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Acronyms and Abbreviations 

 
6-OHDA: 6-hydroxydopamine  
αSYN: Alpha-Synuclein 
AADC: L-amino-acid decarboxylase  
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PP2A: Phosphatase 2A  
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RBD: REM sleep behaviour disorder  
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ROS: Reactive oxygen species 
SAAs: Alpha-Synuclein seed amplification assays 
SASP: Senescence-associated secretory phenotype 
SN: Substantia nigra  
SNpc: Subtantia nigra pars compacta 
SNpr: Substantia nigra pars reticulata 
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1. INTRODUCTION 

1.1 Epidemiology  
Parkinson’s disease (PD) is the second most common neurodegenerative disorder after Alzheimer’s 
disease (AD) and represents a major global health and socioeconomic challenge (Dorsey et al., 
2007). 
Over the past decades, its global burden has risen markedly, with more than 211,000 deaths (95 % 
UI: 167,771–265,160) and 3.2 million disability-adjusted life years (DALYs) (95 % UI: 2.6–4.0) 
reported in 2016, a 2.5-fold increase since 1990. This upward trend is expected to continue, with 
demographic models estimating that over 25 million individuals will be affected by 2050, primarily as 
a consequence of population aging (WHO, 2022; Dorsey and Bloem, 2018). 
Epidemiological data show wide variation in PD prevalence and incidence across age, sex and 
geography (Ascherio and Schwarzschild, 2016; de Lau and Breteler, 2006). Annual incidence ranges 
from 5 to over 35 cases per 100,000 persons in the general population (Fig.1). As with incidence, 
prevalence also rises sharply with age, from about 0.3% in the general population to 1–2% in adults 
over 80 years (de Lau and Breteler, 2006; Poewe et al., 2017; GBD 2016 Collaborators, 2018). 
Overall, age remains the strongest risk factor for the onset and the progression of PD. 
 

 
Figure 1. Age-specific incidence rates of Parkinson’s disease in population-based prospective studies. 
Incidence rates of PD rise exponentially with age, confirming age as the strongest risk factor for disease onset 
and progression. Data come from population-based cohorts conducted in Spain, Rotterdam, Hawaii, 
Manhattan, Taiwan, London, Rochester, Italy, and China. Each line represents a separate study, highlighting 
geographical variability in PD incidence across populations (adapted from de Lau and Breteler, 2006). *Study 
restricted to men. 
 
While aging and longer disease duration account for part of the observed rise, other determinants 
also contribute (Dorsey et al, 2018). Men are more frequently affected than women, with pooled 
male-to-female incidence ratios of about 1.4: 1 (Hirsch et al., 2016; GBD 2016 Collaborators, 2018). 
These sex differences may reflect greater environmental exposures among men, neuroprotective 
effects of female sex hormones (oestrogens, progesterone), and disparities in healthcare access, as 
women and minority groups are less likely to receive specialist care (Sawada and Shimohama, 2003; 
Willis et al., 2011). 
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Ethnicity and geography also influence the epidemiology of PD, although findings remain 
heterogeneous. Incidence appears to be higher among Hispanic and non-Hispanic White 
populations than among Asian and Black groups (Mayeux et al., 1995), although robust data are 
largely limited to high-income countries. Reported prevalence is generally lower in sub-Saharan 
Africa, comparable or slightly lower in Asia, and similar in Latin America (Barbosa et al., 2006; 
Okubadejo et al., 2006; Zhang et al., 2005). Such variability likely reflects a complex combination of 
genetic susceptibility, environmental exposures, differences in life expectancy, healthcare access, 
and methodological inconsistencies, as well as the limited availability of primary epidemiological data 
in many low- and middle-income regions. 
A large-scale genetic study spanning more than 40 countries confirmed substantial variation in the 
distribution of PD-associated mutations across ethnic groups (Vollstedt et al., 2019). Mutations in 
PD-related genes, such as LRRK2 and GBA, are more common in certain populations, including 
Ashkenazi Jews (Chillag-Talmor et al., 2011). Evidence from international, multi-ethnic cohorts 
further indicates that both the frequency (Healy et al., 2008; Sidransky et al., 2009) and the 
penetrance (Trinh et al., 2014) of PD-related genetic variants differ across populations, underscoring 
the role of genetic diversity in shaping global heterogeneity in disease risk and burden. 
 
1.2 Pathophysiology of Parkinson’s disease 
PD is a multifactorial neurodegenerative disorder characterized by the selective degeneration of 
dopaminergic neurons in the substantia nigra pars compacta (SNpc), which provides the major 
dopaminergic input to the basal ganglia (Dauer and Przedborski, 2003; Obeso et al., 2017; Zeng et 
al., 2018). 
Two pathological hallmarks define the disease: the accumulation of α-synuclein (αSYN) in 
intracytoplasmic inclusions known as Lewy bodies (LBs) and Lewy neurites (LNs), and the 
progressive degeneration of dopaminergic neurons in the SNpc (Polymeropoulos et al., 1997; 
Spillantini et al., 1997). The resulting neuronal death causes the characteristic loss of pigmentation 
in the SNpc, due to the high neuromelanin content present in these cells (Marsden et al., 1983). 
Neurodegeneration in PD extends beyond the SNpc. Other regions, including the ventral tegmental 
area, brainstem nuclei, the olfactory bulb, and cortical structures, may also be affected, reflecting 
the widespread distribution of αSYN pathology (Braak et al., 2003; Del Tredici and Braak, 2016). 
This broader involvement explains the complex clinical spectrum of PD, encompassing 
both motor and non-motor symptoms, such as cognitive decline, mood and sleep disorders, and 
autonomic dysfunction (Chaudhuri and Schapira, 2009; Schapira et al., 2017). 
A growing body of evidence supports the prion-like propagation hypothesis, suggesting that 
misfolded αSYN can spread between interconnected neurons, driving the characteristic 
spatiotemporal progression of pathology (Brundin and Melki, 2017; Prusiner et al., 2012). Multiple 
cellular mechanisms converge to promote neuronal loss, including mitochondrial 
dysfunction, oxidative stress, impaired protein clearance, and neuroinflammation, all interacting to 
sustain disease progression (Henchcliffe and Beal, 2008; Schapira and Gegg, 2011). 
 
1.2.1 Selective degeneration of dopaminergic neurons 
Dopaminergic neurons constitute a heterogeneous population primarily located in the midbrain, 
diencephalon, and olfactory bulb, representing the major source of dopamine in the CNS. Among 
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these, the nigrostriatal pathway, a key component of the mesencephalic dopaminergic system, 
originates from neurons in the SNpc and projects to the caudate-putamen, a principal structure of 
the basal ganglia (Dauer and Przedborski, 2003). Although the neuronal cell bodies are located in 
the SNpc, their axonal projections are most abundant in the striatum (STR), while additional, sparser 
innervations target other basal ganglia nuclei, limbic areas, and cortical regions. Within the 
substantia nigra (SN), dopaminergic neurons represent approximately 3–5 % of the total neuronal 
population (German and Manaye, 1993). 
In PD, the selective degeneration of SNpc dopaminergic neurons causes dopamine depletion in 
STR, which underlies the classical motor symptoms such as akinesia, bradykinesia, and resting 
tremor (Chinta and Andersen, 2005). Evidence indicates that at the onset of motor manifestations, 
dopamine loss in the caudate-putamen is more pronounced than the actual neuronal loss in the 
SNpc (Pakkenberg et al., 1991; Scherman et al., 1989). Consistently, Bernheimer and colleagues 
observed that motor symptoms typically emerge after an approximately 80% reduction of striatal 
dopamine content (Bernheimer et al., 1973; Dauer and Przedborski, 2003).  
The remarkable vulnerability of SNpc dopaminergic neurons is thought to derive from their distinct 
phenotypic and anatomical features, including extensive axonal arborization, high synaptic density, 
and elevated metabolic demand. A single SNpc neuron can form 200,000–600,000 synapses within 
the STR, placing considerable stress on axonal transport and protein degradation systems (Bolam 
and Pissadaki, 2012).  
This extreme branching, together with continuous synaptic activity, imposes substantial bioenergetic 
requirements, largely met through mitochondrial oxidative phosphorylation (Wong et al., 2019). 
However, this sustained mitochondrial activity results in higher basal superoxide production, 
promoting oxidative stress and presynaptic dysfunction (Wong et al., 2019). 
Moreover, these neurons possess long, partially unmyelinated axonal segments, further increasing 
metabolic costs and exposure to oxidative insults. Cytosolic dopamine, when not sequestered in 
vesicles, can undergo auto-oxidation, generating reactive quinones that impair mitochondrial 
function and lysosomal degradation, thereby amplifying neuronal vulnerability (Wong et al., 2019; 
Zeng et al., 2018).  
Under such conditions, disturbances such as protein aggregation or mitochondrial dysfunction, both 
typical of PD, can compromise neuronal homeostasis and ultimately lead to irreversible cell loss and 
neurodegeneration. 
 
1.2.2 Basal ganglia circuits 
The classical Albin–DeLong model of the basal ganglia (Fig. 2) proposes that parkinsonian motor 
dysfunction arises from an imbalance between two reciprocally organized striatal circuits: 
the direct and indirect pathways (Albin et al., 1989; Alexander et al., 1986). 
Dopaminergic projections from the SNpc modulate striatal output by stimulating D1 receptor–
expressing medium spiny neurons (MSNs) of the direct pathway and inhibiting D2 receptor–
expressing MSNs of the indirect pathway. This dual modulation maintains the functional balance 
between movement facilitation and suppression (Albin et al., 1989; Alexander and Crutcher, 1990). 
The direct pathway facilitates voluntary movement by reducing inhibition of thalamocortical neurons, 
thereby enhancing cortical motor activation. In contrast, the indirect pathway suppresses competing 
or context-inappropriate motor programs by increasing thalamic inhibition (Kravitz et al., 2010). 
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Figure 2. Schematic representation of basal ganglia circuitry under physiological conditions (A) and 
in Parkinson’s disease (B). (A) Under normal conditions, dopaminergic projections from SNpc modulate 
striatal activity through two opposing pathways: the direct (red) and indirect (blue) circuits. Activation of the 
direct pathway facilitates movement by decreasing thalamic inhibition and enhancing cortical motor output. 
(B) In PD, the loss of dopaminergic input from the SNpc disrupts this balance, resulting in overactivation of the 
indirect pathway and excessive inhibition of thalamocortical projections. The net effect is a reduction in cortical 
motor activity, leading to the characteristic bradykinesia and rigidity of PD (adapted from Calabresi et al., 
2014). 
 
Within the indirect circuit, the external segment of the globus pallidus (GPe) inhibits the subthalamic 
nucleus (STN) via GABAergic projections, whereas the STN reciprocally excites the GPe through 
glutamatergic neurons (Castle et al., 2005; Parent et al., 2000).  
The internal segment of the globus pallidus (GPi) and the substantia nigra pars reticulata 
(SNpr) constitute the main output nuclei of the basal ganglia, sending inhibitory projections to motor 
thalamic and brainstem targets (Grofova and Zhou, 1998). These thalamic structures, in turn, relay 
excitatory input back to the motor cortex, completing the basal ganglia–thalamo–cortical loop. 
In PD, dopamine deficiency disrupts this modulatory equilibrium, reducing excitation of the direct 
pathway while enhancing activity in the indirect pathway. The resulting imbalance increases 
inhibitory outflow from the GPi and SNpr, leading to pathological suppression of thalamocortical and 
brainstem motor circuits (Alexander et al., 1986; Bergman et al., 1990; DeLong, 1990). 
Empirical support for this model derives from lesion and neuromodulatory studies targeting the STN 
or GPi, which alleviate motor symptoms and restore cortical activation patterns in PD. 
In animal models of parkinsonism (e.g., MPTP-treated primates), neuronal recordings 
reveal hyperactivity of the STN and GPi and hypoactivity of the GPe, consistent with excessive 
inhibitory output from the basal ganglia (Bergman et al., 1994; Filion and Tremblay, 1991). 
Similar alterations have been observed in PD patients through intraoperative recordings and 
functional imaging, confirming the translational relevance of these findings (Hammond et al., 2007; 
Hutchison et al., 1994). Optogenetic studies further demonstrated that activation of the direct 
pathway (D1-MSNs) facilitates, whereas activation of the indirect pathway (D2-MSNs) suppresses, 
movement (Kravitz et al., 2010). Moreover, lesions or inactivation of the STN or GPi alleviate 
bradykinesia and tremor while increasing cortical metabolic activity, reinforcing the role of excessive 
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inhibitory output in PD motor symptoms (Bergman et al., 1990; Grafton et al., 1995; Vitek et al., 
2003). 
Collectively, electrophysiological and imaging studies consistently indicate that increased STN/GPi 
activity and reduced GPe activity are key correlates of motor impairment (Bergman et al., 1994; 
Filion and Tremblay, 1991; Hutchison et al., 1994).  
The Albin–Alexander–DeLong framework therefore remains the cornerstone for understanding 
basal ganglia dysfunction and guiding therapeutic strategies such as deep brain stimulation 
(DBS) targeting the STN or GPi. 
Recent work has expanded this model to include dynamic network mechanisms. 
An additional “hyperdirect” pathway, linking cortical pyramidal neurons directly to the STN, provides 
a rapid route for global motor inhibition (Nambu et al., 2002). Furthermore, abnormal beta-band (13–
30 Hz) oscillations within the STN–GPi–cortical loop correlate with bradykinesia and rigidity, 
reflecting pathological synchrony enhanced by dopamine loss (Brown et al., 2003; Hammond et al., 
2007). DBS of the STN or GPi reduces these oscillations and restores flexible, desynchronized 
cortical activity (Eusebio et al., 2012; Little and Brown, 2014). Thus, Parkinsonian motor symptoms 
arise not only from altered firing rates within basal ganglia circuits, but also from aberrant network 
oscillations, the physiological basis for modern neuromodulatory therapies (Benabid et al., 1987; 
Wichmann and DeLong, 2016). 
 
1.2.3 Pathological and clinical progression of Parkinson’s disease: from early non-
motor features to late-stage neurodegeneration 
PD is a progressive neurodegenerative disorder historically defined by its motor manifestations. 
However, increasing clinical and pathological evidence indicates that these motor symptoms 
represent only the late expression of a complex, multisystem process that begins many years before 
diagnosis (Poewe et al., 2017; Spillantini et al., 1997). 
A central pathological feature of PD is the accumulation of misfolded αSYN within neurons, forming 
LBs and LNs, the principal histopathological hallmarks of the disease (Goedert et al., 2013; 
Spillantini et al., 1997; Spillantini et al., 1998). 
The pathogenic role of αSYN is further supported by genetic evidence, including	 SNCA gene 
duplications, triplications, and point mutations, as well as by experimental models that reproduce 
key pathological and behavioural features of PD (Feany et al., 2000; Xu et al., 2002; Zhou et al., 
2000). 
The anatomical progression of αSYN pathology was elegantly described by Braak and colleagues, 
who proposed a staging system (I–VI) paralleling the clinical course of the disease (Braak et al., 
2003). In Braak stages I–II, αSYN aggregates first appear in the dorsal motor nucleus of the 
vagus, intermediate reticular zone, and olfactory structures, including the anterior olfactory nucleus 
and olfactory bulb (Fig. 3).  
During the prodromal phase, patients remain free of overt motor deficits; however, a range of non-
motor symptoms, including hyposmia, constipation, anxiety, depression, and REM sleep behaviour 
disorder (RBD), may develop years before motor onset (Ascherio et al., 2016; Faivre et al., 2019; 
Savica et al., 2010). While these features lack diagnostic specificity, they reflect early involvement 
of brainstem and olfactory circuits. Current research efforts aim to identify reliable prodromal 
biomarkers, including αSYN detection in cerebrospinal fluid (CSF) (Mollenhauer et al., 
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2019), molecular neuroimaging such as PET-based dopaminergic and synaptic tracers (Brooks and 
Pavese, 2011), and digital phenotyping approaches (Arora et al., 2019), to enable earlier and more 
accurate diagnosis (Postuma and Berg, 2016). 
 

 
 

Figure 3. Anatomical progression of α-Synuclein pathology in Parkinson’s disease. a) Rostro-caudal 
progression of pathology (arrows), with red shading indicating ascending severity. b) Stage 1: Lesions in the 
olfactory bulb, anterior olfactory nucleus, and/or dorsal motor nuclei of vagal and glossopharyngeal nerves. 
Stage 2: Lesions in the pontine tegmentum (locus coeruleus, magnocellular reticular nucleus, lower raphe 
nuclei). c) Stages 3–4: Lesions reach the pedunculopontine nucleus, basal forebrain cholinergic nuclei, and 
SNpc (stage 3), then hypothalamus, parts of the thalamus, and the anteromedial temporal mesocortex (stage 
4). Initial PD symptoms appear during early stage 4. d) Stages 5–6: Lesions spread to neocortical high-order 
association areas (stage 5) and then first-order association and primary cortical fields (stage 6). Figure from 
(Goedert et al., 2013). 
 

As PD advances to Braak stages III–IV, αSYN inclusions spread to the midbrain, particularly 
the SNpc, and to the basal forebrain. Neuronal loss in the SNpc, especially in its posterior regions, 
corresponds to the onset of classical motor symptoms: bradykinesia, rigidity, and resting tremor (Fig. 
4). Motor features typically emerge when a substantial proportion, estimated at 40–60% of 
dopaminergic neurons, has been lost, accompanied by a marked reduction in striatal dopamine 
content (Bernheimer et al., 1973; Dauer and Przedborski, 2003). Bradykinesia presents as 
generalised slowness and difficulty initiating voluntary movement; rigidity causes resistance to 
passive movement with a cogwheel quality; and resting tremor usually begins unilaterally at 4–6 Hz, 
diminishing during voluntary activity or sleep (Jankovic et al., 2008; Postuma et al., 2015). 
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Figure 4. Motor and non-motor symptoms of Parkinson’s disease across clinical stages. The figure 
illustrates the progression of PD over time, from the prodromal to the late stage, in relation to increasing 
degrees of disability. During the prodromal phase, predominantly non-motor symptoms (light green) are 
present, including REM sleep behaviour disorder, depression, anxiety, constipation, hyposmia, and excessive 
daytime sleepiness. With the onset of motor symptoms such as bradykinesia, rigidity, and tremor, the disease 
enters the early stage, which corresponds to the typical time of clinical diagnosis. As the disease progresses 
to the mid stage, both motor and non-motor symptoms worsen, with the emergence of fluctuations, 
dyskinesias, axial deformities, orthostatic hypotension, urinary disturbances, pain, fatigue, apathy, and mild 
cognitive impairment. In the late stage, severe disability develops due to postural instability, gait disorders, 
dysphagia, and frequent falls, often accompanied by psychotic symptoms and dementia, eventually leading to 
institutionalization and death (Poewe et al., 2017).  
 
In Braak stages V–VI, αSYN pathology extends to limbic and neocortical regions, paralleling the 
onset of cognitive impairment and dementia, which affect approximately 50–60% of patients within 
20–25 years, though higher rates have been reported in some long-term cohorts (Aarsland et al., 
2017; Gibson et al., 2024; Perez et al., 2010). 
Non-dopaminergic symptoms also become increasingly prominent, including autonomic 
dysfunction (gastrointestinal, urinary, sexual, and thermoregulatory), as well 
as dysarthria, dysphagia, speech impairment, gait disturbances, and episodes of choking, all 
contributing to progressive disability (McGregor et al., 2019; Sethi et al., 2008; Sveinbjornsdottir et 
al., 2016). In the advanced stages, patients experience motor fluctuations, L-DOPA-induced 
dyskinesias, and a progressive reduction in responsiveness to dopaminergic therapy, posing major 
therapeutic challenges. 
Taken together, PD evolves as a pathological continuum: from early non-motor symptoms linked to 
αSYN pathology in brainstem and olfactory structures, through motor dysfunction caused by 
nigrostriatal degeneration, to widespread cortical and limbic neurodegeneration. 
This evolving framework underscores the need to shift from purely symptomatic treatment 
towards early detection and disease-modifying interventions, supported by the development 
of stage-specific biomarkers and personalised therapeutic strategies that target PD in its earliest and 
potentially most modifiable phases (Poewe et al., 2017). 
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1.2.4 Diagnosis 
The diagnosis of PD currently relies primarily on clinical evaluation. According to the International 
Parkinson and Movement Disorder Society (IPMDS), PD is defined as “a core clinical motor 
syndrome (parkinsonism) accompanied by SNpc neurodegeneration and synuclein deposition” 
(Postuma et al., 2015). However, as synuclein pathology cannot yet be verified in vivo, diagnosis 
remains based on the recognition of typical parkinsonian motor features, provided that red flags for 
alternative conditions, such as atypical parkinsonian syndromes, are absent (Kalia and Lang, 2015; 
Marsili et al., 2018).  
The most widely adopted clinical framework is the Movement Disorder Society Clinical Diagnostic 
Criteria for Parkinson’s Disease (MDS-PD), designed to integrate both motor and non-motor features 
across disease stages and reduce misdiagnosis (Homayoun et. al, 2018; Postuma et al., 2015; 
Postuma et al., 2018). Genetic testing is not routinely included in diagnostic protocols but may be 
indicated in selected cases, such as early-onset PD or a strong family history, where monogenic 
forms are suspected (Poewe et al., 2017; Schapira et al., 2023). 
In recent years, increasing efforts have focused on identifying molecular biomarkers capable of 
supporting clinical diagnosis and enabling earlier detection. Among these, αSYN seed amplification 
assays (SAAs) have shown high diagnostic accuracy in distinguishing PD from healthy controls and 
may provide insights into disease staging (Russo et al., 2021; Siderowf et al., 2023). Nevertheless, 
the ability of currently available molecular biomarkers, including SAAs, to reliably distinguish PD from 
other parkinsonian syndromes remains under investigation. 
In parallel, several biofluid biomarkers are being evaluated for their diagnostic utility. In particular, 
oligomeric and phosphorylated αSYN species in CSF or plasma are being explored as markers to 
distinguish PD from atypical parkinsonisms, based on differences in protein conformation and 
concentration (Fairfoul et al., 2016). Moreover, neurofilament light chain (NfL) levels, typically 
elevated in progressive supranuclear palsy (PSP) and multiple system atrophy (MSA), may serve 
as negative biomarkers for PD (Hansson et al., 2017). Additional candidates, including glial fibrillary 
acidic protein (GFAP) and tau protein, are also being studied for their potential to improve differential 
diagnosis (Che et al., 2024). 
While biofluid biomarkers hold promise for molecular-level diagnosis, neuroimaging continues to 
play a crucial role in assessing structural and functional brain alterations in vivo. Conventional MRI 
helps exclude structural abnormalities and may assist in distinguishing PD from atypical parkinsonian 
syndromes based on region-specific atrophy (Paviour et al., 2006; Quattrone et al., 2008). Advanced 
MRI approaches, such as resting-state functional MRI (rs-fMRI), can assess alterations in functional 
connectivity (Prodoehl et al., 2014), while diffusion-weighted and diffusion tensor imaging (DWI/DTI) 
reveal microstructural and white-matter integrity changes (Cochrane and Ebmeier, 2013). 
Molecular imaging plays a complementary role, particularly through dopamine transporter single-
photon emission computed tomography (DAT-SPECT), which evaluates the integrity of presynaptic 
dopaminergic terminals. DAT, a membrane transporter specific to dopaminergic neurons, serves as 
a robust imaging biomarker in both early and advanced PD (Huang et al., 2003; Piccini and Brooks, 
2006). Positron emission tomography (PET) and single photon emission computed tomography 
(SPECT) imaging can also monitor disease progression and neurotransmitter system activity (Kalia 
and Lang, 2015; Politis and Piccini, 2015). Despite these advances, more than 75% of definitive PD 
diagnoses are still confirmed only post-mortem (Gibb and Lees, 1988; Hughes et al., 1992; Rajput 
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et al., 1991), underscoring the urgent need for reliable biomarkers enabling early and accurate 
diagnosis. Future diagnostic strategies are likely to integrate molecular, imaging, and digital 
biomarkers to achieve earlier and more precise disease stratification. 
 
1.2.5 Current therapies: symptomatic and disease modifying therapies  
The therapeutic management of PD primarily relies on symptomatic treatments, as no intervention 
has yet demonstrated definitive disease-modifying efficacy in pivotal trials (Poewe et al., 2017). 
Since the 1960s, the main approach has focused on restoring cerebral dopamine levels, with 
levodopa (L-DOPA) administration remaining the gold standard treatment, particularly during the 
early stages of the disease (Cotzias et al., 1967; Haddad et al., 2018). 
Prolonged L-DOPA exposure, however, is frequently associated with motor complications, L-DOPA-
induced dyskinesia, wearing-off, and on–off fluctuations, often emerging within a few years of 
treatment initiation (Poewe et al., 2017). To improve clinical management, L-DOPA is commonly co-
administered with inhibitors of dopa decarboxylase (benserazide, carbidopa), catechol-O-
methyltransferase (entacapone, tolcapone), and monoamine oxidase type B (selegiline, rasagiline), 
which enhance its bioavailability and prolong its half-life (Pålhagen et al., 2006; Tetrud and Langston, 
1989). Dopamine receptor agonists and anticholinergic agents are also employed to ameliorate 
motor fluctuations and tremor control, respectively, although their use is limited by cognitive side 
effects (Moore et al., 2014; Poewe et al., 2017). 
Introduced in the 1990s, DBS has revolutionized the treatment of medication-refractory motor 
symptoms by delivering electrical stimulation via implanted electrodes in the STN or GPi, thereby 
modulating aberrant motor circuit activity (Chiken and Nambu, 2016). Although DBS has 
demonstrated considerable efficacy, long-term neuropsychological side effects have been reported 
(Merola et al., 2011). Currently, adaptive “closed-loop” DBS systems are under investigation, aiming 
to dynamically adjust stimulation in response to real-time neural activity to optimize therapeutic 
outcomes and minimize adverse effects (Guidetti et al., 2021). 
Beyond symptomatic strategies, increasing efforts aim to develop disease-modifying 
therapies capable of slowing or halting neurodegeneration. Among these, immunotherapies 
targeting αSYN have advanced the furthest. Monoclonal antibodies such 
as prasinezumab and cinpanemab were evaluated for their ability to neutralise toxic αSYN 
aggregates. Although phase-II trials did not meet their primary efficacy endpoints, exploratory and 
post-hoc analyses suggested possible signals of reduced motor progression in selected patient 
subgroups (Lang et al., 2022; Pagano et al., 2022; Siderowf et al., 2023), prompting further 
investigation. Several small-molecule compounds that inhibit αSYN aggregation or promote its 
clearance are also under evaluation, but consistent clinical evidence of benefit is still lacking (Chen 
et al., 2015).  
Gene therapy represents another innovative avenue, designed to restore dopaminergic function by 
delivering genes encoding key enzymes involved in dopamine biosynthesis, such as aromatic L-
amino-acid decarboxylase (AADC) or tyrosine hydroxylase (TH). Early-phase clinical trials have 
reported encouraging symptomatic improvements and durable expression of transgenes, though 
confirmatory, large-scale studies are still required to establish long-term efficacy and safety (LeWitt 
et al., 2011; Palfi et al., 2014). Likewise, cell-based therapies, involving the transplantation of 
dopaminergic neurons derived from embryonic or induced pluripotent stem cells, aim to replace lost 
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neuronal populations and restore nigrostriatal connectivity. Preliminary clinical experiences indicate 
feasibility and potential benefit, while long-term integration, immune compatibility and sustained 
safety remain active areas of research (Barker et al., 2015; González et al., 2016).  
Ultimately, the central goal of current research is to move beyond symptomatic relief toward genuine 
neuroprotection, ideally intervening during the prodromal stages of the disease. Progress in this 
direction will depend on the identification of reliable biomarkers capable of detecting early pathology 
and predicting treatment response, thereby enabling timely and personalised therapeutic 
interventions. Despite substantial advances, the development of therapies that can truly alter PD 
progression remains one of the foremost challenges in modern neurodegenerative medicine 
(Heinzel et al., 2019; Mahlknecht et al., 2022). 
 
 
1.3 Genetic and environmental interplay in Parkinson’s disease 
PD is a complex neurodegenerative disorder arising from the interaction of genetic susceptibility, 
environmental exposures, and aging-related processes. In approximately 90% of cases, the 
aetiology remains idiopathic, meaning that no single causative mutation or environmental factor can 
be clearly identified (Klein and Westenberger, 2012). 
Roughly 10% of PD cases are associated with identifiable mutations in genes that regulate critical 
aspects of neuronal homeostasis, including SNCA, LRRK2, PRKN (PARK2), PINK1, and GBA. 
These genes are involved in fundamental cellular pathways such as protein folding and 
degradation, mitochondrial quality control, and lysosomal-autophagic clearance, processes 
essential for the survival of dopaminergic neurons (Blauwendraat et al., 2020; Poewe et al., 2017). 
Disruptions in these mechanisms lead to the accumulation of misfolded proteins, oxidative stress, 
and impaired energy metabolism, which together drive neuronal vulnerability in PD. 
To date, more than 20 genes have been implicated in monogenic or familial forms of PD. However, 
these account for only a minor proportion of all cases, around 30% of familial PD and 3–5% of 
sporadic PD, where no clear family history is present (Blauwendraat et al., 2020; Klein and 
Westenberger, 2012; Tansey and Romero-Ramos, 2019). The best-characterised genetic forms 
include autosomal dominant variants in SNCA and LRRK2, and autosomal recessive 
mutations in PRKN, PINK1, and DJ-1. In addition, mutations or risk variants in GBA, which encodes 
the lysosomal enzyme glucocerebrosidase, have been identified as one of the most frequent genetic 
risk factors, present in up to 10–15% of PD patients, especially in certain populations (Gan-Or et al., 
2018). 
Importantly, many PD-associated mutations show incomplete penetrance and variable expressivity, 
meaning that not all mutation carriers develop PD, and those who do may present with markedly 
different clinical trajectories. This variability suggests that additional genetic modifiers, epigenetic 
regulation, and environmental influences, such as pesticide exposure, smoking, or head injury, 
modulate the individual risk and timing of disease onset (Goldman, 2019; Poewe et al., 2017). 
Consequently, even individuals carrying the same pathogenic variant can differ substantially in age 
at onset, motor and non-motor symptoms, and disease progression rate. 
This heterogeneity supports the current understanding of PD not as a single disease entity but as 
a spectrum of related disorders that share overlapping molecular and clinical features (Pajares et 
al., 2020). In keeping with this multifactorial model, twin studies have estimated the heritability of PD, 
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(i.e. the proportion of disease risk attributable to genetic factors alone) at approximately 25–30%, 
underscoring the predominant contribution of non-genetic and sporadic influences in most patients 
(Goldman et al., 2019; Keller et al., 2012). 
Collectively, these findings emphasise that PD represents a continuum between genetic 
predisposition and environmental susceptibility, with aging acting as the major catalyst that ultimately 
tips cellular homeostasis toward neurodegeneration. 
 

1.3.1 Environmental determinants and protective modulators of Parkinson’s disease 
PD results from a complex interplay between intrinsic risk factor, such as genetic variants and 
metabolic profile and extrinsic element, including environmental toxicants, infections, and lifestyle-
related behaviours. These variables do not act in isolation but rather interact at the molecular level, 
influencing epigenetic programs, inflammatory responses, and the gut microbiome (Ascherio and 
Schwarzschild, 2016; Marras et al., 2018). 
Among the most extensively studied environmental risk factors, exposure to pesticides and 
herbicides has received particular attention. Compounds such as rotenone, paraquat, maneb, and 
organochlorines are strongly associated with an increased risk of PD. Rotenone, a mitochondrial 
complex I inhibitor, induces selective dopaminergic degeneration in animal models that reproduce 
key pathological features of PD (Martinez and Greenamyre, 2012). Similarly, paraquat exposure 
enhances oxidative stress and promotes αSYN aggregation, supporting a mechanistic link between 
environmental toxins and synucleinopathy (Berry et al., 2010).  
The role of mitochondrial toxins in PD pathogenesis was first recognised following the discovery 
of MPTP-induced parkinsonism in illicit drug users, where inhibition of complex I caused rapid 
nigrostriatal degeneration (Langston et al., 1983). Likewise, methamphetamine (METH) abuse has 
been linked to increased neurodegeneration due to dopaminergic axon loss, microglial activation, 
and reductions in striatal dopamine, TH and dopamine transporter (DAT) levels, resembling MPTP 
toxicity (Guilarte et al., 2003). 
Occupational exposure to heavy metals (such as manganese, lead, and copper) and chlorinated 
solvents has also been associated with elevated PD risk, likely mediated by mitochondrial 
dysfunction, oxidative stress, and chronic neuroinflammation (Racette et al., 2012). 
Moreover, repeated head trauma is emerging as an independent risk factor, as traumatic brain injury 
may disrupt the blood-brain barrier (BBB) and facilitate αSYN misfolding and propagation (Jafari et 
al., 2013). 
Beyond environmental toxins, lifestyle and hormonal factors can influence susceptibility. High dairy 
consumption has been linked to a modestly increased PD incidence, potentially reflecting pesticide 
contamination in milk or altered urate metabolism (Ascherio and Schwarzschild, 2016). In 
women, early menopause and reduced oestrogen levels are associated with greater risk, supporting 
a neuroprotective role for oestrogens in dopaminergic systems (Rocca et al., 2008). 
Conversely, several behaviours appear protective against PD. Numerous epidemiological studies 
have demonstrated an inverse association between cigarette smoking and PD incidence, possibly 
due to nicotine’s effects on dopaminergic neurotransmission, monoamine oxidase-B inhibition, and 
anti-inflammatory actions (Grandinetti et al., 1994; Hernán et al., 2001; Quik et al., 2004). 
Similarly, caffeine consumption has been consistently linked to a reduced PD risk, most likely 
through antagonism of the adenosine A2A receptor, which enhances dopaminergic signalling. This 
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effect seems more pronounced in men, possibly due to interactions between caffeine and oestrogen 
metabolism (Ascherio et al., 2004; Ross et al., 2000; Xu et al., 2006). 
Elevated serum urate levels have also been associated with lower PD risk and slower disease 
progression, likely reflecting urate’s antioxidant capacity (Weisskopf et al., 2007). However, 
therapeutic urate elevation remains controversial, as it may increase cardiovascular risk. 
Finally, non-steroidal anti-inflammatory drugs (NSAIDs) have been investigated as potential 
modulators of PD risk due to their ability to suppress neuroinflammation. While preclinical studies 
demonstrate neuroprotective effects on dopaminergic neurons (Teismann and Ferger, 2001), clinical 
data remain mixed (Becker et al., 2011; Ren et al., 2018). Given the growing recognition of immune 
mechanisms in PD pathogenesis (Hirsch and Hunot, 2009), the potential of NSAIDs and related 
agents to prevent or delay disease onset remains an active and promising area of research. 
In summary, PD results from the dynamic interaction of genetic predisposition, environmental 
exposure, and lifestyle factors. Understanding both risk and protective influences provides crucial 
insight into disease pathogenesis and may guide the development of preventive and disease-
modifying interventions in the future. 
 
1.3.2 Genetic determinants and pathogenic mechanisms in Parkinson’s disease 
PD was long considered a paradigmatic example of a non-genetic neurodegenerative disorder. This 
view changed in 1997 with the discovery of the A53T mutation in the SNCA gene, encoding αSYN, 
which established a clear genetic basis for PD pathogenesis (Polymeropoulos et al., 1997). Since 
then, more than 20 genes and loci have been implicated in monogenic forms of PD, including 
autosomal dominant mutations (SNCA, LRRK2) and autosomal recessive mutations 
(PRKN, PINK1, DJ-1) (Blauwendraat et al., 2020; Bonifati et al., 2003; Klein and Westenberger, 
2012; Kitada et al., 1998; Valente et al., 2001). Although these discoveries revolutionized our 
understanding of PD, monogenic forms account for only a small minority of cases, highlighting the 
multifactorial nature of the disease, which arises from the interplay of genetic susceptibility, 
environmental exposures, and age-related mechanisms (Billingsley et al., 2018). The nomenclature 
for PD-linked loci follows the “PARK” convention, numbered in order of discovery 
(e.g., PARK1, PARK2). PARK1/SNCA and PARK8/LRRK2 mutations are autosomal dominant, 
while PARK2/PRKN, PARK6/PINK1, PARK7/DJ-1, and PARK9/ATP13A2 follow autosomal 
recessive inheritance (Klein and Westenberger, 2012). 
Following the initial identification of the A53T mutation, other missense variants such as A30P, E46K, 
H50Q, G51D and A53E were described, all clustering in the N-terminal region involved in membrane 
binding and fibril formation (Zeng et al., 2018). In addition to these point mutations, SNCA 
duplications and triplications are pathogenic, and increased gene dosage correlates with earlier 
onset and more rapid disease progression (Singleton et al., 2003). 
The LRRK2 gene (PARK8) encodes a large multidomain protein with GTPase and kinase activities. 
Pathogenic variants such as G2019S, R1441C/G and Y1699C account for approximately 5% of 
familial PD cases, although their frequency varies across populations (Ferreira and Massano, 2017). 
These mutations enhance LRRK2 kinase activity, disrupt protein–protein interactions and impair 
vesicular trafficking and autophagy, ultimately compromising dopaminergic signalling and neuronal 
viability (Yoon et al., 2017). PINK1 (PARK6) and PRKN (PARK2) act in the same mitochondrial 
quality-control pathway: under conditions of mitochondrial depolarization, PINK1 accumulates on the 
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outer mitochondrial membrane and recruits the E3 ubiquitin ligase Parkin, which mediates the 
selective degradation of damaged mitochondria through mitophagy (Narendra et al., 2009). Loss-of-
function mutations in either gene are major causes of autosomal recessive early-onset PD, 
collectively accounting for up to 20–40% of these cases, depending on ethnic background, and 
leading to impaired mitophagy, mitochondrial dysfunction and increased oxidative stress (Huang et 
al., 2017; Zhuang et al., 2016). Similarly, DJ-1 (PARK7) encodes a redox-sensitive chaperone 
involved in oxidative stress defence and mitochondrial homeostasis. Mutations such 
as L166P and M26I abolish its antioxidant and neuroprotective functions, contributing to early-onset 
parkinsonism (Biosa et al., 2017; Ishikawa et al., 2009; Malgieri et al., 2008). 
Beyond these rare familial mutations, genome-wide association studies (GWAS) have identified 
over ninety susceptibility loci associated with sporadic PD (Blauwendraat et al., 2020; Nalls et al., 
2019). Among the most significant are variants in MAPT, SNCA, LRRK2, GBA, HLA-
DRA, INPP5F and BST1 (Benitez et al., 2016; Nalls et al., 2019). Individually, these loci confer 
modest effects on disease risk, but their cumulative and epistatic interactions, further shaped by 
environmental and epigenetic influences, can significantly modify disease onset and clinical course. 
Among the susceptibility genes, GBA mutations have particular clinical relevance. GBA encodes β-
glucocerebrosidase (GCase), a lysosomal enzyme responsible for sphingolipid degradation. 
Heterozygous carriers of GBA mutations have a four- to five-fold higher risk of developing PD and 
often display earlier onset and faster cognitive decline (Anheim et al., 2012; Sidransky et al., 2009; 
Simon et al., 2020). Loss-of-function variants such as N370S decrease GCase activity, leading to 
lysosomal lipid accumulation, impaired protein degradation and autophagy stress that promotes 
αSYN aggregation. This establishes a vicious cycle in which lysosomal dysfunction exacerbates 
αSYN pathology and neurodegeneration (Pang et al., 2022).  
Other genetic polymorphisms affecting xenobiotic metabolism and neuroinflammatory regulation, 
including NAT2, MAOB, GSTT1 and APOE ε2, have also been reported to influence PD risk in some 
populations, although their effects remain inconsistent and appear to depend on gene–environment 
interactions (de Lau and Breteler, 2006). Altogether, these findings illustrate a continuum of genetic 
influence in PD, ranging from rare, high-penetrance mutations to common, low-risk polymorphisms. 
The interaction between these genetic factors and environmental modifiers contributes to the 
remarkable clinical heterogeneity of the disease and supports the current view of PD as 
a multifactorial spectrum disorder rather than a single nosological entity. 
 
1.3.3 Molecular and cellular effects of the A53T α-Synuclein mutation 
The human SNCA gene, located on chromosome 4q22.1, encodes a 140-amino acid presynaptic 
protein predominantly expressed in neurons, where it plays roles in synaptic vesicle trafficking and 
neurotransmitter release (Maroteaux et al., 1988). In 1997, the first missense mutation in SNCA, 
known as A53T, was identified; this substitution replaces alanine with threonine at position 53 
(Polymeropoulos et al., 1997). In the same year, αSYN was recognized as the major fibrillar 
component of LBs, the pathological hallmark of PD (Spillantini et al., 1997). 
The A53T mutation profoundly alters both the structure and function of αSYN. This amino acid 
substitution introduces a hydroxyl group into the N-terminal amphipathic region, increasing the 
protein’s propensity to form β-sheet conformations that promote aggregation (Coskuner and Wise 
Scira, 2013). Molecular dynamics simulations indicate that A53T disrupts long-range interactions 
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with the non-amyloid-β component (NAC) domain, exposing hydrophobic residues that facilitate 
oligomer formation and reduce conformational flexibility, thus favouring aggregation-prone states 
(Coskuner and Wise Scira, 2013). Compared with wild-type αSYN, the A53T variant 
exhibits accelerated aggregation kinetics and forms more stable, degradation-resistant 
fibrils (Conway et al., 1998; Li et al., 2001; Ono et al., 2011). 
Functionally, A53T impairs αSYN’s physiological association with synaptic vesicle membranes, 
disrupting vesicular trafficking and promoting cytosolic accumulation of the protein. It also interferes 
with cellular degradation pathways, including autophagy and mitophagy, resulting in inefficient 
clearance of misfolded proteins and damaged organelles. This impairment 
exacerbates mitochondrial dysfunction and oxidative stress (Minakaki et al., 2018; Smith et al., 
2005; Pupyshev et al., 2018). At the cellular level, A53T expression is associated with deficits in 
mitochondrial bioenergetics, including decreased respiratory efficiency and increased reactive 
oxygen species (ROS) production, which create a pro-oxidant environment favouring neuronal 
vulnerability (Pozo Devoto et al., 2020). In parallel, the mutation disturbs proteostatic balance by 
inhibiting autophagic flux, leading to the accumulation of autophagic vacuoles and protein 
aggregates, consistent with defective lysosomal degradation (Minakaki et al., 2018). Moreover, 
A53T-expressing neurons display chronic endoplasmic reticulum (ER) stress and sustained 
activation of the unfolded protein response (UPR). Persistent activation of this pathway triggers pro-
apoptotic cascades, aggravating proteotoxic stress and contributing to dopaminergic 
neurodegeneration (Ryu et al., 2021). 
Collectively, these findings demonstrate that the A53T mutation accelerates αSYN 
pathology through converging mechanisms, such as structural destabilization, aggregation 
propensity, mitochondrial dysfunction, impaired proteostasis, and ER stress, conferring a 
highly neurotoxic phenotype to the mutant protein. 
 
 
1.4 Alpha-Synuclein 
1.4.1 Structure of α-Synuclein 
Structurally, αSYN is composed of three major domains. The N-terminal region (residues 1–
60) contains amphipathic repeats that adopt an α-helical conformation upon binding to membrane 
lipids, mediating interaction with synaptic vesicles. The central NAC region (non-amyloid-β 
component, residues 61–95) is highly hydrophobic and essential for β-sheet formation and 
aggregation. Finally, the C-terminal domain (residues 96–140), enriched in acidic residues, confers 
conformational flexibility and modulates protein–protein interactions as well as calcium binding 
(Lautenschläger et al., 2018; Fonseca et al., 2015; Vamvaca et al., 2009). 
Building on these structural properties (Fig. 5), accumulating evidence indicates that pathological 
aggregation of αSYN is a central event in PD-related neurodegeneration. Among the aggregated 
species, soluble oligomers, rather than mature fibrils, are considered the most neurotoxic. Their 
small size (<200 nm) enables efficient interaction with cellular membranes, leading to membrane 
disruption, mitochondrial impairment, and activation of inflammatory responses (Cocozza et al., 
2022). 
This aggregation propensity is largely driven by the NAC region, particularly by a hydrophobic stretch 
of residues (71–82) crucial for fibril formation. Mutagenesis studies introducing charged residues into 
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this segment disrupt amyloid formation, highlighting its essential role in aggregation (Uversky et al., 
2001). Insights from recent cryo-electron microscopy analyses reveal that αSYN fibrils can adopt 
distinct polymorphic conformations with variable pathogenic potential. Notably, intramolecular salt 
bridges, such as those between residues K45 and E57, contribute to conformational stability and 
may underlie phenotypic variability among different synucleinopathies (Guerrero-Ferreira et al., 
2018). 

 
 

Figure 5. Structural organization of α-Synuclein and pathogenic mutations associated with 
Parkinson’s disease. (A) Linear structure of αSYN showing its three main domains (N-terminus, NAC, C-
terminus), SNCA missense mutations associated with familial PD, and key phosphorylation sites. (B) 
Schematic 3D representation of αSYN domains (Fan et al., 2021). 
 

In addition to protein-centric mechanisms, recent studies have identified RNA-based regulatory 
elements that influence αSYN pathology. Specifically, RNA G-quadruplex (G4) structures located in 
the 3’ untranslated region (3’UTR) of SNCA mRNA facilitate αSYN phase separation in the presence 
of calcium ions. Pharmacological inhibition of these G4 structures, for example, using 5-
aminolevulinic acid, reduces αSYN aggregation and improves dopaminergic neuron survival in PD 
mouse models (Matsuo et al., 2024). 
The C-terminal domain of αSYN also exhibits distinctive structural and functional properties 
compared to β- and γ-synuclein isoforms. This negatively charged, acidic region mediates nuclear 
localization and interactions with numerous proteins (Masliah et al., 1996; Ulmer et al., 2005). It 
enhances protein solubility and inhibits aggregation, whereas C-terminal truncations result in 
increased fibrillization, suggesting a protective role of the intact domain. 
Furthermore, long-range intramolecular interactions between the C-terminal, NAC, and N-terminal 
regions help maintain αSYN’s dynamic and disordered conformation. This structural plasticity acts 
as a regulatory mechanism to prevent excessive oligomerization and fibril formation (Bertoncini et 
al., 2005; Dedmon et al., 2005).  
Together, these structural insights highlight αSYN as a highly dynamic and multifaceted protein 
whose conformational flexibility, regulated at multiple levels, determines its physiological functions 
as well as its pathological aggregation potential (Fan et al., 2021). 
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1.4.2 Physiological function of α-Synuclein 
αSYN is a multifunctional protein whose physiological role remains partially undefined, yet it is 
involved in numerous critical cellular processes, including synaptic transmission, intracellular 
calcium regulation, mitochondrial homeostasis, and modulation of gene expression (Benskey et al., 
2016). 
At the synaptic level, αSYN organizes the vesicular pool by promoting clustering, docking, and 
recycling of synaptic vesicles through interactions with synapsins and cholesterol-enriched lipid rafts, 
membrane microdomains essential for efficient neurotransmission (Burré et al., 2010; Burré, 2015; 
Fortin et al., 2004). 
It also interacts with crucial presynaptic components such as TH, protein phosphatase 2A (PP2A), 
vesicular monoamine transporter 2 (VMAT2), and the SNARE complex, highlighting its central role 
in dopaminergic modulation. 
Under basal conditions, αSYN fine-tunes dopamine transmission by acting as a negative regulator 
of synthesis, storage, and release. It inhibits TH and AADC activity via PP2A-mediated 
dephosphorylation, reduces VMAT2-dependent vesicular loading, and slows synaptic vesicle 
recycling through interference with clathrin-mediated endocytosis (Benskey et al., 2016). During 
neuronal activation, αSYN transiently redistributes away from the active zone, lifting its inhibitory 
effect and enhancing DA release in response to stimulation (Fig. 6; Benskey et al., 2016). 
 

 
 
Figure 6. Proposed model of α-Synuclein function in dopaminergic terminals at rest and during 
neuronal activity. Resting state: αSYN is concentrated at the presynaptic terminal, where it regulates 
dopaminergic homeostasis. Specifically, it inhibits dopamine (DA) synthesis by modulating the activity of 
tyrosine hydroxylase (TH) and aromatic L-amino acid decarboxylase (AADC), with the involvement of the 
phosphatase PP2A. In addition, αSYN promotes vesicular DA storage through interaction with the vesicular 
monoamine transporter (VMAT), while restraining vesicle trafficking and docking at the plasma membrane. 
These functions contribute to maintaining the reserve pool of synaptic vesicles and supporting efficient vesicle 
recycling through endocytosis. During an action potential: Calcium (Ca²⁺) influx through voltage-gated calcium 
channels (VGCCs) triggers αSYN dispersion, relieving its inhibitory actions and facilitating vesicle trafficking, 
docking, and exocytosis of DA. Elevated intracellular calcium also enhances DA synthesis and mobilization of 
vesicles from the reserve pool. Following membrane repolarization, αSYN reassociates with synaptic vesicles, 
restoring the presynaptic organization and regulatory functions characteristic of the resting state (adapted from 
Benskey et al., 2016). 
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The interaction of αSYN with vesicle exocytosis machinery is mediated by domain-specific contacts: 
the C-terminal region binds vesicle-associated membrane protein 2 (VAMP2), while the N-terminal 
associates with the SNARE complex, promoting vesicle docking and fusion (Burré et al., 2010; 
Lashuel et al., 2013). In cysteine-string protein-α (CSPα) knockout models, overexpression of αSYN 
rescues SNARE assembly and neurotransmission, suggesting it acts downstream of CSPα 
(Chandra et al., 2005).  
Beyond the presynaptic terminal, αSYN localizes to mitochondria, where it modulates fission–fusion 
dynamics, oxidative phosphorylation and calcium buffering (Devi et al., 2008; Li et al., 2007; Parihar 
et al., 2008). While physiological levels support mitochondrial integrity, αSYN accumulation or 
misfolding perturbs energy production and promotes oxidative stress, contributing to 
neurodegenerative cascades (Choubey et al., 2011; Nakamura et al., 2011; Zaichick et al., 2017). 
Emerging evidence also implicates αSYN in nuclear and transcriptional regulation. Nuclear αSYN 
binds DNA and histones, modulating transcription factors linked to mitochondrial function and 
synaptic plasticity. Its interaction with histones suppresses acetylation and may promote 
neurotoxicity (Goers et al., 2003; Kontopoulos et al., 2006; Villar-Piqué et al., 2016). In addition, 
αSYN associates with RNA and RNA-binding proteins, potentially influencing mRNA processing and 
translation (Gonçalves and Outeiro, 2013; Siwecka et al., 2023). 
Overall, these findings define αSYN as a dynamic regulator of neuronal homeostasis. Its 
physiological versatility enables fine control of synaptic and mitochondrial function, but also makes 
it particularly vulnerable, when dysregulated, to initiating pathogenic cascades underlying PD. 
 

1.4.3 Pathological aggregation of α-Synuclein: from oligomers to fibrils 
αSYN is an intrinsically disordered and highly dynamic protein whose structural flexibility allows it to 
interact with a wide range of cellular partners. This same conformational plasticity, while essential 
for its physiological functions, also makes the protein susceptible to misfolding and aggregation. 
These processes are finely regulated by post-translational modifications (PTMs) that influence 
αSYN’s conformation, aggregation kinetics, and neurotoxic potential, representing crucial 
determinants in the pathogenesis of PD. 
Among the best-characterized PTMs, phosphorylation plays a central role. It predominantly occurs 
at serine and tyrosine residues in the C-terminal region, notably S87, Y125, Y133, and Y136. 
Phosphorylation at serine 129 (pS129) is particularly relevant, as it is found in more than 90% of 
αSYN within Lewy bodies, the pathological hallmark of PD (Fujiwara et al., 2002; Oueslati et al., 
2010). Although several studies have associated pS129 with enhanced aggregation, others indicate 
that its effect may depend on the specific cellular context, reflecting a more complex regulatory role 
(Anderson et al., 2006; Fujiwara et al., 2002; Meade et al., 2019). Another frequent modification 
observed in PD brains is C-terminal truncation, which occurs in approximately 15% of αSYN species 
within Lewy bodies. These truncated forms exhibit increased aggregation propensity and act as 
nucleating seeds for full-length αSYN, potentially accelerating disease progression (Li et al., 2005; 
Murray et al., 2003). Conversely, N-terminal acetylation, a constitutive modification present in 
physiological conditions, stabilizes α-helical structures and enhances membrane affinity, often 
resulting in decreased aggregation rates (Kang et al., 2012; Maltsev et al., 2012). 
Oxidative and nitrative modifications further modulate αSYN structure and function. Oxidation of 
methionine residues (M1, M5, M116, M127) increases conformational disorder and inhibits fibril 
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formation, suggesting a potential protective role (Hokenson et al., 2004). In contrast, nitration at 
tyrosine residues, particularly Y39, can prevent fibril elongation while stabilizing oligomeric 
intermediates that are potentially toxic (Giasson et al., 2000; Souza et al., 2000). These diverse 
PTMs highlight how the fine-tuning of αSYN chemistry critically shapes its aggregation behaviour. 
Structurally, αSYN exists in dynamic equilibrium between unstructured monomers in the cytosol, α-
helical multimers upon membrane binding, and β-sheet–rich aggregates. Membrane association 
promotes transient multimerization necessary for its normal function in synaptic vesicle trafficking 
(Burré et al., 2014; Eliezer et al., 2001; Trexler and Rhoades, 2009).  
Pathological conditions, including altered pH, metal ion exposure, and familial PD mutations such as 
A30P, E46K, and A53T, disrupt these equilibria, destabilizing native conformations and promoting 
misfolded β-sheet assemblies (Bertoncini et al., 2005; Conway et al., 1998; Lashuel et al., 2002). 
The aggregation process of αSYN follows a nucleation-dependent mechanism, characterized by a 
lag phase, elongation phase, and stationary phase. During the lag phase, soluble oligomeric nuclei 
form from monomeric precursors, serving as seeds for subsequent fibril growth. The elongation 
phase involves rapid monomer addition to growing protofibrils, while the stationary phase reflects a 
dynamic equilibrium among monomers, oligomers, and mature fibrils (Mehra et al., 2019; Wood et 
al., 1999). In addition to primary nucleation, secondary mechanisms, including fibril fragmentation 
and surface-catalysed nucleation, amplify aggregate propagation by generating new seeding sites, 
explaining the self-perpetuating nature of αSYN pathology (Buell et al., 2014; Knowles et al., 2009). 
Although mature fibrils were long considered the main toxic species, converging evidence 
identifies soluble oligomers as the principal neurotoxic forms. These small, β-sheet–rich assemblies 
exhibit a “hollow-cylinder” morphology and can permeabilize membranes, disrupt mitochondrial 
function, impair proteasomal and ER activity, and activate neuroinflammatory pathways via TLR2 
(Chen et al., 2015; Choi et al., 2013; Cremades et al., 2012; Ghosh et al., 2015; Hoffmann et al., 
2016). Distinct oligomeric populations have been identified, with variable stability and toxicity, 
underscoring the structural heterogeneity of αSYN aggregates. 
Recent studies have expanded our understanding of αSYN aggregation dynamics. O-
GlcNAcylation has been shown to attenuate aggregation and reduce seeding capacity, suggesting 
a neuroprotective role and potential therapeutic target (Levine et al., 2022).  
Furthermore, cross-seeding between αSYN and tau proteins has been demonstrated, supporting a 
synergistic mechanism in mixed neurodegenerative disorders (Hoffmann et al., 2023). Advances 
in cryo-electron microscopy have revealed that patient-derived fibrils exhibit distinct structural 
polymorphs, potentially explaining the heterogeneity of clinical phenotypes across synucleinopathies 
(Schweighauser et al., 2021). 
Collectively, these findings illustrate that αSYN aggregation is governed by a complex interplay of 
PTMs, genetic mutations, and environmental factors. The ability of αSYN to transition between 
physiological and pathological conformations defines its dual nature as both a critical regulator of 
neuronal function and a central driver of neurodegeneration. Understanding how each modification 
modulates this equilibrium will be essential for developing strategies aimed at stabilizing functional 
αSYN while preventing its pathological aggregation. 
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1.4.4 Pathological propagation of α-Synuclein: mechanisms of intercellular transfer 
The pathological spreading of misfolded αSYN is a central event in PD progression. Increasing 
evidence indicates that intercellular transmission of misfolded αSYN species contributes to the 
multisystem degeneration characteristic of PD. The prion-like hypothesis proposes that misfolded 
αSYN acts as a seed, inducing conformational changes in native αSYN and promoting aggregation 
and propagation across interconnected brain regions. 
Clinical support for this model comes from observations in PD patients who received fetal 
dopaminergic neuron grafts. Years after transplantation, these grafted neurons developed LBs–like 
inclusions and degenerative changes, indicating host-to-graft propagation of pathology (Kordower et 
al., 2008; Kurowska et al., 2011; Li et al., 2008; Mendez et al., 2008). Similar findings have been 
reproduced in animal models, where host-to-graft transmission of αSYN was observed in murine and 
rat dopaminergic neurons transplanted into αSYN-overexpressing hosts (Angot et al., 2012; 
Desplats et al., 2009; Hansen et al., 201; Rey et al., 2013). These studies collectively demonstrate 
that healthy neurons can acquire αSYN aggregates from neighbouring affected cells, thereby 
becoming susceptible to degeneration. 
Further experimental evidence was provided by Luk and colleagues, who showed that brain 
homogenates from aged αSYN (A53T) transgenic mice induced widespread αSYN inclusions when 
injected into young mice, reproducing LB-like pathology and glial activation (Luk et al., 2012). The 
same effect was achieved with recombinant preformed fibrils (PFFs), which are internalized by 
neurons and trigger aggregation of endogenous αSYN into insoluble, phosphorylated, and 
ubiquitinated forms (Luk et al., 2009; Volpicelli-Daley et al., 2011). 
Misfolded αSYN can spread through several complementary routes. It can travel along axons, 
be released via non-classical exocytosis, or be taken up by neighbouring cells, including neurons, 
astrocytes, and microglia (Freundt et al., 2012; Lee et al., 2005; Lee et al., 2010). Uptake occurs via 
multiple mechanisms, such as macropinocytosis, receptor-mediated endocytosis, or passive 
diffusion, suggesting that αSYN propagation does not depend on a single receptor (Angot et al., 
2012; Desplats et al., 2009; Mao et al., 2016). When intracellular degradation is overwhelmed (Fig.7), 
αSYN is released extracellularly through exosomes, lysosomal exocytosis, or non-vesicular 
pathways, facilitating its dissemination (Alvarez-Erviti et al., 2011; Emmanouilidou et al., 2010). 
Once released, extracellular αSYN can be internalized by neighbouring neurons through receptor-
mediated mechanisms. Identified neuronal receptors involved in αSYN uptake include LRP1, which 
binds monomeric and oligomeric species; LAG3, which preferentially recognizes preformed fibrils; 
HSPGs, which facilitate aggregate internalization in cooperation with other receptors (Chen et al., 
2022; Mao et al., Science, 2016); and the recently proposed FAM171A2, implicated in the selective 
uptake of fibrillar αSYN (Wu et al., 2025). 
Glial cells also play an active role in αSYN propagation. Microglia internalize extracellular αSYN and 
can re-release it via exosomes, amplifying its spread (George et al., 2019; Guo et al., 2020). Fibrillar 
αSYN activates microglia through TLR2/TLR4 and the NLRP3 inflammasome, inducing secretion of 
pro-inflammatory cytokines such as IL-1β, TNF-α, and IL-6, and promoting the formation of truncated 
αSYN species with enhanced seeding potential (Danzer et al., 2012; Emmanouilidou et al., 2010; 
Henderson et al., 2019). 
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Figure 7. Potential mechanisms of α-Synuclein transmission: (1) leakage from damaged cells, (2) direct 
membrane translocation, (3) conventional exocytosis/endocytosis, (4) release and uptake via exosomes, (5) 
transfer through tunnelling nanotubes, (6) direct synaptic contact (Lee et al., 2013). 
 
Astrocytes exert a dual role: under physiological conditions, they internalize and degrade αSYN, but 
under lysosomal stress, for instance, in the presence of GBA1 mutations or excessive αSYN load, 
they lose clearance efficiency, accumulate aggregates, and release inflammatory mediators 
(Alvarez-Erviti et al., 2011; di Domenico et al., 2022). Moreover, astrocytes can transfer αSYN to 
neurons or other glial cells via exosomes or direct contact, amplifying neuroinflammation and 
neuronal injury (Loria et al., 2021; Wang et al., 2023). Tunneling nanotubes (TNTs), actin-based 
cytoplasmic bridges, further facilitate direct intercellular transfer of αSYN aggregates, bypassing 
extracellular degradation routes (Abounit et al., 2016; Rostami et al., 2017). 
An additional clearance route is provided by the glymphatic system, a perivascular CSF circulation 
that removes extracellular solutes and neurotoxic proteins, including αSYN, through AQP4-
dependent flow along astrocytic endfeet (Iliff et al., 2012; Mestre et al., 2018). Aging and PD-
associated glymphatic dysfunction impair αSYN clearance, resulting in its accumulation and 
facilitating neurodegeneration (Rasmussen et al., 2018; Smith et al., 2021). Neuroimaging studies 
using diffusion tensor imaging (DTI) have revealed reduced glymphatic efficiency in PD patients, 
correlating with disease severity (Bae et al., 2023; Chen et al., 2025). 
In summary, αSYN spreading is a multifactorial process involving neurons, glial cells, and clearance 
systems. Under physiological conditions, microglia and astrocytes contribute to αSYN degradation, 
but when proteostasis fails, they shift from protective to pathogenic, releasing and propagating toxic 
aggregates and sustaining chronic neuroinflammation. Understanding these interconnected 
mechanisms will be essential for designing strategies that interrupt disease propagation and slow 
PD progression.  
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1.5 Neuroinflammation in Parkinson’s disease 
1.5.1 Insights from human and experimental studies 
The involvement of inflammatory processes in PD has been consistently supported by both clinical 
and experimental evidence. The first indication of microglial activation in the SN of PD patients was 
reported in 1988, with the identification of HLA-DR+ reactive microglia (McGeer et al., 1988). This 
foundational observation was later complemented by findings of increased astrocytic reactivity, with 
about a 30% rise in GFAP immunoreactivity in PD post-mortem brains compared to controls (Damier 
et al., 1993). 
Alongside glial changes, post-mortem analyses have revealed a clear infiltration of immune cells in 
the brains of PD patients. Both cytotoxic (CD8+) and helper (CD4+) T cells have been found in 
increased numbers in the SN, indicating an active adaptive immune response (Brochard et al., 2009). 
Sulzer and colleagues provided a pivotal mechanistic link by showing that T cells from PD patients 
respond to αSYN peptides, indicating antigen-specific activation (Sulzer et al, 2017). Although 
regulatory T cells are present in the PD brain, their suppressive function is impaired, which might 
contribute to ongoing neuroinflammation (Bas et al., 2001; Saunders et al., 2012). The role of the 
adaptive immune system is underscored by experiments in immunodeficient mice. Rag1−/− and 
Tcrb−/− mice exhibit resistance to MPTP-induced degeneration, which is reversed upon transfer of 
T cells, particularly CD4+ cells, highlighting their pathogenic potential (Gelders et al., 2018).  
Humoral immunity is also implicated. Autoantibodies targeting PD-related antigens such as αSYN, 
neuromelanin, and GM1 gangliosides have been found in patient sera. Furthermore, IgG 
immunoreactivity has been detected within dopaminergic neurons in PD brains, suggesting a 
potential role in neuronal damage (Double et al., 2009; Papachroni et al., 2007; Yanamandra et al., 
2011).  
Disruption of BBB is another key pathological feature, potentially facilitating peripheral immune cell 
entry. Inflammatory mediators such as TNF-α, IL-1β, and IFN-γ, produced by glial and infiltrating 
immune cells, may contribute to BBB permeability (Block et al., 2007; Gelders et al., 2018; Harms et 
al., 2018). In parallel, CSF analysis in PD patients has shown elevated levels of cytokines like IL-1, 
IL-2, IL-6, and TNF, further confirming systemic and central inflammation (De Virgilio et al., 2016; 
Fiszer et al., 1994; Liu et al., 2003). 
Animal models have provided essential insights into how inflammation contributes to 
neurodegeneration. For instance, in the 6-hydroxydopamine (6-OHDA) model, there is a notable 
increase in microglial numbers following lesioning, though the rapid neuronal death suggests that 
inflammation might be a consequence rather than a cause (Gelders et al., 2018). In contrast, in the 
MPTP model, microglial activation occurs before substantial neuronal loss, hinting at a causative 
role (Liberatore et al., 1999; Wu et al., 2002). Transgenic and viral-vector models 
overexpressing αSYN show early and sustained microglial and astrocytic activation, often prior to 
neuronal loss (Bido et al., 2021; Chesselet et al., 2012; Dawson and Chesselet, 2010; Su et al., 
2008). Targeted overexpression of αSYN in glial populations has revealed that intracellular 
accumulation in microglia and astrocytes actively drives neurodegeneration. In microglia, αSYN 
accumulation induces a chronic inflammatory phenotype, reduced phagocytic capacity, and 
recruitment of T cells, culminating in dopaminergic neuron loss (Bido et al., 2021; Choi et al., 2020). 
Astrocyte-specific expression of the SNCAA53T under the GFAP promoter causes pronounced 
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astrogliosis, impaired glutamate transporter function, vascular alterations, and secondary 
microgliosis, ultimately leading to motor deficits and nigral degeneration (Gu et al., 2010). 
Together, these findings from human and animal studies demonstrate that neuroinflammation is not 
merely a by-product of neuronal loss but an active contributor to PD progression. Both innate and 
adaptive immune mechanisms, mediated by microglia, astrocytes, T cells, and circulating antibodies, 
interact to create a self-sustaining inflammatory milieu. This growing body of evidence provides a 
strong rationale for therapeutic approaches targeting neuroimmune pathways to slow or halt disease 
progression. 
 

1.5.2 Astrocytes in health and disease 
1.5.2.1 Morphological and functional heterogeneity of astrocytes 
Astrocytes, first identified by Rudolf Virchow in 1858 under the term “neuroglia”, were historically 
regarded as mere structural support for neurons (Allen and Barres et al., 2009; Parpura and 
Verkhratsky et al., 2012). Over the past decades, however, they have emerged as highly specialized 
glial cells essential for CNS homeostasis, synaptic modulation, and metabolic regulation. Astrocytes 
are now recognized as the most abundant cell type in the CNS, outnumbering neurons by 
approximately 10:1, and are involved in a broad range of physiological processes (Herculano-Houzel 
et al., 2009). 
In their quiescent, homeostatic state, often referred to as A2 astrocytes, these cells regulate ionic 
and water balance, maintain neurotransmitter homeostasis, and contribute to the formation and 
maintenance of the BBB. They also modulate cerebral blood flow and provide critical metabolic 
support by storing glycogen, supplying neurons with energy substrates, and releasing neurotrophic 
and antioxidant factors. Furthermore, astrocytes clear metabolic waste and participate in synaptic 
remodelling, thereby supporting neuronal survival and plasticity (Miyazaki and Asanuma et al., 2018; 
Tremblay et al., 2019; Verkhratsky and Nedergaard et al., 2018). 
Astrocyte ontogenesis begins during embryonic development, when neural stem cells in the 
ventricular zone first generate neurons and later macroglial lineages, including astrocytes and 
oligodendrocytes (Kang and Zheng, 2021). This neurogenic-to-gliogenic switch marks a key 
developmental transition, driven by intrinsic transcriptional programs and epigenetic repression of 
proneural genes such as Neurog1 and Neurog2 (Anderson et al., 2016; Miller et al., 2007). 
In the mouse brain, astrocytes arise in two main waves. The first starts around embryonic day 16.5, 
when radial glial cells detach from the ventricular surface, upregulate Egfr, and generate astrocyte 
progenitors that populate the cortical gray matter (Li et al., 2021; Noctor et al., 2004). A second, 
broader wave occurs postnatally from multipotent subventricular progenitors expressing both 
astrocytic (Slc1a3, Mfge8) and oligodendrogenic (Olig1, Olig2) markers (Huang et al., 2020; Weng 
et al., 2019). 
Maturation involves downregulation of progenitor genes (Egfr, Olig1/2) and activation of 
transcriptional regulators Id1/3and Hes1/5, reflecting BMP and Notch pathway activity (Zamboni et 
al., 2020). Postnatal astrocyte progenitors proliferate until about postnatal day 6, reaching 
approximately 50% of the mature population by day 28 (Ge et al., 2012). Differentiated astrocytes 
express GLT1, Kir4.1, Cx30/43, AQP4, and cytoplasmic markers such as GFAP, AldoC, and GS, 
while secreting synaptogenic and homeostatic factors including Thbs1, Gpc4, and hevin (Akdemir et 
al., 2020). 
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In the adult human brain, astrocytes represent roughly 30% of all cells and exhibit significant 
morphological and functional diversity. Traditionally, two main subtypes are recognized: protoplasmic 
astrocytes, found in the gray matter, and fibrous astrocytes, located in the white matter (Ben Haim 
and Rowitch, 2017). Protoplasmic astrocytes extend fine perisynaptic processes that ensheath 
synapses and contact blood vessels, while fibrous astrocytes display elongated processes aligned 
with myelinated axons and nodes of Ranvier. These subtypes also differ transcriptionally: fibrous 
astrocytes exhibit high GFAP expression, whereas protoplasmic astrocytes are enriched in GS, 
reflecting their metabolic role in glutamine synthesis (Bayraktar et al., 2020). 
Morphologically, astrocytes are characterized by intricate, highly branched processes extending from 
the soma and permeating the surrounding neuropil. Early studies based on GFAP immunolabeling 
captured only the major branches, representing about 15% of total astrocytic volume (Chen et al., 
2015). Advanced imaging techniques have revealed that a single mature rodent astrocyte occupies 
a domain of 20,000–80,000 μm³, contacts hundreds of dendrites, and associates with up to 100,000 
synapses (Chen et al., 2015; Clarke et al., 2018). In humans, this complexity is magnified, each 
astrocyte is estimated to interact with nearly two million synapses and span a territory almost thirty 
times larger than its rodent counterpart (Matias et al., 2019). 
Developmentally, astrocytic processes emerge during the first postnatal week as dynamic filopodia-
like projections. By the third to fourth postnatal week, these extensions become thinner and highly 
ramified, adopting a sponge-like architecture indicative of structural and functional maturity (Das et 
al., 2019). 
This progressive structural specialization mirrors the functional diversification of astrocytes, laying 
the foundation for their dynamic responses to injury and disease that will be discussed in the 
following section. 
 
1.5.2.2 Astrocytic dynamics in Parkinson’s disease 

Astrocytes are highly specialized and abundant glial cells of the CNS, essential for maintaining 
neuronal homeostasis, regulating synaptic activity, modulating cerebral blood flow, and preserving 
the integrity of the BBB (Sofroniew and Vinters, 2010; Verkhratsky and Nedergaard, 2018). 
Under physiological conditions, they maintain extracellular ion balance and recycle 
neurotransmitters, particularly glutamate, through excitatory amino acid transporters EAAT1 and 
EAAT2 (also known as GLAST and GLT-1) (Verkhratsky and Nedergaard, 2018). 
Astrocytes also provide neurons with metabolic support through the astrocyte–neuron lactate shuttle, 
a mechanism coupling neuronal activity to glucose utilization (Pellerin and Magistretti, 1994; 
Bélanger et al., 2011). In addition, they secrete trophic and synaptogenic molecules, including 
thrombospondins (Thbs1, Thbs2), hevin, and glypicans, that promote synapse formation and 
neuronal survival (Allen and Eroglu, 2017; Christopherson et al., 2005). 
In response to pathological stimuli such as trauma, infection, or neurodegeneration, astrocytes 
undergo profound morphological and molecular remodelling, a process known as astrogliosis. This 
state is characterized by cellular hypertrophy, increased expression of intermediate filaments such 
as GFAP, vimentin, and nestin, proliferation, and transcriptional reprogramming associated with 
inflammatory and oxidative stress responses. Historically, reactive astrocytes were classified into 
two phenotypes: A1 astrocytes, neurotoxic and induced by pro-inflammatory factors (TNF, IL-1α, 
C1q) released by activated microglia, and A2 astrocytes, considered neuroprotective. However, this 



 

 29 

binary model has been challenged by single-cell transcriptomic studies, which have revealed 
a continuum of reactive states influenced by stimulus type, duration, brain region, sex, and disease 
stage (Liddelow and Barres, 2017). 
Although αSYN is predominantly neuronal, astrocytic αSYN accumulation is a hallmark of 
synucleinopathies (Lee et al., 2010). The precise mechanisms mediating αSYN uptake and the 
consequences of defective proteostasis in astrocytes remain partially unresolved (Guo et al., 2013). 
αSYN inclusions have been identified in astrocytes in PD (Colosimo et al., 2003), particularly in white 
matter and Bergmann glia, as well as in cortical and nigral regions (Braak et al., 2003; Wakabayashi 
et al., 2000). 
Current evidence indicates that astrocytes internalize αSYN released from neurons or through direct 
cell–cell contact (Desplats et al., 2009). αSYN propagation can also occur via TNTs or exosomes, 
serving as vehicles for intercellular transmission (Danzer et al., 2012; Emmanouilidou et al., 2010). 
Once internalized, αSYN interacts with pattern recognition receptors such as TLR4, triggering 
inflammatory cascades (Lee et al., 2010; Fellner et al., 2013). Reactive astrocytes subsequently 
secrete pro-inflammatory cytokines (IL-1β, IL-6, TNF-α) and chemokines (CCL2, CXCL10), express 
antigen-presentation molecules (MHC class I and II), and upregulate oxidative stress markers 
including iNOS and HO-1. This inflammatory phenotype is accompanied by mitochondrial 
dysfunction, decreased ATP production, and elevated ROS generation (Gu et al., 2010; Rannikko et 
al., 2015). 
Single-cell RNA sequencing has identified disease-associated astrocytes characterized by 
overexpression of inflammatory (Il6, Ccl2), lipid metabolism (ApoE, Lpl), and lysosomal (Lamp1) 
genes (Escartin et al., 2021; Habib et al., 2020). These subtypes exhibit functional heterogeneity 
and may exert either neuroprotective or neurotoxic effects (Hasel et al., 2021). While similar 
transcriptional profiles appear in AD, Multiple sclerosis (MS), and stroke, in PD they are thought to 
arise primarily from chronic αSYN exposure and dopaminergic vulnerability (Yun et al., 2023).  
Transgenic mouse models have confirmed that astrocytic pathology can directly drive 
neurodegeneration. Animals overexpressing A53T-mutated αSYN in astrocytes develop extensive 
intracellular inclusions, astrocyte loss, and dopaminergic neuron degeneration (Gu et al., 2010). 
Double-mutant A30P/A53T models show parkinsonian motor symptoms even in the absence of 
neuronal loss, indicating that astrocytic dysfunction alone can disrupt neuronal circuitry (Rannikko et 
al., 2015). Astrocytic accumulation of αSYN is a consistent feature of synucleinopathies and has 
been linked to astrocyte dysfunction and oxidative stress. Emerging evidence also suggests that 
glial αSYN may contribute to the intercellular dissemination of pathogenic aggregates, although the 
underlying mechanisms remain incompletely understood (Altay et al., 2022; Jan et al., 2021; 
Sorrentino et al., 2019). Normally, astrocytic αSYN clearance occurs through lysosomal and 
cathepsin-dependent degradation; however, PD-related mutations in LRRK2, GBA, 
PARK2, and PINK1 compromise these pathways, exacerbating protein aggregation and cellular 
stress (Nirujogi et al., 2018). Moreover, astrocyte–neuron crosstalk can establish a self-perpetuating 
pathogenic loop: dysfunctional astrocytes release αSYN via TNTs or exosomes, propagate toxic 
aggregates, impair dopamine uptake, and fail to regulate glutamate homeostasis. Under chronic 
stress, antioxidant defences become insufficient, but activation of the Nrf2 signalling 
pathway emerges as a crucial compensatory response, enhancing antioxidant capacity, suppressing 
inflammation, and promoting neuronal survival (Gan et al., 2012; Lastres-Becker et al., 2012). 
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Altogether, these findings indicate that astrocytic pathology in PD is not merely secondary to 
neuronal degeneration but constitutes a primary pathogenic mechanism driving disease 
progression. Therapeutic strategies should therefore avoid nonspecific suppression of astrogliosis 
and instead aim to reprogram astrocytes toward protective phenotypes, restoring their neuro-
supportive functions while curbing their role in αSYN propagation and chronic neuroinflammation. 
Understanding the molecular checkpoints that govern this duality is essential for designing 
innovative, targeted interventions in PD. 
 
1.5.3 Microglia: a double-edged sword 
1.5.3.1 Microglia ontogeny and functional heterogeneity	 
Microglia, first described by Pío del Río-Hortega in the early 20th century, have undergone profound 
conceptual re-evaluation. Initially considered static and quiescent, they are now recognized as highly 
dynamic components of the CNS, constantly surveilling the brain parenchyma and responding 
rapidly to physiological and pathological stimuli (Tremblay et al., 2015). 
Accounting for approximately 10% of total CNS cells (Lawson et al., 1990), microglia express a 
repertoire of molecular markers that distinguish them from peripheral macrophages, including 
CD11b, CSF1R, CX3CR1, and CD200R (Gautier et al., 2012; Jung et al., 2000). More specific 
identifiers such as IBA1, TMEM119, FCRLS, and Siglec-H further define microglial subsets 
according to functional state and anatomical localization (Bennett et al., 2016; Imai et al., 1996; 
Konishi et al., 2017). 
Microglia derive from primitive myeloid progenitors originating in the yolk sac during early 
embryogenesis (around E7.5 in mice), which invade the developing brain prior to BBB formation 
(E9.5–E10.5) and complete colonization by E13.5–E14.5 (Ginhoux et al., 2010; Schulz et al., 2012). 
Under homeostatic conditions, the population is maintained through local self-renewal, independent 
of bone marrow-derived hematopoietic input (Prinz et al., 2019). Their survival is critically dependent 
on CSF1R signalling, as mice lacking CSF1R exhibit a complete absence of microglia (Elmore et al., 
2014). IL-34 partially compensates for CSF1 deficiency (Greter et al., 2012; Wang et al., 2012), 
while TGF-β acts as a pivotal regulator of microglial identity and homeostasis, its deletion results in 
microglial loss (Butovsky et al., 2014). 
During development, microglia express gene programs aligned with the maturation stage of the 
brain: early signatures include genes related to proliferation and the cell cycle, whereas later profiles 
are enriched in those mediating synaptic remodelling, homeostasis and immune tolerance (Gosselin 
et al., 2014; Lavin et al., 2014; Matcovitch-Natan et al., 2016). Functionally, microglia orchestrate 
neurogenesis, prune redundant synapses, promote myelination, and release neurotrophic factors 
such as thrombospondin (Chamak et al., 1994; Ferrer et al., 1990; Marín-Teva et al., 2004). 
Environmental and neuronal signals dynamically modulate microglial morphology and function. For 
instance, sensory deprivation or visual stimuli reshape their phagocytic behaviour and synaptic 
interactions in the visual cortex (Tremblay et al., 2010). Synaptic pruning depends on molecular cues 
such as “eat me” signals (phosphatidylserine, C1q, Gas6) and “don’t eat me” signals (CD47), 
maintaining circuit refinement and stability (Elward and Gasque, 2003; Lehrman et al., 2018; 
Neniskyte and Gross, 2017). 
In the adult brain, microglia perform dual roles: immune surveillance and metabolic support. The 
transcription factor MafB is essential in maintaining this equilibrium (Matcovitch-Natan et al., 2016). 
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Even under basal conditions, microglia retain phagocytic capacity (“phagoptosis”), crucial for 
clearing debris and apoptotic cells via receptors such as Axl and MerTK (Fourgeaud et al., 2016; Ji 
et al., 2013). They are also responsive to neuronal activity through neurotransmitter receptors 
(AMPA, NMDA, mGluR), linking neural transmission with immune function (Pocock and Kettenmann, 
2007). Upon injury, ATP released by damaged neurons activates P2Y12 receptors, inducing rapid 
chemotaxis and transition to an amoeboid phenotype (Haynes et al., 2006). Following resolution, 
activated microglia undergo apoptosis or return to a homeostatic ramified morphology. 
Microglial heterogeneity is evident across brain regions, reflecting both developmental and 
environmental influences. Even under steady-state conditions, microglia in the hippocampus, cortex, 
and cerebellum exhibit distinct transcriptional and morphological profiles (De Biase et al., 2017). 
Although regional diversity is most pronounced during development, single-cell RNA sequencing 
(scRNA-seq) studies indicate that transcriptional heterogeneity persists into adulthood, with distinct 
subpopulations specialized for synaptic, metabolic, or immune functions (Hammond et al., 2019). 
Recent scRNA-seq analyses have refined this view, identifying region- and disease-specific 
microglial subtypes that vary with injury stage, sex, and CNS location. For example, CD45high/STAT1+ 
microglia predominate in male mice after ischemic stroke, suggesting sexually dimorphic immune 
responses. Comparative studies in AD, MS, and PD have further demonstrated that microglia 
exhibit context-dependent activation states, adopting distinct transcriptional signatures rather than a 
uniform reactive profile (Masuda et al., 2019; Prater et al., 2023; Russo et al., 2022). As a result, the 
traditional M1/M2 dichotomy is now regarded as overly simplistic. Categories such as disease-
associated microglia (DAM) and microglial neurodegenerative phenotype (MGnD) capture some 
pathological states but are not universally applicable, since each neurodegenerative condition elicits 
unique, temporally dynamic microglial responses (Dadwal et al., 2024). 
Overall, microglia represent a highly plastic, multifunctional cell population that integrates immune, 
metabolic, and synaptic functions. Their diversity allows them to adapt rapidly to changes in the 
neural environment but also renders them susceptible to maladaptive activation during 
neurodegeneration. This functional duality underlies their role as both protectors and potential 
amplifiers of pathology.  
 
1.5.3.2 Microglial dynamics in health and Parkinson’s disease 
A substantial body of evidence from neurodegenerative disorders such as MS and AD has 
underscored the central role of neuroinflammation, and particularly microglial activation, in neuronal 
degeneration (Stephenson et al., 2018). These findings have progressively directed scientific 
attention toward the mechanisms of microglial activation in PD, where immune–glial interactions 
critically influence disease progression. 
The first evidence of microglial activation in PD dates back to the late 1980s, when McGeer and 
colleagues identified HLA-DR–positive reactive microglia in the SN of post-mortem PD brains 
(McGeer et al., 1988). Subsequent studies confirmed that microglial activation increases 
proportionally with dopaminergic neuronal loss along the nigrostriatal pathway, supporting a 
causative rather than purely reactive role (Imamura et al., 2003). 
Activated microglia represent a major source of pro-inflammatory mediators, including cytokines 
such as TNF-α, IL-1β, IL-6, and TGF-β, as well as reactive oxygen and nitrogen species (ROS and 
NO). Elevated concentrations of these molecules have been detected in the SNpc, STR, and CSF 
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of PD patients (Harms et al., 2021; Nagatsu et al., 2000). These findings emphasize that microglia 
are not merely passive responders but active participants in neurodegenerative pathology. 
A key mediator in this immune–neuronal interface is αSYN. Released by neurons in a calcium-
dependent manner, oligomeric αSYN species are particularly immunogenic. They engage pattern-
recognition receptors such as TLR2 and TLR4 on microglial surfaces, triggering NF-κB–mediated 
inflammatory cascades and cytokine release (Kwon et al., 2019; Lee et al., 2010b; Letiembre et al., 
2009).  
Persistent exposure to aggregated, truncated, or mutant αSYN variants promotes chronic microglial 
activation, excessive cytokine secretion, and oxidative stress (Fellner et al., 2013; Grozdanov et al., 
2019). Over time, these conditions drive microglia toward a dysfunctional phenotype characterized 
by impaired phagocytic activity and reduced clearance of pathological proteins, including αSYN itself. 
The interplay among genetic predispositions, αSYN conformation, and inflammatory cues 
contributes to the maintenance of a self-perpetuating neurotoxic milieu, linked to dopaminergic 
neurodegeneration and the recruitment of peripheral immune cells such as T lymphocytes (Bido et 
al., 2021; Choi et al., 2020; Tremblay et al., 2019). 
Beyond Toll-like receptors, the NLRP3 inflammasome, a cytosolic multiprotein complex, has 
emerged as a central mediator of microglial inflammatory signalling. Activation of NLRP3 by αSYN 
results in the maturation and secretion of IL-1β and IL-18 and, in some models, the degradation of 
αSYN aggregates, suggesting a dual role in both host defence and neurotoxicity (Gordon et al., 
2018; Piancone et al., 2021; Scheiblich et al., 2021). 
Experimental paradigms have shown that stimulation with lipopolysaccharide (LPS) and interferon-
γ (IFNγ) induces potent microglial activation marked by elevated iNOS expression and NADPH 
oxidase (NOX) activity (DeLeo et al., 1998; Lehnardt et al., 2003). NOX-derived superoxide amplifies 
cytokine output and oxidative stress–related neuronal injury (Shimohama et al., 2000; Qian et al., 
2010), while TNF-α further sustains chronic microglial activation via autocrine feedback (Qin et al., 
2007). 
Microglia also modulate astrocyte activity by releasing IL-1α, TNF, and C1q, which promote the 
conversion of homeostatic astrocytes into A1 neurotoxic phenotypes, exacerbating neuronal injury 
(Liddelow et al., 2017). Furthermore, impaired lysosomal function and defective protein degradation 
compromise glial phagocytic capacity, aggravating αSYN accumulation and neuroinflammation. 
Recent single-cell RNA sequencing studies have redefined the understanding of microglial biology. 
Rather than conforming to the simplistic M1/M2 polarization model, microglia display a spectrum of 
activation states influenced by sex, brain region, disease stage, and local microenvironmental factors 
(Depp et al., 2025). These transcriptionally distinct subpopulations assume context-specific 
functional phenotypes, reflecting the dynamic adaptability of microglia during neurodegeneration. 
In conclusion, current evidence supports a model in which αSYN-induced microglial overactivation, 
amplified by inflammatory signals and genetic susceptibilities, acts as a central driver of 
neurodegeneration in PD. Elucidating the molecular pathways that govern microglial activation, and 
heterogeneity will be essential for designing targeted immunomodulatory therapies aimed at 
interrupting this self-reinforcing cycle and slowing disease progression. 
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1.5.4 Brain-resident and infiltrating macrophages 
PD is a complex neurodegenerative disorder increasingly recognised as the result of a dynamic 
interaction between neurodegeneration and inflammation, both central and peripheral. Historically, 
the CNS was regarded as an immunologically privileged site; however, accumulating evidence has 
challenged this view, revealing an extensive interplay between the CNS and the peripheral immune 
system, particularly under pathological conditions such as PD (Ransohoff et al., 2009). In patients 
with PD, elevated levels of pro-inflammatory cytokines have been detected in both CSF and serum 
(Reale et al., 2009), together with systemic immune imbalances including altered lymphocyte 
subpopulations (Kustrimovic et al., 2016) and monocyte dysfunction (Grozdanov et al., 2014). 
Monocytes are circulating myeloid cells produced in the bone marrow that contribute to immune 
surveillance and inflammatory responses under physiological conditions (Fig. 8). They are generally 
classified into three major subsets: classical (CD14⁺CD16⁻), intermediate (CD14⁺CD16⁺), and non-
classical (CD14lowCD16⁺) monocytes (Ziegler-Heitbrock et al., 2010).  
 
 

 
 

Figure 8. Origin and dynamics of tissue macrophage populations across development and ageing. 
Erythro-myeloid progenitors (EMPs) in the yolk sac give rise to pMac/monocyte precursors that differentiate 
into fetal-derived macrophages, while hematopoietic stem cells (HSCs) generate monocytes that give rise to 
monocyte-derived macrophages. During prenatal and early postnatal stages, fetal-derived macrophages 
contribute to tissue development. In adulthood, under homeostatic or physiological inflammatory conditions, 
both fetal- and monocyte-derived macrophages cooperate with tissue cells to maintain physiological function. 
With ageing or in pathological inflammation, macrophages undergo functional changes that contribute to tissue 
dysfunction. Some macrophage populations are long-lived with high self-renewing capacity, whereas others 
are short-lived and continuously replenished from circulating monocytes. (Elvira et al., 2023). 
 
 
Recent scRNA-sequencing analyses of peripheral blood have refined our understanding of the 
immune landscape in PD. These studies have identified transcriptional remodelling within the 
peripheral immune compartment, including enrichment of interferon-responsive and inflammatory 
programmes in specific monocyte subsets. Such molecular signatures correlate with clinical 
measures of disease severity, supporting the concept of a peripheral immune “priming” in PD 
(Moquin-Beaudry et al., 2025; Pajares et al., 2020; Xiong et al., 2024). 
Beyond their inflammatory role, monocytes are also proposed to interact directly with 
circulating αSYN. Although human data remain heterogeneous, several studies indicate that 
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monocytes and macrophages can internalise αSYN and modulate autophagy and inflammatory 
signalling pathways (Limanaqi et al., 2024). However, there is still no definitive evidence that 
impaired peripheral clearance by monocytes directly drives disease propagation. More plausibly, the 
interaction between αSYN and the monocytic compartment contributes to peripheral immune 
dysregulation, thereby amplifying neuroinflammatory responses (Pajares et al., 2020; Wijeyekoon et 
al., 2020). 
In preclinical mouse models of PD, infiltration of TREM1⁺ monocytes into the SN has been observed, 
correlating with dopaminergic neuronal loss. Both pharmacological and genetic inhibition of TREM1 
markedly reduce neuroinflammation and preserves neuronal integrity, whereas adoptive transfer of 
TREM1⁺ monocyte into naïve mice induces dopaminergic neuron damage and motor deficits (Song 
et al., 2025). Similarly, under conditions of neuronal stress or inflammation, CCR2⁺ monocytes can 
cross the BBB and differentiate locally into inflammatory macrophages (Harms et al., 2018; Xu et al., 
2022). Their transcriptional profile and lifespan differ from those of resident border-associated 
macrophages, suggesting complementary rather than overlapping roles (Schonhoff et al., 2023). 
Beyond infiltrating monocytes, the brain harbours long-lived resident macrophages that maintain 
tissue homeostasis and immune surveillance. During embryogenesis, these cells arise primarily from 
yolk sac–derived erythron-myeloid progenitors (EMPs), giving rise to both parenchymal microglia 
and CNS-associated macrophages (CAMs) independently of adult haematopoietic stem cells (Mass 
et al., 2016; Sheng et al., 2015). More recent ontogenetic and transcriptomic studies have identified 
three major CAM subsets (perivascular, meningeal, and choroid plexus macrophages) each 
characterised by distinct spatial distribution and transcriptional identity (Mass et al., 2023). 
Unlike parenchymal microglia, which express Tmem119, P2ry12, and Sall1 and are maintained in a 
homeostatic state via Cx3cr1–fractalkine signalling, CAMs display distinct gene expression profiles, 
including Mrc1 (CD206), Lyve1, Cd163, Ms4a7, and Spp1. These signatures reflect roles in barrier 
maintenance, antigen presentation, and immune drainage. Cx3cr1 expression in CAMs is more 
heterogeneous and region-dependent, implying variable signalling functions across compartments. 
In adult tissues, local macrophage populations are largely self-renewing but can be replenished by 
bone marrow–derived cells under inflammatory or injurious conditions (Hashimoto et al., 2013). Their 
proliferation and differentiation depend on growth factors such as M-CSF (CSF-1), G-CSF, GM-CSF 
(CSF-2), IL-6, and IL-34, along with their respective receptors; the absence of any of these signals 
impairs macrophage survival and differentiation (Boulakirba et al., 2018; Dai et al., 2002; Duplomb 
et al., 2008; Sakagami et al., 2009; Wang et al., 2012;). 
Functionally, macrophages exhibit remarkable plasticity and can polarise towards pro-inflammatory 
(M1-like) or anti-inflammatory/repair-associated (M2-like) phenotypes depending on local cues 
(Mantovani et al., 2004; Murray et al., 2011). However, recent studies have shown that this dichotomy 
is overly simplistic, as immune cells in both the CNS and periphery display a continuum of 
intermediate and dynamic activation states (Ma et al., 2024). Single-cell transcriptomic studies 
further reveal that CNS macrophages express genes associated with neurodegenerative-linked 
phenotypes, including ApoE, Trem2, Lgals3, and Clec7a, indicating partial functional overlap with 
disease-associated microglia (Silvin and Ginhoux, 2023). 
With ageing, macrophages acquire a pro-inflammatory senescence-associated secretory phenotype 
(SASP), contributing to chronic low-grade inflammation and impaired immune regulation (Pajares et 
al., 2020). 
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A pivotal study by Schönhoff et al. (2023) demonstrated that CAMs act as key antigen-presenting 
cells (APCs) in PD, mediating recruitment of CD4⁺ T lymphocytes into the CNS. In a murine model 
with αSYN overexpression in dopaminergic neurons of the SNpc, these macrophages expressed 
MHC class II molecules and upregulated inflammatory genes such as Il1b, Ccl5, and Cxcl10. Post-
mortem analyses of PD patient brains confirmed the spatial association between CAMs (CD68⁺) and 
CD3⁺ T lymphocytes (Schönhoff et al., 2023). 
Spatial multi-omic profiling of human PD and other synucleinopathy brains has further identified 
perivascular macrophage subtypes with high TREM2/ApoE expression, linked to lipid phagocytosis 
and tissue remodelling programmes (Sankowski et al., 2024). Chronic exposure to fibrillar αSYN can 
drive these macrophages towards pro-inflammatory states characterized by elevated IL-
1β and TNF-α expression, thereby amplifying neuroinflammation (Condolo et al, 2013). 
Taken together, current evidence supports a model in which infiltrating monocytes and resident 
macrophages cooperate within a dynamic immunological network that bridges peripheral and central 
inflammation. Their interactions with microglia, endothelial cells, and T lymphocytes shape the 
neuroimmune landscape of PD and highlight novel therapeutic targets aimed at modulating 
macrophage polarisation, antigen presentation, and αSYN–mediated inflammation. Understanding 
the signals controlling these interactions, such as TREM2, CCR2, and CSF1R, may open new 
avenues for immunomodulatory strategies designed to restore neuroimmune balance and slow 
neurodegeneration. 
 
1.5.5 Pathogenic T cell responses and adaptive immune imbalance in Parkinson’s 
disease 
Mounting evidence indicates that the adaptive immune system contributes actively to the 
pathogenesis of PD, challenging the traditional view that inflammation is a secondary 
epiphenomenon of neuronal loss. The landmark neuropathological study by McGeer and colleagues 
(1988) first revealed the presence of infiltrating CD3⁺ T lymphocytes within the CNS of individuals 
with PD, paving the way for subsequent work that established the functional significance of this 
adaptive response. These initial findings were later confirmed by multiple studies reporting increased 
numbers of both CD4⁺ and CD8⁺ T cells in the SNpc compared with healthy controls (Brochard et 
al., 2009; Fiszer et al., 1994; Sommer et al., 2018), suggesting that immune activation is not merely 
a secondary reaction but an integral component of neurodegeneration. 
Such immune alterations are detectable even during the prodromal stages of the disease. 
Individuals with RBD, a recognised prodromal manifestation of PD, display persistent transcriptional 
reprogramming within the T cell compartment, which remains evident after conversion to clinically 
manifest PD (De Francesco et al., 2020). These alterations include increased expression of 
interferon-stimulated genes and activation markers, supporting the concept of peripheral immune 
priming prior to dopaminergic neurodegeneration. 
Detailed immunophenotyping of peripheral lymphocytes has revealed a functional imbalance 
characterised by an increased proportion of IFNγ-producing cells, a reduction in IL-4-secreting cells, 
and a decreased CD4/CD8 ratio (Baba et al., 2005). This Th1-skewed profile promotes chronic 
microglial activation and amplifies oxidative stress within the SNpc, thereby contributing to 
dopaminergic neuron vulnerability. A major conceptual advance came from Sulzer et al. (2017), who 
demonstrated that CD4⁺ T cells recognise peptides derived from αSYN, confirming the existence of 
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an antigen-specific adaptive immune response in PD. This discovery linked peripheral immune 
activation directly to a central neuronal antigen, establishing a mechanistic bridge between innate 
and adaptive immunity. Subsequent T cell receptor (TCR) sequencing studies identified αSYN-
specific clonal expansions detectable even at early stages of the disease (Lindestam Arlehamn et 
al., 2020), reinforcing the notion that adaptive immunity participates from the onset of pathology. 
The immune imbalance in PD is further aggravated by regulatory T cell (Treg) dysfunction, resulting 
in insufficient suppression of pro-inflammatory activity. Concurrently, Th1 and Th17 effector 
populations expand and release neurotoxic cytokines (Alvarez-Luquin et al., 2019; Contaldi et al., 
2022; Thome et al., 2021; Sommer et al., 2018). Defective Treg-mediated control permits persistent 
immune activation, fostering a pro-inflammatory milieu that promotes neuronal loss.  
In preclinical models, αSYN–specific T cells display pronounced cytotoxicity towards dopaminergic 
neurons (Bido et al., 2024; Karikari et al., 2022; Reynolds et al., 2010). Mechanistically, CD8⁺ 
cytotoxic T cells can directly recognise dopaminergic neurons through MHC-I interactions. Although 
MHC-I expression is typically low in neurons, inflammatory stimuli can induce its upregulation, 
rendering them susceptible to immune-mediated killing via granzyme/perforin release or Fas/FasL 
pathways (Cebrián et al., 2014; Galiano-Landeira et al., 2020; Medana et al., 2000; Meuth et al., 
2009). In parallel, CD4⁺ helper T cells, once activated through MHC-II–dependent antigen 
presentation, amplify the inflammatory cascade by secreting IFNγ, IL-5, IL-10, and particularly IL-17, 
which promotes NF-κB activation and contributes to neuronal apoptosis and glial activation 
(Lindestam Arlehamn et al., 2019; Sommer et al., 2018). 
The widespread microgliosis observed in PD and related neurodegenerative conditions further 
supports the existence of a pathogenic glia–lymphocyte crosstalk (Brochard et al., 2009; Kouli et al., 
2020; Williams et al., 2018). Microglia and astrocytes are central to sustaining this inflammatory 
network. When exposed to aggregated αSYN, microglia adopt an activated phenotype characterised 
by increased expression of MHC-II, CD68, and pro-inflammatory cytokines, acting as APC that 
perpetuate T cell activation (Almolda et al., 2015; Harms et al., 2013). Astrocytes, upon exposure to 
aggregated αSYN, upregulate immune-related genes such as MHC-II and secrete cytokines and 
chemokines including IL-6, TNF-α, and MCP-1. These mediators enhance microglial activation, 
promote peripheral immune cell recruitment, and disrupt BBB integrity, collectively sustaining a pro-
inflammatory microenvironment (Huang et al., 2025; Liddelow et al., 2017; Wang et al., 2021; Weiss 
et al., 2024). 
The inflammatory milieu generated by activated glia and infiltrating lymphocytes also promotes BBB 
disruption, a crucial step that enables further immune cell entry into the CNS. Systemic inflammation 
enhances BBB permeability through the induction of endothelial adhesion molecules such as ICAM-
1 and VCAM-1, facilitating leukocyte adhesion and transmigration (Banks et al., 2015; Liebner et al., 
2018; Varatharaj et al., 2017). Once within the brain parenchyma, T cells interact with resident glia 
and neurons to establish a self-perpetuating cycle of neuroinflammation and degeneration, 
sustaining chronic immune activation even in the absence of persistent peripheral stimuli. 
Taken together, current evidence converges on the notion that T cells are central to the initiation and 
maintenance of chronic inflammation in PD. Through intricate interactions with microglia, astrocytes, 
and neurons, they contribute to the establishment and perpetuation of a pathogenic neuroimmune 
environment. The polarisation towards Th1 and Th17 phenotypes, combined with Treg 
dysfunction and direct cytotoxicity of αSYN–specific T cells, collectively drives sustained 
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inflammation, further exacerbated by immunosenescence and disruption of protective CNS barriers. 
These findings reinforce the view that adaptive immunity, and T cells in particular, are active drivers 
of neurodegenerative progression in PD, providing a rationale for the exploration 
of immunomodulatory therapeutic strategies aimed at restoring immune homeostasis and limiting 
neuronal loss. 
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2. AIM 

 
Parkinson’s disease (PD) is a chronic and progressive neurodegenerative disorder primarily 
characterized by the loss of dopaminergic neurons in the substantia nigra pars compacta (SNpc) 
and by the presence of intracellular inclusions known as Lewy bodies, mainly composed of misfolded 
and aggregated α-synuclein (αSYN). Traditionally, PD pathogenesis has been interpreted through a 
neuron-centric perspective, focusing on the intrinsic vulnerability of dopaminergic neurons and on 
mechanisms such as oxidative stress, mitochondrial dysfunction, and abnormal protein aggregation. 
However, increasing evidence over the past two decades has redefined this view, highlighting the 
contribution of non-neuronal cells to disease progression and the pivotal role of neuroinflammation 
as an active component of PD pathology. 
Among glial cells, astrocytes represent the most abundant population in the central nervous system 
and are essential for neuronal homeostasis, synaptic regulation, and metabolic support. In 
pathological conditions, astrocytes can undergo profound functional and morphological changes, 
leading to a reactive phenotype associated with inflammation and altered intercellular 
communication. While microglia have long been considered the principal mediators of 
neuroinflammation in PD, the contribution of astrocytes has remained largely unexplored, despite 
post-mortem studies reporting astrocytic reactivity and the presence of αSYN-positive inclusions in 
these cells. The mechanisms through which astrocytic αSYN accumulation influences neuronal 
survival and immune activation are therefore critical to understanding PD pathogenesis but remain 
poorly defined. 
The overarching aim of this thesis is to elucidate the pathogenic role of astrocytic αSYN accumulation 
and to determine how this glial pathology contributes to dopaminergic neurodegeneration and 
immune activation in PD. Specifically, the work seeks to address whether selective expression of 
human αSYN in striatal astrocytes is sufficient to induce neuronal loss in the SNpc and to trigger 
inflammatory and immune responses, both within the central nervous system and through the 
recruitment of peripheral immune cells. 
To investigate these questions, we employed a transgenic mouse model engineered to overexpress 
human αSYN exclusively in astrocytes, allowing the study of cell-type–specific mechanisms of 
neurodegeneration independently of neuronal αSYN expression. Through a multidisciplinary 
experimental design combining histological, immunofluorescence, and flow cytometric analyses, we 
examined dopaminergic neuron survival, glial activation, and immune cell infiltration in the 
nigrostriatal system. In parallel, bulk RNA sequencing of isolated astrocytes was used to profile the 
transcriptional landscape associated with astrocytic αSYN accumulation, with a particular focus on 
inflammatory signalling pathways and chemokine networks potentially responsible for immune cell 
recruitment. 
To dissect the interaction between astrocytes and microglia in this context, we depleted microglia 
through chronic treatment with Pexidartinib (PLX3397), a CSF1R inhibitor. This approach enables 
the assessment of whether microglia are required for astrocyte-induced immune activation or if 
astrocytes can autonomously orchestrate the infiltration of peripheral immune cells. Furthermore, it 
allows evaluation of how the absence of microglia affects αSYN aggregation dynamics and 
dopaminergic neuron vulnerability, shedding light on potential compensatory roles of other myeloid 
populations. 
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Finally, single-cell RNA sequencing of CD45⁺ immune cells isolated from the brain was conducted 
to characterize the heterogeneity and functional states of the infiltrating immune compartment. This 
high-resolution analysis aims to uncover the molecular signatures associated with immune cell 
activation, exhaustion, or repair programs, providing insight into how the immune landscape is 
reshaped under conditions of astrocyte-driven pathology and microglial modulation. 
Overall, this thesis aims to provide an integrated and comprehensive understanding of astrocyte-
mediated mechanisms underlying neurodegeneration in PD. By investigating how astrocytic αSYN 
accumulation affects neuronal survival and immune responses, and by exploring how the balance 
between resident microglia and peripheral immune cells influences the progression or resolution of 
neuroinflammation, this work seeks to redefine astrocytes as active and autonomous contributors to 
PD pathogenesis. The findings derived from this research are expected to deepen our understanding 
of glia–immune interactions within an inflamed environment and to identify novel therapeutic 
avenues aimed at modulating astrocyte activity, immune cell recruitment, and proteostatic clearance 
in order to slow or prevent dopaminergic neurodegeneration. 
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Abstract 
Parkinson’s disease (PD), a chronic and progressive neurodegenerative disorder, has long been 
studied from a neuron-centric perspective. However, more recent research indicates that 
neuroinflammation plays a key role in the pathological process, shifting the focus toward non-
neuronal cells such as astrocytes, which are no longer seen as mere passive bystanders. 
In this study, we investigated the role of α-Synuclein (αSYN) accumulation in astrocytes as a trigger 
of neurodegeneration and immune responses in PD, isolating and examining the specific 
consequences of astrocytic pathology in the absence of direct neuronal αSYN expression. Our 
results demonstrate that astrocyte-specific αSYN accumulation is sufficient to induce significant 
dopaminergic neuronal loss in the substantia nigra pars compacta (SNpc), accompanied by strong 
glial activation and widespread recruitment of peripheral immune cells into the brain parenchyma. 
Transcriptomic analysis revealed a pro-inflammatory profile, characterized by increased expression 
of chemokines and immune-related signalling pathways, suggesting that astrocytes actively 
participate in shaping the neuroimmune environment. To determine whether these effects depend 
on the presence of microglia, we chronically depleted microglial cells using the PLX3397 compound. 
Surprisingly, T cell infiltration persisted even in the absence of microglia, providing strong evidence 
that astrocytes are capable of orchestrating peripheral immune recruitment. Interestingly, microglia 
depletion also led to a reduction in αSYN aggregate burden, suggesting a complex and potentially 
dual role of microglia in both the clearance and maintenance of protein pathology. 
Single-cell RNA sequencing of CD45⁺ immune cells from the striatum (STR) revealed a novel 
macrophage subpopulation with high phagocytic activity, alongside immunologically “exhausted” 
lymphocytes. This co-occurrence indicates a shift toward a tolerogenic, clearance-oriented immune 
state in the context of microglial depletion. 
Our findings demonstrate that astrocytic αSYN is not merely a byproduct of pathology but a key 
driver of neurodegeneration and neuroinflammation. Astrocytes actively recruit immune cells and 
reshape the brain’s immune landscape. In the absence of microglia, a distinct population of 
phagocytic macrophages emerges as powerful clean-up cells, opening new avenues to enhance 
proteostasis and restrain inflammation. Together with the central role of astrocytes in PD–associated 
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neurodegeneration, these findings point to novel strategies for protecting dopaminergic neurons and 
restoring neuroimmune balance. 
 
 
Introduction 
PD research has traditionally focused on neuronal pathology, with experimental paradigms modelling 

αSYN accumulation in neurons and investigating the resulting neuroinflammatory and immune 

responses (Chesselet et al., 2012; Gómez-Benito et al., 2020; Kirik et al., 2003; Rockenstein et al., 

2002). A paradigm shift occurred after the first report of microglial activation in the SNpc (McGeer et 

al., 1988), establishing neuroinflammation as a key pathogenic driver (García-Revilla et al., 2022; 

Tansey and Romero-Ramos, 2022). Since then, the field has increasingly recognized glial and 

immune responses as active contributors to disease progression. Despite extensive investigation 

into microglial mechanisms, the role of astrocytes remains comparatively underexplored, even 

though early histopathological studies documented their reactivity in PD brains (Damier et al., 1993; 

Viejo et al., 2022). Astrocytes are essential regulators of CNS homeostasis, synaptic function, and 

neuroimmune signalling (Liu et al., 2021; Verkhratsky et al., 2023; Won et al., 2023), yet their 

contribution to αSYN-driven pathology and dopaminergic neuron vulnerability remains poorly 

understood (Ozoran and Srinivasan, 2023). 

Although αSYN is predominantly neuronal, astrocytic αSYN inclusions are a distinct hallmark of α-

synucleinopathies and PD (Braak and Del Tredici, 2008; Lee et al., 2008; Wakabayashi et al., 2000). 

The mechanisms underlying αSYN uptake by astrocytes and its downstream consequences are still 

not fully understood (Lindström et al., 2017). Current evidence suggests that astrocytes internalize 

extracellular αSYN released by degenerating neurons (Lee et al., 2010), although additional routes 

such as tunnelling nanotubes (TNTs) (Rostami et al., 2017) and exosomes (Mavroeidi, 2022) have 

also been described. Once internalized, αSYN activates pattern recognition receptors, including 

TLR4, triggering pro-inflammatory signalling cascades (Lee et al., 2010; Rannikko et al., 2015). 

Consequently, astrocytes acquire a reactive phenotype characterized by increased expression of IL-

1β, IL-6, and TNF-α, secretion of chemokines such as CCL2 and CXCL10, and induction of antigen-

presentation molecules (MHC I/II) (Rostami et al., 2020). These features resemble an A1-like pro-

inflammatory state, although the classical A1/A2 dichotomy likely oversimplifies astrocyte 

heterogeneity (Escartin et al., 2021; Liddelow et al., 2017). 

Such astrocytic polarization not only fosters a neurotoxic milieu but may also recruit and activate 

adaptive immune cells. Through chemokines secretion and antigen presentation, astrocytes could 

directly promote T-cell infiltration and activation within the CNS (Rostami et al., 2020), thereby 

bridging innate and adaptive immunity, a function traditionally ascribed primarily to microglia. Since 

the seminal observation of microglial HLA-DR⁺ activation in PD (McGeer et al., 1988), accumulating 

evidence has highlighted the involvement of adaptive immunity. In particular, CD4⁺ and CD8⁺ T-cell 

infiltration into the substantia nigra (Brochard et al., 2009), altered peripheral T-cell subsets (Fiszer 
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et al., 1994), and Th17-mediated neurotoxicity (Sommer et al., 2018) underscore a multifaceted 

immune contribution to PD. Remarkably, immune perturbations are evident even during the 

prodromal phase: patients with idiopathic REM sleep behaviour disorder exhibit transcriptional and 

quantitative T-cell changes indicative of early adaptive immune activation (De Francesco et al., 2021; 

Zheng et al., 2024). 

Beyond numerical imbalances, PD T cells display functional polarization toward Th1 responses and 

impaired regulatory activity (Álvarez-Luquín et al., 2019; Kustrimovic et al., 2018). CD8⁺ T cells can 

recognize dopaminergic neurons via MHC-I and exert cytotoxicity through granzyme and Fas/FasL 

signalling (Cebrián et al., 2014; Galiano-Landeira et al., 2020), whereas αSYN-reactive CD4⁺ T cells 

amplify inflammation via IFN-γ release (Lindestam Arlehamn et al., 2020). Importantly, αSYN itself 

functions as an autoantigen, eliciting CD4⁺ T-cell responses in prodromal and early PD (Lindestam 

Arlehamn et al., 2020; Sulzer et al., 2017). 

Myeloid cells, including microglia, border-associated macrophages (BAMs), and infiltrating 

monocytes, serve as central regulators of neuroinflammation. Microglia are long-lived, yolk sac–

derived macrophages that self-renew locally, whereas bone marrow–derived monocytes can infiltrate 

the CNS under pathological conditions (Epelman et al., 2014; Hashimoto et al., 2013; Sheng et al., 

2015; Silvin et al., 2023). Both resident and infiltrating myeloid populations exhibit remarkable 

plasticity and can polarize toward pro- or anti-inflammatory phenotypes depending on 

microenvironmental cues (Mantovani et al., 2004; Murray et al., 2011). Notably, BAMs have been 

shown to present αSYN-derived antigens via MHC-II and promote CD4⁺ T-cell recruitment 

(Schonhoff et al., 2023), while monocytes in PD display enhanced migratory and antigen-presenting 

capacities (Farmen et al., 2021; Nissen et al., 2022). Experimental depletion of infiltrating monocytes 

mitigates dopaminergic neuron loss in toxin models, underscoring their neurotoxic potential (Song 

et al., 2025).  

Collectively, these findings support a paradigm in which microglia and infiltrating myeloid cells 

orchestrate a self-perpetuating inflammatory circuit with T cells (Harms et al., 2013; Roodveldt et al., 

2024). Within this framework, astrocytes have often been relegated to a secondary role, viewed 

mainly as responders to neuronal damage or microglial signals. 

However, this perspective carries a critical limitation: most existing models include coexisting 

microglia, astrocytes, monocytes, and lymphocytes, making it difficult to disentangle the autonomous 

contribution of each population. Notably, astrocytes, but not microglia, consistently accumulate 

αSYN inclusions in human PD brains (Otero-Jiménez et al., 2025), suggesting that astrocytic αSYN 

pathology may independently shape neuroimmune interactions. 

Here, we demonstrate that selective astrocytic αSYN accumulation is sufficient to induce 

neurodegeneration, immune infiltration and inflammation, recapitulating key pathological features of 

PD. Moreover, microglial depletion using PLX3397 reveals the emergence of a previously 

unrecognized macrophage population with reparative, immunoregulatory and phagocytic properties, 
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indicating a functional remodelling of the CNS immune landscape. The identification of this 

macrophage subset unveils a potential compensatory axis within the brain’s immune network and 

opens new therapeutic avenues aimed at enhancing neuroprotective and clearance mechanisms in 

PD. 

 

 

Results 
Astrocytic α-Synuclein accumulation triggers the A1-reactive switch in vivo 
 

Astrocytic overexpression of αSYN has been shown to trigger neuroinflammation and dopaminergic 
neuronal loss in murine models (Gu et al., 2010). Furthermore, exposure of astrocytes to monomeric, 
oligomeric, or fibrillar forms of αSYN induces their activation and promotes neurotoxic effects 
(Chavarría et al., 2018; Chou et al., 2021). However, to our knowledge, the specific contribution of 
adult striatal astrocytes remains unexplored. To date, no study has utilized an inducible, astrocyte-
specific mouse line such as Aldh1l1-CreERT2 crossed with the Ai9 reporter (Rosa26-LSL-tdTomato; 
JAX 007909), which enables selective and permanent tdTomato labelling of recombined astrocytes 
(Fig. 1B and Fig. S1A) to address this question (Srinivasan et al., 2016). 
To fill this gap, we performed a comprehensive characterization of striatal astrocytes accumulating 
the A53T-mutated form of αSYN.  
We employed a lentiviral vector (LV) encoding the human A53T-SNCA gene under the control of an 
inducible EF1α promoter. In this construct, gene expression is triggered by Cre recombinase upon 
flipping of the αSYN gene in a sense orientation relative to the upstream promoter (Fig.1A). To 
achieve selective SNCAA53T overexpression in striatal astrocytes, the LV:Astro-A53TαSYN vector 
was stereotaxically injected into the STR of Aldh1l1-CreERT2;Ai9 mice, whereas LV:Mock–injected 
mice were used as controls. To avoid confounding effects in the control group, GFP was not included 
in the construct, as both previous reports (Ansari et al., 2016) and our own data (Fig. S1, E-F) 
demonstrate its toxicity to dopaminergic neurons and strong immunogenicity. Control mice 
underwent the same surgical procedures and were infected with the corresponding empty lentiviral 
vector. 
The viral construct was first validated using GFP as a reporter (Fig. S1, B-D), confirming selective 
expression in astrocytes, as shown by the co-localization of GFP with tdT+ astrocytes (96.7 ± 0.2%, 
mean ± SEM) and GFAP+ astrocytes (75.2 ± 3.1%, mean ± SEM). Once validated, GFP was 
replaced with the human SNCAA53T transgene. BaseScope analysis confirmed its selective 
expression in Sox9⁺ astrocytes and its absence in NeuN⁺ neurons (Fig. 1C). In parallel, 
immunofluorescence revealed pSYN accumulation within GFAP⁺ cells (Fig. 1D). 
Six weeks after transgene expression, striatal tissue injected with the LV:Astro-A53TαSYN construct 
exhibited a marked astrocytic activation (Fig. 1, E–G). Quantitative analysis revealed a significant 
increase in GFAP staining in LV:Astro-A53TαSYN–injected mice (13.0 ± 1.4%, mean ± SEM) 
compared to controls (7.5 ± 0.6%, mean ± SEM). Consistently, the tdT signal increases substantially, 
rising from 3.6 ± 1.5% to 17.3 ± 4.7% (mean ± SEM). Importantly, this reactive state was not 
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accompanied by changes in the number of Sox9+ cells within the striatal compartment (Fig. S1, G-
H), indicating that αSYN overexpression does not affect astrocyte number.  
To characterize the signature of these cells following αSYN accumulation, striatal astrocytes were 
isolated from three LV:Astro-A53TαSYN–injected mice and three LV:Mock–injected controls and 
subjected to total RNA-sequencing analysis six weeks after transduction (Fig. 1, H-I). The 
accumulation of αSYN in astrocytes led to a robust enrichment of A1-reactive genes, including Gfap, 
Vim, Serping1, Ggta1, Il1gp1, Gbp2, Fbln5, Fkbp5, Psmb8, and Srgn. The upregulation of several 
of these genes was independently validated by targeted qPCR (Fig. 1J).  
To further explore transcriptional alterations induced by αSYN accumulation, we performed a 
comprehensive bioinformatic analysis of the RNA-seq data. Principal component analysis (Fig. S3A) 
revealed a clear separation between αSYN-overexpressing and control astrocytes, accounting for 
44% of total variance along PC1. Differential expression analysis identified a broad set of significantly 
modulated transcripts (Fig. S3B). Consistently, pathway analysis revealed enrichment in type I 
interferon signalling, TNF and IL-6 production, cytokine/chemokine-mediated cascades, 
inflammatory response, and ERK1/2 regulation (Fig. S3C). 
Together, these data indicate that astrocytic αSYN accumulation drives a pronounced pro-
inflammatory reactive state, consistent with an A1-like phenotype switch in the adult striatum. 
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Figure 1. Astrocytic α-Synuclein drives astrocyte reactivity and inflammatory transcriptional 
reprogramming. (A) Schematic of the experimental design using LV:Astro-A53TαSYN to target αSYN 
expression in striatal astrocytes, followed by tissue collection and analysis. (B) Representative 
immunofluorescence images of using Sox9 and tdT markers to validate the Aldh1l1-CreERT2;Ai9 murine line. 
Scale bar, 25 μm. (C) Representative image showing the application of the BaseScope technique in slices 
from the LV:Astro-A53TαSYN-injected mice, displaying Sox9⁺ cells (green) co-localized with the αSYNA53T 
RNA probe (red), with no signal detected in NeuN⁺ cells. The right panel shows a higher-magnification view of 
the boxed region. Scale bar: 25μm (D) Representative immunofluorescence images of GFAP and pSYN 
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showing co-localization (yellow) of pSYN (red) with astrocytes (green) in the mouse STR after LV:Astro-
A53TαSYN injection. Scale bar, 25 μm. (E) Representative immunofluorescence images of GFAP and tdT 
showing their differential expression in the STR following LV:Astro-A53TαSYN injection, compared to the 
LV:Mock-injected group. Scale bar, 25 μm. (F) Occupied area of tdT staining (red) in the STR across the 
different experimental conditions. n = 4 striata. Data are presented as means ± SEM and were analysed using 
Unpaired t test. *P < 0.01; ***P < 0.001; ****P < 0.0001. (G) Occupied area of GFAP staining (green) in the 
STR across the different experimental conditions. n = 3 striata. Data are presented as means ± SEM and were 
analysed using Unpaired t test. *P < 0.01; ***P < 0.001; ****P < 0.0001. (H) Schematic of the protocol for 
isolating astrocytes from the mouse STR: dissection of the striata, preparation of a single-cell suspension, and 
magnetic separation to obtain purified astrocytes. (I) Heatmap depicting the expression of genes associated 
with the reactive state of astrocytes in striatal tissue from LV:Mock-injected (WT) and LV:Astro-A53TαSYN-
injected (SNCA) mice. Rows represent astrocyte reactivity and stress-response genes, and columns 
correspond to individual biological replicates (n = 3 per group). Colours indicate gene-level scaled expression 
(z-scores). (J) Real-time PCR analysis of Serping1, Ligp1, Psmb8, and Gbp2 transcripts in striatal astrocytes 
isolated from adult mice injected with LV:Astro-A53TαSYN. Data represent n=3 independent animals. STR: 
striatum; pSYN: phosphorylated α-Synuclein; tdT: tdTomato fluorescence expressed in astrocytes of Aldh1l1-
CreERT2; Ai9 mice following tamoxifen-induced recombination. 

 
 
Astrocyte-restricted α-Synuclein accumulation is accompanied by a robust 
neuroinflammatory response 
 

Given the astrocytic activation observed following the accumulation of αSYN, we next investigated 
whether this was accompanied by microglial activation in the striatal compartment. Quantification of 
IBA1 immunoreactivity revealed a marked increase in microglial density, with the signal area rising 
from 12.21 ± 0.98% in control mice to 33.05 ± 0.83% (mean ± SEM) in Astro-A53TαSYN mice. CD68 
immunoreactivity showed a parallel ~3.8-fold increase (0.66 ± 0.11 in controls vs 2.50 ± 0.36 in Astro-
A53TαSYN, mean ± SEM; Fig. 2, A–C). 
We next assessed the burden of monomeric (αSYN) and aggregated (pS129αSYN) species in Astro-
A53TαSYN mice relative to controls. Immunostaining with an antibody against human αSYN, which 
detects the monomeric form, revealed a marked increase in the STR, with the area occupied by the 
signal increasing approximately 39-fold compared to control animals (Fig. S2, A-B). Notably, αSYN 
was distributed across multiple cell types, occupying 48.99 ± 5.62% of tdT+ astrocytes, 4.94 ± 0.57% 
of IBA1+ microglia, and 25.42 ± 3.64% of TH+ dopaminergic neurons (mean ± SEM, Fig. S2, C). 
To specifically evaluate aggregated forms, we quantified αSYN phosphorylated at serine-129 (pS129 
αSYN), a well-established marker of pathological aggregation (Fujiwara et al., 2002; Anderson et al., 
2006).	 Independent-samples analysis confirmed a significant increase in the area occupied by 
pS129αSYN immunoreactivity in the Astro-A53TαSYN mice versus with Mock-injected controls, 
corresponding to an approximate 60.7-fold rise. Localization analyses revealed that pS129αSYN 
aggregates were primarily detected in astrocytes (78.94 ± 1.61% in tdT+ cells) but were also found 
in microglia (8.78 ± 0.51% in IBA1+ cells) and dopaminergic terminals (15.90 ± 2.78% in TH+ cells, 
mean ± SEM; Fig. 2, D–F).  
Consistent with astrocyte-restricted transgene expression, BaseScope analysis detected SNCAA53T 
mRNA exclusively in Sox9⁺ astrocytes and not in NeuN⁺ neurons (Fig. 2, G). Nevertheless, the 
presence of pS129αSYN aggregates in neuronal and microglial populations suggests intercellular 
propagation of αSYN pathology (Fig. S2, D-E). 
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Given the pronounced astrocytic reactivity and concomitant microglial activation observed in Astro-
A53TαSYN-injected mice, we next asked whether this neuroinflammatory milieu was accompanied 
by infiltration of peripheral immune cells.	Immunohistochemistry and immunofluorescence analyses 
revealed a striking accumulation of T cells within the STR, with CD3⁺ T cells showing a 12.3 ± 1.7-
fold increase relative to controls. Subtype analysis showed a 15.3 ± 5.6-fold increase in CD4⁺ T cells 
and a 4.3 ± 1.0-fold increase in CD8⁺ T cells (mean ± SEM; Fig. 2, H–I). 
Prompted by this marked infiltration, we examined whether astrocytes contribute to T-cell recruitment 
by analysing the transcriptomic profile of striatal astrocytes from LV:Astro-A53TαSYN-injected mice 
using bulk RNA-sequencing data. The analysis revealed a robust induction of several chemokine 
genes compared with wild-type controls, with consistent upregulation of Ccl8, Ccl4, Ccl7, Ccl5, 
Cxcl13, Cxcl16, Ccl3 and Ccl2 (Fig. 2K). Among these, Ccl8 and Ccl2 showed the most pronounced 
increases, while Ccl4, Ccl7 and Cxcl16 were also strongly elevated. In contrast, wild-type samples 
displayed uniformly low expression of all chemokine genes analysed. Notably, selected transcripts, 
including Ccl2, Ccl5, Ccl8 and Cxcl10, were independently validated by targeted qPCR, confirming 
the reliability of the sequencing data (Fig. 2J).  
Consistent with these findings, gene-ontology enrichment analysis (Fig. S3D) revealed significant 
overrepresentation of biological processes involved in immune effector functions, regulation of T-cell 
activation, leukocytes proliferation, and antigen processing/presentation. These findings indicate that 
astrocyte-restricted αSYN overexpression elicits a pronounced neuroinflammatory milieu, 
characterized by microglial activation, αSYN spreading, and a pro-inflammatory transcriptional 
program dominated by chemokine signalling for the enhanced recruitment and activation of immune 
cells.  
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Figure 2.  Astrocytic α-Synuclein drives microglial activation and T cell recruitment in the striatum. 
(A) Representative immunofluorescence images of IBA1 (green) and CD68 (red) in the mouse STR following 
LV:Astro-A53TαSYN injection compared to the LV:Mock group. Scale bar: 25μm (B) Occupied area of IBA1 
staining in the STR across the different experimental conditions. n = 3 striata. Data are presented as means ± 
SEM and were analysed using Unpaired t test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. (C) Occupied 
area of CD68 staining in the STR across the different experimental conditions. n = 3 striata. Data are presented 
as means ± SEM and were analysed using Unpaired t test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 
(D) Representative immunofluorescence images of striatal section of LV:Astro-A53TαSYN-injected mice, 
stained for pSYN (red) together with tdT, IBA1 and TH (green); areas where the signals overlap appears yellow 
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in the merged images. Scale: 25μm. (E) Occupied area of pS129αSYN staining in the STR across the different 
experimental conditions. n = 5 striata. Data are presented as means ± SEM and were analysed using Unpaired 
t test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. (F) Quantitative assessment of the percentage of 
pS129αSYN+ cells colocalizing with GFAP, IBA1 and TH. n = 3 striata. Values are expressed as %MOC ±  
SEM (Mander’s Overlap Coefficient, MOC). Statistical analysis: one-way ANOVA followed by Tukey’s multiple 
comparison test. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.  (G) Representative image showing the 
application of the BaseScope technique in slices from the LV:Astro-A53TαSYN-injected mice, displaying Sox9⁺ 
cells (green) co-localized with the αSYNA53T RNA probe (red), with no signal detected in NeuN⁺ cells (cyan). 
Scale bar: 25μm (H) Representative images showing CD3+ (red), CD4+ (green) and CD8+ (blue) T cells in 
the presence of hαSYN (gray) in the mouse STR after LV:Astro-A53TαSYN injection. The top row displays 
immunohistochemistry, while the two lower rows show immunofluorescence images. Scale bar: 25μm. (I) 
Unbiased stereology count of CD3+, CD4+ and CD8+ cells in the STR (6 w.p.i.). n = 4 to 10 striata. Statistical 
analysis by one-way ANOVA followed by Tukey’s multiple comparison test. (J) Real-time PCR of CCl2, Ccl5, 
Ccl8 and Cxcl10 transcripts in adult striatal astrocytes reported as fold change increase with respect to the 
control group. n = 3 independent samples for each condition. (K) Heatmap depicting the chemokines and 
cytokines expression (rows) in Mock-injected (WT) and Astro-A53TαSYN-injected mice (SNCA), while columns 
correspond to individual biological replicates (n = 3 per group). Colours indicate gene-level scaled expression 
(z-scores). hαSYN: monomeric human α-Synuclein; pSYN/pS129αSYN: phosphorylated α-Synuclein; STR: 
striatum. 
 
 
Sustained T cell infiltration and recruitment of myeloid populations after microglial 
depletion 

Given the pronounced astrocytic and microglia reactivity and the extensive lymphocytic infiltration 
observed in our model, we asked whether microglia or other CNS-resident factors modulate T cell 
recruitment.  
Aldh1l1-CreERT2 mice were chronically treated with the CSF1R inhibitor Pexidartinib (PLX3397) for 
four weeks, resulting in a robust depletion of microglia (-96.3 ± 3.1% versus control, mean ± SEM; 
Fig. 3, B-C).  After treatment, mice received stereotaxic injections of LV:Astro-A53TαSYN (n = 3) or 
LV:Mock (n = 3) and were maintained on PLX3397 until endpoint (Fig. 3A).  
Strikingly, microglia depletion failed to abrogate T cell infiltration into the parenchyma. In Astro-
A53TαSYN-injected mice, CD8⁺ T cell counts were comparable between untreated Aldh1l1-
CreERT2 and PLX3397-treated animals (7839 ± 1147 vs 10902 ± 3930, mean ± SEM; Fig. 3D and 
F).	Similarly, CD4⁺ T cell numbers did not significantly change between the two groups (4016 ± 435 
vs 6309 ± 1456, mean ± SEM; Fig. 3D; G). Overall, CD8⁺ and CD4⁺ cells accounted for 
approximately 65% and 35% of the T-cell compartment, respectively (Fig. 3E). This suggests an 
autonomous, microglia-independent role for astrocytes in T cell recruitment. Notably, PLX3397 
treatment further revealed the presence of CCR2⁺/IBA1⁺ infiltrating cells in LV:Astro-A53TαSYN–
injected mice, an observation confirmed using the transgenic murine Cx3cr1-GFP/Ccr2-RFP reporter 
line, in which GFP labels myeloid cells including resident microglia, and RFP marks peripheral 
CCR2⁺ monocytes (Fig. 3, H–I). To ensure selective expression of the transgene in astrocytes in a 
murine model lacking Cre recombinase under the Aldh1l1 promoter, we designed a lentiviral vector 
incorporating a miroRNA detargeting system, in which neuron-specific miR-124, microglia-specific 
miR-223 and oligodendrocyte-specific miR-338 target sequences were inserted to restrict 
expression to astrocytes (Fig. S4A). The construct was initially validated with GFP as a reporter (Fig. 
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S4, B-C), showing robust and selective expression in GFAP⁺ astrocytes. Quantitative analysis 
confirmed that the vast majority of transduced cells were GFAP⁺ astrocytes (77.4 ± 2.3%, mean ± 
SEM), comparable to the efficiency observed with LV:Astro-GFP (Fig. S1, B–D).  
In Cx3cr1-GFP/Ccr2-RFP reporter mice injected with LV:Astro-A53TαSYN, we observed RFP⁺ 
monocytes infiltrating and accumulating specifically around pS129αSYN aggregates, whereas such 
infiltrates were absent in controls. This selective localization of CCR2⁺ cells near pathological αSYN 
deposits (Fig. 3J) indicates active recruitment of peripheral immune cells despite microglial depletion.  
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Figure 3.  PLX3397-induced microglial depletion and characterization of T cell and myeloid recruitment 
in the striatal compartment. (A) Schematic representation of the experimental design: chronic PLX3397 
administration starts 4 weeks before the intra-striatal injection of LV:Astro-A53TαSYN and continues until 
tissue collection (6 wpi). (B) IBA1 immunostaining in coronal striatal sections from untreated mice (left) and 
after 4 weeks of PLX3397 treatment (right), shown with corresponding magnified views. (C) Unbiased 
stereological counts of Iba1⁺ cells in the striatum of control and PLX3397–treated mice (n = 4 striata). Data 
are presented as means ± SEM and were analysed using Unpaired t test. *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001. (D) Representative immunofluorescence images showing CD8⁺ cells (blue) in the STR of 
PLX3397–treated mice in the presence of hαSYN (gray) after LV:Astro-A53TαSYN injection, compared with 
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controls. (E) Pie chart showing the percentage of CD4⁺ and CD8⁺ cells among 90,649 counted T cells in the 
striatal compartment. The percentages are calculated based on the average number of T cells counted in 4–6 
striata. (F-G) Unbiased stereological quantification of CD4⁺ and CD8⁺ cells in the STR of mice receiving 
LV:Astro-Mock or LV:Astro-A53TαSYN injections, in the presence or absence of PLX3397 treatment. n = 4–6 
striata. Statistical analysis: Two-way ANOVA followed by Tukey’s multiple comparison test *P < 0.05; **P < 
0.01; ***P < 0.001; ****P < 0.0001.  (H) Flow cytometry analysis of GFP⁺ and RFP⁺ cells in the STR of Cx3cr1-
GFP/Ccr2-RFP mice across experimental conditions (LV:Astro-Mock, LV:Astro-A53TαSYN, LV:Astro-
A53TαSYN + PLX3397). Percentages indicate gated populations. (I) Representative immunofluorescence 
images of GFP- (Cx3cr1-GFP, green) and RFP-positive cells (Ccr2-RFP, red) in the STR of LV:Astro-
A53TαSYN–injected mice with or without PLX3397 treatment. Scale bar: 25 µm. (J) Representative images of 
IBA1⁺ cells (green) in proximity to pSYN (red) in the STR of PLX3397–treated mice, with or without LV:Astro-
A53TαSYN injection. Scale bar: 25 µm. hαSYN: monomeric human α-Synuclein; pSYN/pS129αSYN: 
phosphorylated α-Synuclein; STR: striatum. 
 
 
 
Microglial depletion attenuates α-Synuclein–induced dopaminergic loss 
 
 

We next investigated whether astrocyte-restricted αSYN accumulation in the striatal compartment is 
sufficient to elicit dopaminergic neurodegeneration and to assess the contribution of microglia to this 
process. We quantified TH⁺ neurons in the SNpc six weeks after striatal delivery of LV:Astro-
A53TαSYN. Unbiased stereological counts revealed a robust, non–cell-autonomous loss of nigral 
dopaminergic neurons in LV:Astro-A53TαSYN–injected mice relative to LV:Mock-injected 
controls, accounting for a 31.5% ± 4.6% decrease (mean ± SEM; Fig. 4, A–B). 
Because the transgene is selectively expressed in astrocytes and not in neurons, this degeneration 
reflects a non–cell-autonomous effect, demonstrating that astrocytic αSYN accumulation alone is 
sufficient to compromise SNpc neuron survival. Strikingly, pharmacological depletion of microglia 
with PLX3397 substantially attenuated this deficit. In the absence of microglia, astrocytic αSYN 
expression produced only a modest reduction in TH⁺ neurons (13.0% ± 7.9% deacrease) relative to 
the corresponding control (mean ± SEM; Fig. 4, A-B). Thus, the presence of microglia, or the 
inflammatory milieu they sustain, amplifies astrocyte-driven dopaminergic neuron loss. This 
neuroprotective effect was mirrored by a marked reduction in the pS129αSYN+ aggregate burden 
(14.40 ±1.69% in LV:Astro-A53TαSYN-injected mice versus 6.64% ±0.63% in microglia-depleted 
brains, mean ± SEM; Fig. 4, C-D). Together, these findings link astrocytic αSYN to downstream 
nigrostriatal degeneration and show that reactive microglia dramatically accelerate both αSYN 
aggregation and subsequent neurodegeneration. 
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Figure 4.  Microglia depletion reduces astrocytic α-Synuclein–associated pathology and preserves 
nigral dopaminergic neurons. (A) TH⁺ immunostaining in nigral sections from mice injected with LV:Astro-
Mock (Ctrl), LV:Astro-A53TαSYN, or LV:Astro-A53TαSYN combined with PLX3397 treatment. (B) Unbiased 
stereological count of TH⁺ cells in the SNpc from mice injected with LV:Astro-Mock (Ctrl), LV:Astro-A53TαSYN, 
or LV:Astro-A53TαSYN combined with PLX3397 treatment (n = 6–14 nigra). Data are presented as means ± 
SEM and were analysed using two-way ANOVA followed by Tukey’s multiple comparison test; *P < 0.05; **P 
< 0.01; ***P < 0.001; ****P < 0.0001. (C) Representative immunofluorescence images of pS129αSYN in the 
STR of PLX3397-untreated and PLX3397-treated LV:Astro-A53TαSYN–injected mice. Scale bar: 25 µm. (D) 
Quantification of pS129-αSYN⁺ area in the STR of mice injected with LV:Astro-Mock (Ctrl) or LV:Astro-
A53TαSYN, with or without PLX3397 treatment. Data are expressed as mean ± SEM. Statistical analysis: two-
way ANOVA followed by Tukey’s multiple comparison test; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 
pS129αSYN: phosphorylated α-Synuclein; STR: striatum. 
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Single-cell transcriptomics reveals myeloid compartment remodelling following 
microglial depletion 
 

Building on the insights gained from microglial depletion studies, we profiled the striatal immune 
landscape in LV:Astro-A53TαSYN-injected mice either maintained on or withdrawn from chronic 
PLX3397 treatment. Six weeks after transgene delivery, CD45⁺ cells were isolated by fluorescence-
activated cell sorting (FACS) and processed for droplet-based single-cell RNA sequencing (Fig. 5A). 
CD45 and CD11b expression allowed us to distinguished resident microglia (CD11bhiCD45+), 
infiltrating myeloid cells (CD11bintCD45+) and lymphocytes (CD11b⁻CD45⁺), informing a sorting 
strategy to enrich myeloid and lymphocytic fractions for downstream transcriptomics (Fig. 5B). 
In total, we profiled 9,347 cells isolated from LV:Astro-A53TαSYN mice and 9,194 cells from 
PLX3397-treated animals, with mean sequencing depth of 22,946 and 30,315 reads per cell, 
respectively. Quality control showed comparable distributions of detected genes, UMI counts and 
proportions of mitochondrial or ribosomal transcripts, indicating that sequencing depth and overall 
cell quality were consistent across experimental conditions (Fig. S5A). 
Integrated clustering initially resolved 42 transcriptionally discrete populations. Using canonical 
marker genes, clusters were consolidated into broad immunological categories, including microglia, 
infiltrating monocytes/macrophages (Mo/MΦ), CD4⁺ and CD8⁺ T lymphocytes, B cells, natural killer 
(NK) cells, and additional myeloid subsets (Fig. 5C and Fig. S5, B–D). Microglia were defined by 
P2ry12, Tmem119, Fcrls, Hexb; infiltrating Mo/MΦ by Ccr2, Ly6c2, S100a8/S100a9, Ms4a7; CD8⁺ 
T cells by Cd8a/Cd8b1 with cytotoxic effectors (Gzmb, Prf1); CD4⁺ T cells by the co-expression of 
Cd3, Cd4, Cd28, (Treg: Foxp3, Il2ra, Ctla4); B cells by Cd19, Ms4a1 (CD20), Cd79a/b; NK cells by 
Nkg7, Klrd1 with Gzmb/Prf1; dendritic-cell–like myeloid subsets by Itgax (CD11c), Flt3, and MHC-II 
genes (H2-Aa/H2-Ab1, Cd74); and macrophages by Mrc1 (CD206), Lyve1, Pf4. 
Direct comparison revealed a profound reorganization of the immune milieu triggered by depletion 
of microglia. Samples from PLX3397-treated animals exhibited a near-complete depletion of resident 
microglia, accompanied by the appearance of a transcriptionally distinct cluster, hereafter referred 
to as PLX-MΦ (Fig. 5D). To further delineate the identity of these cell types, we examined the 
expression of lineage-defining markers across all clusters. Microglial subsets were characterized by 
high levels of Olfml3, Cx3cr1 and Ccl12, consistent with established gene signatures of homeostatic 
and disease-associated microglia. In contrast, infiltrating monocytes/macrophages expressed Hp, 
Cd14 and F10, confirming their peripheral origin and identity (Fig. 5E).  
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Figure 5. Remodelling of the myeloid landscape following microglial depletion revealed by single-cell 
transcriptomics. (A) Schematic representation of the experimental workflow. PLX3397-treated or untreated 
mice received striatal LV:Astro-A53TαSYN injections. Striata were dissected (6 w.p.i), processed into single-
cell suspensions, and subjected to FACS sorting. Sorted cells were analysed by scRNA-seq. (B) Gating 
strategy adopted for enrichment of myeloid and lymphoid cells based on CD11b and CD45 expression in 
LV:Astro-A53TαSYN and LV:Astro-A53TαSYN + PLX3397 experimental groups. (C) UMAP projection of all 
sorted cells coloured by cell type, showing the distribution of major immune populations. (D) UMAP plots 
comparing cell type distribution in LV:Astro-A53TαSYN (left) and LV:Astro-A53TαSYN + PLX3397 (right) 
conditions. (E) Feature plots showing expression of representative marker genes for microglia (Olfml3, Cx3cr1, 
Cst12) and Mo/MΦ (Hp, Cd14, F10) across all clusters.  
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Microglial depletion drives the emergence of peripheral macrophages with a 
reparative and phagocytic phenotype 
 

To better elucidate the functional identity of macrophages emerging in PLX3397-Astro-A53TαSYN 
group, we compared their transcriptional profiles with those of infiltrating Mo/MΦ from the Astro-
A53TαSYN controls. The analysis revealed a marked shift in their gene expression (Fig. 6A). PLX-
MΦ exhibited robust upregulation of genes liked to M2-like and tissue-repair programs (Arg1, Chil3, 
Mrc1, Ccl6, Igf1, Lpl, and Tgfb1), together with robust induction of autophagy- and phagocytosis-
related transcripts (Lamp1, Cd68, Mfge8, Mertk, Anpep, Ctss, Atp6v0d2), pointing to enhanced 
degradative and clearance capacity.  
By contrast, Mo/MΦ from control mice exhibited higher expression of classical M1-associated pro-
inflammatory mediators (Ccl3, Ccl4, Ccl5, Cxcl10, Tnf, Cd40, Nos2, Stat1) underscoring a clear 
functional dichotomy. PLX-MΦ preferentially adopt an anti-inflammatory, reparative phenotype, 
whereas control Mo/MΦ retain a pro-inflammatory signature. Flow cytometric analysis confirmed a 
significant reduction in MHC-II+ and TNFα+ myeloid cells within Mo/MΦ compartment of the 
PLX3397-Astro-A53TαSYN group compared with control, as well as a decrease in CD80+CD86+ M1 
markers on this myeloid subset (Fig. S6, A-C and E). These data support the view that myeloid cells 
in the PLX3397 condition were skewed toward a less inflammatory state. 
Interestingly, within the PLX3397 condition, the population of Mo/MΦ not belonging to the PLX-MΦ 
cluster appeared heterogeneous, partially expressing markers shared with PLX-MΦ (Ccl6, Chil3, 
Mgll, Tgfb1) as well as pro-inflammatory genes (Cd40, Cd36, Tnf, Cxcl10) similar to those found in 
control Mo/MΦ (Fig. 6A). To further validate the distinct identity of PLX-MΦ, we examined 
representative M2-like and repair-associated genes among scRNA sequencing data (Fig. 6B). UMAP 
plots revealed Ear2 and Plet1, regulators of alternative activation, highly enriched in the PLX-MΦ 
cluster. Genes involved in lipid metabolism and tissue repair (Lpl, Igf1) were similarly biased toward 
PLX-MΦ, and the canonical M2 marker Mrc1 (CD206) was selectively expressed in this population. 
Mgll, a lipase linked to lipid turnover and metabolic adaptation, was also markedly upregulated, 
suggesting a role in reshaping the local metabolic milieu.  
Flow cytometric analysis revealed an increased proportion of CD68⁺LAMP1⁺ infiltrating myeloid cells 
in PLX3397-Astro-A53TαSYN mice compared with controls (31.2% vs. 17.5%), indicating enhanced 
lysosomal and phagocytic activity (Fig. 6C). Immunofluorescence corroborated these findings, 
showing IBA1⁺CD68⁺ macrophages, also positive for CD13, surrounding αSYN–positive aggregates 
in the STR of PLX3397-treated mice (Fig. 6D-E and Fig. S6D). Notably, these infiltrating cells also 
expressed the macrophage maturation marker F4/80, consistent with their differentiated phenotype 
(Fig. S6F). 
Collectively, these data demonstrate that depletion of resident microglia promotes the recruitment of 

infiltrating macrophages exhibiting a distinct, mature phenotype, which may contribute to the 

phagocytosis and clearance of αSYN-laden material within the STR milieu. 
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Figure 6. Monocyte-derived macrophages acquire a reparative and phagocytic phenotype following 
microglial depletion. (A) Heatmap of M2-like, repair-associated, phagocytosis/autophagy-related, and M1-
like gene expression in microglia, Mo/MΦ, Mo/MΦ (PLX3397-treated), and PLX-MΦ cluster. (B) UMAP feature 
plots of representative PLX-MΦ M2-like and repair-associated genes (Ear2, Mrc1, Lpl, Plet1, Igf1, Mgll). 
(C) Representative FACS contour plots showing LAMP1⁺CD68⁺ cells and quantification of LAMP1 expression 
in myeloid cells isolated from the striatum (STR) of LV:Astro-A53TαSYN–injected mice, with or without 
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PLX3397 treatment. Bar graphs show the percentage of LAMP1⁺ myeloid cells (left) and the mean 
fluorescence intensity (MFI) of LAMP1⁺ cells (right) under the two conditions. n = 4–5 mice per group. Data 
are presented as mean ± SEM. Statistical analysis was performed using an unpaired t test; *P < 0.05; **P < 
0.01; ***P < 0.001; ****P < 0.0001 (D) Representative high-resolution confocal image showing an IBA1⁺ cell 
(green) co-localizing with CD68 (red) and pSYN (blue) staining. Scale bar: 25 µm. (E) Representative high-
resolution confocal image showing IBA1+ cells (green) co-localizing with CD13 (magenta) staining. Scale bar: 
25 µm. pSYN: phosphorylated α-Synuclein; STR: striatum. 
 
 

PLX-MΦ promote CD8⁺ T-cell exhaustion through immunosuppressive pathways 
 

Beyond their enhanced phagocytic and reparative capacity, PLX-MΦ displayed a pronounced 
transcriptional program of immunomodulation. To investigate the specific immunoregulatory 
properties of PLX-MΦ, we examined the expression of transcripts known to be linked to T cell 
suppression. 
Heatmap analysis revealed that PLX-MΦ displayed robust induction of suppressive mediators, 
including Spp1, Ccl6, Axl, Mrc1, Tgfb1, and Lgals9 (Fig. 7A). These genes are functionally 
associated with T cell inhibition, immune checkpoint engagement, and the establishment of a 
tolerogenic microenvironment. In contrast, infiltrating Mo/MΦ in the control group retained higher 
expression of M1-like pro-inflammatory mediators including Nos2, Tnf, Ccl3, Ccl4, Ccl5, Cxcl10 and 
Stat1, underscoring a clear functional dichotomy between the two macrophage subsets.  
Notably, within the PLX3397-treated group, we also identified monocytes/macrophages (Mo/MΦ) 
with a hybrid transcriptional program, partially overlapping with the PLX-MΦ signature (Ccl6, Tgfb1, 
Axl) while retaining M1-associated transcripts (Nos2, Tnf, Ccl3, Cxcl10), suggesting a transitional or 
mixed activation state. 
Given the pronounced immunosuppressive profile of PLX-MΦ, we next asked whether these 
changes correlated with alterations in the T-cell population.  
As we observed in scRNAseq data, flow-cytometric analysis of striatal CD45⁺ cells confirmed a 
marked redistribution of lymphoid and myeloid populations upon PLX3397 treatment, with an 
increase in infiltrating monocytes and lymphocytes (Fig. S7, A-B). Within the lymphoid cells, 
PLX3397-treated mice showed a similar frequency of CD8⁺ T cells and slightly increased 
in CD4⁺ cell fraction (Fig. S7, C–E). Analysis of CD8⁺ T cell signatures, whose identity was confirmed 
based on the expression of Cd3d, Cd3e, and Cd8a/b, revealed a strong enrichment of exhaustion-
associated genes in PLX3397-treated mice (Fig. 7B). Transcripts encoding inhibitory receptors 
(Pdcd1, Ctla4, Lag3, Tigit) and transcriptional regulators of exhaustion (Eomes, Tox, Prdm1), were 
significantly upregulated in CD8⁺ T cells from PLX3397-Astro-A53TαSYN mice relative to controls. 
Consistent with this transcriptional signature, FACS analyses confirmed a significant decrease in 
IFN-γ production by CD8⁺ T cells from PLX3397-treated mice compared with controls (Fig. S7, F-
G), suggesting impaired effector function.  
UMAP feature plots further confirmed the contrasting transcriptional signatures of PLX3397-induced 
macrophages and infiltrating Mo/MΦ (Fig. 7C). Genes associated with immunosuppressive and 
tolerogenic activity, such as Spp1 and Ccl6, were selectively enriched in the PLX-MΦ cluster, 
consistent with their proposed role in dampening T cell activation and promoting immune regulation. 
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By contrast, Mo/MΦ displayed strong expression of pro-inflammatory mediators. Nos2 was robustly 
expressed across this population, indicating activation of nitric oxide–dependent inflammatory 
pathways, while Ccl5 was broadly distributed among infiltrating myeloid cells, in line with its role in 
leukocyte recruitment and amplification of neuroinflammation. 
Collectively, these findings indicate that microglia depletion favours the emergence of a 
transcriptionally distinct macrophage population, endowed with enhanced phagocytic capacity and 
potent immunoregulatory features. This subset not only reshape the local immune microenvironment 
in α-synucleinopathy but also remodel the adaptive immune landscape by driving CD8⁺ T cell 
exhaustion, suggesting a coordinated mechanism of immune suppression. 
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Figure 7. PLX-MΦ exhibit immunosuppressive signatures and promote CD8⁺ T cell exhaustion (A) 
Heatmap of T cell suppression–associated molecule gene expression in microglia, Mo/MΦ, Mo/MΦ (PLX3397-
treated), and PLX-MΦ cluster. (B) Heatmap showing CD8⁺ T cell exhaustion gene signature in Astro-
A53TαSYN compared with Astro-A53TαSYN + PLX3397 conditions. (C) UMAP feature plots displaying 
expression of representative T cell suppression genes across cell clusters. 
 
 
Macrophage-mediated clearance mitigates astrocytic α-Synuclein neurotoxicity 
 
 

To directly assess the functional contribution of infiltrating myeloid cells to neuroprotection, we 
employed Ccr2⁻/⁻ mice, which lack circulating monocytes, either alone or in combination with 
microglia depletion using PLX3397, thereby allowing evaluation of the effects of selective or 
combined ablation of peripheral myeloid cells and microglia.  
Previous analyses of neurodegeneration (Fig. 8, A–B) revealed a pronounced loss of TH⁺ neurons 
in Aldh1l1-CreERT2:Astro-A53TαSYN mice, representing a 31.5 ± 3.9% decrease compared 
with Aldh1l1-CreERT2:Mock controls (mean ± SEM). Microglial depletion markedly attenuated this 
effect, reducing the loss to 13.0 ± 2.5% in PLX3397-treated Aldh1l1-CreERT2:Astro-A53TαSYN 
mice relative to their respective controls. 
In Ccr2⁻/⁻ mice, TH⁺ neuronal loss reached 33.8 ± 5.9% in Ccr2⁻/⁻:Astro-A53TαSYN compared 
with Ccr2⁻/⁻:Mock (mean ± SEM). When combined with microglial depletion, neurodegeneration 
increased to 42.3 ± 4.3% (mean ± SEM) in PLX3397-treated Ccr2⁻/⁻:Astro-A53TαSYN compared 
with PLX3397-treated Ccr2⁻/⁻:Mock, suggesting a contribution of CCR2⁺ cells in limiting neuronal 
loss observed in the Aldh1l1-CreERT2 background mice.  
pSYN staining confirmed astrocytic αSYN expression across all groups and showed that microglial 
depletion in Aldh1l1-CreERT2:Astro-A53TαSYN mice reduced the pS129αSYN burden from 14.40 
± 1.69% to 6.64 ± 0.63% relative to the corresponding PLX3397-untreated mice (mean ± SEM; Fig. 
8, C–D). Similarly, the Ccr2⁻/⁻:Astro-A53TαSYN group showed reduced pS129αSYN accumulation 
(6.02 ± 1.27% pS129αSYN occupied area); however, this decrease was accompanied by highly 
reactive microglial phenotype, as evidenced by elevated IBA1 levels (12.38 ± 0.93% in Aldh1l1-
CreERT2:Astro-A53TαSYN  compared with 23.20 ± 2.34% in Ccr2⁻/⁻:Astro-A53TαSYN) and an 
8.57-fold increase in CD68 signal (0.5 ± 0.11% in Aldh1l1-CreERT2:Astro-A53TαSYN compared with 
4.4 ± 0.4% in Ccr2⁻/⁻:Astro-A53TαSYN, mean ± SEM; Fig. S8, A–C).  These data suggest that 
pS129αSYN levels observed in the Ccr2⁻/⁻:Astro-A53TαSYN model were closely linked to an over-
reactive microglial state, potentially responsible for the associated neurotoxicity.  
Notably, the simultaneous loss of microglia and CCR2⁺ macrophages (PLX3397-treated Ccr2⁻/⁻: 
Astro-A53TαSYN) resulted in a dramatic increase in pS129αSYN occupied area (27.77 ± 3.55%, 
mean ± SEM), underscoring the cooperative control of αSYN pathology exerted by resident and 
infiltrating myeloid compartments. 
We next evaluated lymphocyte recruitment (Fig. S8, D–E) and found that, unlike in PLX3397-treated 
and untreated Aldh1l1-CreERT2 mice injected with LV:Astro-A53TαSYN, the absence of CCR2⁺ 
cells reduced T-cell infiltration. CD4+ T cells declined from 4016 ± 435 in Aldh1l1-CreERT2:Astro-
A53TαSYN to 2651 ± 582 in Ccr2⁻/⁻:Astro-A53TαSYN (34 ± 18% decrease, mean ± SEM), and CD8+ 
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T cells dropped from 7839 ± 1147 in Aldh1l1-CreERT2:Astro-A53TαSYN to 5827 ± 678 in 
Ccr2⁻/⁻:Astro-A53TαSYN (25 ± 17% decrease, mean ± SEM), highlighting a role for CCR2⁺ 
macrophages in facilitating lymphocyte entry into the parenchyma. 
To assess the contribution of T cells to neurodegeneration, we further employed the Rag1⁻/⁻ mouse 
line, alone or in combination with PLX3397 treatment. In agreement with previous reports, 
overexpression of αSYN did not alter the number of dopaminergic neurons in the SNpc compared 
with controls (Fig. S9, A-C). Animals lacking T and B cells showed no neuronal loss in the presence 
of αSYN (3818 ± 211 TH+ cells in the Rag1-/-:Astro-A53TαSYN compared with 3712 ± 261 in the 
Rag1-/-:Mock; −2.9% ± 0.3, mean ± SEM), nor was such an effect observed in the PLX3397-treated 
Rag1⁻/⁻ group (3719 ± 88 TH+ cells in the PLX3397-treated Rag1-/-:Astro-A53TαSYN group 

compared with 3815 ± 23 in the PLX3397-treated Rag1-/-:Mock; +2.5% ± 0.06, mean ± SEM), 
indicating that the absence of T cells exerts a neuroprotective effect against αSYN–induced 
dopaminergic loss. 
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Figure 8. Impact of immune modulation on dopaminergic neurodegeneration and α-Synuclein 
pathology. (A) Representative immunohistochemical staining for TH in the SNpc illustrates αSYN-induced 
neuronal loss in Aldh1l1-CreERT2 (Control) and Ccr2⁻/⁻ mice, with and without microglial depletion induced 
by PLX3397. (B) Unbiased stereological quantification of TH⁺ neurons in the SNpc of Aldh1l1-CreERT2 
and Ccr2⁻/⁻ mice injected with LV:Astro-A53TαSYN, with or without PLX3397 treatment. Data are expressed 
as mean ± SEM. Statistical analysis: two-way ANOVA followed by Tukey’s multiple comparison test; *P < 0.05; 
**P < 0.01; ***P < 0.001; ****P < 0.0001. (C) Immunofluorescence analysis of the STR using astrocytic marker 
GFAP (green) and pS129αSYN (pSYN, red). Scale bar, 25 µm. (D) Quantification of pS129αSYN⁺ area in the 
STR across experimental groups. Data are expressed as % area ± SEM. Statistical analysis: two-way ANOVA 
followed by Tukey’s multiple comparison test; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. Scale bar, 
25 µm. pSYN/pS129αsyn: phosphorylated α-Synuclein; STR: striatum. 
 

In αSYN–overexpressing mice, astrocytic overexpression establishes a proinflammatory 
environment characterized by reactive astrocytes, activated microglia, and the recruitment of 
peripheral immune cells, including monocytes, macrophages and T lymphocytes. Microglial 
depletion with the CSF1R inhibitor PLX3397 profoundly altered this landscape, favouring the 
infiltration of highly phagocytic macrophages (PLX-MΦ) and a shift in T cells toward an exhausted 
phenotype. Notably, these changes coincided with reduced neuronal loss, suggesting that 
replacement of inflammatory microglia by macrophages and the attenuation of T-cell effector 
functions collectively promote neuronal survival. Together, these data support a model in which 
microglial ablation reshapes αSYN–driven neuroinflammation and mitigates its neurotoxic 
consequences (Fig. 9A).  
 

 
 

Figure 9. PLX-MΦ reshape the inflammatory environment to promote neuronal survival. Proposed 
mechanism schematic: Astrocytic αSYN overexpression establishes an inflammatory milieu characterized by 
reactive astrocytes, activated microglia, and immune cell infiltration. Upon microglial depletion with PLX3397, 
this environment is reshaped by the recruitment of highly phagocytic macrophages and the conversion of T 
cells into an exhausted state, ultimately promoting neuronal survival. 
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Discussion 
In this study we demonstrate that pharmacological inhibition of CSF1R with PLX3397 does not 
merely deplete resident microglia but triggers the emergence of a reparative macrophage population, 
which we define as PLX-MΦ. These cells represent a novel immune entity with bifunctional 
properties of major relevance for α-synucleinopathies.  
Our findings reveal that PLX-MΦ operate along two synergistic axes. On one hand, they act as 
potent proteostatic effectors endowed with an enhanced phagolysosomal machinery capable of 
efficiently degrading αSYN aggregates, reducing astrocytic pathology, and protecting dopaminergic 
neurons. On the other hand, they qualitatively modulate adaptive immunity by imposing a program 
of functional exhaustion on CD8⁺ T cells, a process that in our model translates into additional 
neuroprotection. The identification of this population, not previously described in an astrocyte-driven 
context of synucleinopathy, constitutes the main novelty of our study and opens avenues for 
therapeutic strategies based on engineering macrophages with PLX-like phenotypes. 
This discovery builds on an expanding body of literature on CSF1R inhibition as a means to 
manipulate microglia. Pioneering studies with PLX3397 (Elmore et al., 2014) and later with the more 
selective PLX5622 (Spangenberg et al., 2016) demonstrated that microglial depletion can be 
achieved rapidly and reversibly, providing a powerful pharmacological tool to probe microglial 
function in health and disease. In Alzheimer’s disease models, Sosna et al. (2018) showed that early 
and sustained microglial ablation reduced intraneuronal Aβ accumulation, neuritic plaque formation, 
and soluble amyloid oligomers, resulting in improved cognitive performance, whereas late 
interventions were less effective. Similarly, Spangenberg et al. (2019) observed that sustained 
depletion with PLX5622 completely prevented parenchymal plaques formation, suggesting that 
amyloid deposition critically depends on microglial presence. Other studies revealed additional 
complexity: Unger et al. (2018) reported incomplete depletion and persistence of resistant cells 
around plaques in APP/PS1 mice, raising the possibility of peripheral cell involvement. More recently, 
Zhang et al. (2025) demonstrated in a PD mouse model induced by αSYN overexpression that 
microglia depletion attenuated dopaminergic neurodegeneration, reduced αSYN pathology, and 
remodelled the extracellular matrix. Overall, these findings suggest that CSF1R inhibition 
reproducibly reduces pathological protein aggregates, but do not clarify whether the benefit stems 
solely from the absence of resident microglia or also from active contributions of infiltrating myeloid 
cells. 
Our work directly addresses this gap by employing a model of astrocytic αSYN accumulation, thereby 
isolating a context in which microglia are not the primary drivers of pathology and allowing us to 
dissect the effects of infiltrating cells.  
PLX-MΦ differ from both resident microglia and the CCR2⁺ macrophages that typically infiltrate 
brains with intact, reactive microglia. Although border-associated macrophages (BAMs) are known 
to contribute to neuroinflammatory responses in neurodegenerative models (Schonhoff et al., 2023; 
Sun et al., 2024), the cells described here display distinct transcriptional and functional hallmarks 
that support their autonomous identity. 
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At the transcriptomic level, PLX-MΦ exhibit a coordinated upregulation of genes linked to 
phagolysosomal function and proteostasis (Lamp1, Cd68, Ctss, Mertk, Mfge8), together with a 
reparative program defined by Arg1, Chil3, Mrc1, Ccl6, Igf1, Lpl, and Tgfb1. This integrated signature 
distinguishes them from pro-inflammatory M1-like macrophages in the control group, which express 
Nos2, Tnf, and chemokines such as Ccl3, Ccl4, and Cxcl10 (Orecchioni et al., 2019; Chen et al., 
2023). Such polarization indicates a shift toward anti-inflammatory and regenerative pathways, 
coupling degradative efficiency with tissue-repair capacity. 
Within the PLX3397-treated group, a remaining heterogeneous Mo/MΦ population was also 
detected, partially expressing PLX-MΦ markers (Ccl6, Chil3, Mgll, Tgfb1) while retaining 
inflammatory transcripts (Cd40, Cd36, Tnf, Cxcl10). This hybrid subset likely represents a transitional 
state along the inflammatory-to-reparative continuum induced by CSF1R inhibition. In contrast, PLX-
MΦ themselves maintain a coherent identity characterized by sustained lysosomal activation and 
immunomodulatory balance. 
Consistent with these transcriptional and functional features, experiments in Ccr2⁻/⁻ mice supported 
a contributory role of infiltrating macrophages in neuroprotection. Although TH⁺ neuronal loss 
in Ccr2⁻/⁻:Astro-A53TαSYN mice was variable and did not reach statistical significance when 
compared with the Aldh1l1-CreERT2:Astro-A53TαSYN group, a clear exacerbation of 
neurodegeneration was observed when microglial depletion was combined with Ccr2 deficiency. In 
this context, the concurrent loss of resident microglia and infiltrating macrophages led to increased 
pS129αSYN accumulation, consistent with the role of both cell populations in αSYN clearance. 
Moreover, the more pronounced neuronal loss observed in PLX3397-treated Ccr2⁻/⁻:Astro-
A53TαSYN mice compared with PLX3397-treated Aldh1l1-CreERT2:Astro-A53TαSYN indicates 
that infiltrating macrophages, rather than microglia, are the key mediators of the neuroprotective 
effect. 
Functionally, PLX-MΦ emerge as genuine “proteostasis machines.” Their robust lysosomal 
machinery enables efficient degradation of toxic αSYN aggregates, leading to reduced astrocytic 
pathology and protection of dopaminergic neurons. These features define PLX-MΦ as a macrophage 
population in which degradative competence and reparative programming converge to restore 
homeostasis in the inflamed brain. 
Alongside their proteostatic capacity, PLX-MΦ reveal an additional immunoregulatory facet, 
suggesting a broader role in maintaining immune homeostasis. PLX-MΦ impose a state of functional 
exhaustion on CD8⁺ T cells, characterized by Pd1, Lag3, Tigit, and Tox expression together with 
reduced IFN-γ production, sustained by macrophage-derived Spp1, Lgals9, and Tgfβ1. While T-cell 
exhaustion is generally detrimental in oncology, in which tumor-associated macrophages (TAMs) 
have been shown to drive CD8⁺ T cells into terminal exhaustion and thereby limit anti-tumor immunity 
(Kersten et al., 2022; Polania et al., 2025), in the brain the same principle acquires protective 
meaning by reducing cytotoxic damage while maintaining minimal surveillance compatible with 
neuronal integrity. This reversal of perspective suggests that T-cell exhaustion is not intrinsically 
pathological, but rather reflects a context-dependent adaptation of the immune system. In chronic 
inflammatory and autoimmune settings, including multiple sclerosis, features of T-cell exhaustion 
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have been proposed to limit excessive immune activation and may thus play a protective role 
(McLane et al., 2019). 
Consistent with this concept, genetic models provide further support. In Rag1⁻/⁻ mice, the absence 
of lymphocytes confers neuroprotection, consistent with CD8-mediated cytotoxicity playing a causal 
role. Indeed, CD8⁺ T cells can exert direct neurotoxic effects through release of IFN-γ, granzymes 
and perforin, mechanisms that compromise neuronal integrity and promote axonal degeneration. In 
several preclinical models, infiltration of cytotoxic CD8⁺ T cells into the brain correlates with 
dopaminergic neuronal loss and exacerbated αSYN pathology, underscoring the importance of 
immune regulation for neuronal survival (Galiano-Landeira et al., 2020; Zhang et al., 2023). 
In line with this, the Ccr2⁻/⁻ mouse model also enabled us to assess the contribution of these cells 
to the maintenance of T cells within the brain parenchyma (Schonhoff et al., 2023). Notably, 
regardless of PLX3397 treatment, a reduction in lymphocytic infiltration was observed in the αSYN-
laden brain, which may explain why neurodegeneration in this model was less severe than expected, 
potentially due to limited immune cell recruitment. 
These observations converge into a unified model that we define as the clearance–exhaustion axis. 
In the presence of astrocytic αSYN, A1-like astrocytes recruit CCR2⁺ macrophages and T cells. 
When microglia remain intact and reactive, pro-inflammatory modules dominate, clearance efficiency 
is suboptimal, and microglia progressively undergo functional exhaustion, resulting in 
phosphorylated αSYN accumulation and dopaminergic vulnerability. In contrast, microglial ablation 
reshapes the niche in favour of PLX-MΦ, which combine high lysosomal activity with 
immunoregulatory mediators and, in turn, impose functional exhaustion on CD8⁺ T cells, thereby 
reducing proteotoxic stress and neuronal loss. 
However, when CCR2-dependent compensation is prevented, microglial reactivity increases and 
neurodegeneration accelerates, underscoring that the benefit arises from a qualitative reorganization 
of immune activity that maximizes proteostasis while limiting immune-mediated neuronal injury. 
This conceptual framework also helps reconcile findings in other disorders. In Alzheimer’s disease 
models, microglial depletion has been shown to reduce amyloid burden and facilitate the recruitment 
of peripheral myeloid cells (Spangenberg et al., 2019; Sosna et al., 2018; Unger et al., 2018), while 
in experimental stroke it has been specifically associated with the infiltration of GPNMB⁺/CD63⁺ 
macrophages that promote remyelination and functional recovery (Zhang et al., 2025).  
Overall, these observations suggest that the replacement of resident reactive microglia with 
reparative macrophages may constitute a protective mechanism shared across multiple 
neuropathologies. Our findings expand this concept to include αSYN pathology and indicate that 
CSF1R targeting, followed by the recruitment of reparative macrophages, could represent a strategy 
generalizable to different forms of neurodegeneration. 
The translational implications are substantial. Pharmacological strategies capable of directing 
monocytes and macrophages toward a PLX-like phenotype could enhance aggregate clearance 
without triggering detrimental inflammation. Even more promising is the idea of ex vivo engineering 
macrophages using CAR-macrophage (CAR-M) platforms, which have already been shown to be 
feasible and therapeutically effective in oncology (Klichinsky et al., 2020). Building on this concept, 



 

 66 

one could envision strategies to enhance lysosomal and autophagic pathways, for example through 
TFEB-driven lysosomal biogenesis, which has been demonstrated to boost degradative capacity in 
macrophages (Sergin et al., 2017; Fang et al., 2017). In parallel, phagocytic efficiency and 
efferocytosis could be reinforced by overexpressing receptors and bridging opsonins such as MerTK 
and MFGE8, both key regulators of apoptotic-cell clearance and anti-inflammatory signalling (de 
Couto et al., 2019; Tsai et al., 2021). Finally, the immunoregulatory arm could be strengthened by 
programming macrophages to release checkpoint ligands and immunosuppressive mediators such 
as Galectin-9 (LGALS9) and TGF-β1, both implicated in driving T-cell exhaustion and immune 
tolerance in chronic inflammation and cancer (Okoye et al., 2020; Wang et al., 2023). 
Once reintroduced, such macrophages could act as bifunctional nodes capable of reducing protein 
burden and, at the same time, modulating T cells through local checkpoint mechanisms. In this 
perspective, CAR-macrophages could be reformulated for neuroprotection rather than cytotoxicity. 
Instead of pro-inflammatory, tumour-oriented CAR-M, a neuroprotective design would couple high 
phagocytic capacity with the induction of T-cell exhaustion and the controlled release of anti-
inflammatory mediators (Bido et al., 2024) to contain bystander injury.  
We nevertheless acknowledge important limitations. Our model is based on astrocytic 
overexpression of αSYN and does not fully capture human pathology, where neurons are the 
principal source and both astrocytes and microglia shape the extracellular αSYN burden through 
uptake and (dys)clearance. This choice was deliberate, aimed at isolating the intrinsic contribution 
of astrocytes and testing whether they can act as independent drivers of protein accumulation and 
immune remodelling. Post-mortem studies have consistently documented astrocytic αSYN 
inclusions astrocytes (Wakabayashi et al., 2000; Braak & Del Tredici, 2008; Lee et al., 2008), but 
their functional significance remained uncertain: our data fill this gap by demonstrating that striatal 
astrocytic αSYN accumulation is sufficient to induce widespread neuroinflammation, immune 
recruitment, and dopaminergic neuron loss, consistent with a dying-back process in which axonal 
and synaptic pathology precedes neuronal soma degeneration (Dauer and Przedborski, 2003; 
Ozoran et al., 2023). It remains to be clarified how different cellular sources of αSYN interact in 
human pathology, and to what extent cooperation or competition between neurons and astrocytes 
shapes protein propagation, immune responses, and neurodegeneration. Validation in combined 
models and human systems (patient-derived cells, organoids, humanized brains) will be essential to 
translate these observations into therapeutic strategies. Furthermore, the long-term stability of the 
PLX-MΦ phenotype and its persistence in the chronically diseased brain remain open questions. A 
key next step is to test whether short-course or low-dose PLX3397 can permit sufficient niche 
remodelling to allow PLX-MΦ to enter and persist while preserving baseline microglia, or whether 
alternative entry/differentiation routes, such as chemokine-guided trafficking, local delivery of 
differentiation cues, or ex vivo–engineered macrophages, can recruit and instruct human monocytes 
to adopt PLX-like states without systemic risks. In conclusion, we identify PLX-MΦ as a macrophage 
population capable of integrating proteostatic and immunoregulatory functions into a single 
trajectory. This discovery shifts the therapeutic paradigm: not microglia as the primary target, but 
reprogrammed macrophages as bifunctional agents, capable of containing αSYN aggregates while 
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modulating adaptive immunity in a neuroprotective direction. The clearance–exhaustion axis we 
describe provides a unifying key to interpret the effects of CSF1R inhibition across 
neurodegenerative models and paves the way for macrophage-centered immunotherapy strategies 
in synucleinopathies and beyond. 
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Materials and Methods  
Viral vector and lentiviruses production  
 

A third-generation lentiviral backbone with a constitutive Ef1α promoter was used for vector 
construction. In the LV:Astro-A53TαSYN construct and its relative control, gene expression was 
triggered upon flipping of the αSYN gene in a sense orientation relative to the upstream promoter. 
This Cre-dependent lentiviral construct contained the human SNCAA53T gene under the control of the 
Ef1α promoter; the WPRE element was included to enhance transcript stability and expression 
efficiency. In the viral construct based on the microRNA detargeting strategy, the miRT cassette 
contained four tandem repeats of target sequences for three distinct microRNAs (miR-124, neuron-
specific; miR-223, microglia-specific; miR-338, oligodendrocyte-specific), thereby restricting αSYN 
expression selectively to astrocytes. 
To initially validate cell-type specificity, the green fluorescent protein (GFP) was inserted upstream 
of the miRT sequence as a reporter. The GFP sequence was later replaced with the coding sequence 
of the human SNCAA53T mutant. 
Lentiviral particles (LVs) were produced in 293T cells, packaging replication-incompetent virions 
pseudotyped with vesicular stomatitis virus glycoprotein (VSVg). Briefly, 7.5 × 10⁶ 293T cells were 
plated in a 150 mm Petri dish one day prior to transfection. Cells were transfected using the standard 
calcium chloride (CaCl₂) protocol. After 30 hours, the culture medium was collected, filtered through 
a 0.44 μm cellulose acetate filter, and centrifuged at 50,000 × g for 2 hours at 20 °C to obtain highly 
concentrated lentiviral preparations. 
 
Animals  
 

Eight-week-old male B6;FVB-Tg(Aldh1l1-Cre/ERT2)1Khakh/J, B6.129S4-Ccr2tm1Ifc/J (Ccr2 knock-
out), B6.129(Cg)-Cx3cr1tm1Litt Ccr2tm2.1Ifc/JernJ (Ccr2-RFP/Cx3cr1-GFP) and Rag1tm1Mom 
(Rag1 knock-out) mice were purchased from Jackson Laboratories. Upon arrival, the mice were 
housed at the San Raffaele Hospital animal facility. The mouse lines, originally maintained on mixed 
genetic backgrounds (B6;129 or B6;FVB), were crossed with C57BL/6N mice at our facility, and 
homozygous animals for the targeted allele were selected for experiments. They were maintained 
under a 12 hours dark-light cycle, with controlled temperature (25 °C) and relative humidity (50–
60%) and with free access to food and water. Animals subjected to chronic treatment with 
Pexidartinib (PLX3397) were fed with 3 grams/day of PLX3397 660 ppm diet until sacrifice. All 
experiments were performed in accordance with protocols approved by the internal Institutional 
Animal Care and Use Committee (IACUC, Ospedale San Raffaele mouse facility, Milan, Italy) and 
reported to the Italian Ministry of Health according to the European Commission Council Directive 
2010/63/EU. 
 
Surgery  
 

The surgical procedure was performed under isoflurane anaesthesia, ensuring that mice were 
adequately anesthetized throughout the surgery. Lentiviral vectors (LVs) were bilaterally injected into 
the striatum (STR) at the following coordinates: anterior–posterior (AP) = −0.5 mm, medio–lateral 
(ML) = ±1.8 mm from bregma, and dorso–ventral (DV) = −3.27 mm from the skull surface. A volume 
of 3 μL of LVs was delivered to each hemisphere at a controlled flow rate of 0.5 μL/min. 
 
Immunostaining analysis  
 

Mice were perfused transcardially with freshly prepared 4% paraformaldehyde (PFA) in phosphate-
buffered saline (PBS). Brains were collected and post-fixed overnight at 4 °C. Subsequently, brains 
were cryoprotected in 20% sucrose in PBS, flash-frozen, and sectioned at 50 μm thickness using a 
cryostat. For immunofluorescence analysis, free-floating sections were permeabilized for 10 min in 
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a solution containing 3% H₂O₂ and 10% methanol in PBS, followed by 20 min in 2% Triton X-100. 
After three washes in PBS, sections were incubated for 1 h in blocking solution containing 3% bovine 
serum albumin (BSA) and 0.3% Tween-20 to prevent nonspecific binding. Sections were then 
incubated overnight at 4 °C with the primary antibody diluted in blocking buffer (1% BSA and 0.1% 
Tween-20). The following day, after three PBS washes, sections were incubated for 1 h in the dark 
with the appropriate fluorophore-conjugated secondary antibody and then mounted for imaging. 
For immunohistochemical analysis, after overnight incubation with the primary antibody, sections 
were incubated with a biotinylated secondary antibody, followed by the avidin–biotin complex (ABC) 
reagent (Vector Laboratories, Cat. PK-6100) and developed using a DAB substrate kit (Vector 
Laboratories, Cat. SK-4100). Details of the antibodies used in this study, including their dilutions and 
catalogue numbers, are provided in Supplementary Table 1 of the Supplementary Material. 
 
 
Acquisition and quantification of immunofluorescent images  
 

The immunofluorescence images were acquired with Leica TCS SP8 confocal microscope by using 
x40 or x63 magnification lens. Wide-field images were obtained with Mavig RS-G4 confocal 
microscope. Images were processed by using ImageJ software through blinded assignment of a 
fixed signal threshold for each experimental setup. The measurements were conducted with 
automated analysis run by dedicated macros. To measure the signal colocalization we use JACoP 
Imagej plugin to calculate the Mander’s coefficient. The degree of the overlapping signals has been 
determined by using a fixed threshold values for both channels. The Mander’s coefficient ranges 
between 1, total correlation, and 0, representing a random distribution. 
 
 
Base scope 
 

Mice were perfused with 4% paraformaldehyde (PFA), and brains were post-fixed overnight at 4 °C, 
cryoprotected in sucrose, divided into hemispheres, embedded in OCT, and stored at −80 °C. 
Cryosections (10 μm) were mounted on SuperFrost™ slides, fixed in 4% PFA, dehydrated, treated 
with H₂O₂, and subjected to antigen retrieval (RNAscope™ 1× Target Retrieval Reagent, 99 °C, 8 
min) and permeabilization (RNAscope™ Manual Pretreat Pro, 30 min, 40 °C). 
SNCA transcripts were detected using the BaseScope™ probe BA-Hs-SNCA-No-XMm-2zz-st, with 
BA-Hs-PPIB-3zz and BA-DapB-3zz as positive and negative controls. Hybridization was performed 
for 2 h at 40 °C. Signal amplification and detection were carried out with the BaseScope™ Detection 
Reagent Kit v2 – RED, with two modifications: the seventh amplification step (20 min instead of 30) 
and red chromogen incubation (4 min instead of 10). Sections were then processed for 
immunofluorescence according to the RNAscope™ Multiplex Fluorescent v2 Assay protocol. 
 
Stereological cell counting  
 

A series of five SNpc slices, each 50 μm thick, were collected at regular intervals of 200 μm and 
stained for Tyrosine Hydroxylase (TH). In parallel, for the striatum (STR), a series of six slices with 
a thickness of 50 μm was selected at regular intervals of 300 μm and stained for Tyrosine 
Hydroxylase (TH), CD3 epsilon subunit of the T-cell receptor complex (CD3), CD4 antigen (CD4), 
CD8 antigen alpha chain (CD8a), or ionized calcium binding adaptor molecule 1 (Iba1). Unbiased 
stereological cell counting was performed using a Leica DM400B motorized microscope equipped 
with Stereo Investigator software (MBF Bioscience) at 40x magnification. The optical fractionator 
probe was applied to obtain precise estimates of the total number of TH⁺ cells in the SNpc and CD3⁺, 
CD4⁺, CD8a⁺, or Iba1⁺ cells in the STR. 
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Real-Time PCR  
 

Total RNA was isolated from cells using TRI reagent (Merck) according to the manufacturer’s 
protocol. Then, RNA was reverse transcribed in cDNA with ImProm-II Reverse Transcription System 
(Promega). The Real Time PCR was performed with custom- designed oligos (Supplementary table 
2 in supplementary material section) using Titan HotTaq EvaGreen qPCR Mix (BioAtlas). Expression 
levels were normalized respect to 18S expression and results were reported as the 2−ΔCt.  
 
 
FACS analysis 
 

Striatal tissue was collected, the samples were dissociated using the Adult Brain Dissociation Kit and 
the gentleMACS Octo Dissociator with Heaters (Miltenyi Biotec) according to the manufacturer’s 
instructions while omitting the red blood cell lysis step, cells were stained with a Live/Dead viability 
dye in PBS for 15 min at room temperature (RT), washed with PBS supplemented with 2% FBS 
(PBS-FACS) and incubated with antibodies against CD68, CD80, CD86, LAMP1, CD3, CD4, CD8, 
CD45, CD11b and CD25 (antibodies and dilutions in supplementary table 3 in supplementary 
material section ), surface staining was performed for 15 min at RT in the dark, cells were then fixed 
with 1% PFA in PBS-FACS or permeabilized using the manufacturer’s instructions when required for 
intracellular targets, after washing and centrifugation at 1500 rpm for 5 min the samples were 
acquired and analysed using FlowJo v10(TreeStar). 
 
 

Bulk-RNA sequencing and bioinformatic analysis 
 

Six weeks after LV injection, mice were perfused transcardially with cold saline, and brains were 
collected for cell isolation. The striatal region was manually dissected on ice and immediately 
dissociated using the Adult Brain Dissociation Kit with gentleMACS Octo Dissociator with Heaters 
(Miltenyi Biotec), according to the manufacturer’s instructions. After debris removal, astrocytes of 
interest were isolated by magnetic separation by Anti-ACSA-2 MicroBead Kit (Miltenyi Biotec, cat. 
no. 130-097-679) according to manufacturer’s instructions.Purified astrocytes were subsequently 
lysed in Nucleozol (macherey-nagel; Ref: 740400.250) for the RNA extraction. RNA quality was 
assessed by using a Tape Station instrument (Agilent). To avoid over-representation of 3’ends, only 
high-quality RNA with a RNA Integrity Number (RIN) ≥ 8 was used. RNA was processed according 
to the TruSeq Stranded mRNA Library Prep Kit protocol. The libraries were sequenced on an Illumina 
HiSeq 3000 (controllare nelle mail per sicurezza) with 150bp paired-end reads using Illumina TruSeq 
technology. Image processing and basecall was performed using the Illumina Real Time Analysis 
Software. Paired-end RNA-seq reads were assessed with FastQC and trimmed with Trimmomatic 
v0.39 to remove adapters and low-quality bases, ensuring high-quality reads for downstream 
analysis. Clean reads were aligned to the mouse reference genome (GRCm38.p6, UCSC mm10) 
using STAR v2.5.3a, and gene-level counts were generated with featureCounts v1.6.4. Downstream 
analyses were performed in R. Read counts were normalized and differential expression was tested 
with DESeq2 (Wald test; Benjamini–Hochberg adjustment). Genes with |log2 fold change| ≥ 1 and 
FDR < 0.05 were considered differentially expressed (DEGs). Results were visualized through an 
MA plot to highlight DEGs and a Principal Component Analysis (PCA) performed on the 500 most 
highly variable genes to assess sample clustering and variability. Gene Ontology (GO) over-
representation analysis of significant DEGs was performed with the clusterProfiler package and 
summarized with custom R code. Additional statistical visualizations, such as heatmaps and other 
graphical outputs, were generated in R. 
 
 
 

https://www.google.com/search?q=gentleMACS+Octo+Dissociator+with+Heaters&sca_esv=fc1f47d9dc5800d6&rlz=1C1GCEA_enIT1034IT1034&sxsrf=AE3TifOQg72uj8gBSlpWB4TK__7-zWkpXQ%3A1758110508318&ei=LKPKaIqUE7WI9u8Purr3yA0&ved=2ahUKEwjY4eOF4N-PAxXg87sIHW_6EmcQgK4QegQIARAE&uact=5&oq=octomacs+gentle&gs_lp=Egxnd3Mtd2l6LXNlcnAiD29jdG9tYWNzIGdlbnRsZTIFECEYoAEyBRAhGKABSJQNUOUCWJUMcAF4AZABAJgBb6AB5QSqAQM2LjG4AQPIAQD4AQGYAgigAvYEwgIKEAAYsAMY1gQYR8ICDRAAGIAEGLADGEMYigXCAgUQABiABMICBBAAGB7CAgcQIRigARgKmAMAiAYBkAYDkgcDNy4xoAfaFbIHAzYuMbgH8wTCBwUzLjQuMcgHCw&sclient=gws-wiz-serp&mstk=AUtExfCMFOQlESlewPhVZzCZK7QbCLqZTNpdDWVD-uKjoRIczTnhaNsehyXekyWjhYlzfy29QXa2d-0njx8dHPhfTTdeF-u0SFS2NS2vULTq9hypv3W-gbka7dHXxLJjqDvVlvlcUW6DGZTlYIRGuCVA0LnT27_c8iqHiiDuilwulxrtdnApOD2etKEhtXdWi-OxzxuYgrdb2EvrjidCasWkkk2WxKXDCtfHZCGrNdHmGjQF0h93kQ7RNLFMuqcT5PhFS_jOGbJMgUfQmL7XZAdNouYi&csui=3
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Single-cell RNA sequencing 
 

Mice were perfused transcardially with cold saline, and brains were rapidly extracted. The striatal 
region was manually dissected on ice and immediately processed for single-cell isolation. Tissue 
was dissociated using the Adult Brain Dissociation Kit with gentleMACS Octo Dissociator with 
Heaters (Miltenyi Biotec), following the manufacturer’s protocol. Cell suspensions were first stained 
with Live/Dead Nir (Thermofisher, cat no. L34994) to exclude dead cells, followed by incubation with 
anti-CD45 (BD Biosciences, cat. no. 563890) and CD11b (Thermofisher, cat no. 12-0112-83). CD45⁺ 
cells were sorted on MACSQuant Tyto Cell Sorter (Miltenyi Biotec) and collected in PBS containing 
0.04% BSA for downstream processing. Single-cell suspensions were encapsulated in droplets 
using the Chromium Single Cell 3′ Solution v3.0 (10x Genomics), and cDNA libraries were prepared 
according to the manufacturer’s Single Cell 3′ Reagent Kits User Guide (v3.0). Libraries were 
sequenced on a NovaSeq 6000 system (Illumina) at a minimum depth of 50,000 reads per cell. 
 
Bioinformatics analysis Single-cell RNA sequencing 
 

Sequencing quality was assessed using FastQC v0.12.1 (Andrews, 2010), and results were 
aggregated with MultiQC v1.28 (Ewels et al., 2016). Raw reads were aligned, gene expression 
quantified, and cell barcodes called using Cell Ranger v9.0.1 from 10X Genomics (Zheng et al., 
2017), mapping to the Mm39 reference genome annotated with Gencode M37 (Mudge et al., 2025), 
supplemented with the human SNCA gene. Across the two samples, 71% of reads were confidently 
mapped to the genome. Downstream analysis was carried out using Seurat v5.2.0 in R (Hao et al., 
2024). Samples were processed separately before integration. Low-quality cells were removed by 
filtering out those with <500 features or <500 UMI counts, as well as cells with >5000 features to 
exclude potential multiplets. Cells with mitochondrial gene content >15% were also excluded. After 
filtering, 9347 and 9194 cells remained in the Astro-A53TαSYN and PLX3397-Astro-A53TαSYN 
samples, respectively. 
Data were log-normalized, and the top 2000 variable genes were selected using the VST method. 
The data were then scaled and subjected to Principal Component Analysis (PCA). Based on the 
elbow plot, the top 20 principal components were used for downstream analysis. Integration was 
performed using the Robust PCA (RPCA) approach. Unsupervised clustering was applied using the 
shared nearest neighbor method via Seurat’s FindNeighbours and FindClusters functions at a 
resolution of 2.2. Clusters were visualized with UMAP. 
Marker genes were identified using FindAllMarkers and FindMarkers (Wilcoxon test). Cell-cell 
communication analysis was conducted using CellChat v2 (Jin et al., 2025), following the 
comparative workflow and excluding endothelial cells unique to the PLX3397-Astro-A53TαSYN 
sample. Communication probabilities and centrality scores were inferred, with condition differences 
tested using a paired Wilcoxon test. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

https://www.google.com/search?q=gentleMACS+Octo+Dissociator+with+Heaters&sca_esv=fc1f47d9dc5800d6&rlz=1C1GCEA_enIT1034IT1034&sxsrf=AE3TifOQg72uj8gBSlpWB4TK__7-zWkpXQ%3A1758110508318&ei=LKPKaIqUE7WI9u8Purr3yA0&ved=2ahUKEwjY4eOF4N-PAxXg87sIHW_6EmcQgK4QegQIARAE&uact=5&oq=octomacs+gentle&gs_lp=Egxnd3Mtd2l6LXNlcnAiD29jdG9tYWNzIGdlbnRsZTIFECEYoAEyBRAhGKABSJQNUOUCWJUMcAF4AZABAJgBb6AB5QSqAQM2LjG4AQPIAQD4AQGYAgigAvYEwgIKEAAYsAMY1gQYR8ICDRAAGIAEGLADGEMYigXCAgUQABiABMICBBAAGB7CAgcQIRigARgKmAMAiAYBkAYDkgcDNy4xoAfaFbIHAzYuMbgH8wTCBwUzLjQuMcgHCw&sclient=gws-wiz-serp&mstk=AUtExfCMFOQlESlewPhVZzCZK7QbCLqZTNpdDWVD-uKjoRIczTnhaNsehyXekyWjhYlzfy29QXa2d-0njx8dHPhfTTdeF-u0SFS2NS2vULTq9hypv3W-gbka7dHXxLJjqDvVlvlcUW6DGZTlYIRGuCVA0LnT27_c8iqHiiDuilwulxrtdnApOD2etKEhtXdWi-OxzxuYgrdb2EvrjidCasWkkk2WxKXDCtfHZCGrNdHmGjQF0h93kQ7RNLFMuqcT5PhFS_jOGbJMgUfQmL7XZAdNouYi&csui=3
https://www.google.com/search?q=gentleMACS+Octo+Dissociator+with+Heaters&sca_esv=fc1f47d9dc5800d6&rlz=1C1GCEA_enIT1034IT1034&sxsrf=AE3TifOQg72uj8gBSlpWB4TK__7-zWkpXQ%3A1758110508318&ei=LKPKaIqUE7WI9u8Purr3yA0&ved=2ahUKEwjY4eOF4N-PAxXg87sIHW_6EmcQgK4QegQIARAE&uact=5&oq=octomacs+gentle&gs_lp=Egxnd3Mtd2l6LXNlcnAiD29jdG9tYWNzIGdlbnRsZTIFECEYoAEyBRAhGKABSJQNUOUCWJUMcAF4AZABAJgBb6AB5QSqAQM2LjG4AQPIAQD4AQGYAgigAvYEwgIKEAAYsAMY1gQYR8ICDRAAGIAEGLADGEMYigXCAgUQABiABMICBBAAGB7CAgcQIRigARgKmAMAiAYBkAYDkgcDNy4xoAfaFbIHAzYuMbgH8wTCBwUzLjQuMcgHCw&sclient=gws-wiz-serp&mstk=AUtExfCMFOQlESlewPhVZzCZK7QbCLqZTNpdDWVD-uKjoRIczTnhaNsehyXekyWjhYlzfy29QXa2d-0njx8dHPhfTTdeF-u0SFS2NS2vULTq9hypv3W-gbka7dHXxLJjqDvVlvlcUW6DGZTlYIRGuCVA0LnT27_c8iqHiiDuilwulxrtdnApOD2etKEhtXdWi-OxzxuYgrdb2EvrjidCasWkkk2WxKXDCtfHZCGrNdHmGjQF0h93kQ7RNLFMuqcT5PhFS_jOGbJMgUfQmL7XZAdNouYi&csui=3
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Supplementary materials 
 

 
 
Figure S1. Characterization and validation of LV:Astro constructs in the mouse striatum.  
(A) Representative immunofluorescence images showing GFP⁺ cells (green) co-stained with astrocytic 
(GFAP), neuronal (TH, CTIP2) and microglial (IBA1) markers (red) in striatal sections of Aldh1l1-CreERT2; Ai9 
mice. Merged channel (right) demonstrate specific co-localization of astrocytic markers (GFAP⁺) with tdT+ 
cells. Scale bar: 25 μm. (C) Confocal images of striatal sections showing colocalization of GFP with astrocytic 
(tdT, GFAP), microglial (IBA1) and neuronal (TH) markers. Right panels: magnified views of the dashed boxes. 
Scale bar: 25 μm. (D) Percentage of GFP⁺ cells expressing astrocytic, microglial or neuronal markers.	
Quantification showing preferential targeting of astrocytes. Values are expressed as %MOC ± SEM (Mander’s 
Overlap Coefficient, MOC). (E) Immunofluorescence for CD3 in striatal sections of mice injected with LV:Astro-
GFP or LV:Astro-Mock (6 w.p.i). Scale bar: 25 μm. (F) Unbiased stereological count of striatal CD3+ cells in 
LV:Astro-GFP or LV:Astro-Mock injected mice. Data are expressed as mean ± SEM. Statistical analysis: 
Unpaired t test; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. (G) Representative immunohistochemistry 
image for Sox9 in striatal sections following LV:Astro-A53TαSYN injection (n= 4-6 striata) (H) Unbiased 
stereological count of Sox9+ cells in the striatum of LV:Astro-A53TαSYN- and control-injected mice. Statistical 
analysis: Unpaired t test; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.  
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Figure S2. Cell-type specific accumulation of α-Synuclein following astrocytic A53T over-expression.  
(A) Representative immunofluorescence images of striatal section of LV:Astro-A53TαSYN-injected mice, 
stained for hαSYN (red) together with tdT, used as astrocytic reporter, IBA1, a microglial marker, and TH, a 
marker of dopaminergic neurons (green); areas where the signals overlap appears yellow in the merged 
images. Scale bar: 25μm. (Β) Occupied area of hαSYN staining in the STR across the different experimental 
conditions. n = 4 striata. Data are expressed as % area ± SEM. Statistical analysis: Unpaired t test; *P < 0.05; 
**P < 0.01; ***P < 0.001; ****P < 0.0001. (C) Quantitative assessment of the percentage of hαSYN+ cells 
colocalizing with GFAP, IBA1 and TH. n = 3 independent experiments. Values are expressed as %MOC ± SEM 
(Mander’s Overlap Coefficient, MOC). Statistical analysis: one-way ANOVA followed by Tukey’s multiple 
comparison test; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. (D) High resolution representative 
immunostaining for NeuN (red) and pSYN (green) showing pSYN accumulation in Neun+ neurons (yellow). 
Scale bar: 25μm. (E) IBA1 (green) and pSYN (red) immunostaining showing the presence of pSYN deposits 
inside microglia. Enlargements of the boxed areas are shown on the right. Scale bar: 25μm. hαSYN/αSYN: 
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human monomeric α-Synuclein; STR: striatum; pSYN: phosphorylated α-Synuclein; tdT: tdTomato 
fluorescence expressed in astrocytes of Aldh1l1-CreERT2; Ai9 mice following tamoxifen-induced 
recombination. 
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Figure S3. Transcriptomic profiling of the striatal astrocytes following LV:Astro-A53TαSYN injection. 
(A) Principal component analysis (PCA) of bulk RNA-seq data from striatal tissue of mice injected with 
LV:Astro-A53TαSYN (SNCA, red, n = 3) or LV:Astro-Mock (WT, blue, n = 3) showing a clear segregation along 
the first principal component (44% of variance) indicating a profound transcriptional impact of astrocytic A53T 
αSYN overexpression. (B) MA plot showing the relationship between log2 fold change and mean of normalized 
counts for differential expression analysis results between SNCA and WT samples (DESeq2). Significantly 
dysregulated genes (FDR < 0.05, |log₂ fold change| ≥ 1) are shown in blue. (C) Biological Process over-
representation analysis (ORA) of differentially expressed genes (SNCA vs WT). Each dot represents an 
enriched biological process term; dot size indicates the Gene Ratio (fraction of query genes annotated to the 
term) and dot colour represent the FDR-adjusted P value, revealing robust activation of cytokine-mediated 
signalling in LV:Astro-A53TαSYN versus control striata, including type-I interferon and tumour necrosis factor 
responses, chemokine production, ERK1/2 cascade modulation, and positive regulation of inflammatory 
cytokines (enrichment score >2.3; adjusted p < 0.001 for the top 10 terms). (D) Gene Ontology (GO) 
enrichment analysis of the 1,327 significantly upregulated genes (FDR < 0.05; log₂ fold change ≥ 1). Dot size 
indicates the number of enriched genes (Count), dot colour represents the FDR-adjusted P value, and the x-
axis shows the GeneRatio. highlights pathways linked to immune effector regulation, lymphocyte-mediated 
cytotoxicity and leukocyte adhesion. SNCA: astrocyte from LV:Astro-A53TαSYN-injected mice; WT: astrocytes 
from LV:Mock-injected mice. 
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Figure S4.  microRNA detargeting strategy to achieve astrocyte-specific expression. (A) Schematic 
representation of LV:Astro-GFP and LV:Astro-A53TαSYN vectors containing astrocyte-specific miRNA target 
sequences (miR-124, miR-338, miR-223) under the EF1α promoter. (B) Immunofluorescence analysis of 
striatal sections injected with LV:miRTag-Astro-GFP, stained for GFP (green) and GFAP, IBA1 or TH (red) 
markers. Enlarged views of the boxed regions are shown on the right.  Scale bar: 25μm (C) Quantification of 
cell-type specificity of LV:Astro-GFP based on miRNA target sequences, showing high tropism for astrocytes. 
Values are expressed as %MOC ± SEM (Mander’s Overlap Coefficient, MOC). 
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Figure S5. Single-cell transcriptomic profiling in PLX3397 treated and untreated mice. (A) Quality control 
metrics of single-cell RNA-seq data post-filtering, showing the distribution of detected genes per cell 
(nFeature_RNA), total UMI counts (nCount_RNA), mitochondrial content (percent.mt), and ribosomal content 
(percent.ribo) across identified clusters. (B) UMAP visualization of captured cells from striatal tissue of mice 
injected with LV:Astro-A53TαSYN (SNCA) or in combination with PLX3397 treatment (SNCA + PLX). Cells are 
color-coded by Seurat cluster identity generated with a resolution of 2.2 (C) Proportional representation of 
major cell types across SNCA and SNCA + PLX3397 samples, revealing shifts in cellular composition between 
experimental groups. (D) Heatmap of the relevant expressed marker genes (rows) across cell populations 
(columns), highlighting cluster-specific transcriptional signatures and validating the identity of the various cell 
types. 
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Figure S6. Microglial depletion reshapes myeloid activation and inflammatory responses in the 
striatum of Astro-A53TαSYN mice. (A) Flow-cytometry (FACS) analysis of striatal tissue from mice injected 
with LV:Astro-A53TαSYN, either untreated or treated with PLX3397. Representative histogram and 
quantification of MHCII expression (mean fluorescence intensity, MFI) on myeloid cells in the two groups. Data 
are expressed as % mean ± SEM. Statistical analysis: Unpaired t test; *P < 0.05; **P < 0.01; ***P < 0.001; 
****P < 0.0001.  (B) Representative histogram and quantification of TNFα expression, shown as mean 
fluorescence intensity (MFI) and percentage of TNFα⁺ myeloid cells, in the two groups. Data are expressed as 
% mean ± SEM. Statistical analysis: Unpaired t test; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.  (C) 
Representative FACS contour plots and quantification of CD80⁺CD86⁺ myeloid  cells from the STR of LV:Astro-
A53TαSYN-injected mice treated or untreated with PLX3397. Bar graph shows the percentage of 
CD80⁺CD86⁺ cells among myeloid cells. n = 3. Data are expressed as % mean ± SEM. Statistical analysis: 
Unpaired t test; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. D) Representative immunofluorescence 
images of STR sections stained for IBA1 (green), CD68 (red), and pSYN (blue), showing PLX-MΦ engulfment 
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of pSYN aggregates. Scale bar: 25 µm. (E) Confocal images of IBA1 (green) and MHCII (red) illustrating MHCII 
expression in PLX-MΦ. Scale bar: 25 µm. (F) Representative immunofluorescence images showing CXCR1 
(green), CCR2 (red), and F4/80 (magenta) in striatal sections from LV:Astro-Mock (control), LV:Astro-
A53TαSYN, and LV:Astro-A53TαSYN + PLX3397 mice. Insets (right) show co-localization of CXCR1 or CCR2 
with F4/80⁺ microglia, highlighting changes in expression and recruitment across groups. Scale bars, 25 µm. 
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Figure S7. Microglia depletion reshapes the brain immune compartment. (A) Representative 
CD45/CD11b contour plots of total brain CD45⁺ cells from Astro-A53TαSYN (left) and Astro-A53TαSYN + 
PLX3397 (right) group. Gates identify microglia (CD45⁺CD11b⁺), infiltrating myeloid cells (CD45⁺ CD11bInt), 
and lymphocytes (CD45⁺CD11b⁻). (B) Stacked bar graph showing the composition of the CD45⁺ compartment 
by category (microglia, myeloid, lymphoid) in the two groups. Bars display mean ± SEM. (C) Representative 
CD4 vs CD8 plots gated on CD45⁺CD11b⁻ lymphocytes. Quadrants denote CD8⁺, CD4⁺ and double positive 
(DP, CD4⁺CD8⁺) subsets. (D) Quantification of CD4⁺ cells among CD45⁺ lymphocytes. Data are expressed as 
mean ± SEM. Statistical analysis: unpaired t test; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 
(E)  Quantification of CD8⁺ cells among CD45⁺ lymphocytes for each mouse. Data are expressed as mean ± 
SEM. Statistical analysis: unpaired t test; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001.  (F) Overlaid 
histograms showing intracellular IFN-γ levels in CD8⁺ brain lymphocytes from the two groups. The bracket 
indicates the region used to calculate mean fluorescence intensity (MFI). (G) Quantification of IFN-γ 
MFI in CD8⁺ lymphocytes for each group. Data are expressed as mean ± SEM. Statistical analysis: unpaired 
t test; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. 
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Figure S8. Microglia and lymphocyte evaluation across murine lines. (A) Representative confocal images 
from striatal sections immunostained for IBA1 (green) and CD68 (red), with merges shown at right. Rows 
display Aldh1l1-CreERT2 and Ccr2⁻/⁻ mice under the LV:Astro-A53TαSYN condition. Scale bar: 25μm.  
(B) Occupied area of IBA1 staining (green) in the STR across the different experimental groups. n = 3-6 striata. 
Data are presented as means ± SEM and were analysed using Two-way ANOVA followed by Tukey’s multiple 
comparison *P < 0.01; ***P < 0.001; ****P < 0.0001. (C) Occupied area of CD68 staining (red) in the STR 
across the different experimental groups. n = 3-6 striata. Data are presented as means ± SEM and were 
analysed using Two-way ANOVA followed by Tukey’s multiple comparison *P < 0.01; ***P < 0.001; ****P < 
0.0001. (D) Unbiased stereology count of CD4+ T cells in the STR 6 weeks after injection. n = 4 striata. 
Statistical analysis by Two-way ANOVA followed by Tukey’s multiple comparison test. (E) Unbiased stereology 
count of CD8+ T cells in the STR 6 weeks after injection. n = 4 striata. Statistical analysis by Two-way ANOVA 
followed by Tukey’s multiple comparison test. 
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Figure S9. Microglial depletion and immune modulation influence nigral degeneration and α-Synuclein 
burden. (A) Representative coronal midbrain sections immunostained for TH showing the SNpc in the 
different experimental groups. (B) Unbiased stereology count of TH+ cells in the SNpc of the different 
experimental groups. n=4-12. Statistical analysis: two-way ANOVA followed by Tukey’s multiple comparison 
test; *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001. (C) Occupied area of pS129αSYN staining in the STR 
across the different experimental groups. n = 3-7 striata. Data are presented as means ± SEM and were 
analysed using Two-way ANOVA followed by Tukey’s multiple comparison *P < 0.01; ***P < 0.001; ****P < 
0.0001. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 83 

 
Supplementary table 1 
 

 
 
 
 
 
 
 
 

Type Antibody  Catalogue number Working dilution Company  
     

Primary  
antibody  

Anti-CD3 MCA-1477 1:1000 Bio-Rad Laboratories 
 

Anti-CD4 AB183685 1:100 Abcam 
 

Anti-CD8 BK98941T 1:100 Cell signalling  
 

Anti-CD13 AF2335 1:150 RnD 
 

Anti-CD68 AB53444 1:1000 Abcam 
 

Anti-CTIP2 AB18465 1:300 Abcam 
 

Anti-GFAP Z0334 1:1000 Agilent 
 

Anti-GFAP 13-0300 1:1000 Thermo Fisher Scientific 
 

Anti-GFP A10262 1:1000 Thermo Fisher Scientific 
 

Anti-IBA 019-19741 1:1000 Fujifilm Wako 
 

Anti-IBA 234009 1:1000 Synaptic Systems  
 

Anti-NeuN AB104225 1:1000 Abcam 
 

Anti-human-Syn 180215 1:100 Thermo Fisher Scientific 
 

Anti-phosphorylated-Syn AB51253 1:1000 Abcam 
 

Anti-Sox9 AB5535 1:1000 Sigma-Aldrich 
 

Anti-TH AB76442 1:1000 Abcam      
     

Secondary 
antibody  

488 anti-Chicken A11039 1:500 Thermo Fisher Scientific 
 

488 anti-Rabbit A21206 1:500 Thermo Fisher Scientific 
 

488 anti-Rat A11006 1:500 Thermo Fisher Scientific 
 

546 anti-Chicken A11040 1:500 Thermo Fisher Scientific 
 

546 anti-Mouse A10036 1:500 Thermo Fisher Scientific 
 

546 anti-Rabbit A10040 1:500 Thermo Fisher Scientific 
 

546 anti-Rat A11081 1:500 Thermo Fisher Scientific 
 

647 anti-Chicken A21449 1:500 Thermo Fisher Scientific 
 

647 anti-Mouse A31571 1:500 Thermo Fisher Scientific 
 

647 anti-Rabbit A31573 1:500 Thermo Fisher Scientific 
 

647 anti-Rat A21247 1:500 Thermo Fisher Scientific 
     

     

Biotinylated 
antibody  

Anti-Chicken BA-9010 1:500 Vector Laboratories 
 

Anti-Rabbit BA-1000 1:500 Vector Laboratories 
 

Anti-Rat BA-4000 1:500 Vector Laboratories 
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Supplementary table 2 
 
 

Gene        Forward primer      Reverse primer 
Ccl2 TCACCAGCAAGATGATCCCA CAGCACAGACCTCTCTCTTGA 
Ccl5 CCCTCACCATCATCCTCACT CACTTGCTGCTGGTGTAGAA 
Ccl8 TCTACGCAGTGCTTCTTTGCC AAGGGGGATCTTCAGCTTTAGTA 
Cxcl10 CCAAGTGCTGCCGTCATTTTC GGCTCGCAGGGATGATTTCAA 
Gbp2 GGAGGAGCTGTGTGGTGAAT TATCTGGGCCAAAGTCAGCA 
Ligp1 GGGTGGGTCTCATGTGAAGA ACAGCTGACCCATGACTTCA 
Psmb8 TGGTCATGGCGTTACTGGAT CAAAGGACCTCAGGAATGCG 
Serping1 TCAGTGGCCAATGGAAGACT CGATGAACATGCTGAGGGTG 

 
 
 
 
 
 
Supplementary table 3 
 
 
Type Antibody  Conjugated dye Cat. number Company  
     

Flow Cytometry Antibody Anti-CD3e Real Blue 705 570560 BD Pharmingen 
 

Anti-CD4 Real Yellow 703 571449 BD Horizon 
 

Anti-CD8a Brilliant Violet 711 100759 Biolegend 
 

Anti-CD11b PE-Fire 810 101285 Biolegend 
 

Anti-CD45 Brilliant UltraViolet 395 564279 BD Bioscience 
 

Anti-CD68 PE-Cy7 137015 Biolegend 
 

Anti-CD80 PE-Dazzle 594 104738 Biolegend 
 

Anti-CD86 Real Blue 613 759079 BD Bioscience 
 

Anti-CD107a (Lamp1) Alexa Fluor 700 121628 Biolegend 
 

Anti-IFNg Brilliant Violet 421 505830 Biolegend 
 

Anti-MHCII  PE-Cy7 25532180 eBio 
 

Anti-TNFa Brilliant Violet 650 563943 BD Bioscences 
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4. SUMMARY AND CONCLUSIONS 

This doctoral work provides a comprehensive dissection of the pathogenic contribution of astrocytes 
to PD, with particular emphasis on αSYN accumulation as a trigger of neurodegeneration and 
immune activation. Through the selective overexpression of human αSYN in striatal astrocytes, this 
research reveals a pivotal, autonomous role of astrocytic pathology in orchestrating 
neuroinflammatory cascades and dopaminergic neuron loss, thus disentangle the role of these cells 
in PD pathogenesis. 
The study demonstrates that astrocytic αSYN accumulation is per se sufficient to induce a robust 
reactive phenotype in astrocytes, characterized by the upregulation of A1-like genes (such as Gfap, 
Serping1, and Gbp2) and the activation of pro-inflammatory signalling pathways involving type I 
interferons, TNF, and IL-6 (Liddelow and Barres, 2017). This transcriptional reprogramming is 
accompanied by a marked increase in chemokine production (Ccl2, Ccl5, Ccl8, Cxcl10), creating a 
neuroimmune milieu conducive to the recruitment of peripheral immune cells. In parallel, astrocytic 
αSYN overexpression leads to extensive microglial activation, pS129αSYN accumulation, and the 
infiltration of CD4⁺ and CD8⁺ T lymphocytes into the brain parenchyma, hallmarks that faithfully 
recapitulate human PD neuropathology. These findings position astrocytes as active participants in 
neuroinflammation and immune cell recruitment rather than mere passive responders. 
A central question addressed in this thesis concerns the interdependence between astrocytic and 
microglial responses. By employing chronic microglial ablation with the CSF1R inhibitor PLX3397, 
the study demonstrates that T cell infiltration persists even in the absence of microglia, revealing a 
microglia-independent capacity of astrocytes to orchestrate adaptive immune engagement. 
Remarkably, microglial depletion not only failed to exacerbate pathology but instead mitigated 
dopaminergic neuron loss and reduced αSYN aggregate burden, highlighting the dual and context-
dependent role of microglia in both propagating and constraining neurodegeneration. This 
observation underscores a paradigm shift: microglia are not merely neuroprotective scavengers but 
can, under specific inflammatory contexts, amplify astrocyte-driven toxicity. 
Single-cell RNA sequencing further elucidated the profound reorganization of the brain’s immune 
landscape following microglial depletion. The emergence of a transcriptionally distinct macrophage 
subset (PLX-MΦ), endowed with reparative and phagocytic properties, reveals a compensatory 
immune mechanism capable of mitigating αSYN pathology. PLX-MΦ express high levels of Arg1, 
Mrc1, Chil3, Igf1, and Tgfb1, together with autophagy- and phagocytosis-related genes (Lamp1, 
Cd68, Mfge8, Mertk), defining a functional program of enhanced proteostasis and tissue repair. In 
contrast, macrophages from control group retained a pro-inflammatory, M1-like transcriptional profile 
enriched for Nos2, Ccl3, Tnf and Cxcl10, indicative of sustained neuroinflammatory potential.  
Confocal imaging confirmed the presence of these cells in proximity to αSYN aggregates and 
revealed a reduced aggregate burden, suggesting their involvement in debris clearance and a 
consequent decrease in neuronal vulnerability. Flow cytometric analysis further revealed an 
increased proportion of CD68⁺LAMP1⁺ infiltrating myeloid cells in PLX3397-Astro-A53TαSYN mice 
compared with controls, indicating their enhanced lysosomal and phagocytic activity. 
Beyond their phagocytic competence, PLX-MΦ exhibited pronounced immunomodulatory activity. 
Transcriptomic profiling revealed the upregulation of Spp1, Axl, Lgals9, and Tgfb1, consistent with a 
tolerogenic, T cell–suppressive phenotype. Correspondingly, CD8⁺ T cells isolated from PLX-treated 
brains displayed an exhaustion signature, with increased expression of inhibitory receptors (Pdcd1, 
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Ctla4, Lag3, Tigit) and decreased effector cytokine production. These findings indicate that the 
macrophage population emerging upon microglial depletion exerts a dual function: it promotes 
proteostatic clearance while simultaneously attenuating detrimental adaptive immune responses, 
collectively fostering a neuroprotective microenvironment. 
To disentangle the non-redundant contributions of resident and infiltrating myeloid cells, the study 
further employed Ccr2⁻/⁻ and Rag1⁻/⁻ mouse lines. The absence of CCR2⁺ monocytes exacerbated 
αSYN accumulation and dopaminergic neuron loss when combined with microglial ablation, 
underscoring the cooperative role of peripheral macrophages in sustaining clearance mechanisms. 
Conversely, the lack of T cells conferred significant neuroprotection, confirming that lymphocytic 
infiltration is a crucial effector of astrocyte-induced neurotoxicity. Together, these data delineate a 
fine-tuned balance between inflammatory amplification and repair processes within the CNS, 
orchestrated by the dynamic interplay among astrocytes, microglia, macrophages, and lymphocytes. 
From a conceptual standpoint, this work advances three major conclusions. First, astrocytic αSYN 
pathology constitutes an autonomous and sufficient trigger of neuroinflammation and 
neurodegeneration, independent of neuronal αSYN expression. Second, the immune landscape of 
the PD brain is profoundly plastic, capable of undergoing functional reprogramming in response to 
microglial depletion, with infiltrating macrophages assuming protective roles that counterbalance 
inflammation and promote αSYN clearance. Third, macrophage-centered reprogramming emerges 
as a promising therapeutic strategy: rather than targeting neurons directly, interventions aimed at 
shifting macrophages toward homeostatic, reparative states could restore immune balance, enhance 
αSYN clearance, and slow disease progression. In sum, this thesis provides compelling evidence 
that Parkinson’s disease should be reinterpreted as a multicellular disorder in which astrocytes act 
as key regulators of neuroinflammation. The integration of bulk and single-cell transcriptomics, 
immunohistochemical mapping, and pharmacological manipulations reveals an intricate network of 
cell–cell communication underlying αSYN-driven pathology. By demonstrating that macrophage-
mediated clearance and immune exhaustion can mitigate astrocyte-induced neurotoxicity, this 
research opens new perspectives for therapeutic intervention, shifting the focus toward immune 
reprogramming.  Ultimately, these findings lay the groundwork for a new paradigm of PD 
pathogenesis, one in which the balance between inflammation, clearance, and immune tolerance 
determines the trajectory of neurodegeneration. 
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