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Abstract

a-Synuclein is a neuronal protein that is enriched in presynaptic terminals. Under physiological
conditions, it binds to synaptic vesicle membranes and functions in neurotransmitter release,
although the molecular details remain unclear, and it is controversial whether a.-synuclein inhibits
or facilitates neurotransmitter release. Pathologically, in synucleinopathies including Parkinson’s
disease, a-synuclein forms aggregates that recruit monomeric a-synuclein and spread throughout
the brain, which triggers neuronal dysfunction at molecular, cellular and organ levels. Here, we
present an overview of the effects of a-synuclein on SNARE-complex assembly, neurotransmitter
release and synaptic vesicle pool homeostasis, and discuss how the observed divergent effects of
a-synuclein on neurotransmitter release can be reconciled. We also discuss how gain-of-function
versus loss-of-function of a-synuclein may contribute to pathogenesis in synucleinopathies.
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The importance of a-synuclein

a-Synuclein belongs to a family of highly conserved proteins that includes - and -y-
synucleins [1]. a-Synuclein is highly expressed throughout the brain, and is particularly
enriched in the synaptic terminals of neurons [2, 3]. It has gained notoriety due to its link
to Parkinson’s disease (PD) and other neurodegenerative diseases termed synucleinopathies
[4]. Therefore, research on the pathological role of a-synuclein has grown rapidly, while
fewer studies have focused on the physiological function(s) of a-synuclein. Multiple
therapeutic strategies aim at reducing a-synuclein levels but have failed so far in clinical
trials, indicating a need for better understanding of a-synuclein’s biology and pathology.
Interestingly, evolutionarily, a-synuclein has emerged only in vertebrates, demonstrating
that it is not strictly required for neuron function and viability per se. However, modulation
of a-synuclein expression during learning [5] and the phenotype(s) from removal of a-
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synuclein, as discussed below, demonstrate its importance in synaptic function and plasticity
as well as in the long-term viability and functioning of the neuron.

Here, we provide an overview of the roles of a-synuclein pertaining to its synaptic function
and dysfunction. We then discuss how loss-of-function and gain-of-toxic function of a-
synuclein may contribute, either alone or together, to synucleinopathies.

a-Synuclein structure determines its localization and function

a-Synuclein is a small, 140 amino acid protein that is encoded by the SNCA gene. It is
abundant in the brain and specifically enriched in presynaptic terminals of neurons [2, 3].
As an intrinsically disordered protein, it can adopt multiple conformations, ranging from

a largely unstructured state in the cytosol, to an a-helical state upon membrane binding,

to B-sheet rich oligomers and fibrils that deposit in Lewy bodies or Lewy neurites, the
pathological hallmarks of PD [1, 4, 6]. In its physiologically relevant state, a-synuclein

is a synaptic vesicle-bound multimer, mediated by its N-terminal domain which includes
seven lysine-rich imperfect 11-residue repeats that form into an amphipathic a-helix (Figure
1) [7-9], with the 14 most N-terminal residues appearing to be particularly important for
membrane localization [10]. The N-terminal region also contains the aggregation-prone
region termed non-amyloid-g component (NAC) which was identified in Alzheimer’s
disease pathology and forms the center of the fibril structure (Figure 1) [11, 12]. The
C-terminal domain is negatively charged and mediates interactions with proteins including
VAMP?2 and calcium (Figure 1) (reviewed in [13]).

The mechanisms regulating a-synuclein’s membrane/cytosol equilibrium are largely
unknown but are important for physiological and pathological conditions. Membrane-
binding has been mostly associated with a-synuclein’s physiological function and protection
from aggregation, while aggregation is readily triggered from its cytosolic pool [13, 14].
Interestingly, disease-linked mutations in a-synuclein all cluster in the membrane binding
domain (Figure 1), suggesting an intimate relationship between membrane binding, function,
and pathology. There are also several variants of unknown significance located throughout
the protein (Figure 1), but it remains unclear if these are linked to pathology.

a-Synuclein’s role in synaptic transmission

The list of potential interactors of a-synuclein is large and growing. Interactors include
a-synuclein itself, lipids, synaptic vesicles, VAMP2, B- and y-synucleins, synapsin-la,
synapsin-I1l, proteins involved in calcium homeostasis, and many others reviewed elsewhere
[13]. Interactions ascribed to modulation of dopamine-metabolism and -transport do not
account for the wide-spread expression of a-synuclein but suggest specific functions in
dopaminergic neurons in addition to a generic neuronal function [13]. Overall, most of the
described interactors are found at the presynaptic terminal. Therefore, the majority of studies
have focused on the effects of a-synuclein on synaptic vesicle cycling and neurotransmitter
release.

As mentioned earlier, synucleins are restricted to vertebrates, and accordingly, they cannot
be essential components for neurotransmission. In support of this argument, a-synuclein
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deficiency does not result in an overt phenotype that mimics phenotypes of proteins known
to be essential for neurotransmitter release (reviewed in [15]). Relatedly, while a-synuclein
is enriched in presynaptic terminals in adulthood, during development, a-synuclein is
mostly somatic, and only concentrates in presynaptic boutons over time, being one of

the last proteins to enrich in the presynapse [16]. Interestingly, a-synuclein expression

in neurons is upregulated after injury [17]. Further, in songbird, a-synuclein expression
correlates with song acquisition [5], suggesting a role in synaptic plasticity. Overall, this
points to a modulatory function of a-synuclein.

a-Synuclein has been proposed to affect several steps in the synaptic vesicle cycle, including
vesicle clustering [18-20], vesicle docking, SNARE-complex formation [21], and vesicle
pool homeostasis [18, 22—-24]. These roles can be divided into two distinct activities, which
may or may not be linked: (i) organization of synaptic vesicle pools, and (ii) chaperoning of
SNARE-complex assembly and modulation of fusion pore dynamics.

Synaptic vesicle pools are divided by functionality into readily releasable vesicles, recycling
vesicles, and reserve pool vesicles (Figure 2) [25]. Changes in the dynamics of these

pools play important roles in regulating synaptic strength and plasticity [26]. Mice lacking
a-synuclein reveal a reduced docked pool and deficits in replenishing the docked pool

from the reserve pool, resulting in impaired responses to long-lasting stimulation [27]. In
mouse hippocampal neurons, acute knockdown of a-synuclein, in contrast, reduced the
reserve pool without affecting the number of docked vesicles [28]. In lamprey reticulospinal
synapses, antibody-mediated disruption of a-synuclein caused a dose-dependent loss of
synaptic vesicles in the reserve pool, and depletion of the docked pool [20]. Deletion of

all three synucleins in triple knockout mice resulted in an altered synaptic structure and
transmission, a 30% decrease of the size of excitatory synapses [29], increased vesicle
tethering to the active zone, and a reduction in the yet unidentified inter-linking connectors
of synaptic vesicles, whose identity may be synapsins, synucleins, and/or other proteins
(Figure 2) [30-32].

How can a-synuclein affect synaptic vesicle pools? Simultaneous binding of a-synuclein

to the synaptic vesicle protein VAMP2/synaptobrevin-2 and synaptic vesicle phospholipids
triggers vesicle clustering (Figure 2) [18, 19, 24]. This clustering involves also interactions
with synapsins (Figure 2). In lamprey reticulospinal synapses, antibody-blockade of
synapsin function depleted the reserve pool while leaving the readily releasable pool intact
[33]. Recently, in vitro and in cultured neurons, a synapsin liquid phase was reported

that can mediate synaptic vesicle clustering [34, 35], and which recruits a-synuclein [36],
with a concentration-dependent effect on vesicle clustering and requiring a specific ratio of
a-synuclein and synapsin-1 (Figure 2) [37]. Thus, synapsins may enhance vesicle clustering
by recruiting or stabilizing a-synuclein at the synapse [38].

a-Synuclein is surprisingly mobile within the cytoplasm. Upon neuronal stimulation, both
synapsins and a-synuclein dissociate from synaptic vesicles, disperse from presynaptic
terminals, and re-cluster rapidly after signal cessation [39-41]. While synapsins detach from
synaptic vesicles during stimulation, a-synuclein dispersion occurs only after exocytosis
[40, 42, 43], possibly when the highly curved synaptic vesicle membrane collapses into
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the plasma membrane during fusion. This is supported by a-synuclein’s preference towards
vesicles of high curvature [44, 45]. Loss of synaptic vesicle binding of synapsins and
a-synuclein is expected to remove the brakes on release instituted by vesicle clustering.
These findings are consistent with an inhibitory effect of a-synuclein on neurotransmitter
release.

The net effect of a-synuclein on synaptic transmission is debated. Three possible scenarios
have been proposed: that a-synuclein has no overall effect on neurotransmitter release,

that it enhances synaptic transmission, or that it inhibits synaptic transmission (reviewed

in [13]). The inconsistency in the interpretations may partially be due to compensatory
mechanisms in germline deletion models, overexpression artefacts, or inherent differences
in the interrogated systems. However, besides modulating synaptic vesicle pools upstream
of exocytosis, a-synuclein has been shown to affect neurotransmitter release more directly.
aPy-Synuclein triple-knockout mice reveal age- and activity-dependent deficits in SNARE-
complex assembly and neurological impairments [21, 46], presynaptic SNARE-complex
levels are reduced in post-mortem brain tissue of individuals with PD [47], and a.-synuclein
rescued the SNARE-complex deficits and lethality that occurs in CSPa.-knockout mice
[48]. This activity is mediated by binding of a-synuclein’s C-terminal residues [21, 24] to
N-terminal residues of VAMP2 (Figure 1 and 2) that do not participate in SNARE-complex
formation [21]. Interactions of a-synuclein with both, VAMP2 and the synaptic vesicle
membrane, are required for the SNARE-complex chaperoning activity (Figure 2) [21].
SNARE-complex assembly catalyzes the physical reaction of membrane fusion during
vesicle release [49]. An increase in SNARE-complex assembly therefore indicates a function
that promotes neurotransmitter release.

Could a-synuclein both inhibit and promote neurotransmitter release? Such dual activity
is not unusual for molecules with regulatory functions. For example, Munc18-1 both
inhibits and facilitates neurotransmitter release [49]. While a-synuclein may inhibit the
release of clustered vesicles, once a vesicle is docked, a-synuclein may facilitate its
fusion. a-Synuclein has been shown to stimulate vesicle docking in vitro [50]. And during
individual exocytotic events, loss of synucleins slowed the rate of peptide secretion in
adrenal chromaffin cells and neurons [51], suggesting that a-synuclein may act on the
fusion pore to accelerate transmitter release. Interestingly, the PD-linked mutations A30P
and A53T blocked this activity [51].

The synaptic fusion pore is a nanoscale connection between the synaptic vesicle

and presynaptic plasma membrane, and a key intermediate during exocytosis of
neurotransmitters [52]. Fusion pore formation requires zippering of the three synaptic
SNARE proteins VAMP2, SNAP-25 and syntaxin-1 into a four-helix bundle, the SNARE-
complex, along with the coordinated action of multiple other synaptic proteins (reviewed
in [49]), to ensure tight regulation of this otherwise spontaneous SNARE-zippering
driven process. The initial fusion pore is metastable, flickers between open and closed
states, and can reseal without dilating beyond 1-2 nm [52], leading to a transient Kiss-
and-run exocytosis [53], an established mode of exocytosis for hormone secretion [54].
The pertinence of this mode of exocytosis for synaptic vesicle fusion is debated [53].
Alternatively, the pore may dilate and lead to a collapse of the synaptic vesicle membrane
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into the plasma membrane, termed full fusion [54]. While recent studies demonstrate that
the fusion pore can enter into a relatively stable state [55], the underlying mechanisms that
regulate and drive fusion pore dilation and stability remain poorly understood.

Irrespective of the mode of endocytosis, would an increase in SNARE-complex assembly
trigger longer lasting neurotransmitter release? One could envision that chaperoning of
SNARE-complex assembly by a-synuclein would increase the SNARE-driven force to drive
fusion pore opening, by enabling a higher number of assembled SNARE-complexes for
exocytosis, in particular with the observed multimerization of a-synuclein on the synaptic
vesicle membrane [56] that can engage more VAMP2 molecules. In fact, while fusion

pore nucleation required a minimum of two v-SNAREs and was unaffected by increasing
v-SNARE copy number, the probability of fusion pore dilation increased with increasing
v-SNARE copies and was far from saturation at 15 v-SNARE copies using nanolipoprotein
particles and flipped t-SNARE expressing cells [57]. Moreover, a small increase in the
number of SNARE-complexes enhanced the rate of release from single pores by three
orders of magnitude in reconstituted fusion assays, via affecting both pore size and stability
[58]. Accordingly, a reduced number of SNARE-complexes reduced the fusion rate [59].
Another in vitro study found that SNARE-complexes alone are inefficient at fusion pore
dilation, and that a-synuclein enhanced both the probability as well as the duration of

large pores in its membrane-bound state [60]. In contrast, a recent in vitro study found

that membrane-bound a-synuclein accessed vSNARESs within the trans-SNARE complex
to form an inhibitory complex leading to a reduction in pore open probability, which was
overcome by calcium entry [61]. Another possibility would be that a-synuclein inhibits
SNARE-complex disassembly, although this was found not to be the case [21]. Interestingly,
although the three synucleins show an overall similar regional distribution in the brain with
neuronal co-expression in many areas [28, 62—66], their relative levels differ. Evolutionarily
recent regions express predominantly a-synuclein and p-synuclein, whereas more ancient
structures have higher levels of y-synuclein [11, 64, 67-71]. Single-cell RNA-sequencing
analyses reveal expression ratios of a-synuclein/B-synuclein and a.-synuclein/y-synuclein
varying between 0.5-2.3 in mouse cortex and hippocampus, and between 0.002-350 in the
human cortex, with no detection of -y-synuclein in most cells [72, 73]. It remains to be
tested if neurons with different ratios of a/B- or a/y-synucleins vary in terms of SNARE-
complex levels, fusion pore dilation, and neurotransmitter release, as p- and -y-synuclein
heteromerization with a-synuclein reduces the vesicle-bound pool of a-synuclein [44]. In
addition, the clustering activity of a-synuclein may provide a reserve pool of a-synuclein
that becomes important during lasting synaptic activity, enabling sustained neurotransmitter
release. This function is supported by the activity-dependance of SNARE-complex assembly
in synuclein knockout mice [21].

Synaptic vesicles contain ~70 VAMP2 molecules [74], but it remains unknown how many
of these copies are acting together in the formation of the fusion pore, and how many
SNARE-complexes are necessary for synaptic vesicle fusion. In reconstituted systems, one
SNARE-complex was sufficient to promote vesicle fusion, two SNARE-complexes were
necessary for fast synaptic transmission in cultured hippocampal neurons, and at least three
SNARE-complexes were required for fast membrane fusion kinetics, while a theoretical
model based on measurements by atomic force microscopy proposed that at least four
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SNARE-complexes are required for fusion (reviewed in [75]). Eight SNARE-complexes
were needed to trigger fusion on a millisecond time scale in a single vesicle fusion assay,
and 15 SNARE-complexes were proposed for exocytosis using botulinum toxins [75]. It
is possible that the required number of SNARE-complexes for vesicle fusion depends on
the physiological conditions such as the vesicle and synapse type. Studying the role of
a-synuclein as a function of synapse type will therefore be a logical next step to assess

its need for fusion pore dilation. It is striking that the number of VAMP2 molecules per
synaptic vesicle closely mimics that of a-synuclein on the vesicle surface [76], suggesting
that a-synuclein levels may scale with the number of synaptic vesicles in each terminal.

a-Synuclein’s role in pathology

PD is conventionally characterized by a progressive loss of dopaminergic neurons in the
substantia nigra pars compacta (reviewed in [77]). The surviving neurons accumulate
a-synuclein in the form of Lewy bodies and Lewy neurites. When the loss of dopamine-
producing neurons reaches 60-80%, the cardinal signs of bradykinesia, resting tremor,
muscular rigidity, and postural and gait impairments begin to manifest, and worsen
progressively [77]. However, the clinical spectrum of PD also includes non-motor features,
such as olfactory dysfunction, dementia, depression, sleep disorder, autonomic dysfunction,
pain and fatigue, many of which precede the classic motor features by years [77]. Therefore,
brain regions other than the substantia nigra and neurotransmitters other than dopamine

are affected as well. In addition, a-synuclein pathology occurs early in the peripheral
nervous system, and aggregated a-synuclein has been detected in the Gl tract, spinal cord,
sympathetic ganglia, and sciatic and vagus nerves [77], which may account for the non-
motor PD symptoms mentioned above. In fact, the Braak staging of PD postulates that Lewy
pathology begins in the peripheral nervous system (PNS), with progressive involvement of
the central nervous system (CNS), from caudal to rostral brain areas [78]. Concordantly, in
a number of studies, vagotomy blocked a-synuclein spread from the gut to the brain and
prevented neurodegeneration (reviewed in [79]). However, other studies have questioned the
reduction of PD risk by vagotomy, and found that pathology does not always follow the
gut-brain route; it has also been noted that pathological findings in Lewy body dementia
patients support a CNS to PNS spread [79]. For addressing these lingering controversies,
there is a need for specific, sensitive and reproducible methods for detecting a-synuclein
pathology and its path of spread across the CNS and PNS, so that a more definitive timeline
for the spread of pathology could be established.

Most PD cases are idiopathic, whereas about 10% cases are monogenic. Rare missense
mutations (Figure 1), some of which are of unknown significance or have conflicting data
regarding their propensity to aggregate and induce pathology, and SNVCA gene triplication
leads to early-onset disease (reviewed in [80, 81]). SNCA copy number gains occur also
via mosaic patterns [82], and polymorphisms in the SNVCA locus are associated with

risk of developing PD, altering gene transcription, mRNA stability or processing, and
modifying the age of onset [83, 84]. In addition, several posttranslational modifications

of a-synuclein have been linked to PD, including phosphorylation at residues Y125, Y133,
Y136, S87 and S129, of which S129 has been most consistently associated with pathology
and affects a-synuclein aggregation and fibril structure [85-87]. a-Synuclein ubiquitination
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and sumoylation affect clearance and aggregation rates, nitration at residues Y39, Y125,
Y133, and Y136 results in accelerated oligomerization, O-GlcNAcylation at multiple
threonine residues inhibits aggregation and can alter the structure of a-synuclein aggregates,
and C-terminal truncation, which is present in Lewy bodies, is proposed to accelerate
a-synuclein aggregation (reviewed in [88, 89]). a-Synuclein self-assembles into p-sheet
rich structures and insoluble a-synuclein aggregates (reviewed in [6]). Once aggregated,
a-synuclein pathology is proposed to spread cell-to-cell throughout the brain, via templating
of native a-synuclein into aggregates [90]. While this has been primarily established in
animal models and via post-mortem imaging of transplanted cells or tissues in humans,
definitive proof is still lacking in the normal disease course. Formation of intracellular
a-synuclein aggregates upon seeding with exogenous fibrils is more pronounced in neurons
that express high endogenous levels of a-synuclein [91]. This has raised the possibility that
misfolded a.-synuclein may originate in the gut or olfactory system, with environmental
factors triggering the disease process.

Overall, elevated a-synuclein levels seem to accelerate aggregation and onset of pathology,
which has prompted the development of a-synuclein lowering strategies as therapeutic
targets [92]. However, these have yielded no clinical benefit so far [93, 94]. Noteworthy, it is
unclear if a-synuclein levels are elevated in the brains of sporadic PD patients as evidence
for both increased and decreased a-synuclein mRNA levels in surviving neurons was found
[95]. These conflicting findings likely relate to artifacts of measuring end-stage a-synuclein
expression, and were possibly also affected by the long course of PD treatment, which
highlights the importance of measuring early changes in a-synuclein levels during disease
progression.

How do a-synuclein aggregates trigger pathology? Many suspected mechanisms have been
proposed, but a definitive picture is still lacking. Calcium dyshomeostasis predisposes to
neuronal death [96], and formation of pore-like a-synuclein oligomers increases membrane
permeability [97]. Such dysfunction would interfere significantly with synaptic function.
Overexpression of WT, A53T and E46K, but not of A30P impairs synaptic vesicle
exocytosis [22, 43, 98-100], possibly by interfering with a late step in exocytosis [43],

or affecting vesicle reclustering following endocytosis [22]. With the reduced membrane
binding by A30P, this highlights the impact of the N-terminal membrane binding region

of a-synuclein also for its dysfunction. Other proposed mechanisms of a-synuclein
toxicity include protein misfolding and aggregation, apoptosis, mitochondrial dysfunction,
oxidative stress, impairments of the ubiquitin-proteasome system, lysosomal dysfunction,
neuroinflammation, and activation of the innate and adaptive immune system, where a-
synuclein may be a primary trigger for its activation (Figure 3) (reviewed in [101, 102]). It
remains unclear, however, whether these are the first steps in the pathology, or alternatively
follow other dysfunctional neuronal pathways (see Outstanding Questions).

The impact of a-synuclein loss-of-function on disease pathogenesis

As discussed above, there is a strong link between a-synuclein dose and disease outcome,
which has led to the gain-of-toxic-function hypothesis of a-synuclein. However, aggregation
of a-synuclein can also result in loss-of-function of a-synuclein by recruitment of
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physiologically active a-synuclein into pathological aggregates, thereby diminishing its
function(s) (Figure 3). In fact, little synaptic and soluble a.-synuclein is found upon
administration of a-synuclein fibrils in animals [90, 103, 104], suggesting that newly
produced a-synuclein is sequestered by the aggregation process. Multiple lines of evidence
support this scenario. First, studies using germline deletion of a-synuclein may be
problematic due to compensatory mechanisms. Knockout of a.-, - or a/B-synucleins in
mice had no effect on excitatory neurotransmission [105], but triggered compensatory
increases in B- or -y-synuclein levels [105, 106]. In mice, removal of a-synuclein triggered
an upregulation of synapsin-111 [107], and loss of synapsin-111 increases dopamine release
[108]. Therefore, upregulation of synapsin-111 may reduce dopamine levels, which was
observed in a-synuclein knockout mice [109]. In addition, a/y-synuclein knockout in mice
increased dopamine release [110], and apy-synuclein triple-knockout mice showed more
dopamine depletion compared to the a/p-double knockout mice [29]. An unbiased screen
identified over 300 transcripts differentially regulated in a-synuclein germline knockouts
versus WT mice [111]. However, the ability of synucleins to bind to synaptic vesicles differs
significantly when directly compared [44], and y-synuclein cannot interact with presynaptic
SNARE-complexes [112], suggesting that p- or y-synuclein cannot compensate, at least not
fully, for lack of a-synuclein.

Can loss of a-synuclein cause neurodegeneration? While loss of a-synuclein in mice
reduced midbrain dopaminergic neuron counts [113], studies in different a-synuclein
knockout models [109, 114, 115], and apy-synuclein triple-knockout mice [29] did not
find impaired survival. Furthermore, knockout of all synucleins in mice did not produce
neurodegeneration or Parkinsonism, but resulted in hyperactivity and motor impairments,
visual issues and changes in presynaptic morphology [21, 29, 46]. It remains unclear if
knockout of a-synuclein over the short lifespan of mice can produce PD-like pathobiology,
and if lack of a-synuclein in humans would produce PD symptoms. In contrast to
constitutive a-synuclein deletion, acute reduction of a-synuclein levels in adult animals
produced neurodegeneration in mice [116], rats [117], and non-human primates [116-120].
A caveat to consider is that most of these studies were conducted using RNA interference,
which carries the possibility of toxicity or off-target effects. However, in some of these
studies, neurodegeneration was rescued by re-introducing a-synuclein [116], which partly
addresses the limitations of the RNA interference approach. Neuronal loss was not found
in hippocampal mouse neurons [121], or in the midbrain of squirrel monkeys [122] where
RNA levels remained higher. This suggests that once a-synuclein levels fall below a certain
threshold (i.e., 40-50% in models lacking neurodegeneration versus 14-30% in models
developing neurodegeneration), lack of synuclein function can produce neurodegeneration,
at least in some neuronal populations which may depend more on the presence of
functional a-synuclein. As a rough estimate, 50% of a-synuclein appear to be sufficient
for maintaining normal physiological function, as there are no reports (to our knowledge)
of PD or PD-like symptoms in humans heterozygous for a-synuclein [123] or in mice. It
remains to be determined how much a-synuclein is needed to maintain its function at the
synapse, and at what dose and age the impact of losing a-synuclein is most severe, which
likely depends on the neuron and synapse type (see Outstanding Questions).
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Initial studies of a-synuclein expression in sporadic PD patients have yielded conflicting
results, because SIVCA expression levels were normalized to housekeeping gene(s) that
changed themselves. Utilizing a strategy that applies a normalization factor based on four
expression-characterized housekeeping genes revealed a reduction of a-synuclein mRNA
in the substantia nigra pars compacta of PD patients [95]. In further support to this

notion, soluble a-synuclein protein decreased with disease progression in PD patients

and became increasingly insoluble and S129-phosphorylated [124]. Yet, whether these
changes are directly relevant to the progression of PD pathology remains unclear. It is
possible, instead, that these changes reflect a compensatory reduction due to somatic a-
synuclein accumulation, either due to an age-dependent redistribution of a-synuclein from
the presynaptic terminal to the soma, observed in aging humans and monkeys [125], or
due to perinuclear accumulation of aggregated a-synuclein. With aging being the largest
risk factor for developing PD, decreased a-synuclein levels, in particular functional levels
at the synapse, may participate in PD pathogenesis, or represent an independent process
that contributes to disease. In addition, despite the doubled mRNA levels in brains of
triplication patients, there is no increase in soluble a-synuclein, but only an increase in
aggregated a-synuclein [126], likely due to sequestration of newly produced a-synuclein
into aggregates. Further, a-synuclein accumulates in the brains of synucleinopathy patients,
but the majority is aggregated [126]. Interestingly, all identified pathogenic missense
mutations in a-synuclein cluster in the N-terminal membrane binding region (Figure 1),
leading to either loss of membrane binding and thereby function, or gain of aggregation
which in itself leads to loss of function via sequestration of functional a-synuclein (reviewed
in [80, 81]). Lastly, patients with REP1 polymorphisms that result in lower a-synuclein
expression, have worse motor and cognitive outcomes once they develop PD, while
polymorphisms that result in higher a-synuclein levels, have better outcomes [127].

In contrast, mice overexpressing a-synuclein produce varied levels of neurodegeneration.
Currently, based on diverse promoter usage for expression, a-synuclein levels vary between
0.3-30-fold and differ in the temporal onset of expression (reviewed in [128]). While some
of these models recapitulate a-synuclein aggregation, loss of dopaminergic neurons, and
motor impairments, many have not produced PD-like neuropathology with Lewy bodies,
and the question arises whether such an overexpression probes for PD-relevant pathways

or non-physiological responses to a-synuclein overexpression. This also highlights that
compensation should be considered not only in germline knockout models, but also in
constitutive overexpression models.

Toxic effects of a-synuclein include mitochondrial dysfunction, calcium dyshomeostasis
and impairments in proteostasis (Figure 3) [101]. But are these effects independent of a-
synuclein’s physiological function? Both aggregation and knockdown of a-synuclein have
been shown to impair mitochondrial calcium buffering [101], and mitochondrial dysfunction
would be expected to have dramatic effects on neurotransmitter release, due to the high
energy-demand of this process as well as the relevance of cytosolic/synaptic calcium to

its proper function. However, aggregated a-synuclein and thereby its toxicity are located
mainly somatically and perisomatically [129], therefore likely having no direct effect on
synaptic mitochondria. So far, it remains unclear if these pathological changes are causative
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for the pathology or alternatively reflecting downstream effects of losing a-synuclein’s
function (see Outstanding Questions).

Inter-species comparisons provide additional insights into a-synuclein’s physiology

and pathophysiology. Evolutionarily, a-Synuclein expression is limited to vertebrates.

Yet, transgenic flies and worms expressing human a-synuclein developed a-synuclein
aggregates and toxicity [130, 131]. Further, in a-synuclein knockout mice, overexpression
of A53T a-synuclein caused toxicity [132]. In the forementioned three models, there

is no endogenous a-synuclein, and therefore these models circumvent the possibility of
loss-of-function as a potential mechanism when examining the effects of a-synuclein
expression. Another line of evidence for a-synuclein toxicity is its ability to permeabilize
membranes when in an oligomeric state [97, 133], with effects as described earlier.
Furthermore, a-synuclein aggregates inhibit the autophagy-lysosome pathway [101], leading
to accumulation of not only aggregated a-synuclein but also other potentially toxic
undegraded molecules, causing proteostatic failure. And binding of a-synuclein aggregates
to VAMP2 render VAMP2 unable to form SNARE-complexes [134], thereby inhibiting
neurotransmitter release.

While animal models produce/display pathology at accelerated speed due to a-synuclein
overexpression, this does not reflect PD pathology in humans. Aggregates and Lewy body
pathology build up over a long time, and are present in pre-symptomatic PD patients, while
neuron loss and widespread symptoms appear later [78, 135, 136]. It remains to be clarified
whether this is due to the ability of cells to tolerate some a.-synuclein toxicity, or whether
loss of a-synuclein happens earlier than a-synuclein toxicity. Of note, ~10% of clinically
normal individuals over the age of 60 have Lewy body pathology in the brain without
notable neuron loss or PD symptoms [137], but it remains unclear whether these patients
were, in fact, in a trajectory to develop PD later in life but were at a sufficiently early stage
to remain symptom-free.

There is recent evidence for both, gain-of-toxic function and loss-of-normal function of
a-synuclein in cortico-basolateral amygdala glutamatergic transmission [104]. In mice, a-
synuclein aggregation selectively affected vGluT1-expressing neurons, where endogenous
a-synuclein levels are high, while vGIluT2 terminals that do not contain much a-synuclein
were unaffected [104], and appeared more resilient to neurodegeneration [138, 139]. This
suggests that terminals with higher native a-synuclein levels are more prone to pathology
due to a higher requirement of functional a-synuclein which depletes with aggregation. With
technological advances, determining the synaptic levels of a-synuclein across brain regions
and neuron types will help addressing this hypothesis.

Concluding remarks and future perspectives

Current evidence suggests that pathology in PD and related synucleinopathies is likely
due to a combination of losing a-synuclein’s physiological function at the synapse and
of its gain of toxic activity which leads to dysfunction of multiple intracellular pathways
within neurons and surrounding cells. This combined effect likely triggers dysfunction at
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molecular, cellular and organ levels, culminating in the multifaceted central and peripheral
nervous system symptoms of PD.

The question of whether pathology in synucleinopathies is due to a-synuclein toxic gain-
of-function, a loss-of-function, or a combination of both, has important translational and
therapeutic implications. Currently, several therapeutic strategies being explored aim at
reducing a-synuclein levels, either by reducing a-synuclein transcription or translation, or
by increasing its degradation. Such approaches will reduce functional a-synuclein levels
further, potentially with deleterious outcomes. Antibodies targeted at oligomeric a-synuclein
are expected to overcome this limitation, since they do not target the physiological a-
synuclein pool. However, two recent antibody trials have failed with respect to PD outcomes
[93, 94]. The reasons for the lack of therapeutic benefit in these trials remain unknown.
Target availability and disease stage may play a role.

Overall, more work is needed to understand why and when a-synuclein transitions from a
physiologically functional conformation to a pathogenic state (see Outstanding Questions).
Addressing this knowledge gap will help clarify why some individuals develop PD and
others do not, and may provide better targets for therapeutic intervention.
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Outstanding Questions

Are current animal models reflective of human a-synuclein pathology? Based on the
topics discussed in this review, it is becoming clear that better animal models must be
developed that (i) overcome compensation artefacts caused by germline knockout or
constitutive overexpression, and that (ii) develop pathology slowly, to resolve causative
changes from downstream effects.

Are high a-synuclein levels driving accelerated pathology or do they provide a buffer

of functional a-synuclein? How much a-synuclein is required for its synaptic function?
Studying the role of a.-synuclein as a function of synapse type and its synaptic levels in
an activity-dependent manner and in combination with age- and disease-specific changes
will enable us to better address these questions. This includes improving current ways

to identify the species of a-synuclein that contribute to total levels, likely comprising

a heterogeneous population at varied ratios of modified and truncated, oligomeric and
functional species.

What is the role of a.-synuclein aggregation versus loss of its function at the synapse

in disease? Likely, both, loss-of-function and gain-of-toxic function of a-synuclein
contribute to synucleinopathies. Measuring the relative contribution of each in a time-,
neuron- and synapse-resolved manner may help us to also better understand the selective
vulnerability of certain neuron subtypes.
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Highlights

a-Synuclein carries multiple functions in neurotransmitter release at neuronal synapses.
Its net impact on synaptic release is likely a balance between an inhibitory effect
mediated by synaptic vesicle clustering, and a release-promoting effect mediated by
SNARE-complex chaperoning and fusion pore opening.

Pathologically, a-synuclein aggregates are a hallmark of synucleinopathies including
Parkinson’s disease. a-Synuclein dosage and disease outcome are strongly linked,
which has led to the gain-of-toxic-function hypothesis. However, loss-of-function of
a-synuclein, through sequestering of physiological a-synuclein into aggregates, has
recently gained attention as a potential pathogenic mechanism, supported by reduced
functional a-synuclein in human PD tissue.

Current therapeutic strategies have mostly aimed at reducing a-synuclein levels, with
little benefit so far. If a-synuclein loss-of-function contributes to disease pathogenesis,
these strategies may be even expected to worsen disease outcome.
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Figure 1. a-Synuclein domain structure.
(A, B) a-Synuclein is composed of an N-terminal membrane binding region that mediates

its association with synaptic vesicles through formation of an amphipathic a-helix, and a C-
terminal region that binds to VAMP2 (A). The N-terminal region can be further divided into
eleven imperfect KTKEGYV repeats (B), and contains the aggregation-prone NAC domain.
Several mutations in a-synuclein have been identified that lead to disease (purple) or with
yet unknown significance (pink). (C, D) Analysis of the position of mutations within the
repetitive KTKEGV regions highlights that mutations cluster in repeat position 5, 10 and
11, while other positions are spared (C). Clusters at positions 10 and 11 face towards the
membrane, while cluster 5 faces towards the cytosol (D).
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Figure 2. The physiological role of a-synuclein in the presynaptic nerve terminal.
Synaptic vesicles can be functionally divided into a reserve pool, recycling pool and readily

releasable pool (RRP), which includes docked and fusing vesicles. Upon invasion of an
action potential, RRP vesicles fuse with the plasma membrane to release neurotransmitters,
and are retrieved via Kiss-and-run, ultrafast, or clathrin-independent endocytosis (CIE) to
reform the recycling pool of synaptic vesicles, or via clathrin-mediated endocytosis (CME),
upon sorting through a recycling compartment, to reform the reserve pool of synaptic
vesicles. The recycling pool is supplemented from the reserve pool under conditions of
high synaptic activity, to fill the demand in synaptic vesicles. a-Synuclein maintains pool
homeostasis via clustering synaptic vesicles, through interaction with the vesicle SNARE
protein VAMP2/Synaptobrevin-2 and synapsins, which restricts synaptic vesicle mobility
(Inset A). Separately, a-synuclein acts on the fusion pore formed between the synaptic
vesicle membrane and the presynaptic plasma membrane where it stabilizes SNARE-
complex assembly, which may result in an increased pore size and/or longer pore opening,
and increased amount of neurotransmitter release (Inset B). Note that for simplicity, synaptic
vesicle pools are depicted as spatially separated.
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Figure 3. Contributions of loss-of-function of versus gain-of-function of a-synuclein to disease.
a-Synuclein exists in equilibrium between a membrane-bound a-helical pool that mediates

its physiological activities (see also Figure 2), and a largely unstructured state in

cytosol. At some point during disease pathogenesis, a-synuclein aggregates form from its
cytosolic state. a-Synuclein aggregates sequester functional a-synuclein in the same neuron
and connected neurons through spread, resulting in loss-of-function of a-synuclein and
dysfunctional neurotransmitter release. In addition, or alternatively, a-synuclein aggregates
directly lead to inhibition of neurotransmitter release, and result in calcium dyshomeostasis,
mitochondrial dysfunction, impaired proteostasis and neuroinflammation, as well as immune
system activation through a gain-of-toxic activity. The timeline and contribution of these
events to disease remain unknown.
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