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Advances in understanding the function
of alpha-synuclein: implications
for Parkinson’s disease

Paolo Calabresi,’? Giulia Di Lazzaro,? Gioia Marino,* Federica Campanelli*
and Veronica Ghiglieri*>

The critical role of alpha-synuclein in Parkinson’s disease represents a pivotal discovery. Some progress has been
made over recent years in identifying disease-modifying therapies for Parkinson’s disease that target alpha-synu-
clein. However, these treatments have not yet shown clear efficacy in slowing the progression of this disease.
Several explanations exist for this issue. The pathogenesis of Parkinson’s disease is complex and not yet fully clarified
and the heterogeneity of the disease, with diverse genetic susceptibility and risk factors and different clinical courses,
adds further complexity. Thus, a deep understanding of alpha-synuclein physiological and pathophysiological func-
tions is crucial.

In this review, we first describe the cellular and animal models developed over recent years to study the physiological
and pathological roles of this protein, including transgenic techniques, use of viral vectors and intracerebral injec-
tions of alpha-synuclein fibrils. We then provide evidence that these tools are crucial for modelling Parkinson’s dis-
ease pathogenesis, causing protein misfolding and aggregation, synaptic dysfunction, brain plasticity impairment
and cell-to-cell spreading of alpha-synuclein species. In particular, we focus on the possibility of dissecting the
pre- and postsynaptic effects of alpha-synuclein in both physiological and pathological conditions. Finally, we
show how vulnerability of specific neuronal cell types may facilitate systemic dysfunctions leading to multiple net-
work alterations.

These functional alterations underlie diverse motor and non-motor manifestations of Parkinson’s disease that occur
before overt neurodegeneration. However, we now understand that therapeutic targeting of alpha-synuclein in
Parkinson’s disease patients requires caution, since this protein exerts important physiological synaptic functions.
Moreover, the interactions of alpha-synuclein with other molecules may induce synergistic detrimental effects.
Thus, targeting only alpha-synuclein might not be enough. Combined therapies should be considered in the future.
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Introduction

Mutations in the gene that codifies alpha-synuclein (a-syn) cause
Parkinson’s disease (PD).! This discovery of a genetic defect leading
to PD opened new avenues for investigating the molecular basis of
the disorder,? and it is now clear that this protein also plays a crit-
ical role in the sporadic forms of PD.

Some progress has been made over recent years in identifying
disease-modifying therapies for PD that target a-syn.> However,
these treatments have not yet fully met the required end point, in-
cluding a disease-modifying effect.*® Several explanations exist for
this failure. First, the pathogenesis of PD is complex and not yet
fully clarified. Thus, the ideal target and time window for treatment
are unknown. Second, the heterogeneity of the disease, with di-
verse genetic susceptibility and risk factors and different clinical
courses, adds further complexity.

Another obstacle to an effective o-syn-related disease-
modifying therapy might be the lack of specificity of these ap-
proaches in distinguishing between the detrimental effects of the
protein and its physiological functions. The need to dissect these
aspects is emerging, along with the concept of proteinopenia ver-
sus proteinopathy, concerning the role of a-syn in PD.” In this re-
view, we explain how these roles are intermingled at the synaptic
level. Although the physiological function of a-syn is yet to be fully
elucidated, this protein is enriched in presynaptic compartments,
where it can associate with vesicles and membranes.® The synapse
is also the scenario in which pathological a-syn exerts its early det-
rimental effects, preventing vesicle clustering and altering postsy-
naptic responses to transmitters, which in turn cause impairment
of synaptic plasticity.® This cascade of early abnormal events might
be responsible for a network dysfunction before the occurrence of
overt neurodegeneration.

We will evaluate new advances in the understanding of synaptic
changes modulated by a-syn that occur before neuronal death and
how they influence synaptic plasticity in the basal ganglia and
other brain networks. Moreover, we will discuss how and why these
new findings support the idea that any new therapeutic approaches
should target synaptopathy and indicate that future studies across
multiple neuron types and circuits are mandatory.

New models to investigate synaptopathy

Animal PD models are critical in investigating early a-syn-induced
synaptic and plastic dysfunctions. Invertebrate PD models are par-
ticularly useful for high throughput-screening applications, where-
as mammalian models are needed to explore complex motor and
non-motor features.’®*? In these animal models, nigrostriatal
dopaminergic dysfunction can be induced via overexpression of
a-syn using viral vectors or transgenic techniques.'® In addition,
protein aggregation pathology can be triggered by inoculating
a-syn pre-formed fibrils (PFF) in the substantia nigra or the striatum
of rodents. This new generation of animal models of PD, based on
ectopic expression, overexpression or intracerebral injection of
the protein a-syn, slowly and gradually develop inclusions of aggre-
gated o-syn and o-syn-mediated neuronal loss, replicating the
pathological hallmarks of PD (Fig. 1). Using these models, scientists
have pinpointed not only the effects of toxic forms of a-syn leading
to neurodegeneration, but also their role in processes that occur be-
fore cell death, such as changes in synaptic transmission, basal
ganglia plasticity and mechanisms underlying motor learning.**®

Another example of the successful application of neurophysi-
ology in the investigation of a-syn is the use of induced pluripotent
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stem cell (iPSC) technology for the differentiation and growth of hu-
man dopaminergic neurons in vitro*’+*8 (Fig. 1). IPSCs derived from
PD patients carrying the o-syn triplication mutation can be con-
verted into dopaminergic neurons to study their firing activity.*
In human-like dopaminergic neurons, a-syn overexpression dysre-
gulates firing activity, abolishing pace-maker activity and inducing
abnormal bursting discharge.’® This effect is caused by reduced
functional availability of D2 receptors, resulting in altered dopa-
mine (DA) release and neuronal morphology. Notably, the D2 recep-
tor agonist quinpirole can restore the altered firing activity of
patient-derived dopaminergic neurons to normal levels. These re-
sults provide novel insights into the pre-degenerative neurophysio-
logical alterations induced by a-syn overexpression. Several studies
are now using iPSC-derived organoids from PD patients to investi-
gate cell physiology in a more integrative manner®® (Fig. 1). This
technology might represent a more physiological platform for
mimicking cell-cell and cell-matrix interactions than iPSC cultures.
However, to reproduce the complexity of the brain’s environment,
particularly of synaptic connections, researchers recognize the
need to further develop and refine these iPSC-based tools. In hu-
man iPSC-based models, it has also been shown that o-syn muta-
tions induce protein aggregates and early axonal dysfunction
between synaptically linked neurons.?®?

The effects of extracellular o-syn have also recently been inves-
tigated using both primary neuronal cultures and in vivo microdia-
lysis.??> While it is now clear that a-syn can affect the firing
discharge of specific neuronal populations, recent findings suggest
that neuronal activity modulates the release of a-syn and might
regulate the spread of a-syn pathology. Indeed, the relationship be-
tween a-syn and neuronal activity is now considered bidirection-
al.??> More specifically, the physiological release of endogenous
a-syn depends highly on
Accordingly, with the increase of neuronal activity, the release of
this protein rapidly increases, while when the activity is blocked,
it decreases. Also, in vivo microdialysis experiments in freely mov-
ing wild-type mice revealed that a large proportion of extracellular
a-syn originates from neuronal activity-dependent pathways.
Antagonists of glutamate ionotropic receptors reduce extracellular
a-syn levels, suggesting that this excitatory system plays a key role
in the activity-dependent release of a-syn. These experiments sug-
gest that dysregulation of excitatory pathways might trigger extra-
cellular release of a-syn and possibly its trans-synaptic
propagation. More recently, in line with these findings, it has
been shown that a-syn-mediated neuronal degeneration can be en-
hanced in organotypic brain slice cultures by increasing extracellu-
lar potassium or applying GABA, antagonist or a glutamate
receptor agonist.?® In support of the hypothesis that hyperexcitabil-
ity in dopaminergic neurons might increase vulnerability and pro-
duce behavioural abnormalities, in vivo experiments revealed that
chronic hyperexcitability induced by a chemogenetic approach in
an a-syn-based rat model causes both motor alterations and
a-syn pathology in the absence of neuronal death. These effects oc-
cur via an enhanced neuronal discharge, since these alterations are
corrected by reducing neuronal activity.?*

All these different experimental approaches strongly indicate
that synaptic impairments and axonal degeneration precede neur-
onal loss. Thus, a-syn-induced early synaptic changes could be a
target to prevent disease onset and slow progression.
Interestingly, imaging of PD patients with radioligands, post-
mortem studies and o-syn-related animal models of PD demon-
strate abnormalities in presynaptic terminals and postsynaptic
dendritic spines of striatal neurons.?

intrinsic neuronal activities.
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Figure 1 «-Syn-based experimental models. The top left panel shows genome-editing techniques that allow for the creation of transgenic parkinsonian
animals carrying specific a-syn mutations. The top right panel represents animal models obtained either by brain inoculation of adeno-associated viral
vectors (AAV) carrying mutant a-syn or of a-syn preformed fibrils (PFFs). The bottom left panel shows in vitro models using induced pluripotent stem cells
(iPSCs) derived from patients with Parkinson’s disease (PD) to obtain dopaminergic neurons or glial cells. In the bottom right panel, the generation of 3D

organoids is shown. WT = wild-type.

Presynaptic mechanisms

Recent experimental findings have shown that altered forms of
a-syn cause a loss-of-function of synaptic transmission by altering
the role of this protein at the presynaptic level. In fact, a-syn loca-
lizes at presynaptic terminals, where it interacts with membranes,
and its overexpression and aggregation slow vesicle exocytosis.
Also, the C-terminal calcium-binding site of a-syn exerts an essen-
tial role in modulating vesicle interaction®®?’ (Fig. 2).

Through its membrane-bound state, a-syn modulates neuro-
transmitter release by controlling several processes, including ves-
icle clustering and docking and homeostasis of synaptic vesicle
pools.?® It interacts with the synaptic vesicle SNARE protein
VAMP2/synaptobrevin-2, the synaptic vesicle-attached synapsins
and the synaptic vesicle membrane itself. In line with its physio-
logical functions, abnormal and mutant a-syn impair vesicle traf-
ficking and alter lipid homeostasis.?**! In particular, a-syn has
been implicated in regulating neuronal cholesterol in lipid rafts,
which are necessary for synaptic localization, vesicle cycling and
modulation of synaptic integrity. On the other hand, cholesterol fa-
cilitates interactions between o-syn oligomers.>? The interaction of
a-syn with the acidic phosphoinositides has recently been investi-
gated in studies showing that a-syn colocalizes with phosphatidy-
linositol 4,5-bisphosphate and the phosphorylated active form of
the clathrin adaptor protein 2. Interestingly, mutations in a-syn al-
ter clathrin-mediated endocytosis in central neurons®® (Fig. 2).

In a Drosophila model, the combined use of histological, bio-
chemical, behavioural and electrophysiological techniques has

shown that overexpression of human a-syn causes accumulation
of this protein in terminals, altering the presynaptic active
zone.** These o-syn-mediated presynaptic changes cause impaired
neuronal function and behavioural deficits before the progressive
degeneration of dopaminergic neurons. Similar abnormalities in
presynaptic active zone proteins are observed in brain samples of
patients with synucleinopathies, suggesting that presynaptic accu-
mulation of a-syn impairs the active zone and causes early neuron-
al dysfunction.*

The physiological role of a-syn in presynaptic terminals and in
the control of DA release has also recently been investigated in
vivo in rodents.* a-Syn is responsible for facilitating DA release
triggered by action potential bursts separated by short intervals
(seconds) and depression of release after longer intervals between
bursts (minutes). These forms of presynaptic plasticity are in line
with a role of a-syn in the enhancement of synaptic vesicle fusion
and turnover. Moreover, these findings further support that the
presynaptic effects of a-syn depend on specific patterns of neuronal
activity and that the interaction between the release of this protein
and neuronal activity is bidirectional. Thus, we can speculate that
pathological a-syn, by affecting neuronal discharge, influences its
own release, creating a dangerous and vicious cycle.

At this point, the critical question is why presynaptic mechan-
isms are dysfunctional and produce impairments that take place
much earlier than neuronal death. Two recent studies have ad-
dressed this question, suggesting that nigrostriatal synaptic mito-
chondrial energy metabolism plays a critical role. In the first
study, a genetic approach was used to selectively disrupt
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Figure 2 Physiological and pathological functions of a-syn in vesicle trafficking and its interaction with membrane lipids. The left panel shows the
physiological condition in which a-syn monomers control exocytosis by interacting with synaptic vesicle proteins such as VAMP2/synaptobrevin-2,
syntaxin and SNAP-25, promoting SNARE complex formation to control the exocytosis process. Monomeric a-syn also controls endocytosis through
functional interactions with clathrin. The right panel describes the pathological state in which the accumulation of a-syn aggregates [oligomers and
preformed fibrils (PFF)] interferes with presynaptic function. Under this condition, SNARE-mediated vesicle fusion to the plasma membrane is inhib-
ited, leading to abnormal control of neurotransmitter release and transmembrane trafficking. a-Syn aggregates also arrest clathrin-mediated endo-
cytosis. The inset shows how a-syn oligomers interact with membrane lipids, cholesterol and phosphatidylinositol 4,5-bisphosphate (PIP2), altering
synaptic membrane function and integrity.
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mitochondrial complex I in mouse dopaminergic neurons to mimic
a metabolic deficit that has been observed consistently in PD pa-
tients.?® Although this change in metabolism did not compromise
the survival of dopaminergic neurons, it progressively disrupted
dopaminergic cell functioning by reducing DA release in the dorso-
lateral striatum. Deficits in motor learning and subtle motor deficit
were also coupled with this axonal dysfunction. Thus, the dysfunc-
tion of mitochondrial complex I alone is sufficient to impair DA re-
lease and cause early human-like parkinsonism. Moreover, a direct
interaction between a-syn and mitochondrial complex I has been
established. In particular, a-syn overexpression can disrupt com-
plexIintegrity, necessary for the control of neuronal mitochondrial
morphology and functioning.”

In the second study, a rat model overexpressing the human mu-
tated A53T a-syn in the substantia nigra pars compacta (SNpc) was
used.® The temporal sequence of functional and structural changes
at striatal synapses was analysed before the appearance of evident
parkinsonian signs. Sequential window acquisition by mass spectrom-
etry techniques identified that proteins involved in energy metabolism
were deregulated. Interestingly, dysfunctional mitochondrial bioener-
getics was followed by a decrease in the number of DA terminals and
morphological and ultrastructural alterations. Electron microscopy re-
vealed an abnormal accumulation of autophagic and endocytic vesi-
cles within the spared dopaminergic fibres. Ultrastructural signs of
aberrant plasticity within glutamatergic synapses, such as a reduction
in axo-spinous synapses and an increase in perforated postsynaptic
densities, were observed. This evidence strongly supports the hypoth-
esis that synaptic energy failure caused by dysfunctional mitochon-
drial activity at nigrostriatal terminals represents an early event in
the disease course.

The issue of a causative relationship among bioenergetic demand,
axonal arbor size and vulnerability of highly branched dopaminergic
nigrostriatal axons has been widely discussed.>® Synaptic transmis-
sion is a key determinant of cellular energy use, and neurons with
multiple active axon terminals along with a highly branched axonal
arborization, such as nigral dopaminergic neurons, require a massive
energy supply. Moreover, SNpc dopaminergic neurons also demon-
strated the highest rates of basal superoxide production, which sup-
ports the notion that elevated mitochondrial
phosphorylation might be the origin of chronically elevated oxidative
stress in these neurons that leads to presynaptic dysfunction.*

The idea that abnormalities in mitochondrial function are a crit-
ical step in initiating dopaminergic dysfunction, leading to parkin-
sonian phenotypes and ultimately to Lewy body (LB) pathology, is
also supported by the pathophysiology of genetic forms of PD,
such as those caused by LRRK2 mutations.*®

oxidative

Postsynaptic mechanisms

While the presynaptic functions of a-syn have been investigated for
decades, its postsynaptic effects have been much less explored.
Nevertheless, it has recently been shown that altered levels and
forms of a-syn, acting at the postsynaptic level, perturb homeostatic
and synaptic functions through various mechanisms® (Fig. 3). In par-
ticular, in vivo and in vitro studies show an early impact of a-syn on
glutamatergic neurotransmission. Indeed, evidence supports the
role of a-syn in modulating glutamatergic ionotropic and metabotro-
pic receptor activity through interaction with other proteins. Also,
post-translational modifications may play a role. Finally, a-syn
seems to have an impact on the glutamatergic activity of astrocytes.

Aggregated a-syn seems to alter the subunit composition and
function of N-methyl-p-aspartate receptors (NMDAR) and
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a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors
(AMPAR). In a study using post-mortem human brain tissue, levels
of a-syn monomers and oligomers were found to increase with age
selectively in the striatum and hippocampus.*! This increase nega-
tively correlated with the expression of the NMDAR GluN1 subunit,
a subunit necessary for the assembly of functional NMDAR. These
findings suggest that the age-dependent accumulation of a-syn
monomers and oligomers contributes to the reduction in surface
NMDAR expression in selective brain regions. An additional mech-
anism by which o-syn might induce synaptic dysfunction at the
postsynaptic level is the internalization of specific NMDAR subu-
nits. It has been reported that a-syn oligomers from the plasma of
PD patients promote GluN1 internalization in cultured dopamin-
ergic neurons. Thus, reducing this subunit in the neuronal surface
impairs NMDAR function and hampers synaptic function and
plasticity.*?

A recent study investigated the role of rabphilin-3A (Rph3A) in
the striatal synaptopathy induced by a-syn PFF.*® Rph3A is a pre-
and postsynaptic protein that can interact directly with o-syn and
is involved in stabilizing dendritic spines and the synaptic reten-
tion of NMDARs.*** In vivo injection of intrastriatal a-syn-PFF in
mice induces an early loss of striatal synapses associated with de-
creased levels of Rph3A and impairs Rph3A interaction with
NMDAR. Pharmacological targeting of Rph3A expression in the stri-
atum or interfering with the Rph3A/o-syn complex prevented the
dendritic spine loss and early motor alterations induced by PFF.
Interestingly, these interventions also prevented o-syn-induced
synaptic loss in primary hippocampal neurons. Thus, therapeutic
strategies restoring Rph3A synaptic functions might slow the syn-
aptic dysfunction induced by a-syn aggregates.

Post-translational changes to a-syn, such as glycation, might also
influence its detrimental postsynaptic effects. According to the hy-
pothesis that type-2 diabetes mellitus is a risk factor for PD,* the ef-
fect of a glycating agent has been investigated in transgenic mice
overexpressing cerebral a-syn.*” Glycation potentiates motor, cogni-
tive and olfactory dysfunctions in a-syn transgenic mice. In these ex-
periments, o-syn selectively accumulated in the midbrain, striatum
and prefrontal cortex. Also, glutamate-associated proteins such as
NMDAR, AMPAR, glutaminase, vesicular glutamate transporter and
excitatory amino acid transporter type 1 in the midbrain were in-
creased. They suggest that glycation accelerates PD-like sensorimotor
and cognitive alterations, and the increase of glutamatergic signalling
may underly these events.

Interactions between tau and a-syn in the regulation of synaptic
activity are a topic of increased interest explored in different stud-
ies in A53T mutant a-syn transgenic models and PFF models in
combination with tau knockout or alone.*®*° At the synaptic level,
tau-dependent, postsynaptic deficits caused by A53T mutant a-syn
have been described.*® Increased a-syn expression reduced spon-
taneous synaptic release. Postsynaptic dysfunctions revealed by
decreased miniature postsynaptic current amplitude and de-
creased AMPAR to NMDAR current ratio were detected. From the
mechanistic point of view, these postsynaptic dysfunctions require
glycogen synthase kinase 3p-mediated tau phosphorylation, tau
mislocalization to dendritic spines and calcineurin-dependent
AMPAR internalization.

Among the various factors that interact with a-syn oligomers,
the prion protein (PrPC) has been proposed as a mediator of detri-
mental a-syn. The crosstalk between a-syn oligomers and PrPC
has been investigated using PrPC-knockout hippocampal neu-
rons.>2 The PrPC deletion prevents the impairment of hippocampal
long-term potentiation (LTP) and cognitive deficits induced by
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a-syn oligomers. Interestingly, a-syn oligomers form a complex
with PrPC that triggers the phosphorylation of Fyn kinase via meta-
botropic glutamate receptor 5 (mGIuR5). This molecular complex
activates NMDAR and alters calcium homeostasis. Blockade of
mGluR5-evoked phosphorylation of NMDAR in a-syn transgenic
mice rescued synaptic and cognitive deficits, supporting the idea
that this receptor-mediated mechanism is a key factor for
a-syn-induced synaptopathy. More recently, this view was ques-
tioned,”® since no difference was found in the effects of a-syn oligo-
mers in control animals and PrPC- knockout mice assessed using
behavioural and morphological analyses. Thus, the hypothesis
that PrPC-related mechanisms play a major role in the initiation
and spread of PD requires further investigation.

Not only neurons but also astrocytes might be affected by the sy-
naptopathy induced by a-syn oligomers. In line with this idea, an
interesting study has shown that a-syn oligomers induce the
calcium-dependent release of glutamate from astrocytes and that
mice overexpressing a-syn show increased glutamate release in
vivo.>* This extracellular glutamate activates glutamate receptors,
including extrasynaptic NMDARs on neurons recorded from cul-
tures and hippocampal slices of o-syn-overexpressing mice.
Patch-clamp recordings from outside-out patches showed that
a-syn oligomers could directly activate extrasynaptic NMDARs.
The oligomers also induced synaptic spine loss. Similar results
were reported in human neocortical neurons derived from iPSCs
exposed to a-syn oligomers. Nitrosynapsin, a putative inhibitor of
extrasynaptic NMDAR, inhibited these detrimental effects.

Taken all together, a growing body of evidence shows how a-syn
impacts postsynaptic activity, mainly modulating glutamatergic
neurotransmission. As for presynaptic alteration, also at a postsy-
naptic level, functional changes precede overt neurodegeneration.
As a consequence, striatal synaptic plasticity alterations might be
early manifestations of a synucleinopathy, even in the absence of
other pathological changes.

Striatal synaptic plasticity

Since striatal synaptic plasticity has been considered a correlate of
motor learning, the potential effects of misfolded o-syn on this
physiological phenomenon are of major importance for under-
standing its role in motor deficits.

In the striatum, the bursting activity of nigral DA terminals pro-
motes dendritic spine enlargementin a time window of a few seconds
after paired pre- and postsynaptic spiking. This phenomenon is the
basis for morphological plasticity and is also implicated in synaptic
LTP.> LTP requires a chain of events, including presynaptic activation
of the glutamatergic cortical and thalamic terminal neurons, the re-
lease of excitatory amino acids onto spiny projection neurons
(SPNs) and subsequent activation of postsynaptic glutamate recep-
tors, leading to membrane depolarization and a rise in intracellular
calcium. In conjunction with this sequence of events, DA released
from nigrostriatal terminals activates postsynaptic D1 DA receptors,
leading to protein kinase A activation and intracellular cAMP produc-
tion. But how does a-syn interfere with this complex chain of events?

Our group has investigated the possibility that a-syn, by interact-
ing at pre-and postsynaptic levels with these mechanisms, might
interfere with striatal plasticity and motor learning, producing early
motor and behavioural parkinsonian signs. In an initial study, we in-
vestigated striatal synaptic plasticity ex vivo.»> We found that the ini-
tial acquisition of motor learning is induced by the activation of the
DA active transporter (DAT) and is mediated by a D1-dependent LTP
in SPNs. Viral induced-overexpression of human a-syn in substantia
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nigra reduced striatal DAT levels, impaired motor learning and pre-
vented learning-induced LTP before the appearance of dopamin-
ergic neuronal loss. This striatal mechanism of cellular memory
during the acquisition of a skill is a novel form of exercise-induced
synaptic plasticity. Interestingly, it requires concomitant molecular
changes at both pre- and postsynaptic levels, and it is disrupted in
the early stage of synucleinopathies.”

More recently, we observed that intrastriatal injection of a-syn
PFF selectively alters the firing rate of dopaminergic neurons in
the SNpc, probably diffusing retrogradely.’® Interestingly, the dis-
charge of the GABAergic substantia nigra pars reticulata neurons
is unchanged, suggesting a neuronal type-specific vulnerability to
a-syn. This a-syn-induced dysregulation of nigrostriatal function
was coupled to a time-dependent loss of striatal LTP and long-term
depression (LTD) measured on SPNs, and mild behavioural and mo-
tor deficits. On the other hand, the spontaneous glutamatergic ac-
tivity was increased with a presynaptic mechanism. PFF-injected
animals showed anxiety-like behaviour and hypokinesia. These
changes in neuronal function in the SNpc and striatum, as well as
the behavioural dysfunctions, were observed before overt neuronal
death occurred, suggesting the appearance of a network dysfunc-
tion before neurodegeneration™® (Fig. 4).

Recent findings obtained by using both in vivo and in vitro models of
synucleinopathies show that aberrant o-syn differentially regulates
NMDARSs function in striatal neurons, according to the receptor subunit
expression in the specific cell type. Moreover, a-syn-mediated toxicity
at the glutamatergic postsynaptic compartment depends on the struc-
tural biophysical characteristics of the protein aggregates and of the
neuronal subtype vulnerability. Combining electrophysiological, opto-
genetic, immunofluorescence, molecular and behavioural analyses,
we found that a-syn reduces postsynaptic NMDAR-mediated synaptic
currents and impairs corticostriatal LTP of SPNs of both direct
(D1-positive) and indirect (D2-positive) pathways.*® Intrastriatal injec-
tions of either oligomeric a-syn or PFF produced distinct deficits in
visuospatial learning associated with reduced function of the GluN2A
NMDAR subunit, indicating that this protein selectively targets this sub-
unit both in vitro and ex vivo (Fig. 3). More specifically, rats injected with
oligomeric o-syn showed altered performances in both object displace-
ment and novelty recognition, while PFF-injected animals were partial-
ly affected, showing a deficits only in the displacement sessions.

Cholinergic interneurons (Chls) provide extensive local innerv-
ation, which is key in the modulation of striatal microcircuits.>”-*®
The functional properties of these interneurons influence the activ-
ity and plasticity of SPNs, as well as those of other interneurons.*®
Chls play a critical role in striatal activity, underlying action selec-
tion and reward in both physiological and pathological condi-
tions.®>! However, in contrast to the extensive information on
the effect of a-syn on the nigrostriatal network, little is known
about the role of this protein in affecting the synaptic activity and
plasticity of Chls. We found that overexpression of truncated or
wild-type human o-syn in the striatum causes partial reduction of
striatal DA levels and selectively blocks the induction of LTP in stri-
atal Chis, producing early memory and motor alterations.®” These
effects depend on o-syn modulation of the GluN2D-NMDAR, a sub-
type selectively expressed in Chls (Fig. 3). Acute in vitro application
of human a-syn oligomers was also able to block LTP, mimicking
the synaptic effects observed ex vivo in PD models. These findings
suggest that striatal cholinergic alteration induced by a direct inter-
action between a-syn and GluN2D-NMDAR represents an early syn-
aptic change in PD.

Taken together, these results support a hypothesis according to
which a-syn differentially alters the function of specific NMDARs in
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Early synaptic and behavioural effects of intrastriatal injection of a-syn PFF
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Figure 4 Early synaptic and behavioural effects of intrastriatal injection of a-syn PFF in a rat model. Top left: The reduction in the number of dopamin-
ergic terminals in the dorsolateral (DL) and dorsomedial (DM) striatal regions following o-syn-PFF injection is shown. Bottom left: The loss of corticos-
triatal long-term potentiation in the spiny projection neurons (SPNs) under the same experimental conditions is represented. The right panel shows
how a-syn-PFF intrastriatal injections produce behavioural and motor defects. Top right: Representative track plots of the animal’s exploratory activity
in the open field arena show a marked reduction of motor activity and poor exploration in a-syn-PFF-injected rats compared to controls, suggesting the
emergence of anxiety-like behaviours. Bottom right: Representative track plots of the animal’s movements in the grid walking setting show a reduced
activity that results in an increased latency to climb and a higher immobility time in a-syn-PFF-injected rats compared to the sham-operated rats, sug-
gesting the onset of locomotor deficits (modified from Tozzi et al.'®). EPSC = evoked excitatory postsynaptic current; PFF = preformed fibril.

different neuronal subtypes. Thus, in addition to the well-
recognized brain area vulnerability, emerges the hypothesis that
specific features of postsynaptic receptors dictate the synaptic vul-
nerability of distinct neuronal populations.

Vulnerability of neuronal networks to
synuclein spreading

Misfolded o-syn might spread in the brain following anatomically
connected networks, and the appearance of clinical signs is seem-
ingly related to this type of spreading.®®*®* Recent findings also sug-
gest that a-syn aggregates correspond to different conformational
strains of a-syn that can spread in different cell types, causing dis-
tinct clinical features.®>%®

Taking advantage of mouse models, two recent studies explored
the spatiotemporal pattern of the spread and transmission of a-syn
aggregates. They used quantitative pathology mapping in the
mouse brain combined with network modelling.®”*® According to
these studies, patterns of a-syn pathology are best predicted by a
network model based on two key determinants, such as anatomical

connectivity and endogenous a-syn expression. In line with this hy-
pothesis, in the PFF rodent model, intracerebral injections of
a-syn-PFF into the striatum (Fig. 5) resulted in increased levels of
phosphorylated a-syn at Ser129 (p-o-syn), one of the neuropatho-
logical hallmarks of PD, in several brain regions, such as the pre-
frontal cortex, entorhinal and perirhinal cortex,*® insular
cortex,®®’° thalamus’® and hippocampus.”® Evidence of a retro-
grade diffusion is also provided by the presence of cells immunola-
belled with p-a-syn antibodies in the motor cortex, in SNpc,*>*® and
the amygdala.®®’° Alpha-syn PFF injections into the hippocampus
(Fig. 5) are also able to spread beyond the initial site towards other
cognitively-relevant areas, to reach a diffusion of p-a-syn-positive
inclusions in the entorhinal and perirhinal cortex,”? amygdala
and other limbic areas’® and areas involved in the control of volun-
tary movements, such as the striatum and the motor cortex.”*
Although the factors regulating the spreading of a-syn are still a
matter of debate, other critical factors contributing to cell vulnerabil-
ity must be considered. In fact, not all brain regions or neurons within
connected circuits develop a-syn-related pathology. Thus, it has also
been proposed that cell-autonomous factors modulate the progres-
sion of pathology. Possible cell-autonomous factors are high levels
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Figure 5 Misfolded o-syn diffusion after in vivo intracerebral injection of PFF in rodent PD models. Schematic representations of the brain regions con-
taining pathological inclusions of a-syn after intracerebral injections of aggregates in the striatum (left) or the hippocampus (right). References to the

morphological studies relevant to the brain areas analysed are also reporte

of a-syn, basal oxidative stress, pacemaker activity and elevated cyto-
solic calcium levels. This poor capacity to degrade misfolding proteins
might also be caused by the large axonal arborization of neurons (i.e.
dopaminergic cells) and the high rate of mitochondrial turnover.

According to these considerations, a mixed model of
cell-autonomous factors and trans-synaptic spread has been
proposed to explain the progression of pathology.”” In line with
this hypothesis, an experimental study used integrative omics, bio-
chemical and imaging approaches to investigate the molecular
events associated with the different stages of LB formation. It
demonstrated that LB formation involves a complex interplay be-
tween a-syn fibrillization and post-translational modifications, as
well as interactions between o-syn and membranous organelles, in-
cluding mitochondria, the autophagosome and endolysosome.”®

In addition to these models, which explain how a-syn spreads in
the brain to cause pathology and clinical signs, we should consider
that neurodegeneration is preceded by a-syn-induced synaptic im-
pairment in the very early phases of PD. This early synaptic dys-
function might cause precocious network disruption, which is
responsible for initial motor and behavioural signs. According to
this hypothesis, altered synaptic transmission and loss of physio-
logical synaptic plasticity, as well as changes in firing frequency
and patterns in the early phases of the disease, have been detected
in various brain areas in animal models.

Most studies presented and discussed to date have focused on
a-syn-induced synaptic dysfunction in the basal ganglia. However,
two new experimental observations investigating the amygdala, a
brain structure critically important for fear and emotions,””’® as
well as to cognitive and behavioural changes in PD,”° add further evi-
dence to the hypothesis of an involvement of other brain networks
notdirectly related to motor control in the non-motor symptoms de-
scribed in prodromal PD. In the first study, injections of PFF into the
striatum caused the formation of a-syn inclusions in the cortex and
amygdala. These inclusions primarily localized to excitatory

d 62,69-74

neurons, suggesting the possibility that glutamate-dependent plas-
ticity might be impaired. Interestingly, although no significant loss
of neurons was observed in the amygdala or cortex, animals showed
functional deficits associated with the prefrontal cortex and amyg-
dala function, such as social dominance behaviour and fear condi-
tioning.*® The second study, using confocal microscopy and slice
electrophysiology, along with a-syn knockout mice and PFF, found
that glutamatergic cortico-amygdala inputs are selectively affected
by a-syn aggregation and consequent synaptic dysfunction.®’ These
observations, taken together, suggest that a-syn impairs cortical
and amygdala function in regions critically important for complex
cognitive and behavioural features of PD in the absence of cell loss.

Outcomes of clinical trials: learning from
preclinical studies

As extensively discussed, abnormal conformations of a-syn deter-
mine deficits in neurotransmission, leading to early clinical mani-
festations in PD. Therefore, several studies in animal models and
patients have tested pharmacological treatments targeting a-syn.
The three major strategies are represented by active immunization,
passive immunization and aggregation inhibitors.

Concerning active immunization, two peptide vaccines were
found to induce a clear immune response.®¥? However, at present,
no further information about the clinical efficacy has been released.
Recently, another peptide-based vaccine has been tested in healthy
controls and early PD patients (NCT04075318), and, also in this case,
no outcome has yetbeen published. With regard to passive immuniza-
tion, although encouraging preclinical findings were published,®*#*
clinical trials in PD patients have failed to meet their primary
end points.>® Finally, oligomer modulators represent an additional
line of investigation, which may potentially provide interesting find-
ings. Among them, an aggregation inhibitor, which was found to
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reduce the formation of u-syn aggregates and inhibit the formation of
oligomers in preclinical studies,®*®® is now being tested in phase 2 clin-
ical trials in early PD patients (NCT04658186). Unfortunately, efficacy
outcomes will be released only in the coming years.

The first clinical trials targeting a-syn with the above-reported
strategies have not been successful yet. These unmet expectations
generated a debate on whether proteinopenia has more relevance
than proteinopathy in the pathophysiology of neurodegenerative dis-
orders characterized by protein misfolding and aggregation.®”
Multiple reasons can be hypothesized to explain these results. First
of all, the treatments targeting a-syn tested in the above reported clin-
ical trials may interfere with the physiological functions of a-syn, such
as the regulation of neurotransmitter release and structural conform-
ation of the presynaptic terminals. Therefore, this detrimental effect
may overcome the beneficial action on abnormal a-syn and its toxic
effects. However, molecules able to distinguish soluble forms of
a-syn from pro-aggregation forms, such as the newest oligomer mod-
ulators,® could overcome this issue. Another aspect to be considered
is that, according to the evidence represented in this review, synaptic
dysfunctions induced by abnormal a-syn also occur before overt neur-
onal death and clear motor dysfunction. Nevertheless, most trials
recruit patients who already manifest parkinsonism and significant
nigro-striatal dopaminergic denervation. It is therefore possible
that a-syn-induced synaptic dysfunction is already irreversible at
this stage. Trials designed to include very early stage patients or
even prodromal patients, defined by research criteria, could par-
tially avoid this bias. Furthermore, trial design could be hampered
by the clinical heterogeneity of PD patients, in which specific distri-
butions of synaptic and network dysfunctions may differentially
affect the response to therapies targeting a-syn. To address this is-
sue, a deep multimodal characterization of patients should be con-
sidered, including standardized clinical evaluation, the use of fluid
biomarkers and technology-based approaches to monitor motor
and possibly non-motor symptoms and responses to therapies
(i.e. wearable devices). Finally, a strict definition of inclusion and
exclusion criteria would be crucial.

Conclusions and future directions

Alpha-syn-induced synaptic, plastic and network alterations begin
early in the natural history of PD and might affect different brain
areas, eventually causing distinct clinical signs, from cognitive
and psychiatric symptoms to different motor manifestations.
However, these synaptic dysfunctions might also persist in the de-
generative phase, intermingled with neuronal loss, and contribute
to shaping diverse parkinsonian clinical manifestations.

We have new animal models and novel molecular and neuro-
physiological techniques to investigate the physiological and det-
rimental roles of a-syn in specific neuronal subtypes. These
resources have enormous potential for understanding disease
mechanisms and drug discovery. However, their possible transla-
tional application to human disease requires a careful sequence of
steps. These new experimental approaches can now identify early
phases of the disease in some animal models, but we are aware
that identifying a prodromal phase in PD patients is still
challenging.

In conclusion, we have begun to understand that therapeutic
targeting of a-syn in PD patients requires caution, since this protein
exerts important physiological synaptic functions. Moreover, the
interactions of a-syn with other molecules may induce synergistic
detrimental effects; thus, targeting only a-syn might not be enough.
Combined therapies should be considered in the future.
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Search strategy and selection criteria

We searched PubMed between July and September 2022 for articles
published in English, mainly from 2018 to September 2022. We fur-
ther examined the reference lists from relevant articles. A combin-
ation of keywords related to a-syn, synaptic plasticity and PD was
used: ‘alpha-synuclein’, ‘neurodegeneration’, ‘Lewy bodies’,
‘Parkinson’s disease’, ‘striatal dopaminergic transmission’, ‘synap-
topathy’, ‘synaptic plasticity’, ‘presynaptic’, ‘postsynaptic, ‘animal
models’, ‘mechanisms’. We then selected the most relevant papers
with particular attention to studies dealing with the earliest patho-
logical effects of a-syn. A few older seminal studies were included
for their importance. The final reference list was generated on the
basis of relevance to the topics covered in this review.
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