. The coefficient of error was calculated according to Gundersen
and Jensen (1987), and values were < 0.10.

2.8 In-situ proximity ligation assay

Free-floating sections containing the SNpc were processed using Duolink [n-Situ
Proximity Ligation Assay (PLA; Merck) following the manufacturer’s protocols. Aggregated
aSyn and interaction between H3 and endogenous aSyn were detected using a previously
described “direct” PLA method (Roberts et al. 2015). This method involved overnight
incubation of sections in solutions (supplied in kit) containing PLA probes directly
conjugated to a human-specific aSyn antibody (1:120, clone Syn211, Merck).

For “indirect” PLAs, sections were incubated overnight in a solution containing two
primary antibodies and subsequently with secondary antibodies conjugated with
oligonucleotide probes (anti-rabbit PLUS and anti-mouse MINUS, provided in kit). After
ligation and amplification, specific PLA signals were visualized using a bright-field or
fluorescence detection kit (Duolink, Merck). Sections were mounted on coated slides. For
brightfield imaging, samples were optionally stained with hematoxylin and coverslipped
with Histomount (ThermoFisher). For fluorescent microscopy, sections were co-stained
with DAPI if necessary and coverslipped with Prolong Gold Antifade (ThermoFisher).
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Negative controls were included and underwent the same procedures, except that one of
the primary or secondary antibodies was omitted to validate specificity.

2.9 Cytoplasmic and nuclear fractionation

The SNpc-containing ventral midbrain was dissected from aSyn-AAV-injected rats using
a brain matrix (Stoelting) approximately 4 to 7 mm posterior to bregma. Protein content in
the nuclear and cytoplasmic fractions was quantified using a bicinchoninic acid (BCA)

assay (Pierce Biotechnology).

2.9.1 Fractionation for Co-Immunoprecipitation

Nuclear extracts for Co-Immunoprecipitation (Co-IP) were prepared using a specialized
Nuclear Complex Co-IP kit (Active Motif) to enhance the recovery of intact nuclear protein
complexes. Tissue samples were homogenized with a Dounce homogenizer (\Wheaton)
in a hypotonic lysis buffer (provided in the kit) supplemented with phosphatase inhibitors,
1 mM dithiothreitol (DTT; ThermoFisher), and detergent (supplied in the kit). After a 15-
min incubation on ice to ensure complete homogenization, samples were centrifuged to
pellet cells (850 x g, 10 min, 4 °C). The supernatant was discarded, and the cellular pellets
were resuspended in a hypotonic lysis buffer and incubated on ice for an additional 15
min. Cell lysis was completed by adding detergent (provided in the kit) and rigorous
vortexing. Lysates were centrifuged (14,000 x g, 5 min, 4 °C) to pellet nuclei. The
supernatant containing the cytoplasmic fraction was separated and used as a control. The
nuclear pellet was resuspended in a digestion buffer with protease inhibitors (provided in
the kit). Samples were then incubated with an enzymatic cocktail (kit component) to shear
DNA (10 min, 37 °C). The suspension was centrifuged (14,000 x g, 10 min, 4 °C), and the
supernatant containing the nuclear proteins was collected for further processing.

2.9.2 Fractionation for proteasome activity assay

For the proteasome activity assay, dissected samples were washed in ice-cold PBS. Cell
lysis and extraction of cytosolic and nuclear protein fractions were performed using the
NE-PER kit (ThermoFisher). Briefly, samples were mechanically homogenized using a
Dounce homogenizer. A hypotonic lysis buffer containing detergent (kit component) was
added to disrupt cellular membranes and release cytoplasmic contents. The supernatant,
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representing the cytoplasmic fraction, was collected following centrifugation (16,000 x g,
5 min, 4 °C). Nuclear proteins were extracted from the remaining cell pellet by incubating
it with a nuclear extraction reagent (supplied in the kit), followed by vigorous vortexing and
a second centrifugation (16,000 x g, 10 min, 4 °C).

2.10 Co-Immunoprecipitation

Co-IP was conducted using the Nuclear Complex Co-IP kit (Active Motif) following the
manufacturer’s instructions. Briefly, 100 pg nuclear extracts were diluted in IP buffer
(provided in the kit) to 100 pl, precleared with 10 ul pre-blocked ChIP-IT G Magnetic Beads
(Active Motif, blocked with 1 % BSA in TBS) (1 h, 4 °C, rotation), and then incubated with
aSyn antibody (Syn211; 1:200; Abcam) or H3 antibody (ERP16987; 1:200; Abcam) in
incubation buffer (overnight, 4 °C, rotation). Following primary antibody incubation, lysates
were incubated with pre-blocked ChIP-IT Protein G Magnetic Beads (1 h, 4 °C, rotation).
With the help of a magnetic rack, immune complexes bound to the magnetic beads were
washed 4 times with ice-cold IP wash buffer supplemented with 1 mg/ml BSA to remove
non-specifically bound proteins. For the final wash, no BSA was added to the IP wash,
and IP buffer was supplemented with 0.2 M NaCl to increase wash stringency. After
removing the last washing buffer, the bead pellet was eluted by boiling the beads in 50 pl
of 2x reducing loading buffer (130 mM Tris-HCI pH 6.8, 4 % SDS, 0.02 % bromophenol
blue, 20 % glycerol, 100 mM DTT) at 95 °C for 5 min.

2.11 Western blot

For western blot analysis, boiled samples were loaded onto a pre-cast 4-12 % Bis-Tris
polyacrylamide gel (12 wells, ThermoFisher) and subjected to electrophoresis in MES-
SDS running buffer (pH 7.3; 50 mM MES, 50 mM Tris, 1 mM EDTA, 0.1 % SDS; Roth)
using a XCell SureLock Mini-Cell system (1.5 h, 100 V, ThermoFisher). Following
electrophoresis, proteins were transferred onto a methanol-activated polyvinylidene
difluoride membrane (0.45 ym, Merck) in Towbin transfer buffer (pH 8.6; 25 mM Tris, 192
mM glycine) using a Mini-Protean Tetra system (400 mA; 90 min; Bio-Rad). Post-transfer,
membranes were treated with 0.4 % PFA (30 min) and blocked with 3 % BSA dissolved in
TBS-T for 1 h. Membranes were incubated overnight with antibodies against aSyn
(Syn211, 1:5000, Abcam) or H3 (ERP16987, 1:5000, Abcam)in a 1 % BSAin TBS-T. After
rinsing with TBS-T, samples were incubated with horse radish peroxidase-conjugated goat
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anti-mouse (1: 2,500; Bio-Rad) or goat anti-rabbit secondary antibodies, respectively
(1:2,500; Bio-Rad). The immunoreactive signal was visualized using an enhanced
chemiluminescent substrate (Cytiva) and detected with a ChemiDoc MP imaging system
(Bio-Rad).

2.12 Proteasome activity assay

Proteasome activity within the cytosolic and nuclear fractions was assessed using a
fluorogenic assay kit (Abcam) according to the manufacturer’s instructions. This assay
exploits the chymotrypsin-like activity of the proteasome, employing a 7-amino-4-
methylcoumarin (AMC)-tagged peptide substrate (provided in kit) that releases highly
fluorescent AMC upon cleavage. Nuclear fractions were diluted 20-fold with sample buffer
(kit component) and loaded into a 96-well microplate (ThermoFisher) in duplicates. Each
sample was tested in the presence and absence of the proteasome inhibitor MG-132 (also
known as N-benzyloxycarbonyl-L-leucyl-L-leucyl-L-leucinal). Fluorescent emission
(Excitation/Emission = 350/440 nm; gain 1000) was measured at two time points,
separated by a 30-min window, at 37 °C using a Fluostar Omega microplate reader (BMG
Labtech). Fluorescence readings were corrected for background fluorescence by
subtracting the mean absorbance value of the blank wells. Specific proteasome activity
was determined by subtracting the fluorescence signal of the MG-132 inhibited samples
from the total signal, thereby accounting for non-proteasomal proteolytic activity. The
change in fluorescence between the two time points was calculated and applied to the
AMC standard curve. The data were then adjusted for dilution, time between
measurements, and volume. Final activity measurements were normalized to the protein

concentrations of the respective fractions.

2.13 Image acquisition and analysis

Axioscan Z1 Microscope Slide Scanner (Zeiss) with a 20 x Plan-Apochromat objective
(Zeiss) was used to take brightfield and fluorescent images of entire sections. Confocal
fluorescence images were collected on LSM800 and LSM880 microscopes (Zeiss)
equipped with a 40 x or 63 x Plan-Apochromat objective (Zeiss) using the Zen software
(Zeiss). Image analysis was conducted with Fiji software (Imaged; version 2.14;

https://imagej.net/software/fiji/).
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2.13.1 Quantification of nuclear and cytosolic fluorescence intensities

Confocal fluorescence images were acquired using LSM800 or LSM 880 microscopes
equipped with a 40 x Plan-Apochromat objective, operated via Zen Blue software (Zeiss).
Full Z-stack images were captured from the dorsal, medial, and ventral regions of the
SNpc in 3 consecutive midbrain sections. All imaging parameters, including laser power,
exposure time, gain, offset, z-stack interval, and scanning speed, were maintained at
constant levels throughout the study. Nuclear and cytosolic compartments were
delineated via the freehand tool in Fiji. Neurons within the 5 ym border regions at the top
and bottom of the tissue section were excluded from analysis to mitigate potential artifacts
from uneven antibody penetration in thick tissue sections. Fluorescence intensity was then
quantified for all remaining aSyn- and TH-positive neurons on the injected and TH-positive
neurons on the intact hemisphere, with measurements focused on a single focal plane
where the nucleus was clearly visible. Background fluorescence was measured in
adjacent cell-free areas at the same focal depth for each neuron. Corrected total cell
fluorescence (CTCF) was calculated using the following formula: Integrated density —
(selected area * mean fluorescence of background readings).

2.13.2 Quantification of striatal fluorescent signal

Epifluorescent images were acquired on Axioscan Z1 Microscope Slide Scanner utilizing
a 20 x Plan-Apochromat objective and controlled through Zen Blue software. Z-stack
projections of 3 striatum sections per animal were analyzed, with the striatal region
delineated in Adobe Photoshop software. Automated quantification was conducted by
applying consistent background subtraction across all samples in Fiji. A standardized
intensity threshold was then applied to quantify the density of the fluorescent signal within
the striatal region. Accumulations of aSyn-positive signal were detected and quantified
using Fiji's “Analyze Particles” function. All imaging parameters, including background
subtraction, intensity threshold, threshold mode, and brightness, were standardized
throughout the study. The area fraction of immuno-positive signal and the number of

particles were calculated and averaged per animal.
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2.13.3 Histological quantification of PLA signal

Brightfield images for quantifying PLA signal were acquired using Axioscan Z1 Microscope
Slide Scanner equipped with a 20 x Plan-Apochromat objective and operated via Zen Blue
software. Z-stack projections of 3 consecutive midbrain sections were analyzed, with the
SNpc region delineated and selected using Adobe Photoshop software. Automated
quantification was performed using consistent background subtraction and color
deconvolution for hematoxylin and DAB stains. A constant intensity threshold was
employed on the DAB-stained images to detect and quantify PLA-positive structures using
the “Analyze Particles” function. All imaging parameters, including background
subtraction, intensity threshold, threshold mode, and brightness, were standardized
throughout the study. The area fraction of PLA-positive signals was calculated and

averaged for each animal.

2.14 Statistical analysis

Statistical analyses were conducted using Prism 10 (GraphPad). A two-way analysis of
variances (ANOVA) was employed for datasets involving comparisons across multiple
groups, followed by Tukey’s post-hoc test to adjust for multiple comparisons. The non-
parametric Mann-Whitney U test was applied for pairwise comparisons between two
groups. All data is represented with the standard error of the mean (SEM) as error bars.
Box and whisker plots show median, upper and lower quartiles and maximum and
minimum as whiskers. Statistical significance is set at a threshold of p < 0.05 and denoted
as *p < 0.05, **p < 0.01, **p < 0.001, and ****p < 0.0001. The number of biological

samples is indicated as n.
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3. Results

3.1 Nigral pathology caused by AAV-mediated aSyn overexpression

To develop a model for studying aSyn’s nuclear entry, human aSyn-carrying AAVs (aSyn-
AAVs) were injected unilaterally into the rat ventral mesencephalon, immediately dorsal
to the SNpc. Three experimental groups received AAV titers of 1e12 gc/ml (high titer),
5e11 gc/ml (medium titer), and 2.5e11 gc/ml (low titer) and were sacrificed for analysis at
4 weeks post-injection (Fig. 1A). Nigral aSyn-AAV injection induced robust human aSyn
immunoreactivity in the midbrain and in regions anatomically connected to the transduced
area, especially the striatum (Figs. 1B and 1C) (Kirik, Rosenblad, et al. 2002; Ulusoy et
al. 2017). To determine the optimal AAV titer for subsequent experiments, aSyn
expression levels in SNpc neurons and striatal fibers were compared across groups.
Immunofluorescent analysis revealed no significant difference in aSyn intensity between
low and high titer groups within SNpc neurons (Fig. 1D). Similarly, the area fraction of the
aSyn fluorescent signal did not differ between these groups. However, quantitative
analysis of striatal sections demonstrated a titer-dependent increase in aSyn-positive
fibers in the injected hemisphere (Fig. 1E).

Next, potential pathological effects of aSyn overexpression were investigated. TH-
positive neurons were counted in the injected SNpc, revealing a significant titer-dependent
loss 0f 39.16 % and 19.53 % in the high and medium titer groups, respectively. In contrast,
only a minor, non-significant decrease in TH-positive cells was observed in the SNpc from
rats in the low-titer group (Fig. 1F). aSyn accumulation within presynaptic terminals, a
known marker of synaptic dysfunction (Phan et al. 2017; Garcia-Reitbock et al. 2010), was
assessed by quantifying fluorescently labeled striatal sections. Accumulation was
significantly increased on the injected compared to the contralateral hemisphere in
animals treated with medium and high AAV titers, whereas treatment with the low AAV titer
did not result in significant differences (Fig. 1G).

Taken together, aSyn overexpression driven by an AAV injection leads to increased
aSyn levels within nigrostriatal dopaminergic neurons. While total aSyn levels remained
similar across titer groups in the SNpc (where the neuronal cell bodies are localized),
higher AAV titers were associated with increased accumulation of aSyn in striatal fibers
and terminals. This latter effect was paralleled by more pronounced titer-dependent
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pathological changes, including a significant loss of nigrostriatal dopaminergic neurons.
Significant, albeit not excessive overexpression and pathology were achieved in rats
injected with the medium AAV titer. For this reason, this medium titer was selected and
used for most of the experiments carried out as part of this project. On the other hand,
when specific experimental questions required a quantitative comparison among different
AAV titers, this comparison was made between groups of animals injected with the low

versus the high titers.
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Fig. 1: Neuronal pathology induced by AAV-mediated aSyn overexpression. (A)
Rats received a unilateral injection of 1e12 gc/ml (high titer), 5e11 gc/ml (medium titer),
or 2.5e11 gc/ml (low titer) of aSyn-AAVs into the right ventral midbrain, immediately dorsal
to the SNpc and were sacrificed 4 weeks later (n = 10 rats/titer group). (B and C)
Representative bright-field images show human aSyn-positive transduction signal in SNpc
neurons (B) and striatal terminals (C) of the injected hemisphere. Scale bars, 1000 and
100 um in low- and high-magnification images, respectively. (D) Rats treated with high
titer (n = 3, dark blue) or low titer (n = 3, light blue) of aSyn-AAV were analyzed for intensity
of human aSyn expression within nigral neurons. Representative images of midbrain
sections show DAPI (blue), TH-positive neurons (violet), and human a-Syn (green) in both
titer groups. Scale bar, 1000 um. Corrected total cell fluorescence (CTCF) and area of
fluorescent human aSyn signal were measured within human aSyn-positive neurons
(approximately 70 neurons per animal). For each animal, CTCF and area values were
averaged. (E) Samples from rats treated with low, medium, or high AAV titer (n = 4/titer
groups) were analyzed for striatal aSyn expression. Representative images of tissue
sections containing the striatum show TH-positive (violet) and human aSyn (green)
signals. Scale bar, 1000 um. The area of human aSyn fluorescent signal was measured
in samples from the intact and injected hemispheres (n = 3/per rat). For each animal,
values were averaged. (F) Representative bright-field images of midbrain sections show
TH-positive neurons. Scale bar, 1000 um. The number of TH-positive neurons was
counted in the intact and injected SNpc (n = 5/titer group; values from the intact side were
averaged). (G) Tissue sections from AAV-treated rats (n = 4/titer groups) were analyzed
for aSyn accumulations within striatal axons. Representative images show human aSyn
immunoreactivity (white) in all sections analyzed, regardless of the titer of the AAV
treatment. Scale bar, 100 ym. The number of aSyn particles was measured on both intact
and injected hemispheres (n = 4 rats/titer group; 3 sections/rat; values from the intact side
were averaged). For each animal, values were averaged. Error bars indicate SEM. Box
and whisker plots show median, upper and lower quartiles, and maximum and minimum
as whiskers. Statistical significance is denoted as *p < 0.05, **p < 0.01, ***p < 0.001, and
****p < 0.0001.
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3.2 Syn enters the nucleus and binds to histones
To investigate the relationship between aSyn expression and its accumulation within
neuronal nuclei, midbrain tissue sections from AAV-injected rats were processed for
immunohistochemical staining combined with confocal microscopy. Specific antibodies
recognizing either human aSyn (MJFR1, Syn211) or total aSyn (Syn1) revealed robust
nuclear aSyn signal co-localizing with DAPI-stained nuclei (Fig. 2A). Quantitative
comparison of nuclear aSyn expression between the high and low AAV titer groups
showed no statistically significant differences in aSyn intensity within neuronal nuclei (Fig.
2B). Similarly, the area fraction of nuclear aSyn-positive signal was comparable between
the two groups. Interestingly, this lack of titer-dependent effect of protein overexpression
on nuclear aSyn accumulation parallels the lack of changes in intraneuronal aSyn levels
between rats injected with the low as compared to the high AAV titer (see Fig. 1D). These
findings suggest, therefore, a relationship between nuclear and cytosolic aSyn levels.
Previous in-vitro studies have indicated potential interactions between aSyn and
histones (Kontopoulos et al. 2006; Goers et al. 2003). Having demonstrated nuclear aSyn
accumulation under our paradigm of AAV-induced aSyn overexpression, the next set of
experiments aimed at investigating the occurrence of aSyn-histone interactions in-vivo.
To achieve this goal, a proximity ligation assay (PLA), which detects close protein-protein
interactions, was employed. Brain sections were incubated with human aSyn- and histone
H3-specific antibodies, followed by secondary antibodies conjugated to oligonucleotide
probes. After amplification, chromogenic dots indicative of aSyn-histone proximity and
interaction were detected within neuronal nuclei on the injected hemispheres (Fig. 2C).
Importantly, no PLA signal was observed in the contralateral (non-injected) hemisphere,
nor in brain sections from naive or GFP-AAV-injected animals (Fig. 2D). To further ensure
assay specificity, technical controls omitting one or both primary antibodies were prepared
and shown to produce no detectable signal (Fig. 2E). To assess whether AAV titers
influenced the extent of aSyn-histone interactions, PLA signals were quantified across the
experimental groups treated with different AAV titers. Automated image analysis revealed
no significant differences in PLA-positive area fraction between the high, medium, and low
titer groups (Fig. 2F). Manual counting of PLA-positive nuclei corroborated these findings
(Fig. 2F).
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To validate the PLA results and confirm interactions between aSyn and histones at
the biochemical level, co-immunoprecipitation (Co-IP) was performed. Nuclear and
cytosolic fractions were immunoprecipitated using antibodies against aSyn or histone H3,
followed by immunoblotting to detect the reciprocal protein. Pull-down of histone H3
detected aSyn in the nuclear fraction, and conversely, aSyn pull-down yielded a clear H3
signal (Fig. 2G).

These findings collectively highlight the effectiveness of PLA in detecting nuclear
aSyn, providing robust evidence of aSyn accumulation within neuronal nuclei. Moreover,
data provide compelling in-vivo confirmation of the interaction between aSyn and histone
H3, underscoring the potential significance of nuclear aSyn accumulation as a mechanism

for translational dysregulation.
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Fig. 2: Nuclear accumulation of aSyn and aSyn-histone interactions in-vivo. (A and
B) Rats received a unilateral injection of aSyn-AAV at titers of 1e12 gc/ml (high titer), 5e11
gc/ml (medium titer), or 2.5e11 gc/ml (low titer) into the right ventral midbrain, immediately
dorsal to SNpc. Animals were sacrificed at 4 weeks post-injection for analysis. Nuclear
accumulation of aSyn was evaluated immunohistochemically using three different anti-
aSyn antibodies, namely MJFR1, Syn211, or Syn1 (n = 5 rats, titer: 5e11 gc/ml).
Representative images show aSyn-immunoreactivity (white) co-localizing with DAPI
(blue) within the nuclei of nigral neurons. Scale bar, 10 ym (A). Quantitative analysis of
nuclear aSyn accumulation was carried out on MJFR1-stained sections from rats injected
with high (n = 3, dark blue) or low (n = 3, light blue) AAV titer. Corrected total cell
fluorescence (CTCF) and the area of aSyn-positive fluorescence within the nuclei of
approximately 70 aSyn-positive neurons per animal were measured. For each animal,
CTCF and area values were averaged (B). (C to G) Interactions between histone H3 and
aSyn were evaluated using PLA on midbrain sections from naive rats (n = 3 rats) and
AAV-injected rats (n = 6 rats/AAV group). Representative images show chromogenic PLA
puncta specifically localized within nuclei of nigral neurons in the injected hemisphere of
aSyn-AAV-treated rats (titer: 5e11 gc/ml). Scale bars, 1000 and 100 pym in low- and high-
magnification images, respectively (C). In contrast, no specific PLA labeling was detected
in samples from naive rats or rats injected with GFP-AAV (5e11 gc/ml; please note that
sections from this latter group of animals were also stained with hematoxylin). Scale bar,
100 um (D). Technical controls to verify probe specificity were conducted by omitting one
or both primary antibodies (representative images were obtained from tissue sections from
a rat injected with 5e11 gc/ml aSyn-AAV). Scale bar, 100 ym (E). Quantitative analysis
compared PLA signals in samples from rats treated with 1e12 gc/ml, 5e11 gc/ml, or 2.5
gc/ml (n = 5/titer group). Automated analysis measured the area fraction of PLA-positive
signal, while manual analysis quantified the number of nuclei displaying aSyn-H3 signal.
For each rat, three sections were analyzed, and the results were averaged. For each titer
group, values of individual rats were also averaged (F). Co-immunoprecipitation (IP) of H3
and aSyn was conducted in nuclear (n) and cytosolic (c) fractions of aSyn-AAV- and GFP-
AAV-injected (ctrl) rats. Immunoblots (WB) for reciprocal proteins are shown (G). Error
bars represent SEM. Box and whisker plots display median, upper, and lower quartiles,
with whiskers indicating maximum and minimum. Statistical significance is denoted as *p
<0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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3.3 Endogenous aSyn interacts with histones upon paraquat exposure

The results described above support a relationship between the expression of exogenous
human aSyn, its translocation into the nucleus, and its interaction with histones following
AAV-mediated human aSyn transduction. Subsequent experiments were designed to
demonstrate a similar relationship using an alternative in-vivo model that involved
exposure of mice to paraquat. Paraquat is a bipyridyl herbicide that generates substantial
reactive oxygen species (ROS) via redox cycling with molecular oxygen. It has previously
been shown to elevate endogenous aSyn levels in the cytosolic and nuclear neuronal
compartments (Manning-Bog et al. 2002; Goers et al. 2003). In the present study, mice
were administered 2 intraperitoneal injections of either vehicle (saline) or paraquat (20
mg/kg), separated by a 1-week interval, and sacrificed 2 days after the second injection
(Fig. 3A). Consistent with earlier findings, paraquat treatment led to a robust increase in
endogenous aSyn levels in both the cytosol and nucleus of dopaminergic neurons in the
SNpc (Fig. 3B).

To further investigate whether increased endogenous aSyn, induced by paraquat
exposure, was also capable of interacting with histones, a new PLA was established.
Primary antibodies against endogenous aSyn and histone H3 were conjugated directly
with oligonucleotide probes, allowing for probe hybridization, signal amplification, and
bright-field microscopic visualization. Preliminary results indicated a markedly increased
PLA positive-signal in paraquat-treated mice as compared to control (saline-injected)
animals (Fig. 3C), providing compelling evidence that aSyn-histone interactions represent
a consistent consequence of enhanced aSyn expression, likely of pathophysiological

relevance.
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Fig. 3: Interaction of endogenous aSyn with histones following Paraquat exposure.
(A) Mice were treated with 2 intraperitoneal injections of either vehicle (saline) or paraquat
(20 mg/kg), administered one week apart. Animals were sacrificed 2 days after the second
paraquat injection (n = 5 mice/treatment group). (B) Representative immunohistochemical
images illustrate endogenous aSyn expression in paraquat- and saline-treated animals.
Scale bars, 1000 ym and 100 um in low- and high-magnification images, respectively. (C)
Midbrain sections were subjected to PLA to assess interactions between endogenous
aSyn and histone H3. Representative images reveal a marked increase in specific
chromogenic PLA puncta in paraquat-injected mice. Scale bar, 20 ym. Quantification of
PLA puncta was conducted on a single section from 3 animals in each treatment group.
Error bars represent SEM. Statistical significance is indicated as *p < 0.05, **p <0.01, ***p
< 0.001, and ****p < 0.0001.
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3.4 aSyn aggregates within the nucleus that bind to histones

A series of experiments was conducted to determine whether, once it gains access to the
nucleus, aSyn forms intranuclear aggregate species. The rationale for this work stems
from at least two considerations. First, protein crowding within the nuclear compartment
would likely promote aSyn assembly. Secondly, earlier in-vitro studies showed that
histones are capable of facilitating aSyn aggregation (Goers et al. 2003; Jiang et al. 2017).

For these analyses, we used tissue from rats injected intraparenchymally with AAV
delivering human aSyn DNA (see above). Midbrain sections were initially stained with two
conformation-specific antibodies, SynO2 and 5G4, which preferentially detect aggregated
forms of aSyn. Immunohistochemical analysis revealed a strong positive signal for
aggregated aSyn within nigral neurons in the injected hemisphere, even at low antibody
concentrations (Fig. 4A). Aggregates identified by SynO2 or 5G4 antibodies were localized
not only to the perikarya but also within nuclei, as indicated by nuclear co-localization with
DAPI using fluorescent confocal imaging (Fig. 4B).

To further validate the presence of nuclear aSyn aggregates, a specific PLA (Syn-
Syn PLA) was employed. This assay has been shown to detect aSyn aggregates, in
particular oligomeric aSyn forms, with high sensitivity and specificity (Roberts et al. 2015;
Helwig et al. 2016; Behere et al. 2021). PLA analysis demonstrated the formation of
human aSyn oligomers within nigral neurons in the AAV-injected brain hemisphere (Fig.
4C). aSyn aggregates were clearly present within the nucleus, as indicated by the co-
localization of fluorescent Syn-Syn PLA signal with DAPI (Fig. 4D).

A separate set of analyses investigated the potential interactions of aggregated
aSyn with histones. Two distinct PLAs were developed using SynO2 or 5G4 antibodies in
combination with histone H3. The SynO2-H3 PLA generated a strong nuclear signal within
nigral dopaminergic neurons in the injected hemisphere, whereas the PLA signal from the
5G4-H3 PLA, although present, was less intense (Fig. 4E).

To corroborate these PLA findings and further demonstrate interactions between
nuclear aSyn aggregates and histones, biochemical analyses using Co-IP were
conducted. Fresh ventral mesencephalic homogenates from aSyn-AAV-injected and
control (GFP-AAV injected) rats were immunoprecipitated with SynO2, followed by
immunoblotting to detect histone H3. Results of these analyses showed that pull-down
with SynO2 yielded a signal for histone H3 in samples from injected rats but not in tissue
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from control animals. Co-IP was also carried out using anti-histone H3 as pull-down
antibody. In this instance, however, no SynO2 signal was detected, most likely due to the
loss of the aggregated aSyn conformation during Western blotting. Consistent with this
interpretation, following pull-down with anti-histone H3, a clear signal for total aSyn could
still be detected in the samples from injected rats devoid of SynO2 immunoreactivity (Fig.
4F).

Collectively, these results, obtained using conformation-specific antibodies,
targeted PLAs, and Co-IP, provide strong evidence that, once accumulated within
neuronal nuclei, aSyn forms aggregates, in particular oligomeric aSyn species. Data also
reveal that these nuclear aggregates are closely associated with and interact with
histones.
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Fig. 4: Nuclear aggregation of aSyn and association with histones. Rats were
unilaterally injected with aSyn-AAV (5e11 gc/ml) into the right ventral midbrain, just dorsal
to the SNpc, and sacrificed 4 weeks post-injection. (A) Representative images show aSyn
aggregates in nigral neurons of the injected hemisphere, detected with SynO2 or 5G4,
two conformation-specific antibodies (n = 5 rats/antibody staining). Scale bars, 1000 pym
(low magnification), 100 ym (high magnification). (B) Nuclear accumulation of aggregated
aSyn was visualized with SynO2 and 5G4. Images show co-localization of SynO2 or 5G4
immunoreactivity (white) with DAPI (blue) in neuronal nuclei (n = 5 rats/antibody staining).
Scale bar, 10 um. (C and D) To further examine aSyn aggregation, midbrain sections were
processed for aSyn-aSyn PLA. In (C), chromogenic PLA puncta mark aSyn aggregates
specifically in the SNpc of the injected hemisphere (n = 5 rats). Scale bars, 1000 ym for
low and 100 pym for high magnification. In (D), fluorescent PLA was used with confocal
microscopy to detect aSyn aggregates within neuronal nuclei (n = 5 rats), with the PLA
signal (white) co-localizing with DAPI (blue). Scale bar, 10 um. (E) Interactions between
aggregated aSyn and histone H3 were assessed using two separate PLAs involving
SynO2 / H3 or 5G4 / H3 antibody pairs (n = 5 rats/PLA group). Representative images
show chromogenic PLA puncta indicative of aggregated aSyn-H3 proximity within the
nuclei of SNpc neurons in the injected hemisphere. Scale bars, 1000 ym and 100 pym in
low- and high-magnification images, respectively. (F) Two groups of animals were injected
with either aSyn-AAVs or GFP-AAVs (5e11 gc/ml) and sacrificed 4 weeks later (n = 2
rats/group). The latter group served as a negative control. Co-immunoprecipitation (IP) of
H3 and aSyn confirmed the presence of WB immunoreactivities only in samples from
aSyn-AAV-treated rats.
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3.5 Nuclear aSyn increases histone acetylation
Data showing nuclear accumulation of aSyn and its interaction with histones raised the
question of whether these effects of aSyn overexpression affected histone modifications.
Interestingly, altered histone modifications, particularly changes in acetylation of histone
H3 at lysine 27 (H3K27), have previously been reported in cell and transgenic fly models
of aSyn overexpression (Kontopoulos et al. 2006; Liu et al. 2011; Paiva et al. 2017). To
evaluate H3K27 acetylation and trimethylation levels in the AAV-induced aSyn
overexpression rat model, midbrain sections were processed with quadruple
immunofluorescent staining. This protocol enabled simultaneous detection of (i) total
histone H3, (ii) H3K27 acetylation or trimethylation, (iii) human aSyn, and (iv) TH (a marker
of dopaminergic neurotransmission) within nigral neurons (Figs. 5A and 5B). Preliminary
quantitative analysis of fluorescent intensities, which is currently being replicated, showed
a 38.7 % increase in neuronal H3K27 acetylation in midbrain sections from the injected
hemisphere compared to sections from the non-injected brain side (Fig 5C). In contrast,
H3K27 trimethylation levels remained unchanged irrespective of whether they were
quantified in samples from the injected or non-injected hemisphere (Fig. 5D).

These results suggest a selective alteration in H3K27 acetylation in response to
aSyn overexpression. aSyn-histone interactions could play an important role in causing
this effect, bearing significant pathophysiological consequences, for example, due to

changes in chromatin remodeling.
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Fig. 5: Histone modifications in midbrain neurons from aSyn-overexpressing rats.
(A and B) Rats received unilateral injections of aSyn-AAV (5e11 gc/ml) into the right
ventral midbrain and were sacrificed 4 weeks post-injection. To assess changes in histone
modifications, quadruple fluorescent staining was performed using antibodies against (i)
aSyn (green), (ii) TH (violet), (iii) H3 (blue), and (iv) either H3K27-acetylation (n = 8 rats)
or H3K27- trimethylation (n = 4 rats) (white). Representative confocal images show nigral
neurons in the injected hemisphere. Scalebar, 10 um (A). Corrected total cell fluorescence
(CTCF) for H3K27 acetylation or trimethylation was quantified within TH- and human
aSyn-positive neurons from the injected hemisphere, as well as in TH-positive neurons
from the intact brain side. Approximately 40 neurons were analyzed per animal. CTCF
values for each histone modification were normalized to total H3 levels and averaged for
each animal (B). Box and whisker plots display median, upper, and lower quartiles, with
whiskers indicating maximum and minimum. Statistical significance is denoted as *p <
0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
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3.6 Inducible aSyn-overexpression is achieved by doxycycline treatment

The pathophysiological consequences of nuclear aSyn accumulation and histone-aSyn
interactions may vary depending on the duration of nuclear aSyn burden. Very little is
known, however, about the reversibility of this burden. It is also unknown whether and to
which extent nuclear aSyn accumulation recedes once cytosolic protein levels are
normalized after its overexpression. To address these important questions, an in-vivo
model was developed using the TetOn expression system in combination with doxycycline
treatment. This model allowed us to regulate the timing of both induction and cessation of
aSyn overexpression, facilitating the study of the relationship between nuclear and
cytosolic aSyn accumulation.

The TetOn system utilized in this study permits controlled transcription initiation.
Binding of the reverse tetracycline transactivator (rtTA) to the tetracycline-responsive
element (TRE) promoter occurs exclusively in the presence of doxycycline, a stable
tetracycline analog (Fig. 6A) (Gossen and Bujard 1992). Unilateral stereotactic injections
were performed into the right ventral mesencephalon, immediately dorsal to the SNpc,
using two AAVs at a 1:2 ratio: one encoding the rtTA transactivator (TetOn-AAV) and the
other encoding aSyn under the TRE promoter (aS™RE-AAV, Fig. 6B). Initial experiments
were aimed at optimizing doxycycline concentration in the drinking water. Starting 2 weeks
post-surgery, rats were given drinking water containing 0, 0.5, 1.0, or 1.5 mg/ml
doxycycline for 4 weeks (Fig. 6C). Water intake across all groups showed no significant
differences during this 4-week period (Fig. 6D). Immunohistochemical analysis
demonstrated robust aSyn expression in the midbrain and striatum of all doxycycline-
treated groups, while control animals that received no doxycycline exhibited little aSyn
signal within nigral neuronal cell bodies and striatal axonal projections (Figs. 6E and 6F).
Analysis of TH-stained sections revealed a moderate loss of nigral dopaminergic neurons
and striatal fibers that, in the group of animals treated with the lowest doxycycline dose
(0.5 mg/ml), was comparable to the effects observed in rats injected with aSyn-AAV
(without TetOn system) (compare Figs. 1E and F with Figs. 6G and H). Treatment of
animals with 1.0 and 1.5 mg/ml doxycycline caused more severe nigrostriatal damage
(Figs. 6G and 6H). Based on these results, induction of aSyn expression in subsequent
experiments using the TetOn model was achieved with administration of doxycycline at a
dose of 0.5 mg/ml.
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Fig. 6: Inducible aSyn-overexpression mediated by doxycycline treatment. (A)
Regulation of aSyn transcription by the TetOn system. The reverse tetracycline
transactivator (rtTA) binds to the tetracycline response element (TRE) promoter only in
the presence of doxycycline (Dox), thus initiating aSyn expression. (B and C) Rats
received unilateral injections of two AAV vectors (1:2 ratio), one encoding the TetOn
transactivator (TetOn-AAV) and the other encoding aSyn under the TRE-promoter (aSTRE-
AAV) (B), into the right ventral midbrain, just dorsal to the SNpc (C). Starting 2 weeks post-
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surgery, rats received drinking water containing varying concentrations of doxycycline (0,
0.5, 1.0, or 1.5 mg/ml); animals were then sacrificed at 4 weeks after initiation of
doxycycline treatment (n = 6 rats/treatment group) (C). (D) Water consumption was
monitored across all treatment groups (n = 3 cages/treatment group). Error bars represent
SEM. (E and F) Representative bright-field images show human aSyn-positive
immunoreactivity in the SNpc (E) and striatum (F) of rats (injected hemisphere) that did
not receive doxycycline. In some samples (see images on the left), no or minimal
immunoreactivity was observed, while, in other tissue sections, human aSyn expression
was more evident. Slight transgene expression in control tissue from untreated rats likely
reflects “leakage” of aSyn expression caused by non-specific binding of the rtTA. Scale
bars, 1000 pym. (G and H) Representative bright-field images of human aSyn
immunoreactivity in the SNpc (G) and striatum (H) of rats (injected hemisphere) treated
with different doxycycline doses. As compared to findings in tissue from untreated rats (E
and F), treatment with doxycycline induced a marked human aSyn expression. Scale bars,
1000 um. (I and J) Neuronal integrity in the SNpc (l) and striatum (J) was assessed by TH
immunostaining. Images show a dose-dependent reduction of immunoreactivity,
consistent with a loss of neuronal integrity. Scale bars, 1000 ym.

While conducting these initial experiments to optimize the TetOn model of aSyn
expression, results showed that, in some instances, low aSyn expression could be
detected even in control animals that did not receive doxycycline treatment (Figs. 6E and
F). This phenomenon, often referred to as “leakage” of the TetOn systems, is a known
effect that can be addressed, at least in part, by adjusting the relative amount of the rtTA
(Ali Hosseini Rad et al. 2020; Roney et al. 2016). A set of experiments was therefore
designed to determine whether “leaked” aSyn expression could be mitigated by changing
the TetOn-AAV / aSTRE-AAV ratio from 1:2 to 1:3, thus effectively reducing the amount of
rtTA (Fig. 7A). Two groups of animals received AAV injections at a ratio of 1:3 and were
then treated with either 0.5 mg/ml doxycycline or no doxycycline (Fig. 7B).
Immunohistochemical staining with anti-aSyn confirmed the induction of robust aSyn
expression in the doxycycline-treated group. It also confirmed a slight leakage of aSyn
expression in the untreated control group, which could be minimized, however, using the
adjusted 1:3 AAV ratio (Figs. 7C and 7D). Leaked aSyn expression using this 1:3 ratio
would be unlikely to have any significant effect on the results of subsequent experiments
in which the TetOn inducible model was used to investigate the reversibility of nuclear

aSyn accumulation and the relationship between cytosolic and nuclear aSyn burden.
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Fig. 7: Refinement of doxycycline-inducible aSyn overexpression. (A) Rats received
unilateral midbrain co-injections of TetOn-AAV and aSTRE-AAV using a 1:3 rather than a
1:2 ratio (see Fig. 6) of the two vectors. (B) Beginning at 2 weeks post-surgery, rats were
given drinking water with or without doxycycline (0.5 mg/ml) for 4 weeks; at this time,
animals were sacrificed and brains collected (n = 6 rats/treatment group). (C and D)
Representative bright-field images of human aSyn immunoreactivity in the SNpc (C) and
striatum (D) of rats that did not receive doxycycline. Please note that these images
represent the maximum “leakage” observed under this experimental condition (1:3 rather
than 1:2 AAV ratio). Scale bars, 1000 um. (E and F) Representative bright-field images of
human aSyn immunoreactivity in the SNpc (E) and striatum (F) of rats treated with 0.5
mg/ml doxycycline. Scale bars, 1000 um.
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3.7 Cessation of doxycycline treatment reverses aSyn overexpression

In the TetOn model, aSyn overexpression triggered by doxycycline administration should
be reversed after cessation of drug treatment. To test this “off” effect, five groups of rats
underwent a combined stereotactic nigral injection of TetOn-AAV and aSTRE-AAV as
described above. Starting 2 weeks post-surgery, all animals received doxycycline in their
drinking water for a 4-week induction period. Upon doxycycline withdrawal, animals were
then sacrificed at intervals of 0, 2, 4, 8, or 12 weeks to monitor intraneuronal aSyn
expression (Fig. 8A). Immunohistological analysis of midbrain and forebrain tissue
sections stained with anti-aSyn revealed a gradual decline in immunoreactivity within the
SNpc and striatum, reflecting progressive aSyn clearance following the withdrawal of
doxycycline-induced expression (Figs. 8B and 8C). A marked reduction in aSyn content
was already observed in the SNpc at 2 and 4 weeks after doxycycline withdrawal (Fig.
8B). Interestingly, at the same time points, the reduction in aSyn levels was less
pronounced in the striatum, suggesting a delayed and slower process of aSyn clearance
(Figs. 8C and D). Despite these initial differences, cessation of doxycycline-induced aSyn
overexpression was observed in both the SNpc and striatum at 8 weeks post-drug
withdrawal (Figs. 8B to 8D).
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Fig. 8: aSyn clearance following cessation of doxycycline-induced overexpression.
(A) Rats were injected unilaterally into the right ventral midbrain, using two AAV vectors:
TetOn-AAV and aSTRE-AAV. The ratio of the two vectors was 1:3. Beginning 2 weeks post-
surgery, rats were treated with doxycycline (0.5 mg/ml) in their drinking water for 4 weeks.
At this time point, the doxycycline treatment war terminated, and animals were kept for 0,
2, 4, 8, or 12 weeks before being sacrificed (n = 8 rats/time point). (B) Representative
bright-field images show SNpc-containing midbrain sections stained with anti-human
aSyn. A progressive reduction of protein overexpression occurred after doxycycline
withdrawal. Scale bar, 1000 uym. (C) Representative fluorescent images of striatal sections
show human aSyn (green) expression at different time points after doxycycline withdrawal.
Scale bar, 1000 ym. (D) Intregrated density of striatal aSyn fluorescent signal was
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measured in the intact and injected hemispheres. For each animal, values were collected
and averaged from 3 alternating striatal sections. Values from the injected hemisphere
were collected and averaged (n = 4 rats/time point). Values from control (intact side) tissue
collected at the different time points post-doxycycline were averaged. Box and whisker
plots present the median, upper, and lower quartiles, with the whiskers representing
maximum and minimum values. Statistical significance is indicated as *p < 0.05, **p <
0.01, ***p < 0.001, and ****p < 0.0001.
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3.8 aSyn-histones interactions are reversible
To investigate the effect of halting aSyn overexpression on nuclear aSyn accumulation,
rats underwent the aforementioned treatment involving doxycycline administration for 4
weeks and subsequent withdrawal. Animals were sacrificed 4 weeks after drug
withdrawal, and midbrain sections were processed for PLAs to detect interactions of
human aSyn or aggregated aSyn with histones. Analysis of human aSyn-histone
interactions revealed a significant reduction in nuclear signal following the doxycycline
withdrawal period, with only sparse immunoreactivity puncta detectable within neuronal
nuclei (Fig. 9A). Similarly, PLA designed to detect interactions between aggregated aSyn
(assessed using the SynO2 antibody) and histones revealed complete ablation of
detectable signal after the same clearance period (Fig. 9B). Complementary
immunohistochemical analyses corroborated these findings, demonstrating substantially
reduced immunoreactivity for human aSyn and diminished prevalence in nigral neurons
(Fig. 9C), while the immunoreactivity for aggregated aSyn species returned to baseline
levels after the same 4-week clearance period (Fig. 9D).

Collectively, these results indicate that aSyn-histones interactions are reversible, even
if they involve aggregated aSyn species. Data are also consistent with the conclusion that,
following its overexpression, clearance of aSyn follows a time course similar to that in

neuronal perikaryal and neuronal nuclei.
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Fig. 9: Reversibility of aSyn-histone interactions. Rats were injected unilaterally into
the right ventral midbrain using two AAV vectors: TetOn-AAV and aSTRE-AAV (1:3 ratio).
Starting 2 weeks post-surgery, one group of rats was treated with doxycycline (0.5 mg/ml)
in their drinking water for 4 weeks. At this time point, the doxycycline treatment was
terminated, and animals (n = 4 rats) were kept for an additional 4 weeks before being
sacrificed (panels on the right). For comparison, a negative control group (n = 4 rats)
received only water for 8 weeks (panels on the left). A positive control group (n = 4 rats)
was also generated; it consisted of rats treated with doxycycline throughout the 8-week
period of the experiment (panels in the middle). (A) Representative images of midbrain
tissue sections processed for PLA to detect aSyn-histone interactions (aSyn-H3 PLA).
High-magnification images show neurons in the SNpc. (B) Representative images of
midbrain tissue sections processed for PLA to detect interactions between histone H3 and
aggregated aSyn (SynO2-H3 PLA). High-magnification images show neurons in the
SNpc. Scale bars, 50 ym and 10 ym for low- and high-magnification images, respectively.
(C and D) Midbrain tissue sections from the same animals in the three experimental
groups were processed for immunohistochemistry using an antibody detecting human
aSyn or an antibody detecting aggregated aSyn. Representative images show neurons in
the SNpc of the injected hemisphere. Scale bars, 50 um.
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3.9 Nuclear clearance of aSyn is proteasome-dependent

Data showing an efficient reduction of nuclear aSyn levels and the reversibility of aSyn-
histone interactions raise the question of whether specific mechanisms or pathways are
involved in nuclear aSyn clearance under conditions of increased aSyn expression.
Cellular degradation of aSyn is primarily mediated through lysosomal pathways and the
ubiquitin-proteasome system (UPS) (Stefanis et al. 2019). While nuclei are devoid of the
autophagic machinery, they contain a UPS capable of degrading nuclear aberrant protein
as well as small protein aggregates (lwata et al. 2009; den Brave et al. 2020).
Consequently, the next set of experiments was designed to investigate the role of the
nuclear UPS in mediating aSyn degradation in aSyn-overexpressing neurons. Analyses
were carried out in midbrain tissue sections from rats injected with empty AAV (Null-AAV),
GFP-AAV, or aSyn-AAV and involved the measurement of proteasomal enzymatic activity
using a chymotrypsin-like activity assay. This assay employs an AMC-tagged peptide
substrate that releases the highly fluorescent AMC molecule upon UPS-mediated
cleavage; fluorescence measurements then provide a sensitive quantification of
proteasomal activity.

Initially, assay parameters for measuring nuclear proteasome activity were optimized,
including fluorescent gain, dilution factor, and time points. SNpc-containing ventral
midbrain tissue from naive rats was dissected, nuclear fractions were isolated, and protein
content was quantified. Fluorescent gains of 0, 500, 1000, 2000, and 4000 were tested,
with a gain of 1000 yielding the optimal signal; lower gains resulted in indistinct sample
separation, while higher gains led to sample saturation (Fig. 10A). Nuclear fraction
dilutions of 10 x and 20 x were also tested, with the 20-x dilution providing values within
the standard curve range (Fig. 10B). Fluorescent signals were taken every 5 min, starting
at 15 min after the beginning of incubation and ending at 75 min. A linear phase occurred
between 35 and 65 min and was used to calculate the increase in AMC fluorescence over
time and to estimate UPS activity (Fig. 10C).

Using the optimized assay parameters, nuclear fractions from Null-AAV-, GFP-AAV-,
or aSyn-AAV-injected rats were analyzed for proteasomal activity. A significant increase in
proteasome activity was observed solely in the injected hemisphere of aSyn-AAV-treated
animals (Fig. 10D), indicating a relationship between nuclear aSyn accumulation and
enhanced UPS-mediated protein degradation. It is conceivable that this effect mitigates
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the deleterious consequences of nuclear aSyn burden and may play an important role in

reversing this burden after cessation of aSyn overexpression.
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Fig. 10: Proteasome-dependent clearance of aSyn. (A to C) Nuclear fractions were
isolated from ventral midbrain tissue of naive rats (n = 2 rats), and chymotrypsin-like
proteasomal enzymatic activity was assessed using an AMC-tagged peptide substrate.
For optimization, fluorescent signal was measured under various gain settings (0, 500,
1000, 2000, 4000) to determine the optimal detection range (A). Different dilutions of the
nuclear fractions (1:10, 1:20) were tested (B). Using the 1:20 dilution, fluorescent signals
were recorded every 5 min to establish a 30-min window of linear activity increase (C). (D)
Rats were injected unilaterally with aSyn-AAV (5e11 gc/ml), GFP-AAV (5e11 gc/ml), or
Null-AAV (5e11 gc/ml) into the right ventral midbrain and sacrificed 4 weeks post-injection
(n = 3 - 4 rats/group). Nuclear fractions were prepared from midbrain tissue of the intact
and injected hemispheres. AMC fluorescent signal was measured in these fractions, and
normalized proteasome activity calculated. Null, GFP, and aSyn bars show averages of
the values detected in tissue from the injected side; symbols show the values in individual
animals. The intact bar shows the average of all values measured in tissue from the intact
hemisphere; symbols show values in individual rats from the three different experimental
groups. Error bars represent SEM. Statistical significance is indicated as *p < 0.05, **p <
0.01, ***p < 0.001, and ****p < 0.0001.
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4. Discussion

The nuclear translocation of aSyn likely represents a highly relevant component in the
pathophysiology of PD. However, important factors concerning the conditions and
mechanisms governing aSyn translocation, the intranuclear consequences of aSyn
accumulation, intranuclear aSyn aggregation, and the reversibility and clearance of
nuclear aSyn burden remain largely unexplored. Notably, there is a lack of in-vivo
research investigating these critical issues. Our study aimed to address several of these
knowledge gaps by examining five principal aspects of nuclear aSyn pathobiology in-vivo.

4.1 The relationship between aSyn accumulation and nuclear translocation

First, we aimed to investigate the relationship between aSyn accumulation and its nuclear
translocation. Our study established an AAV-mediated aSyn overexpression model
through a unilateral injection of aSyn-delivering AAVs into the rat ventral mesencephalon,
demonstrating robust human aSyn expression at the injection site and in anatomically
connected regions, particularly the striatum. This pattern aligns with previous research
(Kirik, Rosenblad, et al. 2002; Klein et al. 2002; Ulusoy et al. 2010; Ulusoy et al. 2017)
and confirms successful viral transduction and protein expression. Importantly, we
detected aSyn within the nucleus following the initiation of overexpression.

Although protein overexpression models face criticism for creating artificially
exaggerated conditions (M Decressac et al. 2012; Van der Perren et al. 2015; Albert et al.
2019), our approach offers several advantages for investigating nuclear aSyn
translocation. The amplification allows for proof-of-concept studies that identify factors
governing aSyn’s nuclear entry, function, and persistence while simultaneously reflecting
a pathophysiological phenomenon frequently observed in PD. The genetic basis for
chronically increased aSyn levels in PD is well established. These primarily involve
multiplications in the SNCA gene (Farrer et al. 2004; Miller et al. 2004) and polymorphisms
in the gene promoter regions (Fuchs et al. 2008). Complementing these direct genetic
causes, mutations in genes regulating aSyn degradation, such as GBA1, ATP13A2, and
PRKN, contribute to increased aSyn accumulation through impaired clearance
mechanisms (Shimura et al. 2001; Mazzulli et al. 2011; Usenovic et al. 2012). At the
transcriptional level, various factors that interact directly with the aSyn promoter further
drive protein upregulation (Yang and Latchman 2008; Duplan et al. 2016).
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Beyond these intrinsic genetic factors, environmental triggers can acutely elevate
aSyn levels. Exposure to toxins such as MPTP and paraquat induces aSyn accumulation
(Manning-Bog et al. 2002; Chorfa et al. 2013; Vila et al. 2000). Similarly, traumatic brain
injury (Surgucheva et al. 2014; Acosta et al. 2015), a recognized risk factor for PD
development (Ascherio and Schwarzschild 2016; Bellou et al. 2016), has been shown to
induce aSyn accumulation. Together, these examples of pathophysiological aSyn
accumulation underline the relevance of the AAV-mediated aSyn-overexpression model.
However, we acknowledge that the acute nature of the AAV-mediated aSyn
overexpression model contrasts with the decades-long elevation of aSyn experienced by
genetic PD patients. This suggests a valuable avenue for future research using more
chronic models. Another important consideration is that aSyn levels produced in this
model may still be higher than in the aforementioned (patho-)physiological cases. Keeping
this caveat in mind, we also used an alternative model of paraquat exposure in mice,
which is known to moderately, yet detectably, increase aSyn levels (Manning-Bog et al.
2002; Fernagut et al. 2007; Tong et al. 2022). Our experiments demonstrated that
paraquat exposure triggers aSyn nuclear entry, providing compelling evidence that
nuclear translocation is a consistent consequence of enhanced aSyn expression,
regardless of the underlying mechanism. The implications of our findings are particularly
intriguing when considering brain regions that have physiologically high levels of aSyn,
such as the dorsal motor nucleus of the vagus nerve (Taguchi et al. 2016). This natural
accumulation might contribute to the selective vulnerability of specific neuronal
populations in PD pathogenesis.

We further designed experiments with varying AAV titers to investigate the
relationship between cytosolic aSyn accumulation and nuclear translocation. Our initial
hypothesis that higher cytosolic aSyn would proportionally increase nuclear translocation
was only partially supported by the results. Unexpectedly, we did not find significant
differences in cytosolic aSyn concentration among the three AAV titer groups. Similarly,
the extent of aSyn translocation and levels of nuclear aSyn levels were quite comparable
in these experimental groups. Thus, data were consistent with a dynamic equilibrium
between the cytosolic and nuclear compartments. The specific reason(s) for the lack of
titer-dependent effects remain unclear. However, further analyses in our tissue samples

from the SNpc and striatum revealed a pronounced compartment-specific accumulation
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pattern: while aSyn intensity within SNpc neuronal cell bodies remained relatively
consistent despite increasing AAV titers, striatal aSyn-positive axonal fibers exhibited
clear titer-dependent increases. This differential accumulation pattern may reflect a
fundamentally distinct handling of aSyn between neuronal cell bodies and projections.
Given aSyn’s primary function in the synapses, preferential anterograde transport and
axonal accumulation would be expected; this axonal/synaptic accumulation may be more
directly related to the titers of AAV-induced transduction. Alternatively, compartment-
specific differences in protein degradation efficiency might explain these observations.
The molecular mechanisms underlying this compartmentalized aSyn distribution warrant
further investigation, especially since, in our experimental model, the pathological
consequences of aSyn overexpression followed a titer-dependent pattern, indicating that
aSyn accumulation within projections and synapses (rather than the cell bodies) may be
more directly correlated with neuronal demise. These pathological consequences
included a significant loss of TH-positive neurons in the SNpc, likely due to aSyn gain of
toxic function. aSyn overexpression can trigger protein aggregation, impaired
proteostasis, mitochondrial dysfunction, and synaptic deficits, collectively contributing to
neuronal death (Nemani et al. 2010; Lehtonen et al. 2019; Lurette et al. 2023). Higher
AAV titers likely exacerbate this toxicity by overwhelming cellular degradation pathways,
including the ubiquitin-proteasome system and autophagy (Snyder et al. 2003; Winslow
et al. 2010; Ebrahimi-Fakhari et al. 2012; McKinnon et al. 2020). While AAV vectors
generally exhibit low toxicity, excessive viral loads may provoke mild immune responses
or cellular stress. These mechanisms, however, typically do not serve as primary drivers
of neurodegeneration in this model (Hinderer et al. 2018; Hudry and Vandenberghe 2019).
Notably, aSyn accumulation in presynaptic terminals, a known indicator of synaptic
dysfunction, was elevated only in medium and high titer groups, suggesting a threshold
effect where aSyn must reach critical expression levels before triggering substantial
synaptic pathology.

In conclusion, aSyn overexpression, whether induced by AAVs or paraquat, leads
to the aSyn accumulation in the nucleus. Considering the numerous disease-related
conditions associated with elevations in cytosolic aSyn, aSyn nuclear translocation is
likely to represent a mechanism of pathophysiological relevance in human

synucleinopathies.
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4.2 Detection of nuclear aSyn

Investigations of nuclear aSyn have relied heavily on aSyn-specific antibodies (Maroteaux
et al. 1988; McLean et al. 2000; Vila et al. 2000; Sangchot et al. 2002; Kontopoulos et al.
2006; Koss et al. 2022; Du et al. 2024), yet antibody sensitivity and specificity remain
critical challenges in validating nuclear aSyn localization. While the MJFR1 and Syn211
clones exhibit high specificity for human aSyn, they are characterized by relatively low
sensitivity (Waxman et al. 2008; Leupold et al. 2022). Reports on the total (rodent and
human) aSyn antibody clone Syn1 have been inconsistent, with some studies confirming
its specificity, while others document nonspecific binding to a 45 kDa protein (Perrin et al.
2003; Altay et al. 2023). The most concerning case involves the aSyn clone 3D5, where
early studies reported strong immunohistochemical signals in the nuclei of rat and mouse
tissue (Yu et al. 2007; Zhang et al. 2008; Vivacqua et al. 2011) that were subsequently
proven to be non-specific in aSyn knock-out mice (Huang et al. 2011). Antibody reliability
issues also extend to antibodies for aggregated or modified aSyn species. For instance,
nuclear phosphorylated aSyn (pS129-aSyn) has been reported in multiple studies (Schell
et al. 2009; Wakamatsu et al. 2007; Peelaerts et al. 2015; Villar-Piqué, Lopes da Fonseca,
Sant’Anna, et al. 2016; Rutherford et al. 2016; Delic et al. 2018; Elfarrash et al. 2021;
Kumar et al. 2022). However, recent rigorous subcellular analysis of commonly used
pS129 antibodies has revealed strong cross-reactivity in nuclear fractions of both wild-
type and knockout neurons, indicating that these signals do not represent genuine aSyn
species (Lashuel et al. 2022).

To overcome these methodological limitations of  single-antibody
immunohistochemical approaches, we developed and validated a highly specific and
semiquantitative PLA that enhances the reliability of nuclear aSyn detection while
simultaneously confirming its interaction with histones. This approach offers two
advantages: first, the inherent signal amplification of PLA significantly boosts the
sensitivity of the highly specific Syn211 antibody clone for human aSyn, thereby
overcoming the constraints of conventional immunohistochemistry. Secondly,
incorporating an antibody against histone H3 enables direct and unambiguous
visualization of aSyn-H3 interactions in-vivo. Given that histone H3 is an exclusively
nuclear protein, the aSyn-H3 PLA signal provides definitive evidence of nuclear aSyn
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localization, reinforcing its potential role in nuclear processes described earlier. This
methodological advance represents a valuable tool for investigating nuclear aSyn and
aSyn-H3 interactions with unprecedented specificity and sensitivity.

4.3 Implications of aSyn-histone interactions

Our preliminary findings suggest that nuclear accumulation of aSyn is associated with
selective alterations in histone modifications, specifically an increase in H3K27 acetylation
without corresponding changes in H3K27 trimethylation. The observed interaction
between aSyn and histones elucidates a potential molecular mechanism through which
aSyn may mediate transcriptional dysregulation in PD. Epigenetic modification of histones
has been extensively documented across various experimental PD models, yielding
conflicting results regarding alterations in histone acetylation and methylation patterns
(Kontopoulos et al. 2006; Sugeno et al. 2016; Paiva et al. 2017; Lee et al. 2021).
Importantly, our findings align with post-mortem analyses of PD patient brain tissue, which
consistently reveal hyperacetylation at multiple histone residues, with H3K27
hyperacetylation being the most pronounced (Gebremedhin and Rademacher 2016;
Toker et al. 2021; Huang et al. 2021). While this study did not directly address the
functional consequences of H3K27 hyperacetylation, prior research by Toker et al. (2021)
indicates that this specific modification is particularly enriched at genomic loci containing
PD-associated genes, suggesting a significant role in disease pathogenesis. Furthermore,
aSyn overexpression has been implicated in extensive transcriptional alterations affecting
pathways governing synaptic dysfunction, neurogenesis, neuronal differentiation, ER-
Golgi trafficking, and DNA repair mechanisms (Paiva et al. 2017; Paiva et al. 2018;
Schaffner et al. 2023). The molecular mechanism by which aSyn affects histone
acetylation is still not fully understood. Whether aSyn directly induces histone
hyperacetylation via its interaction with histone H3 or operates through alternative
pathways requires further investigation. Several mechanistic possibilities may exist; one
hypothesis suggests that impaired autophagy, caused by cellular aSyn accumulation,
reduces HDAC activity, consequently enhancing histone acetylation (Park et al. 2016).
Additionally, emerging evidence links histones to neuroinflammatory processes, wherein
activated microglia contribute to epigenetic modifications characteristic of PD pathology
(Harrison et al. 2018).
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Our data demonstrate that acute nuclear aSyn accumulation modifies epigenetic
markers; however, the comprehensive transcriptional consequences of aSyn-induced
epigenetic changes remain to be fully characterized. Critical questions persist regarding
cellular adaptation to chronic elevation, specifically whether neurons possess
compensatory mechanisms to mitigate acute effects of histone modifications or potentially
decouple transcriptional from translational processes under sustained aSyn burden.
Furthermore, the reversibility of these epigenetic changes represents a compelling avenue
for investigation: do histone modifications persist after nuclear aSyn clearance, or are they
reversible? We plan to address this question as a continuation of this project using the
inducible aSyn overexpression model discussed later. Elucidating these aSyn-induced
epigenetic mechanisms and their transcriptional impacts could provide new information

essential for our understanding of disease development and progression.

4.4 aSyn aggregation in the nucleus

Our investigation reveals that aSyn not only accumulates within neuronal nuclei but also
forms intranuclear aggregates that directly interact with histones. This formation of nuclear
aSyn aggregates supports our hypothesis that protein crowding within the nuclear
compartment promotes aSyn assembly. The nuclear environment, characterized by high
concentrations of nucleic acids and proteins, provides favorable conditions for aSyn
oligomerization and aggregation (Stephens et al. 2019). Furthermore, aggregation of
aSyn within neuronal nuclei may be promoted by aSyn-histone interactions since, as
shown by an earlier in-vitro study, aSyn assembly is significantly enhanced in the
presence of histones (Goers et al. 2003; Jiang et al. 2017). Our new in-vivo findings are
likely to bear translational relevance for PD pathology. In a paper by Roberts and
colleagues, small immunoreactive dots can be seen within neuronal nuclei in PLA-
processed tissue specimens from PD patients (Roberts et al. 2015); this observation,
although not commented on by the authors of the paper, is consistent with the presence
of nuclear aggregated aSyn in PD brain. In a separate study, FACS-isolated neuronal
nuclei from PD patients revealed the presence of aSyn oligomers (Garcia-Esparcia et al.
2015). The presence of aSyn oligomers within the nucleus also carries significant
pathological implications, particularly given the growing recognition that oligomeric aSyn
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species may represent especially toxic forms of the protein (Winner et al. 2011; Fusco et
al. 2017; Bigi et al. 2023).

Antibody specificity has long posed challenges in detecting aggregated aSyn,
particularly in the nuclear compartment. The SynO2 clone was initially reported to be
specific to early aSyn oligomers and late amyloid fibrils but not to monomeric aSyn
(Vaikath et al. 2015). However, it has more recently been shown to strongly recognize
oligomers and fibrils, while also detecting aSyn monomers in a concentration-dependent
manner (Kumar et al. 2020). SynO2’s specificity toward aSyn aggregates has been
revealed to result from avidity rather than structural epitope recognition (Petersen et al.
2023). To address these considerations, we validated our findings using a second
conformation-specific antibody, 5G4-aSyn, which exhibits high conformational specificity
for aSyn aggregates with minimal signal for monomers (Kumar et al. 2020). 5G4-aSyn
has been shown to detect aggregate pathology in synucleinopathic brain regions, while
weakly recognizing monomeric protein in Lewy body dementia patient tissue
homogenates (Kovacs et al. 2012). Importantly, these antibodies target different regions
of the aSyn protein: SynO2'’s epitope is located within the C-terminal region, while 5G4-
aSyn’s epitope is situated within the N-terminus (Kovacs et al. 2012; Kumar et al. 2020).
This distinction is significant given recent evidence that N-terminus-targeting antibodies
exhibit substantial specificity for unique aSyn aggregate morphologies, whereas C-
terminus-associated antibodies primarily detect endogenous, non-pathological aSyn
(Wiseman et al. 2024).

To overcome the inherent limitations of conformation-specific antibodies, we employed
multiple PLA techniques that detect protein interactions through spatial proximity of
proteins rather than relying solely on single antibody specificity. First, we used the aSyn-
aSyn PLA, which specifically detects aSyn oligomers but not monomers in-vitro and can
identify small aSyn aggregates in post-mortem brains of PD patients (Roberts et al. 2015;
Sekiya et al. 2022). This approach has been extensively validated for investigating aSyn
aggregation in numerous studies (Musgrove et al. 2019; Behere et al. 2021; Helwig et al.
2022). Additionally, we established two novel PLAs that combine conformation-specific
antibodies (SynO2 and 5G4-aSyn) with the histone H3 antibody to validate the nuclear
localization of aggregated aSyn species. Collectively, our complementary approaches
provide compelling new evidence that aSyn forms aggregates within the nucleus and that
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these aggregates directly interact with histones. This interaction potentially represents a
critical link connecting protein aggregation pathology with epigenetic dysregulation.

4.5 Reversibility of aSyn-histone interactions and nuclear clearance mechanisms

We initially proposed a mechanistic model for nuclear accumulation and aggregation
based on our findings and the existing literature. The nuclear translocation of aSyn likely
occurs primarily through passive diffusion across nuclear pore complexes, facilitated by
the protein’s relatively small size (16 kDa) and predominantly unfolded structure (Timney
et al. 2016). This passive diffusion normally operates bidirectionally, maintaining
equilibrium between nuclear and cytoplasmic aSyn pools. aSyn aggregation may disrupt
this balance, however, since the increased size of aSyn aggregate species (e.g.,
oligomers) within the nucleus would prevent their diffusion through the nuclear pores (30-
60 kDa threshold), possibly resulting in their progressive, persistent accumulation. We
hypothesized that this “trapping” effect may represent a primary mechanism underlying
nuclear aSyn retention and give rise to a self-perpetuating cycle of aSyn nuclear
translocation, aggregation, and accumulation that would contribute to neuronal
dysfunction in synucleinopathies.

To test this hypothesis, we developed a TetOn-inducible system that provides
precise temporal control over aSyn overexpression, allowing us to monitor the dynamics
of cytosolic and nuclear aSyn accumulation during both the initiation and termination of
overexpression. Our doxycycline-inducible AAV-mediated aSyn overexpression rat model
successfully regulated protein expression in-vivo, with doxycycline withdrawal resulting in
a progressive normalization of aSyn levels. Notably, we immediately observed distinct
compartment-specific clearance kinetics, with aSyn immunoreactivity diminishing
substantially more rapidly in the SNpc (cell bodies) compared to the striatum (projections
and synapses) following doxycycline withdrawal. This difference likely reflects at least two
underlying mechanisms. First, aSyn undergoes axonal transport and accumulates at
presynaptic terminals where it regulates synaptic vesicle trafficking (Burré et al. 2010).
Given that aSyn exists in both cytosolic and membrane-associated states (Fortin et al.
2010; Ramalingam and Dettmer 2021), its enrichment at presynaptic terminals may
increase the proportion of membrane-bound protein, thereby extending the timeframe
required for complete clearance from these regions. Second, regional differences in the



75

expression and activity of protein degradation machinery between cell bodies in the SNpc
and terminals/synapses in the striatum might influence the rate of aSyn clearance, making
it relatively more efficient within the perikarya of nigral dopaminergic neurons (Frampton
et al. 2012; Farfel-Becker et al. 2020).

Contrary to our initial hypothesis that aSyn, especially in its aggregated form, would
remain sequestered within the nucleus following cessation of overexpression, our findings
revealed that both monomeric and aggregated nuclear aSyn levels decline in parallel with
the cytosolic levels of the protein. Nuclear aSyn-histone interactions, including those
involving aggregated aSyn species, were completely reversed within four weeks of halting
aSyn overexpression. The marked reduction in human aSyn-histone PLA signals and
complete normalization of aggregated aSyn-histone PLA signals suggest robust
clearance mechanisms capable of removing various aSyn species from the nuclear
compartment. This efficient removal may occur through multiple pathways. One possibility
is nucleo-cytoplasmic transport, which would export aSyn from the nucleus for subsequent
degradation. However, the diameter of nuclear pores theoretically precludes the passive
diffusion of larger aSyn aggregates (Timney et al. 2016). Investigations into active
transport mechanisms for nuclear aSyn export remain notably limited, highlighting a
critical area that requires further research.

Alternatively, or in addition, it is possible that specialized protein degradation
pathways within the nucleus itself may play a crucial role in clearing nuclear aSyn. Two
primary mechanisms, the UPS and the autophagy-lysosome pathway, typically degrade
aSyn under pathophysiological conditions (Stefanis et al. 2019). However, only a few
studies have investigated their relative contribution in-vivo. Particularly relevant are the
results of one study, in which mechanisms of aSyn degradation were compared in aSyn-
overexpressing transgenic mice vs. wild-type controls. These results showed that
proteasomal inhibition led to accumulation of both endogenous (in wild-type mice) and
overexpressed (in transgenic mice) aSyn, while lysosomal inhibition induced
accumulation only in the transgenic overexpression setting (Ebrahimi-Fakhari et al. 2011).
This suggests the autophagy-lysosomal pathway is more specifically involved in the
degradation of accumulated (overexpressed) aSyn that may be present in the form of
misfolded and/or aggregated protein (Ebrahimi-Fakhari et al. 2011).
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Nuclei lack autophagic machinery but maintain functional UPS components
capable of degrading aberrant proteins and small aggregates (Iwata et al. 2009; den Brave
et al. 2020). Based on this consideration, we measured nuclear proteasomal activity under
our experimental condition of in-vivo aSyn overexpression. Results of this analysis
support UPS-mediated nuclear aSyn clearance, demonstrating an efficient mechanism for
reducing nuclear aSyn levels and reversing aSyn-histone interactions. Notably, enhanced
proteasomal activity was detected specifically in the aSyn-overexpressing hemisphere,
indicating a targeted response to nuclear aSyn accumulation. Furthermore, this targeted
upregulation was exclusive to aSyn-overexpressing animals, with no comparable
response in rats treated with GFP-AAV or Null-AAV. Taken together, these findings
indicate that nuclear UPS activation represents a precise, localized mechanism
responding to nuclear aSyn accumulation, rather than a generalized consequence of viral
exposure or non-nuclear protein overexpression.

The reversibility of aSyn accumulation, as shown using our TetOn-inducible
system, bears important implications for our understanding of pathophysiological
conditions that are accompanied by enhanced levels of neuronal aSyn and may play a
role in PD pathogenic processes (e.g., traumatic brain injury). In general, our observations
support strategies targeting aSyn production, such as RNA interference or antisense
oligonucleotide approaches, that may effectively reduce aSyn burden even following
substantial accumulation. It is noteworthy, however, that the tissue-specific (striatum vs.
SN) differences in clearance kinetics identified in our study indicate that such therapeutic
interventions may require prolonged treatment periods to achieve complete aSyn
reduction across all neuronal compartments (projections vs. cell bodies). Novel, important
translational implications are also highlighted by our findings showing the reversal of
aSyn-histone interactions and the role of the UPS in clearing nuclear aSyn. These findings
underscore the relevance of therapeutic interventions that may effectively mitigate nuclear
aSyn accumulation. In particular, they suggest that pharmacological enhancement of
nuclear UPS might represent a novel complementary therapeutic approach for
synucleinopathies, which could accelerate the clearance of nuclear aSyn and thereby
prevent nuclear dysfunction and associated transcriptional dysregulation.
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4.6 Conclusion and future outlook

Our study provides compelling evidence for a role of aSyn in the nucleus during PD
pathogenesis. We demonstrate that increased aSyn burden, whether induced by AAV-
mediated overexpression or paraquat exposure, promotes nuclear translocation of aSyn.
Our in-vivo data further reveal that nuclear aSyn directly interacts with histones,
establishing a mechanistic link between nuclear aSyn and potential transcriptional
dysregulation through altered epigenetic modifications. Notably, we show that nuclear
aSyn forms aggregates that interact with histone, underscoring a potential pathological
mechanism underlying disease progression. Perhaps as significantly, we establish that
nuclear aSyn accumulation, aggregation, and aSyn-histone interactions represent
reversible processes, with the UPS mediating nuclear aSyn clearance.

While fostering our knowledge of nuclear aSyn pathophysiology, these findings also raise
several questions that warrant further investigation.

First, a comprehensive characterization of the transcriptional alterations resulting
from nuclear aSyn accumulation would enhance our understanding of downstream
pathological cascades. Specifically, genome-wide analyses of chromatin accessibility,
histone modifications, and transcriptional profiles in response to aSyn burden could reveal
dysregulated gene networks contributing to neurodegenerative processes. Determining
whether specific genomic regions are particularly vulnerable to aSyn-mediated disruption
might also identify selective cellular vulnerabilities in synucleinopathies.

Second, while we have established reversibility of nuclear aSyn accumulation, the
potential persistence of transcriptional dysregulation after aSyn clearance remains
unexplored. Epigenetic modifications induced during periods of aSyn nuclear
accumulation might persist after protein clearance, creating a “molecular memory” of
pathological insult. Determining the temporal relationship between aSyn clearance and
epigenetic and transcriptional normalization would provide crucial insights into potential
long-term effects of nuclear aSyn accumulation.

Third, age-related alterations in nuclear translocation and clearance mechanisms
warrant detailed examination, particularly considering the age-related prevalence of PD
and potential age-related impairments of neuronal protein degradation activity. Evidence
suggests that intraneuronal aSyn expression is enhanced with age, particularly within
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neuronal populations susceptible to PD pathology (Li et al. 2004; Chu and Kordower 2007;
Alladi et al. 2010). It is conceivable, therefore, that aging neurons become more
susceptible to aSyn nuclear accumulation. This nuclear burden may be exacerbated by
age-associated changes in nuclear pore complex integrity, nucleo-cytoplasmic transport
efficiency, and nuclear proteasomal activity. Investigations into these processes in aged
animal models would more accurately recapitulate pathological processes underlying PD
development and progression in humans.

Fourth, a variety of factors could modulate nuclear aSyn dynamics, enhancing or
alleviating the deleterious consequences of nuclear aSyn burden. Other environmental
stressors beyond paraquat may influence aSyn nuclear translocation. For example,
traumatic brain injury is a known PD risk factor capable of affecting neuronal aSyn
expression (Uryu et al. 2003) and, therefore, potentially associated with enhanced aSyn
nuclear translocation. Future studies elucidating the relationship between PD
environmental risk factors and nuclear aSyn burden bear important public health
implications since they may point to specific preventive strategies and policies. Other
factors that could modulate PD pathology include nutrition and exercise. In a recent study,
intermittent fasting has been shown to significantly affect aSyn pathology in an animal
model of PD (Szeg6 et al. 2025). It remains unknown, however, if dietary changes (as well
as other lifestyle practices such as physical activity) impact on cellular aSyn levels and
disposition. Studies examining the effects of specific dietary or exercise interventions on
nuclear aSyn expression and nuclear aSyn accumulation/clearance could identify
modifiable lifestyle factors relevant to disease prevention and/or progression.

Fifth, comparative analysis of clearance mechanisms operating under different
aSyn accumulation conditions (e.g., AAV-induced overexpression vs. paraquat exposure
vs aging) would likely provide valuable insights into context-dependent nuclear clearance
responses. Another important focus of future investigations should be to determine
whether chronic aSyn accumulation eventually overwhelms nuclear clearance
mechanisms. Impairment of these mechanisms could not only exacerbate the toxic
consequences of aSyn burden but may also negatively affect nuclear function and
cytoplasmic-nuclear interactions.

Finally, our findings support a role of nuclear aSyn as a significant contributor to
PD pathogenetic processes while identifying its clearance as a promising therapeutic
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target. The reversibility of nuclear aSyn accumulation and aSyn-histone interactions
demonstrated in our study requires further investigation to determine whether aSyn
clearance fully reverses its epigenetic effects or if certain modifications persist. If so,
changes in nuclear aSyn could influence disease development and progression over a

longer period, even after protein levels are normalized.
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5. Abstract

Pathological accumulation of alpha-synuclein (aSyn) is a hallmark of Parkinson’s disease
(PD). While aSyn primarily localizes at synaptic terminals under physiological conditions,
emerging evidence suggests translocation to the nucleus may contribute to PD
pathophysiology. Despite growing interest in nuclear aSyn, previous detection methods
have lacked reliability, and critical questions regarding the mechanisms of nuclear
translocation, intranuclear aSyn behavior, and potential reversibility of nuclear
accumulation remain unanswered. This study aimed to establish robust methodologies for
detecting nuclear aSyn, to elucidate conditions prompting nuclear aSyn translocation, and
to assess intranuclear consequences and clearance dynamics following aSyn nuclear
accumulation.

We utilized three complementary in-vivo models: constitutive aSyn overexpression
via intraparenchymal injections of adeno-associated viral vectors in the rat substantia
nigra; a doxycycline-inducible system allowing for controlled initiation and cessation of
aSyn overexpression; and nigrostriatal pathology triggered by systemic paraquat
injections. Comprehensive analyses included immunohistochemistry, multiple proximity
ligation assays (PLAs), co-immunoprecipitation (Co-IP), and proteasome activity assays.

Across all models, increased neuronal aSyn expression promoted its nuclear
translocation. Once it gained access into the nuclei, aSyn directly interacted with histones,
as demonstrated by our novel PLA approach and confirmed by Co-IP. aSyn
overexpression altered epigenetic modifications, indicating a potential mechanistic link to
transcriptional dysregulation. Moreover, our data revealed that nuclear aSyn formed
aggregates that also interact with histones. Finally, using the doxycycline-regulated
model, we demonstrated for the first time that nuclear aSyn accumulation, aggregation,
and aSyn-histone interactions were reversible upon cessation of aSyn overexpression.
This reversibility was due, at least in part, to aSyn clearance facilitated by the nuclear
ubiquitin-proteasome system.

In summary, using multiple in-vivo approaches and analytical techniques, we provide
compelling new evidence for conditions and mechanisms associated with aSyn nuclear
translocation and accumulation that may play a role in pathogenic processes in PD and
other synucleinopathies. Our findings support the conclusion that nuclear aSyn and aSyn-
histone interactions should be considered important therapeutic targets. One strategy for
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therapeutic intervention could be to reverse the deleterious effects of nuclear aSyn

accumulation by promoting specific mechanisms involved in nuclear aSyn clearance.
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