Ageing Research Reviews 50 (2019) 89-101

journal homepage: www.elsevier.com/locate/arr

Contents lists available at ScienceDirect

Ageing Research Reviews

"AGEING
RESEARCH
REVIEWS

P

Review

The prion-like spreading of a-synuclein: From in vitro to in vivo models of

Parkinson’s disease

Jessica Y. Vargas', Clara Grudina', Chiara Zurzolo*

Unité de Traffic Membranaire et Pathogénése, Institut Pasteur, Paris, France

Check for
updates

ARTICLE INFO ABSTRACT

Keywords:
Parkinson’s disease
a-Synuclein
Prion-like behavior
Neurodegeneration
Neurobiology

Parkinson’s disease (PD) is the second most common neurodegenerative disorder after Alzheimer’s disease. PD is
characterized by the loss of dopaminergic neurons, primarily in brain regions that control motor functions,
thereby leading to motor impairments in the patients. Pathological aggregated forms of the synaptic protein, a-
synuclein (a-syn), are involved in the generation and progression of PD. In PD brains, a-syn accumulates inside
neurons and propagates from cell-to-cell in a prion-like manner. In this review, we discuss the in vitro and in vivo
models used to study the prion-like properties of a-syn and related findings. In particular, we focus on the

different mechanisms of a-syn spreading, which could be relevant for the development of alternative therapeutic

approaches for PD treatment.

1. Introduction

Parkinson disease (PD) is a neurodegenerative disorder character-
ized by a progressive loss of motor function in patients that could be
accompanied by a wide range of symptoms including cognitive im-
pairment, sleep and mood disorders, gastrointestinal disturbances and
autonomic failure (Takamatsu et al., 2018). The hallmark of PD brains
is the presence of intraneuronal inclusions called Lewy bodies (LBs) and
Lewy neurites (LNs), which are mainly composed of aggregates of a-
synuclein (a-syn) (Poewe et al., 2017). Point mutations in the gene
encoding a-syn protein (A30P, E46K, H50Q, G51D, A53E and A53T), as
well as genomic duplications or triplications containing the a-syn locus,
can result in familial forms of PD (Wong and Krainc, 2017). In the
sporadic form of PD, aging is considered as a major risk factor. In fact,
the incidence of PD significantly increases with age. Epidemiological
studies have demonstrated that the risk of PD increases approximately
10-fold between the ages of 50 and 81 (Collier et al., 2017). Moreover,
different PD phenotypes and the speed of disease progression could be
influenced by the age (Collier et al., 2017). Indeed an analysis on re-
cently diagnosed PD patients reported that the older age of onset is
associated with more severe PD-related symptoms and with a dis-
balance of a-syn levels in the cerebrospinal fluid (CSF) (Pagano et al.,
2016). However, the age of onset seems to affect the rate of progression
at early and middle stages of PD but not at advanced stages
(Fereshtehnejad and Postuma, 2017; Kempster et al., 2010).
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Interestingly, a-syn has an important role in both the generation of
PD, and in the progression into more advanced stages of the disease
(Del Tredici and Braak, 2016). Postmortem observations of PD brains at
different stages of the disease serve as evidence that the spreading of
the pathology is correlated with the presence of a-syn inclusions in
extensive areas of the brain (Braak et al., 2003). Sporadic PD develops
and progresses following the spreading of a-syn-positive inclusions
throughout the brain in a stereotypic manner (Braak et al., 2003),
suggesting that a-syn can spread from cell to cell in the brain. Similarly
to prion and other neurodegenerative diseases, PD can be initiated by
toxic, aggregated forms of a-syn that are able to induce the conversion
of endogenous a-syn into the pathological form, which can spread
throughout the brain, propagating the protein misfolding and the dis-
ease (Makin, 2016). For more than a decade, researches have focused
on questions like: How a-syn aggregates can induce the pathological
conformation of the endogenous protein? How can a-syn propagate in
the brain? Several mechanisms for a-syn intercellular spreading have
been proposed over the years. However, the exact manner by which a-
syn transfers from one cell to another is still unclear. Understanding
how a-syn aggregates and spreads will help develop new therapeutic
strategies aimed at slowing or stopping PD progression. Here, we re-
view the most relevant studies demonstrating a-syn’s prion-like beha-
vior in vivo and in vitro.
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Fig. 1. Prion-like spreading of a-syn. A.
Schematic representation of the se-
quential events taking place in the for-
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mation of a-syn aggregates. Misfolding
of native a-syn gives rise to monomeric
forms that are prone to aggregate.
These monomers can assemble into
distinct conformational states: 1. By
continuous  aggregation, oligomers,
protofibrils and later fibrils, are formed,
2. A high-molecular weight conforma-
tion, called ribbons, are directly as-
sembled from monomers. Formation of
a-syn aggregates is a reversible reaction
which equilibrium is displaced towards
the aggregate formation. B. The prion
paradigm of spreading indicates that a-
syn aggregates can be transferred from
an “infected” cell (cell 1) to a “non-in-
fected” cell (cell 2) through an un-
known mechanism. When a-syn fibrils
arrive to the “non-infected” cell, they
induce the misfolding of the en-
dogenous native a-syn protein, produ-
cing new aggregates that can be trans-
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2. a-Syn and the Prion Hypothesis

Prion proteins are infectious agents composed of misfolded forms of
native cellular protein (PrP9), called scrapie (PrP5%). One remarkable
feature of PrPS is its ability to propagate from an infected cell to a
healthy one, where it seeds the misfolded conformation on PrP€, thus
generating self-propagating species that can spread throughout the
healthy tissue (Prusiner, 1991). Many studies have suggested that other
mammalian proteins show a prion-like domain and that protein mis-
folding is a common feature in most neurodegenerative diseases (Jucker
and Walker, 2018). In PD, the pathological form of a-syn is structurally
similar to PrP%°. Normally a-syn assumes an a-helical conformation, but
in particular pathological conditions, the protein can change its con-
formation to a (-sheet-rich structure that is prone to aggregate, forming
toxic species (oligomers, fibrils and ribbons) (Baba et al., 1998)
(Fig. 1A). These aggregated forms of a-syn are the main component of
LBs in PD brains (Lippa et al., 1998). In 2008, two reports showed that
PD patients had developed a-syn-positive LBs in grafted fetal me-
sencephalic dopaminergic neurons that were transplanted in the
striatum, as an attempted therapeutic intervention (Kordower et al.,
2008; Li et al., 2008), showing that in humans, aggregated a-syn can
propagate to healthy cells, supporting the hypothesis that PD is a prion-
like disease.

Many in vitro studies have shown how to purify a-syn seeds that can
be used to build up amyloid-like fibrils similar to those in LBs (Conway
et al., 2001, 1998; Uversky, 2007). Using these a-syn seeds, it has been
confirmed in vitro and in vivo, that misfolded a-syn can propagate fol-
lowing the prion-like paradigm (Fig. 1B). Indeed, it was shown that
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exogenously assembled a-syn fibrils were able to recruit and convert
their soluble counterparts into elongating fibrils when internalized by
different cell types, both in culture and injected in the brain of living
animals (Luk et al., 2012a, 2009; Volpicelli-Daley et al., 2011). More-
over, it was demonstrated that a very small amount of preformed fibrils
is sufficient to start the conversion process of native a-syn proteins,
suggesting that template recruitment is probably a self-perpetuating
action (Luk et al., 2009; Volpicelli-Daley et al., 2011). Thus, misfolded
a-syn could spread from affected to unaffected regions of the brain,
leading to neurodegeneration and progression of PD pathology.

The prion-like spreading of a-syn is consistent with the Braak’s
staging of PD. According to this study, PD progression can be categor-
ized in six different stages and every stage is associated with a parti-
cular neurological structure positive for LBs (Braak et al., 2003). The
type and severity of the symptoms are correlated with the advance from
one stage to another (Braak et al., 2003). PD progression could occur by
the spreading of a-syn aggregates in the brain through two possible
routes: (1) from the olfactory bulb with anterograde progression into
the temporal lobe; or (2) from the gastric epithelial, via the vagal nerve
to the basal midbrain and forebrain until reaching the cerebral cortex
(Braak et al., 2006). The second hypothesis is supported by the finding
of a-syn aggregates in intestinal tissues of PD patients, particularly in
neurons of the enteric system (Gelpi et al., 2014; Ruffmann et al.,
2018). Moreover, local injections of a-syn into the vagal nerve — a di-
rect physical connection between gut neurons and the central nervous
system (CNS) - of rats, can induce PD-like pathology in the CNS

(Holmqvist et al., 2014; Ulusoy et al., 2013). These and other recent
reports support the hypothesis that a-syn aggregates can be transferred



J.Y. Vargas et al.

from gut to brain.

Recently, new studies have focused on one aspect of prion like be-
havior in synucleinopathies: The presence of different strains of the
aggregated protein (Bousset et al., 2013; Peelaerts et al., 2015). Indeed,
in prion disease, a variety of strains that are believed to be the con-
sequence of different conformations of PrP%¢ exist (Bruce, 1993).
Moreover, prion strains show different cell tropism with consequently
different physiopathological patterns (Bruce, 1993). Similarly, it was
suggested that native unfolded monomeric a-syn can be folded into
different intermediate molecules (Uversky, 2003; Pieri et al., 2016). All
these folding intermediates exhibit specific amino acid stretches that
define specific intermolecular interactions (Brundin and Melki, 2017).
Longitudinal and lateral interactions can occur between molecules that
exhibit the same conformation, thus leading to the establishment of a
thermodynamically stable assembly (Brundin and Melki, 2017). The
intermolecular interactions within different assemblies might define the
origin of the different strains (Brundin and Melki, 2017). Until now,
two strains of a-syn have been identified: fibrils and ribbons (Bousset
et al., 2013). These strains have different structures and different
seeding and propagation abilities (Bousset et al., 2013). In fact, it was
demonstrated that a-syn fibrils and ribbons faithfully propagate their
intrinsic structure, but show different membrane binding properties and
different penetration propensities that could explain the differences in
their toxicity (Bousset et al., 2013). As of yet, there is no evidence that
the different a-syn strains really exist in the human brain; but their
existence could explain why a-syn aggregates in the different synu-
cleinopathies exhibit different pathogenic effects (Halliday et al., 2011;
McCann et al., 2014). However, further molecular and cell biological
studies are necessary to probe this hypothesis and to understand the
pathological diversity seen in the different a-syn-related diseases.

3. Spreading properties of different a-syn aggregated forms

Monomeric a-syn is soluble, and upon oligomerization the protein
remains soluble (Wang et al., 2016). In a misfolded conformation, when
the fibrillization process is started, a-syn becomes insoluble and as-
sumes self-aggregate properties (Wang et al., 2016). Plenty of evidence
supports the hypothesis that PD pathogenesis is due to a process of a-
syn oligomerization and fibrillary growth (Osterberg et al., 2015; Pieri
et al., 2012; Taschenberger et al., 2012; Tsigelny et al., 2008). How-
ever, it is still unknown which specific molecular mechanism influences
native a-syn to change its conformation and properties, producing ag-
gregated forms. Understanding the structure of a-syn species could give
information about their toxicity and could help in the development of
PD treatments.

During aging, the levels of soluble a-syn protein in human sub-
stantia nigra (SN) increase (Li et al., 2004). In neurons, the expression
of a-syn is regulated by post-translational protein stabilization, a me-
chanism that seems to be crucial for different neurodegenerative dis-
eases (Li et al., 2004). The increase in the levels and the stability of a-
syn can synergistically produce an accumulation of oxidatively mod-
ified a-syn by promoting the aggregation of the protein, thus increasing
the risk to trigger PD pathogenesis (Li et al., 2004). Moreover, with age,
a-syn also changes its interneuronal localization (Chu and Kordower,
2007). In fact, in young individuals, the protein is mainly located in the
synaptic terminals while its levels in the soma are low. Instead, in older
individuals, a-syn becomes more concentrate in the cell body of the
neurons (Chu and Kordower, 2007). This aging-related a-syn accumu-
lation in the soma could be considered as a marker of a pre-LB state in
neurons (Collier et al., 2017).

Distinct spreading properties and toxic behaviors have been de-
scribed for the different a-syn species. Recently, an in vivo experiment
showed that injections of different a-syn assemblies (oligomers, ribbons
and fibrils) into rat SN have different effects on synaptic transmission,
after acute exposure (Peelaerts et al., 2015). Peelaerts et al. found that
a-syn fibrils are more toxic than the oligomers and ribbons, causing
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more severe synaptic impairments and motor deficits (Peelaerts et al.,
2015). The authors also found that a-syn oligomers spread more effi-
ciently than ribbons and fibrils, but only ribbons and fibrils are able to
induce LB-like pathology in dopaminergic neurons, four months after
injection (Peelaerts et al., 2015). These findings indicate that distinct a-
syn assemblies have different spreading capacities, display different
seeding propensities, and induce different pathological phenotypes in
vivo. Indeed, it was found that monomeric and oligomeric a-syn, but
not the fibrillary form, are rapidly transferred after injection into the
olfactory bulb (OB) of wild type (WT) mice, to directly connected brain
regions (Rey et al.,, 2013). The fact that oligomeric forms of a-syn
propagate throughout the brain more quickly than the higher ag-
gregated forms suggests that they could use different mechanisms of
spreading. As mentioned above, different mechanisms seem to be in-
volved in a-syn cell-to-cell transfer, and different a-syn species could
have a preferential way of spreading.

In the future, it will be important to understand the exact con-
tribution of each a-syn species to the prion-like spreading of PD pa-
thology by knowing their transfer and seeding properties, as well as
their toxic effects on recipient cells. All these still missing data could
help to develop efficient clinical treatments for PD.

4. In vivo evidences for the spreading and seeding capabilities of
o-syn

The hypothesis of the prion-like spreading of a-syn described above
is supported by an increasing amount of in vivo data. Since the reports
of Kordower et al. and Li et al. in 2008, showing that LB pathology can
propagate from the brain of PD patients to embryonic grafted neurons
transplanted years before (Kordower et al., 2008; Li et al., 2008), nu-
merous publications have demonstrated that pathogenic a-syn can
spread from disease cells to the healthy ones, in a prion-like fashion
(Brundin and Melki, 2017). The properties of a-syn aggregates, such as
the ability to transfer from cell-to-cell and to induce newly formed
aggregates on recipient cells, have also been described in animal
models (Angot et al., 2012; Bernis et al., 2015; Desplats et al., 2009;
Hansen et al., 2011; Krammer et al., 2009; Luk et al., 2012a; Masuda-
Suzukake et al., 2013; Mougenot et al., 2012). Table 1 shows several
experimental approaches that have been used to study the prion-like
behavior of a-syn aggregates in vivo.

4.1. Transfer of a-syn from host brain to engrafted cells

Using a transgenic mouse model of PD, the propagation of a-syn
from disease neurons to engrafted tissue has been shown (Desplats
et al., 2009). In detail, mouse cortical neuronal stem cells were trans-
planted into the hippocampus of transgenic mice expressing human a-
syn (Desplats et al., 2009). One month after transplantation, 15% of the
engrafted cells were positive for human a-syn, and the number of
grafted cells containing inclusion bodies increased with time (Desplats
et al., 2009). Other studies using engrafted tissue have also shown di-
rect host-to-graft transmission of a-syn in vivo. By transplanting mouse
dopaminergic neurons into the striatum of mice overexpressing human
a-syn under the control of the mouse a-syn promoter, the transfer of a-
syn between host and grafted neurons was demonstrated 6 months after
transplantation (Hansen et al., 2011). Additionally, transfer of a-syn
from host-to-graft has also been reported in rats (Angot et al., 2012;
Kordower et al., 2011). Fetal rat ventral mesencephalon was engrafted
into the dopamine-depleted striatum of rats. One month after the
transplants, the animals received an intrastriatal injection of an adeno-
associated virus (AAV) vector expressing human-a-syn, rostral to the
grafts and no direct infection of the grafts was ensured (Kordower et al.,
2011). By detecting human a-syn immunoreactivity, the propagation of
a-syn was found in 5.7% of the engrafted rat dopaminergic neurons, 5
weeks after the AAV injection (Kordower et al., 2011). Another study
showed the transfer of a-syn from rat host brains overexpressing human
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Table 1
Summary of in vivo studies representing the major milestones in the understanding of a-syn prion-like spreading properties.
Experimental approach Animals Material assayed Region of interest Time points References
Engrafted neurons on PD brains Thy-1 a-syn transgenic Mouse cortical neuronal stem cells Hippocampus 4 weeks Desplats et al.,
mice 2009
Rats (WT) injected with ~ Rat embryonic ventral mesencephalic ~ Striatum 1 week Angot et al., 2012
AAV-a-syn neurons 2 weeks
4weeks
Intracerebral inoculation/expression C57BL6/C3H mice (WT) Mouse a-syn fibrils Striatum 30 days Luk et al., 2012a
of a-syn 90 days
180 days
C57BL/6J mice (WT) Human a-syn monomers, oligomers  Olfactory bulb 20 min Rey et al., 2013
and fibrils 15h
3h
12h
72h
WT and a-syn null mice, a-Syn extracts from the PD patients Substantia nigra and 4 weeks Recasens et al.,
monkeys striatum 16 weeks 2014
56-68 weeks
Rats (WT) Human a-syn oligomers, fibrils and Substantia nigra 20 min Peelaerts et al.,
ribbons. AAV-a-syn 7 days 2015
120 days
Peripheric administration of a-syn WT and a-syn null mice ~ AAV-GFP AAV-a-syn Vagus nerve 2 weeks Helwig et al., 2016
6 weeks
12 weeks
WT and a-syn transgenic  a-Syn fibrils Upper hind limb muscle 16 weeks Sacino et al., 2014b

mice
WT and a-syn transgenic
mice

Gut microbiota from PD patients

12-13 weeks and
24-25 weeks

Sampson et al.,
2016

a-syn to grafted dopaminergic neurons (Angot et al., 2012). In this case,
an interaction between the human a-syn and rat a-syn within the
grafted neurons was also demonstrated, suggesting a seeding activity of
the transferred a-syn on the endogenous a-syn.

These findings are in accordance with the observations done in the
brains of PD patients transplanted with embryonic neurons and devel-
oped LB-like pathology in the engrafted tissue (Kordower et al., 2008; Li
et al., 2008), which call into question the cell-based therapies as useful
treatment for PD.

4.2. Spreading of a-syn following intracerebral administration

Several studies have reported that intracerebral injections of pre-
formed a-syn aggregates induce LB-like inclusion formation, leading to
synaptic impairments and neuronal death (Abdelmotilib et al., 2017;
Luk et al., 2012b; Volpicelli-Daley et al., 2011). Notably, a-syn positive
inclusions in the brain of injected animals can be found in regions that
are far from the injection site, which suggest the spreading of the a-syn
pathology from cell-to-cell (Luk et al., 2012b). Indeed, intracerebral
injection of aggregated a-syn into WT mice or transgenic mice over-
expressing either human WT a-syn or human o-syn with the familial
AS53T mutation, can cause the spreading of a-syn pathology in the CNS
of injected mice (Luk et al., 2012a; Mougenot et al., 2012; Sacino et al.,
2014a). The intrastriatal administration of preformed a-syn fibrils in
WT mice led to the propagation of pathological a-syn in anatomically
interconnected brain areas (Luk et al., 2012a). In a recent study, it was
shown that the spreading of a-syn fibrils and its pathology can be sig-
nificantly reduced by deletion of the lymphocyte-activation gene 3
(LAG3), a transmembrane protein that selectively binds a-syn fibrils
(Mao et al., 2016). In fact, LAG3-deficient mice injected with preformed
a-syn fibrils in the dorsal striatum exhibited 50% fewer a-syn positive
inclusions in neurons of SNpc, compared to a-syn-injected WT mice
(Mao et al., 2016). These findings suggest that LAG3 is important for
the spreading of the a-syn-induced pathology and the development of
PD-related motor impairments.

One of the first brain areas where a-syn positive inclusions are
formed in PD patients is the OB and the anterior olfactory nucleus
(Braak et al,, 2003). Almost 90% of PD patients develop smell
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impairments, and the smell loss starts years before the appearance of
motor symptoms (Doty, 2012). Several in vivo studies have shown that
a-syn pathology can spread from the OB to other brain areas. Mason
et al. demonstrated that three months after the injection of a-syn fibrils
into the OB of non-transgenic mice, a-syn positive inclusions were
found deep into the temporary lobe (in the piriform and entorhinal
cortices, amygdala and the hippocampus) (Mason et al., 2016). In ad-
dition, it was shown that a-syn fibrils injected into the OB of WT mice
can induce the transformation of endogenous a-syn into pathological
aggregates, which propagate transneuronally to distant brain regions
over a period of one year (Rey et al., 2016). However, two years post-
injection, no additional brain regions exhibited a-syn deposits, sug-
gesting that the transfer of a-syn pathology can be affected by early a-
syn-induced neuron loss, which compromises the neural circuitry in-
volved in its spreading, or by proteolytic mechanisms in resilient neu-
rons of WT mice which facilitate a-syn degradation (Rey et al., 2018).
On the other hand, no a-syn-positive inclusions were detected in mouse
brains 21 months post-intranasal administration of preformed a-syn
fibrils, suggesting that aggregates of a-syn protein cannot pass through
the nasal mucosa (Masuda-Suzukake et al., 2013).

Inoculation of preformed a-syn fibrils into different brain regions
(OB, SNpc, striatum, entorhinal cortex and hippocampus) of rats, mice,
and monkeys, have demonstrated that a-syn pathology can spread in
vivo from several areas to other regions in the CNS (Abdelmotilib et al.,
2017; Luk et al., 2012a; Masuda-Suzukake et al., 2014; Paumier et al.,
2015; Rey et al., 2013; Sacino et al., 2014a; Shimozawa et al., 2017).
However, different laboratories have reported contradictory data re-
garding the spreading patterns and seeding capacities of injected a-syn
fibrils. In some studies, WT animals develop a-syn positive inclusions
after injection of a-syn fibrils, whereas, in other studies, a-syn-trans-
genic animals, but not WT animals, exhibit a-syn pathology post-in-
jection of the fibrils. These differences could be due to several reasons.
For instance: a) the preparation of a-syn fibrils; b) the genotype and age
of experimental animals; c) the injection site; d) the concentration of a-
syn fibrils; e) the volume of injected material and speed of injection,
and f) time post-injection when the analyses were made. Another source
of controversy is the ability of a-syn seeds of human origin to induce
the formation of a-syn positive inclusions in mice. While, some studies
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Fig. 2. Possible mechanisms of spreading of a-syn aggregates. A. Adsorptive-mediated transcytosis of extracellular vesicles containing a-syn aggregates: erythrocytes
that contain a high concentration of aggregated a-syn, can release extracellular vesicles enriched in a-syn to the blood stream. These vesicles can cross the blood
brain barrier (BBB) by adsorptive-mediated transcytosis and reach the brain. a-Syn aggregates can be later internalized by the microglia. B. Exocytosis of a-syn
aggregates: a-Syn aggregates can be derived to the MVBs and released to the medium in enriched exosomes (1) or inside other types of extracellular vesicles (2). It
can be also directly released via a non-classical exocytosis mechanism (3) or via exophagy (4). Released a-syn can be later internalized by neighboring cells. C.
Internalization of extracellular a-syn aggregated species: Monomeric, oligomeric and fibrillar species of aggregated a-syn, can be internalized by the cell through
endocytosis of different a-syn-binding receptors at the cell surface or through direct endocytosis of a-syn-containing exosomes. Once internalized, a-syn is subjected
to traffic through the endocytic pathway and finally delivered to the lysosomal compartment, from where it could escape by an unknown mechanism. D. Transfer of
a-syn via TNTs: lysosomes containing a-syn aggregates can travel from one cell to the other inside TNTs. After arriving in the acceptor cell, a-syn might escape from
the donor cell’s lysosomes and seed the aggregation of the native a-syn protein. E. Trans-synaptic spreading of a-syn: lysosomes containing a-syn or naked a-syn, can
travel along the axon of neurons to reach the presynaptic terminals, from where it can be released in response to synaptic activity. Released a-syn can be later
internalized by the somatodendritic compartment of neighboring neurons.

have shown that both human and mouse recombinant a-syn fibrils are most of the studies reviewed here have shown that the spreading of a-
able to efficiently induce a-syn pathology in injected mice, other au- syn pathology principally occurs along anatomically interconnected
thors have reported the existence of a cross-seeding species barrier for brain regions (Luk et al., 2012a; Recasens et al., 2014; Rey et al., 2013).
human and mouse a-syn. Molecular compatibility between the exo- Conversely, Sorrentino et al., demonstrated that the spreading of a-syn
genous a-syn fibrils and the endogenous protein has been proposed as a pathology in a-syn-transgenic and non-transgenic mice after in-
key determinant of its seeding activity (Luk et al., 2016). In addition, trastriatal injection of a-syn fibrils takes place in a sparse manner,
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which does not necessarily follow neuroanatomic connectivity
(Sorrentino et al., 2017). This data suggests that other mechanisms
besides trans-synaptic spreading, could be involved in the transmission
of a-syn aggregates throughout the brain. In the next section, we will
review possible cellular mechanisms that might underlie the cell-to-cell
propagation of a-syn.

4.3. Spreading of a-syn following inoculation of brain homogenates derived
from PD patients

The spreading of a-syn pathology in vivo has also been demonstrated
by intracerebral inoculation of samples derived from PD patients, in
mice and monkeys. Recasens et al. isolated a-syn-containing extracts
from the SN of PD patients, and injected them into the SN of mice
(Recasens et al., 2014). These extracts induced inclusion formation and
nigrostriatal degeneration in WT, but not a-syn-deficient mice, in-
dicating that endogenous a-syn expression is required for spreading of
the pathology (Recasens et al., 2014). In fact, the injection of a-syn-
containing extracts in WT mice increased the conversion of soluble
endogenous a-syn into aggregated forms, while inducing the formation
of a-syn-positive inclusions within nigral neurons and anatomically
interconnected regions, both anterogradely and retrogradely (Recasens
et al., 2014). Moreover, injection of a-syn-containing extracts in the
striatum of macaque monkeys induced a marked loss of dopaminergic
neurons in the SNpc and a widespread distribution of a-syn pathology
(Recasens et al., 2014). Furthermore, intrastriatal injection of brain
extracts from patients with other synucleinopathies, such as multiple
system atrophy (MSA) and probable incidental LB disease (iLBD),
confirmed prion-like propagation of a-syn in the brain of transgenic
mice expressing human WT a-syn (Bernis et al., 2015). Similarly, the
injection of brain homogenates from patients with Dementia with LB
(DLB) triggered a-syn pathology in WT mice (Masuda-Suzukake et al.,
2013). While DLB homogenates did not induce a glial response or
neuronal loss (Masuda-Suzukake et al., 2013), another study has shown
that mice injected with MSA-derived brain homogenates exhibit pro-
minent astrocytic and microglial activation and develop progressive
signs of neurologic dysfunction (Watts et al., 2013). These differences
support the hypothesis that different a-syn strains might exist in each
disease (PD, MSA, iLBD and DLB), which could explain why the a-syn
coming from each synucleinopathy sample has different pathological
properties. However, more studies are required to corroborate this
hypothesis and to determine the physicochemical and biological dif-
ferences among them.

4.4. Transfer of a-syn from the periphery to the CNS

Notably, transfer of a-syn throughout the CNS after peripheral ad-
ministration has also been reported. Interneuronal transfer of a-syn in
vivo was shown by injecting AAV-human-a-syn vector into the rat vagus
nerve (Ulusoy et al., 2013). After vagal AAV injections, exogenous o-
syn was transferred to the medulla oblongata, and then, it propagated
in a caudo-rostral way to the pons, midbrain and forebrain (Ulusoy
et al.,, 2013). Interestingly, a-syn transfer occurs more efficiently in
healthy neurons than in neurodegenerating ones (Ulusoy et al., 2015).
This suggests that a-syn transfer does not occur through a passive re-
lease from damaged or dead neurons, but via an active mechanism.
Peelaerts et al. demonstrated that a-syn strains (fibrils and ribbons) are
able to cross the blood-brain barrier and distribute along different brain
regions when they are repeatedly injected in rat tail vein (Peelaerts
et al., 2015). It was also shown that a-syn-rich extracellular vesicles
derived from erythrocytes, can cross the blood-brain barrier via ad-
sorptive-mediated transcytosis (Matsumoto et al., 2017). These extra-
cellular vesicles co-localize with microglia, and can cause microglial
inflammatory responses in the brain (Matsumoto et al., 2017) (Fig. 2A).
Moreover, intramuscular injection of a-syn fibrils in a-syn-transgenic
mice induced a rapid, widespread distribution of a-syn inclusion
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pathology in the CNS, accompanied by astrogliosis, microgliosis, and
motor impairments (Sacino et al., 2014b). Interestingly, according to
Braak’s hypothesis of PD stages, the LB pathology starts in the myen-
teric and submucosal neurons of the enteric nervous system, and from
there spreads to the CNS (Braak et al., 2003). A recent study showed
that microbiota from PD patients induces motor disturbances in a-syn-
overexpressing mice, but not in WT mice (Sampson et al., 2016). An-
other study showed that rats and non-human primates that received
enteric injections of either preformed a-syn fibrils, or AAV-human-
A53T-a-syn, developed gastrointestinal dysfunction, while the
spreading of a-syn pathology from the periphery to the CNS and its
subsequent propagation occurred in a very inefficient way
(Manfredsson et al., 2018). Dysregulation of the brain-gut-microbiota
axis might be associated with the pathogenesis of PD. Indeed, gastro-
intestinal disturbances frequently precede motor symptoms in PD,
supporting the hypothesis that the pathology spreads from the gut to
the brain (Mulak and Bonaz, 2015). Overgrowth of intestinal bacterial
may induce systemic inflammation that activates enteric neurons and
enteric glial cells, and might contribute to the initiation of a-syn mis-
folding and aggregation (Mulak and Bonaz, 2015). Further work is
needed to understand the brain-gut-microbiota axis interactions in PD
pathology and to identify peripheral biomarkers within the enteric
nervous system that allow earlier diagnosis of the disease. Novel ther-
apeutic approaches aimed to enhance the intestinal epithelial barrier
integrity in PD patients might have an impact in PD progression.

5. In vitro models as tools for the study of a-syn spreading
mechanisms

The seeding capacities of a-syn aggregates, and the subsequent
propagation of the pathological forms from one cell to the other, have
also been evaluated using in vitro models. Although less physiological
compared to the in vivo studies, these models have allowed further in-
vestigation of the mechanisms of intercellular transfer and seeding
properties of a-syn aggregates. In Table 2 we sum up in vitro studies
correlating different a-syn species with different mechanisms of
spreading.

The involvement of different cell types in the intercellular trans-
mission of a-syn aggregates has been evaluated by using homotypic and
heterotypic co-culture models, where different cell types were assayed
as donor (cells containing a-syn aggregates) or acceptor (naive re-
cipient cells). Thus, the transfer of a-syn has been reported to take place
from neuron-to-neuron (Abounit et al., 2016; Freundt et al., 2012),
astrocyte-to-astrocyte (Loria et al., 2017; Rostami et al., 2017), neuron-
to-astrocyte (Lee et al., 2010; Loria et al., 2017) and neuron-to-oligo-
dendrocyte (Reyes et al., 2014).

To unravel the mechanism(s) underlying the intercellular propaga-
tion of a-syn aggregates it is necessary to turn to in vitro models. Here

Table 2
Different mechanisms of transfer proposed to drive the spreading of a-syn
species.

a-Syn species  Transfer mechanism References

Monomers Exocytosis and passive Lee et al., 2008; Fortin et al., 2004
diffusion
Exosomes Fauré et al., 2006
Autophagic Ejlerskov et al., 2013
Oligomers Exocytosis Lee et al., 2008
Exosomes Fauré et al., 2006
Endocytosis Lee et al., 2005, 2008; Hansen et al.,
2011
TNTs Rostami et al., 2017
Fibrils Exosomes Fauré et al., 2006
Endocytosis Lee et al., 2005, 2008; Hansen et al.,
LAG3 endocytosis 2011; Mao et al., 2016
TNTs Abounit et al., 2016
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we present a comprehensive, up-to-date summary of relevant in vitro
studies that have assessed possible mechanisms of oa-syn transfer
(Fig. 2).

5.1. Different ways of a-syn secretion

a-Syn has been identified in different biofluids, including human
CSF, serum/plasma, red blood cells and saliva (Devic et al., 2011; El-
Agnaf et al., 2006, 2003; Mollenhauer et al., 2008; Wang et al., 2015).
These findings support the hypothesis that a-syn can be secreted to the
extracellular space, though it is still not clear how this process takes
place. Many studies have demonstrated the existence of different se-
cretory pathways for each a-syn species. Lee et al. reported that, while
a-syn is predominantly localized in the cytosol, a portion of the cellular
a-syn is located in the lumen of vesicles and secreted from neuronal
cells via non-classical endoplasmic reticulum/Golgi-independent exo-
cytosis (Lee et al., 2005) (Fig. 2B). Moreover, a-syn localized in vesicles
is more prone to the aggregation than the cytoplasmic a-syn, and ag-
gregated forms are released from the cells (Lee et al., 2005). It was
demonstrated in neuroblastoma cells and primary neurons that stress-
conditions increase the translocation of a-syn into vesicles, thus causing
its subsequent release to the extracellular space (Jang et al., 2010).
Furthermore, the misfolded conformation of the protein could be cri-
tical for vesicle translocation and secretion (Jang et al., 2010). Only a
small fraction of a-syn was detected in extracellular vesicles (Fig. 2B),
but it is known that the increase of cytoplasmic protein levels may
contribute to an increased release of the protein (Jang et al., 2010). In
fact, a recent study using neurons derived from induced pluripotent
stem cells, and expressing triplication of the SNCA gene, demonstrated
high levels of a-syn secretion, and that neighboring neurons are able to
take it up from the medium (Reyes et al., 2015).

Different studies have also demonstrated that monomeric, oligo-
meric and fibrillary a-syn can be released in association with exosomes
(Fig. 2B). These structures are small vesicles, generated from the fusion
of multivesicular bodies (MVBs) with the plasma membrane, and re-
leased into the extracellular medium (Colombo et al., 2014). Exosomes
are secreted from various cell types, including neurons and astrocytes,
and therefore it has been proposed that they could have a regulatory
function at the synapses and at the intercellular exchange of membrane
proteins (Fauré et al., 2006). Oligomeric and monomeric a-syn species,
both free and within exosomes, are detected in the conditioned medium
of neuroblastoma cells expressing a-syn following a calcium-dependent
mechanism (Emmanouilidou et al., 2010). These findings suggest that
a-syn secretion is an active and regulated mechanism that can occur via
exosomes. Moreover, the release of a-syn within exosomes increases
under lysosomal dysfunction, with a subsequent increment of a-syn
transfer (Alvarez-Erviti et al., 2011). It was found that a-syn oligomers
within exosomes enter more easily into neighboring cells as compared
to free a-syn oligomers, which contributes to increased toxic effect
(Danzer et al., 2012). Of interest, exosomes containing pathogenic
species of a-syn are found in CSF of PD patients and are able to induce
the oligomerization of soluble a-syn in recipient cells, which suggests
that exosomes could act as mean for spreading of the pathology
(Stuendl et al., 2016). However, whether exosomes containing a-syn
fibrils are up taken by neighbor cell has yet to be demonstrated.

Interestingly, with age the number of exosomes and their content
seem to vary (Mitsuhashi et al., 2013). For example, findings from in
vitro models suggest that senescent cells release more proinflammatory
cytokines-containing exosomes than younger cells (Mitsuhashi et al.,
2013). This phenomenon could induce cellular stress and produce a
state prone to an increased protein degradation. However, more studies
are needed to specifically address how different aging factors could
modulate the various mechanisms of a-syn secretion, accelerating PD
onset.

In dopaminergic neuron-like cells, monomeric and high molecular
weight species of a-syn can be secreted by exophagy, an autophagic
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secretory mechanism (Fig. 2B). It was found that tubulin polymeriza-
tion-promoting protein (TPPP/p25a) increases a-syn aggregation and
inhibits autophagosomal-lysosome fusion promoting this unconven-
tional way of secretion (Ejlerskov et al., 2013). This suggests that a-syn
can also be secreted via exosome-independent mechanisms, such as
exophagy, and that factors that alter autophagy-related processes can
also influence a-syn release from the cells.

Together, all these studies provide robust evidence that a-syn can be
secreted into the extracellular space; however, the exact mechanism of
release remains obscure. More studies are necessary to identify the
factors that determine whether a-syn aggregates are secreted via exo-
somes, or by an exosome-independent pathway.

5.2. The uptake of a-syn

Uptake of pathologic a-syn contributes to the seeding of en-
dogenous protein aggregation, and to the cell-to-cell spreading of the
pathology (Brahic et al., 2016). Following secretion, a-syn can be taken
up by surrounding cells. How released a-syn (of all a-syn species) can
be internalized by different cell types is still a matter of study.

a-Syn uptake can occur in a passive way (by diffusion), or in an
active way (by endocytosis). Different mechanisms are known to
mediate the internalization of different a-syn species (Fig. 2C). a-Syn is
known to directly interact with lipids or proteins at the plasma mem-
brane, which could facilitate its entering in a non-specific way (Auluck
et al., 2010). Several studies have shown that a-syn associates to lipid
rafts, and more specifically to the glycolipid, ganglioside GM1, which is
abundantly expressed in the brain (Fortin et al., 2004; Olive et al.,
1995). Whether and how this interaction could lead to a-syn inter-
nalization is not clear yet.

On the other hand, the internalization of different forms of a-syn
has been largely studied in neuronal cells. Fibrils and oligomeric a-syn
species can be internalized by endocytosis, and this process can be in-
hibited by low temperature exposure (Lee et al., 2008). Conversely,
monomeric forms are unaffected by low temperature, and can be in-
ternalized quickly by diffusion (Lee et al., 2008). Various type of en-
docytosis can mediate a-syn internalization: caveolin or clathrin-de-
pendent pinocytosis, actin-dependent macropinocytosis and actin-
dependent phagocytosis (Hansen et al., 2011; Lee et al., 2005, 2008). In
vivo, it was also observed that exogenous a-syn can be internalized by a
dynamin-dependent process (Hansen et al., 2011). The inhibition of
dynamin contributes to block the entering of endocytic vesicles with a
concomitant accumulation of a-syn oligomers and fibrils on the cell
membrane (Lee et al., 2008). Many studies have attempted to identify
the receptor(s) involved in a-syn endocytosis. It was found that the a3-
subunit of Na* /K" -ATPase is able to bind exogenous a-syn, facilitating
its uptake by neurons (Shrivastava et al., 2015). This interaction de-
pends on the structure of the protein: fibrils show a stronger affinity
compared to oligomers, and no affinity was observed in monomers
(Shrivastava et al., 2015). a-Syn fibrils are also able to bind heparan
sulfate proteoglycans (HSPGs) on the surface of the cells, and the in-
ternalization of the fibrils can be blocked by compounds that inhibit
this binding (Holmes et al., 2013) (Fig. 2C). Recently, screening studies
have identified transmembrane proteins that can bind to a-syn: neur-
exin-1p, amyloid-f precursor-like protein-1 and LAG3 (Mao et al.,
2016; Shrivastava et al., 2015). Only LAG3 shows a selective binding
for a-syn fibrils but not for monomers (Fig. 2C). Moreover, this binding
is specific for a-syn fibrils, since tau fibrils, amyloid-B oligomers and
amyloid-f fibrils do not bind to LAG3 (Mao et al., 2016). LAG3 is a
member of the immunoglobulin superfamily of receptors identified on
different immune cells: activated human natural Killer cells, T cells, B
cells and dendritic cells (Andrews et al., 2017; Kisielow et al., 2005;
Triebel et al., 1990; Workman et al., 2009). It is also expressed in the
brain, in a restricted population of sparse cells in the cortex (Workman
et al., 2002). However, the physiological role of LAG3 in the brain is
still elusive. Also, it is unknown whether LAG3 expression in the brain
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follows a pattern consistent with those areas more vulnerable to a-syn
pathology. In primary neurons, depletion of LAG3 or a LAG3-antibody,
reduces the uptake of a-syn fibrils by endocytosis, thus preventing their
spreading from cell-to-cell and the propagation of PD pathology (Mao
et al., 2016). Moreover, another study has found that LAG3 is not only
expressed in neurons, but also in microglia, creating great interest for
future therapeutic approaches (Zhang et al., 2014). In fact, considering
its regulatory role in the activation of peripheral immune cells, LAG3
may also contribute to the microglial reaction in neurodegenerative
diseases. A very recent study has demonstrated that the expression le-
vels of LAG3 are rather low in adult mouse brains, but its expression
increases after prion infection (Liu et al., 2018). However, loss of LAG3
does not affect prion disease pathogenesis (Liu et al., 2018). Whether
and how LAG3 may contribute to the pathogenesis of different prion
diseases, is still unclear. The finding that LAG3 exclusively interacts
with a-syn fibrils supports the hypothesis that each a-syn specie has a
specific receptor involved in the uptake process. Other membrane
proteins, besides HSPGs and LAG3, might have affinity for different a-
syn assemblies and affect their internalization. In addition, different a-
syn-receptors might mediate the uptake of a-syn in different cell types.
Further studies are needed to identify all a-syn-receptors and other a-
syn-binding proteins that regulate its internalization, and to further
define the molecular mechanisms that take place in this process.

Additionally, in vitro evidence demonstrates that a-syn fibrils can be
internalized by endocytosis (Desplats et al., 2009; Lee et al., 2005,
2008). After internalization, a-syn fibrils co-localize with early en-
dosomal (EEA1 and Rab5) and late endosomal/lysosomal (Rab7 and
Lampl) markers, suggesting that internalized a-syn follows the en-
docytic pathway (Desplats et al., 2009; Lee et al., 2008). Once inside
the lysosomes, the majority of a-syn fibrils are degraded (Lee et al.,
2008). Interestingly, astrocytes are also able to take up a-syn fibrils
from the medium, and to degrade them with high efficiency in com-
parison to neurons (Loria et al., 2017). This suggests that astrocytes
could play an important neuroprotective role by degrading pathologic
a-syn (Loria et al., 2017). Also, aggregates of a-syn induce microglia
activation after internalization through a clathrin-dependent process
(Liu et al., 2007). Furthermore, a recent study has focused on the en-
docytic pathway followed by exosome-associated a-syn (Delenclos
et al., 2017). It is known that exosome-associated oligomeric a-syn is
more prone to be internalized by both neurons and microglia than free
oligomeric a-syn, (Bliederhaeuser et al., 2016; Danzer et al., 2012).
Using different pharmacological inhibitors of caveolin-dependent and
clathrin-dependent endocytosis pathways, and micropinocytosis in-
hibitors, it was discovered that none of these mechanisms are involved
in the uptake of exosome-associated a-syn (Delenclos et al., 2017).
Also, it is not known whether HSPGs have a role in this process. To
analyze the mechanism of internalization of exosome-associated a-syn,
it is necessary to consider that the way the exosomes are internalized
can be different between the recipient cell and the cells that release
them (Feng et al., 2010; Mulcahy et al., 2014).

Although a great amount of work has been done over the last
decade, an understanding of the molecular and cellular mechanisms
that regulate a-syn secretion and uptake, and whether and how these
contribute to the pathology transmission, is still lacking. Many im-
portant questions remain unanswered. For instance, it is still not known
the exact mechanism of internalization of the different a-syn assembly,
or whether the different ways of internalization could lead to different
subcellular localization and how this could affect the ability to seed the
aggregation of the native a-syn in the recipient cells. Further work is
needed to better understand the cellular mechanism of exo/endocytosis
of a-syn and the molecular players involved in these processes. Whether
these pathways constitute realistic therapeutic targets remains to be
determined.
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5.3. a-Syn spreading via tunneling nanotubes

Tunneling nanotubes (TNTs) are transient tubular connections al-
lowing direct communication between distant cells (Ariazi et al., 2017).
TNTs are either open-ended, or connexin-positive gap junction-ended
protrusions that transport several different cargoes inside (Abounit and
Zurzolo, 2012; Gerdes et al., 2013). Many different cellular components
such as organelles (including mitochondria and lysosomes), endocytic
vesicles, proteins and calcium ions have been reported as common
cargoes that are transferred between TNT-connected cells (Gerdes et al.,
2013). Also, several pathogens are known to highjack TNTs to spread
among connected cells (Ariazi et al., 2017). Particularly, misfolded
proteins involved in various neurodegenerative diseases have been
shown to be transferred through TNTs (Victoria and Zurzolo, 2017).

The intercellular transfer of a-syn fibrils via TNTs was first reported
by Abounit et al. using a co-culture of neuron-like cells and primary
neurons (Abounit et al., 2016). Following internalization, a-syn fibrils
were directed to the lysosomal compartment, both in neuron-like cells
and in primary neurons (Abounit et al., 2016). Interestingly, fibrils are
transferred from donor to acceptor cells occurs inside lysosomal ve-
sicles, and principally in a cell-to-cell contact-dependent manner, via
TNTs (Abounit et al., 2016) (Fig. 2D). After being transferred by TNTs,
a-syn fibrils can induce the aggregation of soluble endogenous a-syn in
acceptor cells (Abounit et al., 2016). This process suggests that
somehow a-syn fibrils can escape from the lysosome in which they were
transferred, and seed the misfold conformation on the native a-syn. In
fact, it has been proposed that accumulation of a-syn aggregates inside
the lysosomes can cause dysfunction of this organelle by inducing
membrane permeabilization, and loss of lysosomal integrity (Victoria
and Zurzolo, 2017) (Fig. 2D). However, how a-syn exits from lysosomes
and how a-syn-containing lysosomes move inside TNTs needs to be
further explored. The idea that TNTs can be an efficient way for the
propagation of the a-syn pathology has been tested in different cell
types, which are able to form functional TNTs and allow the transfer of
different cellular components. Recently, Dieriks et al. confirmed a-syn
transfer through TNTs in SH-SY5Y cells, and in primary human brain
pericytes derived from postmortem PD brains (Dieriks et al., 2017). In
these cells, transfer via TNTs is not restricted to a-syn, since TNT-
mediated transfer of fluorescent membrane and control proteins was
also observed (Dieriks et al., 2017). The exchange of membrane
through TNTs could have a crucial role in the intercellular transport of
a-syn aggregates. Importantly, transfer through TNTs occur rapidly, but
is dependent on the size of the transported cargo (Dieriks et al., 2017).
In situ inspection of PD brains showed that some pericytes of the OB
contain a-syn positive inclusions similar to those found in neurons, and
they can connect through TNT-like structures, suggesting that TNTs
could actually be involved in the spreading of PD pathology throughout
the brain (Dieriks et al., 2017). In addition, Rostami et al. showed that
human astrocytes, derived from embryonic stem cells, can transfer a-
syn oligomers via direct cell-to-cell contact, or via TNTs (Rostami et al.,
2017). a-Syn-containing astrocytes form significantly more TNTs than
healthy astrocytes, and the exposure to a-syn oligomers induces an
increase of TNT formation over time (Rostami et al., 2017). Moreover,
a-syn transfer from donor astrocytes to healthy acceptor astrocytes
triggers the transport of mitochondria in return, indicating that, while
TNTs could act as a mean for the spreading of a-syn, they could also
serve as a rescue mechanism. Using latrunculin-B as a pharmacological
approach to inhibit TNT formation, the transfer of both a-syn and mi-
tochondria was reduced but not completely blocked, suggesting that
other mechanisms beside TNTs could be involved in the transfer be-
tween astrocytes (Rostami et al., 2017). In fact, Loria et al. showed that,
very inefficiently, astrocytes can secrete a-syn fibrils into the medium,
while most of the transfer occurs in a cell-to-cell contact dependent
manner (Loria et al., 2017). Altogether these data strongly suggest that
TNTs participate in the spreading of a-syn aggregates, there are still
several open questions that need to be addressed to fully understand the
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role of TNTs in the development of PD pathology: a) Are TNTs formed
in neurons and astrocytes in vivo? b) Are TNTs increased in pathological
conditions, allowing the transfer of aggregated a-syn? c) Targeting TNT
formation will decrease the spreading of a-syn pathology? d) Are TNTs
allowing the transfer of beneficial cargoes too? Therefore, targeting
them could potentially cause adverse effects? More studies are required
to properly answer these questions.

5.4. Trans-synaptic propagation of a-syn

Increasing evidence coming from in vivo studies has shown that a-
syn aggregates preferentially spread along anatomically interconnected
brain regions (Luk et al., 2012a; Mason et al., 2016; Masuda-Suzukake
et al., 2013; Recasens et al., 2014; Rey et al., 2013), suggesting that a-
syn could possibly propagate via a trans-synaptic mechanism (Fig. 2E).

A recent study showed that endogenous a-syn can be released from
neurons in vivo and in vitro, in response to neuronal activity (Yamada
and Iwatsubo, 2018). Thus, increased neuronal activity triggered a
rapid release of a-syn, while its blockage decreased the levels of ex-
tracellular a-syn (Yamada and Iwatsubo, 2018). Interestingly, selective
modulation of glutamatergic neurotransmission changes the extra-
cellular levels of a-syn, suggesting that the excitatory neuronal network
is involved in the activity-dependent release of a-syn (Yamada and
Iwatsubo, 2018). In fact, the expression of endogenous a-syn at the
synapsis is mostly accompanied by the expression of the excitatory
presynaptic marker, vesicular glutamate transporter-1, indicating that
a-syn mainly localizes in glutamatergic terminals (Taguchi et al.,
2016). Release of a-syn is a calcium-regulated process that depends on
the activation of sulfonylurea receptor 1-sensitive ATP-regulated po-
tassium channels, a receptor distributed throughout the cytoplasm of
GABAergic neurons from where the ATP-dependent channel regulates
GABA release (Emmanouilidou et al., 2016). Thus, targeting sulfony-
lurea receptors could be a possible way to alter the a-syn secretory
pathway. However, it is still not known whether aggregated a-syn can
also be released in response to neuronal activity, and whether its re-
lease is regulated by the same factors that control the release of native
o-syn.

Using primary neurons grown in microfluidic devices, which allow
the separation of somatodendritic and axonal compartments in fluidi-
cally isolated chambers, the axonal transport of aggregated a-syn has
been studied. By using this approach, Freundt et al. demonstrated that
a-syn fibrils can be internalized by primary cortical neurons, trans-
ported inside axons in a fast and saltatory fashion, and subsequently
transferred to second-order neurons following anterograde transport
(Freundt et al., 2012). Axonal transport of a-syn fibrils has been ob-
served to take place in both anterograde and retrograde directions, with
different efficiencies (Brahic et al., 2016). Quantification of a-syn fibrils
released after axonal transport revealed that retrograde transport is
twice as efficient as anterograde transport (Brahic et al.,, 2016).
Nevertheless, axon-to-soma transfer of a-syn fibrils seems not to require
synaptic contact, since transfer to still immature neurons was observed
(Freundt et al., 2012). Similarly, neuron-to-neuron transfer of a-syn
fibrils occurred in a co-culture between mature and immature neurons
(Abounit et al., 2016), suggesting that other mechanism(s) rather than
trans-synaptic transfer could take place and allow the spreading of a-
syn aggregates, even in the absence of synaptic contacts. Moreover, in
the absence of axonal degeneration, a-syn fibrils can still be transferred
after anterograde transport, indicating that a-syn spreading occurs by
an active mechanism, rather than simply by release into the medium
from dead cells (Brahic et al., 2016). Despite the in vitro and in vivo
evidence suggesting a-syn trans-synaptic propagation, LB pathology
does not strictly follow a pattern of spreading along interconnected
brain regions, as would be expected if a-syn aggregates were released
from the presynaptic terminals and subsequently up taken by neigh-
boring neurons (Surmeier et al., 2017).

Taken together, these data indicate that cell-to-cell propagation of
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a-syn likely plays a role in the pathophysiology of PD, but this process
occurs in a complex tissue architecture with multiple factors that reg-
ulate individual cell vulnerability, and which could influence a-syn
spreading. Further work is needed to identify the cellular mechanisms
that lead a-syn propagation and determine whether they may be le-
veraged for therapeutic strategies.

5.5. Targeting the prion-like properties of a-syn in PD: Therapeutic
approaches and future perspectives

Different approaches have been used to block the spreading and
seeding of a-syn. Recently, a de novo-developed compound targeting a-
syn has been efficiently used to block the spreading of a-syn pathology,
in vitro and in vivo (Wrasidlo et al., 2016). This compound, called
NPT100-18 A, interacts with the C-terminus of a-syn, reducing the
oligomerization and its accumulation in neurons in vitro (Wrasidlo
et al., 2016). In addition, in vivo administration of NPT100-18 A over-
comes motor deficits in a-syn transgenic mice and reduces synaptic
accumulation very rapidly (Wrasidlo et al., 2016). Another report
suggests that mannitol could be also used as a treatment for PD. An in
vitro assay shows that a low concentration of mannitol reduces a-syn
fibrils aggregation (Shaltiel-Karyo et al., 2013). In a Drosophila model of
PD, mannitol also ameliorates behavioral deficiencies, and reduces the
amount of a-syn aggregates (Shaltiel-Karyo et al., 2013). Additionally,
in an a-syn transgenic mouse model, mannitol decreases a-syn accu-
mulation in the brain, suggesting a clearance effect (Shaltiel-Karyo
et al., 2013).

Several immunotherapy approaches have been used to target a-syn
in animal models of PD. Bae et al. showed that antibodies against a-syn
induce extracellular a-syn clearance by microglia, though not by as-
trocytes or neurons (Bae et al., 2012). Interestingly, intracerebral ad-
ministration of anti-a-syn antibodies block neuron-astroglia oa-syn
transfer in a-syn transgenic mice (Bae et al., 2012). Moreover, the in-
traperitoneal administration of a monoclonal antibody against a-syn in
non-transgenic mice intracerebrally injected with a-syn fibrils reduced
LB pathology, decreased dopaminergic neuron loss, and overcame
motor deficits (Tran et al., 2014). Recently, passive immunization,
using a new monoclonal antibody 1H7 against a-syn, reduced accu-
mulation of a-syn in the axon (Spencer et al., 2017). Systemic admin-
istration of 1H7 antibody reduced transfer of a-syn in the brain, ame-
liorating behavioral impairments in non-transgenic, a-syn knock-out
and a-syn transgenic mice that received intracerebral injection of an a-
syn-carrying lentivirus (Spencer et al., 2017). In mouse models, both
active and passive immunization strategies targeting a-syn have helped
to reduce spreading of a-syn pathology, thus improving neurodegen-
eration and motor impairments in the animals (Mandler et al., 2014;
Masliah et al., 2005). In humans, a small number of vaccine trials for a-
syn are being tested currently (Davis et al., 2018).

Another therapeutic approach targeted a-syn by using micro-RNA
to silence it. Although this strategy works in vitro, when the micro-RNA
was co-administrated with a-syn via an AAV vector, it caused in-
flammation and dopaminergic neuron loss, indicating that it uses is not
suitable in vivo (Khodr et al., 2014).

Other therapeutic approaches have focused on increasing the
clearance of a-syn deposits in the brain. In PD patients, impaired au-
tophagy, as well as a marked reduction in proteasomal activity, cause
defects on protein degradation that accelerate a-syn accumulation
(Wong and Krainc, 2017). This condition can be exacerbated by aging,
where autophagy is less efficient because the levels of autophagy-re-
lated proteins such as beclin 1, ATG5 and ATG7 are decreased (Wong
and Holzbaur, 2015). These defects could contribute to increase a-syn
toxicity by inducing the accumulation of the protein. In fact, an increase
in a-syn levels with age have been observed in the human SN (Li et al.,
2004). By inducing autophagy, some treatments have shown to remove
a-syn deposits (Rahman and Rhim, 2017). Treatments with clonidine,
minoxidil and verapamil, showed removal of mutant A53 T a-syn in
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PC12 cells by increasing autophagy-inducing pathways (Williams et al.,
2008). In addition, the autophagy enhancer, rapamycin has shown a
neuroprotective effect by reducing a-syn accumulation and a-syn-in-
duced neurodegeneration in a-syn overexpressing mice (Crews et al.,
2010). Recently, it was reported that the microRNA-7 accelerates the
clearance of a-syn aggregates in a differentiated human neural pro-
genitor cell line, by promoting autophagy (Choi et al., 2018). Together
these studies suggest that autophagy-enhancing approaches could be
useful for PD treatment.

In addition, several groups have focused on different a-syn-binding
proteins as a therapeutic approach. In particular, the heat-shock protein
70 has been proposed as potential target for PD treatment, because it
binds a-syn in the extracellular space, reducing a-syn oligomerization
and a-syn-induced toxicity (Danzer et al., 2011). A new finding re-
vealed that LAG3 is a specific receptor for the endocytosis of a-syn fi-
brils, providing a potential target for the development of PD treatments
(Mao et al., 2016).

On the other hand, TNTs seem to be an important mechanism of
communication between cells, and they could be used as a mean for the
spreading of a-syn aggregates (Abounit et al., 2016; Dieriks et al., 2017;
Rostami et al., 2017; Victoria and Zurzolo, 2017). This suggests that
TNTs are a new probable target for PD therapy. In fact, using a phar-
macological approach to inhibit TNT formation, it was possible to re-
duce the transfer of a-syn oligomers between cultured human astro-
cytes (Rostami et al., 2017). Moreover, TNTs could have a potential role
facilitating the delivery of drugs among interconnected cells. Further
work is needed to clarify whether TNTs play a role in vivo in the
spreading of PD pathology, and whether they can be used as a ther-
apeutic target to treat the disease.

Even though several therapeutic strategies have been assayed to
target a-syn aggregation and spreading, more studies are necessary to
better characterize the mechanism(s) involved in the propagation of a-
syn aggregates (exo/endocytosis, exosomes, TNTs, trans-synapsis, ad-
sorptive-mediated transcytosis, etc.). Identification of new potential
targets is necessary for the development of more efficient PD therapies
in the future.

6. Conclusion

Increasing evidence suggests that the propagation of a-syn ag-
gregates is coincident with the spreading of PD pathology throughout
the brain. However, it is not yet well understood how aggregated a-syn
can transfer from cell-to-cell to induce synapto-toxicity and neurode-
generation. Although several in vivo models have been developed to
study the prion-like properties of a-syn aggregates, self-propagation of
a-syn seeds remains unproven. In addition, in vitro studies have shown
that different mechanisms could be implicated in a-syn cell-to-cell
spreading, but whether these mechanisms take place in the brain of PD
patients is still unknown. Taken together, in vitro and in vivo data
strongly suggest that aggregated a-syn can transfer through various cell
types in the brain, inducing the aggregation of the endogenous protein.
As of yet, more studies are necessary to go in depth into the aggregation
process, and to understand the precise mechanism of a-syn propagation
in the brain. Moreover, it is not known whether the different familial
PD-associated a-syn mutations have different abilities to propagate
throughout the brain, as they have different kinetics of aggregation and
different physicochemical properties. Besides, it is unclear how defects
of the cellular metabolism associated to aging (such as autophagy im-
pairment, mitochondrial and proteasomal dysfunction) might con-
tribute to a-syn spreading and toxicity. A deeper understanding of the
mechanisms driving a-syn aggregation and intercellular propagation is
important to understand PD pathogenesis, to identify new therapeutic
targets and to develop therapeutic strategies to halt disease progression.
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