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Abstract

The synuclein family, comprising α-, β-, and γ-synucleins, consists of highly conserved,
intrinsically disordered proteins sharing substantial structural homology and exhibiting
multifunctional roles in membrane interactions, vesicle trafficking, lipid homeostasis, and
cellular signalling. Synucleins are enriched at presynaptic terminals, where they regulate
synaptic vesicle dynamics and neurotransmission by contributing to vesicle clustering,
trafficking, and the availability of vesicles for release. Aberrant expression, misfolding,
and aggregation of synucleins are associated with several human diseases, particularly
neurodegenerative disorders and certain cancers, highlighting their biological and clinical
relevance. The primary aim of this review was to provide a focused overview of current
knowledge regarding the physiological presynaptic functions of synucleins. By concentrat-
ing on this relatively underexplored aspect of synuclein biology, we sought to highlight
their roles in synaptic transmission and presynaptic regulation, thereby complementing
the extensive literature devoted to their pathological significance. Here, the recent findings
on the contributions of α-, β-, and γ-synucleins to synaptic vesicle organization, trafficking
and neurotransmitter release were summarized, and their emerging roles in maintaining
presynaptic homeostasis were discussed. In addition, we consider how disruption of
these physiological functions may contribute to synaptic dysfunction and the development
of disease.

Keywords: synucleins; presynaptic regulation; synaptic vesicle cycle; dopamine;
neurodegeneration; synucleinopathies

1. Introduction
The synuclein family comprises three small, soluble neuronal proteins: α-synuclein,

β-synuclein, and γ-synuclein, encoded by the SNCA, SNCB, and SNCG genes, respectively.
Synucleins share significant sequence homology and are highly expressed in the nervous
system, and accumulating evidence suggests that they perform both overlapping and

Appl. Sci. 2026, 16, 7222 https://doi.org/10.3390/app16147222

https://crossmark.crossref.org/dialog?doi=10.3390/app16147222&domain=pdf&date_stamp=2026-07-19
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://orcid.org/0000-0002-1867-6813
https://orcid.org/0000-0001-5402-0697
https://orcid.org/0000-0001-5080-2544
https://doi.org/10.3390/app16147222


Appl. Sci. 2026, 16, 7222 2 of 19

distinct roles in neuronal physiology [1]. Structurally, synucleins are intrinsically disordered
proteins capable of adopting multiple conformations depending on post-translational
modifications, protein–protein interactions, and binding to lipid membranes.

A major focus of synuclein research has been α-synuclein due to its strong association
with neurodegenerative disease. Misfolded, aggregated, and fibrillated α-synuclein is the
principal component of large intracellular inclusions, the histopathological hallmark of
Parkinson’s disease, dementia with Lewy bodies, multiple system atrophy, and certain other,
less common neurological disorders [2]. These final products of α-synuclein aggregation,
along with highly toxic intermediate products of this process, are not merely by-products of
the pathological process but are actively involved in neuronal dysfunction through synaptic
impairment, mitochondrial stress, and propagation of toxic protein species [3,4]. Although
not as prominently as for α-synuclein, malfunctions of two other members of the family
have been linked with neurodegenerative diseases [5–7].

However, synucleins are not inherently pathological proteins. Under physiological
conditions, they contribute to maintaining synaptic efficiency [8,9], particularly in dopamin-
ergic neurons where they regulate vesicle cycling, neurotransmitter release probability, and
dopamine homeostasis [10,11].

Among synucleins, α-synuclein is the best-characterized presynaptic protein and the
family member most closely associated with synaptic vesicle biology. Under physiolog-
ical conditions, α-synuclein exists in a dynamic equilibrium between membrane-bound
α-helical multimers and largely unstructured cytosolic monomers [12]. In its membrane-
associated state, α-synuclein interacts with synaptic vesicles and contributes to the reg-
ulation of presynaptic function [12]. Despite substantial progress in the field, its precise
molecular role remains incompletely understood, and both facilitatory and inhibitory
effects on neurotransmitter release have been reported depending on the experimental
context. Conversely, SNCA mutations, gene multiplications, altered post-translational mod-
ifications, and abnormal protein accumulation have been associated with impaired vesicle
trafficking, disrupted membrane homeostasis, and progressive synaptic dysfunction [13].
Increasing evidence suggests that abnormalities of synaptic vesicle dynamics represent
early pathogenic events that precede overt dopaminergic neuronal loss in Parkinson’s
disease [14]. Importantly, these mechanisms are relevant not only to Parkinson’s disease
but also to other synucleinopathies, including dementia with Lewy bodies and multiple
system atrophy. For this reason, α-synuclein is being explored not only as a mechanistic
driver of disease but also as a biomarker and therapeutic target [15]. These mechanistic
findings were supported by clinical studies in patient cohorts: studies of cerebrospinal
fluid (CSF) have demonstrated increased levels of α-synuclein protofibrils and seeding-
competent α-synuclein oligomers in patients with Parkinson’s disease [16]. Although the
diagnostic discrimination remains limited because of overlap with control populations, CSF
α-synuclein oligomer levels have been associated with disease severity, suggesting potential
prognostic value in addition to their role as biomarkers of synuclein pathology [17].

Despite extensive research into the pathological significance of synucleins, their physio-
logical functions in synaptic vesicle dynamics and neurotransmission remain comparatively
less integrated across the literature [14]. Therefore, the aim of this review is to summarize
current knowledge regarding the roles of α-, β-, and γ-synucleins in the synaptic vesicle
cycle and neurotransmission, with particular emphasis on their physiological functions at
the presynaptic terminal. We further discuss the extent to which synuclein family members
exhibit overlapping or distinct activities and consider how disruption of these physiological
functions may contribute to the development of synucleinopathies.
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2. Synuclein-Mediated Organization of Synaptic Vesicle Pools
α-Synuclein exhibits a strong affinity for highly curved lipid membranes, such as

those found in synaptic vesicles. Early biochemical and biophysical studies established
that α-synuclein binds selectively to acidic phospholipids and adopts an α-helical confor-
mation upon membrane association [18–20]. This interaction is mediated by its N-terminal
amphipathic region and is sensitive to membrane curvature and lipid composition. It
has also been demonstrated that α-synuclein can modulate bilayer structure and stability,
reinforcing its role as a membrane-modifying protein [21,22].

Upon membrane binding, α-synuclein undergoes a disorder-to-helix transition that
facilitates association with highly curved membranes enriched in negatively charged phos-
pholipids. Electrostatic interactions between the positively charged N-terminal region and
anionic phospholipids, together with hydrophobic insertion into the lipid bilayer, stabilize
membrane binding [23]. This preference for highly curved membranes is particularly
relevant to synaptic vesicles, whose lipid composition and geometry provide an ideal envi-
ronment for α-synuclein recruitment. Importantly, membrane-bound α-synuclein exhibits
cooperative binding behaviour and can self-assemble into supramolecular structures on
vesicle surfaces, suggesting that its physiological role extends beyond simple membrane
association toward the organization of vesicle pools within presynaptic terminals [23].

More recent structural and cellular studies have confirmed that this curvature sensitiv-
ity enables α-synuclein to selectively associate with small vesicles and regulate their spatial
organization within presynaptic terminals [24,25]. Functionally, α-synuclein promotes
vesicle clustering, which may facilitate efficient neurotransmitter release by maintaining
vesicles near active zones. Moreover, interaction with synaptic vesicles can affect the
condensation state of α-synuclein, potentially promoting irreversible aggregation under
pathological conditions [26]. Two other members of the synuclein family are also able to
bind synaptic vesicles and modulate α-synuclein binding [27,28].

Synucleins play an important role in maintaining the balance between different vesicle
pools, particularly the reserve pool and the readily releasable pool (Figure 1). Early genetic,
biochemical, and physiological studies have shown that deletion of α-synuclein leads
to impairments in dopaminergic neurotransmission and presynaptic function [29–31].
Complementary work demonstrated that α-synuclein regulates the size of synaptic vesicle
pools and enhances neurotransmitter release under certain conditions [32,33].

More recent experimental studies using genetic models have further demonstrated
that the loss of α-synuclein or all three synucleins affects vesicle pool organization and
dynamics. The absence of synucleins led to increased tethering of synaptic vesicles to the
active zone, together with a reduction in short connector-mediated interlinking between
vesicles. These ultrastructural alterations were accompanied by specific changes in pro-
tein phosphorylation in α/β/γ-triple synuclein knockout neurons [34,35]. Conversely,
increased expression of α-synuclein can enhance vesicle mobilization but may also disrupt
normal synaptic homeostasis [36–38]. Together, these findings indicate that α-synuclein
acts as a fine-tuning regulator of presynaptic terminal architecture and vesicle availability,
ensuring appropriate neurotransmitter release under varying physiological conditions.
Although synucleins contribute to the organization and maintenance of synaptic vesicle
pools, efficient neurotransmission depends on the precise coordination of subsequent stages
of the synaptic vesicle cycle.
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Figure 1. Synucleins in neurotransmission. α-, β-, and γ-synucleins are involved in the regulation
of all key points of the synaptic vesicle cycle by promoting synaptic vesicle clustering, facilitating
SNARE complex assembly during docking and priming, and supporting endocytosis and vesicle
recycling. Altogether, synucleins contribute to efficient neurotransmitter release and the maintenance
of presynaptic homeostasis. Created in Biorender. Lysikova, E. (2026) https://BioRender.com.
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3. Synucleins in Vesicle Docking and Priming
Evidence from several experimental models indicates that α-synuclein participates

not only in vesicle clustering but also in processes associated with vesicle docking, priming,
fusion, and recycling, thereby contributing to the maintenance of synaptic efficiency [39,40].

The functional versatility of α-synuclein is closely linked to its intrinsically disordered
structure. Comparative analyses of α-, β-, and γ-synucleins demonstrate that all family
members exhibit extensive intrinsic disorder, which is an evolutionarily conserved feature
that enables dynamic interactions with numerous protein and lipid partners [41]. Notably,
the α-synuclein interactome is enriched in proteins involved in neurotransmission and
the SV cycle, suggesting that structural flexibility is essential for its role as a presynaptic
organizer [41].

Physiological concentrations of α-synuclein have been shown to support efficient
synaptic transmission, whereas elevated α-synuclein levels impair synaptic vesicle cycling
and reduce neurotransmitter release efficiency [42].

A substantial body of evidence now supports a role for α-synuclein in the regulation
of exocytosis through the modulation of SNARE-complex assembly. α-Synuclein interacts
with synaptobrevin-2/VAMP2 and facilitates the formation of functional SNARE com-
plexes required for vesicle docking and fusion. This chaperone-like activity is believed to
contribute to the efficiency and fidelity of neurotransmitter release. Recent proteomic and
genetic studies have suggested a close relationship between α-synuclein and the presy-
naptic release machinery. In vivo proximity proteomics combined with CRISPR screening
identified STXBP1 (Munc18-1), a key regulator of SNARE assembly, as a potential mod-
ifier of α-synuclein toxicity in dopaminergic neurons [43]. These preliminary findings
further suggest that reduced STXBP1 expression may enhance neuronal vulnerability to
α-synuclein, indicating that disturbances in SNARE-dependent vesicle fusion contribute to
synaptic dysfunction to neurodegeneration [43] (Figure 2).

Recent work has identified endocytic dysfunction as a central feature of several synu-
cleinopathy models. Vidyadhara et al. demonstrated that GBA mutations, the strongest ge-
netic risk factor for PD and DLB, induce transcriptional downregulation of genes involved
in SV endocytosis and synapse assembly [44]. Importantly, these endocytic abnormalities
were associated with cognitive impairment and occurred even in the absence of extensive
α-synuclein pathology, suggesting that disruption of vesicle recycling can represent an
independent driver of synaptic dysfunction [44].

Similarly, comprehensive analyses of presynaptic pathology in neurodegenerative
disorders increasingly place endocytic failure among the earliest detectable abnormalities.
Reviews focusing on SV trafficking emphasize that perturbations in vesicle retrieval, recy-
cling, and reserve-pool maintenance occur before overt neurodegeneration in both PD and
Alzheimer’s disease [40]. These findings support a model in which synaptic dysfunction
emerges from cumulative defects across the entire vesicle cycle rather than from isolated
disturbances in exocytosis alone.

The physiological activities of α-synuclein are strongly influenced by post-translational
modifications. Among these, phosphorylation at serine 129 (pS129) is particularly important
because it represents the dominant pathological species found in Lewy bodies and Lewy
neurites (Figure 2).

Recent structural analyses have shown that pS129 stabilizes a more compact α-
synuclein conformation, potentially altering both protein–protein and protein-membrane
interactions [45]. Functional studies indicate that pS129 exhibits increased membrane
affinity, enhanced oligomerization, and greater vesicle clustering capacity compared with
wild-type protein [46]. However, these apparent gains of function ultimately result in
impaired synaptic physiology. Excess pS129 causes activity-dependent defects in vesicle
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trafficking, including vesicle declustering, and the abnormal redistribution of recently
endocytosed vesicles away from synaptic release sites [46]. Thus, phosphorylation appears
to convert α-synuclein from a physiological organizer of vesicle pools into a pathological
disruptor of SV dynamics.

Figure 2. Schematic representation of physiological and pathological roles of α-synuclein in the
synaptic vesicle cycle. (A) Under physiological conditions, α-synuclein (α-syn) associates with
highly curved synaptic vesicle (SV) membranes through electrostatic and hydrophobic interactions
(1A). Following vesicle fusion, α-syn has been proposed to participate in endocytic membrane
retrieval and vesicle recycling (2A), allowing recycled vesicles to return to the reserve pool and
thus possibly maintain synaptic homeostasis (3A). At the reserve pool, α-syn promotes vesicle
clustering and organization (4A). During docking and priming, α-syn has been proposed to facilitate
SNARE complex assembly through interactions with VAMP2 (synaptobrevin-2) and associated
proteins such as STXBP1/Munc18-1 (5A). α-syn also modulates calcium-dependent neurotransmitter
release and contributes to efficient exocytosis (6A). (B) Under pathological conditions, elevated α-syn
expression promotes misfolding and oligomerization (1B). Pathological phosphorylation at serine 129
(pS129) enhances α-syn aggregation and toxicity (2B). Excess pS129 α-syn oligomers induce abnormal
vesicle microclustering and activity-dependent declustering of synaptic vesicles (3B). Disruption of
docking/priming and exocytosis reduces Ca2+ entry and neurotransmitter release (4B), and impaired
endocytosis leads to vesicle loss and synaptic failure (5B). α-syn, α-synuclein; SV, synaptic vesicle;
SNARE, soluble NSF attachment receptor proteins; VAMP2, vesicle-associated membrane protein 2;
STXBP1, syntaxin-binding protein 1; Ca2+, calcium ion; p- Ser129, phosphorylation at serine 129.
Created in Biorender. Lysikova, E. (2026) https://BioRender.com.

Recent studies further suggest that α-synuclein functions at the intersection of lipid
biology and metal homeostasis. Copper ions interact with both phosphatidylserine-
containing membranes and α-synuclein, influencing membrane binding and vesicle
association [47]. Synaptic vesicles may therefore participate in copper buffering and trans-
port, while copper itself may regulate α-synuclein-mediated vesicle docking and fusion [47].

Under pathological conditions, oligomeric α-synuclein can directly damage mem-
branes. Single-vesicle tracking experiments revealed that α-synuclein oligomers form
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dynamic membrane pores through a multistep process involving membrane recruitment,
partial insertion, and pore maturation [48]. Such pore-forming activity could disrupt vesi-
cle integrity, alter ion homeostasis, and exacerbate synaptic dysfunction independent of
fibrillar aggregation.

Increasing evidence supports the view that presynaptic dysfunction represents one of
the earliest pathogenic events in PD. Dopaminergic neurons appear particularly vulnerable
because of their extensive axonal arborization, high energetic demands, and dependence
on tightly regulated vesicle cycling [39]. Defects in dopamine release, vesicle recycling,
and presynaptic trafficking emerge during prodromal stages of disease, often years before
measurable neuronal loss [39].

Human-induced pluripotent stem cell-derived cortical neurons carrying SNCA trip-
lications exhibit impaired SV cycling even in the absence of overt neurodegeneration,
directly linking elevated α-synuclein expression to presynaptic dysfunction [42]. Likewise,
proteomic analyses across multiple PD models reveal convergent alterations in synap-
tic proteins and vesicle trafficking pathways preceding neuronal death [43]. Together,
these findings support a paradigm in which disruption of α-synuclein-mediated regu-
lation of the SV cycle initiates a cascade of synaptic failure that ultimately culminates
in neurodegeneration.

Importantly, many of the synaptic abnormalities associated with α-synuclein occur
long before neuronal death, emphasizing the presynaptic terminal as a critical site of disease
initiation. Future studies should focus on defining the molecular determinants that govern
the transition from physiological to pathological α-synuclein states and identifying thera-
peutic strategies capable of restoring normal vesicle dynamics without disrupting essential
synaptic functions. Such approaches may offer opportunities for disease modification
during the earliest stages of Parkinson’s disease and related synucleinopathies.

Because these processes ultimately determine the efficiency and plasticity of synaptic
transmission, alterations in α-synuclein function have profound consequences for neuro-
transmitter release and neuronal communication.

4. Involvement of Synucleins in Neurotransmitter Release and
Vesicle Recycling

Following vesicle docking and priming, calcium-dependent membrane fusion, endo-
cytosis, and synaptic vesicle recycling ensure sustained neurotransmission. Members of the
synuclein family—α-, β-, and γ-synuclein—are highly enriched at presynaptic terminals
and have emerged as important modulators of these processes. Although α-synuclein
is best known for its pathological aggregation in Parkinson’s disease (PD) and other
synucleinopathies, growing evidence indicates that synucleins are integral components
of the presynaptic machinery that regulate neurotransmitter release under physiological
conditions [12,49–51]. Accumulating evidence indicates that the functional consequences
of synuclein activity differ substantially between neuronal populations. In particular,
dopaminergic neurons appear to rely more heavily on synuclein-dependent regulation
than many glutamatergic synapses. Conversely, alterations in synuclein expression, aggre-
gation, or post-translational modification can profoundly disrupt neurotransmission and
contribute to early synaptic dysfunction preceding neuronal degeneration [14,50,52].

The importance of α-synuclein in neurotransmission is further highlighted by studies
demonstrating that loss of α-synuclein function leads to measurable defects in synaptic
vesicle biology. Systematic vesicle-omics analyses in α-synuclein knockout mice have
revealed significant alterations in vesicle composition, ultrastructure, and lipid organization,
indicating that α-synuclein is required for maintaining normal presynaptic function and
neurotransmitter release efficiency [53]. Structural studies suggest that interactions between
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the N-terminal and C-terminal regions of the protein generate electrostatic properties that
facilitate membrane association and vesicle binding [54].

Experimental evidence supports a chaperone-like role of α-synuclein in stabilizing
protein interactions necessary for efficient exocytosis [12,55]. This interaction enhances
vesicle docking and fusion competence at presynaptic membranes, and this process is
dependent on membrane lipid composition [56,57]. Structural and functional studies fur-
ther suggest that α-synuclein promotes clustering of SNARE proteins, thereby optimizing
neurotransmitter release without directly initiating membrane fusion [36,55,58].

Synucleins influence synaptic vesicle release probability by modulating fusion pore
dynamics and vesicle availability. Increased α-synuclein expression accelerates the kinet-
ics of individual exocytotic events, enhancing cargo release and decreasing fusion pore
closure associated with “kiss-and-run” events, while also altering short-term synaptic
plasticity [36]. These findings indicate that synuclein regulates exocytotic fusion pore di-
lation in a dose-dependent manner. Conversely, loss of synucleins leads to subtle but
measurable impairments in synaptic transmission, indicating a regulatory rather than
essential role [59,60]. Importantly, effects of synuclein are activity-dependent. During
sustained or high-frequency stimulation, α-synuclein was shown to help maintain synaptic
performance by regulating vesicle turnover and preventing depletion, but low-frequency
stimulation leads to release depression [61]. These findings support the concept that
synucleins stabilize neurotransmission under physiologically demanding conditions.

The functional role of synucleins varies across neuronal subtypes. The strongest
evidence comes from dopaminergic neurons, where α-synuclein regulates dopamine vesicle
trafficking, release dynamics, and synaptic plasticity [38]. Choi et al. demonstrated that
α-synuclein expression is required for normal somatodendritic dopamine release within
the substantia nigra, and that this effect is mediated through the modulation of L-type
calcium channels (LTCCs) [62]. Loss of α-synuclein resulted in impaired dopamine release,
reduced spike-frequency adaptation, diminished activity-dependent gene induction, and
deficits in synaptic plasticity [62]. These findings indicate that α-synuclein contributes not
only to vesicle exocytosis but also to broader activity-dependent signalling mechanisms
that influence neuronal adaptation and circuit function [62]. Dysregulation of α-synuclein
in these systems is closely associated with impaired dopamine handling and increased
synaptic vulnerability. However, while complete absence of all three members of synuclein
family substantially reduced SNARE complex assembly in total brain samples, no such
effect was observed in samples from the striatum of triple synuclein knockout mice [55,60].
Moreover, the structural organization of striatal dopaminergic synapses of these mice
was not different from those of wildtype mice [60], whereas significant differences were
observed for CA3 hippocampal synapses [63]. These suggest different requirements for
functional synucleins for different types of synapses.

The influence of α-synuclein on dopamine neurotransmission extends beyond exocy-
totic mechanisms. Studies using α-synuclein transgenic models demonstrate significant
alterations in regional neurotransmitter metabolism and dopamine homeostasis, particu-
larly within basal ganglia circuits [64]. Furthermore, therapeutic interventions that reduce
α-synuclein accumulation restore dopamine levels and improve motor performance, sup-
porting a close relationship between α-synuclein homeostasis and dopaminergic neuro-
transmission [64,65].

Calcium influx is the principal trigger of neurotransmitter release, and increasing evi-
dence indicates that α-synuclein directly influences calcium-dependent exocytosis. While
physiological α-synuclein contributes to normal coupling between calcium entry and
vesicle fusion, pathological forms of the protein can profoundly alter this relationship.
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Tomagra et al. demonstrated that extracellular α-synuclein oligomers selectively en-
hance Cav2.2 (N-type) calcium currents in substantia nigra dopaminergic neurons [66].
Increased calcium influx was associated with enhanced depolarization-evoked dopamine re-
lease and a higher frequency of quantal exocytotic events [66]. Despite promoting dopamine
release, α-synuclein oligomers simultaneously reduced spontaneous neuronal firing, result-
ing in extracellular dopamine accumulation and intracellular calcium overload [66]. These
findings illustrate how pathological α-synuclein species can initially produce apparent
gains in neurotransmitter release, while simultaneously initiating mechanisms that promote
neuronal vulnerability and degeneration [66].

Following calcium-dependent exocytosis, efficient neurotransmission requires rapid
endocytosis and recycling of synaptic vesicles. The ability of α-synuclein to remodel lipid
membranes, as demonstrated in earlier membrane interaction studies, supports a role in
endocytosis and vesicle reformation following neurotransmitter release [19,21,22]. Recent
evidence indicates that α-synuclein interacts with components of the endocytic machinery,
facilitating efficient vesicle retrieval and maintaining synaptic fidelity [34]. A combination
of optical imaging, electron microscopy, and slice electrophysiology demonstrated that
synucleins play an important role in maintaining the fast kinetics of synaptic vesicle endo-
cytosis. Significantly slowed endocytosis observed in neurons from synuclein-knockout
mice could be rescued by the individual expression of α-, β-, or γ-synuclein, suggesting
that all three members of the family are involved in the modulation of early stages of
the endocytic branch of the synaptic vesicle recycling process [34,35]. Disruption of synu-
clein function can impair vesicle recycling, leading to synaptic dysfunction and reduced
neurotransmission efficiency [67]. Beyond the proposed role in maintaining the spatial
organization of synaptic vesicle pools, synucleins also influence subsequent stages of the
synaptic vesicle cycle, including vesicle docking, priming, fusion, and membrane retrieval.

Evidence from non-neuronal secretory systems further supports a role for α-synuclein
in regulating late stages of membrane fusion. In human sperm, α-synuclein enhances fusion-
pore expansion during the acrosome reaction, indicating that modulation of membrane
fusion dynamics may represent a conserved property of the protein [68].

Although most studies have focused on α-synuclein, β- and γ-synucleins also con-
tribute to presynaptic function [51]. Functional analyses of knockout mice suggest that
individual family members possess both overlapping and nonredundant roles in neural
circuits [51]. In particular, γ-synuclein deficiency produces motor and behavioural abnor-
malities not observed following deletion of α- or β-synuclein alone, indicating specialized
physiological functions [51]. These findings support the notion that neurotransmitter
release is regulated by coordinated actions of all synuclein family members rather than
α-synuclein alone [51].

The physiological role of α-synuclein contrasts sharply with the effects of its patholog-
ical forms. Misfolded, oligomeric, and aggregated α-synuclein species disrupt multiple
stages of neurotransmission [14,50]. A growing body of evidence indicates that synaptic
dysfunction emerges early in PD and related synucleinopathies, often preceding overt
neuronal loss [14]. Ultrastructural, proteomic, and lipidomic analyses have revealed abnor-
malities in vesicle acidification, membrane lipid composition, and release-site architecture,
collectively resulting in diminished presynaptic efficiency [14,53]. These observations sup-
port the concept that α-synuclein-mediated synaptic dysfunction represents an initiating
event in PD pathogenesis rather than a secondary consequence of neurodegeneration [14].

Pathological accumulation of α-synuclein also interferes with physiological recycling
mechanisms. Using a preformed fibril propagation model, Dimitrov et al. demonstrated
that presynaptic accumulation of endogenous α-synuclein significantly prolongs vesi-
cle endocytosis [52]. Mechanistically, α-synuclein accumulation promotes microtubule

https://doi.org/10.3390/app16147222

https://doi.org/10.3390/app16147222


Appl. Sci. 2026, 16, 7222 10 of 19

overassembly, leading to sequestration of dynamin, a key mediator of synaptic vesicle
retrieval [52]. Impaired endocytosis compromises vesicle recycling and ultimately reduces
the capacity of synapses to sustain neurotransmitter release during repetitive activity [52].

Furthermore, α-synuclein aggregates display cell-type-specific patterns of accumula-
tion that may influence neurotransmitter systems differently. Kameda et al. demonstrated
that neuronal vulnerability to α-synuclein aggregation varies according to the neurotrans-
mitter phenotype, suggesting that neurotransmitter identity itself may influence synuclein
pathology and propagation [69].

As discussed above, post-translational modifications strongly influence α-synuclein
function, with phosphorylation at serine 129 (pS129) being particularly important because it
represents the dominant pathological modification observed in Lewy pathology [49,50]. Be-
yond its effects on vesicle dynamics, α-synuclein hyperphosphorylation compromises neu-
rotransmission by reducing the expression of proteins essential for synaptic function [70].
In enteric neurons, increased pS129 α-synuclein levels were associated with reduced ex-
pression of Synapsin-1, Synaptotagmin-1, VAMP2, and Syntaxin-1, leading to impaired
neurotransmitter release [70]. Inhibition of α-synuclein hyperphosphorylation restored
expression of these proteins and improved neuronal function [70]. Similarly, therapeutic
approaches that reduce α-synuclein phosphorylation decrease pathological aggregation
and improve dopamine neurotransmission in experimental PD models [65].

Accumulating evidence supports the concept that neurotransmitter release dysfunc-
tion is among the earliest manifestations of synucleinopathies. Synaptic abnormalities
associated with α-synuclein arise before substantial neuronal loss and are increasingly
recognized as primary contributors to disease progression [14,53]. Altered vesicle traffick-
ing, disrupted calcium signaling, defective endocytosis, impaired dopamine release, and
abnormal SNARE function collectively compromise synaptic communication and neuronal
network activity [14,52,62,66].

Importantly, these alterations occur along a continuum. Physiological α-synuclein
promotes neurotransmitter release through the regulation of vesicle dynamics and calcium-
dependent exocytosis [14,49,62], whereas excessive accumulation, oligomerization, or
pathological phosphorylation progressively convert α-synuclein into a mediator of synaptic
failure [50,66,70]. This transition from physiological regulator to pathogenic disruptor of
neurotransmission provides a mechanistic framework linking normal synaptic biology to
the development of neurodegenerative disease.

Thus, synucleins, particularly α-synuclein, play essential roles in neurotransmitter
release [14,49,50]. Their functions are especially important in dopaminergic neurons, where
α-synuclein modulates dopamine release and activity-dependent neuronal plasticity [62,66].
However, pathological alterations in α-synuclein structure, abundance, or aggregation
state, or post-translational modification, disrupt these physiological processes, leading to
defective neurotransmission and early synaptic dysfunction [14,50,52,70]. The growing
recognition that abnormalities in neurotransmitter release precede neurodegeneration has
shifted attention toward the presynaptic terminal as a critical site of disease initiation
and a promising target for therapeutic intervention in Parkinson’s disease and related
synucleinopathies [14,53].

Current evidence discussed throughout this section demonstrates that α-synuclein
exerts both physiological and pathological effects throughout the synaptic vesicle cycle, as
summarized in Table 1.
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Table 1. Roles of α-synuclein at different stages of the synaptic vesicle cycle.

Stage of the Synaptic Vesicle Cycle Physiological Role of α-Synuclein Pathological Alterations

Vesicle clustering

Organizes synaptic vesicle pools and
maintains the reserve vesicle pool
through membrane binding and
vesicle cross-linking [23,32].

Excess α-synuclein or
Ser129-phosphorylated (pS129)
α-synuclein induces abnormal vesicle
microclustering, followed by vesicle
declustering and dispersion [45,46].

Docking and priming

Facilitates SNARE complex assembly
through interactions with VAMP2
and other presynaptic trafficking
proteins [12,43,55].

Impaired SNARE regulation reduces
neurotransmitter release and
increases neuronal
vulnerability [12,43,55].

Calcium-dependent exocytosis
Modulates dopamine release and
regulates calcium-dependent
signalling pathways [62,66].

Dysregulated calcium channel
activity impairs neurotransmission in
α-synuclein-deficient and
α-synuclein-overexpressing
neurons [62,66].

Synaptic vesicle fusion
Supports efficient neurotransmitter
release during sustained synaptic
activity [66].

Aggregated α-synuclein interferes
with membrane fusion and decreases
neurotransmitter release
efficiency [14,50,52].

Endocytosis
Contributes to membrane retrieval
and maintenance of synaptic vesicle
recycling pathways [13,19–22].

Defects in endocytic pathways and
vesicle retrieval are observed in
Parkinson’s disease (PD) and
GBA-associated models [14,44].

Vesicle recycling
Maintains the availability of
releasable vesicles and preserves
synaptic homeostasis [10,12,32].

Reduced vesicle cycling, impaired
recycling, and depletion of functional
synaptic vesicle pools [10,32,42].

Membrane remodelling
Senses membrane curvature and
regulates synaptic vesicle membrane
dynamics [23].

Oligomeric α-synuclein forms
membrane pores, disrupts membrane
integrity, and promotes synaptic
toxicity [48].

Abbreviations: SNARE, soluble N-ethylmaleimide-sensitive factor attachment protein receptor; VAMP2, vesicle-
associated membrane protein 2; pS129, Ser129-phosphorylated α-synuclein; PD, Parkinson’s disease; GBA,
glucocerebrosidase gene.

5. Common and Different Effects of Synuclein Family Members on
Synaptic Vesicles

Synuclein family members exhibit both overlapping and distinct roles in neuronal
function, reflecting a balance between redundancy and specialization (Table 2). A possi-
bility of functional redundancy within the family was first proposed because of the high
degree of amino acid sequence similarity, highly overlapping expression patterns, and
predominant localization in neuronal presynaptic terminals, particularly for α-synuclein
and β-synuclein. Early genetic studies supported this idea. Single synuclein mouse knock-
out models display subtle phenotypes, suggesting that remaining family members can at
least partially compensate for the absent synuclein [29,30,63,71,72]. In double synuclein
knockout mice, biochemical, morphological and physiological changes were slightly more
pronounced [59,73,74]; however, in these models, increased expression of the remaining
member of the family (i.e., γ-synuclein in α/β-double knockout and β-synuclein in α/γ-
double knockout, as well as in α-single knockout) was observed [73–75], again suggesting
functional compensation.

Not surprisingly, complete depletion of all three synucleins causes more profound
effects on the biochemistry, morphology, and physiology of the knockout animal nervous
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system than depletion of one or two family members [60,63,76,77]. But changes, particularly
the decline of synaptic function, develop mainly in ageing triple synuclein knockout
mice [55,63,78], suggesting that one of synucleins’ normal functions is to counterbalance
age-related deterioration of neuronal synapse physiology.

Each synuclein has a defined effect on the dopaminergic nigrostriatal system in ageing
animals, as was revealed in a simultaneous study of mouse lines with all possible combi-
nations of synuclein knockouts [59]. In the maintenance of the normal striatal content of
dopamine, the main role belongs to α-synuclein, followed by β-synuclein, with no signifi-
cant role for γ-synuclein. At the same time, β-synuclein, but not the two other synucleins,
appeared to play a role in compensating for the age-related and nigrostriatal dopaminergic
system-independent decline of animal balance and coordination in motor behavioural
tests [78]. In a separate study, it was demonstrated that synucleins compete for binding
sites on the surface of synaptic vesicles, and β-synuclein enhances the vesicular uptake
of dopamine and structurally similar molecules, e.g., MPP+, by forming multiprotein
complexes that enhance the efficiency of the VMAT2 monoamine transporter [28].

Table 2. Comparative roles of α-, β-, and γ-Synucleins on synaptic vesicle functions.

Effect on Synaptic
Vesicles

α-Synuclein
(SNCA) β-Synuclein (SNCB) γ-Synuclein

(SNCG) Common Features

Association with
synaptic vesicle
membranes

Strong binding to
highly curved
phospholipid
membranes [27].

Binds membranes
with lower
affinity [27].

Binds membranes
less selectively and
with lower
affinity [27].

All three are
lipid-binding
proteins enriched at
presynaptic
terminals [27].

Localization at
presynaptic
terminals

Highly abundant
and concentrated at
synapses [28,34].

Present at synapses;
overlaps with
α-synuclein [28,34].

Present in selected
neuronal
populations and
peripheral
neurons [27,34].

All contribute to
presynaptic regions
[27,28,34].

Involvement in
SNARE complex
assembly

Promotes SNARE
complex formation
via interaction with
VAMP2 [24,55,57].

Can support SNARE
assembly, but less
effectively [28].

Limited evidence for
direct SNARE
regulation [27].

α-Synuclein and
β-synuclein
contribute to
neurotransmitter
release machinery
[24,27,28,55,57].

Synaptic vesicle
clustering/reserve
pool maintenance

Promotes vesicle
clustering and
maintains the reserve
pool [37,58].

May partially
compensate for
α-synuclein
deficiency [28,30,63].

No published data
available.

α-Synuclein and
β-synuclein
participate in vesicle
organization
[28,30,37,58,63].

Regulation of
neurotransmitter
release

Modulates release
probability and
vesicle recycling
[35,37].

Mild in-
hibitory/modulatory
effects [27,28,30].

Effects are cell
type-dependent and
poorly defined
[60,63,67].

All influence
synaptic
transmission to
varying degrees
[30,60,63,67].

Effect on vesicle
mobility

Restricts excessive
vesicle mobility and
promotes vesicle
pool integrity
[32,58,71].

Similar but weaker
effect [27,28,63].

No published data
available.

α-Synuclein and
β-synuclein
dynamically interact
with vesicle
membranes
[27,28,32,58,63].
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Table 2. Cont.

Effect on Synaptic
Vesicles

α-Synuclein
(SNCA) β-Synuclein (SNCB) γ-Synuclein

(SNCG) Common Features

Role in endocytosis
and recycling

Involved in synaptic
vesicle endocytosis
and recycling
pathways [35–37].

Possible supportive
role [27,28,30,34].

Limited
evidence [34,35].

α-Synuclein and
β-synuclein
participate in vesicle
trafficking processes
[27,28,34–37].

Compensatory
function in knockout
models

Loss is partially
compensated by β-
and γ-synucleins
[28,30,60,63].

Can compensate for
α-synuclein
deficiency
[28,30,60,63,78].

May contribute to
compensation with
α- and β-synucleins
[59,60,63,78].

Functional
redundancy exists
among synuclein
family members
[29,59,60,63,78].

Aggregation
propensity

High forms
oligomers and fibrils
associated with
Parkinson’s disease
[2,4,79].

Generally inhibits
α-synuclein
aggregation [6,13,80].

Intermediate; less
prone to aggregate
than α-synuclein
[41,50].

All are intrinsically
disordered proteins
[2,4,6,13,41,50,79,80].

Pathological effects
on synaptic vesicles

Aggregates disrupt
vesicle docking,
recycling, and
neurotransmission
[37,42,46,52].

Generally
neuroprotective;
antagonizes
α-synuclein
aggregation [6,28,80].

Possible contribution
to
neurodegeneration;
less established
[41,50,51].

Dysregulation of
synucleins can
impair synaptic
function
[37,41,42,50–52,80].

Despite significant progress, key mechanistic questions remain unresolved, including
the precise molecular interactions of synucleins, particularly on the surface of synaptic
vesicles, and how their functions are coordinated within the presynaptic terminal. Im-
proving our understanding in this area is essential, as it will not only clarify fundamental
aspects of synaptic biology but also provide critical insights into how synaptic dysfunction
contributes to the onset and progression of synucleinopathies.

6. Discussion
In this review, we selected the most well-documented experimental evidence demon-

strating that synucleins function primarily as modulators rather than indispensable struc-
tural components of the presynaptic machinery. Their contribution becomes increasingly
important during sustained neuronal activity, ageing and physiological stress, conditions
under which subtle alterations in presynaptic organization may accumulate over time.

Although α-synuclein remains the most extensively studied family member because of
its strong association with synucleinopathies, we also highlight the important contributions
of β- and γ-synuclein to synaptic homeostasis [27,34,35]. Collectively, the data summarized
in Table 2 indicate that all three members of the synuclein family share several funda-
mental properties such as membrane binding, presynaptic localisation, the regulation of
synaptic vesicle dynamics, participation in neurotransmitter release, and partial functional
redundancy. However, they differ substantially in the extent of their contribution to these
processes. α-synuclein emerges as a dominant regulator of vesicle clustering and SNARE
assembly and is strongly linked to synaptic pathology, while β-synuclein exerts weaker
but partly compensatory and anti-aggregation effects. In contrast, γ-synuclein has less
well-defined roles, with more restricted expression and weaker evidence for direct synaptic
vesicle regulation.

Heteromerization of β- or γ-synuclein with α-synuclein reduces α-synuclein’s synap-
tic vesicle binding in a concentration-dependent manner, which supports the idea that
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the family cooperates by tuning α-synuclein’s presynaptic engagement rather than sim-
ply duplicating it [27]. Together with the overlap in their locations, membrane binding
properties and effects on vesicle dynamics, these findings support the concept of partial
functional redundancy within the family [29,63,71,72]. An earlier study on knockout mouse
models also demonstrated that deletion of synucleins did not impair basic brain function
or survival, indicating the presence of substantial compensatory capacity. Nevertheless, the
reduction in striatal dopamine levels observed in α/β-double knockout mice compared
to single knockouts highlights the physiological importance of cooperation among family
members [30]. It was also reported that β-synuclein improves dopamine uptake in triple
α/β/γ-synuclein-deficient synaptic vesicles [28].

At the same time, the distinct phenotypes observed in different combinations of
knockout variants indicate that individual synucleins also possess specialized functions
that cannot be fully compensated for by the remaining family members [78].

Provided data suggest that synucleins act as modulators rather than indispensable
structural components of neurotransmission machinery [10,11]. We strongly support this
emerging concept. The effects of synucleins might often be subtle under basal conditions
but become increasingly important with prolonged neuronal activity, ageing or physi-
ological stress. This concept explains why synuclein-deficient mice frequently display
relatively mild phenotypes early in their life and then develop more pronounced synaptic
and behavioural lesions with ageing or when another factor is applied as a trigger [78].
All these factors support the hypothesis that synucleins provide long-term stabilization
of presynaptic function and protect synapses against activity-dependent or age-related
decline [63].

The important relationship between the physiological and pathological functions of
synucleins represents another important aspect in synaptic dynamics. Many molecular
properties that are essential for normal synaptic activity, such as membrane binding [18–22],
vesicle clustering [24,25], oligomerisation [4], and interactions with SNARE proteins [55],
are also closely linked to abnormal aggregation. Therefore, neurodegeneration may arise
not only from entirely novel toxic mechanisms but also because of dysregulation or exag-
geration of normal physiological processes. Changes in protein concentration, impaired
clearance, post-translational modifications, or compromised membrane lipid composition
could shift synucleins from functional regulators toward aggregation-prone and toxic
species [79,80].

The available evidence also highlights substantial synapse- and neuron-specific dif-
ferences in synuclein function. Dopaminergic neurons appear particularly sensitive to
α-synuclein dysfunction, consistent with the selective vulnerability observed in Parkin-
son’s disease. However, studies of hippocampal and cortical synapses indicate that the
requirements for synuclein-dependent regulation vary considerably across neuronal popu-
lations [60,63]. Understanding the basis of this selective vulnerability remains one of the
major unresolved questions in the field.

Despite considerable progress, several mechanistic issues remain incompletely under-
stood. The precise structural organization of synucleins on synaptic vesicle membranes,
the dynamics of their interactions with endocytic and exocytic proteins, and the extent of
cooperation or competition between family members require further investigation. Ad-
vances in super-resolution microscopy, cryo-electron microscopy, and in vivo functional
imaging are likely to provide important insights into these processes in the coming years.
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7. Conclusions
Collectively, the available evidence indicates that synucleins function as dynamic

modulators of presynaptic organization, enabling synapses to maintain efficient neuro-
transmission under varying physiological demands.

Understanding how these normal physiological functions become disrupted remains
essential for explaining the transition from synaptic dysfunction to neurodegeneration and
may identify new therapeutic targets for synucleinopathies.

Although α-synuclein has attracted the greatest attention because of its central role
in neurodegenerative disease, β- and γ-synuclein also appear to participate in maintain-
ing synaptic integrity and may compensate for one another under certain physiological
conditions. Their ability to fine-tune vesicle pool organization, fusion pore dynamics,
and endocytosis is particularly important during periods of intense neuronal activity and
throughout ageing. At the same time, disruption of these normal physiological functions
appears closely linked to the pathogenesis of synucleinopathies, where altered synuclein
conformation and aggregation impair synaptic function and neuronal survival.

A deeper understanding of synuclein biology is therefore essential, not only for
elucidating the fundamental mechanisms governing synaptic transmission but also for
identifying therapeutic strategies aimed at preventing or reversing synaptic dysfunction in
neurodegenerative disease. Future studies integrating molecular, structural, and physio-
logical approaches will be crucial for clarifying how normal synuclein function transitions
into pathology and how these processes may be selectively targeted in disease.
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