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Extensive studies of α-synuclein function and dysfunction revealed its involvement
in multiple normal and aberrant molecular processes and, consequently, numerous and
diverse effects on the neuronal cell biology. The other two members of this family, namely
β-synuclein and γ-synuclein, have also drawn increasing attention from researchers and
clinicians over the past few years, but their roles in homeostasis and pathology of the
nervous system are still poorly understood. Due to a high level of amino acid sequence
homology, all three members of the synuclein family share many physicochemical properties.
They also have overlapping patterns of intracellular localisation and expression throughout
the nervous system. Taken together, these similarities point towards a possible functional
redundancy within this family. However, each synuclein has its unique, i.e., unshared
with the other two synucleins, functions, and in the context of certain cellular mechanisms
and pathways, functions of these family members could be antagonistic rather than syn-
ergistic [1–3]. Therefore, it is important to contemplate the synuclein family as a conjoint
protein system with a dynamic mode of functioning that requires fine tuning and balance to
efficiently modulate the physiological processes these proteins are involved in. Moreover,
dysfunction of the coordinated network of synucleins could trigger or critically contribute
to the formation of pathomechanisms that lead to the development of certain neurological
disorders. The number of research papers on synucleins that have been published since
their discovery around 25 years ago has already exceeded 16,000. The articles published
in the Special Issue “Recent Advances in Understanding of the Role of Synuclein Family
Members in Health and Disease” add further value to this vast collection by addressing
several aspects of synuclein biology and pathology, some of which are not in the main-
stream of current research. The involvement of synucleins, particularly α-synuclein, in the
pathogenesis of protein misfolding diseases (proteinopathies) has been the most thoroughly
studied and well documented stream of data. The comprehensive review by A. Surguchov
et al. [4] summarises the latest progress and main trends in research on the molecular mech-
anisms of synucleinopathies, a group of neurodegenerative diseases associated with the
malfunction of synucleins. The current focus remains on the scrutinising processes of the
pathogenic α-synuclein accumulation, aggregation, and formation of transmissible species
that drive the aggregation pathology spreading across the nervous system. The authors of
this review also covered the relatively recent studies that demonstrated the critical of role of
epigenetics in the development of a synuclein-driven pathology. In vitro cellular models
of synuclenopathies still remains a powerful tool for studying pathogenic fibrillation due
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to their throughput and fewer ethical issues faced. The capacity of this approach has been
significantly reinforced through the advent of pluripotent stem cells and the ability to create
mini brains in a dish. Katrina Albert and colleagues describe, in their review, how data that
have been produced on various cellular models, such as immortalised cell lines, primary
neurons, human-induced pluripotent stem cells (hiPSCs), blood–brain barrier models, and
brain organoids, have substantially widened our knowledge of the mechanisms underlying
synuclein aggregation and confirmed the crucial role of certain types of pathogenic fibrils in
the triggering and transmission of proteinopathy from cell to cell, thereby allowing disease
spread [5]. Several potentially important factors that could affect α-synuclein aggregation
propensity have been recently identified. For example, α-synuclein fibrillation could be
promoted through the receptor-binding domain of SARS-CoV-2 proteins [6]. Researchers
have confirmed the formation of complexes between the receptor-binding domain (RBD) of
the viral S-protein and the α-synuclein monomer following the immobilisation of RBD on
its specific receptor ACE2. Several spectral approaches were used to produce novel data on
the kinetics of amyloid fibril formation, which strongly suggested that the RBD prevents the
amyloid transformation of α-synuclein. Moreover, the fibrils obtained in the presence of the
RBD exhibited a significantly lower level of cytotoxicity on SH-SY5Y neuroblastoma cells.

It is well known that synucleins are involved in the regulation of dopamine homeosta-
sis [3,7–10]. The latest research revealed and delineated their role in the optimisation of
dopamine uptake through synaptic vesicles and suggested that β-synuclein, rather than
α-synuclein, potentiates this uptake [1,11]. These were discussed in connection with the
different sensitivity of various synuclein deficient mouse models to MPTP toxicity [12]. In
this review, the authors analysed available published data on how single, double, and triple
knockouts of synuclein family members affect animal sensitivity to MPTP toxicity and
attempted to explain the impact of α-, β-, and γ-synuclein on the mechanisms of MPTP and
its active derivate, MPP+, toxicity on dopaminergic neurones. These authors also proposed
a mechanistic explanation of why and how α-synuclein knockout mice demonstrated an
increased resistance to MPTP, whereas the absence of β-synuclein attenuated this effect.

Consequences of the deletion of one or more synuclein genes and the resulting dis-
balance of these synucleins could manifest themselves in varied ways and modify certain
physiological functions in model mice. For instance, Vorobyov et al. observed changes
in electrical activity in the brains of synuclein knockout mice as their frequency spectra
of electroencephalograms (EEGs) were being recorded [13]. EEGs were recorded from
the motor cortex, the putamen, the ventral tegmental area, and the substantia nigra in
mice lacking α-, β-, and γ-synucleins in all possible combinations, including completely
synuclein-free triple knockout animals. Additionally, changes in the EEGs of these mice
were assessed following the systemic injection of a DA receptor agonist, apomorphine
(APO). The obtained data clearly demonstrated that it was not the absence of any particular
synuclein, but rather that a disbalance of synucleins caused widespread changes in the
EEG spectral profiles. Research by Kokhan et al. focused on studying the engagement
of α-, β-, and γ-synucleins in mechanisms of craving for alcohol and developing alcohol
dependence [14]. They described changes in the levels of expression in genes encoding for
synucleins in the hippocampus and midbrain of alcohol-consuming male and female rats.
Moreover, these authors revealed the sex-related differences in α-synuclein levels in the
brains of adult rats that have been exposed to alcohol prenatally.

Due to the direct involvement of α-synuclein in the aetiology and pathogenesis of
Parkinson’s disease, changes in the brain dopamine system are the main target for studies
of pathological conditions caused by the malfunction of synucleins. However, the brain
serotonin system is also affected by lesions in the synuclein network, and this could further
exacerbate the patient’s health decline caused by problems with dopaminergic transmission.
The serotonin pathways regulate mood and emotions, and therefore dysfunction of this
system is crucial for the occurrence of certain non-motor symptoms in Parkinson’s disease
patients at all stages of the disease progression, including in its very early stages, when
a confident diagnosis is problematic. Consequently, better insight into how synuclein
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pathology affects the function of serotoninergic neurons is important for the development
of novel therapeutic approaches for the treatment of non-motor symptoms that significantly
affect patients’ quality of life. The most recent review by Miquel-Rio et al. summarised the
latest progress and current knowledge about the involvement of α-synuclein in regulat-
ing serotonin system function in the context of health and disease [15]. The importance
underlying the careful evaluation of non-motor symptoms, along with a multimodal MRI
analysis, for assessing changes in brain function and managing patients with Parkinson’s
disease and dementia with Lewy bodies, the two most common synucleinopathies, was
also emphasised in the multimodal imaging study by Lucas-Jiménez et al. [16].

γ-synuclein is a well-known marker of certain types of malignant tumours; although,
its association with neuronal pathology is less obvious than for the other two members
of the family. However, increased levels of γ-synuclein expression in neurons causes its
pathological aggregation and the development of severe neuronal pathology in transgenic
mice [17–19]. Thus, it is feasible that a compensatory increase in γ-synuclein expression
following the functional depletion of α- or/and β-synucleins could contribute to the
nervous system malfunctioning. This may be linked to the appearance of autoantibodies
against this protein in the CSF and peripheral blood of patients with certain disorders.
For example, its expression and localisation are changed in the retina and optic nerves in
patients with glaucoma. Moreover, Pavlenko et al. assessed the presence of autoantibodies
to γ-synuclein in the blood serum of patients with primary open-angle glaucoma (POAG),
and they have detected them in 20% of patients. Using γ-synuclein knockout mice as a
model, they confirmed that γ-synuclein dysfunction contributes to pathological processes
in glaucoma, including the dysregulation of intraocular pressure [20]. This is in accordance
with the results of earlier studies that suggested the particular vulnerability of the visual
system to malfunction of γ-synuclein due to the physiologically high levels of its expression
in the retina and optic nerves [21].

Current therapeutic approaches to combat synucleinopathies are limited. Sai Sriram
et al. have suggested, in their review, that α-synuclein aggregation pathology could be
an actual target of deep brain stimulation (DBS), a surgical method that is currently in
use for the treatment of three synucleinopathies: Parkinson’s disease (PD), dementia with
Lewy bodies (DLB), and multiple system atrophy (MSA). In their review, these authors
also discussed the usefulness and benefits of other surgical approaches, including focused
ultrasound (FUS), for the management of these diseases [22].

The past few decades have been characterised by a sharp increase in the number of
experimental and clinical studies of a group of severe and eventually fatal neurodegener-
ative diseases known as synucleinopathies due to the direct involvement of members of
the synuclein family of proteins, primarily α-synuclein, in the aetiology and pathogenesis
of these diseases. Although substantial progress has been achieved in understanding the
molecular and cellular events associated with pathological changes in the nervous system
typical to each of the synucleinopathies, our knowledge is still insufficient for the designing
and creating of therapies that are capable of either preventing or halting the progression
of these diseases. Therefore, the principal aim of current and future studies is to find out
which components of these pathomechanisms are crucially responsible for the triggering
and progression of these synucleinopathies, which would facilitate the development of
efficient treatments for these diseases. Revealing an interplay of function and dysfunction
of the synuclein family members in all its complexity and diversity would be an important
future step in this direction.

Author Contributions: Conceptualization, N.N. and M.S.K.; writing—original draft preparation,
N.N.; writing—review and editing, M.S.K.; supervision, N.N.; funding acquisition, N.N. and M.S.K.
All authors have read and agreed to the published version of the manuscript.
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Brain Degeneration in Synucleinopathies Based on Analysis of
Cognition and Other Nonmotor Features: A Multimodal
Imaging Study
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Abstract: Background: We aimed to characterize subtypes of synucleinopathies using a clustering
approach based on cognitive and other nonmotor data and to explore structural and functional
magnetic resonance imaging (MRI) brain differences between identified clusters. Methods: Sixty-
two patients (n = 6 E46K-SNCA, n = 8 dementia with Lewy bodies (DLB) and n = 48 idiopathic
Parkinson’s disease (PD)) and 37 normal controls underwent nonmotor evaluation with extensive
cognitive assessment. Hierarchical cluster analysis (HCA) was performed on patients’ samples
based on nonmotor variables. T1, diffusion-weighted, and resting-state functional MRI data were
acquired. Whole-brain comparisons were performed. Results: HCA revealed two subtypes, the
mild subtype (n = 29) and the severe subtype (n = 33). The mild subtype patients were slightly
impaired in some nonmotor domains (fatigue, depression, olfaction, and orthostatic hypotension)
with no detectable cognitive impairment; the severe subtype patients (PD patients, all DLB, and the
symptomatic E46K-SNCA carriers) were severely impaired in motor and nonmotor domains with
marked cognitive, visual and bradykinesia alterations. Multimodal MRI analyses suggested that the
severe subtype exhibits widespread brain alterations in both structure and function, whereas the mild
subtype shows relatively mild disruptions in occipital brain structure and function. Conclusions:
These findings support the potential value of incorporating an extensive nonmotor evaluation to
characterize specific clinical patterns and brain degeneration patterns of synucleinopathies.

Keywords: synucleinopathies; Lewy bodies diseases; Parkinson’s disease; E46K-SNCA; cognition;
nonmotor; clustering analysis; multimodal MRI

1. Introduction

The interest in the cognition of Parkinson’s disease (PD) has grown considerably over
the years [1,2]. Only 15% of PD patients remain cognitively intact in the long-term [3];
although 20% of PD patients will fulfill criteria for mild cognitive impairment (MCI) [4],
up to 46% of patients with PD and MCI will progress to dementia in 10 years [5,6]. These
alterations in cognition also vary depending on whether the PD case is idiopathic or genetic.
Apart from cognitive dysfunction, PD is a complex and heterogenic disease in terms of
clinical presentation. The heterogeneity of this disease has led to increased interest in patient
subtyping based on motor and nonmotor manifestations, and it is only now starting to be
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understood [7,8]. What it is clear is that good subtyping at baseline study selection is crucial
for future clinical trial designs. Data-driven approaches and cross-sectional studies [8–12]
have hypothesized that there are different PD subtypes. Few studies on PD subtypes
consider a complete assessment of nonmotor symptoms as well as an extensive cognitive
evaluation. A recent study [10] found four clusters replicated in two independent cohorts
(Tracking Parkinson’s and Discovery) of newly diagnosed patients with PD. However,
in this recent study [10], cognition was only recorded by using the Montreal Cognitive
Assessment (MoCA) adjusted for education years and by using semantic verbal fluency
(animals). The classification of MCI in PD (PDMCI) as established by the Movement
Disorders Society (MDS) Task Force criteria [4] defines two levels of assessment. Level I is
based on a global cognitive scale, whereas Level II is based on a comprehensive assessment
that includes two tests per cognitive domain. It is therefore important to ascertain which
subtypes of PD exist based on motor and nonmotor symptoms, but one must bear in mind
the specific differences in the entire cognitive profile based on Level II of the PDMCI.

Gray matter (GM) and white matter (WM) data obtained from magnetic resonance
imaging (MRI) also helped classify PD patients with cluster analysis [13–16]. However,
there are very few studies investigating PD subtyping based on whole-brain resting-state
functional connectivity (FC). A recent study showed heterogeneous subtypes of PD patients
in which depression symptoms had a considerable impact on brain damage affecting FC in
patients [17]. In addition, in some PD patients with more aggressive phenotypes, cognitive
impairment occurred in early phases of the disease, when, neurobiologically, the cause of
cognitive fluctuations is likely to originate from alterations in the functional network rather
than from structural alterations [18]. These patients with aggressive phenotypes of PD share
clinical and pathological characteristics with two less common diffuse synucleinopathies:
PD associated with the E46K mutation of the alpha-synuclein gene (E46K- SNCA) [19,20]
and dementia with Lewy bodies (DLB) [21–23]. In 2004, our group described a mutation
in the SNCA gene (E46K substitution in SNCA) in a family with autosomal dominant PD
and DLB [20]. The mutation produced glutamic acid substitution with lysine in position
46 of the alpha-synuclein gene (E46K-SNCA). Mutation carriers showed extensive Lewy
bodies and Lewy neurites in subcortical and cortical structures that met the pathological
criteria for DLB, and it induced a Lewy body disease in the brain with an aggressive clinical
phenotype, including motor and nonmotor alterations (mood disorders, early cognitive
impairment, and visuospatial disorders). In fact, one of the strengths of our work is that
we tried to investigate the brain mechanisms of synucleinopathies while differentiating
between specific clinical subtypes and while using an excellent genetic model of idiopathic
PD. We sought to know whether, in addition to a different clinical profile, the described
brain alterations are specific to clinical subtypes or are shared across different subtypes.

Therefore, we aimed to characterize patients using a clustering approach based on
cognitive and other nonmotor data, and we involved idiopathic PD patients, E46K-SNCA
carriers, and DLB patients. Additionally, we explored whole-brain structural (T1 and
diffusion-weighted) and resting-state functional differences between the clusters identified
and compared them to normal controls. A good definition of these clusters will be impor-
tant for understanding the etiology of the disease, for discovering biomarkers related to
prognosis, and even for making different interventions that are much more appropriate to
the clinical subtype and to the specific cognitive profile.

2. Materials and Methods

2.1. Participants

Sixty-two patients (6 E46K-SNCA, 8 DLB, 48 idiopathic PD) and thirty-seven normal
control patients were included in this study. Participants were recruited at Cruces Uni-
versity Hospital (Department of Neurology) and at the PD Biscay Association (ASPARBI).
Patients with idiopathic PD fulfilled the Parkinson’s UK Brain Bank criteria for the diagno-
sis of PD, and patients with DLB fulfilled the diagnosis of probable DLB by revised criteria
for the clinical diagnosis of DLB. All patients were evaluated in on-medication states (more
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information in [24]). For the MRI part of the study, further exclusion criteria included
problems with the pre-processing of MRI data or with whole-group analysis. From the
initial sample of 62 patients and 37 controls, one patient refused to attend MRI acquisition,
four patients were excluded from the T1-weighted structural MRI analysis, and one control
was excluded from the resting-state functional MRI analysis. Hence, MRI analyses were
carried out on 57 patients and 36 controls. No significant differences were found between
the included and the excluded patients.

2.2. Demographic and PD-Related Features Assessment

Age, sex, and years of education were registered for all participants. PD-related
features were also recorded (see Supplementary Material Table S1).

2.3. Nonmotor Assessment
2.3.1. Cognitive and Clinical Assessment

Cognition was assessed with MoCA as a test of cognitive screening and with a broad
range of standardized neuropsychological tests. Five cognitive domains with the tests
recommended by the MDS criteria for diagnosis of PDMCI (Level II) were created [4]:
attention and working memory, executive functions, language, memory, and visuospatial
functions. Single-domain MCI (SDMCI) was categorized as when abnormalities in two tests
within a single cognitive domain were present, and multiple-domain MCI (MDMCI) was
categorized as when abnormalities in at least one test in two or more cognitive domains
were present. Patients who did not meet these specific criteria were classified as noMCI.
In addition, processing speed and theory of mind were measured. Depression, apathy,
fatigue symptoms, quality of life, and activities of daily living were also recorded (see
Supplementary Material Table S1).

2.3.2. Dysautonomia, Olfaction, and Visual Assessment

Orthostatic hypotension (OHT), blood pressure recovery time (PRT), heart rate re-
sponse (variability) to deep breathing (HRVdb) (more information in [25] and Supplemen-
tary Material Table S1), olfaction (BSIT), visual functioning (VFQ-25), binocular low-contrast
visual acuity (LCVA), and photopic contrast sensitivity (PCS) were measured (more infor-
mation in [24] and Supplementary Material Table S1).

2.4. Selection of Variables and Clustering Analysis

To simplify the model and reduce the bias in clustering algorithms due to highly
correlated variables, we used a random forest feature selection technique. This method
allowed us to select the combination of cognitive and other nonmotor variables that best
differentiated between patients and controls. These variables were chosen for hierarchical
clustering analysis (HCA): attention and working memory, executive functions, language,
memory, visuospatial functions, and processing speed (cognition); GDS-15 (depressive
symptoms); OHT, PRT, and HRVdb (dysautonomia); BSIT (olfaction); LCVA and PCS
(visual). Variables were converted to z scores to conduct the HCA, which was performed
including only patients (synucleinopathies). Features related to the disease were not
included in the HCA. The HCA was based on a bottom-up approach. A complete linkage
criterion was used to minimize the maximum distance between observations of pairs of
clusters. Using the silhouette method, we found k = 2 clusters to be the optimal partition.
For both clusters, we obtained the average z score of each variable to perform the HCA.
Scikit-Learning running under Python version 3.6.5 was employed.

2.5. Neuroimaging Preprocessing and Analysis

Structural and functional neuroimaging brain data were acquired using a 3–T MRI
scanner (Philips Achieva TX, USA) at OSATEK, Hospital of Galdakao. All sequences were
acquired during a single session. The neuroimaging acquisition parameters’ descriptions
are included in Supplementary Material 1 (S2: Neuroimage acquisition).
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2.5.1. Structural and Diffusion MRI Preprocessing and Analysis

Voxel-based morphometry (VBM) [26] preprocessing was carried out using the FMRIB
Software Library (FSL) tools version 6.0 [27] (for more information, see Supplementary
Material 1, S3: Structural, diffusion and resting-state functional MRI preprocessing). Whole-
brain GM analyses were performed with a randomized tool (5000 permutations) and with
the threshold-free cluster enhancement (TFCE) methodology. The statistical threshold for
analysis was set at p < 0.05 and was corrected for multiple comparisons by using the family-
wise error (FWE) rate and by including sex, age, years of education, and total intracranial
volume (TIV) as covariates.

The FSL [27] version 6.0 and Brain Extraction Tool (BET) [28] was used for the preprocess-
ing and analysis of diffusion data (for more information, see Supplementary Material 1, S3:
Structural, diffusion and resting-state functional MRI preprocessing). Whole-brain WM
analyses were performed with a randomized tool (5000 permutations) and with TFCE
methodology. The statistical threshold for analysis was set at p < 0.05 and was corrected
for multiple comparisons by using the FWE rate and by including sex, age, and years of
education as covariates.

2.5.2. Resting-State Functional MRI Preprocessing and Analysis

Resting-state functional MRI (rs-fMRI) data were preprocessed (band-pass filtering
was performed with a frequency window of 0.008 to 0.09 Hz [29]) and analyzed using Conn
Functional Connectivity Toolbox version 20.0 [30] (for more information, see Supplementary
Material 1 S3: Structural, diffusion and resting-state functional MRI preprocessing). FC
differences were assessed with the region of interest (ROI)-to-ROI methodology, and the
statistical threshold was set at p < 0.05 and was corrected corrected for multiple comparisons
by using false discovery rate (FDR) and by including sex, age, and years of education as
covariates. In addition, LEDD data were also included in the FC analysis as covariates [31].
The ROIs selected for FC analysis were based on the FC atlas networks of the CONN
toolbox: Default Mode Network, Sensorimotor, Visual, Salience/Cingulo-Opercular, Dorsal
Attention, Fronto Parietal/Central Executive, Language, and Cerebellar. For specific
network information, see CONN network cortical ROIs HCP-ICA [30].

2.6. Data Analysis

The normality of the data was tested using the Shapiro–Wilk test. Significant differ-
ences in demographic, cognitive, clinical, and other nonmotor variables were assessed with
analysis of variance (ANOVA) and LSD post-hoc tests. PD-related features’ differences
between identified clusters were assessed with a two-tailed t-test. Categorical data were an-
alyzed with a chi-squared (χ2) test. Statistical analyses were performed using the statistical
package SPSS program (IBM SPSS Statistics v 27.0).

3. Results

3.1. Subtypes of Synucleinopathies Based on Cluster Analysis

We identified two cluster subtypes in synucleinopathies (see Figure 1). Twenty-
six idiopathic PD patients and the three less affected and younger E46K-SNCA carriers
comprised the mild subtype (n = 29), whereas all DLB patients (n = 8), 22 idiopathic PD
patients and the three more affected E46K-SNCA carriers comprised the severe subtype
(n = 33).

The mild subtype patients showed no significant differences in demographic variables
when compared to normal controls. Mild subtype patients scored significantly higher
in orthostatic hypotension, fatigue, and depression, and they had lower scores in visual
acuity and olfaction than controls (see Figure 2). Additionally, mild subtype patients were
younger, had more education years, were younger at disease onset, and scored significantly
higher in all cognitive domains, dysautonomia, and PD-related features as well as in ADL
compared to the severe subtype. The severe subtype patients showed significantly higher
ages and fewer years of education compared to controls and to mild subtype. Additionally,
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severe subtype patients showed more nonmotor alterations compared to controls and had
more severe motor symptoms (UPDRS III) compared to mild subtype patients. Specifically,
more marked cognitive, visual and bradykinesia alterations were found. Severe subtype
patients had the greatest average age of disease onset and the oldest ages, but they did not
differ significantly in disease duration compared to the mild subtype. The demographic,
cognition, PD-related features, dysautonomia, visual, and clinical differences between all
patients (mild subtype and severe subtype) and controls are shown in Table 1. Specifically,
in demographic variables, controls showed significant differences from the severe subtype
patients in age and years of education; therefore, these variables were used as covariates in
neuroimaging analysis.

Figure 1. Dendrogram of patients clustered according to nonmotor data. Abbreviations: E46K-SNCA
= E46K mutation of the alpha-synuclein gene; PD = Parkinson’s disease; DLB = Dementia with
Lewy bodies.

Figure 2. Demographic, nonmotor, and PD-related features of subtypes. (a) Graphical representation
of demographic and nonmotor differences between the two identified clusters compared to controls.
Red color indicates significantly (p < 0.05) lower scores compared to controls; green color indicates no
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significant (p > 0.05) differences compared to controls. (b) Graphical representation of PD-related
features’ differences between clusters identified (mild subtype vs. severe subtype). Red color indicates
significantly (p < 0.05) lower scores from the severe subtype compared to the mild subtype; green
color indicates significantly (p < 0.05) higher scores from the mild subtype compared to the severe
subtype; blue color indicates no significant (p > 0.05) differences between clusters. Abbreviations:
m = male; f = female; MoCA = Montreal Cognitive Assessment; LEDD = Levodopa Equivalent Daily
Dose; UPDRS = Unified Parkinson’s Disease Rating Scale; L = left; R = right; PDQ-39 = Parkinson’s
Disease Questionnaire 39 items; AVDL = Activities of Daily Living.

Table 1. Demographic, PD-related, and nonmotor characteristics of the sample.

Variables

Synucleinopathies
(n:62)

Controls
(n:37)

Comparisons

Mild
(n:29)

Severe
(n:33)

Among
Subtypes
(p Value)

Subtypes
vs. Controls
(p Value)

Mean (SD) Mean (SD) Mean (SD)
Mild
vs. Controls

Severe vs.
Controls

Demographics

Age, years 53.60 (8.78) 67.55 (6.73) 53.48 (12.74) 0.000 0.960 0.000
Sex (m/f) 18/11 22/11 21/16 0.793 0.802 0.465
Education, years 13.24 (3.45) 8.61 (4.03) 13.84 (5.05) 0.000 0.577 0.000

Cognition

MoCA 26.51 (1.76) 20.54 (5.02) 27.24 (3.14) 0.000 0.419 0.000
Attention and WM 0.44 (0.52) −0.81 (0.56) 0.36 (0.78) 0.000 0.601 0.000
Memory 0.37 (0.62) −0.96 (0.64) 0.53 (0.58) 0.000 0.302 0.000
Executive functions 0.39 (0.56) −0.92 (0.87) 0.48 (0.44) 0.000 0.375 0.000
Language 0.41 (0.49) −0.94 (0.48) 0.46 (0.82) 0.000 0.161 0.000
Visuospatial abilities 0.29 (0.55) −0.76 (0.87) 0.47 (0.55) 0.000 0.439 0.000
Processing speed 0.40 (0.51) −0.99 (0.50) 0.53 (0.80) 0.000 0.423 0.000
Theory of mind 0.37 (0.74) −0.87 (0.96) 0.44 (0.70) 0.000 0.720 0.000

PD-related features

Disease duration, years 5.80 (3.52) 7.85 (4.86) - 0.078 - -
Age of onset, years 48.34 (7.29) 59.29 (8.05) - 0.000 - -
UPDRS III R no midline 7.14 (5.27) 11.28 (3.89) - 0.001 - -
UPDRS III L no midline 8.61 (4.49) 12.21 (5.11) - 0.007 - -
Bradykinesia R 4.30 (2.83) 7.07 (1.98) - 0.000 - -
Bradykinesia L 5.52 (2.46) 7.66 (2.72) - 0.003 - -
Rigidity 2.11 (1.55) 2.93 (1.71) - 0.066 - -
Rigidity L 2.44 (1.58) 3.14 (1.66) - 0.116 - -
Tremor R 0.89 (2.23) 1.45 (1.76) - 0.300 - -
Tremor L 0.93 (1.47) 1.59 (1.97) - 0.159 - -
LEDD 618.76 (369.41) 736.22 (454.39) - 0.295 - -
PDQ-39 Mobility 9.40 (8.88) 11.79 (9.08) - 0.325 - -
PDQ-39 AVDL 4.51 (5.42) 8.10 (6.93) - 0.035 - -
PDQ-39 EW 7.11 (5.43) 6.31 (6.89) - 0.633 - -
PDQ-39 Stigma 2.59 (2.91) 2.20 (4.91) - 0.725 - -
PDQ-39 SS 1.25 (2.56) 1.59 (2.18) - 0.609 - -
PDQ-39 Cognition 3.25 (2.83) 5.38 (4.73) - 0.046 - -
PDQ-39 Com 1.22 (1.88) 3.20 (3.57) - 0.012 - -
PDQ-39 BD 4 (3.44) 5.41 (3.81) - 0.152 - -

Dysautonomia

OHT 0.66 (0.87) 0.58 (0.84) 0.12 (0.33) 0.663 0.012 0.028
Valsalva PRT 3.69 (2.05) 7.61 (4.28) 2.64 (1.74) 0.000 0.177 0.000
HRVdb 1.01 (0.09) 0.90 (0.05) 1.03 (0.09) 0.000 0.334 0.000
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Table 1. Cont.

Variables

Synucleinopathies
(n:62)

Controls
(n:37)

Comparisons

Mild
(n:29)

Severe
(n:33)

Among
Subtypes
(p Value)

Subtypes
vs. Controls
(p Value)

Mean (SD) Mean (SD) Mean (SD)
Mild
vs. Controls

Severe vs.
Controls

Vision

Binocular LCVA 32.93 (6.11) 18.19 (13.21) 37.10 (6.38) 0.000 0.031 0.000
Photopic CS 2.0 (0.11) 1.85 (0.14) 2.05 (0.13) 0.000 0.086 0.000
VFQ-25 92.22 (11.99) 84.32 (15.01) 96.08 (4.66) 0.008 0.187 0.000

Clinical

Apathy 27.89 (5.13) 22.62 (8.61) 29.5 (4.04) 0.057 0.551 0.004
Fatigue 29.76 (17.25) 34.50 (16.57) 20.81 (10.96) 0.218 0.017 0.000
Depression 2.59 (2.33) 3.75 (3.52) 1.11 (1.62) 0.082 0.023 0.000
Olfaction 7.68 (2.30) 5.48 (2.61) 10.48 (1.21) 0.000 0.000 0.000
AVDL 7.83 (0.75) 6.19 (2.28) 8 (0) 0.000 0.612 0.000

Abbreviations: SD = standard deviation; m = male; f = female; MoCA = Montreal Cognitive Assessment;
WM = working memory; UPDRS = Unified Parkinson’s Disease Rating Scale; III = motor part; R = right;
L = left; LEDD = Levodopa Equivalent Daily Dose; PDQ-39 = Parkinson’s Disease Questionnaire 39 items;
AVDL = Activities of Daily Living; EW = emotional wellbeing; SS = social support; Com = communication;
BD = bodily discomfort; OHT = orthostatic hypotension; PRT = blood pressure recovery time; HRVdb = heart
rate variability to deep breathing; LCVA = low-contrast visual acuity; CS = contrast sensitivity; VFQ-25 = Visual
Functionary Questionnaire 25 items.

3.2. Cognitive Profile of Subtypes According to PDMCI Level II Criteria

Mild subtype patients scored lower in executive functions, memory, visuospatial abili-
ties, processing speed, and theory of mind, and they scored higher in language compared
to controls and higher in all cognitive domains compared to severe subtype patients (see
Figure 3a). Moreover, mean differences between mild subtype patients and controls were
higher in the memory, executive functions, and theory of mind domains (see Figure 3b).
Severe subtype patients scored lower than mild subtype patients and controls in all do-
mains. Memory, language, processing speed, and theory of mind were the domains with
the lowest means based on z scores (see Figure 3a) and based on the mean differences
between groups (see Figure 3b).

The percentage of MCI in each subtype showed two patterns. The severe subtype
comprised 94% of patients with MDMCI (n = 31), 3% with noMCI (n = 1), and 3% of patients
with SDMCI (n = 1, memory domain), whereas in the mild subtype, 86% of patients were
categorized as noMCI (n = 25), 10% as MDMCI (n = 3), and 4% of patients as SDMCI (n = 1,
executive functions domain).

3.3. Structural and Functional Brain Degeneration in Synucleinopathies Based on Clusters

Structural and functional brain results in patients based on clusters are shown in
Tables A1–A3 in the Appendix A and in Figure 4. Mild subtype patients exhibited marked
left occipital and precuneus GM alterations and lower FCs between visual occipital and
language networks (left inferior frontal gyrus) compared to controls, but they exhibited no
significant WM alterations compared to controls. Severe subtype patients showed bilateral
frontotemporal (including left hippocampus) and occipital GM alterations compared to
controls as well as lower FA WMs in bilateral anterior thalamic radiation and right longitu-
dinal fasciculus and higher MD WMs in bilateral anterior thalamic radiation, left cingulum,
right longitudinal, and body of corpus callosum compared to controls. In addition, vi-
sual, dorsal-attentional, salience, language, and sensorimotor FC alterations compared
to controls were found. When both subtypes were compared, similar GM patterns were
found when we compared the mild subtype patients with normal controls. Severe subtype
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patients exhibited GM alterations in the left hippocampus, right fronto-orbital, left occipital,
and left precuneus compared to those with the mild subtype. WM FA differences were also
found between subtypes; specifically, the severe subtype presented lower FA WM in right
anterior thalamic radiation, left cingulum, right longitudinal, and body of corpus callosum
compared to the mild subtype. Finally, marked lower FC in the posterior-lateral DMN was
found in severe subtype patients compared to those with the mild subtype.

Figure 3. Cognitive profile of subtypes. (a) Means of cognitive domains of patients compared to
controls (z = 0 is the baseline according to the mean of controls). Data are presented as z scores, and
in all cases, lower z scores indicate worse performance. (b) Mean differences of ANOVA post-hoc
analysis of the sample between subtypes and controls. Data are presented as z scores, and in all cases,
lower z scores indicate less prominent differences between groups.

Figure 4. Structural and functional brain degeneration in synucleinopathies compared to controls.
Voxel-based morphometry (VBM), tract-based spatial statistics (TBSS), and region of interest (ROI)-
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to-ROI functional connectivity (FC) analyses of the sample. VBM analysis: regions with less gray
matter volume are shown in red–yellow shades (p < 0.05, FWE-corrected). Results were adjusted by
age, sex, years of education, and TIV. TBSS analysis: regions with less FA are shown in red–yellow
shades, and those with higher MD are shown in blue to light blue shades. FA skeleton mask (green)
(p < 0.05, FWE-corrected). Results were adjusted by age, sex, and years of education. FC analysis:
regions with less FC are shown in red (p < 0.05, FDR-corrected). Results were adjusted by age, sex,
years of education, TIV, and Levodopa Equivalent Daily Dose (LEDD). Abbreviations: FA = fractional
anisotropy; MD = medial diffusivity.

4. Discussion

To the best of our knowledge, this is the first study that investigated the heterogeneity
of synucleinopathies, classified them using clustering analysis, and included an extensive
neuropsychological battery of tests and a broad spectrum of other nonmotor features.
Additionally, we explored the specific cognitive profiles of patients based on PDMCI Level
II criteria, and we investigated with multimodal MRI the brain’s structural and functional
alterations behind these subtypes. The main findings were as follows: (a) clustering
analysis using nonmotor features defined two subtypes with very different clinical profiles;
(b) the severe subtype was characterized by motor and nonmotor alterations with marked
cognitive impairment, whereas the mild subtype only presented nonmotor alterations
in visual acuity, olfaction, dysautonomia, fatigue, and depression; (c) the severe subtype
showed MDMCI with memory, processing speed, language, and theory of mind as the most
affected domains; (d) older E46K-SNCA carriers and DLB patients showed MDMCI with
similar cognitive profiles and marked visuospatial alterations, whereas PD patients showed
heterogeneity with the PD severe subtype showing MDMCI and amnestic SDMCI, and the
PD mild subtype showing noMCI and executive SMDMCI; (e) the severe subtype revealed
widespread disruptions in function and structure in the fronto-temporal and occipital areas,
whereas the mild subtype showed relatively mild brain abnormalities that were mainly in
occipital areas.

4.1. Distinct Clinically Relevant Patterns in Synucleinopathies

In this study, we considered several nonmotor features together, and we revealed two
clinically relevant subtypes that were most associated with specific nonmotor symptoms.
The main results of this study are in line with previous studies in the literature. According
to Van Rooden [8], the majority of studies reported two clusters with very similar profiles
in terms of age-at-onset and rates of disease progression. In fact, a recent study [32] also
showed two clusters of PD patients, which were mild-motor predominant and severe cluster
(diffuse malignant); apart from motor and nonmotor symptoms [33], MRI studies also
showed two subgroups of PD patients [13] with differences in cortical atrophy. However,
other studies showed three or four different clusters [14,34]. In the study by Mu and
colleagues [34], four clusters were identified: mild, nonmotor-dominant, motor-dominant,
and severe. In another structural MRI study [14], three subtypes of PD were found with
prominent differences in GM patterns and little WM involvement. Finally, regarding rs-
fMRI, one study evaluated the FC of networks in PD, and, as in our study, two significant
patterns were found: “motor-related pattern” and “depression-related pattern”.

It is widely known that nonmotor symptoms of PD may have a greater impact on
quality of life than motor features, and they may even precede overt signs and symptoms
of motor disturbances [35,36]. In our study, severe subtype patients exhibited a clear de-
terioration of their cognitive and clinical profiles with alterations in motor features, the
more marked symptom being bradykinesia alterations. Interestingly, we observed in the
mild subtype mild motor alterations but significant disturbances in olfaction (hyposmia),
dysautonomia (orthostatic hypotension), visual acuity, fatigue, and depression. In addition,
these results were found when patients did not have significantly different disease dura-
tions, although the mean age and age at onset were lower in the mild subtype. Therefore,
and according to a similar study [14], these findings reinforce the idea that later onset of
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the disease is associated with rapid disease progression [37]. Furthermore, recent reviews
in animal models [38] highlight the importance of the presence of Lewy bodies (made
predominantly of alpha-synuclein) in relation to motor and nonmotor symptomatology,
such as olfactory dysfunction, anxiety, depression, and cognitive dysfunction.

One hypothesis about the neuropathological stages of PD suggests that Lewy body
pathology in the nigrostriatal system only develops after lower brainstem areas and the
olfactory system are affected [39,40]. In our study, one of the prominent alterations of
the mild subtype was related to olfaction. Therefore, this could imply that hyposmia is
present from the start of the disease. Recent studies suggest that hyposmia may be an
early preclinical sign, is related to an increased risk to develop overt PD in asymptomatic
first-degree relatives of PD patients, and is a risk marker for the general population [41,42].
Orthostatic hypotension is a frequent nonmotor symptom in alpha-synucleinopathies
including PD and DLB, and it occurs in 20–50% of PD cases and 30–70% of DLB cases [43,44].
This alteration was also found in mild subtype patients. In fact, a previous study of our
group showed that dysautonomia was also related to neuropsychological performance
and to depression and apathy symptoms in Lewy body diseases [25]. LCVA (low-contrast
visual acuity) was another alteration in the mild subtype. Visual disturbances in general
are relatively common in PD, with some studies reporting that up to 78% of patients are
affected, including reduced contrast sensitivity, impaired color discrimination, convergence
insufficiency, and dry eye syndrome [45]. In a previous study, we identified that primary
visual function was significantly worse in patients than in controls, mainly expressed as
LCVA, which was severely impaired in the E46K–SNCA and DLB patients and moderately
impaired in idiopathic PD patients [46]. Depression could appear in the prodromal phase
of PD and was shown to nearly double an individual’s risk of subsequently developing
PD [47]. In addition, fatigue often appears in the early motor stage, and it is identified
by persons with PD as one of their most disabling symptoms with the greatest impact
on their quality of life [47,48]. Fatigue can be present in 50% of people with PD. In some
patients, fatigue is also related to depression and autonomic symptoms; however, whereas
depression and its brain correlates are highly investigated in PD, very little is known
about the mechanisms of fatigue in PD. Finally, these alterations (hyposmia, orthostatic
hypotension, visual deficits, depression, and fatigue) are usually related to future cognitive
decline in PD. Thus, the five nonmotor alterations identified in the mild subtype of this
study mark the increasingly important role of nonmotor symptoms in synucleinopathies’
heterogeneity and the importance to take steps toward early identification and subtype-
specific treatment packages.

4.2. Distinct Cognitive Profiles in Synucleinopathies

The severe subtype was 94% composed of patients with MDMCI, whereas in the mild
subtype, 86% of patients were categorized as noMCI, 10% as MDMCI, and 4% of patients
as SDMCI (executive functions domain). Interestingly, mild cognitive impairment is also a
common in early PD, and the main feature is usually impairment in executive functions [47].
One study showed that the worst cognitive domains among converters to PD dementia
compared with nonconverters to PD dementia were the executive function/working mem-
ory domains [49]. In addition, the severe subtype group, apart from MDMCI, also showed
more bradykinetic symptoms; patients with those cognitive alterations plus patients with
the bradykinetic-rigid form of PD are more at risk of developing dementia [47].

Additionally, the results showed that young E46K-SNCA carriers’ cognitive profiles
were very similar to the controls’ cognitive profiles, demonstrating noMCI (100% of noMCI)
in the sample. However, all aggressive E46K-SNCA carriers exhibited MDMCI, as all
DLB patients did, with more marked visuospatial alterations and even lower scores in
all domains evaluated compared to the DLB group. This concept is related to previous
studies in the literature suggesting that early visual-cognitive dysfunction is one of the
main predictors for the development of cognitive disability in PD [50].
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Apart from PD-MCI Level II criteria domains, other cognitive domains, such as
processing speed or theory of mind, are frequently altered in PD. When we compared
the cognitive profiles of the patients, the mild subtype group scored lower in executive
functions, memory, visuospatial abilities, processing speed, and theory of mind, and they
scored higher in language compared to controls. One study revealed that the unique
domain that did not worsen among converters compared with non-converters PD dementia
was the language domain [49]. However, other studies showed that semantic fluency was
shown to be a predictor of dementia in PD [50]. The severe subtype group scored lower
than the mild subtype group and controls in all domains with the lowest mean scores,
those being memory, language, processing speed, and theory of mind. Processing speed is
a cognitive domain that is not included in the Level II of PD-MCI, but processing speed
disturbances are widely present in PD, and they usually affect daily living activities [51]. In
fact, cognitive alterations in processing speed are correlated with fatigue in PD [52] and
clinical symptoms which usually appear in the early phases of the disease. In the case of
social cognition and theory of mind, one recent study [53] suggested that deficits in the
DMN may be contributing to theory of mind deficits in amnestic MCI, highlighting the
importance of including measures of social cognition in the clinical routine to detect MCI.
Moreover, neurodegenerative disorders frequently present with social cognitive, memory,
and executive impairments, offering an opportunity to explore the intersection between
theory of mind and cognitive functions. Interestingly, when executive function performance
is controlled for, specific WM alterations were found, implying a domain-specific theory of
mind impairment in PD [54].

4.3. Brain Degeneration in Synucleinopathies Based on Neuroimaging: Towards a
Pathophysiological Explanation

Severe subtype patients showed bilateral frontotemporal and occipital GM and WM
alterations compared to controls as well as visual, dorsal attentional, salience, language, and
sensorimotor FC alterations. However, the mild subtype only showed marked left occipital
and precuneus GM alterations, no significant WM alterations, and lower FC between visual
occipital and language networks (left inferior frontal gyrus) compared to normal controls.
When both subtypes were compared, the severe subtype group exhibited GM alterations in
the left hippocampus, right fronto-orbital, left occipital, and left precuneus compared to
the mild subtype group as well as lower FA WM in the right anterior thalamic radiation,
left cingulum, right longitudinal fasciculus, and body of corpus callosum compared to the
mild subtype group. Finally, markedly lower FC in the posterior-lateral DMN was found
in severe subtype patients compared to mild subtype patients.

It is also worth noting that even though both WM and GM contributed to explain the
different subtypes, GM degeneration patterns were more relevant in the characterization
of PD groups than WM alterations. The majority of whole-brain studies evidenced the
involvement of fronto-occipital WM tracts [14], such as the corpus callosum, cingulum,
and other major association tracts in PD patients with MCI [16,55,56]. Indeed, in this study,
WM FA differences were found between subtypes specifically in the cingulum, corpus
callosum, and longitudinal fasciculus, suggesting that WM impairment in PD might be a
sign preceding the neuronal loss in associated GM areas.

What it is clear is that there are extensive atrophic changes as well as FC changes in
bilateral fronto-temporo-occipital regions in the severe subtype, whereas marked fronto-
occipital alterations appear in the mild subtype. This dissociation in the severe subtype
could be related not only to cognitive impairment but also to other nonmotor symptoms.
The frontal and medial occipital lobes are speculated to be associated with nonmotor
symptoms [57], and in previous studies in the literature, prefrontal disturbances were also
associated with depression [17] and hyposmia [58] in PD. In addition, mild subtype patients
showed depressive symptoms. A recent study indicated that the presence of depressive
symptoms in patients with early PD is associated with a higher risk of progression to
MCI, and that early depression may reflect subsequent cortical atrophy [59]. Moreover,
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visual disturbances were also found in the mild subtype; given that there are important
nodes associated with visual information processing in occipital region, this suggests that
abnormal FC in occipital lobe underpins both primary visual perceptual and intrinsic visual
integration. In fact, visual disturbances are associated with more pronounced cognitive
deterioration in PD [24]. Therefore, incorporating resting-state FC measures other than
structure into these studies involves moving one step closer to multimodal MRI approaches.

However, some limitations of this study should be noted. First, our data-driven cluster
analysis needs to be validated in independent cohorts. Second, longitudinal studies on
large cohorts of patients will be crucial to confirm our results and to accurately follow brain
modifications from synucleinopathies’ progression. Third, although the inclusion of synu-
cleinopathies and, specifically, E46K mutation is one of the highlights of the present work,
the sample size was small, and future studies with larger samples are needed to deeply
explore the structural and functional brain differences across stages of synucleinopathies.

5. Conclusions

The current study opens new perspectives by being the first to assess brain network
degeneration based on cognition and other nonmotor features in synucleinopathies by
using a multimodal neuroimaging approach. Moreover, it is important to remark that
SNCA-linked mutations are limited to specific families and series worldwide, and that their
study is a unique opportunity to improve our understanding of different synucleinopathies’
phenotypes. These results shed light on different phenotypes in synucleinopathies, which
not only differ in cognitive performance but also in other nonmotor symptoms (visual
acuity, olfaction, dysautonomia, fatigue, and depression) and brain degeneration. Thus, the
hypothesis of distinct disease courses and treatments is supported.
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Appendix A

Table A1. Structural gray matter differences.

Regions
Cluster Size
(Voxels)

Stats
p Value
(FWE-Corrected)

MNI
Coordinates
X Y Z

Mild < Controls

Inferior Temporooccipital Left 522 3.98 0.020 −50 −54 −10
Precuneus Left 318 4.29 0.020 −2 −70 −34
Lateral Occipital Left 223 3.96 0.031 −36 −82 −4
Occipital Pole Right 105 4.21 0.033 2 −90 −24

Severe < Controls

Superior Temporal Right 3972 4.47 <0.001 52 −22 0
Superior Temporal Left 2408 4.56 0.005 54 −4 −12
Superior Lateral Occipital Right 2151 5.10 0.007 14 −84 24
Temporal Fusiform Right 1769 4.54 0.011 40 −34 −16
Hippocampus Left 430 4.58 0.022 −28 −32 −14
Occipital Pole Left 313 3.84 0.020 −22 −90 6
Occipital Pole Right 185 3.86 0.025 18 −88 4
Frontal Orbital Left 174 4.31 0.036 −32 30 −2
Frontal Medial Left 147 4.73 0.038 −2 30 −20
Temporal Pole Left 113 3.91 0.037 −22 6 −24
Frontal Orbital Right 106 4.76 0.032 32 28 −6

Severe < Mild

Precuneus Left 1036 4.91 0.002 −12 −64 8
Frontal Orbital Right 82 4.34 0.035 36 30 4
Occipital Left 32 3.69 0.044 −18 −84 −14
Hippocampus Left 16 4.45 0.044 −36 −32 −6

Abbreviations: MNI = Montreal Neurological Institute.

Table A2. White matter fractional anisotropy and mean diffusivity differences.

Regions
Cluster Size
(Voxels)

Stats
p Value
(FWE-Corrected)

MNI
Coordinates
X Y Z

Severe < Controls

FA
Anterior Thalamic Radiation Right 13,377 3.51 <0.001 19 42 −4
Anterior Thalamic Radiation Left 366 5.51 0.007 −7 −24 14
Inferior Longitudinal Right 65 5.41 0.009 47 −21 1
Superior Longitudinal Right 56 4.39 0.010 33 4 40

Severe > Controls

MD
Cingulum Left 8361 3.52 0.003 −16 32 16
Anterior Thalamic Radiation Right 764 4.24 0.009 21 12 10
Superior Longitudinal Right 719 2.31 0.010 35 2 21
Anterior Thalamic Radiation Left 657 6.24 0.005 −11 −31 12
Body of Corpus Callosum 545 3.57 0.009 14 −29 28
Cingulum Left 239 4.71 0.009 −9 25 −5
Inferior Fronto-Occipital Right 127 3.43 0.010 22 51 −9
Longitudinal Right 103 2.29 0.010 25 −47 25

Severe < Mild

FA
Body of Corpus Callosum 1866 4.21 <0.010 * 19 −17 38
Anterior Thalamic Radiation Right 515 5.68 0.046 12 −29 13
Cingulum Left 482 4.29 <0.010 * −16 31 21
Superior Longitudinal Right 66 3.59 <0.010 * 47 0 25

Abbreviations: MNI = Montreal Neurological Institute; FA = fractional anisotropy; MD = medial diffusivity.
* Uncorrected results with p < 0.01.
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Table A3. Resting-state functional connectivity differences in networks.

Seed Target Stats
p Value

(FDR-Corrected)

Mild < Controls

Visual Occipital (Visual) IFG Left (Language) 3.75 <0.001

Severe < Controls

IPS Left (DAN) SMG Right (Salience) 4.19 0.024
Visual Lateral Left (Visual) ACC (Salience) 3.93 0.028
Visual Occipital (Visual) ACC (Salience) 3.61 0.031
Visual Occipital (Visual) IFG Left (Language) 3.58 0.031
IPS Left (DAN) ACC (Salience) 3.57 0.031
Sensorimotor Superior (Sensorimotor) Sensorimotor Lateral Right (Sensorimotor) 3.55 0.031
Sensorimotor Superior (Sensorimotor) Sensorimotor Lateral Left (Sensorimotor) 3.48 0.033
SMG Left (Salience) aInsula Left (Salience) 3.43 0.034
SMG Left (Salience) ACC (Salience) 3.33 0.041
Visual Occipital (Visual) aInsula Left (Salience) 3.24 0.048

Severe < Mild

PCC (Default Mode) LP Left (Default Mode) 4.19 0.028

Abbreviations: DAN = Dorsal Attention Network; IPS = Intraparietal Sulcus; IFG = Inferior Frontal Gyrus;
SMG = Supramarginal Gyrus; ACC = Anterior Cingulate Cortex; A = Anterior; PCC = Posterior Cingulate Cortex.
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Abstract: Interactions of key amyloidogenic proteins with SARS-CoV-2 proteins may be one of
the causes of expanding and delayed post-COVID-19 neurodegenerative processes. Furthermore,
such abnormal effects can be caused by proteins and their fragments circulating in the body during
vaccination. The aim of our work was to analyze the effect of the receptor-binding domain of the
coronavirus S-protein domain (RBD) on alpha-synuclein amyloid aggregation. Molecular modeling
showed that the predicted RBD complex with monomeric alpha-synuclein is stable over 100 ns of
molecular dynamics. Analysis of the interactions of RBD with the amyloid form of alpha-synuclein
showed that during molecular dynamics for 200 ns the number of contacts is markedly higher than
that for the monomeric form. The formation of the RBD complex with the alpha-synuclein monomer
was confirmed immunochemically by immobilization of RBD on its specific receptor ACE2. Changes
in the spectral characteristics of the intrinsic tryptophans of RBD and hydrophobic dye ANS indicate
an interaction between the monomeric proteins, but according to the data of circular dichroism
spectra, this interaction does not lead to a change in their secondary structure. Data on the kinetics of
amyloid fibril formation using several spectral approaches strongly suggest that RBD prevents the
amyloid transformation of alpha-synuclein. Moreover, the fibrils obtained in the presence of RBD
showed significantly less cytotoxicity on SH-SY5Y neuroblastoma cells.

Keywords: SARS-CoV-2 spike RBD domain; alpha-synuclein; amyloid aggregation; post-COVID-19
neurodegeneration; SARS-CoV-2 vaccine; Parkinson’s disease

1. Introduction

Numerous data have been accumulated about the effects of coronavirus infection and
vaccination by vector and RNA vaccines on the nervous system, from the common compli-
cation on the olfactory receptors to a variety of cognitive disorders [1–4]. However, there is
relatively little data about the relationship between coronavirus infection and vaccination
and socially significant neurodegenerative diseases, especially Alzheimer’s and Parkinson’s
disease, due to the short period since the onset of the coronavirus pandemic [5–9]. The
SARS-CoV-2 virus is thought to exacerbate Parkinson’s disease by affecting pathological
transformation of alpha-synuclein, stimulation of mitochondrial dysfunction, and deple-
tion of dopamine [9]. Several studies have also emphasized the increased vulnerability of
patients with Parkinson’s disease to COVID-19 [10,11].

In order for the coronavirus to invade the cell, proteolysis of the site between the S1 and
S2 subunits of the spike protein by cellular proteases, primarily furin, must occur, resulting
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in the release of the S1 subunit [12]. It has been shown that in mice the S1 protein is able to
permeate the blood–brain barrier [13]. At present, the question of the interaction of alpha-
synuclein with the full-length S-protein has been analyzed in two papers [14,15], but in the
context of the effect on synuclein aggregation, the differences between the full-length S-
protein and the RBD-containing S1 protein can be very crucial. There is some evidence from
molecular modeling that the RBD fragment released as a part of the S1 subunit of the spike
protein during proteolysis can interact with major amyloidogenic proteins alpha-synuclein,
the beta-amyloid peptide precursor, or with the peptide itself as well as with the prion
protein [16]. During vaccination, both the intact C-protein and its fragments can circulate in
the organism, including RBD, formed during proteolysis. Moreover, there are vaccines in
which the RBD fragment is the only active component [17,18]. Thus, studying the effect of
the RBD fragment on the pathological transformation of alpha-synuclein has implications
both for elucidating the mechanisms of synucleinopathies in COVID-19infections and for
understanding approaches to prevent undesired effects of vaccination.

Molecular modeling techniques have shown that binding of alpha-synuclein to the
RBD domain of the spike protein of coronavirus may occur [15,16]. However, the experi-
mental evidence for this interaction is still not at all clear. An attempt to pull the full-length
S-protein expressed in HEK293 cells by immunoprecipitation was unsuccessful, although
its co-localization with alpha-synuclein has been shown [15]. In addition, it was shown
that the full-length S-protein had no noticeable effect on alpha-synuclein aggregation [14].

It should also be noted that molecular modeling of interactions between the RBD
domain spike protein of coronavirus and alpha-synuclein is complicated by the fact that in
the monomeric form alpha-synuclein is completely unstructured, while in the oligomeric
or fibrillar form it may exist in different conformational states. Currently, there is only
one publication whose authors applied protein–protein docking to study the interaction
of synuclein with RBD [15]. However, this method does not allow us to consider the
conformational dynamics of the proteins that form the complex, and in the case of synuclein
this can be very important. To study the structure of potential complexes between synuclein
and RBD, it is necessary to use the molecular dynamics approach to investigate the stability
of the complexes over time, as well as to clarify the structures of the complexes.

Thus, the aim of this work was to perform both experimental and more advanced
molecular modeling of the interaction of the RBD domain of the spike protein of coronavirus
with various forms of alpha-synuclein, as well as to test experimentally the possible
influence of the individual RBD domain of the spike protein of coronavirus on the amyloid
transformation of alpha-synuclein.

2. Materials and Methods

2.1. Materials

In the current work, we used the following chemicals: Thioflavin T, Congo Red, ANS
(1-anilinonaphthalene-8-sulfonic Acid), o-phenylenediamine and MTT (Sigma, Burling-
ton, MA, USA); inorganic salts (Panreac, Barcelona, Spain) and buffers (Amresco, Solon,
OH, USA); fetal bovine serum (FBS) (HyClone, Logan, UT, USA); GlutaMAX (Gibco,
Waltham, MA, USA); Dulbecco’s Modified Eagle Medium (DMEM), trypsin, and peni-
cillin/streptomycin (Paneco, Moscow, Russia). Human neuroblastoma SH-SY5Y cell culture
(ATCC) was kindly gifted by Dr. Irina Naletova (University of Catania, Catania, Italy) [19].
Recombinant human ACE2-Fc (the extracellular domain of human angiotensin-converting
enzyme 2 (1-740 a.a. of human angiotensin-converting enzyme 2, UniProtKB Q9BYF1), con-
taining at the C-terminus of Fc fragment of human immunoglobulin G, SARS-CoV-2 Spike
RBD (a fragment Arg319-Phe541 of SARS-CoV-2 Spike surface glycoprotein, GenBank:
QHD43416.1) and anti-RBD antibodies (5308) were from HyTest LLC (Russia); anti-alpha-
synuclein antibodies [LB 509] were from Abcam (Cambridge, UK). HRP-conjugated goat
anti-mouse secondary polyclonal antibodies were purchased from Jackson Immunoresearch
(West Grove, PA, USA).
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2.2. Purification of Recombinant Alpha-Synuclein

Full-length wild type alpha-synuclein without additional motifs was expressed in
E. coli and purified as previously described [16], with minor modifications. A codon
136 mutation from TAC to TAT (Tyr->Tyr) was introduced into the gene to avoid erroneous
inclusion of cysteine in the bacterial expression system [20,21]. In the first step, acid
precipitation of unwanted proteins was performed by adding 9% HCl to pH 2.8 in the
cell extract and by centrifugation at 15,000× g (5 min, 4 ◦C). The pH of the solution was
then quickly corrected to 7.6 using 1 M potassium phosphate solution, pH 11. The pH
value of the supernatant was adjusted to 7.6 using 1 M potassium phosphate solution,
pH 11. Alpha-synuclein was purified by salting out ammonium sulfate to 40% saturation
and stored as a concentrated suspension at 4 ◦C. The final protein concentration in the
suspension was 1.5 mg/mL.

Protein concentration of alpha-synuclein solutions was determined spectrophotomet-
rically at 280 nm, using extinction coefficient for 0.1% solution equal to 0.412.

2.3. Preparation of Alpha-Synuclein Fibrils

The ammonium sulfate precipitate of alpha-synuclein was collected by centrifugation
and dialyzed against PBS buffer, pH 7.4. The sample was then diluted to a final concentra-
tion of 0.4 mg/mL (28 μM) with or without 2.8 or 5.6 μM RBD in the same buffer. Glass
tubes (0.3 mL) were used to avoid sorption to plastic, pipetted (0.3 mL) into glass tubes
and incubated at 37 ◦C with constant shaking at 600 rpm for 52 h. During incubation at
37 ◦C with constant shaking at 600 rpm for 52 h, 10 l aliquots were taken for thioflavin
T fluorescence analysis to monitor the formation of amyloid aggregates. Simultaneously,
the turbidity of the samples was measured as absorbance at 400 nm to detect the process of
protein aggregation.

2.4. Thioflavin T Fluorescence Assay

Thioflavin T (ThT) fluorescence assay was performed in 96-well FLUOTRAC 200 black
immunology plates (Greiner) using excitation wavelength set to 430 nm and the fluores-
cence was registered close to its maximum at 485 nm. Aliquots of 10 μL were taken from
the tested samples of growing fibrils and added to 100 μL of 35 μM ThT solution. After
10 min of incubation at 20 ◦C, fluorescence intensity was measured on the plate reader
PerkinElmer 2030 Multilabel Reader Victor X5. Each point was obtained by three separate
measurements of the same protein sample.

2.5. Fluorescence Spectroscopy

Fluorescence spectra were measured using FluoroMax-3 spectrofluorimeter (Horiba
Jobin Yvon, Longjumeau, France) in a 100-μL quartz fluorimetric cuvette. The slit widths
were both set at 5 nm in emission and in excitation pathways. Tested samples were
placed in quartz cuvette with optical pathway of 3 mm. Emission spectra were recorded
between 300 nm and 400 nm, every 1 nm, with excitation wavelength set at 295 nm at
20 ◦C. The fluorescence emission of tryptophanyl residue shows a blue shift when its local
environment becomes more hydrophobic.

2.6. ANS Fluorescence

For the ANS experiments, 10 μL of tested samples were incubated at 20 ◦C with a
50-fold molar excess of freshly prepared ANS for 60 min in the dark before the analysis.
For the acquisition, the excitation was fixed at 365 nm and the emission was collected
between 400 and 600 nm at 20 ◦C, using a 3 mm path-length cuvette. Spectra of ANS
fluorescence were acquired with a FluoroMax-3 spectrofluorimeter (Horiba Jobin Yvon,
Longjumeau, France).

25



Biomedicines 2023, 11, 498

2.7. Congo Red Binding Assay

Freshly prepared water solution of Congo Red was added to tested samples in PBS
buffer, pH 4.0 at a molar ratio of 10:1. Congo Red was incubated for 10 min with protein
samples before the measurements. Spectra of Congo Red absorption were acquired using
Implen NanoPhotometer® NP80 (Munich, Germany) at 20 ◦C with a 3 mm path-length
cuvette. The buffer spectrum was used as blank and subtracted from all other spectra.

2.8. Modified ELISA for Studying Protein–Protein Interactions

Solution of ACE2-Fc (10 μg/mL in 100 μL of PBS) were applied into wells of an ELISA
plate. The proteins were adsorbed during 1 h incubation on a shaker at 20 ◦C, then the
plate was washed with PBST (PBS with 0.05 % Tween 20). The next step was the addition
of the mixture (10 μg/mL in 100 μL of PBS) of RBD and alpha-synuclein in PBS, previously
incubated in 1:1 ratio (1.1 mg/mL of each protein) during 1 h at 20 ◦C, and incubation
for 1 h on a shaker at 20 ◦C. Then the plate was washed with PBST and incubated with
primary monoclonal antibodies against RBD or alpha-synuclein in PBST for 1 h at 20 ◦C.
After washing with PBST, the plate was incubated with peroxidase-conjugated secondary
anti-mouse antibodies (1 μg/mL in PBST) for 1 h. After washing, the plate was stained
with a solution of o-phenylenediamine with hydrogen peroxide according to the standard
procedure. The optical density in the wells was determined at 492 nm using a Stat Fax 2100
plate reader.

2.9. Circular Dichroism

Circular dichroism (CD) spectra of 20 μM RBD, 20 μM alpha-synuclein and their
equimolar mixture were recorded in the far UV region (190–250 nm) at 20 ◦C using a
0.1 mm path-length cuvette on Applied Photophysics Chirascan CD spectrometer (Applied
Photophysics, Leatherhead, UK). CD spectra were recorded after dialysis against 10 mM
potassium phosphate buffer, pH 7.4. Each spectrum was the average of five scans.

2.10. Cell Viability of Neuroblastoma SH-SY5Y Cells by MTT-Test

SH-SY5Y cells were grown in DMEM/F12 (PanEco, Moscow, Russia), 10% (v/v) fetal
bovine serum (Hyclone, Logan, UT, USA), 1% (v/v) L-glutamax (Sigma), and 1% (v/v)
antibiotic solution (penicillin, streptomycin) (PanEco, Moscow, Russia). Cell line was
used in experiments at passages 25–28. Cells were maintained at 37 ◦C in 5% CO2, and
culture medium was changed every 3–4 days. For cell viability, test cells were seeded
at a density of 15,000 cells/well (in 100 μL of medium) onto 96-well cell culture treated
plates (Eppendorf, Hamburg, Germany). Experiments were performed 24 h post seeding.
Amounts of 0.26 μM RBD, 0.8 μM alpha-synuclein monomers, 0.8 μM alpha-synuclein
fibrils or mixture (0.26 μM RBD, 0.8 μM alpha-synuclein) after 24 h of fibrillization under
described protocol and further dilution were added. Cells were exposed to proteins for
24 h. Cells exposed to full DMEM/F12 were used as controls. Cell viability was estimated
by MTT-reagent, based on the reduction of the tetrazolium dye MTT 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide to formazan, which can be measured spectropho-
tometrically [22]. Cell medium was changed for DMEM/F12 with tetrazolium dye (final
concentration 0.375 mg/mL) and after 4 h of incubation cells were dissolved in 100 mL
DMSO. After 10 min at 37 ◦C absorbance at 570 nm was registered (VersaMax microplate
reader, Molecular Devices, San Jose, CA, USA). The reference wavelength at 630 nm
was used.

2.11. Docking and Molecular Dynamics Simulations

Structures of alpha-synuclein bound to sodium dodecyl sulfate micelles (PDB ID:
1XQ8) and alpha-synuclein fibril obtained by solid state NMR (PDB ID:2N0A) were used
for modelling. Protein–protein docking of SARS-CoV-2 S-RBD (PDB ID: 6M0J) with alpha-
synuclein was performed on the HDOCK server (http://hdock.phys.hust.edu.cn/, accessed
on 11 April 2022), which is based on a hybrid algorithm of template-based modeling and
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ab initio free docking [23]. The binding modes of macromolecules were evaluated visually
using VMD and by the value of binding energy. Then, the interactions within protein
complexes were analyzed through the PDBSUM server (http://www.ebi.ac.uk/pdbsum,
accessed on 19 April 2022), which is a web server that provides structural information
including protein secondary structure, protein–ligand, and protein–protein interactions [24].
Dissociation constant (Kd) of a putative aSyn-RBD complex was estimated using the PPA-
Pred server [25].

Molecular dynamics simulations were carried out using the GROMACS 2018 simula-
tion package [26]. Intramolecular interactions are described for the fibril by the CHARMM
36m all-atom force field [27] and the TIP3P water model [28]. Prior to the production MD,
each model was energy minimized using the steepest descent algorithm, and equilibrated
for 200 ps in an NVT ensemble of 310 K, and then for 200 ps in an NPT ensemble at 310 K
and 1 atm, with the heavy atoms restrained with a force constant of 1000 kJ mol−1 nm−2.

Production MD simulations were commenced from the final frame of equilibration
trajectory and run at 310 K and 1 atm. Thermal stabilization was achieved by a v-rescale
thermostat with a coupling constant of 0.1 ps, and the pressure was kept constant using
the Parrinello–Rahman barostat with a relaxation time of 2 ps. Rigidity of water molecules
was kept using the SETTLE algorithm 28, and other covalent bonds involving hydrogen
atoms were restrained at their equilibrium lengths using LINCS29 algorithm, with a time
step of 2.

Long-range electrostatic interactions were computed with the Particle-mesh Ewald
approach, using cutoff of 12 Å and a Fourier grid spacing of 1.6 Å. Short-range van der
Waal interactions were truncated at 12 Å, with smoothing starting at 10.5 Å.

3. Results

3.1. Docking and Molecular Dynamics of Protein–Protein Interaction between SARS-CoV-2 Spike
Receptor-Binding Domain (SARS-CoV-2 RBD) and Alpha-Synuclein (SYN)

The appearance of protein–protein interactions is the first and key step for many
biological interactions involved in cell signaling, immunity, and cellular transport [29].
Molecular modeling techniques are well established for studying protein structure and
ligand activity [30,31]. Potential interactions between the RBD domain of SARS-CoV-2
spike protein and alpha-synuclein were studied using the HDOCK server. Model 1 with
the highest docking energy and the lowest RMSD of the ligand was chosen. For this model,
a molecular dynamic trajectory of 100 ns was performed to clarify the structure of the
complex. The results of the docking and molecular dynamics are shown in Figure 1. The
PDBSum server was used to determine the interacting residues of protein complexes; such
surfaces and residues are shown in Figure 1.

Docking results showed that the interaction between alpha-synuclein and RBD was
mediated by three hydrogen bonds via Lys21, Lys80, and Thr22 residues to Val503, Gln498,
and Phe 374 of the RBD (Figure 1B,C) and 127 unlinked contacts, which corresponds
essentially to the result described by Wu et al. [15]. Interestingly, after molecular dynamics,
salt bridges between Lys32 and Lys60 with Asp389 and Asp427 RBD residues, which were
absent before, appeared in the structure of the complex. The number of hydrogen bonds
and nonpolar contacts increased to 9 and 155, respectively.

The binding affinity of the docking structures, represented by the dissociation constant
(Kd), was obtained using PPA-Pred [25]. The predicted value of the dissociation constant
was 7.26 × 10−10 M, which is about two orders of magnitude lower than previously
reported (1.46 × 10−8 M) [25].

Thus, we can say with reasonable certainty that an interaction between RBD and the
monomeric form of alpha-synuclein is possible.
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Figure 1. Interaction of SARS-CoV-2 RBD with alpha-synuclein by docking (left) or after 100 ns of
molecular dynamics (right). (A) General view of binding. Alpha-synuclein is stained blue. RBD:
α-helices are stained violet; β-sheets are yellow; the unstructured part is cyan. Tryptophan residues
are highlighted on the RBD; the interaction site with ACE2 is highlighted with green ovals. On
the alpha-synuclein as Licorice, residues within 5 Å of tryptophan residues are marked. Red ovals
indicate the salt bridges formed during the dynamic simulation. (B) Schematic representation of
the interaction of RBD with alpha-synuclein. Numbers indicate the amount of salt bridges (red),
non-bonded contacts (orange), and hydrogen bonds (blue) that were discovered by docking (left)
and molecular dynamics (right). (C) Residues involved in the interaction.(left): docking; (right):
molecular dynamics.
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Potential interactions between the RBD domain of the SARS-CoV-2 S-protein and the
alpha-synuclein oligomer/fibril (PDB ID 2n0a) were studied using the HDOCK server.
Model 2 was chosen, featuring both high interaction energy and the involvement of the RBD
site, which is characterized by interaction with ACE2, in the protein–protein contact. For
this model a molecular dynamic trajectory of 200 ns was calculated to clarify the structure
of the complex. The results of docking and molecular dynamics are shown in Figure 2. The
PDBSum server was used to determine the interacting residues of the protein complexes.
The interacting surfaces and binding residues are shown in Figure 2.

Figure 2. Interaction of SARS-CoV-2 RBD with the oligomer of alpha-synuclein by docking (left) or
after 200 ns of molecular dynamics (right). Chains from A to I correspond to alpha-synuclein; chain X
corresponds to RBD. (A,C) General view of binding and scheme of interactions according to docking
results. Alpha-synuclein is colored yellow; RBD is colored blue. (A,B) General view. (C,D) Schematic
representation of the interaction of RBD with alpha-synuclein after molecular dynamics. (E,F)
Residues with the most significant contribution to the binding according to calculations. (left) docking;
(right) molecular dynamics.

The docking results showed that RBD is able to form a fairly tight contact with
the oligomer of alpha-synuclein, which involves the site responsible for the interaction
with ACE2. However, as a result of molecular dynamics, a change in the orientation
of RBD relative to the micelle is observed, which leads to a shift of the contact region
to the lateral surface of the receptor fragment. This shift, however, does not hamper
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the binding to the full-length spike protein. Two salt bridges and 15 hydrogen bonds
are observed in the resulting structure, which exceeds the parameters obtained for the
alpha-synuclein monomer. Lys43 and Lys58 residues are involved in the formation of salt
bridges on the alpha-synuclein side, and Asp389 and Asp420 residues on the RBD side
(numbering shifted).

It is particularly noteworthy that the oligomer/fibril structure of alpha-synuclein is
considerably compacted with an increase in the number of interchain interactions during
the process of molecular dynamics (Figure 2E,F).

3.2. Interaction of the Monomeric Form of Alpha-Synuclein with the SARS-CoV-2 RBD

First, the possibility of binding of the monomeric form of alpha-synuclein to RBD was
checked. For this purpose, an immunochemical method was used to identify the complex
of the two proteins. To obtain the complex, the monomeric form of alpha-synuclein was
incubated for one hour with RBD and then injected into wells of a plate containing pre-
sorbed ACE2-Fc, which binds to the RBD of spike protein upon virus entry into the cell.
This approach mimics immunoprecipitation, in which ACE2-Fc acts as an antibody by
interacting with RBD. As follows from the data in Figure 3, using specific monoclonal
antibodies to these two proteins, we showed that not only RBD but also the associated
alpha-synuclein is sorbed onto ACE2-Fc, indicating formation of a complex between the
two proteins.

Figure 3. ACE2 interacts with pre-incubated SARS-CoV-2 RBD and alpha-synuclein by modified
ELISA. Pre-incubated alpha-synuclein and SARS-CoV-2 S1 RBD during 1 h at 20 ◦C was applied to
ACE2-Fc and detected by anti-RBD (5308) and anti-alpha-synuclein (LB509) antibodies. The poles
represent the mean value of three independent measurements and error bars show the standard
deviation. P-value represents results of one-way ANOVA; ** p < 0.01.

To confirm the formation of a complex between the monomeric form of alpha-synuclein
and RBD, we also analyzed the change in the spectral characteristics of the proteins after
their mixing. Figure 4A show the fluorescence spectra of RBD’s own tryptophans before and
after its binding to alpha-synuclein, which has no tryptophans. The shift in the fluorescence
spectrum of RBD tryptophans may indicate their partial transition from the hydrophobic to
the aqueous environment. The increased intensity and shift of the fluorescence maximum
of 1,8-ANS interacting with hydrophobic sites when it binds to the complex of two proteins
(Figure 4B) indicates a change in the conformation of alpha-synuclein and/or RBD during
their interaction. However, the secondary structure of the proteins does not change during
complex formation. This is evidenced by the CD spectra shown in Figure 5. As follows from
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these data, summing the spectra of the original proteins gives a spectrum characteristic of
their complex.

 

 

Sample 
Fluorescence Maximum Wavelength, nm 

Trp ANS 
syn n/d 528 

syn  RBD (3:1) 336 522 
RBD 332 528 

Figure 4. The structural change of the SARS-CoV-2 RBD observed in the presence of alpha-synuclein
by Trp (A) and ANS (B) fluorescence. Trp (A) and ANS (B) fluorescence emission spectra of 5.6 μM
SARS-CoV-2 RBD (dot-dashed line), 28 μM alpha-synuclein (solid line), 28 μM alpha-synuclein mixed
with 9.3 μM SARS-CoV-2 RBD (molar ratio 3:1, dashed line). Please note that alpha-synuclein does
not contain tryptophans (solid line).
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Figure 5. Influence of alpha-synuclein on circular dichroism spectra of SARS-CoV-2 RBD. CD spectra
of 20 μM alpha-synuclein (squares) and 20 μM SARS-CoV-2 RBD (circles), equimolar mixture of Syn
and RBD (blue triangles pointed up), and theoretical sum (violet triangles pointed down) are shown.
CD spectra of the investigated samples were recorded after buffer exchange to 10 mM potassium
phosphate buffer, pH 7.4. Each spectrum is an average of five records.

Thus, it was shown that monomeric alpha-synuclein is bound by RBD, causing changes
in some spectral properties of the proteins, indicating a change in their conformation while
keeping the secondary structure intact.

3.3. Effect of SARS-CoV-2 RBD on the Amyloid Transformation of Alpha-Synuclein

As results of thioflavin T fluorescence on Figure 6 clearly demonstrate, RBD of the
spike protein completely blocks the amyloid transformation of alpha-synuclein. However,
the RBD does not prevent disordered aggregation of alpha-synuclein, based on changes in
the turbidity of the solution of the mixture of the two proteins (Figure 7). Some differences
in the turbidity of the mixture of the two proteins probably depend both on their total
concentration and on the characteristics of aggregation at different ratios of alpha-synuclein
to RBD.

Figure 6. ThT fluorescence fibril formation kinetics of alpha-synuclein in the absence and presence of
SARS-CoV-2 RBD. ThT fluorescence of 5.6 μM SARS-CoV-2 RBD (triangles), 28 μM alpha-synuclein
(squares), 28 μM alpha-synuclein and 5.6 μM SARS-CoV-2 RBD (molar ratio 5:1, circles).
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Figure 7. Aggregation of the alpha-synuclein, fibrillized in the presence of SARS-CoV-2 RBD. Ab-
sorbance at 400 nm of 5.6 μM SARS-CoV-2 RBD, 28 μM alpha-synuclein, 28 μM alpha-synuclein and
5.6 μM SARS-CoV-2 RBD (molar ratio 5:1), and 28 μM alpha-synuclein and 2.8 μM SARS-CoV-2 RBD
(molar ratio 10:1) for 0 h (white), 24 h (light gray), and 48 h (dark gray).

The prevention of amyloid transformation of alpha-synuclein in the presence of the
RBD is also evidenced by the spectra of Congo Red shown in Figure 8. During the inter-
action of Congo Red with alpha-synuclein fibrils, a shift of the dye absorption spectrum
by almost 20 nm is observed. The spectra of the dye upon addition of the aggregates
obtained in the presence of the RBD practically do not change. RBD also prevents changes
in the ANS fluorescence spectra characteristic of dye interactions with amyloid forms of
alpha-synuclein, primarily the amplitude (Figure 9). The spectra of tryptophan residues
of the RBD fragment in interaction with monomeric forms and in aggregates are almost
identical (Figures 4 and 9).

3.4. Changes in Cytotoxicity of Synuclein Fibrils during Their Formation in the Presence of RBD

The influence of RBD on the formation of alpha-synuclein amyloid fibrils was also
tested in cytotoxicity experiments. Alpha-synuclein fibrils were produced by incubating
28 μM monomeric alpha-synuclein for 24 h at pH 4.0 as well as by incubating a mixture of
alpha-synuclein monomers in the presence of 5.6 μM RBD. The resulting fibril preparations
were diluted in DMEM/F12 to final concentrations of 0.8 μM for alpha-synuclein and
0.26 μM for RBD. The fibril solution was added to the neuroblastoma cells and cell viability
was assessed after 24 h of incubation. As follows from the Figure 10, amyloid fibrils reduce
cell viability by 50 percent, while RBD itself has no cytotoxic effect. The cytotoxic effect of
alpha-synuclein fibrils formed in the presence of RBD is significantly lower than that of
conventional alpha-synuclein fibrils, indicating their diminished amyloidogenic properties.
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Sample 
max, nm 

0 h 24 h 48 h 
syn 487 506 504 

syn + RBD (5:1) 488 489 491 
syn + RBD (10:1) 488 489 498 

RBD 494 496 492 

Figure 8. Congo Red absorbance changes of the alpha-synuclein, fibrillized in the presence of SARS-
CoV-2 RBD. Congo Red absorbance spectra of SARS-CoV-2 RBD (A), 28 μM alpha-synuclein (B),
28 μM alpha-synuclein and 5.6 μM SARS-CoV-2 RBD (molar ratio 5:1, (C)), 28 μM alpha-synuclein
and 2.8 μM SARS-CoV-2 RBD (molar ratio 10:1, (D)) for 0 h (solid line), 24 h (dashed line), and 48 h
(dash-dotted line).

Figure 9. Cont.
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Figure 9. Structural changes of the SARS-CoV-2 RBD observed under fibrillization of alpha-synuclein
by Trp and ANS fluorescence. Trp (A) and ANS (B) fluorescence emission spectra SARS-CoV-2
RBD (dashed line), 28 μM alpha-synuclein and 5.6 μM SARS-CoV-2 RBD (molar ratio 5:1) for 0 h
(dash-dotted line) and 18–24 h (dotted line). Alpha-synuclein does not contain tryptophans (solid
line for 18-24 h and dash-double-dot line for 0 h).

 
Figure 10. The effect of the alpha-synuclein fibrils, obtained in the presence of SARS-CoV-2 RBD, on
neuroblastoma SH-SY5Y viability by MTT-test. The 28 μM alpha-synuclein fibrils (with or without
5.6 μM RBD) were produced for 24 h (as described in the Materials and Methods section). After
dilution, 0.8 μM synuclein, 0.26 μM RBD, and 0.8 μM synuclein with 0.26 μM RBD (molar ratio 3:1)
were added to SH-SY5Y neuroblastoma cells, and cell viability was determined after 24 h using the
MTT test. p-value represents results of one-way ANOVA; * p < 0.05; ** p < 0.01.

4. Discussion

The data of our molecular simulations are in good agreement with the experiments
performed. According to our molecular simulation, the binding site of the RBD fragment to
alpha-synuclein is nearly almost unaffected by the regions involved in the interaction with
the cellular ACE2 receptor (labeled with ovals in Figure 1A). We tested this interaction in
an experiment by binding a mixture of RBD fragment and alpha-synuclein to immobilized
ACE2, followed by the detection of the developed complex with anti-RBD and anti-Syn
antibodies. Indeed, judging from the results of the experiment, the binding of alpha-
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synuclein to RBD does not interfere with the interaction of RBD with ACE. Moreover,
according to docking, two tryptophan residues in the RBD molecule are located quite close
to the alpha-helices of alpha-synuclein (marked in Figure 1A); therefore, these residues can
serve as sensitive indicators of interaction, as we see in the observed change in fluorescence
in the experiments.

In contrast to amorphous aggregation, the formation of amyloid is a complex organized
process with a number of specific features, such as changes in the initial conformation
of the protein, ability of “seeding”, formation of intermediate oligomers, and growth
of an unbranched fibril in a strictly determined mode. Therefore, among the possible
explanations for how amyloid aggregation is inhibited when interacting with RBD, we can
assume the difficulty of changing conformation during binding, inhibition of the formation
of intermediate oligomers, and “capping” of the fibril ends to prevent further growth.
Indeed, interaction with other molecules may both prevent [32,33] and stimulate amyloid
transformation of alpha-synuclein [34,35].

The S-protein was chosen for immunization because it is a surface penetration protein
abundantly present in the viral particle, and a strategy aimed at producing neutralizing
antibodies that prevent the virus from penetrating cells is most effective in terms of prevent-
ing/suppressing disease. The question of whether circulating S-protein and its fragments
will influence the pathological transformation of amyloid proteins seems important, since
this interaction might lead to side effects of vaccination. Evidence of worsening the course
of infection in Parkinson’s disease patients [10] indicated the possibility of stimulation of
amyloid transformation of alpha-synuclein by coronavirus proteins. However, in vitro it
has been shown that full-length coronavirus S-protein did not bind alpha-synuclein during
immunoprecipitation and had no effect on its aggregation [15]. Yet, given the release
of the S1 subunit during proteolysis of the protein in the cell and the use of truncated
proteins with the RBD fragment for coronavirus vaccine development, we performed a
study of the RBD fragment. It was shown that the RBD fragment not only does not stim-
ulate amyloid transformation of alpha-synuclein, but instead prevents it by stimulating
amorphous aggregation. The combination of these data shows that the use of vaccines
causing RBD of S-protein to circulate in the blood should not stimulate the formation of
amyloid aggregates, at least in synucleinopathies. However, such stimulation can occur
with the COVID-19 disease itself or with the use of whole virus particles containing both
S- and N-proteins. At the same time, work has appeared showing that N-protein causes
amyloid transformation of alpha-synuclein [14]. So we can presume that the pro-Parkinson
manifestations of SARS-CoV-2 could be attributed to the action of N- but not S-protein.

Given that Parkinson’s disease and other amyloid diseases usually have a very pro-
longed (years!) preclinical stage, when vaccinating with an agent capable of contacting
amyloidogenic proteins, the effect of vaccines on the pathological transformation of pro-
teins must be taken into account. At the same time, different types of vaccines can have
different effects on the development of amyloidosis. For example, in the case of Parkinson’s
disease, the RBD fragment of the S-protein may even act as an anti-amyloid agent, whereas
N-protein-containing vaccines, on the contrary, may provoke the disease. It is likely that
clinical trials of new vaccines should include similar studies with major amyloidogenic
in vitro proteins, since traditional animal and human safety trials are not conducted for
a sufficient amount of time, and the consequences can be more than serious. In this case,
the in vitro approach allows us to simulate the accelerated interaction of proteins and the
possibility of amyloid transformation. Of course, based on the data obtained on the effect of
only one RBD fragment on the pathological transformation of alpha-synuclein, it is difficult
to talk about the possible mechanisms of the development of postvaccine complications.
However, these data may already be useful for the development of vaccines against this
infection. At the current stage of development of this field of science, in our opinion, it
is preferable to use strictly defined proteins or their fragments produced by both RNA
and vector vaccines for vaccination in order to reduce the possibility of unpredictable
consequences due to the circulation of a whole set of proteins in the body. Moreover, the
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use of vaccines with only the RBD fragment, which does not stimulate the amyloid trans-
formation of alpha-synuclein, as opposed to the full-length S-protein capable of forming
amyloidogenic proteolytic fragments, may be sufficient.

Nystrom et al. recently showed that the S-protein contains several peptides capable of
forming amyloid fibrils, and its coincubation with protease neutrophil elastase can result in
the accumulation of one of the amyloidogenic peptides 194–203 [36]. As the amino acid
sequence of RBD (319–541) does not include those S-protein peptides (192–211, 601–620, and
1166–1185) for which maximum amyloid criteria were shown, as well as amyloidogenic
peptide 194–203 derived from cleavage of full-length S-protein by protease neutrophil
elastase. This, in turn, indicates the likely benefits and safety of using RBD-based vaccines.

5. Conclusions

Using molecular modeling methods and biochemical approaches, we showed that
the RBD of the coronavirus S-protein is able to interact with both monomeric and amyloid
forms of alpha-synuclein. According to the molecular modeling data, the binding to the
amyloid of alpha-synuclein is stronger than to the original monomer of the protein. It is
also likely that this interaction makes further formation of amyloid fibrils more difficult.
Although aggregates do form in the presence of RBD, they not only have less pronounced
amyloid properties but also possess less cytotoxicity. In regards of post-COVID-19 neu-
rodegeneration and provocation of Parkinson’s disease manifestation, our results refute
the initial assumption that the RBD of S-protein provokes the amyloid transformation of
alpha-synuclein.

Thus, our results support the possibility of using the RBD of S-protein for vaccination
and immune response production as sufficiently safe in the context of the development
of neurodegenerative complications. At the very least, the presence of RBD in the body
should not provoke the development of synucleinopathies.
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Abstract: Dysregulation of intraocular pressure (IOP) is one of the main risk factors for glaucoma.
γ-synuclein is a member of the synuclein family of widely expressed synaptic proteins within
the central nervous system that are implicated in certain types of neurodegeneration. γ-synuclein
expression and localization changes in the retina and optic nerve of patients with glaucoma. However,
the mechanisms by which γ-synuclein could contribute to glaucoma are poorly understood. We
assessed the presence of autoantibodies to γ-synuclein in the blood serum of patients with primary
open-angle glaucoma (POAG) by immunoblotting. A positive reaction was detected for five out of
25 patients (20%) with POAG. Autoantibodies to γ-synuclein were not detected in a group of patients
without glaucoma. We studied the dynamics of IOP in response to IOP regulators in knockout
mice (γ-KO) to understand a possible link between γ-synuclein dysfunction and glaucoma-related
pathophysiological changes. The most prominent decrease of IOP in γ-KO mice was observed
after the instillation of 1% phenylephrine and 10% dopamine. The total protein concentration in
tear fluid of γ-KO mice was approximately two times higher than that of wild-type mice, and the
activity of neurodegeneration-linked protein α2-macroglobulin was reduced. Therefore, γ-synuclein
dysfunction contributes to pathological processes in glaucoma, including dysregulation of IOP.

Keywords: γ-synuclein; autoantibodies; glaucoma; dopamine; α2-macroglobulin; tear fluid;
intraocular pressure

1. Introduction

Glaucoma is a multifactorial disease with various mechanisms of development and is
defined as chronic progressive optic neuropathy with morphological changes in the optic
nerve head and the layer of retinal nerve fibers associated with the death of retinal ganglion
cells and visual field defects [1]. It is the second-leading cause of blindness worldwide and
the most common cause of irreversible blindness [2,3]. Pathological processes in glaucoma
have common features with neurodegenerative diseases, including the death of a specific
nerve cell type—retinal ganglion cells (RGCs). An increase in intraocular pressure (IOP) is
the most common cause of the development of this pathology. Drug therapy for glaucoma
is mainly aimed at reducing IOP [4]. However, a form of glaucoma occurring with normal
IOP (normal-tension glaucoma) emphasizes the complex nature of pathogenesis. Glaucoma
development involves processes such as neuroinflammation, impairment of the immune

Biomedicines 2023, 11, 60. https://doi.org/10.3390/biomedicines11010060 https://www.mdpi.com/journal/biomedicines
41



Biomedicines 2023, 11, 60

response, disturbance of nerve impulse transmission, and other mechanisms underlying
neurodegeneration. Studying them may reveal new possibilities for the prognosis and
treatment of glaucoma [5–7].

Synucleins are highly conserved cytosolic proteins involved in the regulation of synap-
tic transmission in the nervous system [8–10]. The family consists of three highly homolo-
gous proteins: α-, β-, and γ-synuclein. α-synuclein is actively studied because of its role
in the pathogenesis of neurodegenerative diseases. α-synuclein is the main component
of Lewy bodies in Parkinson’s disease (PD) and dementia with Lewy bodies (DLB). It is
also found in senile plaques in Alzheimer’s disease [11–13]. Aggregation of γ-synuclein
in the nervous system is detected in amyotrophic lateral sclerosis (ALS) and DLB [14–17].
γ-synuclein is also associated with cancer development [18,19]. All three synucleins are
expressed in the retina and the optic nerve, but only γ-synuclein can change the level and
distribution of its expression in glaucoma [20]. γ-synuclein could be considered as a specific
marker of RGCs because of its high level of expression in these cells. The redistribution of
γ-synuclein from one layer of the retina and the optic nerve to another leads to a decrease
in its level in the original location. Moreover, the death of RGCs in glaucoma correlates
with a decrease in the expression of γ-synuclein [21].

In neurodegenerative diseases, autoantibodies against proteins prone to aggregation
are found in the blood [22]. Thus, autoantibodies against α-synuclein are found in patients
with PD [23]. We have previously shown that autoantibodies to γ-synuclein are detected
in the serum of some patients with ALS and cerebrovascular diseases [24]. The exact
role of autoantibodies in the pathogenesis of ocular diseases remains unclear. They can
cause autoimmune death of retinal cells. They can also have a protective effect [25,26]. In
particular, autoantibodies against γ-synuclein increase the survival of RGCs in RGC-5 cell
culture under stress conditions and in primary cultures of porcine retinal explant [27,28].
Therefore, despite the evidence of γ-synuclein involvement in glaucoma development, the
particular mechanisms remain unclear.

We found that some patients with primary open-angle glaucoma (POAG) had autoan-
tibodies to γ-synuclein in their blood. Using knockout mice (γ-KO mice) as a model for
the loss of function of this protein, we showed that the impact on the neurotransmitter
systems of the eye responsible for IOP regulation differently affects the dynamics of IOP
changes in γ-KO mice compared to wild-type mice (WT mice). In the tear fluid of γ-KO
mice, the activity of chaperone and immune system modulator α2-macroglobulin (α2-MG)
was reduced.

2. Materials and Methods

2.1. Patients

The study involved 25 patients with POAG, including 12 women and 13 men. The
control group of apparently healthy individuals without a diagnosis or history of glaucoma
included 13 people (7 women and 6 men) (Table 1). Patients were followed at the Helmholtz
Moscow Research Institute of Eye Diseases of the Ministry of Health of the Russian Federa-
tion. All patients underwent a comprehensive ophthalmological examination: viscometry,
pneumotonometry, biomicroscopy, gonioscopy, ophthalmoscopy, and static perimetry. All
glaucoma patients received instillation of ocular hypotensive drugs to normalize IOP. The
early stage of the disease was diagnosed in 5 (20%) cases; a moderate stage was diagnosed
in 7 (28%) cases; an advanced stage was diagnosed in 8 (32%) cases; a severe stage was
diagnosed in 4 (16%) cases; and end-stage glaucoma was diagnosed in 1 (4%) case (Table 1).
The mean age of patients and volunteers without glaucoma was 73 ± 8 and 66 ± 12 years,
respectively. All patients provided written informed consent at admission. The study was
conducted according to the guidelines of the Declaration of Helsinki, and approved by the
Institutional Ethics Committee of the HMRIED (protocol No. 55/3, 17 June 2021).
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Table 1. Clinical data of patients and control subjects.

Patient
Number

Gender Age (Years) Diagnosis
Autoantibodies
to γ-Synuclein

Stage of the
Disease

Surgical Treatment
of Glaucoma

Control group

1 M 44 No glaucoma
symptoms - NA NA

2 F 91 No glaucoma
symptoms - NA NA

3 M 70 No glaucoma
symptoms - NA NA

4 M 85 No glaucoma
symptoms - NA NA

5 M 64 No glaucoma
symptoms - NA NA

6 M 64 No glaucoma
symptoms - NA NA

7 F 80 No glaucoma
symptoms - NA NA

8 F 59 No glaucoma
symptoms - NA NA

9 F 48 No glaucoma
symptoms - NA NA

10 F 67 No glaucoma
symptoms - NA NA

11 F 63 No glaucoma
symptoms - NA NA

12 M 62 No glaucoma
symptoms - NA NA

13 F 67 No glaucoma
symptoms - NA NA

Primary open-angle glaucoma
14 M 80 POAG + 4 OU Yes
15 F 78 POAG - 3 OU No
16 M 76 POAG - 5 OS; 2 OD Yes
17 M 78 POAG - 2OU Yes
18 F 78 POAG - 1 OU No
19 M 78 POAG - 4 OS; 1 OD No
20 F 86 POAG - 1 OU No
21 F 75 POAG - 3 OU Yes
22 M 69 POAG - 4OS; 3 OD Yes

23 F 59 POAG - 1 OS glaucoma
suspect; 1 OD Yes

24 M 76 POAG + 3 OS; 1 OD Yes

25 F 69 POAG - OU glaucoma
suspect No

26 M 80 POAG + 2 OS; 1 OD Yes
27 M 69 POAG - 1 OS; 3 OD Yes
28 F 80 POAG - 2 OU No
29 M 53 POAG - 3 OU Yes
30 M 76 POAG + 2 OS; 3 OD Yes

31 F 85 POAG - 2 OS, OD
anophthalmia No

32 M 64 POAG - 3 OU No

33 F 68 POAG - OU glaucoma
suspect No

34 F 71 POAG - 3 OS; 1 OD No
35 M 79 POAG - 4 OS; 3 OD Yes
36 F 68 POAG - 1 OS; 2 OD Yes
37 F 71 POAG - 2 OU Yes
38 M 65 POAG + 1 OS; 2 OD No

“+”—positive for autoantibodies to γ-synuclein; “-”—no autoantibodies to γ-synuclein detected; NA—not applicable.

The exclusion criteria were significant refractive errors (high myopia and hyperopia,
astigmatism above 2.0 diopters), non-glaucoma pathology of the optic nerve, severe cloud-
ing of the cornea, and a history of acute cerebrovascular accidents. Blood taken for the
standard biochemical analysis was used for the study. The serum was obtained and stored
at a temperature of −80 ◦C.

2.2. Detection of Autoantibodies to γ-Synuclein

Immunoblotting was used to detect autoantibodies to γ-synuclein in blood serum [24].
Electrophoretic separation of 0.15 μg of purified recombinant human γ-synuclein protein
in 14% sodium dodecyl sulfate–denaturing polyacrylamide gel was performed. Then,
the samples were transferred to a polyvinylidene fluoride (PVDF) membrane (Hybon-P,
Amersham, Sheffield, UK) using a semi-dry method. Membrane block was performed in
a solution of 4% non-fat dry milk (NFDM) prepared in saline buffer TBST (Tris-buffered
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saline, 0.1% Tween 20). Then, it was incubated with the serum samples diluted 200 times
in a solution of 4% NFDM in TBST overnight at 4 ◦C. Further incubation was performed
with antibodies conjugatedwith horseradish peroxidase against human IgG (Bio-Rad,
Hercules, CA, USA) in the same buffer as the serum samples (1:3000 dilution) for 1.5 h
at room temperature. The detection of the resulting complex of primary and secondary
autoantibodies was performed using a chemiluminescence detection kit (ECL Plus, Thermo
Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. X-
ray film (Thermo Scientific, Waltham, MA, USA) was used to detect chemiluminescence.
A band corresponding to the molecular weight of γ-synuclein 17 kDa was detected on the
X-ray film if the antibodies to γ-synuclein were present in the tested serum.

2.3. Experimental Animals

We used γ-synuclein (Sncg) knockout mice described previously [29]. The animals
were provided by Professor V. Buchman. The name and catalog number of The Jackson Lab-
oratory are B6.129P2-Sncgtm1Vlb/J and 008843, respectively. Homozygous γ-KO mice and
WT control mice were generated by intercrossing heterozygous knockout and C57BL/6J
mice. Experimental animals were housed at a 12 h light/12 h dark cycle, with food and
water supplied ad libitum. The procedures were carried out in accordance with the “Guide-
lines for accommodation and care of animals. Species-specific provisions for laboratory
rodents and rabbits” (GOST 33216-2014) in compliance with the principles enunciated
in Directive 2010/63/EU on the protection of animals used for scientific purposes and
approved by the local Institute Ethics Review Committee of the IPAC RAS (protocol No.
48, 15 January 2021). All efforts were made to minimize the number of animals and their
suffering. All mice were genotyped using PCR analysis of DNA obtained from an ear
biopsy, as described elsewhere [30].

Experimental animals (γ-KO and WT mice) underwent single instillations of 10 μL of
1% phenylephrine hydrochloride (Mesaton, Dalkhimfarm, Khabarovsk, Russia), 0.5% timo-
lol maleate (Timolol, Diapharm, Moscow, Russia), 1% pilocarpine (Pilocarpine, Renewal,
Novosibirsk, Russia), 0.1% atropine sulfate (Atropine, Dalkhimfarm, Khabarovsk, Russia),
10% dopamine (Sigma-Aldrich, Burlington, MA, USA) in 0.9% NaCl, and 0.25% haloperidol
(Haloperidol, Velpharm, Moscow, Russia) in both eyes. IOP was measured under general
anesthesia (Avertin, 200 mg/kg, intraperitoneally) using the automatic electronic tonometer
Tonovet (Icare Finland Oy, Vantaa, Finland) in the morning, before and after instillation
(1 and 2 h later). In our preliminary experiments, it was established that general anesthesia
by Avertin does not affect the level of IOP in either γ-KO or WT mice.

Tear fluid was collected from both eyes with a filter paper strip (2.5 mm width wide),
which was placed behind the lower eyelid for 5 min. Then, tear fluid components from
both eyes from a mouse were eluted for 20 min with saline (50 μL) in one tube, centrifuged
for 10 min at 3000 rpm, and the supernatant was used for testing. In the tear fluid eluate,
the protein concentration was determined according to Lowry [31], and the activity of
α2-MG was determined by the enzymatic method with the specific substrate N-benzoyl-
DL-arginine-p-nitroanilide (BAPN), as described previously [32]. The activity of α2-MG
was expressed as nmol/min × mL of tear fluid and nmol/min × mg of protein. The
optical density of the samples was determined on a multifunctional photometer for mi-
croplates Synergy MX (BioTek, Winooski, VT, USA). Statistical analysis was performed
using GraphPad Prism 6 software (GraphPad Software, San Diego, CA, USA).

3. Results

3.1. Autoantibodies to γ-Synuclein Were Found in the Blood Serum of Some Patients with Glaucoma

γ-synuclein autoantibodies were detected in the blood serum of 20% of the patients
(5 out of 25) with POAG (Figure 1a,b and Figure S1 and Table 1). In the control group,
γ-synuclein autoantibodies were not detected in the blood serum.
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Figure 1. Detection of autoantibodies to γ-synuclein in the serum of patients with glaucoma by
immunoblotting: (a,b) correspond to different independent membranes divided into strips. Each
strip of membrane was incubated with a serum sample from one patient. On the left, the molecular
weight (kDa) is indicated according to the protein ladder. The numbers 14, 24, 26, 30, 38 indicate the
numbers of serum samples from patients with glaucoma, in which autoantibodies to γ-synuclein
(17 kDa) were detected. The arrow on the right marks the band corresponding to γ-synuclein.

All samples with a positive reaction were reanalyzed to confirm the results. In most
cases, immunoblotting showed a single immunoreactive band of 17 kDa, corresponding to
γ-synuclein. However, in one case (sample 38), two bands were observed, which may be
due to partial degradation of the recombinant protein or contamination of the sample with
bacterial proteins. The signal intensity varied for different patients. The high band intensity
for some patients (sample 26 in Figure 1a) may indicate a fairly high titer of γ-synuclein
autoantibodies in this patient.

Thus, the presence of γ-synuclein autoantibodies in the blood serum was detected in
20% of the patients with POAG. Patients with detected autoantibodies to γ-synuclein were
diagnosed with different stages of glaucoma development from 1a to 4a. No correlation
was found between the stage of the pathological process, the IOP level, and the presence of
γ-synuclein autoantibodies. Subsequent studies on a greater number of patients may be
required to obtain more reliable results.

3.2. Loss of γ-Synuclein Function Led to Dysregulation of IOP in Mice

We studied IOP changes in γ-KO mice during the instillation of drugs affecting
IOP regulation to determine what effect lack of γ-synuclein can have on hydrodynamics
of the eye.

We used agonists and antagonists for the three main mediator systems that control
IOP: adrenergic agonist phenylephrine, adrenergic antagonist timolol, cholinergic agonist
pilocarpine, cholinergic antagonist atropine, dopamine agonist dopamine, and dopamine
antagonist haloperidol. There was a difference in the dynamics of changes in IOP between
the group of γ-KO mice and WT mice after instillation into the eyes of mice with drugs that
affect one of the three mediator systems.

The adrenergic agonist 1% phenylephrine caused IOP reduction in γ-KO mice by an
average of 4 mmHg after 1 h (p = 0.0017) and 3 mmHg after 2 h (p = 0.0222). In WT mice,
there was a tendency to the opposite dynamic of changes in IOP. However, there were
no significant differences between the first (0 h) and subsequent (1 h and 2 h) time points
(Figure 2a). The adrenergic antagonist 0.5% timolol caused IOP reduction in both groups.
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However, a significant difference between time points was achieved only for WT mice,
with no differences between groups (Figure 2b).

Figure 2. IOP change in γ-synuclein knockout (γ-KO) mice compared to wild-type (WT) mice after
instillation of drugs affecting different neuromediators: (a) adrenergic agonist 1% phenylephrine,
(b) adrenergic antagonist 0.5% timolol, (c) cholinergic agonist 1% pilocarpine, (d) cholinergic an-
tagonist 0.1% atropine, (e) dopamine agonist 10% dopamine and (f) dopamine antagonist 0.25%
haloperidol. IOP was measured before (0 h) and 1 and 2 h after drugs installation. Mean ± SE are
presented. Statistical analysis was performed using ANOVA followed by Holm-Sidak’s multiple
comparisons test between groups (* p < 0.05, ** p < 0.05, *** p < 0.001). For each group, n = 5 (10 eyes).
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The cholinergic agonist 1% pilocarpine did not cause any changes in IOP dynamics
relative to baseline values and between groups (Figure 2c). The cholinergic antagonist
0.1% atropine caused a significant IOP reduction in γ-KO mice after 2 h by an average of
2 mmHg (p = 0.0271), compared to that of WT mice, as well as in comparison with the initial
value by 3 mmHg (0.0018). In WT mice, atropine did not affect the level of IOP (Figure 2d).

The dopamine agonist 10% dopamine caused IOP reduction in γ-KO mice from 8 to
4 mmHg (p = 0.0011) after 1 h and from 8 to 5 mm Hg. (p = 0.0011) after 2 h from baseline.
IOP in WT mice was twice as high as IOP in γ-KO mice throughout the experiment
(p = 0.0004 and p < 0.0001 for 1 h and 2 h, respectively). IOP in WT mice did not change
significantly (Figure 2e). The dopamine antagonist 0.25% haloperidol caused IOP reduction
after 1 h in both groups, relative to the initial values. After 2 h, the IOP level in WT mice
returned to the original values, while in γ-KO mice it remained lower by 2 mmHg than
that of the WT mice (p = 0.0063, Figure 2f).

Therefore, the impact on any of the three mediator systems, at least in one direction
(stimulation or inhibition), led to changes in the IOP dynamic in γ-KO mice compared
to WT mice. The most prominent effect was manifested upon stimulation of dopamine
reception, and IOP changes in knockout mice were observed with the use of both an agonist
and an antagonist of dopamine receptors.

3.3. The Total Protein Concentration and the Activity of the α2-Macroglobulin Changed in the Tear
Fluid of γ-KO Mice

In the tear fluid of γ-KO mice, a higher content of total protein was found than in
the tear fluid of WT mice (Figure 3a). Measuring α2-MG activity in the tear fluid of γ-KO
mice showed a tendency to the activity decrease normalized to the volume of tear fluid
(Figure 3b), and a significant decrease by 70% normalized to the total amount of protein
(mg) (Figure 3c).

Figure 3. Total protein concentration and α2-macroglobulin (α2-MG) activity are different in tear
fluid of γ-synuclein knockout (γ-KO) mice than those of wild-type (WT) mice: (a) total protein con-
centration determined by the Lowry assay (mg/mL); (b) total activity (nmol/min × mL); (c) specific
activity (nmol/min × mg) of α2-MG in tear fluid of γ-KO and WT mice. Means ± SE with individual
data are presented and p values are given if differences between groups were statistically significant
according to the Mann–Whitney test. For the WT mice group, n = 7; for the γ-KO group, n = 5.

4. Discussion

Autoantibodies to γ-synuclein are not detected in individuals without glaucoma.
The presence of autoantibodies to γ-synuclein in the blood of 20% of the patients with
POAG indicates that this protein, at least in some cases, is involved in the pathogenesis
of glaucoma. Based on the multifactorial nature of glaucoma development, we assume
that γ-synuclein is involved in this process in varying degrees. Previously, we showed
that autoantibodies against γ-synuclein are also detected in patients with chronic cerebral
ischemia, with the frequency of detection of one in 7.6 people, and in patients with ALS,
with the frequency of detection of one in 20.5 people [24]. The results of this study indicate
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that this rate is higher in patients with glaucoma (one in five people). We assume that
a common mechanism explaining the formation of autoantibodies to γ-synuclein in the
above-mentioned diseases is γ-synuclein or its oligomeric-aggregated forms entering
the bloodstream in cases of histohematic barriers disruption. Some proteins, including
synucleins, change localization and accumulate in certain layers and/or types of retinal cells
in neurodegenerative diseases [33,34]. Moreover, in neurodegeneration, the aggregation
of protein occurs in the retina, as it does in the brain [35,36]. In glaucoma, changes
in the expression and localization of γ-synuclein were noted in the optic nerve. Optic
nerve fibers are normally immunopositive for γ-synuclein. However, strong γ-synuclein
immunopositive staining of the optic nerve was observed in the area of lamina cribrosa
and in the postlamina area only in eyes with glaucoma. A model of glaucoma reproduced
by cauterization of episcleral veins shows a decrease in the amount of both γ-synuclein
mRNA and the protein in the optic nerve. During the incubation of rat astrocyte culture at
elevated hydrostatic pressure, the amount of γ-synuclein decreased [20]. The expression of
γ-synuclein at the mRNA and protein levels decreased in the retina of genetic glaucoma
(DBA/2J) mice and optic nerve crush (ONC) mice [37,38]. At the same time, accumulation
of γ-synuclein was observed only in the optic nerve of ONC mice but not in that of
DBA/2J mice [37]. Despite the obtained experimental evidence of changes in the expression
and localization of γ-synuclein in the eye during the glaucomatous process, the exact
mechanisms of implication of this protein in the pathogenesis of glaucoma remain unclear.
The formation of autoantibodies against γ-synuclein and the lack of protein function
may contribute to the pathogenesis of glaucoma. Nevertheless, some data indicate that
autoantibodies against γ-synuclein can be a protective factor that ensures removing γ-
synuclein excess during a critical increase in its intracellular concentration and removing
its misfolded and aggregated forms. This is indirectly confirmed by the neuroprotective
effect of autoantibodies to γ-synuclein in cultured neuroretinal cells [27,28].

One of the mechanisms of γ-synuclein involvement in glaucoma pathogenesis may be
its participation in the neurotransmission of monoamines, which may affect IOP [39,40]. All
three members of the synuclein family modulate the transport, expression, and function of
monoamine transporters on the cell surface, thereby playing a central role in the regulation
of monoamine reuptake [40]. In γ-synuclein knockout mice, behavioral testing revealed a
moderate deficiency of the dopaminergic neurotransmitter system [41]. γ-synuclein can
regulate the activity of the serotonin transporter that reuptakes serotonin from the synaptic
cleft [42]. The level of IOP depends on the rate of outflow and the formation of intraocular
fluid, which is influenced by the adrenergic, dopaminergic, and cholinergic systems [39]. In
this study, we showed that the IOP dynamic response is different in γ-KO mice compared
to that in WT mice when mediator regulators are instilled. IOP decreases in γ-KO mice
after instillations of a dopaminergic agonist and antagonist, an adrenergic agonist, and
an antagonist of cholinergic receptors. At the same time, IOP does not change or tends
to increase in WT mice, as in the case of phenylephrine. This may be due to dysfunction
of the neuronal control of IOP in γ-KO mice and disruption of the correct interaction
among mediators of the adrenergic, dopaminergic, and cholinergic systems [43,44]. Further
investigation is needed with additional selective receptor agonists and antagonists.

One of the markers of a neurodegenerative process, not only in the retina but also
in the brain is an increase in the level of α2-MG in the tear fluid [32]. α2-MG is a protein
of acute phase inflammation, an inhibitor of a wide range of proteolytic enzymes, and
a regulator of the function of many cytokines and growth factors. As an extracellular
chaperone, α2-MG prevents the formation of misfolded proteins and their conglomerates,
including amyloid-β, which accumulates in the retina in glaucoma [45–49]. We noticed
a significant increase in the concentration of total protein in the tear fluid of γ-KO mice.
This is possibly related to a decrease in the water flow into the tear fluid from the lacrimal
glands and the formation of a more concentrated tear fluid. A significant decrease of
α2-MG activity in the tear fluid of γ-KO mice indicates a dysregulation of its protective
effect. An increase in α2-MG activity is a response to neuroinflammation and the formation
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of malformed proteins, aimed at protecting nerve cells from death [46]. Therefore, our
data and other data indicate that the lack of γ-synuclein leads to weakening of protective
mechanisms that prevent the development of neurodegenerative processes, including such
processes in the eyes.

5. Conclusions

The detected autoantibodies in 20% of the patients with POAG confirmed the involve-
ment of this factor in the pathogenesis in some forms of glaucoma. The change in IOP
response to the instillation of drugs that affect the hydrodynamics of the eye in γ-KO mice
indicated that the loss of this protein function can lead to IOP dysregulation. In the tear
fluid of γ-KO mice, the activity of α2-MG controlling the processes of neuroinflammation
and the formation of misfolded proteins was reduced, whereas the total amount of protein
was increased. Therefore, γ-synuclein dysfunction in glaucoma contributes to impaired
IOP regulation and development of neurodegenerative processes in the retina—the main
factors leading to optic neuropathy and loss of visual functions in glaucoma.
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positive serum from our previous work.
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Abstract: Synucleins comprise a family of small proteins highly expressed in the nervous system of
vertebrates and involved in various intraneuronal processes. The malfunction of alpha-synuclein
is one of the key events in pathogenesis of Parkinson disease and certain other neurodegenerative
diseases, and there is a growing body of evidence that malfunction of other two synucleins might be
involved in pathological processes in the nervous system. The modulation of various presynaptic
mechanisms of neurotransmission is an important function of synucleins, and therefore, it is feasible
that their deficiency might affect global electrical activity detected of the brain. However, the
effects of the loss of synucleins on the frequency spectra of electroencephalograms (EEGs) have not
been systematically studied so far. In the current study, we assessed changes in such spectra in
single-, double- and triple-knockout mice lacking alpha-, beta- and gamma-synucleins in all possible
combinations. EEGs were recorded from the motor cortex, the putamen, the ventral tegmental area
and the substantia nigra of 78 3-month-old male mice from seven knockout groups maintained on
the C57BL/6J genetic background, and 10 wild-type C57BL/6J mice for 30 min before and for 60 min
after the systemic injection of a DA receptor agonist, apomorphine (APO). We found that almost
any variant of synuclein deficiency causes multiple changes in both basal and APO-induced EEG
oscillation profiles. Therefore, it is not the absence of any particular synuclein but rather a disbalance
of synucleins that causes widespread changes in EEG spectral profiles.

Keywords: synucleins; dopamine; electroencephalogram; frequency spectrum

1. Introduction

The synuclein family comprises three closely related proteins, specifically alpha-, beta-
and gamma-synucleins (alpha-syn, beta-syn and gamma-syn), that are widely expressed
in the nervous system of vertebrates, where they are involved in multiple intraneuronal
processes, particularly those that are associated with synaptic neurotransmission [1,2].
Alpha-syn has been originally identified as a protein highly enriched in presynaptic ter-
minals in various brain areas, where it is commonly colocalised with beta-syn [3]. The
involvement of alpha-syn and beta-syn in chemical, particularly dopaminergic, neurotrans-
mission has been linked with their role in the molecular pathogenesis of Parkinson disease
(PD) [4,5], dementia with Lewy bodies (DLBs) and certain other neurodegenerative diseases
(so-called synucleinopathies) [6–8]. Gamma-syn is predominantly expressed in sensory
neurons; nevertheless, it has been shown to induce cortical astrocyte proliferation with
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subsequent BDNF expression and release [9]. Furthermore, gamma-syn is able to modify
beta-syn-membrane interaction [10] and control midbrain dopamine (DA) function [11].

Various animal models based on the expression of mutated forms or simply overex-
pression of these proteins (alpha-syn, in particular) have been developed that displayed
neurological dysfunction, which supported a notion about the gain of function, i.e., patho-
logical aggregation, as the main cause of neurodegeneration in these diseases [12,13]. How-
ever, to better understand pathological mechanisms triggered by malfunction of synucleins,
their roles in normal brain physiology need to be clarified. Interpretations of results of such
studies are complicated by a potential functional redundancy within the family due to the
high similarity of amino acid sequences and overlapping expression patterns [14,15]. In the
triple-knockout (TKO) mice, some physiological mechanisms (age dependent, in particular)
were found to be affected to a greater extent than in single- or double-synuclein knockouts
(KOs) [16–18]. These studies also demonstrated that although synucleins are not essential
for basic synaptic functions, they are required for the stabilisation and maintenance of
DA level in the mediatory system [19,20]. It has also been revealed that learning abilities
in tasks requiring intact spatial and working memory are compromised in alpha-syn KO
mice, indicating an important role of alpha-syn in cognitive processes [21,22]. At the same
time, gamma-syn KO mice are characterised by increased orientational and exploratory
behaviour, reduced state anxiety and enhanced fear memory [23,24].

Synaptic dysfunctions and an imbalance between coordinated activities of different
brain structures are hypothesised to be the main cause of abnormal functioning of the
diseased brain [25]. It is feasible to suggest that by modifying synaptic transmission
the deficiency of synuclein family member(s) would disrupt the neuronal network func-
tioning, accompanied by modifications of electrical oscillations in the affected neuronal
circuits [26], thus disrupting their interaction [27]. Superimposed extracellular fields aris-
ing from synaptic transmembrane currents of neurons involved in these circuits form
the electroencephalogram (EEG) [28]. Changes in EEG patterns have been shown to be
associated with PD pathology both in patients [29,30] and in animal models of PD [31,32].
In several recent EEG studies of PD, substantial attention has been paid to neuronal net-
works within/between the cortical and subcortical brain areas [33,34] and to the role of DA
transmission in the functioning of these networks [20,35,36]. However, we are still lacking
detailed information on how changes in the composition of synuclein family members
affect the DA system. This needs to be clarified given data demonstrating a potential role
of neuronal/synaptic plasticity in the DA system associated with synucleins [19]. In a few
EEG studies, associations between modifications of alpha-syn and changes in the brain
electrical activity have been shown [37,38]. Thus, a deeper insight into the activities of
different neuronal networks and their changes in different types of synuclein KO mice
would be beneficial for obtaining a better understanding of the role of synuclein family
members in healthy and neurodegeneration-affected nervous systems.

In this study, we recorded EEGs from the motor cortex (MC), the putamen (Pt) and
the DA-producing brain regions (ventral tegmental area (VTA) and substantia nigra (SN))
of adult mice with all possible combinations of alpha-, beta-, and gamma-syn KOs, before
and after the systemic injection of a DA receptor agonist, apomorphine (APO). Genotype-
specific and brain area–specific differences between various synuclein KO and control
wild-type (WT) mice were revealed in the frequency spectra of both baseline and APO-
evoked EEG from these brain areas.

2. Materials and Methods

2.1. Experimental Animals

In this study, 3-month-old male mice with different combinations of alpha B6(Cg)-Snca
tm1.2Vlb, beta B6(Cg)-Sncb tm1Sud and gamma B6(Cg)-Sncg tm1Vlb synuclein knockouts, all
maintained on the C57BL/6J genetic background [39,40] and where WT mice originated
from the same breeding programme, were used. Overall, eight cohorts of mice were
compared: WT (A+B+G+, n = 10), ABG-KO (A-B-G-, n = 8), AG-KO (A-B+G-, n = 10), B-KO
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(A+B-G+, n = 11), A-KO (A-B+G+, n = 12), BG-KO (A+B-G-, n = 13), G-KO (A+B+G-, n = 11)
and AB-KO (A-B-G+, n = 13).

Up to the age of 2 months, animals were housed in groups of five per cage, and
thereafter, each of them was kept for 1 month in an individual cage. Mice were housed in
a standard environment (12 h light/dark cycle, 22–25 ◦C RT, 50%–55% relative humidity)
with food and water ad libitum. The procedures were carried out in accordance with
the “Guidelines for accommodation and care of animals. Species-specific provisions for
laboratory rodents and rabbits” (GOST 33216-2014), in compliance with the principles
enunciated in the Directive 2010/63/EU on the protection of animals used for scientific
purposes and approved by the local Institute Ethics Review Committee (protocol № 48,
15.01.2021). All efforts were made to minimise the number of the animals and their suffering.
All mice were genotyped using a PCR analysis of DNA obtained from the ear biopsy, as
described elsewhere [20].

2.2. Implantation of Electrodes and EEG Recording

After 1 month of adaptation to the individual cage, each mouse was anesthetised
with the subcutaneous (s.c.) injection of a combination of dissolved tiletamine/zolazepam
(Zoletil®, Virbac, Carros, France) and xylazine solution (Rometar®, Bioveta, Ivanovice na
Hané, Czech Republic) at doses of 25 mg/kg and 2.5 mg/kg, respectively. Four recording
electrodes were implanted into the left MC and Pt (MC and Pt; AP: +1.1 mm anterior to
bregma; ML: ±1.5 mm lateral to midline; DV: −0.75 and −2.75 mm depths from skull
surface, respectively), into the left VTA (AP: −3.1, ML: −0.4, DV: −4.5) and into the right
SN (AP: −3.2, ML: +1.3, DV: −4.3) [41] (DV was measured from the skull surface). Within
brain areas analysed in this study, the opposite hemisphere for SN was chosen, first because
of its proximity to VTA, which meant we could not exclude possible mutual damage
during electrode implantation in the same hemisphere. Second, it is well known that
the contralateral SN is the dominant source of DA in the opposite hemisphere. Custom-
made electrodes were constructed from two varnish-insulated nichrome wires (100 μm
diameter) glued together (3M VetbondTM Tissue Adhesive, St. Paul, MN, USA) with
100 μm tips, free from insulation. Thus, the electrodes were sufficiently inflexible and had
higher effective surface–volume ratio than a monowire electrode of a 200 μm diameter.
The reference and ground electrodes (stainless steel wire, 0.4 mm in diameter) were placed
symmetrically into the caudal cavities behind the cerebrum (AP: −5.3, ML: ±1.8, DV:
−0.5). All electrodes were positioned using a computerised 3D stereotaxic StereoDrive
(Neurostar, Tübingen, Germany), fixed to the skull with dental cement and soldered to a
dual row socket connector (Sullins Connector Solutions, San Marcos, CA, USA). Each of
nichrome wires was soldered to one of the connector’s pins. After electrode implantation,
animals were housed individually for the recovery, followed by the experimental sessions.
The postmortem verification of the electrode tip location included a preliminary anodal
current (80–100 μA, 1 s) coagulation of the adjacent tissue and extirpation of the brain. The
brains were fixed in Carnoy’s (60% ethanol, 30% chloroform, 10% glacial acetic acid) at
4 ◦C overnight following dehydration in alcohol series and embedding in paraffin blocks
(see details in [14,42]). Furthermore, 8 μm thick coronal brain sections were cut using
Leica Biosystems (Deer Park, IL, USA) microtome and mounted onto poly-L-lysine–coated
slides as described previously [18]. One of five slides from each of eight series was stained
with hematoxylin and eosin. Electrode positions in Pt and MC were visualised without
additional immunostaining, whereas for those in SN and VTA, an adjacent slide was
stained with antibodies against tyrosine hydroxylase (TH, mouse monoclonal antibody,
clone TH-2, Sigma, diluted 1:1000) and secondary Goat anti-mouse IgG (H+L) highly cross-
adsorbed second antibodies (Alexa Fluor 488, Thermo A11029 diluted 1:1000) as described
previously [43]. The borders of SN and VTA on histological sections were outlined using
the atlas of TH-positive cells distribution [44]. Representative images demonstrating
coagulated tissues at the position of electrode tip either in the SN region or in the VTA
region are shown in the Supplementary Figure S1.
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Effective electrode targeting of the chosen brain areas was based on a precise measure-
ment of the bregma and lambda coordinates and the providing of coordinates corrections
for individual brain areas given that the value that was used for the preparation of the
stereotaxic atlas [41] was equal to 4.2 ± 0.25 mm. In several cases, when the electrolytic
marker was relatively enlarged, the electrode tip position was assigned to the point where
the effect of electrolysis within the coagulated area was maximal.

Three days after electrode implantation, each mouse was adapted for four days
(1 h/day) to both an experimental cage (Perspex, 15 cm × 17 cm × 20 cm) in an electrically
shielded chamber and to a cable (five 36-gauge wires, Plexon Inc, Dallas, TX, USA) plugged
into a digital Neuro-MEP amplifier (Neurosoft Ltd., Ivanovo, Russian Federation). On
day 8, a baseline EEG was recorded for 30 min, starting 20 min after placing the animal
into the box. EEG recordings were continued for 60 min after the s.c. injection of either
saline (control) or, on the next day, apomorphine (APO, Sigma, Milan, Italy), at a dose of
1.0 mg/kg. To minimise the effect of oxidation, only freshly dissolved APO was used. All
experiments were performed from 9:00 a.m. to 6:00 p.m. in daylight combined with an
artificial light source, keeping illumination at a relatively stable level.

2.3. Computation of EEG Frequency Spectra

Monopolar EEG signals measured between the active and reference electrodes were
amplified, filtered (0.1–35 Hz) and sampled (1 kHz) online by using the amplifier and
kept in an operational computer for further analysis. The frequency spectra of successive
12 s EEG epochs were studied using a modified version of period-amplitude analysis [45],
which, in contrary to the Fourier transform, was not affected by the well-known nonsta-
tionary nature of the EEG signals. The absolute values of the half-wave amplitudes with
periods/frequencies in each of selected narrow EEG frequency sub-bands were summed,
followed by their normalisation to the summarised values. The programme allowed both
the automatic and the manual rejection of EEG fragments containing artefacts and electro-
graphic seizures. However, artefacts appeared seldom, because of tight connections in the
recording cable sockets and insertion of the cable into a thin, flexible, grounded silvered
shield, to protect EEGs against so-called capacity artefacts. In this study, 25 sub-bands
in the 0.48–31.5 Hz range were analysed: 0.48–0.53 (0.5), 0.83–0.92 (0.9), 1.20–1.33 (1.3),
1.59–1.76 (1.7), 1.99–2.20 (2.1), 2.42–2.67 (2.5), 2.86–3.17 (3.0), 3.34–3.69 (3.5), 3.83–4.24 (4.0),
4.36–4.82 (4.6), 4.92–5.44 (5.2), 5.52–6.10 (5.8), 6.17–6.82 (6.5), 6.87–7.59 (7.2), 7.62–8.43 (8.0),
8.45–9.34 (8.9), 9.37–10.36 (9.9), 10.40–11.49 (10.9), 11.56–12.77 (12.2), 12.90–14.26 (13.6),
14.49–16.01 (15.3), 16.43–18.16 (17.3), 18.93–20.93 (19.9), 22.47–24.83 (23.6) and 28.50–31.50
(30.0). The sub-bands are marked in figures by their centre (mean) frequency values (see
in brackets above). The final analyse was performed for “classical” EEG bands: delta 1
(0.5–1.7 Hz), delta 2 (2.1–3.5 Hz), theta (4.0–8.0 Hz), alpha (8.9–12.2 Hz), beta 1 (13.6–17.3) and
beta 2 (19.9–30.0).

The frequency spectra of 12 s EEG epochs were individually averaged for every
successive 10 min interval for each mouse, followed by the separate averaging of the
individual values in WT and in each of the KO groups. The differences in the averaged
spectra of baseline EEG in different groups allow the evaluation of a role of the synucleins
(and/or their lack) in the modification of the EEG frequency spectra, whereas the differences
in EEG effects of APO are expected to be associated with specific modifications of the DA
system by synucleins.

2.4. Statistics

Differences in the “classical” frequency ranges of the averaged EEG spectra from each
brain area were evaluated by two-way ANOVA for repeated measures between different
cohorts of animals in the baseline 30 min interval and for 60 min after APO (vs. saline)
injection. For multiple comparisons, a Bonferroni post hoc test was employed. The group
data were expressed as the means ± SEM; differences were considered significant at p < 0.05.
For two-way ANOVA, STATISTICA 10 (StatSoft, Inc., Tulsa, OK, USA) was used.
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3. Results

3.1. Baseline EEG

During baseline EEG recordings, mice with knockouts of synuclein genes behaved
similarly to WT control mice: displayed intensive exploration of the experimental box with
stochastically scattered sleep-like bouts.

Baseline EEGs in WT (A+B+G+) and TKO (A-B-G-) mice (Figure 1A and B, respectively)
were characterised by patterns of relatively slow oscillations of 6–12 Hz, more powerfully
expressed in WT mouse. In contrast, the fastest EEG activity of 19.9–30 Hz predominated in
Pt, VTA, and SN in a TKO mouse. These EEG patterns were represented in their frequency
spectra by higher peaks in the upper theta-alpha range and beta 2 band in WT and TKO
mice, respectively (Figure 1C–F). These differences between the groups were stable in EEG
spectra averaged over consecutive 10 min intervals and, thus, were evidently observed in
the spectral profiles that characterised the whole (30-min) baseline period (Figure 2).

Figure 1. Baseline EEG fragments and their frequency spectra in a 3-month-old triple-knockout
mouse vs. a wild-type littermate. Typical patterns in 12 s fragments of baseline EEG in wakeful and
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behaviourally active wild-type (WT) and triple (alpha-, beta-, and gamma-synucleins) knockout (TKO)
mice ((A) and (B), respectively) and their frequency spectra (C–F) in the motor cortex (MC), putamen
(Pt), ventral tegmental area (VTA) and substantia nigra (SN). On A and B, time calibration is 1 s and
amplitude calibration is 100 μV. On (C–F), abscissa is a frequency sub-band marked with its mean
value, in hertz ordinate is the summed amplitudes of EEG in each of the 25 sub-bands, normalised
to a sum of all amplitude values, in arbitrary units. Vertical grey lines separate “classical” EEG
frequency bands: delta 1, delta 2, theta, alpha, beta 1, and beta 2.

 
Figure 2. Averaged baseline EEG spectra in triple-knockout mice vs. wild-type littermates. Averaged
amplitude-frequency spectra of 12 s baseline EEG fragments recorded from the motor cortex (A),
putamen (B), VTA (C) and SN (D) for 30 min in wild-type (WT, n = 10) and triple (alpha-, beta-, and
gamma-synucleins) knockout (TKO, n = 8) mice (dashed and solid lines, respectively) and spectral
ratios (grey bars) between the groups (TKO/WT) in %. Abscissa is a frequency sub-band marked
with its mean value, in hertz; the left ordinate is summed absolute values of EEG amplitudes in each
of 20 sub-bands, normalised to sum of all amplitude values, in arbitrary units; and the right ordinate
is a ratio of the EEG amplitudes, calculated as (TKO-WT) / WT, in %. Vertical lines are ± 1 SEM.
Vertical grey lines separate “classical” EEG frequency bands: delta 1, delta 2, theta, alpha, beta 1, and
beta 2.

During this period, baseline EEG activity in MC in TKO vs. WT mice (Figure 3A–F)
was significantly suppressed in both theta and alpha bands (Figure 3C,I; two-way ANOVA:
F1,48 = 9.2 and 8.2, respectively, p < 0.01 for both) and enhanced in beta 2 band (Figure 3F;
two-way ANOVA: F1,48 = 14.9, p < 0.001). In Pt (Figure 3G–L), the EEG differences in the
theta, alpha and beta 2 bands were similar to those in MC (two-way ANOVA: F1,48 = 5.9,
6.1 and 8.1, p < 0.05 for both, and < 0.01, respectively). In VTA (Figure 4A–F) and SN
(Figure 4G–F), significant differences between TKO and WT mice were observed in the
same frequency ranges (F1,48 = 4.8, 14.3 and 11.5, p < 0.05, 0.001 and 0.01, respectively, for
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VTA, and F1,48 = 16.3, 19.8 and 18.3, respectively, p < 0.001 for SN). All two-way ANOVA
evaluations vs. WT group are presented in Appendix A Figure A1.

Figure 3. Relations between averaged amplitudes in “classical” frequency bands of 12 s baseline EEG
fragments recorded from the motor cortex (A–F) and putamen (G–L) for 30 min in knockout mice
of different types denoted on the horizontal axes. Ordinate is the averaged absolute values of EEG
amplitudes in each of the “classical” bands, in arbitrary units (vertical lines are ±1 SEM). Horizontal
dashed lines denote the values in wild-type and triple-knockout groups: x and + symbols denote
significant two-way ANOVA differences from the wild-type and triple-knockout mice, respectively
(one, two and three symbols denote p < 0.05, <0.01 and 0.001, respectively).
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Figure 4. Relations between averaged amplitudes in “classical” frequency bands of 12 s baseline EEG
fragments recorded from VTA (A–F) and SN (G–L) for 30 min in knockout mice of different types
denoted on the horizontal axes. Ordinate is the averaged absolute values of EEG amplitudes in each
of the “classical” bands, in arbitrary units (vertical lines are ±1 SEM). Horizontal dashed lines denote
the values in wild-type and triple-knockout groups: x and + symbols denote significant two-way
ANOVA differences from the wild-type and triple-knockout mice, respectively (one, two and three
symbols denote p < 0.05, < 0.01 and 0.001, respectively).

To assess whether the changes in the EEG spectra observed in the brain areas of TKO
mice developed only as the result of the absence of all three synucleins or whether the
depletion of certain family member(s) could be sufficient for the development of the same
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changes, we measured these spectra in the brain areas of mice lacking one or two synucleins
in all six possible combinations.

Changes in delta 1 activity were found to be quite diverse between genotypes and brain
regions when compared with WT mice, although this activity was lower in all cases when
the difference was significant (Figures 3A,G and 4A,G). Conversely, delta 2 activity that
was not affected in any of studied brain areas of TKO mice showed no significant changes
in the SN and VTA of mice of all single- and double-KO genotypes, whereas a decrease
was observed in the Pt of A + B+G- and MC of A + B-G- mice when compared with WT
mice. The theta activity that was depressed in the TKO vs. WT group in all brain areas
(Figures 3C,I and 4C,I) appeared to be unaffected in the MC and Pt of all other KO-genotype
mouse groups (Figure 3C,I) but was depressed in the VTA of mice lacking either only beta-
syn (A+B-G+) or only gamma-syn (A+B+G-) (Figure 4C,I). In the SN, an even-more-diverse
pattern of the theta activity was observed with its depression in mice either lacking alpha-syn
(A-B+G+) or expressing this protein in the absence of the other two synucleins (A+B-G-)—
and either lacking gamma-syn (A+B+G-) or expressing this protein in the absence of the
other two synucleins (A-B-G+) (Figure 4C,I). The alpha activity that was also depressed in
the TKO vs. WT group in all brain areas (Figures 3D,J and 4D,J) showed no such changes in
most of the KO genotypes and brain areas, except for the MC and Pt of mice lacking beta-syn
(A+B-G+) (Figure 3D,J) and the SN of mice lacking gamma-syn (A+B+G-) (Figure 4J). The
beta 1 activity was characterised by the most synuclein-independent pattern of activity
throughout brain areas and genotypes, but it was consistently enhanced in all brain areas
of mice expressing only beta-syn (Figures 3E,K and 4E,K). In contrast, these mice showed
no changes in beta 2 activity in all four studied brain areas when compared with WT mice
(Figures 3F,L and 4F,L). Similarly, no changes in beta 2 activity were found in the MC and
VTA of mice either lacking alpha-syn (A-B+G+) or expressing this protein in the absence
of the other two synucleins (A+B-G-), whereas all other combinations of KO genotypes,
including TKO, and brain area enhanced beta 2 activity (Figures 3F,L and 4F,L).

3.2. Apomorphine Effects

In both WT and synuclein KO mice, APO initiated stereotyped behaviour, i.e., short-
lasting freezing followed by uninterrupted licking of the floor and raising of the erected
tail for about 30 min after injection. Also, occasional short sleep-like bouts were observed
during this period in all APO-treated groups of mice.

3.2.1. Apomorphine vs. Saline

In MC (Figure 5), APO significantly suppressed delta 2 and alpha activities and en-
hanced the theta in WT (A+B+C+) mice (two-way ANOVA: F1,108 = 4.3, 9.8 and 6.7, p = 0.04,
0.002 and 0.009, respectively). In TKO (A-B-G-) mice, APO produced delta 2 suppression in
MC (two-way ANOVA: F1,84 = 9.9, p = 0.002), whereas the A-B+G- group was characterised
by alpha suppression and beta 2 enhancement (two-way ANOVA: F1,108 = 27.5 and 14.7,
respectively, p < 0.001 for both). In A+B-G+ mice, APO suppressed delta 2 activity (two-way
ANOVA: F1,120 = 9.8, p = 0.002), whereas in A-B+G+ mice, it produced significant atten-
uation of alpha activity (two-way ANOVA: F1,132 = 14.9, p < 0.001). In the A+B-G- group,
alpha suppression and beta 2 enhancement were observed (two-way ANOVA: F1,144 = 11.4
and 5.8, p < 0.001 and = 0.02, respectively). The mice most sensitive to APO were in the
A+B+G- group, for which significant suppression of delta 2 and alpha activities (two-way
ANOVA: F1,120 = 9.2 and 31.2, p = 0.003 and < 0.001, respectively) and enhancement of beta
1 and beta 2 ones (two-way ANOVA: F1,120 = 9.2 and 25.0 p = 0.003 and < 0.001, respectively)
were revealed.
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Figure 5. The evolution of apomorphine (APO, 1.0 mg/kg, s.c.) vs. saline effects in “classical”
frequency bands of 12 s fragments of EEG from the motor cortex averaged for consecutive 10 min
intervals (abscissa) in knockout mice of different types denoted on the horizontal axes. Ordinate
is the averaged absolute values of EEG amplitudes in each of the “classical” bands, in arbitrary
units (vertical lines are ±1 SEM), obtained in experiments with saline and APO (grey and black
lines, respectively) in each group. Differences between baseline EEGs in knockout and wild-type
mice were used to normalise APO effects in knockout groups to those in control. Symbols * and x
denote significant differences in APO vs. saline and knockout mice vs. wild-type control, respectively
(one, two and three symbols denote p < 0.05, <0.01 and 0.001, respectively). Symbol x(-) denotes the
significant enhancement of the APO suppressive effect, for clarity.

In Pt (Figure 6), the distribution of significant differences after APO vs. saline injections
was similar to that observed in MC, but in WT (A+B+G+) mice, delta 2 suppression did not
reach significant values (two-way ANOVA: F1,108 = 3.7, p = 0.056), whereas beta 2 activity
was significantly enhanced in the A-B+G+ group (two-way ANOVA: F1,132 = 7.5, p = 0.007),
and theta activity was significantly supressed in the A+B+G- group (two-way ANOVA:
F1,120 = 8.3, p = 0.005).
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Figure 6. Evolution of apomorphine (APO, 1.0 mg/kg, s.c.) vs. saline effects in “classical” frequency
bands of 12 s fragments of EEG from the putamen averaged for consecutive 10 min intervals (abscissa)
in knockout mice of different types denoted on the horizontal axes. Ordinate is the averaged absolute
values of EEG amplitudes in each of the “classical” bands, in arbitrary units (vertical lines are ±1
SEM), obtained in experiments with saline and APO (grey and black lines, respectively) in each group.
Differences between baseline EEGs in knockout and wild-type mice were used to normalise the APO
effects in knockout groups to those in control. Symbols * and x denote the significant differences in
APO vs. saline and knockout mice vs. wild-type control, respectively (one, two and three symbols
denote p < 0.05, <0.01 and 0.001, respectively). Symbol x(-) denotes the significant enhancement of
the APO suppressive effect, for clarity.

All changes in EEG following APO administration observed in Pt and MC were also
observed in the VTA of mice of corresponding genotypes (Figure 7), except for the lack of
suppression of alpha activity in the A-B-G+ group (two-way ANOVA: F1,144 = 3.6, p = 0.059).
In addition, in the A-B+G- and A+B-G- groups, delta 2 activity was suppressed (two-way
ANOVA: F1,108 = 4.1, p = 0.045, and F1,144 = 11.1, p = 0.001, respectively): in the A+B-G+
group, theta activity was increased (two-way ANOVA: F1,120 = 6.3, p = 0.014), as was
beta 2 activity in the WT and A-B-G- groups (two-way ANOVA: F1,108 = 5.1, p = 0.026, and
F1,84 = 4.5, p = 0.038, respectively).
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Figure 7. Evolution of apomorphine (APO, 1.0 mg/kg, s.c.) vs. saline effects in “classical” frequency
bands of 12 s fragments of EEG from VTA averaged for consecutive 10 min intervals (abscissa) in
knockout mice of different types. Ordinate is the averaged absolute values of EEG amplitudes in
each of the “classical” bands, in arbitrary units (vertical lines are ±1 SEM), obtained in experiments
with saline and APO (grey and black lines, respectively) in each group. Differences between baseline
EEGs in knockout and wild-type mice were used to normalise the APO effects in knockout groups to
those in control. Symbols * and x denote the significant differences of APO vs. saline and knockout
mice vs. wild-type control, respectively (one, two and three symbols denote p < 0.05, <0.01 and
0.001, respectively). Symbol x(-) denotes the significant enhancement of the APO suppressive effect,
for clarity.

In SN the patterns of alpha, beta 1 and beta 2 activities following APO treatment were
the same as those in Pt (Figures 7 and 8), except for alpha activity in the A-B-G+ group, in
which no significant difference was detected (two-way ANOVA: F1,144 = 3.0, p = 0.084). An
increase of theta activity in SN was observed only in the A+B-G+ group (two-way ANOVA:
F1,120 = 5.8, p = 0.018) and decreased delta 2 activity in the same five groups as in VTA but
not in the WT and A-B-G- groups (two-way ANOVA: F1,108 = 1.7, p = 0.197, and F1,84 = 1.6,
p = 0.802, respectively). All two-way ANOVA evaluations vs. saline are presented in
Appendix A Figure A2.
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Figure 8. Evolution of apomorphine (APO, 1.0 mg/kg, s.c.) vs. saline effects in “classical” frequency
bands of 12 s fragments of EEG from SN averaged for consecutive 10 min intervals (abscissa) in
knockout mice of different types. Ordinate is the averaged absolute values of EEG amplitudes in
each of the “classical” bands, in arbitrary units (vertical lines are ±1 SEM), obtained in experiments
with saline and APO (grey and black lines, respectively) in each group. Differences between baseline
EEGs in knockout and wild-type mice were used to normalise the APO effects in knockout groups to
those in control. Symbols * and x denote the significant differences of APO vs. saline and knockout
mice vs. wild-type control, respectively (one, two and three symbols denote p < 0.05, <0.01 and
0.001, respectively). Symbol x(-) denotes the significant enhancement of the APO suppressive effect,
for clarity.

3.2.2. APO Effects in Different Groups vs. Those in WT Mice

We also compared APO-induced changes in EEG spectra in KO groups with those in
the WT group, and these changes are also indicated in Figures 5–8. The two-way ANOVA
evaluations shown in Appendix A Figure A3 demonstrate the statistical significance of
the differences in the degree of these changes, independently of whether APO injection
induced a decrease or whether it induced an increase of a particular EEG band activity
compared with saline injection.

The effect of animal genotype on APO-induced changes in EEG spectra was most
profound in gamma-syn KO (A+B+G-) mice: a statistically significant decrease in the degree

65



Biomedicines 2022, 10, 3128

of changes was revealed for alpha activity and a statistically significant increase for beta 1
and beta 2 activities in all four studied brain areas. The effect on alpha and beta 2 activity
remained when both gamma-syn and alpha-syn synuclein were absent in double-KO animals
(A-B+G-), but the effect on beta 1 could not be seen anymore. The further removal of beta-syn
abolished the effects of APO treatment on alpha, beta 1 and beta 2 activities in all four brain
areas of TKO (A-B-G-) mice, with the exception of beta 1 in SN (Figures 5–8, Appendix A
Figure A3).

In MC, the only detected APO-induced changes across synuclein KO genotypes were
described above changes in alpha and beta activities, but all the other three studied brain
areas were characterised by a more profound role of dopamine neurotransmission. Such
changes were also observed for delta 1 activity, particularly its decrease in Pt, and for theta
activity, particularly in SN. A statistically significant decrease in delta 2 activity was noticed
only in the Pt and VTA of TKO (A-B-G-) mice (Figures 5–8, Appendix A Figure A3).

4. Discussion

In this study, we have revealed the effects of all possible combinations of synuclein
family members’ depletion (three single-, three double- and the triple-synuclein gene KOs)
on baseline and apomorphine-modified EEGs recorded from the different brain areas of mice:
motor cortex (MC), putamen (Pt), ventral tegmental area (VTA) and substantia nigra (SN).

Not surprisingly, across the studied brain area, the most frequent changes in baseline
EEG spectral profiles, when compared with those in WT mice, were observed in the ab-
sence of all three synucleins, i.e., in TKO mice (schematically illustrated in Supplementary
Figure S2), although no changes in delta 2 or beta 1 spectra were detected in these animals.
This is consistent with substantial changes in synaptic morphology (e.g., decreased presy-
naptic terminal area of CA3 excitatory synapses) and activity (e.g., changes in the amplitude
of the field excitatory postsynaptic potentials in the hippocampus) previously observed
in TKO mice [16]. Interestingly, among single- and double-synuclein KO genotypes, the
pattern of changes seen in mice lacking only gamma-syn was the most similar to the pattern
seen in TKO mice, particularly in basal ganglia, SN and VTA (Supplementary Figure S2).
This is in line with the recently obtained evidence that gamma-syn transcription in DA
neurons modifies DA mediation in the brain [11]. However, this similarity of patterns gets
lost in the absent of an additional member of the synuclein family, i.e., in beta-syn/gamma-
syn and particularly in alpha-syn/gamma-syn double-KO mice (Supplementary Figure S2).
Moreover, gamma-syn on its own, i.e., in alpha-syn/beta-syn double-KO mice, is not able
to restore the WT pattern. It is beta-syn that singularly can normalise average EEG ampli-
tudes at all but beta 1 frequencies in alpha-syn/gamma-syn double-KO mice (Supplementary
Figure S2), which is consistent the ability of beta-syn to potentiate neurotransmitter uptake
by synaptic vesicles in the absence of other synucleins [6] and would suggest a key role
of this protein in the regulation of EEG oscillations. Yet the absence of beta-syn either
singularly or in combination with another synuclein (i.e., in beta-syn/alpha-syn or beta-
syn/gamma-syn double-KO mice) causes changes in only some oscillation frequencies in
certain brain areas compared with corresponding areas in the brain of WT mice. Thus, it
is not the absence of any particular synuclein but rather a disbalance of synucleins that
causes widespread changes in EEG spectral profiles.

Another observation that would need further investigation is that independently of
the genotype and the brain area, the disbalance of synucleins always alters the vector of
beta 1 and beta 2 level changes towards their enhancement but for other, higher frequencies,
towards their suppression. A link between alterations in EEG oscillations, particularly
the elevation of low-frequency beta oscillations, with motor impairment and neurodegen-
eration in PD patients and animal models of the disease has been reported in multiple
studies [46–48]. Moreover, the suppression of beta oscillations correlates with the positive ef-
fects of symptomatic treatments of PD by levodopa or deep brain stimulation (DBS) [49–51].
We found that oscillations recorded from SN and VTA areas appeared to be substantially
affected in all synuclein KO mice. Together with the aforementioned enhancement of beta
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oscillations in these mice, which resembles changes in beta frequencies EEG recordings in
PD patients, these observations suggested that the modulation of dopaminergic neurotrans-
mission in mice lacking certain synucleins might have specific effects on EEG recordings,
particularly from these two brain areas. To test this, we treated WT and synuclein KO mice
with APO, a DA agonist of several DA receptors and thus an activator of DA signalling.

APO treatment causes fewer changes in EEG oscillations in TKO mice than in all other
studied genotypes, whereas the most changes were observed in mice lacking gamma-syn in
the presence of one or two other members of the family (Supplementary Figure S3). This
suggests that compensation for the loss of gamma-syn function by other synuclein(s) exerts
much-more-profound effects on EEG spectral profiles, i.e., elevation of beta and suppression
of delta 2, theta and alpha bands, when DA signalling has been activated (Supplementary
Figure S3). This effect was also obvious when APO-induced changes in EEG spectral
profiles observed in synuclein KO mice were compared with changes observed in WT mice,
i.e., elevation of beta, particularly beta 2, and the suppression of higher frequency bands,
particularly alpha (Supplementary Figure S4). Taken together, these observations again
point to an importance of a balance of synucleins for neuronal function.

5. Conclusions

We found that changes in the composition of synucleins significantly affect EEG
oscillation profiles in all studied areas of the nervous system and that the activation of DA
signalling by APO treatment causes further genotype- and brain area–specific alterations
in these profiles. Further studies should unveil molecular and cellular mechanisms linking
a disbalance of synucleins and changes in the electrical activity of the brain, as well as
whether and how EEG spectral analyses can be applied for the early differential diagnostics
of synucleinopathies.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/biomedicines10123128/s1, Figure S1—verification of the position
of the electrode tip (arrows) following electrocoagulation of surrounding tissues; Figure S2—baseline
changes of EEG recordings from four brain areas of synuclein KO mice compared with WT mice.;
Figure S3—APO-induced changes of EEG recordings from four brain areas of synuclein KO and WT
mice; Figure S4—APO-induced changes in EEG recordings from four brain areas of synuclein KO
compared with APO-induced changes in WT mice.
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Appendix A

Two-way ANOVA for baseline EEG vs. A+B+G+  

Groups A-B-G- A-B+G- A+B-G+ A-B+G+ A+B-G- A+B+G- A-B-G+ 

MC F48 P F54 P F57 P F60 P F63 P F57 P F63 P 

Delta 1 2.81 0.099 0.38 0.539 7.17 0.009 4.70 0.034 10.3 0.002 9.40 0.003 9.15 0.004 

Delta 2 2.28 0.138 0.47 0.497 0.77 0.497 0.84 0.362 7.36 0.009 3.57 0.064 2.09 0.154 

Theta 9.21 0.004 0.15 0.701 0.93 0.339 0.68 0.412 0.35 0.557 1.49 0.227 0.10 0.757 

Alpha 8.25 0.006 1.34 0.251 10.1 0.002 1.15 0.287 2.65 0.108 2.52 0.118 2.01 0.161 

Beta 1 0.68 0.414 8.14 0.006 0.07 0.797 0.06 0.810 1.16 0.285 0.28 0.598 0.01 0.921 

Beta 2 14.9 0.000 0.07 0.797 25.1 0.000 6.48 0.014 12.1 0.0006 12.9 0.000 8.63 0.005 

Putamen F48 P F54 P F57 P F60 P F63 P F57 P F63 P 

Delta 1 1.98 0.166 0.85 0.360 6.21 0.016 3.42 0.069 3.46 0.068 6.58 0.013 7.36 0.009 

Delta 2 2.33 0.133 1.62 0.208 0.13 0.723 0.17 0.678 1.90 0.173 4.75 0.033 0.72 0.400 

Theta 5.90 0.019 3.12 0.083 3.57 0.064 0.41 0.524 0.01 0.911 1.46 0.232 0.67 0.417 

Alpha 6.07 0.017 0.08 0.784 7.27 0.009 0.01 0.918 1.59 0.212 1.07 0.305 4.55 0.037 

Beta 1 0.08 0.780 14.1 0.000 0.28 0.600 0.58 0.448 0.38 0.540 0.08 0.780 3.11 0.082 

Beta 2 8.09 0.006 0.23 0.633 16.1 0.000 1.38 0.245 6.94 0.011 9.33 0.003 0.20 0.659 

VTA F48 P F54 P F57 P F60 P F63 P F57 P F63 P 

Delta 1 5.13 0.028 3.10 0.084 9.08 0.004 4.59 0.036 6.63 0.012 10.4 0.002 9.23 0.004 

Delta 2 1.26 0.268 2.67 0.108 1.48 0.229 0.00 0.982 2.07 0.155 1.61 0.210 0.89 0.350 

Theta 4.77 0.034 0.25 0.618 6.14 0.016 0.02 0.894 0.01 0.918 12.1 0.000 0.00 0.996 

Alpha 14.3 0.000 0.29 0.591 5.15 0.027 0.77 0.383 0.00 0.947 2.73 0.104 0.12 0.732 

Beta 1 2.09 0.155 17.2 0.000 1.51 0.224 0.23 0.636 0.00 0.973 5.79 0.019 0.00 0.995 

Beta 2 11.5 0.001 0.01 0.985 11.8 0.001 0.21 0.646 4.12 0.047 15.4 0.000 1.58 0.213 

SN F48 P F54 P F57 P F60 P F63 P F57 P F63 P 

Delta 1 1.38 0.245 2.96 0.091 5.10 0.028 4.24 0.044 0.62 0.432 1.26 0.267 6.31 0.015 

Delta 2 2.47 0.123 1.12 0.295 1.72 0.195 2.79 1.000 1.29 0.260 0.03 0.853 0.80 0.373 

Theta 16.3 0.000 2.06 0.157 2.81 0.099 7.17 0.009 7.40 0.008 16.3 0.000 4.75 0.033 

Alpha 19.8 0.000 2.18 0.146 1.78 0.188 1.23 0.272 1.88 0.175 4.92 0.031 0.52 0.471 

Beta 1 1.24 0.27 20.6 0.000 0.201 0.655 2.76 0.102 0.76 0.387 2.11 0.152 1.04 0.311 

Beta 2 18.3 0.000 0.43 0.514 8.09 0.006 12.3 0.000 12.4 0.000 12.5 0.000 7.7 0.007 

Figure A1. Results of a two-way ANOVA analysis of baseline changes in EEG recordings from four
brain areas of synuclein KO mice vs. WT (A+B+G+) mice. Data with p < 0.05 are highlighted blue,
p < 0.01 highlighted pink and p < 0.001 highlighted red.
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Two-way ANOVA for EEG effects of apomorphine vs. Saline 

Groups  A+B+G+  A-B-G-  A-B+G-  A+B-G+  A-B+G+  A+B-G-  A+B+G-  A-B-G+ 

MC F108 P F84 P F108 P F120 P F132 P F144 P F120 P F144 P 

Delta 1 0.17 0.678 2.75 0.101 0.17 0.683 0.85 0.359 0.66 0.419 1.84 0.177 0.25 0.617 1.76 0.186 

Delta 2 4.34 0.040 9.88 0.002 2.29 0.134 9.84 0.002 0.09 0.760 3.06 0.083 9.25 0.003 8.01 0.005 

Theta 9.82 0.002 0.19 0.665 0.40 0.531 0.20 0.650 0.88 0.366 0.09 0.76 2.63 0.108 0.40 0.526 

Alpha 6.71 0.0098 0.82 0.366 27.5 0.000 1.69 0.196 14.9 0.000 11.4 0.000 31.2 0.000 8.18 0.005 

Beta 1 0.60 0.439 0.10 0.756 1.48 0.227 0.53 0.468 0.52 0.474 0.90 0.344 9.25 0.003 1.10 0.295 

Beta 2 2.96 0.088 2.92 0.091 14.7 0.000 2.22 0.138 2.94 0.089 5.85 0.017 25.0 0.000 2.35 0.127 

Putamen F108 P F84 P F108 P F120 P F132 P F144 P F120 P F144 P 

Delta 1 2.53 0.115 2.53 0.115 0.43 0.514 0.02 0.904 0.44 0.510 0.17 0.682 0.32 0.571 0.01 0.909 

Delta 2 3.73 0.056 8.32 0.005 2.11 0.149 4.95 0.028 0.81 0.371 3.21 0.075 11.3 0.001 7.72 0.006 

Theta 7.55 0.007 0.51 0.478 0.10 0.75 0.01 0.900 1.89 0.171 2.75 0.099 8.27 0.005 2.74 0.100 

Alpha 7.91 0.006 1.65 0.202 24.3 0.000 2.39 0.125 19.0 0.000 16 0.000 56.1 0.000 15.5 0.000 

Beta 1 0.42 0.518 0.02 0.953 0.40 0.528 0.27 0.602 0.41 0.521 0.29 0.593 12.0 0.000 0.07 0.797 

Beta 2 3.54 0.059 2.95 0.09 13.2 0.000 1.98 0.162 7.52 0.007 4.97 0.027 31.6 0.000 3.72 0.056 

VTA F108 P F84 P F108 P F120 P F132 P F144 P F120 P F144 P 

Delta 1 0.13 0.722 0.81 0.370 0.37 0.546 0.72 0.398 5.81 0.017 0.16 0.69 0.09 0.766 2.55 0.113 

Delta 2 5.5 0.021 10.6 0.002 4.12 0.045 5.71 0.019 0.06 0.812 6.86 0.009 31.0 0.000 6.44 0.012 

Theta 6.19 0.014 0.17 0.679 0.39 0.532 6.28 0.014 0.01 0.900 3.28 0.072 10.4 0.002 0.67 0.415 

Alpha 7.59 0.007 2.58 0.112 21.9 0.000 0.00 0.964 39.4 0.000 31.2 0.000 83.0 0.000 3.63 0.059 

Beta 1 0.40 0.526 0.15 0.6990 0.81 0.37 1.01 0.316 0.04 0.839 0.73 0.394 19.1 0.000 1.05 0.306 

Beta 2 5.08 0.026 4.46 0.038 18.8 0.000 0.26 0.614 13.8 0.000 11.1 0.001 57.2 0.000 1.44 0.231 

SN F108 P F84 P F108 P F120 P F132 P F144 P F120 P F144 P 

Delta 1 0.72 0.397 2.14 0.148 0.05 0.945 1.87 1.000 0.00 0.926 0.57 0.453 2.14 0.146 4.12 0.054 

Delta 2 1.69 0.197 1.61 0.208 4.99 0.028 10.9 0.001 0.12 0.732 4.67 0.032 10.9 0.001 7.60 0.007 

Theta 3.78 0.054 0.61 0.437 0.00 0.900 5.75 0.018 0.03 0.86 3.23 0.074 4.02 0.051` 0.33 0.564 

Alpha 10.5 0.002 1.36 0.247 32.2 0.000 0.00 0.961 24.9 0.000 22.6 0.0001 46.9 0.000 3.03 0.084 

Beta 1 0.46 0.499 1.65 0.203 0.14 0.71 0.59 0.445 0.21 0.644 1.64 0.229 4.5 0.035 3.23 0.074 

Beta 2 3.64 0.591 1.85 0.177 16.7 0.000 0.32 0.575 12.6 0.000 8.88 0.003 23.8 0.0001 3.40 0.067 

Figure A2. Results of a two-way ANOVA analysis of APO-induced changes in EEG recordings from
four brain areas of synuclein KO mice and WT (A+B+G+) mice. Recoding from the same brain areas
of mice injected with saline were used as controls. Data with p < 0.05 are highlighted blue, p < 0.01
highlighted pink and p < 0.001 highlighted red.
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Two-way ANOVA for EEG effects of apomorphine vs. A+B+G+ 

Groups  A-B-G-  A-B+G-  A+B-G+  A-B+G+  A+B-G-  A+B+G-  A-B-G+ 

MC F96 P F108 P F114 P F120 P F126 P F114 P F126 P 

Delta 1 3.23 0.076 0.26 0.614 0.36 0.552 5.56 0.020 0.46 0.498 0.04 0.837 0.73 0.393 

Delta 2 3.1 0.082 0.00 0.97 0.06 0.884 1.69 0.196 0.87 0.353 0.02 0.897 0.13 0.721 

Theta 1.55 0.217 3.57 0.061 0.7 0.405 0.03 0.87 0.7 0.404 3.65 0.059 1.21 0.273 

Alpha 0.43 0.513 8.77 0.004 0.15 0.702 1.94 0.166 2.20 0.141 9.77 0.002 0.13 0.718 

Beta 1 2.76 0.099 0.78 0.38 1.14 0.288 0.59 0.808 0.49 0.485 4.39 0.038 1.96 0.164 

Beta 2 1.87 0.175 12.6 0.000 0.28 0.6 0.57 0.452 2.44 0.121 10.1 0.002 1.14 0.288 

Putamen F96 P F108 P F114 P F120 P F126 P F114 P F126 P 

Delta 1 8.82 0.004 0.51 0.477 1.7 0.863 6.98 0.009 4.54 0.035 1.91 0.17 6.15 0.014 

Delta 2 4.54 0.036 0.52 0.477 1.34 0.25 0.13 0.721 0.64 0.425 0.06 0.807 3.1 0.081 

Theta 0.90 0.345 0.80 0.374 0.14 0.711 0.66 0.417 0.03 0.866 3.48 0.065 0.00 0.960 

Alpha 0.18 0.673 6.63 0.011 1.03 0.313 1.81 0.181 2.61 0.109 12.3 0.000 1.00 0.322 

Beta 1 2.67 0.106 0.22 0.639 2.42 0.123 0.08 0.775 1.08 0.30 5.36 0.022 2.25 0.136 

Beta 2 2.27 0.135 10.3 0.002 0.01 0.945 1.85 0.176 2.91 0.09 9.40 0.003 1.72 0.192 

VTA F96 P F108 P F114 P F120 P F126 P F114 P F126 P 

Delta 1 1.68 0.198 0.56 0.457 1.50 0.224 1.04 0.311 2.39 0.125 1.00 0.319 5.80 0.018 

Delta 2 7.30 0.008 1.01 0.316 0.41 0.524 0.34 0.558 2.19 0.142 1.95 0.165 0.85 0.357 

Theta 2.56 0.113 1.35 0.248 5.11 0.026 0.66 0.419 0.57 0.451 3.08 0.082 0.86 0.354 

Alpha 0.01 0.931 7.02 0.009 4.38 0.039 4.93 0.028 7.93 0.006 28.6 0.000 0.21 0.646 

Beta 1 3.83 0.053 0.62 0.413 0.05 0.831 0.57 0.451 0.12 0.727 8.88 0.004 3.62 0.059 

Beta 2 3.43 0.067 11.3 0.001 5.85 0.017 3.64 0.059 4.93 0.028 22.7 0.000 1.36 0.245 

SN F96 P F108 P F114 P F120 P F126 P F114 P F126 P 

Delta 1 4.27 0.041 0.32 0.574 1.83 0.179 0.64 0.426 0.42 0.515 0.31 0.579 0.83 0.364 

Delta 2 1.65 0.202 1.02 0.316 0.73 0.396 1.13 0.290 0.62 0.432 3.89 0.051 0.50 0.479 

Theta 4.96 0.028 1.04 0.31 4.70 0.032 1.23 0.270 0.01 0.928 6.59 0.012 5.41 0.022 

Alpha 0.60 0.440 10.3 0.002 3.56 0.062 4.84 0.030 9.25 0.003 19.4 0.000 0.94 0.335 

Beta 1 11.6 0.000 0.02 0.88 0.00 0.960 0.45 0.500 0.85 0.359 7.69 0.006 6.86 0.010 

Beta 2 0.74 0.393 10.2 0.002 6.30 0.013 2.06 0.153 4.39 0.038 14.6 0.000 2.28 0.134 

Figure A3. Results of a two-way ANOVA analysis of APO-induced changes in EEG recordings from
four brain areas of synuclein KO mice vs. WT (A+B+G+) mice. Data with p < 0.05 are highlighted
blue, p < 0.01 highlighted pink and p < 0.001 highlighted red.
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Abstract: Maternal alcohol consumption is one of the strong predictive factors of alcohol use and
consequent abuse; however, investigations of sex differences in response to prenatal alcohol exposure
(PAE) are limited. Here we compared the effects of PAE throughout gestation on alcohol preference,
state anxiety and mRNA expression of presynaptic proteins α-, β- and γ-synucleins in the brain of
adult (PND60) male and female Wistar rats. Total RNA was isolated from the hippocampus, midbrain
and hypothalamus and mRNA levels were assessed with quantitative RT-PCR. Compared with naïve
males, naïve female rats consumed more alcohol in “free choice” paradigm (10% ethanol vs. water). At
the same time, PAE produced significant increase in alcohol consumption and preference in males but
not in females compared to male and female naïve groups, correspondingly. We found significantly
lower α-synuclein mRNA levels in the hippocampus and midbrain of females compared to males
and significant decrease in α-synuclein mRNA in these brain areas in PAE males, but not in females
compared to the same sex controls. These findings indicate that the impact of PAE on transcriptional
regulation of synucleins may be sex-dependent, and in males’ disruption in α-synuclein mRNA
expression may contribute to increased vulnerability to alcohol-associated behavior.

Keywords: prenatal alcohol exposure; synucleins; alcohol consumption; free-choice; hippocampus;
midbrain; mRNA expression; α-synuclein; rats

1. Introduction

Alcohol use disorder (AUD) is a severe and etiologically complex disease associated
with high morbidity and mortality rates. Although the development of alcohol dependence
has a strong genetic component [1], there are a wide variety of environmental factors that
impact the vulnerability to AUD through epigenetic modifications [2].

Maternal alcohol drinking leading to prenatal alcohol exposure (PAE) is one of the
strong predictive factors of AUD [3]. Neurobehavioral disorder associated with prenatal
alcohol exposure can occur in children following even low to moderate levels of maternal
ethanol consumption during pregnancy and touch on the basic components of cognition—
learning, memory, executive functions, affective state anxiety and depression, and addictive
behavior later in life [4,5]. To date the epigenetic mechanisms underlying high risk of
drug abuse which arise from maternal consumption of alcohol are unclear. It is well
known that alterations in presynaptic regulation of neurotransmission are among key
mechanisms involved in the long-lasting ethanol effects, excessive drinking and ethanol
abuse [6]. Central component of the presynaptic neurotransmitter release machinery
is soluble NSF attachment protein receptor complex, which in turn is under regulatory
control of synucleins—small presynaptic proteins that are expressed from three genes (α-,
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β- and γ-synuclein) and may modify neurotransmitter release [7]. α-Synuclein has been
previously studied as a potential player in alcohol addiction due to its role in dopamine
(DA) neurotransmission [8]. Genome-wide association studies have found α-synuclein
to be one of the candidate gene for alcoholism, and single-nucleotide polymorphisms in
intron 4 of the α-synuclein gene (Snca) have been linked to alcohol craving [9]. It has been
found that variability in Snca which affects its expression may contribute to the high risk of
alcohol abuse [10]. It was shown that elevated α-synuclein mRNA levels are associated
with craving in patients with alcoholism [11,12]; transgenic mice expressing human mutant
A30P α-synuclein were characterized by higher motivation for ethanol and attenuated
context- and cue-induced reinstatement of alcohol-seeking behavior [13]. At the same
time, alcohol-dependent subjects had higher frequencies of the shortest 267 bp allele of the
α-synuclein-repeat 1 marker, associated with decreased expression of α-synuclein in the
autopsy samples of human prefrontal cortex [10]. These and other data have inspired the
α-synuclein deficit hypothesis: low basal levels of α-synuclein in some brain regions may
predispose to enhanced DA activity in response to alcohol and as a result alcohol cravings
and excessive alcohol consumption, leading in turn to increases in α-synuclein [9]. This
hypothesis is in accordance with the fact, that α-synuclein expression is downregulated in
the frontal cortex and caudate–putamen of inbred alcohol preferring rats prior to ethanol
exposure [14].

β-Synuclein—a pre-synaptic protein that co-localizes with α-synuclein, can act as
α-synuclein inhibitor [15] and suggested to have neuroprotective properties [15]. Mam-
malian γ-synuclein is mainly expressed in the peripheral nervous system (primary sensory,
sympathetic and motor neurons), but also detected in the brain [16]. The normal cellular
function of γ-synuclein still remains unknown. Interestingly, γ-synuclein knockout mice
were hypoactive in a novel environment [17], whereas α- and γ-synuclein double-null
knockout mice were hyperactive due to the hyperdopaminergic phenotype detected by
two-fold increase in the extracellular concentration of dopamine after electrical stimulation
of striatum [18].

Considering that dopaminergic imbalance in the brain can be one of the determinants
of high alcohol motivation [19,20], and synucleins may be critically involved in regulation
of dopaminergic neurons [8] here we studied alterations in synucleins mRNA level in
specific brain areas of adult male and female rats affected by prenatal alcohol exposure. It
was of particular importance to focus on the sex-dependent alterations in gene expression
which might provide more insight into the problem of sex differences in response to alcohol
intake both in humans [21,22] and animal models of alcoholism [23,24].

2. Materials and Methods

2.1. Animals

Adult (postnatal day 60; PND60) male and female Wistar rats were supplied by
Stolbovaya Animal Farm (Moscow region, Russia) and group-housed 5 per a cage in
a 12/12-h light/dark cycle, 19–22 ◦C and 55% humidity with free access to water and
standard lab chow. Following a one-week acclimation period in the animal facility two
female rats were matched with one male for 72 h, thus the number of rats in one cage was 3
(2♀+ 1♂). In the current experiment conception occurred 1–2 days following male-female
pairing. After confirmation of pregnancy by the presence of a vaginal plug male partners
were removed and females were singly housed until giving birth. In this case, 20 female rats
were distributed into two groups equally (10 animals/group): ethanol-exposed (received
10% (v/v) ethanol as the only fluid, E2-birth, n = 10) and intact (received water as the
only fluid all the time, n = 10). A gestational period “E2-birth” is analogous to the first
two trimesters of human gestation [25]. The human third trimester equivalent occurs in
rodents following birth (PND 1–10) [26,27], thus, in accordance with the goal of the study
(prenatal alcohol exposure study) during this period, the offspring/dams did not receive
ethanol. Offspring were weaned at PND21 and housed 5 rats of the same sex in one cage.
At postnatal day 60 (PND 60) male and female offspring were divided into three groups and
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used for: (1) test for anxiety (“light-dark box”), (2) test for alcohol preference, (3) analysis of
mRNA expression. For each test we used equal number of rats per sex per litter from both
PAE and control groups. Each experimental group consisted of no more than 3 littermates.
A scheme of the experimental design is shown in Figure 1.

 
Figure 1. Scheme of the experimental design. EtOH—ethanol. PAE—prenatal alcohol exposure.
PND—postnatal day.

2.2. Two-Bottle “10% Alcohol vs. Water” Choice Drinking Paradigm (Voluntary
Alcohol Consumption)

At PND 60 rats were housed individually in standard cages (43.5 × 28 × 16 cm) and
presented with 2 bottles containing diluted ethanol (10% v/v) and the other containing
water, providing a 24-h continuous free-choice alcohol access. Alcohol and water intake
were carefully measured by weighing the bottles every 24 h at 8 a.m. (0.1 g accuracy).
The calculated parameters were daily intake levels of water, 10% Alcohol and total fluid.
Alcohol preference was estimated as a ratio of 10% Alcohol vs. total daily fluid consumed
(10% Alcohol/Alcohol + water). There were four groups: control male offspring from intact
dams (C-m, n = 11), PAE male offspring (PA-m, n = 10), control female offspring from intact
dams (C-f, n = 8), PAE female offspring (PA-f, n = 10).

2.3. Light-Dark Box

Anxiety-like behavior was measured via light-dark box test (TSE, Berlin, Germany).
Each rat was initially placed in the middle compartment (length× width × height,
13 × 21 × 35 cm) and monitored for 15 min in the box with free choice to move be-
tween and within brightly illuminated (left) and dark (right) compartments (both 21 ×
21 × 35 cm). The following parameters were detected for each of the box compartments:
number of entrances (full-body transitions between chambers), total distance, and the total
spent time. There were four groups: control male offspring from intact dams (C-m, n = 9),
PAE male offspring (PA-m, n = 9), control female offspring from intact dams (C-f, n = 9),
PAE female offspring (PA-f, n = 9).

2.4. Tissue Collection

The animals from control male offspring from intact dams (C-m, n = 9), PAE male
offspring (PA-m, n = 9), control female offspring from intact dams (C-f, n = 9) and PAE
female offspring (PA-f, n = 9) were euthanized by decapitation and the following brain
morphological structures were isolated on ice: hippocampus (HPC), hypothalamus (HPY)
and midbrain (MID). The structures were immediately frozen in liquid nitrogen.

2.5. RNA Extraction, cDNA Synthesis and Quantitative RT-PCR

Total RNA was extracted using Extract RNA (Evrogen, Moscow, Russia) according to
the standard phenol-chloroform protocol. DNAse (Thermo Scientific, Mundelein, IL, USA)
was used for RNA purification and 1μg of total RNA was used for cDNA synthesis. Reverse
transcription was performed using the MMLV-RT kit (Evrogen, Moscow, Russia) with
random hexamer primers. Gene expression levels were analysed via real-time polymerase
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chain reaction (qRT-PCR) using qPCRmix-HS SYBR (Evrogen). The reaction was carried
out in a BioRad CFX96 thermal cycler (Bio-Rad Laboratories Inc., California, USA). Relative
gene expression values were obtained by using 2−ΔΔCT method with β-actin as a reference
gene. Primer sequences are shown in Table 1.

Table 1. Oligonucleotide sequences for primers used in the qRT-PCR.

Gene
Primers

Forward Reverse

β-actin 5′-cactgccg-catcctcttcct-3′ 5′-aaccgctcatt-gccgatagtg-3′
Snca (α-synuclein) 5′-tgtcaagaaggaccagatg-3′ 5′-caggctcatagtcttggtag-3′
Sncb (β-synuclein) 5′-agttccccacagacctgaag-3′ 5′-ttacgcctctggctcgtattc-3′
Sncg (γ-synuclein) 5′-aaacatcgtggtcaccacc-3′ 5′-tctagtctcctccactcttg-3′

2.6. Data Analysis

The data were represented as the mean ± standard deviation (SD) and analyzed with
the Statistica 12 software (StatSoft Inc., Tulsa, OK, USA). The datasets were tested for
normality with the Shapiro-Wilk test (W-test) and the parametric analysis was applied
if p > 0.05. The data obtained in the “alcohol intake” test were analyzed with repeated
measures ANOVA. For the other data sets the two-way ANOVA was applied. The post-hoc
Duncan’s multiple range test was used when appropriate.

3. Results

3.1. Observation of Pregnant Dam and Offspring

The mean maternal ethanol consumption was recorded daily throughout pregnancy
and was 2.6 ± 0.72 g/kg per 24 h. This moderate ethanol exposure did not affect maternal
weight gain and pregnancy outcomes—litter size, number of pups born, postnatal mortality
or offspring birth weight compared to control group (data not shown).

3.2. Voluntary Alcohol Consumption

Alcohol drinking groups had access to 10% ethanol and water in two-bottle-choice
paradigm for 7 days.

Statistically significant impact of PAE (F1,35 = 4.5, p = 0.04), sex (F1,35 = 13.7, p = 0.007),
and interaction of alcohol consumption dynamics and sex (F6,210 = 3.8, p = 0.001) on alcohol
consumption were found (Figure 2a). Estimation of daily ethanol intake indicated that C-f
group of rats demonstrated higher alcohol consumption at Days 1, 2, 4, 5, and 6 (264%,
p = 0.004; 209%, p = 0.009; 200%, p = 0.005; 314%, p = 0.004; 152%, p = 0.03, respectively)
compared to C-m rats. The differences between the PA-f and PA-m groups were not found.
At the same time, there was apparent difference in ethanol consumption between PAE and
control (naïve) males, but not between PAE and naïve females. PA-m rats demonstrated
significantly higher alcohol consumption at Day 3 and Day 7 of the experiment (180%,
p = 0.04 and 135%, p = 0.009, respectively) compared to C-m rats. Among all experimental
groups only PA-m rats showed a 101% (p = 0.0005) increase in alcohol consumption from
Day 1 to Day 7 of the experiment.

Effects of PAE (F1,35 = 8, p = 0.008), sex (F1,35 = 14.5, p = 0.006), and interaction of alcohol
preference dynamics and sex (F6,210 = 5.7, p = 0.00002), alcohol consumption dynamics, PAE
and sex (F6,210 = 2.2, p = 0.04) on alcohol preference were found (Figure 2b). Estimation
of daily drinking activity indicated that female rats in both PAE (only at the beginning of
testing) and C groups prefer ethanol to water to a greater extent than males. C-f group of
rats demonstrated higher alcohol preference at Days 1, 2, 4, 5, and 6 (249%, p = 0.007; 215%,
p = 0.008; 196%, p = 0.008; 331%, p = 0.003; 146%, p = 0.046, respectively) compared to C-m
rats. The differences between the PA-f and PA-m groups were somewhat less pronounced:
PA-f group of rats demonstrated higher alcohol preference at Day 1—on 94% (p = 0.03),
but lower at Day 7—(41%, p = 0.025) compared to PA-m rats. At the same time, there
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was apparent difference in the percentage preference for ethanol between PAE and naïve
males, but not between PAE and naïve females. PA-m rats demonstrated significantly
higher alcohol preference at Day 3 and Day 7 of the experiment (200%, p = 0.02 and 178%,
p = 0.0005, respectively) compared to C-m rats. Along with the detected increase in alcohol
consumption, PA-m rats showed a 133% (p = 3 × 10−6) increase in alcohol preference from
Day 1 to Day 7 of the experiment, whereas for other groups, no statistically significant
change in the dynamics of alcohol preference was found.

 
(a) 

 
(b) 

Figure 2. Two-bottle-choice paradigm. Data present as mean ± SD. (a)—alcohol consumption, g/kg
of absolute ethanol per day; (b)—alcohol preference, coefficient: the ratio of alcohol consumed
volume to total volume of alcohol and water consumed. C-m—male naïve rats, n = 11; PA-m—male
PAE rats, n = 10; C-f—female naïve rats, n = 8; PA-f—female PAE rats, n = 10. Rats were provided
with 24 h/day access to two-bottle choice drinking (one bottle contained 10% alcohol, the other
contained water) for 7 days. Asterisk (*) indicates a significant difference between naïve and PAE rats
of the same sex: *—p < 0.05, ***—p < 0.001; post hoc Duncan’s test. Hash (#) indicates a significant
difference between groups of the same name of different sex: #—p < 0.05; ##—p < 0.01; post hoc
Duncan’s test. Ampersand (&) indicates a significant difference between Day 1 and Day 7 inside a
group: &&&—p < 0.001; post hoc Duncan’s test.
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3.3. The “Light-Dark Box” Test

The following statistically significant differences were found in the “light-dark box”
test: number of entries into the dark compartment (F1,32 = 6.1, p = 0.02; PAE and sex factor
interaction), distance in the dark compartment (F1,32 = 4.2, p = 0.049; PAE and sex factor
interaction), number of entries into the middle compartment (F1,32 = 8.2, p = 0.007; PAE and
sex factor interaction). An effect of PAE (F1,32 = 5.8, p = 0.02) and PAE and sex factor interaction
(F1,32 = 6.6, p = 0.015) was found, when total distance in all compartments was analyzed.

There were no significant differences between PA-m and C-m rats. At the same
time, PA-f rats characterized by lower number of entries (66.5%, p = 0.03, Figure 3a) and
distance (67%, p = 0.01, Figure 3b) in the dark compartment, number of entries into the
middle compartment (70%, p = 0.015, Figure 3c) and total distance in all compartments
(70%, p = 0.002, Figure 3d) compared to C-f rats. Meanwhile, C-f rats demonstrated higher
number of entries into the middle compartment (143%, p = 0.01) and total distance in all
compartments (126%, p = 0.03) compared to C-m rats.

 
(a) (b) 

 
(c) (d) 

Figure 3. Light-dark box. Data present as mean + SD. (a)—entries into the dark compartment; (b)—
distance in the dark compartment, scores; (c)—entries into the middle compartment; (d)—total distance
travelled in all compartments, scores. C-m—male naïve rats, n = 9; PA-m—male PAE rats, n = 9; C-f—
female naïve rats, n = 9; PA-f—female PAE rats, n = 9. Asterisk (*) indicates a significant difference between
naïve and PAE rats of the same sex: *—p < 0.05; post hoc Duncan’s test. Hash (#) indicates a significant
difference between groups of the same name of different sex: #—p < 0.05; post hoc Duncan’s test.
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3.4. Synucleins mRNA Expression

In HPC effect of PAE (F1,32 = 7.7; p = 0.009) and sex (F1,32 = 135; p = 5.29 × 10−13)
factors on α-synuclein mRNA level was found. The expression level of Snca was 25.7% lower
(p = 0.0046) in PAE-m mice compared to C-m mice. At the same time, both groups C-f and
PAE-f have, respectively, 78% (p = 0.00006) and 60% (p = 0.00006) lower expression level of Snca
compared to C-m and PAE-m mice groups, respectively. When mRNA level of β-synuclein
was analyzed, only sex effect was found (F1,32 = 89; p = 9.4 × 10−11). Both C-f and PAE-f
groups of mice had, respectively, 69% (p = 0.00006) and 62% (p = 0.00006) lower β-synuclein
mRNA level compared to corresponding groups of male mice: C-m and PAE-m, respectively.
The analysis of Sncg expression level revealed significant effects: PAE (F1,32 = 21; p = 0.00006),
sex (F1,32 = 45; p = 1.4 × 10−7) and PAE-sex interaction (F1,32 = 13; p = 0.0009). The expression
level of Sncg was 132% higher (p = 0.0001) in PAE-m mice compared to C-m mice. At the
same time, both C-f and PAE-f groups of mice had, respectively, 49% (p = 0.046) and 71%
(p = 0.00006) lower mRNA expression level of β-synuclein compared to corresponding groups
of male mice: C-m and PA-m, respectively (Figure 4a).

 
(a) (b) 

 
(c) 

Figure 4. The mRNA expression levels of synucleins. (a)—the hippocampus; (b)—the hypothalamus;
(c)—the midbrain. The corresponding members of the synuclein family are indicated by Latin letters:
α, β and γ. C-m—male naïve rats, n = 9; PA-m—male PAE rats, n = 9; C-f—female naïve rats, n = 9;
PA-f—female PAE rats, n = 9. Asterisk (*) indicates a significant difference between naïve and PAE
rats of the same sex: *—p < 0.05; **—p < 0.01; ***—p < 0.001; a post hoc Duncan’s test. Hash (#)
indicates a significant difference between groups of the same name of different sex: #—p < 0.05; ##—
p < 0.01; ###—p < 0.001; post hoc Duncan’s test.
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In HYP effect of sex (F1,32 = 11.5; p = 0.002) on β-synuclein mRNA expression level
was found. The expression level of Sncb was 116% higher (p = 0.001) in C-f mice compared
to C-m group of mice. The analysis of Sncg expression level revealed significant effect of
only PAE (F1,32 = 5.4; p = 0.03). γ-synuclein mRNA level was 51% (p = 0.02) lower in PAE-f
group compared to C-f group of mice (Figure 4b).

In MID effect of PAE (F1,32 = 10.6; p = 0.003), sex (F1,32 = 27; p = 0.00001) and their inter-
action (F1,32 = 14.6; p = 0.0006) on α-synuclein mRNA content was found. The expression
level of Snca was 44% lower (p = 0.0002) in PA-m mice compared to C-m mice. At the same
time, the expression level of Snca was 56% lower (p = 0.00006) in C-f mice compared to
C-m group of mice. For β-synuclein mRNA statistically significant interaction of PAE and
sex effects was found (F1,32 = 5.3; p = 0.028). A tendency to increase in β-synuclein mRNA
level (26%, p = 0.055, Duncan post-hoc test; p = 0.038, Fisher LSD post-hoc test) in PAE-m
group compared to C-m group of mice was detected (Figure 4c).

4. Discussion

In humans, ethanol exposure during pregnancy is one of predictive factors of future
ethanol use in the offspring [28]. Rodents exposed to alcohol prenatally are also known
to exhibit high ethanol preference as well as neurodevelopmental, physiological, and
behavioral deficits reviewed in [25,29]. We showed that prenatal ethanol exposure increased
ethanol consumption and ethanol preference in the male but not in female offspring
compared to controls. Moreover, PAE males demonstrated progressive escalation of ethanol
consumption and preference of male offspring. Previous studies have shown that prenatal
ethanol exposure may influence the acceptance of ethanol’s taste. The authors suggested
that prenatal ethanol increases the risk to be engaged in alcohol abuse later in life because
of increased preference for ethanol’s smell and taste [30]. No effect of sex of the pups on
sensory responsiveness was revealed, which allowed to pool the data for both sexes [31].
Surprisingly, we found striking differences in voluntary alcohol consumption between the
sexes as a response to prenatal alcohol exposure. Importantly, females of control group
drank more alcohol than males. These data are in line with previously reported results of
tests for alcohol intake in rats using different experimental paradigms [32]. Earlier studies
suggested that sex differences in ethanol intake in rats may be due to the sex differences in
brain dopamine systems believed to mediate ethanol’s reinforcing properties [33].

Here we asked whether fetal ethanol exposure can alter mRNA expression of presy-
naptic proteins—α-, β- and γ-synuclein known to be involved in regulation of dopamine
release particularly in the mesolimbic system. We focused on three brain areas critically
involved in mechanisms of alcohol-associated long-term effects—HPC, HYP and MID.
Unexpectedly, PAE males had lower level of Snca expression in HPC and MID compared
to control males, whereas no effect of PAE was found for female offspring. Interestingly,
both control and PAE (to a much lesser extent) females demonstrated significantly higher
levels of alcohol preference and lower levels of Snca expression in HIP and MID compared
to males. Sex-associated difference in Snca expression in the brain may be explained by the
effect of sex hormones including estrogen [34]. However, effect of PAE can be attributed
to epigenetic alterations such as Snca intron 1 methylation [35]. Indeed, the inhibition of
methylation in this region of Snca resulted in increased mRNA expression, while hyperme-
thylation had the opposite effect [35]. One of the mechanisms involved in the regulation
of Snca expression is dependent on the activity of DNA (cytosine-5)-methyltransferase 1
(DNMT1) [36]. This assumption is consistent with the previous results, which showed
DNMT1 mRNA level is increased in the mesolimbic areas of adult PAE male rats [37].
Thus, our current data testifies that α-synuclein may be among the targets of prenatal
alcohol and suggests that sex-specific long-term changes in Snca expression may impact
the manifestation of neurobehavior disorders caused by PAE. We hypothesized several
possible mechanisms behind this, which we will consider below.

It is known that α-synuclein knock-out mice have hyperdopaminergic phenotype,
and knock-out of both α- and γ-synuclein genes potentiates this effect [18]. It has been
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estimated that the level of knockdown of endogenous α-synuclein correlates with the
amount of nigral neuron loss [38]. On the contrary, decrease in α-synuclein mRNA using
siRNA treatment did not cause any dramatic changes in survival of dopamine neurons or
monoamine metabolism in primates [39]. These conflicting results probably reflect different
levels of reduction in endogenous α-synuclein. Notably, transgenic rats overexpressing the
full-length human Snca locus are also characterized by age-dependent degeneration of the
dopaminergic system, which is preceded by the hyperdophaminergic phenotype at young
age [40]. Despite early ideas about the exclusive role of the hypodopaminergic status, it
is currently believed that both hypo- and hyperdopaminergia are states of vulnerability
to relapse and increase context- and cue-induced alcohol-seeking behavior [41–43]. At
the same time, literature data indicate that alcohol-dependent subjects are characterized
by bidirectional changes in the content of α-synuclein [9,10]. Thus, a decrease in Snca
expression and the predicted subsequent imbalance of the dopaminergic system may lead
to a reduction in reward threshold and an increase in both alcohol preference at first
presentation and the risk of relapse in the future.

A change in Snca expression was detected in HPC—one of the most-explored brain
areas involved in complex processes such as learning and memory and emotional behav-
ior [44]. Effects of alcohol on HPC are dependent on the developmental stage, producing
pronounced alterations during gestation. It is well established that children with FASD
show impaired cognition and intellectual abilities, deficient self-regulation, adaptive skills
and low ability to apply the learned rules and information in the new context [45]. Hip-
pocampal defects produced by maternal alcohol consumption during pregnancy had been
well described in rodents [46,47] and can be due to a decrease in the number of neurons, an
altered dendritic structure, and/or a reduced number of synapses [48,49]. In mice, an acute
ethanol exposure during synaptogenesis produces apoptotic neurodegeneration in specific
areas including HPC, cortex and striatum [50]. According to the findings from the animal
studies α-synuclein plays an important role in the early development of synapses [51]
and might act as a modulator of the size of the presynaptic vesicular pool in HPC [52].
Importantly, α-synuclein is highly expressed in the excitatory synapses marked by vesicular
glutamate transporter-1 [53,54] and believed to be involved in mobilization of glutamate
from the reserve pool [55]. Since glutamate plays a principle role in alcohol seeking, alcohol
addiction and relapse [56–58] and chronic alcohol treatment promotes abnormal synaptic
transmission that may lead to hippocampal cell death resulted from glutamate excitotoxic-
ity after ethanol withdrawal [59]. Taking into account that α-synuclein knockout mice have
cognitive impairments [60] we can suggest that the identified effect of downregulation of
α-synuclein mRNA in HPC, perhaps, may be partly responsible for cognitive deficit which
is typical for PAE offspring [61,62].

MID became another brain structure in which a change in the expression of Snca was
detected. According to our previous data downregulation of α-synuclein mRNA expression
was detected in MID of adult male rats with high initial ethanol preference [63]. It is known,
a loss of α-synuclein due to the low mRNA expression or pathological aggregation may
increase DA synthesis [64]. As mentioned above, this shift of the DA homeostasis to the
hyperdopaminergic status may be partly responsible for hyperactivity reported in animal
models of PAE [65].

We did not find any differences between PAE and control males in unconditioned
anxiety-like behavior in the light-dark box. These results do not contradict the literature
data, showing no significant differences in anxiety between PAE and control rats, but a
pronounced increase in anxiety level in PAE males subjected to postnatal chronic mild
stress [66]. At the same time, we observed decreased anxiety level in PAE females compared
to control females. It should be noted that we observed this effect of PAE using the
“light-dark box” test and further studies are needed to confirm the effects of PAE using a
wider range of behavioral tests related to anxiety including open field and elevated plus
maze. There is not much data on synucleins and anxiety behavior. It had been found that
expression of α-synuclein is increased in the hippocampus HPC of rats with high levels
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of innate anxiety [67], however α-synuclein knock-out mice had similar to naïve mice
anxiety level [68]. It looks likely that changes in α-synuclein expression are not critically
involved in modulation of anxiety-related behavior. On the contrary, γ-synuclein knock-out
mice characterized by decreased state anxiety and have enhancing exploratory behavior
and cognitive abilities in several behavior paradigms [69], and γ-synuclein mRNA level
was decreased in the HYP of PAE female rats. Thus, γ-synuclein may be responsible for
alterations of emotional status of PAE female rats.

Compare to α-synuclein β- and γ-synucleins are largely understudied in the field of
neuronal basis of alcohol and drug addiction. The majority of studies used overexpression
or knock-out of these genes and meet difficulties in interpreting the data. It was found, that
β-synuclein is upregulated in MID of mice lacking alpha-synuclein, γ-synuclein, or both α-
and γ-synuclein, γ-synuclein is upregulated in mice lacking both α- and β-synuclein [70].
Even though deficiency of α-synuclein cannot be completely compensated by other mem-
bers of the family [71], transcriptional activation β-synuclein in MID and γ-synuclein
in HPC can be suggested as neuroadaptive mechanism. However, the opposite effect is
also possible. It has been shown that increased expression of β- and γ-synuclein reduces
synaptic vesicle binding of α-synuclein [72]. Relying on data that loss of α-synuclein could
contribute to synaptic dysfunction in the aging brain [73], changes in the expression of β-
and γ-synuclein in male PAE offspring can be interpreted as a synergistic effect leading to
more pronounced synaptic dysfunction. At the same time, overexpression of γ-synuclein
decreases DA neurotransmission in the nigrostriatal and mesocortical pathways, and in-
creased γ-synuclein levels in the midbrain DA system correlated with an impaired cognitive
function [74], which are typical for PAE offspring.

5. Conclusions

Our data show sex-specific changes in alcohol preference and mRNA expression of
synucleins in rats prenatally exposed to alcohol. These facts point to the idea that alcohol
consumption during gestation could alter the mechanisms of synaptic vesicle trafficking
and neurotransmission in the selected brain areas, and these alterations could manifest
during adulthood. Finding out how PAE changes the gene-environment interactions and
determines behavioral profiles of adults including postnatal vulnerability for developing
patterns of alcohol use and abuse appears to be a major goal of animal models in future
research.
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Abstract: In patients affected by Parkinson’s disease (PD), up to 50% of them experience cognitive
changes, and psychiatric disturbances, such as anxiety and depression, often precede the onset
of motor symptoms and have a negative impact on their quality of life. Pathologically, PD is
characterized by the loss of dopamine (DA) neurons in the substantia nigra pars compacta (SNc)
and the presence of intracellular inclusions, called Lewy bodies and Lewy neurites, composed
mostly of α-synuclein (α-Syn). Much of PD research has focused on the role of α-Syn aggregates
in the degeneration of SNc DA neurons due to the impact of striatal DA deficits on classical motor
phenotypes. However, abundant Lewy pathology is also found in other brain regions including
the midbrain raphe nuclei, which may contribute to non-motor symptoms. Indeed, dysfunction
of the serotonergic (5-HT) system, which regulates mood and emotional pathways, occurs during
the premotor phase of PD. However, little is known about the functional consequences of α-Syn
inclusions in this neuronal population other than DA neurons. Here, we provide an overview of
the current knowledge of α-Syn and its role in regulating the 5-HT function in health and disease.
Understanding the relative contributions to α-Syn-linked alterations in the 5-HT system may provide
a basis for identifying PD patients at risk for developing depression and could lead to a more targeted
therapeutic approach.

Keywords: depression; Parkinson’s disease; α-synuclein; serotonin; raphe nuclei

1. Introduction

Parkinson’s disease (PD) is clinically characterized based on classic motor features
including the presence of hypokinesia, rigidity, resting tremor, and impaired postural
control [1–3]. A wide variety of incapacitating non-motor symptoms are also present over
the course of the illness. These non-motor signs include autonomic and neuropsychiatric
features such as fatigue, apathy, anxiety and depression, as well as cognitive deficits.
Neuropsychiatric symptoms are inherent to the disease and are neither a result nor a side
effect of long-term dopaminergic treatment [4,5]. These comorbidities are frequent and
can be found in all stages of PD, from the premotor and the early untreated phases of the
disease to the advanced stages of PD [6–13]. Among them, depression is one of the most
prevalent neuropsychiatric symptoms, ranging from 35 to 50% of patients with PD [14–16].
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Depressive disorder represents a huge burden on the quality of life in many PD patients,
but is frequently undiagnosed and left untreated [17–20]. Therefore, understanding the
neurobiology of depression in PD is critical to achieving the optimal care needed by patients
with PD.

While the etiology of PD still remains unclear, one major neuropathological hallmark
of PD is the degeneration and subsequent loss of DA neurons in the substantia nigra pars
compacta (SNc) leading to prototypic motor deficits [21–23]. The SNc involves a neuronal
population projecting to the caudate and putamen and is critical for the regulation of
basal ganglia circuitry [24,25]. Lewy pathology (LP), which can also be observed across
the central, peripheral, and enteric nervous systems (CNS, PNS, and ENS), is another
major pathological finding present in about 70% of “clinically typical PD cases” [26,27].
This includes both Lewy bodies (LB) and Lewy neurites (LN), which are composed of
a variety of different molecules, proteins, and organelles, including ubiquitin, tubulin,
neurofilaments, lipids, and mitochondria. Among them, aggregates of α-synuclein (α-Syn)
protein represent one of the main LP components [28–32]. To explain the widespread
localization of LP and the onset of the various non-motor symptoms of PD, a critical
point to consider is the dysfunction of other neuronal populations and neurotransmitter
systems in regions of the CNS and PNS, other than the SNc DA neurons. Indeed, several
studies reported LB-associated deficits—most likely occurring even prior to DA neurons—
in cholinergic neurons in the pedunculopontine nucleus, nucleus basalis of Meynert and of
the dorsal motor nucleus of the vagus, as well as in norepinephrine—NE neurons of the
locus coeruleus (LC), and serotonin—5-HT (5-hydroxytryptamine) neurons of the raphe
nuclei (RN) [33–35]. Furthermore, altered GABAergic and glutamatergic signaling was also
reported in the amygdala and several cortical brain regions that may play important roles
in the complex cognitive features of PD [34,36,37].

Lately, attention has been focused on the impaired integrity of the 5-HT system in PD,
in addition to its well-known role in the pathogenesis of anxiety and depressive disorders.
Notably, a growing amount of research supports a specific causal role of 5-HT system
dysfunction in the progression of several PD symptoms, such as tremor and dyskinesia, but
also anxiety and depression at early stages of the disease [5,38–43]. This review will discuss
recent findings of the role of α-Syn in regulating the 5-HT system. A better understanding
of the relative contributions of α-Syn-related abnormalities of the 5-HT system could lead
to the identification of PD patients who are at risk of developing depression, as well as to
better animal models of the disease and a more tailored therapeutic approach.

2. Connectivity of the Brain Serotonin System

A complete review of the brain 5-HT system is beyond the scope of the present article.
The reader is referred to several reviews in the literature [44–46]. Here, we would like to
highlight some features of the connectivity of the 5-HT system directly linked to its role in
the neurobiology of depression.

The brain 5-HT system exerts its widespread effects from a group of relatively small
brainstem nuclei known as the RN. Raphe 5-HT-producing neurons send ascending projec-
tions to the entire brain as well as descending projections to the spinal cord [47] (Figure 1A).
These projections form classical synaptic connections, as well as varicosities with no associ-
ated postsynaptic structure [48,49]. Upon release, 5-HT acts primarily on G-protein coupled
receptors (5-HT1, 5-HT2, 5-HT4, 5-HT5, 5-HT6, 5-HT7, and a single ionotropic receptor
5-HT3) encoded by more than a dozen distinct genes and many more isoforms, which are
differentially expressed in the brain [50,51]. Indeed, all brain regions express multiple 5-HT
receptors in a receptor subtype-specific pattern [52]. In addition, individual neurons may
express several 5-HT receptor subtypes. For instance, pyramidal neurons in layer V of
the ventromedial prefrontal cortex (vmPFC) express 5-HT1A and 5-HT2A receptors, which
exert opposite effects on neuronal firing activity [53,54]. Hence, the plethora of effects of
the brain’s 5-HT system is partly explained by the fact that 5-HT neurons are optimally
positioned to affect the activity of a wide range of brain networks.
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Among the different raphe nuclei, the dorsal raphe nucleus (DR) is the largest sero-
tonergic nucleus, containing approximately one third of all 5-HT neurons in the brain [47].
As such, the human DR comprises about 250,000 neurons, out of a total of 1011 neurons in
the whole brain—approximately 20,000 5-HT-producing neurons in the rat—and its axons
branch widely, innervating almost all brain areas. This can be illustrated in the rat cortex,
where >106 serotonergic nerve endings/mm3 were noted. In addition, each cortical neuron
may receive around 200 varicosities [55]. Unlike cortical and subcortical glutamatergic pro-
jection neurons that exhibit precise short- or long-distance connectivity with other neuronal
groups [56], DR 5-HT cells send highly divergent ascending projections connecting brain ar-
eas with different functions [57]. Indeed, correlations have been reported between changes
in DR 5-HT neuron activity and different cognitive processes, such as working memory [58],
cognitive flexibility [59], response inhibition [60], and exploration–exploitation balance [61].
Furthermore, the raphe 5-HT system is also involved in the modulation of mood, emotion,
perception, stress, reward, aggression, and social interactions, among others [62–66]. It is
difficult to find a human behavior that is not regulated by a 5-HT response.

Notably, deficits in the 5-HT signaling are implicated in the neuropathology of anxiety
and depression. Imbalances in the production and transmission of several neurotrans-
mitters, including 5-HT, are commonly observed in the CNS of patients suffering from
depressive disorder [67]. In fact, a widely accepted etiological theory is the “monoamine
hypothesis of depression”, which postulates that depression disorder is associated with a
decreased monoamine function (NE, DA, and 5-HT) in key brain areas, such as the vmPFC,
hippocampus (HPC), amygdala (AMG), nucleus accumbens (NAc), ventral tegmental area
(VTA), and hypothalamus [68–70]. Notably, neuroimaging studies associate vmPFC with a
broad spectrum ranging from emotion to cognitive functions, and alterations in vmPFC
activity have been correlated with the biology of depression as with favorable outcomes of
novel antidepressant strategies [71–73]. Likewise, structural and functional neuroimaging
studies show pronounced alterations in vmPFC circuits in patients with depression and
PD [74–76]. The vmPFC, which is composed of 75–80% glutamatergic pyramidal projection
neurons and 20–25% GABAergic local circuit interneurons, is strongly innervated by DR
5-HT neurons [53,54]. The 5-HT fibers exert an important modulatory role of excitatory
and inhibitory currents in vmPFC neurons [77,78], mainly through activation of 5-HT2A
and 5-HT1A receptors, respectively. In turn, the monoamine groups, including the 5-HT
neurons of the DR, are innervated by descending axons from layer V pyramidal neurons
in the vmPFC [79] that control the monoamine neuron activity [80,81], thus establishing a
reciprocal connectivity and mutual control (Figure 1B). Although it is beyond the scope of
this review, ultimately, one can be optimistic that the functional integrity of the vmPFC–
raphe nuclei circuit will play an important role in the pathophysiology of depression in
early PD. New approaches are advancing in many directions to identify early PD, and the
5-HT system and its connections are an important part of these recent efforts, as will be
described in the following sessions. Advanced neuroimaging techniques, next generation
RNA sequencing, the recent addition of the proximity ligation assay (PLA) that specifically
recognizes α-Syn aggregates and new animal models, among others, will provide support
for the classification of PD based on different pathological phenotypes, leading to a more
appropriate therapeutic strategy.
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Figure 1. Central serotonergic pathways. (A) Schematic representation of the raphe nuclei in humans
(top) and mice (bottom), which give rise to ascending projections to large regions of the brain, as
well as descending projections predominantly innervate the cerebellum and its input structures
and to the spinal cord. (B) Diagram showing how the ventromedial prefrontal cortex (vmPFC) and
the dorsal and median raphe nuclei (DR and MrR, respectively) are anatomically and functionally
connected in both directions. Pyramidal glutamatergic neurons from vmPFC send axons to raphe
nuclei, where they form excitatory synapses (AMPA receptors) with 5-HT and GABAergic neurons.
Stimulation of glutamatergic neurons in vmPFC primarily triggers inhibitory responses in 5-HT
neurons mediated by (i) the activation of local GABAergic circuits that control the activity of 5-
HT neurons in the raphe nuclei and (ii) 5-HT1A autoreceptor-dependent self-inhibitory responses
following excitatory activation of 5-HT neurons. In addition, DR/MnR 5-HT neurons control the
activity of glutamatergic neurons in the vmPFC through inhibitory 5-HT1A receptors and excitatory
5-HT2A receptors expressed in glutamatergic and GABAergic neurons. Similarly, the activity of the
vmPFC-DR/MnR pathway may be affected by the activation of 5-HT4 receptors on glutamatergic
neurons and 5-HT3 receptors on GABAergic interneurons in the outer layer of the vmPFC (not shown
in the diagram). Adapted from [53,54,78].

3. α-Synuclein and Serotonin Neurotransmission

α-Syn is a small, natively unfolded protein belonging to the synuclein family that
also encompasses β-synuclein (β-Syn) and γ-synuclein (γ-Syn). These are evolutionarily
conserved proteins that have currently only been described in vertebrates, supporting the
notion that they regulate some essential physiological functions [82–85]. Between them,
α-Syn is the most studied protein of this family, due to its crucial role in the pathogenesis
of PD and other synucleinopathies [86]. This protein is characterized by a remarkable
conformational plasticity, adopting different conformations depending on the environment,
i.e., neighboring proteins, lipid membranes, redox state, and local pH [87–90]. In fact, α-Syn
adopts a monomeric, random coil conformation in an aqueous solution, while its interaction
with lipid membranes drives the transition of the molecule part into α-helical structure.
The central unstructured region of α-Syn is involved in fibril formation by converting to
well-defined, β-sheet rich secondary structures. These structural and biophysical properties
probably hold the key to their normal and abnormal function [91,92]. α-Syn is abundantly
expressed in all neuronal types, where it localizes in presynaptic terminals [93–95] and
modulates synaptic functions [96–98]. However, α-Syn is among the last presynaptic
proteins to become enriched at the synapse [94] and unlike γ-Syn, it does not seem to be
involved in synaptic development [99,100]. Recent studies have revealed that α-Syn is also
present in different organelles, including nuclei, mitochondria, Golgi, and endoplasmic
reticulum (ER) [93,101–103], although in lower concentrations than those found in synaptic
locations, and its function is even less well understood [84]. This feature makes α-Syn
a hub within synaptic protein interaction networks [84]. Supporting this, α-Syn was
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first identified at the presynaptic level as interacting with synaptic vesicle (SV)-associated
proteins [93]. Indeed, it cooperates with a large number of SV surface proteins including the
synapsin phosphoprotein family, complexins, and mammalian Munc 13-1, described to be
affected in brain samples from PD patients and in various human α-Syn transgenic mouse
lines [98,99,104–106]. Furthermore, several studies also indicated that α-Syn interacts with
the SV glycoprotein 2 (SV2) family to positively modulate vesicular functions in a variety
of ways, possibly by aiding in vesicular trafficking and exocytosis, as well as stabilizing
stored transmitters [107,108]. In this regard, both postmortem PD brain tissue and animals
overexpressing mutant α-Syn showed increases in the SV2C protein, which is abundantly
expressed in the basal ganglia and selectively localizes to DA neurons [109]. Similarly,
elevated levels of SV2A protein co-localizing with α-Syn were found in axonal swellings
across the caudate-putamen (CPu) and cingulate cortex in a mouse model overexpressing
human wild-type α-Syn in 5-HT neurons [110]. Other proteins such as Rabs, which in
addition to modulating axonal traffic are also very important for the regulation of each step
leading to SV release, docking and fusion at synaptic sites, interact with α-Syn [111,112].
Actually, several findings support that Rabs play a crucial role as direct mediators in
the induction of synaptic alterations concerning α-Syn leading to PD pathology [112].
Taken together, the loss of α-Syn function, coupled with changes in its levels at synaptic
terminals, can cause multifaceted dysregulation of many other synaptic proteins involved
in neurotransmission mechanisms.

In addition to being involved in synaptic vesicular trafficking, α-Syn is also di-
rectly engaged in the regulation of monoamine (DA, NE, and 5-HT) neurotransmission
homeostasis—β-Syn and γ-Syn are also involved in this regulation, although their role
is less known [85,113–118]. Monoamine transporters (MAT) are transmembrane proteins
solely responsible for the synaptic reuptake of DA, NE and 5-HT, and partly maintain the
homeostasis of monoaminergic neurotransmission. MAT are important pharmacological
targets in the therapy of various neuropsychiatric diseases, such as anxiety, depression,
and suicidal behavior, among others, due to their crucial role within the brain in the re-
placement of monoamine neurotransmitters [119,120]. Direct interactions between α-Syn
and MAT proteins have been described, indicating an important role for the synucleins in
regulating MAT function, trafficking and distribution at the synapse. Even though most of
the evidence is focused on DA neurotransmission and its transporter (DAT), in this review
we will emphasize the role of α-Syn in the homeostasis of 5-HT neurotransmission.

Previous studies showed that the cell-surface expression and function of the 5-HT
transporter (SERT) in co-transfected cells are negatively modulated by α-Syn in a non-Abeta-
amyloid component (NAC) domain-dependent manner [115]. In addition, pioneering
reports also showed direct interactions of α-Syn-SERT and γ-Syn-SERT proteins in cultured
cells and in rat brain tissue, assessed by immunoprecipitation [115,121]. α-Syn-induced
modulation of SERT trafficking is microtubule-dependent, as the microtubule-destabilizing
agent nocodazole disrupts the effects of α-Syn on SERT function, reversing the inhibi-
tion of uptake in co-transfected cells [116]. More recently, in vivo studies indicated that
down-regulation of α-Syn expression in raphe 5-HT neurons induced by an antisense
oligonucleotide (ASO) leaves an increased synaptic 5-HT concentration, which was de-
pendent on the reduction of SERT activity, as assessed by the selective SERT inhibitor
citalopram [118]. The overexpression of α-Syn in raphe nuclei produced the opposite
effects, with mice exhibiting a drop in extracellular 5-HT levels that was dependent on
SERT function [110].

Moreover, α-Syn is also involved in the vesicular storage of monoamine neurotransmit-
ters by the vesicular monoamine transporter 2 (VMAT2). VMAT2 mobilizes monoamines
from the neuronal cytoplasm into vesicles, where they are repackaged for release at
synapses [122,123]. VMAT2 co-localizes with α-Syn protein in the Lewy bodies from PD
brains [124], and overexpression of α-Syn negatively impairs VMAT2 expression/function,
leading to increased levels of cytosolic monoamine in presynaptic terminals, which in
turn induce neurotoxicity [113]. These findings suggest that α-Syn may maintain high
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VMAT2 activity to protect monoamine neurons form cell death [125]. In support of this
view, in vivo studies showed that down-regulation of α-Syn expression in DA and 5-HT
neurons increases the releasable pool of DA and 5-HT sensitive to tetrabenazine, a selec-
tive inhibitor of VMAT2 [118]. Overall, the presynaptic location of α-Syn has suggested
a physiological role in neurotransmitter release and it apparently associates with the SV
clustering and storage [98,99]. Furthermore, α-Syn is abundantly expressed in DA, NA, and
5-HT neurons [96,118], defining a precise role of α-Syn in monoamine synaptic plasticity
by interacting with specific proteins that maintain monoamine homeostasis.

4. Dysfunction of the 5-HT System in PD Patients

The investigation of premotor pathology presents one of the most difficult problems
in PD research. Although Braak and colleagues [26,126] proposed a significant premotor
phase that may last as long as the symptomatic period, the identification of this phase
in clinical practice is elusive. In fact, the profile of PD patients is also associated with
diverse symptoms and clinical phenotypes [127]. Cumulative evidence indicates the
existence of ongoing pre-SNc DA neurodegeneration during the premotor phase leading
to non-motor symptoms, mainly constipation, anxiety and depression, smell loss, and
rapid-eye-movement (REM) sleep behavior disorder [128]. A dysfunctional 5-HT system is
generally regarded as a risk factor for depression. Consistent with this view, several reports
suggest a positive correlation between decreased 5-HT neurotransmission and the severity
of depression and anxiety symptoms in PD, most likely caused by pathological changes of
the 5-HT neurons in the midbrain raphe nuclei [39,41,43,129,130].

By evaluating SERT availability with positron emission tomography (PET) and single
photon emission computed tomography (SPECT) scans using various radioactive ligands,
one can assess the integrity of the 5-HT system. The non-specific ligands [123I]β-CIT
and [123I]FP-CIT have mostly been employed in in vivo SPECT imaging. Although these
ligands have similar affinities for DAT and SERT, their thalamic and midbrain binding are
considered to be SERT-specific [131]. Hence, SPECT studies using [123I]β-CIT and [123I]FP-
CIT found decreased binding in the thalamus and midbrain of PD patients [132–136]. The
PET ligands [11C]-DASB and [11C](+)McN5652 are highly specific for SERT. Using these
ligands, several reports indicated reduced binding in different brain regions including the
frontal cortex, striatum, and raphe nuclei [137–139]. Interestingly, an early study using
[11C]-DASB to map SERT changes in various PD stages based on disease duration showed
reduced binding in the striatum, thalamus and anterior cingulate cortex of early-stage PD
patients [140]. In the same study, decreases in SERT binding were observed in the prefrontal
cortex of established PD and in the rostral and caudal raphe nuclei in advanced stages [140].
Moreover, recent SPECT and PET studies also showed 5-HT pathology in the premotor
phase in mutant A53T α-Syn gene (SNCA) carriers, before striatal DA loss, highlighting the
early role of 5-HT pathology in the progression of PD [130].

The aforementioned studies examined PD patients without depressive symptoms.
However, numerous investigations have assessed the connection between depression and
SERT binding in PD. In a small cohort of depressed PD patients, early studies with [11C]-
DASB PET demonstrated that depression correlated with increased SERT binding in the
dorso-lateral and prefrontal cortex [39]. Other studies also reported that the cingulate cortex
and caudal raphe nuclei of depressed PD patients showed higher levels of SERT than non-
depressed PD patients [41,141]. These findings are in agreement with the low levels of 5-HT
and its metabolite 5-hydroxyindoleacetic acid (5-HIAA) found in the cerebrospinal fluid
(CSF) of patients with PD and depression [142]. Interestingly, CSF levels of homovanillic
acid (HVA), a DA metabolite, were not associated with the presence of depression in
PD [142]. Likewise, in response to the functional deficit of 5-HT availability, post-synaptic 5-
HT1A and 5-HT2A receptors were upregulated in cortical brain regions [143]. Furthermore,
the density of 5-HT2C and 5-HT2A receptors in SN pars reticulate and striatum, respectively,
appears to be increased in patients with PD [144–146]. These alterations may represent a
compensatory response to a reduction of functional 5-HT levels in these nuclei.
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In contrast, more recent PET studies revealed that the severe apathy in PD patients
correlates with a reduction of [11C]-DASB binding in the anterior caudate nucleus and
orbitofrontal cortex, while the depression degree was exclusively related to a reduction in
[11C]-DASB binding within the bilateral subgenual anterior cingulate cortex (ACC) [5]. In
another SPECT study, [123I]FP-CIT binding was decreased in the midbrain of a cohort of
PD patients with depression [147]. In light of this, it appears that, although imaging studies
indicate that SERT binding in the midbrain and forebrain differs between non-depressed
and depressed patients with PD, the extent to which these changes are crucial for the onset
of depression is still unknown. Data also suggest that the presence of 5-HT pathology
occurs at the beginning of the disease, preceding the development of the DA pathology
and motor symptoms. Therefore, molecular imaging of SERT could be used to visualize
the premotor pathology of PD in vivo as an adjunctive tool for screening and monitoring
progression for individuals at risk of PD, thereby complementing DA imaging.

Importantly, neuropathological studies have demonstrated the presence of LBs (α-
Syn positive staining) in raphe 5-HT neurons in the early stages of the disease [148–151].
Previous studies on the propagation of α-Syn proposed that PD begins in the medulla
oblongata with LB pathology in the dorsal motor nuclei of the glossopharyngeal and vagal
nerves and the adjacent intermediate reticular zone [126,152]. As PD progresses, it is
proposed that the LB pathology spreads up the brainstem in an upward direction, affecting
the raphe nuclei before reaching the SNc. In late stages, LBs are also found in limbic and
cortical brain areas. The caudal groups of the raphe nuclei (e.g., raphe major, raphe obscure,
and raphe pallidus) have been widely shown to contain LB-related lesions in the early
stages of PD or even before the onset of motor symptoms [126,152,153]. The 5-HT neurons
found in the caudal raphe nuclei play a role in a number of autonomic processes, including
pain and decreased gastrointestinal motility, which are recognized non-motor symptoms in
PD. In addition, the rostral raphe nuclei, containing the DR and median raphe nucleus (MR),
also appear to be affected in PD. LB pathologies have been found in both the DR and MR of
post-mortem PD brains and appear to be localized in 5-HT-containing neurons [148,149,154].
Some early studies found a significant neuronal loss within the DR from postmortem brain
samples of PD patients, and this was even more pronounced in depressed PD patients [155].
However, other studies did not observe neuronal loss in DR, but did in MR [148,149,156].
Surprisingly, we found that only one of these studies used an unbiased design-based
stereology method for counting cells [156]. In addition, some studies reported the absence
of significant cell loss in the DR of post-mortem PD brains, but found evidence of the
dysfunction of DR neurons based on reduced nucleolar volume and loss of cytoplasmic
RNA [157]. Recently, it was also reported that long-range 5-HT projections from raphe are
vulnerable in PD in response to hydrogen peroxide-induced cellular stress [158]. Taken
together, the above findings point to neuropathological alterations in the 5-HT system in
PD, comprising of the presence of LB pathology accompanied in some cases by neuronal
loss in the raphe nuclei, as well as morphological changes of 5-HT fibers, which would lead
to modified 5-HT neurotransmission.

5. Dysfunction of the 5-HT System in Animal Models with Overexpression of α-Syn

Abundant evidence suggests that the development of PD may comprise three main
phases. The onset of α-Syn buildup in the CNS or PNS/ENS, in the absence of observable
clinical symptoms, is referred to as the “preclinical PD” phase. The second phase, often
known as the “pre-motor” or “prodromal,” can last for more than 10 years before the
disease is clinically diagnosed. It is usually accompanied by the appearance of non-motor
symptoms caused in part by pre-SNc abnormalities. During this phase, PD patients may
display increased anxiety as early as 16 years prior to disease diagnosis; and depression
becomes significantly prevalent among PD patients in the last 3–4 years preceding diagnosis.
The third phase is the “motor phase of PD”, which is the one that is clinically visible
and easiest to diagnose [159,160]. Understanding the pathophysiological mechanisms
underlying non-motor symptoms in PD is important, but requires relevant preclinical
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animal models. In this sense, one of the main shortcomings of current PD-like animal
models is that they focus on DA pathways, which probably do not reflect the complexity
underlying the occurrence of these symptoms in patients [161,162]. In fact, there is still a
paucity of studies addressing the role of brain circuits other than nigrostriatal DA systems
in the early stages of the disease. In this review, we provide an overview of the current
state of the field by presenting different preclinical models used in research on measures of
anxiety and depressive phenotypes in rodent models of PD with emphasis on 5-HT systems.

In addition to the toxin-induced and genetic animal models of PD [162–167], in recent
decades, an alternative approach to modulate the disease based on the forced expression of
wild-type or mutant human α-Syn using (1) transgenic techniques, (2) viral vector mediated
transfer of α-Syn, or (3) injection of pathogenic pre-formed α-Syn fibrils (PFFs) has been
presented. Thus, an intracellular accumulation of α-Syn in raphe 5-HT neurons and in
hippocampal 5-HT fibers, without loss of 5-HT neurons in 12-week-old transgenic mice
overexpressing mutant A53T α-Syn, was reported [168]. In parallel, mice showed a reduced
5-HT release and compromised increase in doublecortin+ neuroblasts in the dentate gyrus
(DG), indicating a differential neurogenic response [168]. Another study also reported that
mutant A53T α-Syn–expressing mice (52-week-old) showed strong α-Syn expression in the
prefrontal cortex (PFC) along with reduced 5-HT innervation in layers V/VI of the PFC
and enlarged axonal varicosities [169], leading to altered 5-HT signaling.

Moreover, Khol et al. [170] generated an α-Syn transgenic rat model that displayed
important features of PD such as a widespread and progressive α-Syn aggregation pathol-
ogy, DA loss and age-dependent motor decline. Notably, prior to the occurrence of the
motor phenotype, rats showed profoundly impaired dendritogenesis of neuroblasts in the
hippocampal DG, resulting in the severely reduced survival of adult newborn neurons.
Reduced 5-HT1B receptor levels, lower 5-HT neurotransmitter concentration, and loss
of 5-HT nerve terminals innervating the DG/CA3 subfield were indicative of decreased
neurogenesis, but the number of 5-HT neurons in the raphe nuclei remained stable. The
authors highlight that this transgenic rat model elicited an early anxiety-like phenotype,
suggesting that α-Syn accumulation severely impairs hippocampal neurogenesis and 5-HT
neurotransmission prior to motor function [170].

Recently, the adeno-associated virus (AAV)-α-Syn and PFFs models have been specif-
ically adapted for study of α-synucleinopathies using stereotaxic delivery into differ-
ent brain areas, making them useful tools [171]. Therefore, a model of AAV-induced
α-synucleinopathy selectively in 5-HT neurons of rats resulted in progressive degeneration
of the 5-HT axon terminals in hippocampus, without the loss of raphe 5-HT neurons [172].
Furthermore, overexpression of α-Syn in raphe nuclei and basal forebrain cholinergic
neurons of rats resulted in a more pronounced axonal pathology and significantly impaired
anxiety response as assessed in the elevated plus maze [172]. Likewise, we demonstrated
that AAV-induced overexpression of human α-Syn in mouse 5-HT neurons causes a grad-
ual accumulation and aggregation of α-Syn in the 5-HT system. In parallel, we found
alterations in axonal transport, brain-derived neurotrophic factor (BDNF) production,
and 5-HT neurotransmission in 5-HT projection brain areas of PD-like mice, leading to a
depressive-like phenotype (Figure 2) [110].

Other studies using rodent models of PFF also reported motor deficits and emotional
and cognitive abnormalities, although the latter findings remained relatively unchanged in
PFF models up to 6 months after injection [173–175]. Whether this is due to the injection
site (primarily such as the striatum, SNc, or olfactory bulb) and/or the duration of the
pathological spread remains to be determined. For instance, a recent study found that PFF
injections in mice caused deficits in social dominance behavior and fear conditioning, two
activities linked to prefrontal cortex and amygdala function, suggesting that these brain
regions may be crucial in the complex emotional and cognitive traits of PD [37].
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Figure 2. Human α-synuclein (h-α-Syn) overexpression in mouse serotonin neurons triggers a
depressive-like phenotype. H-α-Syn expression was driven to raphe nuclei by a 1 μL AAV construct
harboring a chicken-actin promoter (AAV-h-α-Syn) or vehicle, and mice were killed 1, 4, and 8 weeks
(W) after injection. (A) Representative midbrain sections showing h-α-Syn mRNA levels in raphe
nuclei examined by an in situ hybridization technique (a1–a3). Schematic coronal representation
of mouse midbrain at −4.72 mm (AP coordinate) from bregma (a4). Scale bar: 500 μm. Abbrevia-
tions: Aq (aqueduct), DRD (dorsal raphe nucleus, dorsal), and DRV (dorsal raphe nucleus, ventral).
Representative coronal midbrain sections showing progressive increases of h-α-Syn protein levels
in the raphe nuclei assessed by immunohistochemistry procedures (b1–b3). Signal represents the
optical density (OD) of autoradiograms. Scale bar: 1 mm. Raphe serotonin (5-HT) neurons were
identify using tryptophan hydroxylase (TPH2) marker (b4). Scale bar: 25 μm. Representative confocal
microscopy images showing serotonin transporter (SERT) and h-α-Syn axonal co-localization in
different ventromedial prefrontal cortex (vmPFC) of mice injected with AAV5 examined 4 W and 8 W
later (c1–c3). The majority of the h-α-Syn-positive fibers also showed SERT staining, proving that they
originate from raphe nuclei. Scale bar: 25 μm. Immunohistochemistry procedure on representative
coronal brain sections reveals h-α-Syn-positive axonal swellings in the vmPFC (c4). Scale bar: 25 μm.
(B) Local infusion of veratridine (depolarizing agent, 50 μM) or citalopram (selective serotonin
transporter inhibitor 50 μM) into vmPFC induced a greater effect on 5-HT release in vehicle-injected
than in AAV-h-α-Syn-injected mice at 4 W post-administration. (C) AAV-injected mice evoked a
depressive-like state in the tail suspension (TST) and forced swimming (FST) tests characterized by
a longer immobility time compared to vehicle-injected mice. Values are presented as mean ± SEM.
* p < 0.05, ** p < 0.01, and *** p < 0.001, compared to vehicle-injected mice. Adapted from [110].

In addition, some studies using cell cultures overexpressing α-Syn showed that 5-
hydroxyindoleacetaldehyde (5-HIAL), a 5-HT metabolite product generated by monoamine
oxidase (MAO-A), increases α-Syn oligomerization, which may explain the dysfunction
of 5-HT neurons in PD [176]. Recent studies also showed the importance of maintaining
the integrity of 5-HT systems, as 5-HT itself can affect the growth of amyloid-forming
protein fibrils. Indeed, 5-HT or selective serotonin reuptake inhibitors (e.g., escitalopram)
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activate signaling that alters the processing of α-Syn fibrils as well as amyloid precursor
proteins into β-amyloid (Aβ) to prevent protein aggregation by direct binding, and could
be beneficial to PD and other neurodegenerative disorders [177–179].

6. Conclusions

The frequent occurrence of depression in PD is a prevalent and complex issue. Al-
though often overlooked or underestimated, depression can seriously influence the course
of PD and the quality of life of patients. In addition to dopaminergic depletion, several
findings highlight the importance of serotonergic degeneration in PD. Thus, changes in
5-HT biochemical markers, LB pathology (α-Syn-positive staining) in raphe nuclei, and
structural and functional alterations in the serotonergic system have been described, and it
has been shown that these alterations in the serotonergic connectome are mainly associated
with the expression of neuropsychiatric symptoms at disease onset. In support of this, the
few available animal models demonstrating α-Syn-induced deficits in the serotonergic
system recapitulate the mechanisms and early premotor stages of the disease. Altogether,
measuring serotonergic integrity might be a useful in vivo tool to use in routines to guide
the choice of the pharmacological arsenal in order to alleviate PD-related neuropsychiatric
symptoms. Thus, such a measurement could serve as a sensitive marker of PD burden.
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Abstract: The synucleins are a family of natively unfolded (or intrinsically unstructured) proteins
consisting of α-, β-, and γ-synuclein involved in neurodegenerative diseases and cancer. The current
number of publications on synucleins has exceeded 16.000. They remain the subject of constant
interest for over 35 years. Two reasons explain this unchanging attention: synuclein’s association
with several severe human diseases and the lack of understanding of the functional roles under
normal physiological conditions. We analyzed recent publications to look at the main trends and
developments in synuclein research and discuss possible future directions. Traditional areas of peak
research interest which still remain high among last year’s publications are comparative studies of
structural features as well as functional research on of three members of the synuclein family. Another
popular research topic in the area is a mechanism of α-synuclein accumulation, aggregation, and
fibrillation. Exciting fast-growing area of recent research is α-synuclein and epigenetics. We do not
present here a broad and comprehensive review of all directions of studies but summarize only the
most significant recent findings relevant to these topics and outline potential future directions.

Keywords:α-, β- andγ-synuclein; Parkinson’s disease; epigenetic; protein aggregation; SNARE-complex;
protein trafficking; phytochemicals; synucleinopathies; methylation; histones

1. Introduction

Synucleins are a family of small, prone to aggregate intrinsically disordered proteins
(IDP) implicated in neurodegenerative diseases and cancer. Since synucleins are involved
in severe human diseases, understandably most research is directed at unveiling their role
in pathology. As a result, we know much more about their contribution to pathological
mechanisms than their normal functions, which are still not fully understood.

The first synuclein was identified using antiserum against purified cholinergic synaptic
vesicles as a 143 amino acid presynaptic protein in the electric organ of Torpedo californica [1].
Later, two additional isoforms belonging to the synuclein family were identified [2]. Three
evolutionary conserved members of this family are highly expressed in the vertebrate
nervous system and have been found in all vertebrates [3]. Importantly, no counterparts
of synucleins were identified in invertebrates, indicating that they are vertebrate-specific
proteins. Further analysis demonstrates that the number of synuclein members may differ
among vertebrates. While three genes encoding α-, β-, and γ-synuclein are present in
mammals and birds, a variable number of synuclein genes and corresponding proteins
are expressed in fish, depending on the species. For example, four synuclein genes are
identified in fugu, encoding for α, β, and two γ (g1 and g2) isoforms, but three genes are
detected in zebrafish [4,5].

IDPs constitute about one-third of the human proteome [6] pointing to the importance
of their structural organization. The absence of a defined structure confers members of the
synuclein family conformational flexibility, allowing them to participate in dynamic and
transient molecular interactions.
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2. Three Members of The Synuclein Family

The overwhelming majority of publications on synucleins are dedicated to α-synuclein
due to its involvement in Parkinson’s disease (PD) and other synucleinopathies. Yet, two
other proteins β- and γ-synucleins belonging to the same family are localized predominantly
in neuronal terminals and implicated in the long-term modulation and preservation of nerve
terminal function and dopamine homeostasis [7]. As a result, they deserve more attention to
better understand the functionality of nervous system and role in carcinogenesis.

2.1. Common Structure of Members of the Synuclein Family

As shown in Figure 1 synucleins have a substantial degree of amino acid sequence
and overall structural similarities (Figure 1).

Figure 1. The core sections of the seven amino-terminal repeats (KTKEGV motive) are shown as dark
grey bars in α and γ-synucleins. These motives are located between amino acids 7–87 of human α-
and γ-synuclein. β-Synuclein has only six such repeats. Positively charged regions are shown in light
gray, hydrophobic regions are blue, and negatively charged regions are light brown. In α-synuclein
the non-amyloid-β component (NAC) is shown, containing amino acids 61–95, playing a key role in
aggregation in vitro. The absence of this region in β-synuclein decreases its tendency to aggregate.
Amino acids 71VTGVTAVAQKTV82 are the most essential for α-synuclein aggregation [8,9]; it is.
This domain is partly absent in β-synuclein and to some extent conserved in γ-synucleins, which
might clarify why both homologs of α-synuclein are not aggregation prone as α-synuclein. Some
missense mutations predisposing to diseases (A53E, A53T, A30P, E46K, H50Q, T72M, and E83Q) are
displayed as blue letters above and under the α-synuclein image (Modified from [10]). At the upper
left corner N-terminal acetylation of α-synuclein is shown, which slows down its aggregation and
changes the morphology of the aggregates [11,12].

The members of the synuclein family mostly share a structurally similar N-terminal
amino-acid sequence; α-synuclein supposedly forms a single or two distinct α-helices in
this region. This transition is induced when α-synuclein interacts with the membranes via
lipid bilayers. A C-terminal region contains negatively charged residues and prolines. The
C-terminal domain differs in amino acid sequence among synucleins and regulates their solu-
bility depending on its length and charge. A stretch of amino acids located between positions
61–95 in α-synuclein is called NAC (Figure 1), and a stretch of amino acids 71–82 within
the α-synuclein NAC region is critical for β-sheet-rich aggregation in vitro [8,9]. This amino
acid sequence is VTGVTAVAQKTV in α-synuclein, FSGAGNIAAATG in β-synuclein, and
VSSVNTVATKTV in γ-synuclein. Amino acids belonging to the 71–82 stretch are necessary
and sufficient for α-synuclein fibrillization [9].

Furthermore, the substitutions of amino acids (E35K + E46K + E61K = ‘3K’) are
render all synucleins considerably more toxic than their wild-type counterparts [9]. These
substitutions increase α-synuclein-membrane interactions pointing to a mechanism of
synuclein toxicity associated with membrane binding. Binding to lipids converts the N-
terminal end to an α-helix. The N-terminal helicity negatively correlates with aggregation
potential, while the C-termini differ among synucleins regulating their solubility.
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Newberry et al. [13] used mutational scanning to reveal the association between its
structure, activity and toxicity. They analyzed a library of protein missense variants for
relative toxicity in competitive selection in yeast cells. In the headgroup region, mutations
of Lys residues, which are expected to interact with acidic residues in anionic lipids,
strongly decreased toxicity. Membrane binding of α-synuclein and the formation of a helix
in the membrane-bound state of α-synuclein determine the level of α-synuclein toxicity.
These results point to the importance of conserved lysine residues in membrane-bound
α-synuclein for its toxicity. Such an approach allowed the generation of a high-resolution
model for the structure and dynamics of the conformational state of α-synuclein that slows
yeast growth [13].

2.2. Synuclein’s Cellular Functions and Role in Pathology

α-Synuclein is an essential regulator of synaptic vesicle pool and trafficking, dopamine
neuro-transmission, and other mechanisms involved in synaptic plasticity [14,15]. α-Synuclein
performs these functions by assisting in the creation of soluble N-ethylmaleimide-sensitive-
factor attachment protein receptor (SNARE)-complex [15–18]. α-Synuclein participates in
chaperoning SNARE complex assembly through its interaction with vesicle-associated mem-
brane protein 2 (VAMP2)/synaptobrevin-2 [14].

Contrary to α-synuclein, our knowledge about the role of β-synuclein and γ-synuclein
in cellular functions and pathology is somewhat limited. Recent findings about β-synuclein
point to its role as an important biomarker for the early stages of Alzheimer’s disease (AD) [19].
The concentration of β-synuclein gradually increases in the cerebrospinal fluid beginning from
the preclinical AD phase. It may be considered a promising biomarker of synaptic damage
in this disease. β-Synuclein may be used as a CSF biomarker for synaptic damage in AD; its
level is elevated in both dementia and pre-dementia stages of AD [19,20]. Importantly, higher
CSF α-synuclein levels are reported in pre-AD subjects but not in MCI-AD and dementia
AD [19], pointing to its specificity as a biomarker.

Other significant findings concerning β-synuclein and γ-synuclein have been de-
scribed recently by Carnazza et al. [3]. These researchers have demonstrated that both β-
synuclein and γ-synuclein have a lower affinity toward synaptic vesicles than α-synuclein.
β-Synuclein and, to a lesser extent, γ-synuclein target to the synapse, despite a dramatically
reduced ability to associate with membranes compared with α-synuclein. Formation of
oligomers of β-synuclein or γ-synuclein with α-synuclein causes a reduction of synaptic
vesicle binding of α-synuclein. These results indicate that β-synuclein and γ-synuclein
are modulators of α-synuclein binding to synaptic vesicles. Therefore, they may reduce
α-synuclein’s physiological activity at the neuronal synapse. Another conclusion from
these results is that members of the synuclein family can regulate each other’s ability to
bind to synaptic vesicles [3]. Inactivation of γ-synuclein affects psycho-emotional status
and cognitive abilities. Moreover, in aging mice lacking γ-synuclein the dopaminergic
dysfunction and altered working memory performance was demonstrated [21].

After oxidation on methionine and tyrosine located in neighboring positions, Met38 and
Tyr39 γ-synuclein forms annular oligomers and can initiate α-synuclein aggregation [22].

Examination of synucleins in a non-human primate model of PD showed that the
expression of all three members of the family was increased in the substantia nigra after
treatment with prodrug to the neurotoxin-1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP). This increase correlates positively with the loss of cells and motor score [7]. The
expression of the three types of synucleins was also increased in the dorsal raphe nucleus,
but only α- and γ-synucleins are associated with the loss of cells and cell loss. The authors
conclude that MPTP treatment mainly affects the expression level of α-synuclein and γ-
synucleins and, to a lesser extent, β-synuclein levels and suggest that the three members of
the synuclein family participate in the regulation of monoaminergic transmission [7].

In another study of the functional role of three members of the family, Ninkina et al. [23]
found that the monoamine transporter 2–dependent dopamine uptake by synaptic vesicles
of mice with β-synuclein knockout is considerably diminished. Introduction of β-synuclein

107



Biomedicines 2022, 10, 3241

recovers uptake by triple α/β/γ-synuclein–deficient striatal vesicles; however, α-synuclein
or γ-synuclein do not cause such recovery. Interestingly, only β-synuclein potentiates
VMAT-2–dependent uptake of dopamine and structurally similar molecules by synaptic
vesicles. The authors propose that the increased presence of β-synuclein-triggered com-
plexes at the synaptic vesicles explains the decreased sensitivity to MPTP toxicity of SNpc
dopaminergic neurons in mice lacking α-synuclein and or γ-synuclein.

An association of α-synuclein and γ-synuclein with autism spectrum disorder (ASD) has
recently been described. A significant reduction of plasma levels of α-synuclein and elevation of
plasma γ-synuclein in children with ASD was found [24]. Plasma levels of both synucleins are
significantly related to the severity of ASD and might serve as an indicator of the rigorousness
of the disorder. In particular, the plasma level of γ-synuclein is lower in ASD patients than in
controls, which the authors explain by disruption of the synaptic functions [24].

One of the possible mechanisms of γ-synuclein involvement in diseases may be associated
with its role in the control of metabolic functions in fat cells. Rodríguez-Barrueco et al. [25]
recently revealed details of the regulatory mechanism of fat mass expansion modulated by
the micro-RNA [miR-424(322)/503] through γ-synuclein. This miRNA plays a crucial role in
adipose tissue regulating impaired adipogenesis and fat mass via the control of γ-synuclein [25].
The authors identified and validated the direct influence of miR-424(322)/503 on the level
of γ-synuclein expression and consider it a target gene in mediating the metabolic functions
of adipocytes.

3. α-Synuclein Misfolding, Aggregation, and Fibrillation

Intracellular accumulation of prone-to-aggregate proteins associated with the forma-
tion of amyloid-like fibrils, is a common neuropathological feature of several neurode-
generative diseases. The “unfolding” of intrinsically disordered proteins is similar to the
misfolding of globular proteins [26,27].

Under physiological conditions, α-synuclein in the cytoplasm exists in a dynamic
equilibrium between soluble monomers and a variety of oligomers, including helically
folded tetramers (Figure 2) [28–30].

Figure 2. Micelle-bound, tetrameric, and fibrillar α-synuclein. (A)—α-Synuclein is disordered under
physiological conditions in solution. Disordered form is in equilibrium with a minor α-helical
tetrameric form in the cytoplasm (B) α-Synuclein is α-helical when bound to a cell membrane
(C) α-Synuclein may form polymorphic amyloid fibrils with unique arrangements of cross-β-sheet
motifs. From Korneev et al. [30].

Binding to lipid membranes is a key mediator of oligomerization and aggregation of
α-synuclein. α-Synuclein-containing protein inclusions, aggregates, and fibrils are found
in neuropathological inclusions in neurons and glia of patients with synucleinopathies [28].
Various mutations and genomic multiplications, including duplication and triplication of
the α-synuclein gene cause familial PD with extramotor features [31].
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It is generally supposed that α-synuclein may cause diseases via a toxic gain-of-
function intrinsic for the normal protein when it surpasses a certain accumulation level.
In agreement with this concept, α-synuclein knockout mice, in contrast to transgenic
overexpressors, display no obvious neuropathological phenotype [14,32]. More detailed
investigations reveal deficits in such null mice’ dopaminergic system. The role of loss of
α-synuclein functions in pathology due to the sequestration of physiological α-synuclein
in deposits and inclusions cannot be completely excluded. It may damage some of the
synaptic function of α-synuclein when its concentration falls below some critical level.

3.1. Post-Translational Modifications (PTMs) of α-Synuclein

Various PTMs regulate α-synuclein susceptibility to aggregation by changing its con-
formation. PTMs such as phosphorylation, ubiquitination, acetylation, nitration, SUMOy-
lation, etc., modify α-synuclein physicochemical properties and affect the aggregation
process in synucleinopathies [11,12,29,31–34]. α-Synuclein is acetylated constitutively at its
N-terminal (Figure 1). As Bell et al. recently demonstrated [11,12] this PTM changes the
charge and spatial structure of α-synuclein and affects its aggregation and interaction with
lipid membranes. Even subtle disturbances caused by PTMs as well as mutations, can lead
to remarkable alterations in the aggregation performance of this protein [11,12].

In addition to PTMs, many other factors are able to induce aggregation-prone confor-
mations of α-synuclein such as focal changes in pH or Ca2+ concentration. For instance,
Ca2+ binding to α-synuclein C-terminus induces N-terminal unfolding and aggregation-prone
conformations [35]. At low pH, the large net negative charge at the C-terminus is reduced,
diminishing charge-charge intramolecular repulsion. This change causes conversion of α-
synuclein to partially unfolded conformation. Proteolytic truncation of α-synuclein C-terminus
also accelerates its aggregation and increases toxicity. The C-terminus determines α-synuclein
cytotoxicity and aggregation by regulating binding to membranes and chaperones [36].

3.2. Approaches to Reduce α-Synuclein Toxicity

One approach to neutralizing α-synuclein toxicity, which offered a lot of promise, has
been targeting the pathologically aggregated form of α-synuclein. Since aggregated protein
plays an essential role in synucleinopathies’ pathogenesis, many attempts have been made
to reduce α-synuclein accumulation and aggregation. One method has been based on the
antibody specific to the aggregated form of α-synuclein [37,38]. Recently, the monoclonal
antibody prasinezumab, directed at aggregated α-synuclein, has been studied as a potential
treatment for PD (Pasadena trial) [39]. In a phase 2 double-blind trial, patients with earlyPD
were treated by intravenous placebo or prasinezumab. The trial results were similar in
the treatment groups and the placebo group indicating that prasinezumab therapy had
no meaningful effect on global or imaging measures of PD progression as compared with
placebo. Lang et al. [40] tested another monoclonal antibody—cinpanemab (SPARK trial)
using a similar trial design with the same disappointing result indicating that both potential
antibodies have no implications for current practice.

However, these negative and discouraging results should not be taken wrongly as
proof that targeting α-synuclein is an unsuccessful approach. The negative result may be
explained by several reasons. For example, it may be due to the failure of antibodies to
enter the brain in sufficient amounts for a noticeable therapeutic effect. There are reasons to
believe that antibodies that are delivered intravenously do not usually pass through intact
cell membranes, including those of the blood-brain barrier [37]. Another explanation of the
absence of therapeutic efficacy of these antibodies may be inability of antibodies to traverse
cell membranes and penetrate intraneuronal space or cross the surface of exosomes. Thus,
α-synuclein may be just inaccessible to antibodies. Potential tactics to overcome limitations
of antibody therapies for synucleinopathies may be based on enhancing blood–brain barrier
penetration with technologies such as magnetic resonance-guided focused ultrasound [41].
An alternative approach is developing modified antibodies that will be able to penetrate cell
membranes [42]. Therefore, despite the failure of these clinical trials, there is still a chance
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that targeting α-synuclein will open an approach for molecular therapy for PD [37]. In
other words, these results of clinical trials should not dismiss the possibility that successful
results may yet be attained with the same or analogous antibody in prodromal PD or in
genetic forms of this disorder. Alternative tactics to affect aggregated α-synuclein may be
also beneficial [38].

3.3. The Quaternary Structure of α-Synuclein Fibrils Modulates α-Synuclein Pathology

Frieg et al. [43] amplified α-synuclein fibrils from brain extracts of patients with patho-
logically confirmed PD and multiple system atrophy, determined their 3D structures by
Cryo-EM, and evaluated their potential to seed α-synuclein related pathology in oligo-
dendrocytes. In the first step, researchers fibrilized α-synuclein by protein misfolding
cyclic amplification (PMCA) (see Section 3) using brain extracts of patients. This approach
showed that α-synuclein aggregated by incubation with homogenates from the brain tis-
sues of these patients determined the fibril structures. Then, the authors analyzed fibrils by
Cryo-EM and other methods and characterized their seeding potential in mouse primary
oligodendroglial cultures. This examination showed distinct 3D structures and quaternary
arrangement of α-synuclein fibrils.

The data demonstrate that the quaternary structure of α-synuclein fibrils is a vital
factor in the seeding of pathology. Investigation of α-synuclein fibrils by Cryo-EM has
shown that the dominant fibril morphology is rod polymorph [44]. Furthermore, the
amplified α-synuclein fibrils differed in their inter-protofilament interface and their ability
to recruit endogenous α-synuclein depending on the origin of the patient’s homogenate.
The fibrils were also different in their adopted helical arrangement and N-terminal region.
Thus, the quaternary structure of α-synuclein fibrils modulated α-synuclein pathology
inside recipient cells.

Interestingly α-synuclein monomers, oligomers and fibrils exert a differential effect on
the folding and refolding of other proteins. Bagree et al. [45] examined their influence on
the conformation, enzymatic activity and other properties of firefly luciferase. α-Synuclein
monomers delayed the inactivation of luciferase under thermal stress conditions and en-
hanced the spontaneous refolding, whereas oligomers and fibrils adversely influenced
luciferase activity and refolding. The oligomers suppressed spontaneous refolding, while
fibrils caused a pronounced effect on the inactivation of native enzyme. Thus, various con-
formers of α-synuclein exert differential effect on structural modifications and misfolding
of other proteins, regulating protein homeostasis.

4. Synuclein-Based Methods of Disease Diagnosis

Since α-synuclein misfolding and aggregation precede major clinical manifestations,
detecting misfolded and aggregated α-synuclein would allow recognition of the disease at
the earliest premotor phases. Further accrual and spreading of these pathological isoforms of
α-synuclein usually correlate with clinical symptoms and progression of synucleinopathies.
Recent findings point to a mechanism of template-mediated amplification of amyloid-like
fibrils as a base of accumulation and intracellular propagation of fibril seeds by which patho-
logical features spread along the neural circuits in the brain. Abnormal accumulation of
α-synuclein [15,46], and in some cases of γ-synuclein [47,48], occurs in synucleinopathies [49].
Although relatively small α-synuclein oligomers are considered the most toxic species, it
is not exactly known which α-synuclein assemblies possess the most toxic properties [26]
and are the most relevant to human diseases. Accumulating data indicate that smaller-size
aggregates cause a higher toxic response than filamentous aggregates (fibrils) [50]. The appli-
cation of fluorophores for detecting various α-synuclein subtypes brings the hope that the
initial steps of aggregation and the structure of intermediates will be better understood. A
commercial aggregate-activated fluorophore Amytracker 630 (AT630) possesses photophysical
properties that enable high-resolution (∼4 nm) imaging of α-synuclein and other aggregation-
prone proteins. Using fluorophore AT630, the authors found that aggregates smaller than
450 ± 60 nm easily penetrated the plasma membrane. An important conclusion from this
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study is that aggregates in different synucleinopathies, i.e., PD and DLB have different potency
in toxicity. Moreover, there was a linear relationship between α-synuclein aggregate size and
cellular toxicity. This novel method allows for the measuring of toxic protein aggregates in
biological environments quantitatively and therefore brings a better understanding of disease
mechanisms under physiological conditions [50].

Sekiya et al. [51] used proximity ligation assay—a new technique to detect the dis-
tribution of α-synuclein oligomers, compare the results with immunohistochemical data
and analyze the correlation between the presence of oligomers with clinical features. The
results show that α-synuclein oligomers are more widespread than Lewy-related pathology
(LRP, Lewy bodies, and Lewy neurites) and that α-synuclein oligomers in the hippocam-
pus correlate with cognitive impairment. Moreover, there was discordance between the
distribution of α-synuclein oligomers and LRP. In about one-half of patients, LRP were not
found in the neocortex, but at least some of the α-synuclein oligomers were detected in the
neocortex of all patients. More α-synuclein oligomers accumulated in the neuropil than in
neurons in most brain regions. Furthermore, α-synuclein oligomers may be widespread
early in the disease stage. These results may explain (at least partially) the recent failure
of anti-α-synuclein therapy [52]. The unsuccessful attempts of this cure may be due to
the widespread distribution of α-synuclein oligomers in earlier pathological stages of the
disease. To be successful, the effective treatment of PD patients with the anti-α-synuclein
approach should begin at very early PD stages or even in a preclinical phase of the disorder.
Both of these stages are hard to identify based on contemporary diagnostic methods. The
toxic properties of α-synuclein are intensified by cell-to-cell spread and aggregation of
endogenous species in newly invaded cells [53].

Recent studies indicated an essential role of low-density lipoprotein receptor-related
protein 1 (LRP1) in α-synuclein spreading between cells [54]. LPR1 is a highly expressed
central nervous system protein receptor involved in intracellular signaling and endocytosis.
It is located predominantly in the plasma membrane. Chen et al. [54], using LRP1 knockout
(LRP1-KO) induced pluripotent stem cells (iPSCs), demonstrated that LRP1 is a vital
regulator of α-synuclein neuronal uptake and mediator of its spread in the brain. LRP1
binds to the N-terminus of α-synuclein through lysine residues, being a key regulator
for the endocytosis of both monomeric and oligomeric forms of α-synuclein. The new
findings of LRP1’s role in α-synuclein trafficking point to a potential novel target for
synucleinopathies treatment.

Ozdilek and Agirbasli [55] recently demonstrated that the serum LRP1 concentration
is associated with the factors influencing the prognosis of PD and disease duration and
severity. Moreover, there is a correlation between LRP1 levels and abnormal aggregation of
α-synuclein and other IDP between sLRP1 levels and the duration of disease [55].

Iba et al. [56] investigated the impact of aging and inflammation on the pathogenesis
of synucleinopathies. They used a mouse model of DLB/PD induced by intrastriatal in-
jection of α-synuclein preformed fibrils (PFF). Aging caused more extensive α-synuclein
accumulation in the striatum and amygdala, more significant infiltration of T cells, mi-
crogliosis, and behavioral deficits. Transcriptomics analysis revealed that this network’s
most important upstream regulators comprised CSF2, LRG, TNFa and poly rl:rC-RNA.
These results point to a key role in aging-related inflammation. More specifically, this
data shows that CSF2 affects the consequences of α-synuclein spreading and suggests that
targeting neuro-immune responses might be a step in developing treatments for DLB/PD.
These results are also consistent with the perception that α-synuclein aggregates might lead
to neurodegenerative changes by dysregulating adaptive and innate immune responses.

Various factors affect α-synuclein aggregation and fibrillation [26,27,34,44,57–59], includ-
ing the inhibitory effect of β-synuclein on α-synuclein aggregation and toxicity [60,61]. In
addition to this, a growing number of recent studies point to the role of defects in proteostasis,
autophagy, and lysosomal function in α-synuclein intracellular accumulation and clearance.
For example, impairment of lysosomal function due to mutation of PARK9 (a lysosome-related
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transmembrane P5 ATP transport enzyme, ATP13A2) affects the metabolism of α-synuclein.
It causes the development of PD and other synucleinopathies [62].

α-Synuclein forms distinct spatial structures or strains at the very early stages of
synucleinopathies, which are potential targets for early diagnosis and treatment. These
molecular forms can be detected by various modern techniques, such as seed amplification
assays (s) or protein misfolding cyclic amplification (PMCA) [63]. The combination of seed
amplification assay with oligomers-specific ELISA (enzyme-linked immunosorbent assay)
allows the identification of patients with PD or DLB with high sensitivity and specificity.
Moreover, the methods provide vital information about the patient’s clinical disease stage
and the severity of the PD clinical symptoms [64].

Recent modifications of the PMCA identify the distinct α-synuclein strains specific for
different human diseases. They are successfully used for differential diagnosis of patients with
PD, multiple system atrophy, DLBs and other disorders using samples of CSF, olfactory mucosa,
submandibular gland biopsies, skin, and saliva even at the prodromal stages of the disease [63].

Results of a recent study by Emin et al. [65] point to the most toxic types of synuclein
aggregates. The authors developed a modification of α-synuclein aggregation reactions
in the test tube with subsequent separation of aggregates by size. Wild-type α-synuclein
aggregates smaller than 200 nm in length induced inflammation and permeabilization of
single-liposome membranes, whereas larger in-size aggregates were less toxic. These initial
results were confirmed by characterization of soluble aggregates extracted from post-mortem
brains. Aggregates from the brain had a similar size and structure as the small aggregates
made in aggregation reactions in vitro. Further experiments demonstrated that the soluble
aggregates from PD patients’ brains were smaller and more inflammatory than the large
aggregates in control brains. The authors conclude that the small non-fibrillar α-synuclein
aggregates are the critical species causing neuroinflammation and disease progression [65].

5. Aggregation of β-Synuclein and γ-Synuclein and Their Role in Diseases

α-Synuclein is more aggregate-prone than β-synuclein and γ-synuclein which can be
explained by differences in amino acid sequences and the intra-chain dynamics [66]. β-
Synuclein is a non-amyloidogenic homolog of α-synuclein and a natural negative regulator
of α-synuclein aggregation [60,61,67,68]. Biere et al. [69] show that while α-synuclein
forms the fibrils over time, no fibrillation could be detected for β- and γ-synuclein under
the same conditions. However, under conditions that significantly speed up aggregation,
γ-synuclein can form fibrils with a lag phase approximately three times slower than α-
synuclein [69]. Importantly, β-synuclein acts as a molecular chaperone elongating the lag
phase of α-synuclein aggregation [70]. β-Synuclein is capable of delaying or preventing
α-synuclein fibril formation both in vitro and in vivo.

β-synuclein may be responsible for certain forms of neurodegenerative diseases. For
example, the P123H and V70M mutations in β-synuclein enhanced lysosomal pathology,
play a causative role in neurodegeneration and are associated with dementia with Lewy
bodies (DLB) [71,72]. In contrast to α-synuclein, two other members of the synuclein family
are not found in Lewy pathology [73].

β-Synuclein level is significantly elevated in the CSF of the pre-AD continuum since
the preclinical stage. An increase of β-synuclein level in CSF occurs when t-tau and nerve
fiber layer (NFL) levels are not yet significantly elevated. Therefore, it represents an
emerging biomarker of synaptic damage in this disorder, which may be helpful even at the
preclinical stage [19].

Due to the low level of folding, the conformation of synuclein family members is
highly dynamic and they can modulate each other’s aggregation propensity. Elevated
temperature, low pH, and high concentrations intensify the fibrillation rate of α- and
γ-synuclein, while β-synuclein forms fibrils only at low pH. The high molar ratio of β-
synuclein inhibits the fibrillation in α- and γ-synuclein, but preformed fibrils of β- and
γ-synuclein do not affect fibrillation of α-synuclein [74].
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Remarkably, increasing β-synuclein and γ-synuclein affinity to the membrane by
point mutations converts these members of the synuclein family into monomers associated
with the membrane, increases their cytotoxicity, and predisposes them to form round
cytoplasmic inclusions [9].

The presence of γ-synuclein-positive inclusions in motor neurons of amyotrophic
lateral sclerosis patients and its ability to aggregate in vitro and in vivo [47,48,75,76] suggest
that a term “γ-synucleinopathy” may also be used.

Williams et al. [77] used a series of chimeras of α-synuclein and β-synuclein to probe the
relative input of the N-terminal, C-terminal, and the central NAC domains to the inhibition
of α-synuclein aggregation. Measurements of the rates of α-synuclein fibril formation in the
presence of the chimeras indicate that the NAC is the primary determinant of self-association
leading to fibril formation. However, the N- and C-terminal domains play critical roles
in the fibril inhibition process. These findings provide proof that all three domains of β-
synuclein together contribute to providing effective inhibition. Knowledge about such multi-
site inhibitory interactions spread over the length of synuclein chains may be essential for the
development of therapeutics mimicking the inhibitory effects of β-synuclein.

Interestingly, α-synuclein fibrils made in the presence of β-synuclein are less cytotoxic
and possess decreased cell seeding capacity. Moreover, they are more resistant to fibril
shedding compared to α-synuclein fibrils alone [23,78]. NMR studies showed that the over-
all structure of the core of α-synuclein when co-incubated with β-synuclein is minimally
perturbed. However, the dynamics of Lys and Thr residues in the imperfect KTKEGV
repeats of the α-synuclein N-terminus are increased. Thus, amyloid fibril dynamics play a
crucial role in modulating synuclein toxicity and seeding.

Interestingly, β-synuclein is able to potentiate synaptic vesicle dopamine uptake and
rescue dopaminergic neurons from MPTP-toxic effect in the absence of other synucleins [23].
Potentiation of dopamine uptake by β-synuclein may be explained by different protein
architecture of the synaptic vesicles. These results demonstrate that of the three members
of the synuclein family, only β-synuclein can potentiate VMAT-2–dependent uptake of
dopamine and structurally similar molecules by synaptic vesicles. The authors hypothesize
that the elevated level of β-synuclein-triggered complexes at the synaptic vesicles, and
not the absence of other synucleins per se, causes the reduced sensitivity to MPTP toxicity
in mice lacking α-synuclein and/or γ-synuclein. These results point to a critical role of
β-synuclein in the resistance to MPTP toxicity by dopaminergic neurons lacking the usual
balance of this protein and other members of the synuclein family [23].

6. Inhibitors of α-Synuclein Aggregation and Fibrillation as Potential Tools
for Therapy

α-Synuclein has been identified as a key target for the development of therapeutic ap-
proaches to synucleinopathies given its central role in the pathophysiology of these diseases.
Treatment strategies can be classified into several groups [79]: (1) inhibition of formation of
toxic α-synuclein aggregates (aggregation inhibitors), (2) lowering α-synuclein expression
(e.g., antisense therapy), (3) removal of toxic α-synuclein aggregates (immunotherapy),
(4) removal of toxic forms of α-synuclein by enhancement of cellular clearance mechanisms
(autophagy, lysosomal microphagy), (5) modulation of neuroinflammatory processes and
(6) neuroprotective strategies. Current therapeutic approaches and elucidation of promising
future treatment approaches are described in a recent article [79].

The results of recent experiments suggest that therapeutic downregulation of α-
synuclein expression in PD patients may be a mostly harmless choice since it should
not lead to adverse side effects on the functions of the nigrostriatal system [22].

High-throughput screening assays are efficient methods usually used to analyze a huge
number of potential inhibitors of α-synuclein aggregation and to identify among them the
most potent compounds. Kurnik et al. [80] used a combination of SDS-stimulated α-synuclein
aggregation with Förster resonance energy transfer (FRET) to characterize the initial stages
of α-synuclein aggregation. After screening 746.000 compounds, the authors identified
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58 hits that markedly inhibit α-synuclein aggregation and reduce membrane permeabilization
activity. The most effective aggregation inhibitors are derivatives of (4-hydroxy-naphthalen-1-
yl) sulfonamide. They interact with the N-terminal part of monomeric α-synuclein with high
affinity and reduce early-stage oligomer-membrane interactions. Notably, some of them also
reduce α-synuclein toxicity toward neuronal cell lines.

Several approaches have been used to prevent or diminish the toxic effects of synuclein
aggregation and fibrillation. One of them includes reducing α-synuclein expression, for exam-
ple, by antisense oligonucleotides or nucleic acids. Other methods are based on the inhibition
of toxic α-synuclein aggregates build-up using aggregation inhibitors. Some strategies are
directed to dissolve and eliminate the existing intracellular or extracellular toxic α-aggregates,
for instance, by immunotherapy. Various forms of α-synuclein induce an immune response
including inflammation, highlighting the immune function of α-synuclein. Aggregation may
render a protein “foreign” to the immune system and cause immunoresponce [81].

To reduce the toxic effect of α-synuclein, methods based on the enhancement of cellular
clearance mechanisms removing toxic α-synuclein aggregates are used more often. Some
of them are directed to the activation of autophagy or lysosomal microphagy.

An example of an approach based on the activation of autophagy gives hope for
future therapeutic applications [82]. For instance, a small molecular inhibitor for prolyl
oligopeptidase, KYP-2047, relieves α-synuclein-induced toxicity in various PD models by
inducing autophagy and preventing α-synuclein aggregation, without reducing soluble α-
synuclein oligomers. The authors hypothesize that KYP-2047 decreases the concentration of
those toxic forms of α-synuclein that were not detected by ELISA assay specific for soluble
α-synuclein. These findings indicate that when considering potential drug treatment for
synucleinopathies, it is critical to characterize the α-synuclein aggregation process in detail,
identifying the most toxic forms of α-synuclein. The authors also assume that previous
failure to use α-synuclein aggregation inhibitors may be explained by the fact that removal
of random α-synuclein aggregates forms does not provide neuroprotection [82].

Other methods, including modulation of neuroinflammatory processes and neuropro-
tective strategies, are currently under development. Since there is currently no method that
guarantees the complete elimination of α-synuclein toxicity, new approaches and novel
substances discussed below are currently under investigation.

A promising methodology for the development of new amyloid inhibitors is recently
described in Murray et al. article [44]. The authors used a de novo structure-based compu-
tational design to create 35–50 residue amyloid capping inhibitors that bind to the growing
ends of amyloid fibrils. The principle of the method is not restricted to α-synuclein, but can
be applied to tau, beta-amyloid fibrils, and other fibril-forming proteins. Their structure was
determined using Cryo-EM, ssNMR spectroscopy, and MicroED. The designed inhibitors
can bind to the ends of fibrils, “capping” them and thus preventing further growth, seeding,
and reducing the toxicity of such proteins both in vitro and in vivo. Since such inhibitors
specifically bind to an end of an amyloid fibril, averting its elongation, other end of the fibril
might be able of growing. However, analysis of this growth has shown that fibrils grow
mainly unidirectionally, avoiding this issue. Importantly, inhibitors that decrease α-synuclein
primary aggregation are also effective at decreasing cellular seeding.

Another promising approach to finding specific inhibitors of α-synuclein toxic species
is the use of aptamers binding with high specificity to different truncated forms of α-
synuclein fibrils with no cross-reactivity toward other amyloid fibrils [83]. Testing a
panel of aptamers allowed to identify two of them (Apt11 and Apt15) possessing higher
affinity to most C-terminally truncated forms of α-synuclein fibrils. Apt11 inhibited α-
synuclein-seeded aggregation in vitro. Apt11 decreased the insoluble phosphorylated form
of α-synuclein at Ser129 (pS129-α-syn) in a cell model. This aptamer inhibited α-synuclein
aggregation assessed by RT-QuIC reactions seeded with brain homogenates isolated from
PD patients. These aptamers may be used as tools for research and diagnostics or therapy.

Natural compounds also possess antiaggregational potential. Many phytochemicals
inhibit α-synuclein aggregation and possess a neuroprotective effect [84–86]. For example,
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a polyphenolic component derived from green tea—epigallocatechin 3-gallate (EGCG)
binds to α-synuclein by hydrophobic interactions and suppresses its aggregation at 100 nM
in a concentration-dependent manner [85].

Curcumin is a biphenolic phytochemical compound from the root of the Curcuma longa
efficiently inhibits α-synuclein from turning into an amyloid [87]. Curcumin prevents
aggregation of both wild-type and mutant forms (E46K and H50Q) of α-synuclein (Figure 1).
Moreover, curcumin destabilizes preformed α-synuclein amyloid aggregates and regulates
α-synuclein amyloid formation [86]. Interestingly, that curcumin induces hypermethylation
of γ-synuclein gene through the upregulation of the DNA methyltransferase 3 (DNMT3)
which reduces γ-synuclein expression [87]. These results show that polyphenol compounds
may have therapeutic implications in PD treatment [88].

In addition to many inhibitors of synuclein aggregation, several substances enhanc-
ing α-synuclein aggregation (proaggregators) have been identified. For example, several
phenyl-benzoxazol compounds, e.g., 2-arylbenzoxazole (PA86, 1) enhance the α-synuclein
aggregation [80]. In another study TKD150 and TKD152 were investigated as proaggrega-
tors for α-synuclein. In comparison to a previously reported proaggregator, PA86, these
two identified compounds were able to promote aggregation of α-synuclein at twice the
rate [58]. These studies are important to better understand the intimate mechanism of
α-synuclein aggregation.

7. Conclusions and Future Directions

There are several directions in synucleins studies which definitely will bring better
understanding of their normal functions, association with diseases and open new strategies
for the early diagnosis and timely treatment of synucleinopathies. Although the majority
of investigations are still directed to α-synuclein, the functional role of two other members
of the family is becoming clearer. The existing data from the literature on synucleins is
descriptive, and a transition from observational to interventional study designs is currently
in need. It is evident that this conversion may be slow, but hopefully it would lead to a
breakthrough due to the development of multiomics and other novel research approaches.

Currently, many studies are directed to the understanding of the role of α-synuclein
in the synaptic region and dopamine vesicle regulation. At the same time, its interaction
with other cellular components remains poorly understood and many intriguing questions
concerning synuclein functions remain unclear. For example, does α-synuclein interact
with mitochondrial DNA directly and influence transcription profile? What role synucleins
play in endoplasmic reticulum-Golgi traffic [89]? Recent studies investigating microtubule
dynamics showed that α-synuclein facilitated the formation of short microtubules and
favorably binds to 4 protofilaments. However, synuclein’s role in the axonal transport and
interaction with microtubules remains to be determined [90].

One of the critical directions in future work is the development ofα-synuclein based biomark-
ers. Timely identification of PD symptoms should allow the beginning of early treatment.

7.1. Importance of Easily Accessible Samples for Diagnosis

Relevant biomarkers for α-synuclein pathology in PD are emerging, as well as blood-
based markers of general neurodegeneration and glial activation [91,92]. Detection of
misfolded α-synuclein in easily accessible fluids, e.g., blood, CSF, and skin would be a great
step forward for early diagnosis of PD and other synucleinopathies [91–93]. Preliminary
results indicate that skin biopsies, including nerve terminals, can be used in seeding
aggregation assays to detect misfolded α-synuclein in PD, DLB, and multiple system
atrophy [94]. Other potential peripheral tissues for detecting misfolded α-synuclein include
the olfactory mucosa and the submandibular gland [63,94]. They can be used for both
early diagnosis and also for the analysis of medication’s efficiency. Biomarkers that can
measure relevant treatment effects downstream of the drug target will likely be used more
frequently to optimize go/no-go decisions on moving drugs forward. In the future, such
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biomarkers will be used in clinical routine practice to monitor the efficacy of disease-
modifying therapies in individual patients.

7.2. Role of the Gut-Brain Axis

Recent findings point to a highly complex relationship between the gut and the brain in
PD, providing the potential for the development of new biomarkers and therapeutics. The
neuropathological process that leads to PD seems to start in the enteric nervous system or the
olfactory bulb and spreads via rostro-cranial transmission to the substantia nigra and further
into the CNS. This raises the exciting possibility that environmental substances can trigger
pathogenesis [94,95]. The discovery of importance of the gut-brain axis in PD development
opens a new approach for the search of therapeutic targets and biomarkers detection [95,96].
However, there are definite gaps in our knowledge and new research is needed for a better
understanding of the role and interrelationships of α-synuclein with the vagus nerve, with
the enteric nervous system, altered intestinal permeability, and inflammation [96,97].

Reduced activity of protein degradation systems, such as proteasomes, autophagic
systems and lysosomes occur in patients with synucleinopathies. Therefore, the activa-
tion of autophagy gives hope for future therapeutic applications [36,79,82,83]. There are
approaches that are not aimed at α-synuclein in a straight line but affect it indirectly.
Autophagy is critically related to the anomalous accumulation of α-synuclein, and de-
fects in lysosome-related transmembrane ATP transport enzyme ATP13A2 (also known as
PARK9) impair lysosomal function and inhibit the toxicity of α-synuclein. Therefore, this
enzyme may be considered a possible target in synucleinopathies [36,62]. Other autophagy
activation methods also give hope for future therapeutic applications [82].

One of the promising agents causing the reduction of α-synuclein oligomer accumu-
lation is GNE-7915, specific inhibitor of the long-term brain-penetrant leucine-rich repeat
kinase 2 (LRRK2 or PARK8). This inhibitor significantly decreases oligomers in the striatum
without causing adverse peripheral effects [97]. Inhibition of mutant LRRK2 hyper-kinase
activity to normal physiological levels offers an encouraging and safe disease-modifying
therapy to improve the course of synucleinopathies.

Small molecular inhibitors for prolyl oligopeptidase (PREP), for example, KYP-2047, relieve
α-synuclein-induced toxicity, enhancing autophagy and preventing α-synuclein aggregation [83].

KYP-2047 had a significant positive impact on total oligomeric α-synuclein and particu-
larly on proteinase K resistant α-synuclein species. There is hope that further modifications
of the method will allow KYP-2047 and similar inhibitors to improve brain penetration
based on the new delivery strategies. These strategies may include the fusion of effective
inhibitors with a cell-penetrating peptide-based tag or conjugation to other types of de-
livery constructs such as brain-penetrating nanoparticles. The inhibitor designs are also
genetically encodable, including viral delivery, another possible transport mechanism [82].

There is hope that scientific progress in this field will translate to the successful use
of new diagnostic, prognostic, and therapeutic approaches that will ultimately improve
patients’ lives.
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Abstract: Alpha-synuclein’s role in diseases termed “synucleinopathies”, including Parkinson’s
disease, has been well-documented. However, after over 25 years of research, we still do not fully
understand the alpha-synuclein protein and its role in disease. In vitro cellular models are some
of the most powerful tools that researchers have at their disposal to understand protein function.
Advantages include good control over experimental conditions, the possibility for high throughput,
and fewer ethical issues when compared to animal models or the attainment of human samples. On
the flip side, their major disadvantages are their questionable relevance and lack of a “whole-brain”
environment when it comes to modeling human diseases, such as is the case of neurodegenerative
disorders. Although now, with the advent of pluripotent stem cells and the ability to create minibrains
in a dish, this is changing. With this review, we aim to wade through the recent alpha-synuclein
literature to discuss how different cell culture setups (immortalized cell lines, primary neurons,
human induced pluripotent stem cells (hiPSCs), blood–brain barrier models, and brain organoids)
can help us understand aggregation pathology in Parkinson’s and other synucleinopathies.

Keywords: alpha-synuclein; SH-SY5Y; hiPSCs; organoid; aggregation; synucleinopathy; blood–brain
barrier; microglia; astrocytes; overexpression; mutation; Lewy body; Parkinson’s disease

1. Introduction

For a scientist, entering the field of alpha-synuclein (α-syn) research is a daunting task.
Since the discoveries in 1997 that mutations in the gene encoding α-syn (SNCA) result
in an autosomal dominant form of Parkinson’s disease (PD) [1] and that it is prevalent
in Lewy bodies [2], aggregates linked to disease, there have been over 10,000 original
articles about this enigmatic protein (Source: Scopus, Figure 1). Additionally, α-syn also
accumulates in Lewy bodies in disorders such as PD with dementia (PDD), dementia with
Lewy bodies (DLB), and multiple system atrophy (MSA). These diseases are collectively
termed “synucleinopathies” as they share this common pathological feature, whether the
Lewy bodies are found in the cytoplasm, neurons, or glial cells. This review will focus
mainly on PD, as the majority of studies attempt to model it. For a definite diagnosis
of PD, Lewy bodies must be found in the substantia nigra pars compacta neurons in a
post-mortem examination—although other neurons have Lewy bodies as well [3]. PDD
presents similar motor symptoms to PD but with memory loss and Lewy bodies in cortical
areas, and DLB is also similar to this pathologically [4]. Lastly, MSA has the unique feature
that the Lewy bodies are found in the oligodendrocytes [5]. Why are these diseases, all
containing neuropathological deposits of α-syn, still somewhat distinct from one another?

α-syn is expressed in several cell types in the central nervous system (CNS) as well as
in the periphery in humans [6]. As a monomer, α-syn forms a heterogenous population
of different states in aquatic solution, which is mostly due to the fluctuating C-terminal
tail and heavily dependent on the ligands it can interact with and the environment [7–10].
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In terms of amino acid sequence, the first 25 amino acids are important, with the first
12 amino acids being crucial for lipid binding and docking (Figure 2). In the second α-
helix are the hydrophobic areas (non-amyloid component, NAC) that are important for
the oligomerization and aggregation of α-syn [11–13]. α-syn is often referred to in the
literature as an “intrinsically disordered” protein, but it is rarely explained why this is
important. Intrinsically disordered proteins have no unique 3D structure, which allows for
greater conformational flexibility, results in a larger surface area for interacting partners,
and comes with more post-translational modifications [14]. These properties are considered
advantageous for the protein’s function in the cell, giving it both tight control as well
as the ability to quickly react to changing conditions. However, one can guess that this
dynamic nature results in difficulties in wrangling intrinsically disordered proteins as drug
targets. α-syn is considered mostly unstructured and belongs to a family of amyloidogenic
proteins. Additionally, one more layer of complexity to the folding properties of α-syn is
the recent demonstration of its association with membrane-less organelles. The association
of intrinsically disordered proteins with membrane-less organelles could provide a possible
explanation for the triggering of the amyloidogenesis pathway in multiple neurodegen-
erative diseases [15]. While in physiological conditions, the formation of α-syn-related
liquid-liquid phase separation is not favored, mutations, pathological stressors such as
metal ions (Cu2+, Fe3+), or high local concentrations of α-syn [16] may facilitate it. Addi-
tionally, this unstructured region of α-syn is converted to β-sheet-rich structures that form
fibrils [17]. In short, misfolding of the soluble monomer of α-syn to temporary oligomeric
structures and then into the ordered fibrillar structure is considered to be the process of
aggregate formation. Further, formed aggregative structures and shapes may change based
on the post-translational modifications and, importantly, depending on the experimental
set-up (refer to graphical abstract).

Figure 1. Number of original articles published per year on “alpha-synuclein” starting from
1997 when it was demonstrated that α-syn is involved in PD, up until 2021. Since 2020, over 1000 ar-
ticles have been published in a year. Data was obtained from Scopus (https://www.scopus.com/,
accessed on 10 January 2021). A search was made for the word “alpha-synuclein” within ‘Article
title, Abstract, Keywords’. This was further refined to Articles (so as to exclude Reviews and Book
Chapters), then the years were narrowed from 1997 to 2021. This generated a total of 11,959 results.

It is also important to note here that for the purposes of this review when taken
out of context (i.e., not associated with a particular study), we refer to monomers as the
14 kDa native protein, oligomers as larger species of α-syn that may or may not be toxic,
and fibrils as the above-mentioned β-sheet structure. It is not always clear in the papers
discussed below what an oligomer vs. a fibril is in some cases, particularly when taking
into consideration recent research into antibodies used to label these conformations [18].
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Figure 2. Structural diagram of alpha-synuclein protein. The N-terminal contains an amphiphilic
region characterized by apolipoprotein repeat motif. The non-amyloid component (NAC) region is
important in the oligomerization and aggregation of α-syn. The C-terminal domain is characterized
by acidic residues Glu and Asp and assumes an inherently disordered conformation. Phosphorylation
at Ser129 is a classical marker for aggregated α-syn.

2. Modeling Alpha-Synuclein Aggregation in Non-hiPSC Lines: What We Can Learn
and Caution with Outcome Measures

Since α-syn is not naturally present in non-vertebrates, studying the propensity of
this protein to aggregate has relied heavily on cellular models. As such, numerous cellular
models have been generated to broaden our understanding of the role this protein has
on the cellular dysfunctions observed in the disease. These models are based on the
overexpression of either wild type (WT) or mutated α-syn or the addition of an exogenous
protein. Multiple cell lines have been utilized to study α-syn aggregation and toxicity,
ranging from differentiated immortalized cells to primary neurons of mammalian species.
Aggregation can be achieved by overexpression of mutated α-syn and multiplications
in the SNCA gene as well as by using exogenous α-syn preformed fibrils (PFFs) or by
patient-derived aggregates. Ideal models of α-syn capture the key pathological events as
seen in the clinics, such as the spread of aggregated α-syn, preferably in the form of Lewy
bodies, and dysfunction of modeled cells.

There is a high amount of evidence supporting the causative role of α-syn in synucle-
inopathies, which has been derived from the discovery of numerous autosomal dominant
SNCA mutations and multiplications [1,19–22]. Since then, these mutations have been
discovered to have effects on the structure and aggregation dynamics of α-syn [23–25].
To summarize, these mutations alter the disease phenotype, severity, and age of onset,
but the exact mechanism behind these aspects is still elusive. Despite this, the known
mutations, such as A53T, A30P, E46K, H50Q, and G51D have been successfully used to
model synucleinopathies both in vitro and in vivo.

With hundreds of studies using different cell lines, forms of α-syn, and outcome
measures, it makes wading through the literature a difficult undertaking for a person new
to the field. With this section of the review, we aim to summarize and highlight studies
of interest in the field using immortalized and primary cells. Table 1 shows several recent
studies that add to this but is not inclusive of all studies.
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Table 1. Examples of recent studies with the use of non-iPSCs models with different α-syn mod-
ifications. The definition of PFF and oligomeric forms of α-syn can vary from paper to paper.
PFF—preformed fibrils.

Model α-syn Modification Outcomes of the Study References

Cell lines

SH-SY5Y

Overexpression
Recipient microglia suppressed autophagy caused by enhanced

expression of miR-19a-3p in exosomes, via the phosphatase and tensin
homolog/AKT/mTOR signaling pathway.

[26]

Overexpression
miR-335 levels are reduced in PD models and patients. Its

overexpression reduced inflammation induced by LPS stimulation or
LRRK2 overexpression.

[27]

A53T mutation Reduced mitochondrial oxygen flow at maximum capacity. [28]

A53T mutation
Silencing of CK2α results in reduced phosphorylated α-syn at serine129

expression in cells with A53T mutation as well as functionality of
dopaminergic neurons and ROS generation.

[29]

PFFs Micropinocytosis was suggested to be the main pathway of α-syn
internalization into SH-SY5Y cells and differentiated neurons. [30]

PFFs
Higher secretion levels of nanoscopic α-syn aggregates were driven by

disrupted protein homeostasis caused by PFF, but it does not lead to
aggregation in the cells.

[31]

Monomers, dimers,
tetramers

α-syn dimer and tetramer internalization into the cell happened
primarily through endocytosis. Aggregated α-syn from PFFs or

oligomers displayed more prominent accumulation than monomers.
Tetramer structures of α-syn showed more resistance to these processes,

which suggested higher infectiousness of higher oligomeric states.

[32]

Monomers,
polymers,α-syn-119

1:4 ratio of α-syn -119:PQQ (pyrroloquinoline quinone) resulted in
neuroprotective effect, showing antioxidant effect of PQQ. PQQ can

change the secondary structure of α-syn, inhibiting oligomer formation
induced by Cu(II).

[33]

PC12

Overexpression Glutamine can enhance Hsp70 expression which is able to promote
degradation of α-syn even in the presence of a proteasomal inhibitor. [34]

Overexpression
Increase in oligomerization and aggregation of α-syn might be the result
of iron accumulation in neurons. The abnormal iron levels can be caused

by higher levels of α-syn concentration in the cells.
[35]

Oligomers and
overexpression Serotonin aldehyde oligomerizes α-syn in vivo and in vitro. [36]

A53T mutation Ubiquitin proteasome system dysfunctions caused by α-syn in
dopaminergic neurons [37]

PFFs PC12 cell line is less resistant to α-syn cytotoxicity than primary
hippocampal neurons. [38]

PFFs α-syn fibril formation can be inhibited by hydroxytyrosol, and fibrils can
be destabilized by hydrotyrosol. [39]

(MPP+)-treated cells Low-intensity ultrasounds stimulation results in ROS generation
inhibition in MPP+ treated cells, lowering levels of α-syn aggregation. [40]

LUHMES

Overexpression
Transcriptome and proteasome analyses identified differential regulation
of genes associated with PD. Vesicular transport and the lysosome were

leading mechanisms.
[41]

SNCA knockout 401 genes associated to the cell cycle had reduced expression after SNCA
knockout in dopaminergic neurons. [42]

Overexpression During drug screening, PDE1A inhibition showed the most effective
results against α-syn toxicity. [43]

A30P mutation
Overexpression of WT and A30P m α-syn had a significant effect in DNA

methylation of genes related to glutamate signaling and locomotor
pathways

[44]
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Table 1. Cont.

Model α-syn Modification Outcomes of the Study References

MN9D

Normal expression α-syn accumulation was inhibited by suppression of prolonged
adenosine A1 receptor activation. [45]

Normal expression
Damage induced by 6-OHDA can be reduced by icaritin (ICT). ICT

increases SOD activity, TH expression, but decreased ROS production
and α-syn expression.

[46]

BV2

A53T mutation

Polygala saponins fractions inhibited NLRP3 inflammasome by
AMPK/mTOR and PINK1/parkin pathways, which contribute to the

regulation of neuroinflammation decrease and neuronal death via
mitophagy

[47]

α-syn and MPP+
co-treatment

α-syn and MPP+ co-treatment induced activation of NLRP3
inflammasome. [48]

Monomers,
oligomers

Monomeric α-syn promotes microglial inflammatory phenotype by ERK,
NF-κB, and PPARγ pathways. [49]

α-syn -enriched
conditioned media

Neuroinflammation caused by impairment in microglial autophagy is
disrupted by α-syn on the Tlr4-dependent p38 and Akt-mTOR pathway. [50]

PFFs α-syn fibrils caused a strong inflammatory response. Level of
fibrilization is a main trait for its intake. [51]

A53T mutation Norepinephrine release caused dopaminergic neuron viability disruption
in the noradrenergic system. [52]

Primary
neurons

A53T α-syn T22N
Rab7A mutations

Wild type Ras-related in brain 7 (Rab7) reduced α-syn decreased α-syn
toxicity, e.g., oxidative stress, mitochondrial perturbations, and DNA

damage.
[53]

PFFs and α-syn E35K
E46K E61K mutants

Lysophosphatidylcholine acyltransferase 1 regulates α-syn pathology.
Utilization of α-syn E35K E46K E61K model. [54]

LRRK2 inhibition α-syn localization at the presynaptic terminal is connected to the kinase
activity of LRRK2. [55]

PFFs α-syn aggregation induced by PFFs is not influenced by insulin-related
signaling in primary dopamine neurons. [56]

PFFs Tannic acid showed the best results in two-step screening for α-syn
aggregation inhibitors. [57]

PFFs and AS69
protein

There is no change in PFF uptake in the presence to AS69 protein, that
binds to α-syn, but AS69 decreases α-syn pathology. [58]

Monomer GLP-1R-associated neuroprotective and neurotrophic cell signaling can
be activated by GLP-1 (9–36). [59]

Human neural
stem cell line

(ReNcell)

PFF or
overexpression

α-syn and its aggregate degradation can happen with miR-7 use. miR-7
can also decrease α-syn expression. [60]

Several cellular studies have demonstrated the capacity for overexpressed or mu-
tated α-syn to cause neuronal dysfunction as seen in PD, as follows: disruption of the
ubiquitin-dependent proteolytic system in PC12 cells (an immortalized cell line of rat
pheochromocytoma often used in neuroscience research [61]) with the A53T mutation [62],
disruption in calcium signaling in SH-SY5Y cells with the A53T mutation [29], impaired
dopamine (DA) release in stable PC12 cells expressing non-toxic amounts of A30P mutant
or WT α-syn [63] as well as vesicular DA storage impairments in a human mesencephalic
cell line (MESC2.10) expressing A53T mutant α-syn [64]. In addition to these immortalized
cell models, murine primary neurons have also been broadly used to study the effects
of α-syn overexpression. In a rat midbrain DA primary neuron culture, A30P and A53T
mutations have been shown to have a decreasing effect on the regenerative capacity of the
neurons [65]. Furthermore, primary cortical neurons of mice expressing A53T mutant α-syn
have displayed reduced mitochondrial mobility as well as a decrease in mitochondrial
membrane potential and in respiratory capacity [66]. There are also multiple different
approaches to achieving expression of mutated SNCA or overexpression of the WT version.
A few examples include using plasmid constructs [67,68] or viral vectors [69].
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While these studies and others contribute important findings to the field of PD research,
particularly in terms of using mutations that confer the disease. These mutations often
have a more severe phenotype than an expression of the WT, which matches the clinical
presentation of, for example, the A53T mutation, which leads to an earlier onset and
more severe progression of the disease [70]. However, overexpression/mutation of α-syn
may not be the best way to model sporadic disease in cell monoculture. DA neurons in
particular are known to be sensitive to stressors [71], and therefore an abnormal level of
protein expression at an acute timepoint would likely cause dysfunction regardless of the
protein being expressed. Sure enough, already more than 20 years ago, researchers showed
that green fluorescent protein (GFP), commonly used as a reporter and/or control in studies
modeling neurodegeneration, can be toxic to cell lines with GFP overexpression [72] and
also to primary cortical neurons [73,74]. Therefore, caution needs to be taken in interpreting
the results from cell studies where α-syn is overexpressed. Which control protein or
mutation was used to compare the effects to? What was the level of gene expression of
α-syn versus the control protein/mutation? These questions need to be answered before
one can conclude that the cell death or dysfunction was the result of α-syn specifically.

In contrast to overexpression/mutation models, the following one major advance
has emerged in recent years in the field of α-syn research: in 2009, Luk et al., were able
to demonstrate that the addition of α-syn PFFs to SH-SY5Y culture (an immortalized cell
line of human neuroblastoma, often used as a neuronal model, including as a PD model
since DA markers have been observed [75]) induced recruitment and phosphorylation of
endogenous α-syn into insoluble pathogenic forms, which leads to the formation of Lewy
body-like intracellular inclusions. In most studies using α-syn PFFs the protocol to generate
the fibrils is similar where recombinant mouse or human α-syn monomer is purified, put
at 37 ◦C, and shaken for 7 days. This results in the fibrillar form of α-syn which is then
sonicated (either using a probe tip or water bath sonicator) and applied to the culture [76].

Similar findings have also been observed in primary neuron cultures seeded with exoge-
nous α-syn fibrils [77,78]. In addition, these studies reported synaptic dysfunction and cell
death induced by the Lewy body-like inclusions. Findings from α-syn PFF cellular models
have raised questions about whether the exogenous pathological forms of α-syn could induce
synucleinopathies in vivo as well. Remarkably, brain injection of α-syn PFFs is sufficient to
cause cell-to-cell transmission of pathological α-syn, leading to Lewy body-like inclusion
formation in A53T α-syn transgenic [79] and in non-transgenic mice [80,81], and countless
others). More recently, seeded α-syn PFFs induced the aggregation of endogenous α-syn
while significantly increasing the secretion of nanoscopic α-syn aggregates by disrupting
the protein homeostasis of SH-SY5Y cells [31] and in Cascella et al. (2021) [82], where they
used rat primary hippocampal cells and SH-SY5Y cells (as well as hiPSC-derived DA neu-
rons) to inspect the spread of differently produced α-syn fibrils/oligomers and outer lipid
membrane dysfunction and intake of oligomers. Their findings show that by comparing
two different α-syn fibril oligomeric structures, one with a disordered secondary structure
and the other with a β-sheet rich core, the latter can cause major membrane disruption and,
in their model, be toxic to the neurons, whereas the former one is biologically inert.

Although the α-syn PFF model is not perfect, as one is adding exogenous material
that is produced in E. coli or in HEK293 cells, it has strongly demonstrated the possibility
of endogenous α-syn aggregation as seen in patients. This can be used to model different
synucleinopathies by adding the PFFs to different cell types and observing the effects.
Of course, researchers also need to take into consideration the amount of α-syn PFFs
added—adding a too-high concentration and causing unfettered cell death, but too low
concentration may not result in any significant event. Additionally, there may be batch-
to-batch variation between produced α-syn fibrils, as well as differences in sonication
steps [83]. This can affect the length of the α-syn fibrils and consequently their seeding
efficiency [84]. Therefore, a standardized protocol would be best suited so that studies
between labs could be compared side by side. There are good protocols for producing
α-syn fibrils [78] or using them in vivo [83,85], which could serve as starting material for 2D
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cultures as well, if researchers were to agree on the concentration of PFFs and the outcome
measures used.

Another important factor to be taken into consideration while assessing the relevance
of an α-syn PFF model is that the Lewy body pathology is sometimes achieved with
experimental manipulations such as additional factors assisting the intake of fibrils [76].
This is in contrast with the majority of PD cases since they are sporadic and express normal
levels of α-syn. That being said, the ease of access and biological relevance of the α-syn
PFF model in relation to both sporadic and genetic PD is high since it can recapitulate the
uptake and seeding of α-syn in WT cells as well as those with overexpressed or mutated
α-syn. Here, in particular, the propagation of α-syn is worth mentioning, since this has
long been considered a key event in sporadic PD [86,87]. Interestingly, both α-syn PFFs, as
well as tau fibrils, have been shown to be taken up in a similar manner in mouse-derived
multipotent neural stem cells [88] and in rat neuroblastoma cells and oligodendrocyte-like
cells [89].

One option for α-syn fibrils to become internalized and at the same time propagate
from cell to cell that has been shown recently is the tunneling of nanotubes between cells.
Work from a mouse brain tumor, neuron-like CAD cells, and mouse primary cortical
neurons to hiPSC-derived models has shown these tracks, or at least the close proximity
of acceptor and donor cells, between cells to be a potential spreading mechanism for α-
syn fibrils [90–92]. These papers also demonstrate the importance of lysosomal-mediated
vesicle propagation of α-syn fibrils in neuronal-like CAD cells. These results are fascinating
and relate strongly to intracellular lysosomal degradation pathways that have been shown
to be crucial in neuronal cells.

After the initial intake of α-syn fibrils, they have been shown to be transported into
the neurons themselves. Transport can happen in the retrograde (towards cell soma) or
anterograde direction, but with α-syn fibrils, the retrograde direction is more prominent,
which has been widely demonstrated in mouse primary cortical neurons [93–95]. This is
an advantage in terms of disease modeling since for the disease progression intracellular
α-syn aggregation and the formation of Lewy body inclusions in the area of the cell is
a key hallmark of PD and other synucleinopathies [96]. Specifically, in mouse primary
neurons using α-syn PFFs the authors of [97] were able to verify that endosomal trafficking
and lysosomal intake are the main events after PFF intake. While not the first observa-
tions of such events with primary neurons the above study shows exhaustive analysis
of differentially conjugated or modified α-syn PFFs to determine important parameters
regarding intracellular handling and the pathological events that follow. In the future,
using a battery of analysis methods that differentiate between exogenously added α-syn
fibrils and endogenous aggregated α-syn can serve to help researchers understand the
aggregation process.

While in this review we discuss a lot about endogenous α-syn aggregation and how
it can cause the formation of Lewy bodies, we do not get too deep into the topic and
debate about the nature of Lewy bodies themselves. While it is important to point out that
the term “Lewy body” is sometimes used indiscriminately in the literature; therefore, it
would be in the best interest to have standardized ways to detect Lewy bodies in models
of synucleinopathy. However, due to their heterogeneous quality from patient to patient
or even cell to cell within a single cell line, the task has been difficult. Not a single
antibody alone or three together are undisputed ways to prove the presence of Lewy
bodies, although they may be convincing in a certain context. Usually, microscopes are
limited by three different fluorophores when using fluorescent imaging and antibodies
are commonly against ubiquitination, phosphorylated α-syn at ser129, and mitochondrial
membrane fragment or lipids. So far, advances in imaging technologies and the adaptions
to researchers’ needs have addressed this problem by both recognizing the Lewy bodies
with classical antibody markers and the correlation of inclusion morphology analyzed by
high magnification imaging, achieved e.g., by electron microscopy. One such approach is
the correlative light and electron microscopy imaging (CLEM), demonstrated in the PD
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research field by [98], which reported the composition of Lewy bodies from PD patients.
Later also [99] with CLEM and primary mouse hippocampal neurons or [100] with cryo-
electron tomography and labeled α-syn fibrils in primary cortical neurons, were able to use
these approaches while modeling the synucleinopathies with α-syn PFFs. These papers
clearly demonstrate the benefit of characterization of the achieved Lewy bodies from the
model used with multiple approaches, but it also puts pressure on small labs which need
yet another validation assay for their α-syn-related paper to show biological relevance.
Finding accessible ways to observe and categorize Lewy bodies is therefore also a priority
in the synucleinopathy field.

3. Modeling Alpha-Synuclein Aggregation in hiPSC-Derived Neurons: Opportunities
and Challenges

Human induced pluripotent stem cells (hiPSCs) provide a unique platform for cellular
modeling as they can be directly isolated from patients with disease and they maintain
the genetic information of the donor, including chromosome abnormalities and gene
mutations. This can be utilized when studying synucleinopathies since there are multiple
known pathogenic mutations, as discussed previously. The majority of hiPSC models are
focused on the triplication and A53T point mutation of SNCA due to their clear phenotype,
both in the cell and in the patient (Table 2). However, SNCA multiplications in patients
are rare [101], so this needs to be taken into account when applying findings to other
forms of PD. HiPSC-derived DA neurons with SNCA triplication display elevated α-syn
mRNA levels, which leads to increased expression of the protein itself [102]. Furthermore,
the lines manifesting the SNCA triplication exhibit a decreased capacity to differentiate
into DA neurons while also having lower neuronal activity when compared to control
lines. HiPSC-derived neurons with this mutation have also shown increased levels of
phosphorylated α-syn [103] as well as an increased accumulation of α-syn into aggregates,
resembling Lewy body pathology [104]. In other studies using hiPSC-derived neurons [105]
showed that overexpression of WT or pathological genetic variances of α-syn (A53T, A30P)
can induce mitochondrial-related dysfunction, where WT and A53T were more potent
to cause a difference, and A30P was not due to poor mitochondrial lipid layer binding.
Similarly, [106] showed that other pathogenic variants which can produce oligomeric α-syn
(E46K and E57K) and duplication of WT SNCA also impair mitochondrial anterograde
trafficking in an hiPSC-derived neuronal model. This is in line with previously reported
α-syn-related mitochondrial dysfunction as reviewed in [107–109] and seems to be through
MAPK signaling, which is triggered by α-syn [110].

Table 2. Examples of studies with the use of iPSCs models with different α-syn modifications. The
definition of PFF and oligomeric forms of α-syn can vary from paper to paper. PFF—preformed fibrils.

iPSCs Model α-syn Modification Outcomes of the Study References

iPSC- derived neurons

Overexpression α-syn binds directly to the bTubIII and it is
linked to the neuritic integrity in PD. [111]

A53T mutation

Higher levels (mRNA) of α-syn, early changes in
expression of genes related to metabolism,

differentiation/development, ion transport,
cytoskeleton, extracellular matrix organization,

and synaptogenesis.

[112]

A53T mutation
Abnormal accumulation of α-syn disrupts

mRNA stability in PD iPSC neurons, disturbs the
decapping module in PD brain.

[113]
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Table 2. Cont.

iPSCs Model α-syn Modification Outcomes of the Study References

A53T mutation and isogenic
line

Increase in SNCA/α-syn can be enhanced by
recombinant pro-cathepsin D. [114]

A53T mutation Neuron degradation, protein aggregates,
increase in protein synthesis. [28]

SNCA A53T and GBA1
mutation

ER fragmentation can be caused by the α-syn
accumulation in midbrain neurons. [115]

LRRK2 mutation Carbosilane dendrimers use can counteract
abnormal α-syn accumulation. [116]

A53T mutation and PFFs Generation of reliable humanized seeding model
for pharmacological research. [117]

PFFs and ribbons Spreading of α-syn fibrils and ribbons,
aggregation of endogenous α-syn. [118]

PFFs α-syn aggregation in the form of phosphorylated
α-syn.

iPSC-derived astrocytes

LRRK2 mutation
LRRK2 and GBA mutations in astrocytes

contribute to PD development, manifesting
several disease hallmarks.

[119]

ATP13A2 mutation

ATP13A2 mutation in astrocytes results in α-syn
accumulation in dopaminergic neurons and
ATP13A2 deficiency compromises protective
astrocytes function from α-syn aggregation.

[120]

LRRK2 mutation
Astrocytes play role in dopaminergic cell death
in PD pathogenesis, by dysfunctions in pathway

of protein degradation.
[121]

PFFs Astrocytes and microglia revealed synchronous
activity in processing α-syn aggregates. [122]

PFFs

Exposure of α-syn to PFFs leads to antigen
presenting phenotype in astrocytes with
upregulation of major histocompatibility

complex and antigen molecules, while TNF-α
activates pro-inflammatory pathway.

[123]

PFFs
Astrocytic α-syn uptake can be limited by

binding to clusterin. A-syn clearance can be
improved with lower clusterin levels.

[124]

iPSCs-derived endothelial
cells PFFs

Generation of a substantia nigra brain chip,
reproducing α-syn pathology in vivo during

PFFs exposure.
[125]

iPSCs-derived
oligodendrocytes and
midbrain spheroids

Overexpression and A53T
mutation

PD and MSA can affect oligodendrocytes in early
cellular pathways and alterations. Epigenetic,

genetic changes, and immune reactivity in MSA
can be connected to each other by immune

component triggered by α-syn.

[126]

Organoids (iPSCs)

Overexpression
SNCA triplication in midbrain organoids

revealed pathological hallmarks of
synucleinopathies in glial and neuronal cells.

[127]

PINK1 mutation

2-Hydroxypropyl-β-Cyclodextrin treatment
resulted in mitophagy improvement and better
dopaminergic differentiation by protein levels

modifications.

[128]
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Table 2. Cont.

iPSCs Model α-syn Modification Outcomes of the Study References

PARKIN mutation Mutation in PARKIN results in reduced IF
activity. [129]

PINK1 mutation Decreased amount of dopamine in vesicles,
higher expression of α-syn. [130]

LRRK2 mutation

Midbrain organoids with LRRK2 mutation
showed 3D pathological hallmarks of sporadic
PD in patients. Thiol oxidoreductase functions

are important in the LRRK2-associated PD
development.

[131]

APOE knockout

Lower levels of apoE induce aggregation of
insoluble α-syn and phosphorylated α-syn,
increased synapse loss, excess lipid droplet

formation (hence GBA reduction and
endo-lysosomal dysregulation).

[132]

PFFs

Enteroendocrine cells are a key component of
gut-brain hypothesis for the outcome and α-syn
pathology development, and they show uptake

and propagation of PFFs to neurons.

[133]

Organoids (ESC-derived)

GBA1 knockout and
overexpression

β-sheet–rich α-syn aggregates can be the result
of loss of glucocerebrosidase, linked with α-syn

overexpression.
[134]

DNAJC6 mutation Loss of function in DNAJ6 gene results in α-syn
aggregation caused by impairment in autophagy. [135]

So far there are only a few publications where synucleinopathies are modeled in
hiPSC-derived neurons with exogenous α-syn fibrils alone. Gribaudo et al., (2019) [118]
demonstrated that aggregation of endogenous α-syn can be achieved in a hiPSC-derived
cortical neuron model by the addition of either exogenous α-syn PFFs or ribbons, made
as in Bousset et al., (2013) [136]. This work showed that while the intake of exogenous
α-syn fibrils happens relatively fast, even within one day, the seeding of endogenous α-syn
can take more than 30 days. In their model, they used human cortical neurons maturated
from hiPSC-derived dorsal telencephalic neuronal progenitors. They showed that α-syn
ribbons and fibrils possess different seeding properties, where ribbons are faster to cause
prion-like propagation. They simultaneously showed the propagation of labeled α-syn
fibrils through receptor cell axons towards acceptor cells using distal chamber microchips.
An interesting result from the study is that these cortical neurons transport took α-syn
fibrils at a velocity of ~2.6 μm/s intracellularly and the ribbons at a similar pace. The
authors interpret the result of different strains propagating at a similar rate as an indication
that the transport is mediated in the same way. Perhaps this method of measuring the
propagation velocity of α-syn can aid in the estimation of the disease progression [137],
although it is currently unclear what this means in terms of relevance to the patient. Lessons
for future experiments can also be taken from the fact that they did not use any α-syn
genetic variant cell line, but rather a moderately high α-syn concentration of 0.5 μM and
were able to show mild accumulation of endogenously aggregated α-syn and Lewy body-
like structures as follows: halo-like staining of phosphorylated α-syn, co-localizing with
ubiquitination, p62-sequestosome1, and HSP-70. This pathological model was also shown
to cause mitochondrial fragmentation and Ca2+ oscillation frequency changes, related to
neuronal dysfunction, with ribbons being more potent. Previously, similar Ca2+ changes
have been reported in hiPSC-derived neuronal models [138,139]. Recently, [140] witnessed
similar higher potency with α-syn ribbons over fibrils in a screening study using hiPSC-
derived DA neurons from multiple sources. In their approach, they used biologically
relevant, more mature DA neurons (>45 days since differentiation), which were shown
to be electrophysiologically active. Importantly, Tanudjojo et al. [140] were able to show
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PFF-induced endogenous α-syn aggregation in hiPSC-derived DA neurons in healthy
control lines using 1 μM concentration. The authors used α-syn fibrils generated in E. coli
and also observed that these fibrils amplify in the presence of brain homogenates derived
from both PD and MSA patients.

In the future, hiPSC-derived PD models can be used to introduce base-level questions
by first conducting omic studies, which can then be answered in a more detailed study
setup. Using hiPSCs to study α-syn aggregation has the advantage that, in addition to using
human and, in some cases, PD patient-derived neurons, we can have a more biologically
relevant model than immortalized or primary cells while keeping the tight experimental
control present using cell lines.

However, despite the numerous advantages that patient-derived hiPSCs provide
(pluripotency, supply of material, fewer ethical issues associated with human sample use),
there are still limitations hindering their potential. One major issue is the heterogeneity
of hiPSCs derived from different donors or even in clones from the same donor. It is also
difficult to intervene with the variability as, in some instances, it can be either a protocol
effect or a patient effect. Secondly, it is difficult to generate hiPSC-derived DA neurons
with an aging phenotype since the reprogramming process will reset the cell into a more
youthful state [141,142]. This is an issue when the goal is to model a disease that is heavily
associated with aging.

4. Effects of Alpha-Synuclein on Microglia

Lately, PD research has begun to focus on how the body’s immune system may
contribute to disease pathogenesis [143]. This means not only looking at neurons, and in
terms of CNS cells, microglia have emerged as an important study target.

The mouse microglia BV2 cell line has been extensively used for different microglial
studies with α-syn. The BV2 cell line is generated by harvesting primary microglia from
1-week-old female mice (Mus musculus) and then transformed to a cell line by infecting the
cells with retrovirus J2 carrying a v-raf/v-myc oncogene [144]. As mentioned before, α-syn
can be found in monomeric, oligomeric, or fibrillar forms. The definition of oligomeric
and fibrillar forms varies from paper to paper. To recapitulate an inflammatory state of
microglia, lipopolysaccharide (LPS) and/or interferon-gamma (IFNγ) are used. LPS is an
endotoxin that induces inflammatory activation of microglia, mouse microglia in particular,
whereas IFNγ is an internal signaling protein that particularly stimulates human microglia.

The aggregation state of α-syn affects the activation of BV2 cells [51]. LPS (0.1, 1, 10 μg/mL)
induces the release of cytokines TNF-α and IL-1β in a dose dependent-manner after 6 h
incubation when inspected with enzyme-linked immunosorbent assay (ELISA). When BV2
cells are treated with different aggregation states and different concentrations (0, 0.1, 1, 2.5 μM)
of α-syn, the fibrillic α-syn has the strongest effect on TNF-α and IL-1β excretion. TNF-
α excretion hits a plateau at 1 μM dose, whereas IL-1β increases significantly only at
the highest dose (2.5 μM). Monomeric α-syn induces a lower response, but interestingly,
oligomeric α-syn fails to induce any activity. The aggregation state also affects α-syn
internalization—monomers and oligomers are not taken into the cells as easily, whereas the
fibrillar form gets phagocytosed. Depending on the concentration of α-syn fibrils, 60–80%
of the cells internalized the fibrils. Moreover, the cells treated with α-syn monomers and
fibrils appear to proliferate more (MTS-assay).

Further to this, [145] tested several in vitro preparations of α-syn in BV2 cells. They
also found that α-syn fibrils (compared to monomers, oligomers, and ribbons) showed the
most robust release of TNF-α. Interestingly, they observed that several familial mutations
in the monomeric form of α-syn also induced TNF-α release compared to the WT (A53T,
A53E, E46K, H50Q, G51D). Conversely, when BV2 are primed with monomeric α-syn (for
2, 6, or 12 h), the microglia take an anti-inflammatory phenotype through ERK, NF-κB,
and PPARγ pathways [49]. This appears to attenuate the pro-inflammatory and neurotoxic
effects caused by fibrillic α-syn.
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In relation to microglial uptake of α-syn as mentioned above, using primary microglia
cells isolated from an 8-month-old mouse brain, [146] demonstrated that the cells had
decreased uptake of α-syn oligomers from the media of α-syn-overexpressing HEK293
cells compared to microglia from a 1 to 3-day-old mouse brain.

Only a couple of studies have been published using hiPSC-derived microglia in vitro
in concert with exogenous α-syn. Similarly to BV2 cells, hiPSC-derived microglia treated
with oligomeric α-syn (high molecular weight, purified from E. coli) had a significant
amount of Il-1β secreted compared to monomeric treated microglia, as well as caspase-1
activation [147]. In the other study, the authors co-cultured microglia with astrocytes to
understand if there was a synergistic effect between the two cell types on aggregates [122].
Using α-syn fibrils (along with amyloid-β fibrils) they found that both cell types take up the
extracellular α-syn, but that it appears the microglia were able to degrade it more efficiently
than astrocytes. When the cells were in culture together, the microglia took up more α-syn
over time versus the astrocytes; however, the total accumulation of the protein was reduced
compared to the monoculture setup. This relationship between microglia and astrocytes
and how they process α-syn aggregates needs further study.

With more and more research pointing to microglia as a major player in neurodegen-
erative diseases, it is important to explore their role in synucleinopathy. Current studies
show interesting results in terms of α-syn causing an inflammatory response in microglia
and also how microglia may interact with it and take it up or clear it away. However, much
more research is needed as there are still central questions that remain unanswered as it is
still unclear whether microglia play a causative role in PD or whether they are only reacting
to α-syn accumulation and neuronal loss.

5. Modeling Alpha-Synuclein Pathology Using Astrocytes

Astrocytes are the most abundant cells in the CNS, where they have many different
functions [148,149]. They have an important role in the development of the CNS but also
work as neuroprotective cells, providing both structural and metabolic support. In addition,
they regulate the blood flow in microvessels and the permeability of the blood–brain barrier
(BBB). They also contribute to the immune response via their cytokine and chemokine
production [150]. In general, they possess other functions that are necessary for the normal
function of the whole CNS.

A lot of knowledge of synucleinopathy in astrocytes has been achieved in the last
two decades with animal in vivo and in vitro studies, but also in human in vitro studies.
The development in hiPSC technology has provided a new source of human astrocytes
for research use, which has made astrocyte studies more practicable and ethically less
problematic compared to studies made with primary- or embryonic stem cell (ESC)-derived
astrocytes. This development is clearly visible in studies, as most of the human astrocyte
studies related to synucleinopathy have been made during the last few years and with
hiPSC-derived astrocytes.

As early as 2006, the effect of α-syn on astrocytes was studied with human primary
astrocytes by [151] to see how exposure to α-syn affects the astrocytes. The study showed
that human α-syn fibrils (though it is not explicitly mentioned or measured in the study)
purified from E. coli (WT, and mutated forms A30P, A53T, and E46K) induces an inflammatory
response in astrocytes. A-syn induced the expression of inflammatory mediator ICAM-1
and secretion of IL-6, and it was also shown that ERK1/2, JNK, and p38 pathways that
were associated with the actions of α-syn, were activated in the presence of α-syn, and
their inhibition decreased the IL-6 levels. Much later in 2021, Russ et al. [123] showed with
hiPSC-derived astrocytes that α-syn fibril exposure leads astrocytes towards an antigen-
presenting phenotype with upregulation of major histocompatibility complex and human
leukocyte antigen molecules whereas TNF-α initiates a strong pro-inflammatory cascade with
activation of nuclear factor κB (NF-κB) pathway and release of pro-inflammatory cytokines.

In 2017, the transfer of α-syn between astrocytes was studied by Rostami et al. [152] us-
ing hESC-derived astrocytes. They found out that after exposure of astrocytes to oligomeric
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α-syn, the astrocytes failed to degrade the oligomeric α-syn during the studied period even
though the monomeric form was degraded rapidly. The accumulation of α-syn leads to
swelling of the endoplasmic reticulum and mitochondrial disturbances. They also observed
that stressed astrocytes transferred intracellular α-syn via tunneling nanotubes to healthy
astrocytes (similarly to studies in neurons discussed above) and healthy astrocytes trans-
ferred mitochondria to stressed astrocytes in the same way. However, it must be kept in
mind that the transfer of α-syn happens also via other ways.

To see how astrocytes differ in PD patients and healthy individuals, the differences
between healthy and PD astrocytes with the LRRK2 mutation were studied by Sonninen
et al. 2020 [119]. We compared hiPSC-derived astrocytes from three control lines, one
isogenic control, and four PD lines with the LRRK2 G2019S mutation. The study showed
that astrocytes from PD patients expressed higher levels of α-syn and possessed a more
reactive phenotype compared to healthy astrocytes. The PD astrocytes also had altered
calcium signaling and metabolism.

As mentioned earlier, astrocytes have neuroprotective functions in the CNS. These
functions have been studied by Domenico et al. 2019 [121] and Tsunemi et al. 2020 [120]
using hiPSC-derived DA neurons and astrocytes. The studies show that healthy astrocytes
are able to protect the neurons (also neurons from PD patients) from neurodegeneration.
However, in astrocytes from PD patients, the neuroprotective capability is compromised
and may even induce neurodegeneration. In the study by Domenico et al. 2019 [121], they
co-cultured the astrocytes and neurons from controls (from healthy individuals) and PD
patients (from patients with the LRRK2 G2019S mutation). They found that in healthy
neurons cultured with PD astrocytes, the neurodegeneration was clearly detectable when
compared to cultures with control astrocytes. Importantly, the accumulation of α-syn was
increased in neurons cultured with PD astrocytes. Instead, when PD neurons were cultured
with control astrocytes, the astrocytes decreased the neurodegeneration of PD neurons
compared to co-cultures with PD astrocytes. The results also show that in PD astrocytes,
autophagy was impaired, leading to α-syn accumulation in the astrocytes. In the study
from Tsunemi et al. 2020 [120], neuronal α-syn was observed to be cleared by astrocytes.
However, the ATP13A2 mutations reduced the astrocytic uptake and clearance of α-syn
leading to α-syn accumulation in DA neurons. They also noticed that ATP13A2 deficiency
reduced phagocytosis and the endosomal pathway in both neurons and astrocytes.

Besides co-cultures with neurons, the co-culture with microglia and its effect on α-
syn pathology has been conducted. As described earlier with microglia, the study from
Rostami et al. (2021) [122] showed that co-culture of astrocytes and microglia increases the
degradation of α-syn.

Human astrocyte models have provided a lot of information on the effects of α-syn
on astrocytes. However, the research is still limited, and more knowledge must be gained
with human cells. All of the studies reviewed above have used the 2D culture of astrocytes
to study the effects of α-syn. The 2D culture models are easy to use, but they are not as
physiologically relevant as 3D models, in which the cells are able to form an in vivo-like
morphology. In co-culture models of astrocytes and neurons, both contact [120] and non-
contact [121] cultures were used. In the in vivo environment, the astrocytes and neurons are
in close contact with each other, and part of the signaling pathways requires close contact
between the cell types. Thus, the contact co-culture setup mimics the situation in vivo
better, but it might restrict the analysis that can be made. When modeling processes such
as synucleinopathy, this becomes particularly relevant as the interplay between neurons
and glia is important.

6. Role of the Blood–Brain Barrier in Alpha-Synuclein Pathology

Endothelial cells (ECs) form the walls of all the vessels in the body [153]. However, in
the CNS, the microvasculature has specific properties that are not found in the periphery. In
the CNS, the microvasculature restricts the movement of molecules due to a higher number
of tight junctions and transporters. This property of microvasculature in the CNS is called
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BBB. In addition to the ECs, astrocytes and pericytes are needed to maintain and regulate
the function of the BBB. The BBB is important for maintaining homeostasis in the CNS and
protecting it from harmful substances such as inflammatory agents and toxins. However,
the BBBs ability to not allow most molecules through also makes drug delivery to the CNS
a difficult endeavor.

Dysfunction of the BBB is associated with different neurodegenerative diseases such
as Alzheimer’s disease, PD, Huntington’s disease, and amyotrophic lateral sclerosis [154].
However, its role in the progression of the disease is still largely unknown. Both in vivo
and in vitro models have been developed to study the role of the BBB in α-syn pathology.
In this part, we go through the research on the role of the BBB in α-syn pathology. As there
is so little research on the BBB and α-syn using human cells, in addition to human in vitro
models, we will also review the research made with in vivo and in vitro animal models.

6.1. In Vivo Models

Several in vivo studies about α-syn and the BBB have been conducted to study dif-
ferent aspects of α-syn pathology. Some of them have concentrated on the transport of
α-syn and others on the effect of α-syn on the BBB. Some of the studies have used in vitro
models besides in vivo models to ensure findings and to further investigate the possible
mechanisms behind the effect.

The transport of α-syn has been studied from different perspectives by Sui et al., and
Matsumoto et al., using in vivo models. In 2014, Sui et al. [155] studied the transport of
α-syn through the BBB in mice. They showed that α-syn can be transported into and out of
the brain by the BBB, and that the transport could at least in part happen via low-density
lipoprotein receptor-related protein-1 (LRP-1). Later, Matsumoto et al. (2017) [156] also
studied α-syn transport to the brain, but via extracellular vesicles (EVs). The study was
conducted by injecting labeled α-syn-rich EVs from humans (PD patients and controls)
into the periphery of mice. The study showed that the EVs are transported to the brain,
especially with pre-treatment of peripheral LPS, and that EVs from PD patients trigger
a stronger inflammatory response in microglia compared to EVs from controls. These
results suggest that systemic inflammation might promote the access of α-syn containing
EVs into the brain by initiating an inflammatory response that might also further enhance
neurodegeneration.

The effect of α-syn on the BBB in vivo has been studied with mice overexpressing
human α-syn by Elabi et al., 2021 and Lan et al. 2021 [157,158]. In the study by Elabi et al.,
(2021), they observed that the BBB was compromised and pericytes were activated already
at the early stages of the disease in mice with overexpression. Moreover, the density of
microvessels was altered in mice with overexpression of α-syn. Instead, Lan et al., 2021
studied the mechanism leading to BBB disruption using an in vitro model in addition to
an in vivo model. They saw a decrease in tight junction protein expression in ECs and
an increase in BBB leakage caused by α-syn accumulation in and activation of astrocytes
in vivo. Further in vitro studies showed that oligomeric α-syn induced BBB disruption
mediated by the release of VEGFA and nitric oxide. The inhibition of the VEGFA signaling
pathway protected the BBB from disruption in vivo and in vitro, so VEGFA seemed to be
the primary mediator of BBB disruption.

Dohgu et al. (2019) [159] used an in vitro model using cells derived from animals to
study α-syn pathology. They studied rat ECs and pericytes to elucidate how α-syn affects
the BBB. They found that monomeric α-syn initiates the release of inflammatory mediators
from pericytes, inducing BBB disruption.

6.2. Human in Vitro Models

Only two studies [125,160] of the role of BBB on α-syn pathology have been made
using human cells and even in these the other also used mouse primary cells. These two
studies were conducted to study the effects of α-syn on the permeability of the BBB and
the functions of different cell types.
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In 2016, Kuan et al., studied the effect ofα-syn PFFs on immortalized EC line hCMEC/D3
in monoculture and co-culture with mouse primary astrocytes or primary human fetal
cortical cells. The study showed the impairment in the expression of several tight junction-
related proteins in the presence of α-syn, a result also found in PD patient brains, but
still, the barrier function of the ECs was not affected except transiently in neuronal co-
cultures [160].

Research from Pediaditakis et al., 2021 tested the effect of a α-syn PFFs on an organ-
on-chip model of the neurovascular unit. In the research, they used hiPSC-derived brain
microvascular Ecs and DA neurons, primary human astrocytes, pericytes, and microglia.
The study showed that exposure of the neurovascular unit model to α-syn leads to the
death of DA neurons, activation of microglia and astrocytes, as well as disruption of the
BBB, mainly observed by increased permeability. However, the study did not distinguish
whether the disruption of the BBB was caused directly by the exposure of ECs to α-syn, or
indirectly through other cell types [125].

In BBB research, the in vivo models are still important for studying CNS functions as
the cell models are still relatively simple compared to tissues and whole organisms and
thus do not recapitulate the complex functions found in vivo. However, the development
of in vitro models has enabled more physiologically relevant modeling that mimics the
in vivo situation better than earlier models. One example of this is the organ-on-chip
model that was used in the above-mentioned study from [125]. Before the development
of hiPSC technology, in vitro studies were mostly made with animal cells, as they were
easily available, unlike human samples, the availability of which is very limited. HiPSC
technology has provided an unlimited source of human cells, which has made in vitro
studies with human cells more practicable.

It is clear from these studies across different species and models that there is still a
considerable amount to learn about synucleinopathy and α-syn aggregation related to the
BBB. Models that use multiple cell types to understand how the BBB may be disrupted in
disease are however bringing us closer to understanding this aspect of neurodegeneration.

7. Oligodendrocytes and Synucleinopathy

Oligodendrocytes are myelinating cells in the CNS. Defects in oligodendrocyte function
can impair signal transduction due to the loss of the insulating myelin sheaths on the
axons of the neurons and aggravate degeneration through the loss of neurotrophic factors.
Collectively, these conditions are called demyelinating diseases, of which multiple sclerosis is
the most common. The role of oligodendrocytes in synucleinopathies is not well understood,
but emerging evidence has implicated their dysfunction as a possible factor in these diseases.
As mentioned, MSA α-syn accumulates in oligodendrocytes and forms glial cytoplasmic
inclusions (GCIs) [5], which has been recognized as a core pathological feature of the disease.
Mature oligodendrocytes have not been found to express SNCA, leading to speculation
that the GCIs are formed by exogenous α-syn being taken up by the cells. However, SNCA
expression is transiently upregulated during oligodendrocyte maturation [161,162], leading
to an alternative hypothesis that the gene may be dysregulated in MSA.

Oligodendrocyte progenitor cells (OPCs) are retained throughout adulthood. In the
case of injury to the myelin sheath, OPCs can mature into myelinating oligodendrocytes
and repair the damage. Importantly, it has been noted that the number of OPCs is increased
in the brains of MSA patients. Despite the abundant OPC pool, there is considerable
degeneration of myelin that is spatially associated with a high GCI burden [163]. Mice
overexpressing human wild-type SNCA under the MBP promoter showed an increased
number of OPCs in conjunction with myelin loss, mirroring the pathology found in brain
tissue samples of MSA patients [164].

In vitro, overexpression of SNCA disrupted oligodendroglial maturation in the CG4
cell line [164], with similar findings reported in primary rat OPCs [165]. Transcriptomic pro-
filing of OPCs derived from MSA and PD patient iPSCs has also shown impaired maturation
into myelinating oligodendrocytes, with the phenotype shifting more towards an antigen-
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presenting cell type [126]. Contrary to previous studies using rat cells, Azevedo et al.,
found that SNCA overexpression increased the expression of maturation and myelination-
associated genes in healthy iPSC-derived OPCs. However, the authors propose that α-syn
expression may be necessary for early lineage commitment of precursor cells but impedes
maturation at later stages [126].

While mature oligodendrocytes have not been found to uptake exogenous α-syn
fibrils, OPCs and intermediate oligodendrocytes are competent. Primary rat OPCs treated
with human α-syn PFFs develop intracellular inclusions containing endogenous rat α-syn,
which are retained by the cell through maturation. Furthermore, α-syn PFFs induce the
expression of endogenous α-syn in OPCs but not in mature cells [126]. Fibrillary α-syn
perturbs normal oligodendrocyte maturation and has been shown to have cytotoxic effects
if introduced at intermediate stages of development [126]. In healthy iPSC-derived OPCs,
exposure to exogenous α-syn species resulted in the upregulation of genes associated with
immune functions. In agreement with the findings by Kaji et al., (2020), the exposure also
resulted in considerable toxicity that was more pronounced for fibrillar α-syn [126].

Whether oligodendrocyte dysfunction in MSA is the result of dysregulation of α-syn
expression in maturating cells, uptake of aggregated α-syn by OPCs or a mix of both factors
remains to be settled. While bona fide neuronal inclusions are rarely present in MSA, a
study utilizing α-syn proximity-ligation revealed a high neuronal oligomeric α-syn load in
MSA patient brain tissue [166]. The authors suggest that the oligomeric α-syn may have
direct neurotoxic effects, while the uptake of neuron-derived oligomers by OPCs results
in the characteristic GCI formation and demyelination. Still, further work is needed to
understand the complex etiology of α-syn pathology in oligodendrocytes and how it may
contribute to neurodegeneration in MSA and other synucleinopathies.

8. HiPSC-Derived Brain Organoids as an Emerging Modeling Platform
for Synucleinopathies

Brain organoids have emerged as a promising new in vitro cell model for various
neurological disorders. They are especially attractive for modeling developmental and
familial diseases, as they have been shown to recapitulate human neurodevelopment and
can be generated from patient-derived hiPSCs [167–169]. Directed differentiation of brain
organoids enables the generation of more specific models for studying diseases affecting
only certain brain regions or cell populations. In 2016, Jo et al., successfully generated
midbrain-like organoids from hiPSCs, which could be used as PD models [170]. In addition
to providing a human brain-like model system, brain organoids can be generated in large
numbers for high-throughput experiments used in toxicity screening and drug develop-
ment [171,172]. Additionally, they give the advantage of the surrounding cell types, not
just DA neurons alone.

Along these lines, while brain organoids have been shown to contain a variety of
ectoderm-derived neuronal and glial cell types, microglia are typically absent. During brain
development in vivo, mesoderm-derived erythromyeloid progenitors migrate from the
yolk sac and colonize the fetal CNS, giving rise to the adult microglia population [173–175].
Most protocols for deriving brain organoids include the use of dual-SMAD inhibitors
to guide differentiation towards the neuroectoderm [176]. Although it is possible for
microglia to emerge from residual mesodermal progenitors in unguided brain organoid
differentiation, batch-to-batch variation in the distribution and numbers of microglia is a
major limitation of this approach [177]. A possible solution to this is to derive the microglia
progenitors separately and incorporate them into the organoids [178–181].

Brain organoids lack ECs and therefore do not develop vasculature. This limits the
transfer of nutrients and typically results in a necrotic core, which can compromise neuronal
survival and functionality. In addition, necrotic cells inadvertently activate microglia and
astrocytes. Vascularizing brain organoids improves nutrient diffusion and allows for the
construction of neurovascular models as well as studying BBB function. Transplanted brain
organoids can be vascularized in vivo by invading vessels from the host [182], although
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the nonhuman origin of these vessels is a limitation. According to Pham et al., (2018),
the vasculature can be humanized by incorporating human ECs into the organoids prior
to transplantation [183]. Fully in vitro approaches include direct conversion to ECs [184],
co-culture with human umbilical vein ECs [185], and assembloids composed of the brain
and vascular organoids [186–188].

Toxin-based animal models of PD have been a standard in the field for decades. Still,
they do not represent the true progression of the disease as follows: the loss of DA neurons
is rapid and there is no synucleinopathy involved. It should be noted, however, that
midbrain organoids can recapitulate the loss of TH+ neurons in vitro when exposed to
toxic agents like MPTP or 6-OHDA [189]. While the relevance of these models to PD
as seen in humans is debatable, the susceptibility of organoids to MPTP toxicity is an
important finding. MPTP itself is not toxic and must be converted to MPP+ by the MAO-B
enzyme, which is highly expressed in astrocytes. Recapitulation of this toxic cascade in
midbrain organoids supports the notion that 3D cell models can mimic the physiological
microenvironment of brain tissue.

As discussed earlier, mutations affecting the SNCA gene confer a high risk of develop-
ing synucleinopathy. Recently, Mohamed et al., (2021) generated midbrain organoids from
hiPSCs carrying the SNCA triplication. They reported that these aged SNCA triplication
organoids develop pS129 α-syn+ aggregates, which co-localize with both astrocytes and
neurons. They also found the organoids to have decreased numbers of DA neurons [127].
Recent findings also suggest that combined SNCA overexpression and glucocerebridase de-
ficiency can further promote the induction of synucleinopathy-like pathology in midbrain
organoids [134]. While midbrain organoids are a natural choice for modeling PD, cerebral
organoids could provide a platform for studying DLB and PDD, which share many of the
genetic risk factors with PD. ApoE variants are known to affect Alzheimer’s disease risk,
with the APOE4 isoform conferring a significantly increased risk. Interestingly, APOE4
has also been associated with the risk of DLB and PDD [190]. In an article published in
2021, Zhao et al., reported increased α-syn aggregation in ApoE−/− cerebral organoids.
Abnormal lipid metabolism and decreased glucocerebrosidase activity were also noted.
Furthermore, it was shown that treatment with ApoE2 or ApoE3, but not ApoE4, could
partially rescue the phenotype. Organoids generated from hiPSC lines homozygous for
APOE4 also showed increased levels of insoluble α-syn when compared to those derived
from APOE3 homozygote lines [132].

Mutations affecting the LRRK2 gene are the most common risk factor for developing
familial PD. Furthermore, the presentation is often very similar to that of idiopathic PD.
In 2019, Kim et al., showed midbrain organoids with inserted LRRK2-G2019S mutation to
have lower gene expression of DA neuron markers TH, AADC, and DAT in comparison to
the isogenic control. In addition, mutant organoids were reported to be more susceptible
to MPTP toxicity. They also identified thioredoxin-interacting protein (TXNIP) as an
intermediate actor in the pathology [131]. TXNIP has previously been reported to modulate
α-syn accumulation via autophagy inhibition [191].

The current focus of hiPSC-derived midbrain organoid models for synucleinopathy
has been rather narrow, with the effort being put into studying familial forms of the disease.
With multiple genetic factors affecting disease risk, midbrain organoids carrying well-
known risk variants have garnered the most interest. Indeed, there have been multiple
reports of PD-like pathology arising organically in mutant organoids. In addition, some
variants seem to increase the susceptibility of DA neurons to toxicity by MPTP or 6-
OHDA, suggesting that these mutations can make DA neurons more vulnerable to stressors.
In 2022, Rodriguez et al., showed that fibrillar α-syn is internalized by hiPSC-derived
brain organoids and induces the formation of intracellular inclusions [133]. It should
be emphasized, however, that no studies exposing midbrain organoids specifically to α-
syn PFFs have been published yet. Furthermore, midbrain organoids intrinsically lack
microglia. While there have been reports of microglia successfully incorporated into brain
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organoids [178,179], including a recent report on midbrain organoids [181], studies on
α-syn processing and pathology in microglia-enhanced organoids have not been published.

Brain organoid technology has progressed rapidly in recent years. Improved culture
systems, optimized differentiation protocols, and the development of new scaffold mate-
rials can help mitigate notable issues such as variability in represented cell populations
and necrosis due to insufficient nutrient supply. More work is needed to create a truly
comprehensive in vitro model of the human brain, including vasculature and microglia.
There is a need for more focus on the function of microglia and how they interact with
astrocytes and neurons and whether they contribute to the spreading of pathological α-syn
in the brain. In addition, hiPSC-derived models of late-onset disease are inherently lim-
ited by the immature cell phenotype, which is not representative of the aged brain. This
limitation was also highlighted in a recent review by Nogueira et al., (2022). They suggest
that post-mortem human brain tissue samples or ex vivo organotypic culture should be
used to validate the findings obtained from organoid models [192]. Nevertheless, with
future advancements and standardization of methodology, brain organoids could provide
a powerful platform for studying molecular and cellular disease mechanisms driving
synucleinopathy in a biologically relevant, human-based system.

9. Conclusions and Future

Although α-syn is involved in several diseases after thousands of publications, it is
still not fully known how it contributes to disease initiation or progression. While α-syn is
present normally in the human brain, not everyone develops neurodegenerative disorders
such as PD. Additionally, while aging is a major factor in sporadic PD, it is likely that other
factors such as inflammation, the environment, and genetics contribute as well. Therefore,
studying α-syn in a single cell type in a dish (whether of human origin or not) without
further perturbation will not unequivocally answer these questions.

On the other hand, while studying the human brain in vivo using imaging techniques
has given us useful knowledge, it is not always possible to gain detailed information on
the pathophysiology of the disease. Additionally, obtaining patient post-mortem samples
is not available to all labs, sample sizes are not large for rare diseases, and this only gives
endpoint information. Here, cellular models have been instrumental in helping researchers
understand the mechanism of α-syn aggregation and how it works in the cascade of disease
initiation and progression. Immortalized cell lines and primary cells from rodents have
been used robustly in the field, and with the advent of hiPSC technology, researchers hope
to gain better insight into these human diseases. In particular, models that incorporate
multiple cell types through co-culture, chips, or organoids are exciting for understanding
synucleinopathies and other neurodegenerative diseases that can affect several cells and
pathways in the CNS. With this comes some loss of experimental control, but their relevance
to the human condition is higher than cell lines or animals alone.

In terms of α-syn itself, as discussed above, better models of Lewy bodies that would
be observed in patients are necessary to bring the field forward. We have seen that there are
several ways to model α-syn aggregation in vitro using a combination of techniques. Each
of these has pros and cons, but we must always be clear and certain of what the outcome
measures are and how the model is relevant to finding new therapies and understanding
disease mechanisms. Perhaps currently, there is no “one size fits all” model of synucleinopa-
thy. Furthermore, there can be a variety of types of aggregates, and whether and which
aggregates are causing disease is still not fully clear. A recent study demonstrated that it
is actually small soluble α-syn aggregates that cause toxicity to cells, and these resemble
those found in the post-mortem patient’s brain [193]. A major question is also how a single
protein is causing a spectrum of diseases. α-syn is a protein with different conformations
and post-translational modifications, both also depending on conditions. Lately, there have
been interesting publications studying conformations of α-syn using cryo-EM, where the
authors, for example, have shown that α-syn filaments from MSA patients differ from those
with DLB [194]. (See [195] for a review of recent research about different α-syn strains in
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relation to disease). This also has the potential to bring us toward more disease-relevant
models. Importantly, not every PD patient develops Lewy bodies [196], nor does amount
of α-syn-rich Lewy bodies always correlate with cell loss [197]. All of this leads to the idea
that personalized medicine is the future of treatment for patients with synucleinopathy.
Which kinds of aggregates are present and at what level is important if we are treating
patients with pathology that likely began several years before symptoms appear. Here,
hiPSCs are a powerful tool—cells can be grown from the patient and drugs can be tested
on how they affect aggregation and cell function, for example.

Therefore, to conclude, using in vitro cellular models, regardless of source, is still a
useful and viable way to test conditions that would be more time-consuming, expensive,
and labor-intensive in vivo. The types of models discussed in this review all have their
ways of contributing to further understanding of α-syn aggregation as long as we also take
into account their limitations.
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Abstract: Parkinson’s disease (PD) is one of the key neurodegenerative disorders caused by a
dopamine deficiency in the striatum due to the death of dopaminergic (DA) neurons of the substantia
nigra pars compacta. The initially discovered A53T mutation in the alpha-synuclein gene was
linked to the formation of cytotoxic aggregates: Lewy bodies in the DA neurons of PD patients.
Further research has contributed to the discovery of beta- and gamma-synucleins, which presumably
compensate for the functional loss of either member of the synuclein family. Here, we review research
from 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) toxicity models and various synuclein-
knockout animals. We conclude that the differences in the sensitivity of the synuclein-knockout
animals compared with the MPTP neurotoxin are due to the ontogenetic selection of early neurons
followed by a compensatory effect of beta-synuclein, which optimizes dopamine capture in the
synapses. Triple-knockout synuclein studies have confirmed the higher sensitivity of DA neurons to
the toxic effects of MPTP. Nonetheless, beta-synuclein could modulate the alpha-synuclein function,
preventing its aggregation and loss of function. Overall, the use of knockout animals has helped to
solve the riddle of synuclein functions, and these proteins could be promising molecular targets for the
development of therapies that are aimed at optimizing the synaptic function of dopaminergic neurons.
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1. Introduction

The synuclein family consists of three highly homologous genes encoding proteins
similar in structure: alpha-, beta-, and gamma-synuclein. Among the three representatives
of the synuclein family, alpha-synuclein is the best-studied and the volume of scientific
research devoted to its functions significantly exceeds the much-needed attention to the
other two members altogether [1]. Despite extensive international studies of the synuclein
family of proteins, their physiological functions as well as their pathophysiological role
in synuclein-associated neurodegenerative diseases have not been fully resolved [2]. The
question remains open whether the formation of Lewy bodies is the primary cause of
Parkinson’s disease (PD) or whether it is a by-product of the activation of intracellular
defense mechanisms against the ongoing debilitating neurodegenerative process.

In order to understand these fundamental questions, modern experimental science
is developing new hybrid forms of parkinsonism in laboratory model animal systems. A
toxic PD model that was initiated by single or multiple treatments of the neurotoxin 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) was actively used in knockout animals
lacking one or more synucleins as well as in mice overexpressing a mutant form of the
human protein [3–7]. In this review, we focus on current findings on the potential role of
the synuclein family of proteins during the MPTP-induced death of substantia nigra pars
compacta (SNpc) dopaminergic neurons (DA neurons) of the midbrain.
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2. Synuclein Structure and Functions

Synucleins are a family of small soluble proteins that have at least five amino acid
repeats located in the N-terminal region, resulting in an alpha-helical conformation with
the C-terminal region remaining unstructured [8–10]. In contrast to alpha-synuclein, beta-
synuclein does not contain the internal hydrophobic region corresponding with the non-
beta-amyloid component (NAC) peptide, which makes alpha-synuclein capable of forming
aggregates [11]. The alpha-synuclein protein was first detected in the Torpedo California
electric scat in 1988 [12], but was later identified as a precursor protein in the amyloid
plaques of Alzheimer’s disease patients [13]. Somewhat later, beta-synuclein was isolated
from the presynaptic endings of rat and bovine brains [14,15]; gamma-synuclein was
found in breast cancer metastases [16], but was further isolated from the mouse trigeminal
nerve [17].

All synucleins are actively expressed in nervous system tissues. High expression
levels in the neocortex, hippocampus, striatum, and cerebellum are typical for alpha- and
beta-synuclein [18], but, in addition to the CNS, these proteins can also be found in blood
cells, astrocytes, skeletal muscles, and the liver [11,19,20]. The first two proteins are highly
represented in many structures of the brain and their levels in the spinal cord and peripheral
nervous system are relatively low; the opposite is found for gamma-synuclein, with a high
expression level in the motor neurons of the spinal cord and medulla oblongata, neurons
of the sympathetic and parasympathetic peripheral nervous system, tumor entities, and
retinal ganglion cells [9,21].

Despite independent roles in the cell, synucleins are highly homologous and have
similar functions, often compensating for the dysfunction between each other. Synucleins
are important for the synaptic transmission and circulation of synaptic vesicles [22–27].
Alpha-synuclein modulates the release of neurotransmitters from presynaptic terminals by
binding and clustering synaptic vesicles and chaperoning the soluble N-ethylmaleimide-
sensitive factor attachment protein receptor (SNARE) complex assembly by binding to the
protein synaptobrevin-2 (VAMP2) [28,29] whereas beta-synuclein and gamma-synuclein
modulate the synaptic vesicular binding of alpha-synuclein and thus reduce the synaptic
physiological activity of alpha-synuclein [30,31] (Table 1). Moreover, in vitro and in vivo
experiments have revealed that all three members of the synuclein family have chaperone
activity [32–34].

Table 1. Physiological functions of synuclein proteins.

Functions α-syn β-syn γ-syn Ref.

Neurotransmission � � � [22–27]

Chaperoning � � � [32–34]

SNARE assembly � Maintenance Maintenance [28–31]

DAT transporter delivery to
the presynapse � � � [11,31,35]

Regulation of DAT
transporter activity � NA Maintenance [36–38]

Regulation of dopamine homeostasis � ? NA [27,39–44]

Potentiation of vesicular
dopamine uptake NA � NA [4]

Lipid structure or
morphology changes � � � [11,31,45]

Regulation of lipid metabolism NA NA � [46]

Anti-apoptosis � � NA [47,48]

Mitochondrial regulation ? NA NA [49–52]
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Table 1. Cont.

Functions α-syn β-syn γ-syn Ref.

Regulation of cellular
metal homeostasis NA � NA [11,53,54]

Regulation of the
autophagic–lysosomal pathway NA ? � [55–57]

Interaction with proteasomes � � � [58–60]

Cytoskeleton stabilization ? NA � [61–63]

Regulation of the growth of neurons
in SNpc � NA NA [64]

Regeneration of damaged neurons ? ? ? [65,66]
�: involved; NA: not available; ?: hypothesis.

Alpha-, beta-, and gamma-synucleins can bind to the dopamine transporter (DAT)
and modulate its delivery to the synaptic membrane, thereby affecting dopamine neu-
rotransmitter reuptake [11,31,35]. In turn, it has been shown through protein–protein
interactions that alpha-synuclein can affect DAT activity and this effect is regulated by
the gamma-synuclein concentration [36–38]. Alpha-synuclein is involved in maintaining
the required level of dopamine (DA) and if its function cannot be performed due to a
mutation, a vesicle degradation occurs [27]. The mechanism of this effect has multiple
roots: alpha-synuclein regulates synaptic DA homeostasis [39], affects the expression of
DA synthesis member genes (such as GTP-cyclohydrolase, tyrosine hydroxylase (TH),
and aromatic acid decarboxylase) [40], modulates synaptic DA reuptake by binding to
DAT [41], and inhibits DA release in response to repeated excitation [42,43]. Previously,
there was no evidence for an interaction between beta-synuclein and TH, but it has been
suggested that it may functionally overlap with alpha-synuclein [44]. Moreover, a recent
study convincingly demonstrated that beta-synuclein potentiates vesicular dopamine up-
take, presumably by the assembly of the TH/AADC/VMAT-2 protein complex, which is
probably not functionally compensated by alpha- or gamma-synuclein [4].

Synucleins are also lipid-binding proteins capable of inducing membrane curvature
and turning large vesicles into highly curved formations [11,31,45]. Moreover, gamma-
synuclein regulates lipid metabolism in adipocytes and the lack of this protein has a
significant impact on the energy metabolism of the whole organism [46]. In addition,
alpha- and beta-synucleins prevent cell autolysis. For example, beta-synuclein possesses
p53-dependent anti-apoptosis properties at low physiological concentrations, inhibiting
caspase-3 activation by binding to Akt [47,48].

A number of studies have found that alpha-synuclein is able to bind to the mitochon-
dria and even penetrate them through VDAC channels (the outer membrane metabolic
channel), thus probably targeting the mitochondrial respiratory chain complexes in the
inner membrane [49–51], but the physiological significance of this interaction remains un-
clear. A difference in the lipid composition of the mitochondrial membrane is a regulatory
link in the affinity with the alpha-synuclein–VDAC interaction [52].

Beta-synuclein binds to metals to regulate cellular metal homeostasis, particularly
chelated copper ions, which can produce free radicals and promote the formation of cyto-
toxic alpha-synuclein oligomers [11,53,54]. There is also a suggestion that beta-synuclein
can affect the autophagic–lysosomal pathway, removing damaged or toxic protein molecules
and even aggregates [55,56]. In turn, gamma-synuclein optimizes the autophagy process,
which protects colon cancer cells from endoplasmic reticulum stress [57].

The ubiquitin–proteasome system that provides controlled protein degradation is
extremely important for the removal of toxic oligomers and soluble protofibrillar structures
formed by proteins prone to aggregation, including synucleins. All three members of
the synuclein family are able to interact with proteasomes but with different efficiencies.
For alpha-synuclein, the interaction depends on the degree of its aggregation [58,59].
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Monomeric beta-synuclein also has a low inhibitory effect on 20S and 26S proteasome
complexes, but monomeric gamma-synuclein inhibits ubiquitin-independent proteolysis
much more effectively. Interestingly, beta-synuclein acts as a negative regulator of alpha-
synuclein in these processes [60].

Gamma-synuclein is involved in the stabilization of the cell cytoskeleton [61]. Although
alpha-synuclein is capable of interacting with a few components of the cytoskeleton—in
particular, with tubulin—the putative effects of alpha-synuclein on its polymerization
are not clear [62]. In the lysates of cancer cells, gamma-synuclein was found both in the
cytosolic fraction and in the cytoskeleton fraction and the role of gamma-synuclein in
stabilizing the neurofilament network in neurons was also revealed [63].

Interestingly, several studies have shown a modulating role of alpha-synuclein in
the formation of populations of the SNpc DA neurons of the midbrain. Alpha-synuclein
takes part in the maturation of SNpc DA neurons whilst the development of the adjacent
similar anatomical structure, the ventral tegmental area (VTA), proceeds independently [64].
In turn, one of the possible roles of synucleins is considered to be participation in the
regeneration of damaged neural tissues. It was found that the concentration of alpha-
and beta-synucleins (gamma-synuclein-less) was significantly increased around damaged
neural endings [65,66]. Hence, the link between synucleins and neurodegeneration can
be explained not only by pathological aggregation and its induced toxicity, but also by
the loss of normal function. Disruptions in the structure, intracellular localization, and
compartmentalization of the synuclein family of proteins result in pathological conditions
called synucleinopathies.

3. Parkinson’s Disease Is a Form of Synucleinopathy

Parkinsonian syndrome (or parkinsonism) is a neurological condition with a multifac-
torial etiology caused by a disorder in the extrapyramidal system of the brain. Parkinsonism
is clinically characterized by a triad of signs (bradykinesia, rigidity, and tremor) and it has
additional motor and non-motor pathological manifestations. The debut of the disease
usually occurs between the ages of 65 and 70, with less than 5% of cases in patients younger
than 45 [67,68].

According to worldwide statistics, the prevalence of parkinsonism in the general
population ranges from 100 to 200 cases per 100,000 people, with an annual increase of
15 cases per 100,000 people [69]. In reality, these figures are underestimated due to the low
detection rate at the initial stages of the disease and difficulties in the differential diagnosis
of various extrapyramidal pathologies burdened with a PD-like set of symptoms.

Parkinson’s disease (PD) is the most common form of parkinsonian syndrome and it is
etiopathogenetically designated as primary or idiopathic parkinsonism. However, there are
other clinical forms of neurodegenerative diseases to be considered. These include progres-
sive supranuclear palsy (Steele–Richardson–Olszewski syndrome), Huntington’s chorea,
and corticobasal degeneration (CBD) as well as secondary drug-induced toxic parkinsonism
and many others [70,71]. These diseases can be differentiated on the basis of key clinical
features as well as a clear understanding of the pathogenetic mechanisms underlying
PD, which is crucial for the diagnosis, treatment, and prognosis of the neurodegenerative
process in the extrapyramidal system.

Pathophysiologically, PD is characterized by the degeneration of dopaminergic neu-
rons in the substantia nigra of the midbrain due to the cytotoxic aggregation and formation
of cytoplasmic inclusions—Lewy bodies (LBs)—resulting in a dopamine deficiency in
the striatum and in other associated structures of the basal ganglia [72–74]. LBs contain
aggregated forms of the alpha-synuclein protein, which is also present in other neurodegen-
erative disorders, including multiple system atrophy, dementia with Lewy bodies [75,76],
Hallervorden–Spatz disease, and many others that are collectively referred to as “synucle-
inopathies” [77]. Although a small percentage of patients with PD have a monogenic form
of the disease (LRRK2, parkin, etc.), in most cases the disorder is sporadic with an unknown
etiology. Normally, alpha-synuclein is present in several states, such as monomeric, dimeric,
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oligomeric, and fibrillar forms. However, alpha-synuclein oligomers exert the most toxic
effects on DA neurons [78]. An increased concentration of alpha-synuclein oligomers was
found in the substantia nigra [79,80], cerebrospinal fluid [81], and blood [82] of PD patients.
The intranasal administration of oligomeric forms of alpha-synuclein to C57BL/6J mice
caused PD-like symptoms [83]. These data all suggest that the oligomeric form of alpha-
synuclein has a pathogenetic significance in the development of PD. However, the exact
mechanisms of the involvement of alpha-synuclein oligomers in the death of nigrostriatal
dopaminergic neurons are currently unknown.

A joint injection of MPTP and alpha-synuclein oligomers into the striatum of C57BL/6J
mice resulted in the activation of astrocytes and microglia in the substantia nigra and
increased the loss of nigral TH+ neurons and the development of motor deficits in animals
to a greater extent than MPTP-only treatments. These results indicate that alpha-synuclein
oligomerization induces a neurotoxic effect on DA neurons in SN [6]. Activated microglia
secrete proinflammatory cytokines IL-1β, IL-6, IL-10, interferon gamma (IFN-γ), and tumor
necrosis factor-α (TNF-α). These secretions activate the nuclear transcription factor NF-kB,
triggering core apoptosis and inducible NO synthase (iNOS), leading NO and other ROS
and cyclooxygenase-2 (COX2) to increase the formation of prostaglandin E2. The presence
of these pathogenic factors eventually causes the death of SNpc DA neurons [84]. Thus, it
is crucial to use various models of parkinsonism—including laboratory animals such as
transgenic mice with an overexpression of a mutant form of human alpha-synuclein (A53T;
A30P), toxin-induced models (6-hydroxydopamine (6-OHDA), MPTP, and reserpine), and
knockout mice lines with a depletion of Parkin/Park genes (Pink-1, DJ-1, and synuclein
family proteins)—in order to fully understand the mechanisms of PD pathogenesis.

3.1. Toxic Animal Modeling of Parkinsonism Using MPTP

The toxic modeling of parkinsonism with MPTP was proposed at the end of the 20th
century. Dr. Langston discovered clinical PD symptoms in addicts of “synthetic heroin”,
which contained MPTP as one of its byproducts [85]. The discovery of MPTP-induced
parkinsonian syndrome provoked a number of scientific studies worldwide that were
aimed at determining the pathophysiological mechanisms underlying parkinsonism and
it raised the disciplines of neurochemistry and neurobiology to a new level. Thus, MPTP
was found to cause the extensive selective death of dopaminergic neurons in the substantia
nigra [86]. The results of biochemical studies and an analysis of the cytoarchitectonics
of SNpc revealed a decrease in the dopamine content in the striatum and a decrease
in the number of nigrostriatal DA neurons in various MPTP-treated animals, including
monkeys [87], dogs [88], cats [89], mice [64], and even frogs [90]. A local neurodegeneration
caused by a single injection of MPTP at relatively low doses (5–10 mg/kg for dogs and cats;
30 mg/kg for mice) resulted in symptoms (hypokinesia, muscle rigidity, and tremor) that
were typical for idiopathic parkinsonism. Yet, not all laboratory animals are sensitive to
MPTP. For example, rats, rabbits, and guinea pigs required relatively high doses of MPTP
(50–70 mg/kg) in order to manifest the neurological signs of an extrapyramidal system
dysfunction, which leads to the development of parkinsonism [91].

MPTP is a lipophilic compound that freely crosses the blood–brain barrier and is
metabolized by MAO-B in the glial cells to 1-methyl-4-phenylpyridine in an ionic form
(MPP+), which is a highly toxic final metabolite [85,92]. DA neurons in the SNpc then
selectively capture MPP+ from the intercellular space using the membrane transporter
DAT due to its structural similarities to the dopamine molecule [93]. MPP+ accumulates
in the mitochondria where it inhibits complex I of the electron transport chain, leading to
the inhibition of cellular respiration [94,95], decreased ATP production [96,97], oxidative
stress [98,99], the activation of the caspase cascade [100], and, ultimately, cell death.

The MPTP-toxic model of parkinsonism induced in C57BL/6J mice is widely accepted
as the primary system to study the pathogenetic mechanisms that underlie extrapyramidal
system disorders and that contribute to PD as well as to develop prospective neuroprotec-
tion strategies. Over the past decades, numerous protocols have been created to model
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toxic parkinsonism. These protocols are grouped based on the speed and severity of the
clinical signs into three main categories: “acute administration” (several MPTP doses in
one day); “subchronic administration” (usually 1–2 doses a day for a 5-day period); and
“chronic” administration (multiple injections for 1 month or more) [101,102].

As indicated earlier, synuclein family proteins are actively involved in the processes
of dopamine neurotransmission in the presynaptic endings of SNpc DA neurons. The
saturation of the presynaptic endings of DA neurons with the toxic end-metabolite of
MPTP—1-methyl-4-phenylpyridine in an ionic form (MPP+), which has a high affinity
with the plasma membrane transporter DAT—is presumably directly related to the activity
of synuclein family proteins (Figure 1). Thus, the selective pathological effect of MPP+ is
based on the ability of neurons to reuptake the neurotransmitter from the synaptic cleft in
order to replenish the intracellular stores and form new vesicles [103] where synucleins
could play a special role.

 

Figure 1. The role of synucleins in the mechanisms of SNpc DA neurons during MPTP-induced
parkinsonism. Key regulatory factors include the regulatory activity of all synucleins toward the
presynaptic membrane of the dopamine transporter (DAT); increased DAT/VMAT-2 ratio and
SNARE assembly due to the presence of alpha-synuclein and support from other members of the
synuclein family; the inability of beta-synuclein in the presence of alpha- and gamma-synucleins to
potentiate VMAT-2-dependent MPP+ capture to further sequester these molecules; the involvement
of alpha-synuclein in the neuroinflammatory response; and glutamate toxicity induced by glial cells.
These, as well as other unexplored effects of alpha-synuclein binding and penetration into damaged
mitochondria, may have a special effect on the MPTP-induced death of DA neurons. Created with
BioRender.com (accessed on 2 November 2021).

3.2. Synucleins and MPTP Toxicity

Dopamine is the most important signaling neurotransmitter that regulates the motor
function of the entire extrapyramidal system, which is responsible for the superstructure of
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movements [104]. MPP+ is structurally similar to dopamine and it competes for binding
sites on the presynaptic membrane of DA neurons. In toxic conditions, such as parkin-
sonism, DA neurons are particularly sensitive and vulnerable to the pathological effects
of MPP+, which entails a series of dramatic events leading to the complete degeneration
of the nigrostriatal pathway because DA neuron bodies lie in the substantia nigra of the
midbrain with axons extending to the dorsal striatum. On the other hand, it is not quite
clear what role synuclein family proteins play in these processes as the main representative
of the family, alpha-synuclein, acts as a pathological marker of PD.

The first and subsequent studies on the effects of MPTP toxicity in alpha-synuclein-
deficient animals showed surprising results: acute and chronic neurotoxin administration
protocols did not have the desired effect on the death of the DA neurons of the SNpc
despite lower cell counts [105–108] (Table 2). Moreover, several in vitro studies demon-
strated that an overexpression of human alpha-synuclein was associated with enhanced
cell death after MPP+ exposure [109,110]. MPTP administration to mice with a selective
inactivation of alpha-synuclein in a few cases resulted in a dopamine deficiency and the
manifestation of early clinical symptoms of a dopaminergic system dysfunction typical of
the early stages of PD [7], which indirectly indicated the activation of the compensatory
mechanisms of DA/MPP+ neurotransmission. It is worth emphasizing that phenotypically
alpha-synuclein-knockout mice do not differ from wild-type animals [111,112]. However,
decreased levels of striatal dopamine in a few lines [113,114] resulted in a reduced avail-
ability of DAT on neuronal surfaces [107] and the early debut of Parkinson-like symptoms
in aging mice [114–116]. Although neurons manage to compensate for a lack of alpha-
synuclein, this takes a toll on the restructuring of the defense systems, which, under certain
conditions, can lead to the development of pathological processes, primarily in those
cellular compartments where alpha-synuclein normally functions.

Table 2. Main phenotypic changes in synuclein-knockout animals before and after MPTP injections.

Effect MPTP * α-syn KO β-syn KO γ-syn KO αβγ-syn KO

Clinical manifestation
– ≈ ≈ ≈ ≈
+ � NA NA �

Striatal dopamine – ≈ � ≈ �
+ � � NA �

DAT expression – � NA NA NA
+ NA NA NA NA

SNpc neurons – � ≈ � ≈
+ resistant � resistant �

≈: similar to wild-type animals; �: presence; �: absence; �: decrease; NA: not available; *: subchronic
MPTP administration.

In turn, animals with a gamma-synuclein deficiency showed a similar response to
MPTP-induced dopaminergic neurodegeneration. Here, the main feature was also the resis-
tance of SNpc DA neurons to the toxic effect of MPTP [5,113,116]. Notably, a comparative
immunoblotting analysis of the synuclein levels in the midbrain of gamma- and alpha-
synuclein-knockout vs. wild-type mice showed increased levels of beta-synuclein [5,117].
This phenomenon led to a further strategy to investigate the role of synucleins in the
development of MPTP resistance.

Recent studies have convincingly demonstrated that beta-synuclein is involved in
optimizing the capture of dopamine and probably that of structurally similar molecules via
VMAT-2 (vesicular monoamine transporter-2) [4]. Moreover, there was a loss of resistance of
the DA neurons in the SNpc to MPP+, which is a toxic metabolite of MPTP, in beta-synuclein
knockouts. A similar effect was observed in triple-knockout mice (triple synuclein-deficient
mice), where the initial population of DA neurons in the SNpc was similar to wild-type
mice [4]. In cases of alpha- and/or gamma-synuclein deficiency there was a 2.8-fold increase
in the VMAT-2 density per vesicle [107], probably due to the increased presence of beta-
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synuclein at the presynaptic end, which was consistent with other studies [5]. However,
DA neurons in the SNpc are known to be particularly susceptible to MPP+ because they
have a higher DAT/VMAT-2 ratio than other brain neurons [11]. Thus, a reduced DAT
transporter in the presynapse, combined with an increased VMAT-2 density in the vesicles,
changed the VMAT-2/DAT ratio, leading to the utilization of toxic MPP+ molecules. Taken
together, these results suggest a direct involvement of beta-synuclein in the developmental
processes of the resistance of SNpc DA neurons to neurotoxins rather than the absence of
alpha- or gamma-synucleins per se.

The potential neuroprotective properties of beta-synuclein also include the regulation
of cellular apoptosis. Serine threonine kinase (Akt) is an enzyme that inhibits apoptosis by
phosphorylating the Mdm2 protein that binds to p53 in the nucleus. In an experiment by
Hashimoto et al., it was shown that a beta-synuclein overexpression in a rat neuroblastoma
B103 cell line resulted in the resistance of these cells to the toxic action of rotenone, which,
in a similar manner to MPTP, inhibits mitochondrial respiratory chain complex I. However,
an Akt inhibition in this cell line resulted in the loss of neuronal resistance to neurotoxin
exposure [118].

The specific damaging effect of MPTP on catecholaminergic neurons is also associated
with the activation of toxic A-astrocytes, which, under the influence of proinflammatory
mediators, inhibit the glutamate capture via GLT-1 and induce the production of inflam-
matory cytokines, leading to neuroinflammation [119]. Moreover, a disruption of the Nrf2
system in astrocytes leads to a decrease in the number of antioxidant molecules, resulting
in oxidative stress. Damaged DA neurons secrete oligomeric alpha-synuclein in PD. The
transfer of alpha-synuclein from neurons to astrocytes, with the subsequent accumulation
and deposition in astrocytes, leads to the formation of proinflammatory cytokines and
the disruption of the glutamate capture via GLT-1 [119]. Such a scenario is possible in
the case of a long-term protocol of chronic MPTP administration, for which the presence
of amyloid-like inclusions in both the astrocytes and DA neurons in the SNpc has been
noted [120,121].

An abnormal aggregation of alpha-synuclein can increase the degree of glutamate
excitotoxicity. Alpha-synuclein accumulation in astrocytes affects the glutamate trans-
port, causing increased extracellular glutamate concentrations and excitotoxicity, further
aggravating the damage to the dopaminergic neurons [122]. These data emphasize that
alpha-synuclein increases the glutamate release. The concentration of alpha-synuclein
itself depends on the release of activity-dependent presynaptic glutamate from the end-
ings of the forebrain neurons [123]. In addition, the overexpression of alpha-synuclein
increases the phosphorylation of N-methyl-D-aspartate (NMDA) receptors, thereby increas-
ing the formation of NR1 and NR2B subunits and the sensitivity of NMDA receptors to
developing glutamate excitotoxicity [124]. Increased levels of glutamate in the intercel-
lular space activates glutamate NMDA receptors, leading to a calcium overload and the
death of DA neurons [125–127]. Alpha-synuclein can also enhance glutamate excitotoxicity
by accelerating α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor
signaling [128].

The formation of reactive oxygen species (ROS) is directly involved in the pathogene-
sis of MPTP-induced parkinsonism [103]. It is unclear how synuclein family proteins are
related to these events. It has been established that an alpha-synuclein deficiency leads
to the inhibition of nitric oxide synthase (NOS), which forms another powerful oxidant,
peroxynitrite (ONOO−), by interacting with ROS [107]. Thus, NOS activation is an impor-
tant step in MPTP-induced toxicity and it can be inhibited by a targeted inactivation of
alpha-synuclein. Therefore, this targeted inactivation could be a promising direction for
the development of a PD therapy.

Finally, there is an assumption that alpha-synuclein specifically interacts with the mito-
chondria by blocking the toxic effect of neurotoxins, which have an established pathogenic
action on DA neurons, leading to the development of PD [129,130]. However, this protec-
tive function of synucleins does not extend to all cells; in particular, not to differentiated
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DA neurons. This may imply that the cytoprotective properties of alpha-synuclein are
aimed at optimizing the mitochondrial function and directly depend on the stage of cell
differentiation; i.e., are linked to aging [27]. This is indirectly confirmed by studies of
the role of alpha-synuclein in the maturation of SNpc DA neurons in the early postnatal
developmental period [64].

4. Concluding Remarks and Future Directions

All proteins of the synuclein family are distributed throughout the nervous system,
predominantly performing the optimization and systematization functions of various pro-
cesses. Based on all the studies summarized in this review, we conclude that the differences
in the sensitivity of synuclein-knockout animals compared with MPTP neurotoxin mod-
els are due to and result from the ontogenetic selection of early neurons followed by a
compensatory effect of beta-synuclein, which optimizes the DA capture in the synapses.
This is supported by MPTP toxicity data from synuclein-free animals with the inactiva-
tion of all three members. Compared with single alpha- or gamma-synuclein knockouts,
the sensitivity of DA neurons to the toxic effects of MPTP is higher in triple-knockout
animals and almost identical to the levels shown in wild-type controls, suggesting that
beta-synuclein could modulate the alpha-synuclein function, preventing its aggregation
and a loss of function. Thus, synucleins can be considered to be promising molecular
targets for the development of therapies that are aimed at optimizing the synaptic function
of dopaminergic neurons. Knockout mice lacking any of the three synuclein members could
be used as a promising tool to study the mechanisms of the neurodegenerative processes of
synucleinopathies such as PD.
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Abbreviations

PD Parkinson’s disease
DA Dopamine
NF-kB Nuclear factor kappa-light-chain-enhancer of activated B cells
DA neurons Dopaminergic neurons
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
MPP+ 1-methyl-4-phenylpyridine in ionic form
SNpc Substantia nigra pars compacta
NAC Non-beta-amyloid component
CNS Central nervous system
SNARE Soluble N-ethylmaleimide-sensitive factor attachment protein receptor
VAMP-2 Protein synaptobrevin-2
VMAT-2 Vesicular monoamine transporter-2
DAT Dopamine transporter
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TH Tyrosine hydroxylase
VDAC Voltage-dependent anion channels
VTA Ventral tegmental area
CBD Corticobasal degeneration
IL-1β Interleukin-1β
IL-6 Interleukin-6
IL-10 Interleukin-10
IFN-γ Interferon gamma
TNF-α Tumor necrosis factor-α
MAO-B Monoamine oxidase B
iNOS Inducible NO synthase
NO Nitric oxide
ONOO Peroxynitrite
COX2 Cyclooxygenase-2 enzyme
NMDA N-methyl-D-aspartate
AMPA α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
ROS Reactive oxygen species
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Abstract: Synucleinopathies represent a diverse set of pathologies with significant morbidity and
mortality. In this review, we highlight the surgical management of three synucleinopathies: Parkin-
son’s disease (PD), dementia with Lewy bodies (DLB), and multiple system atrophy (MSA). After
examining underlying molecular mechanisms and the medical management of these diseases, we ex-
plore the role of deep brain stimulation (DBS) in the treatment of synuclein pathophysiology. Further,
we examine the utility of focused ultrasound (FUS) in the treatment of synucleinopathies such as PD,
including its role in blood–brain barrier (BBB) opening for the delivery of novel drug therapeutics and
gene therapy vectors. We also discuss other recent advances in the surgical management of MSA and
DLB. Together, we give a diverse overview of current techniques in the neurosurgical management of
these pathologies.

Keywords: synucleinopathies; Parkinson’s disease; multiple system atrophy; dementia with Lewy
bodies; deep brain stimulation; focused ultrasound; gene therapy; surgical techniques

1. Introduction

The three members of the α-synucleinopathy family—Parkinson’s disease (PD), multi-
ple system atrophy (MSA), and dementia with Lewy bodies (DLB)—are some of the most
common and costly neurodegenerative diseases affecting neurosurgical patients [1]. Parkin-
son’s disease alone affects more than one million individuals in the United States [1–3]. In
addition to the untold emotional burden, these afflictions place an economic strain upon
the nation currently exceeding USD 50 billion per annum [4]. Considering Parkinson’s
disease alone is projected to double in incidence rate by 2030 due to an aging population, it
is essential to establish optimal management protocols for α-synucleinopathies [5]. In this
regard, we aim to highlight current medical standards of practice as well as the efficacy of
available neurosurgical interventions. Specifically, we will examine the role of deep brain
stimulation (DBS), focused ultrasound (FUS), and recent advancements in the treatment of
synucleinopathies.

1.1. Parkinson’s Disease

With a current incidence rate of 1–2 per 1000 individuals, Parkinson’s disease (PD) is
the second most common neurodegenerative disease following Alzheimer’s disease [5,6].
The prevalence of PD significantly rises with age, increasing more than 5-fold from the
sixth to ninth decades of life [7]. Furthermore, this prevalence is projected to rise drastically
by 2030 due to an aging population, underscoring the necessity of understanding and ad-
vancing its management. Decades of investigation have given way to a current consensus
that attributes PD to a combination of environmental and genetic factors [8]. The patho-
genesis of PD is multifactorial, implicating oxidative stress, altered protein handling, and
environmental mitochondrial toxins [8,9]. Of note to this review, mutations in the SNCA
gene and mitochondrial dysfunction have been shown to result in α-synuclein accumula-
tion [10,11]. In select brain regions in animal models, accumulations of α-synuclein have
been identified to inhibit complex I of the mitochondria [12–14]. Additionally, α-synuclein
toxicity is well supported to play a significant role in the pathogenesis of PD, although

Biomedicines 2022, 10, 2657. https://doi.org/10.3390/biomedicines10102657 https://www.mdpi.com/journal/biomedicines
167



Biomedicines 2022, 10, 2657

more evidence regarding the underlying molecular mechanism is needed [15,16]. The
clinical progression of PD is also highly variable among patients [17]. However, the classic
presentation is well documented to include tremors at rest, rigidity, bradykinesia, loss of
postural reflexes, and shuffling gait [18]. Pharmacological management often focuses on
symptomatic treatment, specifically targeting motor disturbances. Levodopa serves as a
standard first-line treatment, functioning to supplement decreased dopamine [19]. Other
dopamine modifying medications include NMDA receptor antagonists, muscarinic recep-
tors, or dopamine receptor agonists. Degradation of dopamine is also targeted through
catechol-O-methyltransferase inhibitors, and monoamine oxidase type B inhibitors [20]. Re-
cently, pimavanserin, an atypical antipsychotic, has been described to reduce psychosis in
PD, allowing for the treatment of some of the psychiatric comorbidities in PD1. Additional
clinical symptoms of PD include disturbances in autonomic function, sleep disruptions,
neuropsychiatric as well as sensory symptoms, and dementia, all of which are also man-
aged pharmacologically with variable success [21–23]. Notably, dopaminergic medications,
particularly at the higher doses required by patients with progressive disease, are associated
with debilitating adverse effects. Unpredictable fluctuations of on and off states as well as
levodopa induced dyskinesias represent significant barriers to effective treatment [24].

1.2. Multiple System Atrophy and Dementia with Lewy Bodies

In the other two diseases of the α-synucleinopathy family, Multiple system atrophy
(MSA) and dementia with Lewy bodies (DLB), age is also the primary risk factor. In MSA,
the annual incidence rate is 3 cases per 100,000 for a population older than 50 years [25].
Similarly, the incidence of DLB peaks in the sixth decade of life and has an incidence rate of
0.87 cases/1000 person-years in the general population [26]. Risk factors for MSA extend
to environmental factors—including exposure to organic solvents, pesticides, metals, and
monomers—and genetic factors—involving impaired variants of the enzyme encoded
by COQ2 [27,28]. General risk factors for DLB include depression, anxiety, low caffeine
intake, and stroke, as well as a genetic predisposition with specific APOE ε4 alleles [29].
MSA is a unique member of the α-synucleinopathy family, as α-synuclein deposits in
oligodendrocytes in lieu of neurons [30]. Consequently, the disease pathology stems from
oligodendrogliopathy with myelin disruption from α-synuclein positive glial cytoplasmic
inclusions (GCI), which leads to axon degeneration and eventual neuron degeneration [28].
Though the exact mechanism of their action is yet unknown, α-synuclein GCIs are required
for the diagnosis of MSA and their density correlates with disease severity [31,32]. Similarly,
though the precise pathogenesis of DLB is unknown, it is theorized to involve several
metabolic pathways that lead to dysfunctions in mitochondria, purine metabolism, protein
synthesis, energy metabolism [33], and α-synuclein deposits in neuronal Lewy bodies [34].
In MSA, nonmotor disruptions (i.e., respiratory, autonomic, and urogenital symptoms)
often manifest first; however, it is commonly diagnosed only after motor dysfunction
occurs [35]. These motor disruptions are sporadic in frequency and parkinsonian in nature,
including many of the hallmark symptoms such as rigidity, bradykinesia, and postural
instability. Furthermore, early autonomic dysfunctions are classic presentation features of
MSA [36]. While the same parkinsonism extends to DLB, visual hallucinations, variable
mental status, and dementia are also common features [37]. Treatment options for MSA
are limited. MSA is characterized by a poor response to dopaminergic therapy, with only
a transient improvement noted in 40% of patients [38]. Alternatively, the disease is often
managed by nonpharmacologic strategies such as a decreased salt intake for orthostatic
hypotension [36]. Conversely, DLB is effectively managed by acetylcholinesterase inhibitors
as a first line treatment and responds well to classic dopaminergic therapy [39].

2. Deep Brain Stimulation (DBS)

2.1. DBS and α-Synuclein in PD

Despite promising pharmacological treatment options, α-synucleinopathies can prove
to be extremely difficult to manage medically. For one, prolonged levodopa treatment is
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associated with significant side effects in PD such as dyskinesias and motor fluctuations
between the on and off state [40]. Unfortunately, due to the progressive nature of the
disease, dose escalation is an eventuality in most patients [41]. Deep brain stimulation
(DBS) offers a promising surgical option where a high frequency electrode is implanted
into a target structure in the basal ganglia or thalamus such as the globus pallidus inter-
nus (GPi), subthalamic nucleus (STN) or ventral intermediate nucleus (VIM) [42]. High
frequency electrical stimulation is then delivered from the DBS electrode to normalize
the pathologically exaggerated basal ganglia bursting activity seen in PD [43]. There is a
potential for significant stimulation induced side effects such as paresthesia, involuntary
motor contractions, speech impairment, and mood changes. To minimize these side effects,
parameters of stimulation such as its amplitude and directionality relative to the DBS elec-
trode are controlled in programming sessions in the weeks following initial implantation.
DBS therapy often leads to significant reduction in medication regimens and significant
prolongation of “on” medication periods. In one meta-analysis of 22 studies, L-dopa regi-
mens were reduced over 50%, with dyskinesias reduced around 70%, and 70% reduction in
“off” periods [44].

Despite the ability of DBS therapy to significantly improve quality of life, it is widely
believed that it cannot stop or reverse the effects of α-synuclein-mediated neurodegen-
eration in PD. In fact, disease progression with loss of dopaminergic neurons is thought
to occur rapidly, within 4 years [45]. Nevertheless, several recent works have expanded
knowledge concerning the effect of DBS on disease progression, though there remains con-
siderable debate as to whether long term DBS stimulation confers a neuroprotective effect.
In one study, rats were induced to overexpress α-synuclein using intranigral injections of an
adeno-associated viral (AAV) vector and were subsequently implanted with STN DBS [46].
Limb use by the animals was observed at baseline as well as after electrode implantation
and after electrode stimulation for a period of 26 days and was compared to mice that were
implanted but did not receive stimulation. Of note, though there was impaired contralateral
limb use following the α-syn vector injection in all rats, there was no difference in limb
use between stimulation and nonstimulation groups. Neurodegenerative changes were
assessed using tyrosine hydroxylase staining (a marker of dopaminergic neurons), which
also did not differ between stimulation and nonstimulation groups. This result suggests
that DBS stimulation does not protect against the impairment nor the neurodegenerative
changes that accompany α-synuclein accumulation [46]. Despite this, another very similar
study using an AAV induced α-synuclein overexpression rat model implanted with STN
DBS reported different findings. In particular, results of this study suggest that motor
performance after 3 weeks of stimulation was significantly improved compared to rats in
the nonstimulation group, even with stimulation turned off during motor testing. Tyrosine
hydroxylase was also significantly increased in the stimulation group [47].

In addition, beta oscillations are a significant pathologic alteration observed in PD
and are linked to some of its symptoms [48]. Recent evidence suggests that STN DBS
suppresses these pathological beta oscillations in an AAV induced α-synuclein overexpres-
sion rat model, even 2 weeks after stimulation [49]. Other studies have also demonstrated
the possible neuroprotective effects of DBS. Specifically, brain derived neurotrophic factor
(BDNF) has come under interest recently for its roles in plasticity, neurogenesis, and neuro-
protection [50]. In one study of rats injected with preformed fibrils of α-synuclein, though
STN DBS did not impact α-synuclein deposition or total BDNF, rats in the stimulation
group displayed restoration of striatal BDNF when compared to those in the nonstimulation
group [51]. Furthermore, DBS may exert a neuroprotective effect through the inhibition of
neuroinflammatory cytokines and pathways [52] and the modulation of synaptic plastic-
ity [53]. Taken together, the findings related to α-synuclein deposition in PD reiterate both
sides of thought related to DBS-induced neuroprotection (Figure 1).
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Figure 1. Summary of mechanisms by which DBS possibly confers a neuroprotective effect. Figure
created with BioRender.com, accessed on 19 September 2022.

One central regulator of α-synuclein accumulation is autophagy. Rapamycin, for
instance, stimulates autophagy and improves clearance of α-synuclein [54]. Notably, derail-
ments in α-synuclein and autophagy in the perioperative environment can lead to pathol-
ogy. In turn, an important consideration in the surgical treatment of synucleinopathies is
the effect of anesthetic on α-synuclein, which was explored in a recent preclinical study.
In this study, rats were anesthetized with propofol for 4 h and were assessed for neu-
robehavioral and cognitive deficits and hippocampal α-synuclein deposition. Along with
elevated hippocampal α-synuclein deposition and impaired autophagy, 4 h of propofol
induced worse performance on the Morris water maze test and shorter freezing times in the
freezing conditioning test [55]. These results have important implications in the surgical
management of PD with DBS, where electrode implantation being conducted awake or
under general anesthetic is highly center dependent.

2.2. DBS in DLB and MSA

Despite the abundance of work related to DBS and PD, there is a relative paucity
of evidence regarding the indications and benefits related to DBS use in the remaining
synucleinopathies. The risk of cognitive decline is a central issue in DBS, making preoper-
ative neuropsychiatric evaluation of paramount importance. In one study of 60 patients
treated with STN DBS, executive functioning was significantly reduced when compared
to a control group receiving standard medical therapy but no DBS [56]. Risk factors for
cognitive decline following DBS included age and larger preoperative medication doses.
Given that patients with DLB and MSA are already at significant risk for dysfunctional
cognition, this possible adverse effect should be carefully considered in the context of each
patient being evaluated for DBS therapy. Nevertheless, there has been some investigation
into its use in DLB and MSA. In one randomized, double blind crossover study of 6 DLB
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patients implanted with bilateral nucleus basalis of Meynert (NBM) electrodes, there was
no difference between stimulation and control conditions in a variety of cognitive tasks.
Importantly, the procedure was well-tolerated and there was a positive impact on neu-
ropsychiatric inventory (NPI) scores in that study [57]. However, in another more recent
phase 1 study of six patients with bilateral NBM DBS, some cognitive decline occurred
following electrode implantation [58]. MSA is also thought to be largely unresponsive to
DBS and may be an underlying explanation for why neuromodulation fails in some patients
with PD [59,60]. In one recent systematic review of 12 studies representing 22 patients
with MSA, the majority were treated with bilateral STN electrodes (n = 18) or bilateral
GPi (n = 3) [61]. At a median follow-up of 12 months, though subjective improvements in
bradykinesia, gait, and rigidity were accompanied by a more than 12-point reduction in
UPDRS-III score, a significant 23% of patients displayed neurobehavioral or neurocognitive
side effects following DBS implantation. In MSA patients, who are particularly at risk for
cognitive impairments [62], this represents a significant barrier to the safety and tolerability
of DBS in MSA61. Furthermore, this systematic review also included 12 patients with DLB
treated with bilateral NBM DBS. Again, no significant improvements in quality of life nor
cognitive measurements were appreciated in this study [61]. Taken together, this suggests
that the surgical indications for DBS therapy in MSA and DLB are still poorly understood
and require further investigation.

3. Focused Ultrasound

Focused ultrasound (FUS) therapy is an actively studied alternative to current stan-
dard treatments involving open surgeries [63]. The primary benefit of FUS therapy is its
ability to induce biological effects on deeper target tissue without damaging surrounding
tissues [63]. FUS therapy is achieved using a piezoelectric ultrasound transducer to deliver
a FUS beam and is guided using imaging modalities such as a traditional ultrasound or
Magnetic Resonance Imaging (MRI) [64] to provide simultaneous monitoring of tissue
effects [63]. The FUS beam is steered with precision by mechanically manipulating the
transducer [64], and the spatial specificity of the beam and depth of its effects can be
parametrized by varying the delivered sonication frequency and intensity [65]. At high
intensity, the delivered FUS beam induces two main effects on target tissue: thermoabla-
tion and cavitation. Thermoablation results from tissue absorption of the beam energy,
which rapidly increases the tissue temperature to irreversibly cytotoxic levels [66]. FUS
mechanically induces cavitation, or the creation of gas cavities, in tissue by expanding and
compressing the tissue as it travels through it [66]. These effects are purposely leveraged in
clinical treatments to target varying tissues of interest as an alternative approach to surgery.
Previous research demonstrates the use of FUS thermoablation to treat uterine fibroids [67],
advanced stage renal malignancy [68], and primary bone tumors [69], and thus may offer
a potential alternative to contemporary invasive surgeries. FUS has emerged as a new
modality for treating movement disorders—such as essential tremor and PD—through
noninvasive lesioning. Additionally, FUS therapy does not require hardware placement,
such as an electrode, minimizing the risk of perioperative infection. However, FUS therapy
faces limitations such as attenuation from overlying tissue, sensitivity to patient movement,
possible treatment times of up to several hours, and the fact that lesioning is permanent
and irreversible [64,70].

3.1. FUS and Synuclein

One emerging field of research utilizing FUS therapy involves leveraging cavita-
tion to open the blood–brain barrier (BBB) [71]. The BBB historically has been a major
limiting factor in drug delivery to brain parenchyma [71,72] as it is only permeable to
lipid-soluble molecules smaller than 400 Da [72], which restricts pharmaceutical therapy
options for neurological disorders. However, recent research has shown that FUS cavitation,
in conjunction with localized microbubble injections, has the ability to noninvasively and
reversibly open the BBB at specific targets in vivo, providing the possibility for localized
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drug therapies [71,73]. In a recent phase 1 trial in PD patients, the use of FUS in the
parieto-occipito-temporal junction resulted in no serious adverse effects post-treatment but
exhibited an opening of the BBB, demonstrating the feasibility of this approach to enhance
drug delivery [73]. In another study, FUS cavitation was used to open the BBB in mice
substantia nigra and striatal caudoputamen and was coupled with intravenous adminis-
tration of the potentially neuroprotective and pro-dopaminergic neurturin neurotrophic
factor (NTN). It was demonstrated that, in both targeted locations, NTN was successfully
delivered into brain parenchyma with minimal diffusion to nontargeted areas [71]. Though
NTN bioavailability was assessed, cognitive outcomes were not reported [71]. These drug
delivery results mirror the effects observed in another study that utilized localized FUS to
open BBB to deliver anti-α-syn antibodies in the left hippocampus, caudate putamen, and
substantia nigra of PD-model mice [74]. Importantly, the α-synuclein load was decreased
without impairing neuronal cell count [74]. Another recent study utilized FU to enhance
delivery of copper nanoparticles (Cu-NPs) targeted to open TRPV1 channels [75]. The
opening of TRPV1 channels is proposed to induce a Ca2+-dependent signaling cascade,
culminating in improved phagocytosis and elimination of a-syn. In this study, FU-mediated
delivery of Cu-NPs ameliorated the histopathological alterations in tyrosine hydroxylase,
glial fibrillary acidic protein, and α-syn. Importantly, motor, memory, and anxiety tests
in mice initially worsened by α-syn aggregation were also improved with Cu-NPs [75].
Collectively, these studies demonstrate the ability of FUS cavitation to safely and effectively
disrupt the BBB in vivo to facilitate targeted drug delivery into the brain parenchyma. Thus,
with future research, FUS therapy coupled with localized drug delivery is an optimistic
noninvasive therapeutic option that can be utilized in treating neurodegenerative diseases
such as PD (Figure 2).

Figure 2. Summary of applications of focused ultrasound to synucleinopathies. Figure created with
BioRender.com, accessed on 19 September 2022.
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Beyond opening the BBB and facilitating drug delivery, FUS therapy offers potential
symptomatic management options for treating PD with thermoablation. To date, there are
three primary approaches of FUS therapy to treat PD symptoms: thalamotomy, subthalam-
otomy, and pallidotomy [76]. In one study unilaterally targeting the ventral intermediate
nucleus (VIM) of the thalamus in PD patients with medication-resistant tremor, tremor was
completely abolished immediately following the treatment [77]. The procedure was met
with mild transient adverse effects such as headache [77]. Another recent study investigated
the ability of FU therapy to abate parkinsonian symptoms by unilaterally targeting the
subthalamic nucleus in PD patients with asymmetric parkinsonism [78]. Here, in a cohort
of 40 patients treated with FUS or sham procedure of the STN, FUS was delivered until
adequate control of tremor symptoms was achieved. UPDRS III score improved by almost
10 points at 4 months in the treatment group, which was significantly different from the
1.7-point improvement in the sham group. Specifically, FUS performed well in improving
rigidity and tremor. Notably, dyskinesia, weakness, and abnormalities in gait and speech
were common adverse effects. In line with previous reports, there were transient side
effects related to treatment such as headache which resolved within a brief period following
treatment. Importantly, there were no major cognitive or behavioral complications that
developed as a result of thermoablation when measured at 4 months post-treatment [78].
FUS therapy has also been used for unilateral pallidotomy of the globus pallidus internus to
improve symptoms in dyskinesia-dominant PD, again associated with transient side effects
such as minor headache [79]. Overall, these different approaches utilizing FUS therapy
demonstrate consistent findings, in that FUS therapy generally improves parkinsonian
symptoms with only minor transient side effects. Furthermore, all of these approaches
highlight the effectiveness of FUS therapy in noninvasively improving patient quality
of life.

3.2. FUS Gene Therapy Approaches

Gene therapy is a therapeutic approach that aims to genetically modify cells through
transcription and/or translation of transferred genetic material and/or integration into host
genomes [80]. With PD, the goal of gene therapy is to treat disease symptoms and, ideally,
to reverse disease progression. Gene therapy has been studied as a potential therapeutic for
PD and other neurodegenerative diseases for years. Trophic factors, such as glial cell line
derived neurotrophic factor (GDNF) and neurturin (NTN) have been explored as potential
agents for PD gene therapy [81,82]. GDNF shows promise as a gene therapy agent due
to its neurotrophic and neuroprotective effects. In primate models, the overexpression
of neuroprotective agents such as GDNF has been demonstrated to decrease symptom
severity and slow PD progression [83]. NTN is a structural and functional analogue of
GDNF that has also demonstrated its ability to improve dopaminergic activity in animal
models of PD [82]. Although preclinical trials provide ample evidence supporting GDNF
and NTN gene therapy for the treatment of PD, clinical trials to date have not proven suc-
cessful [84]. One of the key issues hindering the success of previous clinical trials has been
low volumetric coverage of the gene therapy to targeted areas after direct injection [85].
In the CERE-120 clinical trial, which directly injected NTN into the putamen of study
subjects, histological assessments show that the distribution of NTN was restricted [82].
Implementing FUS along with gene therapy has the potential to eliminate this issue that
direct injection presents. Preclinical studies have used FUS to deliver vectors to specific
animal models with encouraging results [86,87]. Xhima et al., for example, used recombi-
nant adeno associated virus serotype 9 (AAV9) along with FUS to enhance delivery of an
α-synuclein gene silencing short hairpin RNA sequence in mice overexpressing α-synuclein.
FUS was targeted in the hippocampus, substantia nigra, olfactory bulb, and dorsal motor
nucleus of the vagus. Decreased α-synuclein immunoreactivity was reported in these tar-
gets one month after FUS. Importantly, tyrosine hydroxylase (the rate-limiting enzyme in
norepinephrine, epinephrine, and dopamine synthesis) and synaptophysin expression was
not altered in targeted brain regions [86]. Mead et al. used a nanovector, particularly brain
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penetrating nanoparticles (BPN), along with FUS to promote GDNF transgene expression
in target brain areas of rats. After only one treatment, there were therapeutically relevant
levels of GDNF in targeted brain tissue. Furthermore, these therapeutic levels persisted for
10 weeks [88]. As previously mentioned, another key feature in the pathophysiology of PD
is an elevated state of oxidative stress. The pro-oxidative environment established in PD
potentiates neuronal stress, a pro-death environment, and progression of the disease [89].
In one study, FUS was used to deliver Nrf2, a nuclear factor which promotes downstream
antioxidative elements, into the brains of PD rat models [90]. Though motor and behavioral
outcomes were not measured in this study, Nrf2 expression was significantly elevated
and led to a reduction in the pro-oxidative superoxide dismutase. Taken together, this
suggests that FUS with viral vectors or nanovectors may show promise in developing gene
therapy approaches for patients with PD. However, human evidence is lacking currently
and requires more investigation.

4. Other Approaches in the Management of MSA and DLB

Though surgical interventions are poorly understood in the context of MSA and DLB,
several promising frontiers of treatment have recently come to light. For example, in MSA,
autonomic dysfunction remains a critical issue, characterized by progressive sympathetic
failure, namely in the form of orthostatic hypotension [91]. This orthostatic hypotension can
lead to a number of downstream sequelae, including cerebral hypoperfusion and increased
risk for falls from resulting dizziness [91]. In fact, autonomic dysregulation is a predictor of
worse outcomes in MSA and faster disease progression [92]. One recent study is poised to
target this debilitating comorbidity of MSA [93]. This study describes the implantation of
an epidural thoracic cord stimulator in a 48-year-old woman with progressive sympathetic
dysfunction with resultant orthostatic hypotension. This stimulator is paired with an
accelerometer which detects when the patient stands up and controls the delivery of
stimulation to the thoracic cord. With the stimulator off, an 85 mmHg drop in systolic
blood pressure was observed within 3 min of tilting the patient upright. This is compared
to an 85 mmHg drop in systolic blood pressure occurring over 10 min after the stimulation
was turned on [93]. Though this study lacks the power of a large clinical trial, it represents
a promising treatment option for a very debilitating comorbidity of MSA.

In DLB, pathology stems in part from the deposition of extracellular synuclein, which
leads to dysfunctional synaptic transmission and plasticity [33]. Transcranial direct current
stimulation (tDCS) may play a role in modulating cortical excitability and is thought to
induce changes in synaptic plasticity [94]. One recent double-blind clinical trial tested the
efficacy of 10 days of tDCS sessions in improving the cognitive and psychiatric assessments
of 11 DLB patients versus sham tDCS. Though there were no adverse effects from the
treatment, no significant cognitive or psychiatric differences were found between the
groups [87].

5. Conclusions

In this review, we have described the epidemiology, clinical presentation, molecular
mechanisms, and standard of care for members of the synucleinopathy family of diseases:
PD, MSA, and DLB. We examined the role of DBS in PD, including its potential for sig-
nificant side effects, with special attention towards both how it is affected by and how
it influences synuclein aggregation. Neuroinflammation, oxidative stress, and plasticity
are central concepts in the pathogenesis of synucleinopathies. In PD, DBS may play a
neuroprotective role, but these mechanisms are still poorly understood and require further
investigation, as does the role of DBS in MSA and DLB. Furthermore, we examined the
mechanism of FUS in opening the BBB and enhancing drug delivery, inducing thermoabla-
tion, and delivering gene therapy vectors. In summary, FUS represents a novel treatment
paradigm and a promising area of future study. Finally, though they represent difficult
pathological entities to treat, we further covered some novel treatment strategies for MSA
and DLB.
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