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Abstract. There is growing recognition in the field of neurodegenerative diseases that mixed proteinopathies are occurring
at greater frequency than originally thought. This is particularly true for three amyloid proteins defining most of these
neurological disorders, amyloid-beta (A3), tau, and alpha-synuclein (aSyn). The co-existence and often co-localization of
aggregated forms of these proteins has led to the emergence of concepts positing molecular interactions and cross-seeding
between AP, tau, and aSyn aggregates. Amongst this trio, aSyn has received particular attention in this context during
recent years due to its ability to modulate A and tau aggregation in vivo, to interact at a molecular level with Ap and
tau in vivo and to cross-seed tau in mice. Here we provide a comprehensive, critical, and accessible review about the
expression, role and nature of endogenous soluble aSyn oligomers because of recent developments in the understanding
of aSyn multimerization, misfolding, aggregation, cross-talk, spreading and cross-seeding in neurodegenerative disorders,
including Parkinson’s disease, dementia with Lewy bodies, multiple system atrophy, Alzheimer’s disease, and Huntington’s
disease. We will also discuss our current understanding about the relative toxicity of endogenous aSyn oligomers in vivo and
in vitro, and introduce potential opportunities to counter their deleterious effects.
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INTRODUCTION (PD), dementia with Lewy body (DLB), multiple
system atrophy (MSA), and Huntington’s disease

Neurodegenerative disorders including (HD) are characterized by progressive dysfunction
Alzheimer’s disease (AD), Parkinson’s disease and death of neurons. Within each disease type,
this degeneration affects specific neural systems
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ropathologically [1, 2]. Classically, deposition of
AP and tau respectively known as AP plaques and
neurofibrillary tangles characterize AD, inclusions
of aSyn as Lewy body (LB) or glial cytoplasmic
inclusion (GCI) define PD, DLB, and MSA (collec-
tively known as synucleinopathies), and inclusions
of huntingtin (Htt) neuropathologically define HD.

Recent studies are however providing new evi-
dence for prevalent mixed proteinopathies across
these neurodegenerative diseases, with aging and
apolipoprotein E (ApoE) €4 genotype constituting
risk factors [3]. While tau pathology proved ubiqui-
tous across the neurodegenerative diseases analyzed,
mixed pathologies were observed in 38—81% of synu-
cleinopathy cases including neocortical Lewy body
disease as a stark example with 80% increases in A3
load and 22% increases in TAR DNA-binding protein
43 (TDP-43) burden [3]. Although HD cases were not
included in the latter study, prior work indicated that
aSyn pathology is also increased in HD and colo-
calizes with Htt inclusions [4—6]. These observations
echo prior work showing that mixed neuropatholo-
gies are the most common cause of the clinical
syndrome of dementia and are also common among
persons with mild cognitive impairment or cognitive
decline [7-12]. Furthermore, two recent longitudinal
clinical-pathologic studies of aging reported that only
9% presented pure AD pathology and 78% included
more than two neuropathologies [12]. AD pathology
and neocortical intracellular aSyn inclusions had the
strongest effect accounting for 58 and 46% of cogni-
tive loss, respectively [12]. Combined, these findings
extend earlier observations indicating that a more
rapid rate of cognitive decline is observed in 30-40%
of AD cases presenting with LB and Lewy neurites
(LN) [13, 14] compared to subjects with AD free of
aSyn pathology.

The co-existence of these proteinopathies provides
additional support to accumulating observations doc-
umenting molecular interactions and cross-seeding
between aggregates of A3, tau, Httand aSyn [15-18].
In this particular context, aSyn, the amyloid protein
genetically linked to synucleinopathies, stands out
for several reasons. First, synucleinopathies appear
to exhibit distinct prevalence of AR burden and Hitt
compared to other neurodegenerative diseases [3, 6].
Second, aSyn expression modulates A3 aggrega-
tion and deposition in mice [19, 20]. Third, aSyn
oligomers can either form hybrid soluble oligomeric
aggregates or interact at a molecular level with A
[21] and tau [22, 23] in vivo. Fourth, short pre-
formed fibrils of aSyn (aSyn PFFs) can cross-seed

tau in vitro and in vivo [24]. Thus, all of these points
infer a central role of pathological oligomeric aSyn
aggregates as key determinants in influencing or con-
trolling aggregation of other amyloid proteins in the
brain.

Beyond a potential contribution of aSyn in shap-
ing inter-relationships with other amyloid proteins
in neurodegenerative disease, a now large body
of evidence from biochemical, biophysical, genetic
and functional studies supports the hypothesis that
the processes of aSyn oligomerization and fibril-
ization occupy central roles in the pathogenesis
of synucleinopathies [25-29]. Because endogenous
aggregated species of amyloid proteins are formed
in cells or brain tissues where they are exposed
to cell- and environment-specific variables (e.g.,
post-translational modifications) and because these
endogenous species have been consistently reported
to be more potent than their recombinant forms
[30-34], a specific focus will be brought in this
review on soluble endogenous oligomeric assem-
blies defined by the following criteria: (i) soluble
in aqueous buffers following ultracentrifugation, (ii)
SDS-resistant following tissue or cell lysis, (iii)
segregated from monomeric species in liquid-phase
chromatography, and (iv) immunoreactive to at least
two different antibodies for that amyloid molecule
and oligomer-selective antibodies. The importance
of the endogenous milieu for aSyn aggregation was
well-illustrated by Strohaker and coworkers who
rigorously demonstrated that brain-derived aSyn fib-
rillar aggregates were structurally different to all
recombinant aSyn fibrillar polymorphs tested [35].
For these reasons, our review will focus on endoge-
nous brain-derived aSyn oligomers (0-aSyn).

Despite this greater understanding, many fun-
damental questions remain unanswered: 1) which
endogenous forms of aSyn are toxic to neurons
and glial cells, 2) when are aSyn species prevalent
in the pathophysiology of neurodegenerative dis-
eases, 3) what molecular mechanisms induced by
endogenous aSyn aggregates (oligomers, protofib-
rils, fibrils) contribute to neurodegeneration, 4) how
are aggregated endogenous aSyn species impacting
the physiological cellular localization and function
of physiological forms of aSyn (monomeric and
recently proposed native multimeric species), 5) what
is the conformation of brain-derived o-aSyn? Given
the exponential complication of the landscape related
to amyloid protein aggregation due to the intrin-
sic identification of new assemblies and due to the
emergence of prion-like propagation of pathological
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aggregates, we provide an overview of the current
state of knowledge regarding the detection and role
of physiological and pathological aSyn assemblies
across neurodegenerative diseases, the spreading of
oligomeric aSyn species and the molecular interac-
tions between oligomeric aSyn and other amyloid
proteins. We finally discuss the implications of these
findings for potential therapeutic interventions in the
contexts of mono- and multi-therapies.

aSYN FUNCTION AND STRUCTURE

In the past 5-7 years, growing evidence indicates
that aSyn (gene name: SNCA), a synaptically-
enriched protein traditionally linked to PD, may act
as a regulator of synaptic vesicle release. Despite the
original observation that aSyn knockout (aSyn-KO)
mice display only subtle ‘functional deficits in the
nigrostriatal dopamine system’ [36], many research
groups have been seeking to identify the exact phys-
iological function of aSyn with a special focus on
the pre-synapse (reviewed, e.g., in [37, 38]). In a
recent study, the gene deletion of SNCA (together
with its homologs SNCB and SNCG) promotes the
dilation of the exocytotic fusion in cultured rodent
neurons [39], potentially explaining previous find-
ings related to aSyn’s role in exocytosis [37, 38]. In
addition, aSyn may also affect endocytosis by pro-
moting clathrin-dependent endocytosis [40] and/or
by regulating the kinetics of synaptic vesicle endocy-
tosis [41]. Synucleins may have multiple effects on
presynaptic architecture [42], and it was suggested
that aSyn can ‘cluster’ vesicles, thereby preventing
free dispersal between neighboring en-passant bou-
tons [43].

In search of a mechanism for how exactly
oaSyn may affect vesicle biology, the Sudhof
group proposed that aSyn acts as a chaperone for
Synaptobrevin-2 (VAMP-2) [44], thereby increasing
the number of assembled soluble N-ethylmaleimide-
sensitive factor attachment protein receptor (SNARE)
complexes. However, it was also shown that aSyn
can inhibit membrane fusion by directly affecting
the lipid bilayer, rather than indirectly via SNARE
proteins [45, 46].

Beyond neurons, larger amounts of aSyn are also
found in red blood cells, and its function there is
even more enigmatic [37]. Red blood cells, however,
must be kept in mind as a relevant source for aSyn in
body fluids, e.g., as a potential contaminant of cere-
brospinal fluid when measuring aSyn in longitudinal
and cross-sectional studies.

Structure-function relationships of aSyn

Lipid binding

Consistent with its proposed function(s), aSyn is
found mostly at presynaptic terminals, both in brain
[47, 48] and in mature cultured neurons [49]. The
driver of its localization may be the attraction between
aSyn and synaptic vesicles as biophysical studies
have shown that the relatively small synaptic vesi-
cles may possess the optimal membrane curvature to
promote aSyn binding [50]. Early characterization of
aSyn already suggested that its membrane binding
goes hand in hand with the formation of amphipathic
helices (so-called ‘11/3 helices’: 11 aa/3 turns) [51].
The helix formation is dictated by an 11-aa repeat
with the core motif KTKEGYV, which appears imper-
fectly 69 times in the first two-thirds of aSyn [48].
Nonpolar aa in the lower half of the helix ‘dip’ into the
membrane bilayer (~1-5 A below lipid head groups)
[52-55] while hydrophilic residues in the upper half
interact with the cytoplasm. In addition, positively-
charged lysine residues (K) in the KTKEGV motifs
interact with negatively-charged membrane lipid
head groups [56]. Yet, the helix formation is imperfect
and only transient because, e.g., polar threonine (T)
residues are located in the hydrophobic half of the
helix [57-59]. A recent in vitro study suggests that
aSyn coming off the membrane may retain its fold
and assemble into helical multimers [60] (see next
chapter). This notion is in contrast to the classical
view of soluble aSyn as an unfolded monomer [61].
A model has been proposed in which aeSyn constantly
cycles through at least three different states: unfolded
cytosolic monomer, folded monomer at membranes,
and (soluble?) folded multimer [62].

Multimeric vs. oligomeric aSyn

Definitions. ‘Oligo-’ (ancient Greek) and ‘multi-’
(Latin) both mean ‘several’ or ‘a few’, and ‘meros’ is
ancient Greek for ‘part’ or ‘unit’. Thus, multimer and
oligomer could be used interchangeably to describe
small assemblies. In the case of aSyn, however, the
term oligomer is mostly used to describe abnor-
mal assemblies (aggregates), while several studies
have now established the term multimer for the new
concept of native aSyn assembly [43, 62-67]. In
the following two paragraphs we will briefly con-
trast aSyn oligomers vs. multimers and focus on the
evidence for the (putatively) physiological «Syn mul-
timers, while the rest of our review will be dedicated
to the pathological oligomers.
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Shared properties and differences. Endogenous
aSyn multimers and oligomers have in common that
two or more synuclein molecules are directly inter-
acting. Multimeric, native aSyn is typically described
as tetrameric [68-73], sometimes octameric [67].
Oligomeric aSyn aggregates in contrast seems to
exist in a wide variety of different conformations
(reviewed below). Multimeric aSyn is considered
to be helical [63, 68, 69] and aggregation-resistant
[68], while aSyn aggregates would traditionally be
expected to be rich in (3-sheet (new insight that indi-
cates bigger complexity is emerging, see below).
Multimeric aSyn has been proposed to have func-
tional roles in the cells, but there is no consensus
yet on the details: multimers may cluster vesicles
[43], promote SNARE assembly [67] or be a pas-
sive storage form [74]. Multimeric aSyn species were
shown to be sensitive to temperature and heat denatu-
ration, to cell lysis and to the presence of the anionic
detergent sodium dodecyl sulfate (SDS) [75] while
oligomeric aSyn aggregates are typically, but maybe
not in all cases, more stable (see below).

Evidence for native aSyn assembly (multimers). Bar-
tels, Choi and Selkoe proposed in 2011 that aSyn
assembles naturally inside cells and occurs as a
helical tetramer that resists aggregation [68]. aSyn
was purified from various human sources, includ-
ing red blood cells, under non-denaturing conditions.
Several methods, most prominently analytical ultra-
centrifugation, sized the purified multimers as
principally tetramers while circular dichroism char-
acterized them as helical. Around the same time,
tetrameric aSyn was purified from bacteria under
non-denaturing conditions [69]. aSyn N-acetylation
may be critical for the successful purification of
helical aSyn multimers from bacteria [76]. Subse-
quent attempts of purifying helical aSyn assemblies
led to different results: unsuccessful in red blood
cells [77], successful in red blood cells [74], largely
unsuccessful in human brain (only evidence for small
amounts of multimer) [78], partially successful in
human brain (multimeric aSyn in fractions of lower
purity, but not in the highly pure material) [66].
Another study probed the native state of aSyn from
human brain by gel filtration coupled with native
gradient gel separation, an array of antibodies with
non-overlapping epitopes, and mass spectrometry.
The authors concluded that metastable higher-
molecular weight ‘conformers’ and stable monomers
co-exist in the human brain [79] (Fig. 1). Such a
model had heretofore been suggested by a nuclear

magnetic resonance (NMR)/computational study
[64].

Given the complexity of purification, intact-cell
methods became increasingly important. A live-cell
crosslinking study provided a large variety of controls
to suggest abundant physiological, not pathologi-
cal aSyn assemblies [75]. A follow-up study [71]
revealed not only that aSyn in fresh human brain was
shown to be multimeric by crosslinking but also that
familial PD-linked mutations such as A30P and E46K
decrease multimer:monomer ratios. In another study
[70], overexpression of strategic aSyn variants that
render aSyn largely monomeric (plus some dimers)
were cytotoxic and prone to forming inclusions in
primary rat neurons. Subsequently, it was suggested
that lysosomal glucocerebrosidase deficiency over-
all reduces aSyn multimers and increases monomers
[65]. Intact-cell crosslinking typically traps 60, 80
and 100kDa species of aSyn (aS60, -80 and -
100), and their identity is not yet clear. They may
be tetramer, hexamer and octamer or could all be
tetramers that differ by the exact mode of crosslink-
ing. The 60 kDa aSyn multimer is typically the most
abundant defined multimeric species of intact-cell
crosslinking, consistent with a tetramer (monomeric
aS: 14.5kDa; 4x 14.5kDa=58kDa) [75]. Burré
et al. sized crosslinked aSyn multimers in brain
slices, brain homogenates and recombinant aSyn
on charged liposomes as tetramers, octamers and
other multimers, including prominent dimers [67].
This pattern differed from that typically reported for
intact-cell crosslinking (see above). The same group
postulated that the loss of aSyn multimerization may
occur upstream of aSyn aggregation and neurotox-
icity [80]. Importantly, defined point mutations that
abolish aSyn multimer intact-cell crosslinking, also
prevented aSyn-mediated Venus/Yellow fluorescent
protein (YFP) complementation [71], an orthogonal
intact-cell method. Wang et al. used aSyn-mediated
Venus YFP complementation in live neurons to
demonstrate that aSyn multimers cluster synaptic
vesicles and attenuate recycling [43]. Similarly, Burré
et al. used fluorescence resonance energy transfer
revealing the detection of normal aSyn multimers at
membranes [67].

A key concept to understanding aSyn cellular
behavior may be context-dependent folding [72]. For
example, aSyn may exists primarily as a monomer in
intact enteric neurons while aSyn may be present in
the brain in a different conformation [81]. This view
is further supported by the finding that aSyn (and
BSyn) multimers were only efficiently trapped by
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Fig. 1. Proposed model of aSyn assemblies in health (‘multimers’) and disease (‘oligomers’). Schematic of one cell and extracellular space.
Under physiological conditions (in blue, bottom left), «Syn comes off the ribosome as a soluble unfolded monomer (blue ‘aSyn’), which
forms helical monomers (blue circle) upon getting in contact with vesicle membranes. Helical monomers at membranes may assemble
into metastable physiological multimers (low-n assemblies in blue) that eventually fall apart again, initiating a new cycle. Under stress of
pathological conditions (in pink shading, starting bottom middle), excess of unfolded or helical membrane-bound aSyn has been proposed
to be the starting point for pathological aggregation into oligomers including dimers, tetramers, annular protofibrils and larger oligomers.
We propose that two distinct misfolded states of aSyn lead to two distinct aggregation pathways, one forming amyloid fibrils (ON pathway;
A117/0C*), and one forming large non-fibrillar aSyn oligomers (OFF pathway, A11+/OC™). Endogenous oligomeric aSyn are likely to be
enriched for B-sheet motifs. The endpoint of intracellular aggregation is the so-called Lewy body (fop left). Mixed intracellular aggregates
have also been reported in particular with tau (red baton), although the exact aSyn oligomer interacting with tau is unknown (indicated by
‘7). Cross-talks between aSyn species and huntingtin oligomers (Htt, orange hexagons) have also been advanced but require confirmation.
Oligomers of aSyn may be released into the extracellular space by an ill-defined mechanism (right). There, they may further aggregate,
which may include the formation of mixed aggregates, with amyloid-f peptides (AR, purple stars) in particular with which aSyn can form
hybrid aSyn/Af oligomers. Extracellular aggregates may be taken up by cells and released into the cytosol where they may in turn ‘seed’
aSyn aggregation. Release, uptake and seeding of intracellular pathology might be underlying the phenomenon of aSyn spread and release
might correspond to a possible protective mechanism adopted by cells to maintain cellular proteostasis.

vesicle l

crosslinking of intact neurons, whereas crosslinking
of lysates largely yielded monomers [75]. This obser-
vation was unique to the synuclein isoforms (control
multimeric proteins were trapped both in cells and
lysates) and in line with the concept of metastable or
‘dynamic’ multimers, a model also postulated by oth-
ers [64, 69]. The requirement of molecular crowding
or a limiting factor that holds intracellular multi-
mers together would be a possible explanation for
the lysis sensitivity and difficulties in purifying mul-
timeric aSyn. Of note, several independent reports
suggest that (re)folding and (re)assembly of helical
aSyn in vitro might be possible: 1) Killinger et al.
suggested that aSyn forms multimers during elec-
trophoresis, possibly due to crowding effects [82], 2)
Iljina et al. used arachidonic acid to reconstitute aSyn

assemblies in vitro that sized as tetramers [63] and 3)
Rovere et al. proposed a mechanism in which helical
aSyn folding at membranes is preserved when aSyn
comes off membranes and hydrophobic interactions
may drive cytosolic assembly that is stable for an
undetermined amount of time [60].

The list of relevant publications on the topic of
native aSyn multimers would be incomplete with-
out documenting reports that are skeptical about the
relevance of native aSyn assemblies. Fauvet et al.
reported their inability to purify folded multimers
from a variety of available sources [77]. Bacterial
[83] and mammalian [84] in-cell NMR analyses were
consistent with largely disordered, monomeric states
of aSyn. Despite the rapidly growing appeal of this
novel adaptation of NMR, it is however worth men-
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tioning here some of the limitations of the technique
including an inability to detect aSyn assemblies
due to their size, the necessity to perform measure-
ments below body and even room temperature, and a
reliance on proteofection of large amounts of labeled
oSyn into mammalian cells, which might raise cau-
tion towards drawing definite conclusions. Neither
can the existence of smaller, but relevant, amounts
of folded and assembled aSyn be ruled out by the
technique [85].

All in all, there is accumulating evidence from
multiple independent laboratories to support the exis-
tence of native aSyn assembly(ies) through a variety
of techniques, but also reports that deny their exis-
tence and/or relevance. The debate about multimer
abundance, exact location (membrane vs. soluble),
stability (stable vs. dynamic) and function (storage
form vs. active role) will continue and promises to be
intellectually stimulating for the field.

ENDOGENOUS OLIGOMERIC aSYN
ASSEMBLIES IN NEURODEGENERATIVE
DISEASES

Endogenous oligomeric aSyn assemblies in
neurodegenerative diseases

Detection of oligomeric aSyn species by disease

Parkinson’s disease. An emerging view emphasizes
o-aSyn as the key mediators in synucleinopathies.
Soluble aSyn oligomeric species associated with
polyunsaturated fatty acids have been detected in
human PD and DLB brain tissues, as well as in
human aSyn-expressing transgenic mouse brain tis-
sues. It has been suggested that unlike saturated fatty
acids, increased levels of polyunsaturated fatty acids
promote aSyn oligomerization in PD brains [86].
Elevated levels of aSyn oligomeric assemblies have
been detected in the postmortem brain tissues of PD
[87-89], notably putative ~60kDa aSyn tetramers
[88]. Oligomers of aSyn were also detected from the
blood plasma and CSF of PD patients present at an
increased level compared to controls [90-92]. Hence,
oSyn oligomers, as well as a ratio of aSyn oligomers
to total aSyn have been proposed as biomarkers
for early diagnosis of PD and PD with dementia
[93, 94]. Oligomeric aSyn has also been detected
at an increased level from CSF of PD patients by
using a highly sensitive electronic biosensor. This
technique enabled the distinction of AD and PD
pathologies from cognitively normal control subjects
based on the detection of CSF aSyn oligomer levels

[95]. Although the exact mechanism by which aSyn
oligomers exert their toxic effects is still unknown,
the presence of these oligomeric assemblies in the
extracellular body fluids indicates their release from
affected brain regions and opens up the intriguing
possibility of subsequent propagation of these assem-
blies between cells. Exocytosis via exosomes has
been implicated in the spreading of aSyn in cell cul-
ture [96]. The cellular release of aSyn oligomers
via exosomes was suggested as an alternate path-
way for survival upon failure of their clearance via
autophagosomes in vitro [97].

All known SNCA missense mutations associated
with familial forms of PD (A30P, E46K, AS53T,
AS53E, H50Q and G51D) reside in the amino-terminal
domain of aSyn responsible for membrane binding.
Amongst those, TgAS3T transgenic mice overex-
pressing the A53T mutant of human aSyn have been
extensively studied as models of familial PD due to
their relatively robust phenotype [98]. In TgAS53T
mice from the G2.3 line [98], oligomeric aSyn was
shown to accumulate in the mitochondrial membrane
and impair complex I function [99]. Treating these
animals with an anti-ER stress molecule, salubrinal,
reduced accumulation of such toxic oligomers in the
ER and delayed disease onset [99], suggesting that
oSyn oligomer-dependent ER stress may constitute
a key event in the pathophysiology of PD.

Dementia with Lewy bodies. Elevated levels of
oligomeric aSyn were detected in the postmortem
brain tissues of DLB patients by western blotting and
ELISA assays [89, 100]. However, CSF o-aSyn lev-
els in DLB patients were comparable to that measured
in age-matched control subjects contrary to subjects
with PD dementia (PDD) or to individuals with AD
[94].

In mice, a transgenic animal model expressing
mutant E46K aSyn associated with the familial form
of DLB [101] showed deposition of Lewy-like struc-
tures and motor impairment [102]. Western blot
analysis of brain lysates from TgE46K mice (line
47) revealed bands in the stacking gel in the ultra-
centrifugated high salt fractions, suggestive of the
presence of large soluble aSyn oligomers [102].
These presumably large (>250kDa) putative aSyn
oligomers were immunoreactive to antibody Syn211
detecting human aSyn and to antibodies detecting
phosphorylated aSyn at Serine 129 (pS129-aSyn),
a post-translational modification inducing a higher
propensity for aSyn to aggregate [103].
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In both systems, it thus remains clear that addi-
tional studies are needed to fully assess the nature of
o-aSyn species in DLB samples and the contribution
of o-aSyn to DLB.

Multiple system atrophy. Using homotypic ELISA
assays for total o-aSyn (with antibody Syn211) or
for S129-phosphorylated o-aSyn, Foulds and col-
leagues reported no differences in total CSF o-aSyn
concentration in MSA patients (n=38) compared to
control subjects. Of note, none of the tested groups
(PD, DLB, PSP, MSA and controls) differed for total
CSF aSyn, total CSF o0-aSyn and CSF pS129-aSyn.
However, the concentration of CSF pS129-aSyn
oligomers was sharply elevated in the postmortem
CSF samples of MSA patients compared to all
other clinical groups [104]. Moreover, recent studies
described that o-aSyn was abundantly distributed in
neurons and oligodendrocytes in MSA brain tissues
using homotypic proximity ligation assay detection
[105].

Alzheimer’s  disease. Accumulating  evidence
demonstrates the occurrence of aSyn pathology, LB
and Lewy neurites (LN), in 40-55% of AD brains
[3, 13, 15, 106]. Despite this observation, very few
groups have measured the relative abundance of
soluble aSyn aggregates in postmortem AD brain
tissue. Using an agnostic view about the nature of
the apparent inter-relationship between aSyn and
AD pathology, Larson and colleagues found an
approximate two-fold increase over controls in solu-
ble monomeric aSyn levels in intracellular-enriched
(IC) lysates from AD brains in the absence of LB
cytopathology [107]. Importantly, the abundance
of soluble aSyn monomers in temporal cortices
translated into a better biological correlate of AD-
associated cognitive impairment than soluble A3
and tau levels [107]. Because the abundance and con-
centration of amyloid proteins directly regulate the
aggregation state of said molecules, the same group
hypothesized that oligomeric aSyn might be elevated
in parallel to the increase in IC monomeric aSyn.
Using a biochemical approach relying on homotypic
and heterotypic enzyme-linked immunosorbent
assays (ELISA), denaturing and non-denaturing
electrophoreses, and size-exclusion chromatogra-
phy combined with extensive immunoreactivity
profiling, the same group identified increases in
aSyn oligomers in AD brain tissue by 25-75%
with the largest accumulation in aSyn oligomers
corresponding to ~35kDa species (68% increase

vs. controls) and to ~56 kDa species (44% increase
vs. controls) [108]. The nature of these dimeric and
tetrameric assemblies was further confirmed using
antibodies differentially detecting aggregated forms
of various amyloid proteins (i.e., Al1, OC, Officer)
or antibodies specific to aSyn oligomers (i.e., Syn33
and F8H7). Importantly, the elevation of oSyn
oligomers in temporal cortex was also observed in
additional cortical domains, namely angular, cal-
carine and entorhinal cortices although with distinct
observed profiles for each aSyn oligomer [108].

Functionally, soluble aSyn IC oligomers were
associated with changes in cognitive function
and synaptic expression in AD but not in
age-matched control subjects [108]. Multi-variate
analyses revealed that this was particularly true for
episodic memory performance whereby 28-, 35- and
56 kDa aSyn oligomers inversely correlated with z-
scores for this AD-defining memory modality. In a
similar fashion, soluble aSyn IC oligomers inversely
correlated with the abundance of synapsin isoforms
[108], presynaptic proteins previously identified to
be selectively down-regulated in mice overexpressing
human wild-type (WT) aSyn [109]. This relationship
was specific to synapsins but not to synaptophysin,
another presynaptic protein decreased in AD. Over-
all, these findings infer a potential contribution of
oSyn oligomers to AD-associated cognitive decline
and synaptic loss.

Contrasting with the paucity of studies which used
postmortem brain tissue to detect and measure aSyn
oligomers, several groups have used CSF to measure
oaSyn in AD. Contrary to PD and DLB in which CSF
aSyn s reliably lowered compared to control subjects
[110], several reports have documented increased
concentrations of CSF aSyn in AD vs. age-matched
controls [90, 94, 111]. It is worth noting that CSF
aSyn concentrations between sporadic AD and con-
trols were unaltered in a longitudinal cohort [112],
while the same group found elevated CSF aSyn con-
centrations in familial AD subjects vs. noncarriers
[112]. However, the diagnostic sensitivity/specificity
of classical AD CSF biomarkers can be improved
when incorporating CSF aSyn [113, 114]. Overall,
this lack of consensus regarding elevated CSF aSyn
in AD is likely due to several variables, including
differences in the ELISA platform used, possible
contamination of the samples with erythrocytes, het-
erogeneity of the subjects included in the respective
studies, and specimen storage and preparation.

Despite these issues, a few studies have measured
oligomeric aSyn species in CSF from subjects with
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AD [90, 94, 115]. Hansson and colleagues reported
decreased CSF concentrations of o-aSyn in AD com-
pared to controls using a homotypic ELISA based
on the 211 antibody, whereas total CSF aSyn con-
centration was elevated in the AD cohort [94]. In
contrast, in their 2017 study, the El-Agnaf group
found no differences in CSF concentrations of o-
aSyn or pS129-aSyn between the AD and other
neurodegenerative disease (OND) groups while total
CSF aSyn concentration was markedly elevated in
the AD cohort compared to the OND cohort [90].
The authors also concluded that inclusion of CSF
o-aSyn measured by the antibody Syn-O2, detect-
ing aSyn fibrils [116], did not improve the global
diagnostic performance of total CSF aSyn in detect-
ing AD [90]. Finally in the latter work, neither CSF
total aSyn nor CSF o0-aSyn discriminated AD from
cognitively normal controls [115]. In summary, one
study reported a reduction in CSF o-aSyn concen-
tration in AD subjects and two other studies found
no differences. Like for total CSF aSyn, these dif-
ferences prevent the formation of a clear consensus
about the abundance of o-aSyn in human CSF and
are likely due to the ELISA platform used (homo-
typic ELISA with 211 vs. heterotypic ELISA with
Syn-02) and heterogeneity of the subjects consider-
ing that all three studies were generated in the same
laboratory.

Huntington’s disease. Huntington’s disease (HD)
is the most common neurological disorder caused
by trinucleotide repeat expansions. In HD, the
expanded CAG repeats encode polyglutamine
(polyQ) sequences in the huntingtin (Htt) protein
thereby conferring toxic gain-of-function and loss-
of-function properties to the mutant protein [117].
Based on a case report documenting the colocal-
ization of aSyn with Htt inclusions in the striatum
of a male subject with HD and in the brain of
transgenic mouse models of HD (HD89, HD94 and
R6/1), an aberrant interaction of mutant Htt with
aSyn has been proposed [4, 5]. The exact nature of
this inter-relationship is still under investigation with
studies indicating that aSyn forms independent fib-
rillar aggregates in neurons harboring Htt deposits
in vivo [5] while other work relying on bimolec-
ular fluorescence complementation (BiFC) assays
found that aSyn oligomerizes and co-aggregates with
N-terminally truncated Htt (Httexon1) in human H4
neuroglioma cells [17]. More recent work expanded
these in vitro studies by reporting the colocaliza-
tion and co-aggregation of aSyn and mutant Htt

in the fly brain [18]. Despite the mention of aSyn
oligomerization, it is worth noting that none of
these studies provided direct evidence of a contribu-
tion of o-aSyn to the interaction with Htt. Overall,
additional studies are warranted to better under-
stand the inter-relationship between aSyn and Htt
in vivo.

Detection of oligomeric aSyn species by
selective brain areas

Neurodegenerative diseases are also defined by the
neurodegeneration of distinct brain regions or nuclei,
implying a selective vulnerability of neuronal sub-
types to the accumulating amyloid protein [1]. Across
the studies aforementioned above which have mea-
sured o-aSyn in post-mortem brain tissue, rare are
those that analyzed multiple brain regions [5, 88,
108].

Roberts and colleagues detected aSyn assemblies
using proximity ligation assay (PLA), a technique
relying on the close proximity of two molecules in
fixed samples using two primary antibodies, in three
brain regions, cingulate cortex, midbrain and medulla
from control subjects and subjects with PD (Braak
stages 3—6, n=_8 cases per group) [88]. Within each
region, three to six areas were examined including
the substantia nigra pars compacta and raphe nuclei.
The aSyn species revealed by PLA (aSyn-PLA)
indicated lightly compacted pathological aggregates
in only three sub-regions of PD brains, namely the
medullary intermediary reticular zone, reticular for-
mation and pyramidal cortical neurons, which were
different from age-matched control subjects [88]. The
exact nature of the species reactive to aSyn-PLA
and the relevance of their spatial distribution remains
unclear.

In their analyses of AD brain tissues, Larson and
coworkers also detected o-aSyn across five brain
regions, including the inferior temporal gyrus ITG),
entorhinal cortex, the midfrontal gyrus (MF), the
angular or inferior parietal gyrus (AG), and the cal-
carine cortex (CALC), encompassing all five cerebral
lobes [108]. The accumulation of o-aSyn principally
observed in the ITG, was not limited to this gyrus as
other brain regions (parieto-occipital and entorhinal
cortices) also displayed marked increases in 0o-aSyn
despite a relatively-low number of specimen per clin-
ical group per area (n=5-6) [108]. It is interesting to
note that all brain areas displaying elevations of o-
aSyn are part of the default mode network linked
to AD, where AP and tau pathologies are prevalent
[118-120]. Clearly, larger studies will be needed in
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the future to extensively compare regional differences
within each subject.

Lastly, the Lucas group observed aSyn-positive
inclusions in the striatum and the cerebral cortex of
subjects with HD (grade 4 following the criteria of
Vonsattel) [5]. The group sizes were statistically min-
imum (n =3) and the report does not indicate which
domain of the cerebral cortex was used for these stud-
ies, thereby preventing any rigorous conclusion.

Overall, extensive work remains to be done to
determine the existence, expression, accumulation
and potential spreading of 0-aSyn in disease-specific
vulnerable brain areas.

Current understanding of oligomeric aSyn
production and toxicity in vivo

Dimers

Studies by several groups showed that chemical
or photochemical crosslinking of aSyn in mam-
malian cells or purified aSyn from E. coli bacteria
results in the formation of a ladder of aSyn species
ranging from monomers to hexamers, with 35kDa
dimers being the major species [25, 43, 69, 77, 121].
Of note, the 35kDa aSyn dimers seem to be the
most commonly detected form of aSyn assemblies
in denaturing polyacrylamide gels and appear to be
stable in the presence of conditions that would dis-
rupt their oligomerization state including chemical
denaturants, suggesting that they might be covalently
crosslinked [77, 86, 122, 123].

Similarly, analysis of protein lysates from human
brain tissue also yield equivalent electrophoretic pro-
files [21, 67, 107, 108, 124, 125]. Amongst those
reports, Larson and colleagues readily detected the
presence of apparent 35 kDa aSyn dimers in tempo-
ral cortices of subjects with no cognitive impairment
(NCI), mild cognitive impairment (MCI) and AD by
western blotting using LB509, an antibody specific
to human aSyn [107]. In follow-up studies, the same
group reported similar SDS-PAGE profiles for aSyn
using the monoclonal antibody 4D6 to aSyn, which
displayed enhanced sensitivity towards oligomeric
oSyn [108]. Importantly the oligomeric nature of
these 35kDa aSyn dimers was confirmed by sev-
eral approaches including homotypic LB509-LB509
ELISA detection, size-exclusion chromatography
(SEC) combined with denaturing and non-denaturing
analyses of SEC eluates using antibodies detect-
ing various oligomers of amyloid proteins (All,
OC, Officer), as well as antibodies specific to o-
aSyn (Syn33 and F8H7) [108]. In addition to the

35kDa aSyn dimers, another putative aSyn dimer
of ~28 kDa was also detected in postmortem human
brain tissue and in brain tissue from transgenic
Tgl2.2 mice overexpressing WT human aSyn [19,
98, 107, 108]. Whereas OC and Officer antibod-
ies detected fibrillar amyloid species co-segregating
with the 35 kDa and 72 kDa aSyn molecules in both
AD and Tgl2.2 samples suggesting that these aSyn
forms are prefibrillar oligomeric aSyn assemblies,
the 28 kDa aSyn dimers were instead detected with
Al1land F8H7in AD brain tissue and to a lesser extent
in Tgl2.2 mice, indicating that this aSyn species is
a nonfibrillar oligomer [108]. As a reminder, OC
antibodies detects in-register parallel 3-sheets while
A11 antibodies recognize out-of-register anti-parallel
[-sheet motifs [126—128]. To our knowledge, these
findings were the first to provide indirect evidence
of the existence of two separate dimeric assemblies
of aSyn with distinct conformations, which had been
previously suggested [25]. It is unclear whether these
dimeric forms are apparent multimers of 14- and
17kDa aSyn monomers or conformation variants
from the same molecular aSyn unit and further stud-
ies will be needed to investigate these hypotheses.
Functionally, multivariate regression analyses
revealed inferior temporal gyrus levels of putative
28- and 35kDa aSyn dimers were inversely corre-
lated with episodic memory deficits [108]. Beyond
these correlative observations, proteo-transduction
of SEC-segregated 28 k-Da aSyn dimers isolated
from Tgl2.2 mice onto wild-type primary neurons
resulted in a marked suppression of synapsin-I and
synapsin-II levels whereas parallel experiments using
SEC-segregated monomeric aSyn had no effect
on synapsins. Note that because the 35kDa aSyn
dimers co-segregated with larger aSyn assemblies
(>70kDa), it was not possible for the authors to
assess a contribution of that assembly unlike the
SEC-segregated 28 kDa aSyn dimers. Remarkably,
the changes induced by SEC-segregated 28 kDa aSyn
dimers were also observed in SNCA-null primary neu-
rons indicating that these species do not dependent on
endogenous aSyn expression to mediate their effects
on synapsins. Promoter activity assays and cellular
signaling studies further revealed: 1) that SEC-
segregated 28 kDa aSyn dimers suppress the activa-
tion of two aSyn-regulated signaling pathways con-
trolled by the cAMP responsive element-binding pro-
tein (CREB) and the nuclear receptor related 1 protein
(Nurrl) and 2) novel responsive elements to CREB
and Nurrl in the 5UTR/promoter region of SYNI
and SYN2 genes, two transcription factors known to
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be suppressed by aSyn [129, 130]. Finally, indepen-
dent studies from the Bjorklund and Perlmann groups
also demonstrated that lentivirus-mediated overex-
pression of full-length human WT aSyn (aSyn™T)
in midbrain dopaminergic neurons resulted in the
detection of 28 kDa aSyn dimers and reductions in
CREB and Nurrl signaling [130]. Taken together,
these results provide molecular insights in neuronal
changes induced by isolated aSyn dimers and war-
rant additional work comparing the functional roles
of these two distinct dimeric aSyn species.

Trimers

Rare studies have documented the existence of
putative aSyn trimers with a theorical molecular
weight ranging between 42-51kDa based on 14-
or 17kDa aSyn monomeric units in protein lysates
from brain tissue [86]. One could argue that a
potential reason for the apparent absence of evi-
dence for trimeric aSyn assemblies could be related
to an observation made by the Haass group years
ago. Kahle and colleagues [125] noted that putative
oSyn trimers migrating between the 44 and 71 kDa
molecular standards were present in ultracentrifu-
gation supernatants of in vitro formed aggregates
of recombinant aSyn partially solubilized in Tris-
buffered saline (TBS). However, addition of 5% SDS
to fully solubilize aSyn resulted in a nearly com-
plete disappearance of these assemblies in favor of
monomeric and 35kDa dimeric aSyn species. It is
however possible that, given the low resolution of the
immunoreactive band(s) combined with that of the
gel used as evidenced by the small distance separat-
ing the 44 and 71 kDa standards, the putative trimer
might in fact correspond to a tetrameric assembly or
both. Another potential confounding factor prevent-
ing reliable identification of putative ~42-51kDa
oaSyn trimers in lysates from brain tissue relies on
inconsistent electrophoretic migration across sample
types, suboptimum gel resolution and overreliance
on western-blot detection using a single antibody.
Accordingly, it is clear that further work will be
needed to validate the existence of trimeric aSyn in
brain tissue.

Tetramers

Contrasting with the anecdotal reports related to
possible aSyn trimers, several groups have detected
putative tetrameric assemblies of aSyn in brain
lysates [67, 71, 88, 108]. The experimental observa-
tion of putative tetramers is conceptually appealing
considering the prominent detection of aSyn dimers
and considering the potential diversity of dimeric

assemblies (see dedicated chapter above). Based on
the same model relying either on 14- or on 17kDa
aSyn monomeric units, homomeric aSyn tetramers
can thus encompass multimeric species whose molec-
ular weights range between 56 to 68kDa. Like
aSyn dimers, two tetrameric aSyn assemblies may
exist, i.e., ~58-60kDa aSyn species (proposed
tetramer of 14.5kDa aSyn) sensitive to SDS [71]
and ~56kDa aSyn species (possible tetramer of
14kDa oSyn or compact tetramer of 17 kDa aSyn)
resistant to SDS [88, 108], based on the conflict-
ing sensitivity of putative physiological tetramers
and oligomeric tetramers to this anionic detergent.
Despite the apparent resistance to SDS, the 4D6-
immunoreactive ~56kDa aSyn species identified
by Larson and colleagues are not covalently linked
as 10 to 20% hexafluoroisopropanol (HFIP) trigger
its disassembly in favor of monomeric aSyn [108].
This finding thus opens the door to the hypoth-
esis that this oligomeric assembly corresponds to
a possible homomeric tetramer of 14kDa aSyn, a
compact homomeric tetramer of 17 kDa aSyn molec-
ular units or a heteromeric tetramer composed of
both molecular building blocks. To attempt getting
at this question, it can be postulated that, if the
28 kDa or the 35kDa aSyn dimers were the nuclei
of the ~55-56kDa aSyn assembly, then their rel-
ative abundance in vivo might be related in brain
tissue. Leveraging existing data from the Religious
Orders Study cohort initially reported by Larson and
coworkers [108], we performed pair-wise regression
analyses which unexpectedly revealed strong pos-
itive correlations between the 35kDa and 55kDa
aSyn species in intracellular-enriched protein frac-
tions from individuals with no cognitive impairment
(NCI) and from subjects with AD (Fig. 2A). Quantile
density contours readily illustrated the parallel eleva-
tion of both species in AD tissue compared to the NCI
group (Fig. 2A). By contrast, there was no apparent
relationship between the 28 kDa and 55kDa aSyn
species in the same biological samples (Fig. 2B).
Together, these new results thus favor the notion that
the increased amounts of intracellular 55 kDa aSyn
species in AD brain tissue might depend on the avail-
ability of 35kDa aSyn dimers, as opposed to the
smaller 28 kDa aSyn dimers. This hypothesis is fur-
ther supported by SEC profiles of similar AD lysates
in which the 35 kDa aSyn dimers reliably co-eluted
with larger aSyn species including 55-56 kDa assem-
blies while the 28kDa aSyn dimers displayed an
elution profile consistent with a globular molecule
allowing its isolation from other aSyn species [108].
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Fig. 2. Relationships between 28-, 35- and 55 kDa aSyn oligomers in human brain tissue from cognitively intact subjects and subjects with
AD within the ROS cohort. Regression analyses and quantile density contours for pair-wise comparisons between 35 kDa (A) or 28 kDa
(B) dimeric aSyn and the ~55-56 kDa putative aSyn tetramer detected in the intracellular-enriched fraction (IC). All species were detected
with the monoclonal antibody 4D6. NCI, no cognitive impairment; AD, Alzheimer’s disease; ROS, Religious Orders Study.

Beyond the differences in their respective
intrinsic biochemical properties, the SDS-sensitive
~58-60 kDa aSyn tetramers, also called aSyn ‘mul-
timers’ [71], and the SDS-resistant ~55-60kDa
aSyn species [108] also appear to possess markedly
different functions. As a brief reminder, genetic
destabilization of oSyn multimers in mice was
recently shown to produce a phenotype reminiscent
of PD [73], indicating a supportive or physiological
function of aSyn multimers in healthy conditions
[58]. Contrasting with this role, brain levels of
SDS-resistant ~55kDa aSyn oligomers inversely
correlated with episodic memory and semantic
memory performance in subjects with AD [108].
Moreover, SEC-segregated aeSyn species containing
SDS-resistant ~55kDa aSyn oligomers caused a
selective suppression of synapsin-1 and synapsin-2

proteins in cultured cortical neurons by a prion-like
mechanism requiring aSyn expression [108]. These
results therefore indicate divergent functions of dis-
tinct aSyn tetramers in health and disease.

Annular protofibrils

Earlier it was shown that A30P and A53T mutants
can form pore-like annular protofibrils faster than
aSynVT and were capable of permeabilizing in
vitro prepared phosphatidylglycerol (PG) vesicles.
It was proposed that an increase in aSyn protofib-
ril structures might occur in an early stage of PD,
thus suggesting a possible mechanism of toxicity
in PD [131]. Moreover, the same study had also
demonstrated that in addition to annular protofibrils,
AS53T mutant synuclein can form tubular protofib-
rils. An ordered assembly of aSyn"T oligomers
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into protofibrils significantly permeabilized synthetic
lipid vesicles, implying their ability to disrupt cel-
lular membranes [132]. Using multiple techniques,
including cryo-EM, another study has demonstrated
the formation of two types of annular assemblies
of aSyn, one with a typical ring shape and another
with a cylindrical shape. Addition of these assem-
blies into rat midbrain neuronal cultures not only
generated reactive oxygen species but also signif-
icantly disrupted synthetic lipid vesicles compared
to monomeric or fibrillar aSyn [133]. However,
in another study, aSyn pre-fibrillar oligomers
(PFOs) showed comparatively stronger membrane-
permeabilizing activity than the annular protofibrils
of aSyn. Furthermore, aSyn PFOs were significantly
more toxic when applied exogenously to SH-SY5Y
cells compared to aSyn annular protofibrils [134].
As different types of o-aSyn were shown to cause
cellular toxicity at different degrees, such mixed
observations with annular protofibrils toxicity imply
the complex nature of these amyloid assemblies.

Other assemblies

Large oligomers of aSyn preferentially bind to the
SNARE protein synaptobrevin-2 and inhibit SNARE
complex formation, thus impeding vesicle docking
and neurotransmitter release [135]. Small diffused
granular aSyn aggregates were enormously detected
in the presynaptic terminals of neurons in DLB brain
tissues along with significant loss of postsynaptic
dendritic spines, suggesting the role of such granular
aSyn aggregates in synaptic dysfunction [136].

Using newly generated transgenic mice express-
ing split luciferase aSyn probes (the constitutive
S1/S2 mice and the inducible VS1/VS2 mice), recent
work from the Danzer group demonstrated an age-
dependent accumulation of endogenous 8-16-mer
o-aSyn species, which reached its maximum levels in
24-month-old animals [137]. At a subcellular level,
these o-aSyn species appear to accumulate preferen-
tially within the presynaptic compartments and not
within the neuronal soma, perhaps due to the enrich-
ment of synucleins in this element. Importantly, 24-
month-old S1/S2 mice displayed a reduced anxiety-
like behavior, a phenotype also observed in transgenic
mice overexpressing mutant A53T aSyn [138].

Future directions
As summarized above, many forms of putative

oligomeric assemblies of aSyn have been detected
across several neurological diseases. To improve the

reproducibility of o-aSyn detection and to facil-
itate comparisons across independent groups, we
here advocate for a reduced reliance on single anti-
body detection following western blotting and for
increasing the necessity to include biochemical anal-
yses comprising combinations of non-denaturing
(e.g., homotypic ELISA, heterotypic ELISA with
oligomer-specific antibodies, liquid-phase chro-
matography separation, clear native-PAGE, dot/spot
blotting) and denaturing approaches (western-
blotting, co-immunoprecipitations) with extensive
panels of pan-, conformation- or oligomer-specific
antibodies. In particular, we would like to draw
attention to characterizing all brain-derived aSyn
oligomers using A1l and OC due to their demon-
strated preference in detecting distinct [3-sheet
conformers [126-128]. Given the heterogeneity
among the oligomeric assemblies of aSyn and pend-
ing an amelioration of the isolation techniques for
oligomeric aSyn from brain tissues or cells (typically
generating low to very low yields), cryo-electron
microscopy (Cryo-EM) and NMR studies will likely
prove essential to dissect out the structural and con-
formational variants of various oligomers.
Post-translational modifications including trunca-
tion [139], nitration [140] and phosphorylation [141,
142] might play important roles in aSyn aggregation
and hence its toxicity (see for review [143]). Paleolo-
gou and colleagues showed oligomeric pS129-aSyn
in the membrane fractions of DLB and MSA brain tis-
sues ranging from ~28 to 98 kDa molecular weights.
Similarly, monomeric (~17kDa) and oligomeric
(~42kDa) pS129-aSyn were also detected in the
membrane fractions of brain tissues from trans-
genic mouse models of synucleinopathies [141].
Finally, studies in flies demonstrated that solu-
ble endogenous o-aSyn was increased by pS129
and decreased by phosphorylation at tyrosine 125
(pY125) [142]. Moreover, biochemical analysis of
postmortem human brain tissues revealed a reduction
of pY125-aSyn with aging and in subjects with DLB
[142]. These findings suggest that aSyn-induced
toxicity may result from a dysregulation between
an oligomer-promoting effect of pS129 and an
oligomer-inhibiting effect of pY 125. Therefore, mass
spectrometry-based analysis of post-translational
modifications of in vivo occurring aSyn aggregates
(including o-aSyn) would be important to gain more
understanding of the pathogenic aSyn assemblies.
If achieved, these largely technical improvements
should allow the field to compare the function of mul-
tiple aSyn species in parallel, reminiscent of the work
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done for AP oligomers in the AD field. It would be
indeed surprising to find that each o-aSyn member of
this pleiotropic ensemble acts similarly on neuronal
and glial cells in the brain.

Lastly, two very recent studies from the Holtz-
man and Bu groups investigated whether APOE €4
genotype, a major risk factor for neurodegenera-
tive diseases, affected aSyn pathology in mice and
subjects with PD [144, 145]. While both studies
relied on APOE knock-in (E2/E3/E4) backgrounds
to compare the impact of APOE &€2/e3/e4 alleles
in mouse models of synucleinopathy, Davis and
colleagues used G2.3 TgA53T mice [145]; Zhao
and coworkers opted for an AAV-mediated overex-
pression of human aSanT, which does not cause
amyloid inclusions as defined by a lack of Thioflavin-
S positivity [144, 146]. In both experimental settings,
E4 exacerbated aSyn pathology, including pathologi-
cal conformational changes detected by the antibody
5G4 and pS129-aSyn accumulation, and worsened
motor deficits. However, none of these reports
assessed the exact nature of the accumulating oeSyn.
A qualitative western blot analysis using Synl and
MJFR-13 antibodies detecting total aSyn and pS129-
aSyn respectively revealed ~23 kDa and ~30kDa
bands, in addition to monomeric ~14kDa aSyn,
in the SDS-soluble fraction of symptomatic G2.3
TgAS53T mice which the authors interpreted as o-
aSyn oligomers [145]. Several points are problematic
with this analysis: (i) there are no quantitative mea-
surements provided; (ii) these additional bands are
detected in symptomatic TgAS53T/E4, TgAS3T/E3
and TgAS53T lacking murine APOE (TgAS3T/EKO)
with no apparent difference across APOE genotype;
(iii) the molecular weights (~23 kDa and ~30kDa)
are inconsistent with those previously reported for
o-aSyn by electrophoretic separation as discussed
above in this section. Based on these findings, further
work is needed to determine if aSyn oligomerization
is altered by APOE &4 and, if it were, what o-aSyn
species are differentially accumulating across APOE
genotypes.

SPREADING OF OLIGOMERIC aSYN
SPECIES

Introduction to prion-like propagation of aSyn

A group of highly infectious neurodegenera-
tive diseases, known as transmissible spongiform
encephalopathy (TSE) or prion diseases is caused
by the infectious prion protein or PrP [147]. Ani-

mals affected with prion diseases exhibit different
phenotypes. One of the most astonishing phenom-
ena in prion diseases is that animals infected with the
same pathogenic infectious agent displayed differ-
ent clinical phenotypes [148—150]. Moreover, when
such infectious protein aggregates were isolated and
inoculated in identical hosts, they induced distinct
prion disease specific phenotypes [151]. Growing
experimental evidence suggests that many neurode-
generative diseases share common characteristics
with prion diseases. Indeed, the pathogenic protein
conformers of amyloid proteins defining neurodegen-
erative diseases can seed and promote the aggregation
of their natively-folded counterparts in a prion-like
manner [152].

Based on the course of the Lewy pathology in
the enteric nervous system (ENS), peripheral ner-
vous system (PNS) and central nervous system (CNS)
together with clinical symptoms of patients with
sporadic PD, Del Tredici and Braak have proposed
the following staging procedure [153]. At stage 1,
the Lewy pathology initially develops somewhere
in ENS, PNS or CNS, then is detected in olfac-
tory structures (bulb and nucleus) and in the medulla
oblongata, specifically in the dorsal motor nucleus
of the vagal nerve (CN X) and/or intermediate retic-
ular zone. At stage 2, LNs and LBs are found in
peripheral parasympathetic and sympathetic nerves,
medullary nuclei including the locus coeruleus and
lower raphe nuclei. Stage 3 is characterized by aSyn
pathology in the substantia nigra, pars compacta and
the magnocellular nuclei of the basal forebrain. At
stage 4, intralaminar thalamic nuclei and anterome-
dial temporal cortex (including entorhinal cortex and
hippocampus) are affected. At stage 5, the high-order
sensory association areas of the neocortex and pre-
frontal fields are affected while at stage 6, first-order
sensory association, premotor, primary motor and
sensory areas are also affected, ultimately coinciding
with dementia. This mostly ascending caudo-rostral
neuropathological pattern is suggesting that, once
formed, aSyn aggregates seem capable of propagat-
ing between neurons synaptically interconnected.

In the late 2000s, several reports documented
host-to-graft propagation of aSyn pathology in fetal
mesencephalic transplants of subjects with PD [154,
155]. Shortly thereafter, Desplats and colleagues
demonstrated that neurons overexpressing aSyn can
transmit the protein to neighboring cortical neuronal
stem cells expressing the green fluorescent protein
(GFP) green protein (GFP) in vitro and in vivo
[156]. In the accompanying commentary, Olanow
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and Prusiner openly questioned whether PD was a
prion disorder [157] promoting vast interest in the
field to entertain the hypothesis that some forms of
aSyn, perhaps including oligomeric or small fibril-
lar assemblies, might act as prion-like conformers
and promote the misfolding of additional wild-type
proteins. By extension, these studies also suggested
that aSyn aggregates may propagate in anatomically
connected neural networks.

Spreading of endogenous oligomeric aSyn
species in Vvitro

Although the exact mechanism by which o-aSyn
exert their toxic effects is still unknown, the presence
of these oligomeric assemblies in the extracellular
body fluids suggests their release from affected brain
regions and subsequent potential spreading between
cells. The cell-to-cell propagation of o-aSyn could
occur through the internalization of these species
via receptor-mediated endocytosis as demonstrated
in several cell lines and primary neurons [158—161].
In addition, exogenously added o-aSyn can act as
seeds promoting the aggregation of endogenous aSyn
in primary neuronal cells as well as in neuronal cell
lines, suggesting that extracellular release of o- aSyn
coupled with reuptake as a plausible mechanism for
the spreading of aSyn pathology [162]. Specifically,
secretion of aSyn within exosomes has been pro-
posed to amplify and propagate PD-associated aSyn
pathology in cell culture systems [96, 97]. It has been
suggested that effective propagation of aSyn aggre-
gates is dependent on both the templated seeding
process and the in vivo cellular condition [163].

Spreading of endogenous oligomeric aSyn
species in vivo

To our knowledge, experimental evidence demon-
strating a spreading of endogenous o-aSyn is rare
[137] in contrast to strategies relying on exogenous
injection of recombinant aggregated aSyn prepara-
tions in rodent brains [164—169]. Leveraging newly
created conditional S1/S2 and VS1/VS2 transgenic
mice in which protein-fragment complementation
of tagged aSyn occurs, Kiechle and coworkers
provided novel evidence of o-aSyn formation at
presynaptic terminals, age-dependent accumulation
of 8—16-mer aSyn oligomeric assemblies and trans-
synaptic spreading of endogenous o-aSyn species
from transgene-expressing neurons to synaptically-
connected nuclei which did not express the transgene

[137]. These changes were accompanied by reduced
locomotor deficits, behavioral abnormalities (e.g.,
reduced anxiety-like behavior), olfactory dysfunc-
tion, reduced striatal dopamine concentrations and
ultimately loss of dopaminergic neurons in the sub-
stantia nigra [137]. While further elaboration on such
elegant study is necessary to better understand the
extent of oligomeric aSyn-induced synaptotoxicity,
these findings add weight to prior work demonstrat-
ing that endogenous o-aSyn species alter synaptic
structure and function in vivo [108].

INTERACTIONS BETWEEN
OLIGOMERIC aSYN ASSEMBLIES AND
OTHER AMYLOID PROTEINS

Although amyloidogenic proteins might follow
unique cascades of pathological events, the major-
ity of them shares certain common mechanisms
for toxicity. Membrane permeabilization is one of
such mechanisms that has been suggested for many
amyloid proteins [170]. Co-occurrence of multi-
ple protein pathologies represents a wide range of
neurodegenerative disorders where comorbidity and
overlap between the diseases are frequently observed
[171]. In addition to LB, senile plaques of AR,
neurofibrillary tangles (NFTs) and neuropil threads
composed of tau were observed in the cerebral
cortex of PD brain tissues [172]. Senile plaques
and NFTs are often found together in DLB cases
[173]. Thus, there is a considerable overlap between
oSyn, tau and A protein pathologies in synu-
cleinopathies, suggesting their potential synergistic
effects on pathogenesis.

For the context of this review, we will differentiate
the terms “cross-talk” as defined by direct or indirect
molecular interactions in absence of enhanced fib-
rillization from “cross-seeding” which occurs when
oligomers composed by one misfolded amyloid pro-
tein induce the oligomerization of a distinct amyloid
protein.

aSyn/AB hybrid species

Cross-talk

While many studies have suggested that aSyn
and AP are capable of direct and indirect molec-
ular cross-talks in the brain along with hybrid
oligomer formation [21, 174-179], few studies have
demonstrated that endogenous A3 and aSyn directly
interact in cultured cells or in vivo [21]. Specifically,
Tsigelny and colleagues reported that aSyn and A3
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directly interact in the brains of small (n=4) groups
of patients with AD, DLB and in APP/a-syn tg mice
(Thy1-APPmut tg [line 41] x PDGF3-a-syn tg mice
[line D]) using co-immunoprecipitation analyses
of membrane fractions. Although immunoreactive
bands at ~28, ~40 and ~70kDa labeled as aSyn
dimers, trimers and pentamers by the authors were
readily detected by western blotting using unspec-
ified aSyn antibodies in the membrane fractions
of AD, DLB and APP/a-syn tg brain tissue, only
monomeric aSyn (or Af) and no oligomeric species
were identified by coimmunoprecipitation. By con-
trast, two independent studies from the Lesné group
failed to observe putative aSyn/A[3 hybrid species in
AD brain lysates and in double transgenic APP/aSyn
mice (PDGFB-APPmut tg [line J20] x PrP-aSyn tg
mice [line Tgl2.2]) using non-denaturing dot blot-
ting following size exclusion chromatography with
several monoclonal aSyn antibodies (LB509, 4B12
and 4D6) or using coimmunoprecipitation with the
LB509 aSyn antibody [19, 108]. All three studies
used the monoclonal antibody 6E10 to detect human
Ap. Overall, these findings are not consistent and
additional work is needed to confirm the presence
of endogenous aSyn/AP hybrid assemblies and to
assess whether differences in the approaches and/or
in the biological specimens might be responsible for
these diverging observations.

To assess whether A and aSyn aggregation co-
occurs or whether a potential cross-talk between
these two amyloid precursors, Bassil and cowork-
ers (2020) injected mouse aSyn preformed fibrils
(aSyn-mPFFs) into young adult 5SXFAD mice har-
boring amyloid plaques. The presence of A3 deposits
enhanced aSyn pathology and spreading through-
out the brain [180]. Mechanistically, the injection
of aSyn-mPFFs altered APP processing favoring
AP production resulting from a decrease in ADAM-
10 protein abundance coupled to an increase in
presenilin-2 and nicastrin, two members of the y-
secretase complex. These findings have led the
authors to suggest a ‘“feed-forward” mechanism
whereby AP plaques potentiate aSyn seeding and
spreading over time [180]. It is however worth noting
that soluble APP-a (sAPPa) levels were remarkably
unchanged despite a 50% reduction in ADAM-10, a
proponent candidate of a-secretase activity, arguing
against an overall decrease in a-secretase activity. In
addition, these putative alterations of APP process-
ing induced by aSyn were not observed in two other
recent studies examining the interaction between A3
and aSyn [19, 20]. Furthermore, these latter two stud-

ies actually reported effects of aSyn on A3 deposition
opposite to that described by Bassil and colleagues,
whereby overexpression of either mutant human
aSyn*3 or aSyn"T in two distinct APP trans-
genic mice led to a reduction in A3 burden [19, 20].
Both independent groups validated these in vivo find-
ings with in vitro approaches relying on thioflavin-T
analyses with recombinant proteins [20] and relying
on measurement of on-pathway amyloid oligomers
using conformation-specific OC antibodies [19]. Of
particular interest, the forebrain abundance of o-aSyn
detected with oligomeric aSyn-specific antibody
Syn33 was highest in bigenic APP/aSyn mice when
AP deposits were the lowest [19]. Furthermore, abla-
tion of the SNCA gene encoding for aSyn in the same
APP transgenic model led Khan and colleagues to
witness a bidirectional effect of aSyn on A deposi-
tion, by which the genetic removal of aSyn elevated
AP deposition [19] reminiscent of prior work by the
Zheng group [181]. While differences in APP trans-
genic mouse models could in principle account for
these differences, it is more likely that the nature
of the aSyn molecules introduced in these various
models is contributing to the diverging observations.
Indeed, while aSyn-mPFFs are created by sonicating
long, pre-formed fibrils are injected in young mice,
transgene-derived expressions of human aSyn used
by the Meyer-Luehmann and Lesné groups do not
induce aSyn fibrillization. Therefore, it is likely that
the crosstalk between A and aSyn differs based on
the conformational nature of each component, i.e.,
oligomers vs. fibrils, and with dramatically distinct
functional consequences.

aSyn/tau species

While aSyn aggregates are considered as the main
pathogenic entities in synucleinopathies, tau pathol-
ogy is also abundantly detected in these diseases
(in>92% of subjects with synucleinopathies [3]).
Abnormal accumulation of the microtubule binding
protein tau has been implicated in a group of neu-
rodegenerative diseases known as tauopathies [182].
However, an increasing amount of studies has demon-
strated the possible interaction between aSyn and tau.
NFTs consisting of hyperphosphorylated tau have
long been studied in PD and DLB cases. Genome-
wide association studies (GWAS) have indicated a
strong association between SNCA and MAPT genes
coding for aSyn and tau, respectively, in PD and
DLB pathogenesis [183, 184]. Moreover, tau aggre-
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gates have been reported in several transgenic mouse
models of PD and DLB [102, 185-189].

There is also accumulating evidence that spread-
ing of pathogenic protein aggregates is a necessary
event in the progression of neurodegenerative dis-
eases [190-193]. To this end, studies have also been
directed to dissecting out the mechanisms by which
amyloidogenic protein aggregates spread from cell
to cell [190, 191]. Walker et al. have suggested a
templating mechanism of misfolded protein in which
once a small amount of aggregate is formed, it
serves as “seed” for further aggregation. Such seeds
can recruit newly-formed protein by templating their
conformation to the newly added proteins [194],
including aSyn [195] and tau [196, 197].

Cross-talk

Using human brain cytosol from unspecified
source and characterization, early studies reported
that aSyn directly interacts with the microtubule
binding region of tau thereby modulating the phos-
phorylation state of tau proteins at least at two
serine residues (S262 and S356), suggesting a pos-
sibility of direct physical interaction between aSyn
and tau [198]. In situ, LBs found in PD and DLB
cases also contain hyperphosphorylated tau [199,
200]. A few years later, transgenic TgAS5S3T mice
overexpressing mutant human aSyn”33T (M83 line)
were shown to display abundant tau pathology as
threads, grains, spheroids and pre-tangles in several
brain regions [201, 202], whereas transgenic mice
overexpressing human wildtype aSyn"T (unspec-
ified line from PDGF-aSyn mice [203]) develop
spontaneous pathological tau changes including tau
hyperphosphorylation and tau misfolding [189]. Pro-
found neuronal tau inclusions resembling NFTs were
also found in transgenic mice overexpressing another
human aSyn mutation, E46K [102]. Despite the
demonstration that mutant aSyn®4%K is less efficient
than aSyn"T at promoting tau inclusions in cul-
tured QBI293 cells, it is worth noting that TgE46K
mice displayed a greater number of tau inclusions
compared to TgAS53T mice [102], suggesting the
marked effects of the environment, species and cell
type differences on potential molecular interactions
between aSyn and tau. To date, the reason for the
accumulation of hyperphosphorylated tau inclusions
in TgE46K mice remains unclear and may war-
rant additional work, specifically with respect to
aSyn and tau oligomers. Beyond the detection of co-
occurring aggregates of tau and aSyn in neurons from
MS83 TgAS53T mice, this co-aggregation was also

exacerbated in oligodendrocytes from a bigenic CNP-
TauP301L/aSynWT mouse model overexpressing
mutant P301L tau and human aSyn™T driven by
an oligodendrocyte-specific promoter (2’,3'-cyclic
nucleotide 3’-phosphodiesterase or CNP) [201]. In
these cells, inclusions were positive to Thioflavin S
[201], denoting advanced fibrillization.

Howeyver, these seminal studies focused on fib-
ril formation as opposed to oligomerization per
se. Consequently, the functional role of oligomeric
aSyn/tau cross-talks in vivo was investigated by sev-
eral groups. In recent studies, the co-occurrence of
aSyn and tau in their toxic oligomeric forms was
observed in postmortem brain tissues of PD and
DLB patients [89]. In this study, Sengupta and col-
leagues demonstrated a co-immunoprecipitation of
0-oSyn with tau oligomers (o-Tau) coupled with a
cytoplasmic colocalization of these species in brain
tissue from individuals with PD [89]. Recognizing
that mixed protein pathologies of aSyn and tau are
observed in PD whereas tau pathology alone is found
without any documented aSyn pathology in pro-
gressive supranuclear palsy (PSP), Castillo-Carranza
and coworkers investigated the toxicity of hybrid
o0-aSyn/o-Tau assemblies by injecting either com-
plexes of oligomeric aSyn and tau hybrid species
derived from PD brain tissues or PSP-derived o-
Tau alone in human tau transgenic Htau animals
overexpressing human tau isoforms in a murine
tau background [23]. Hybrid o-aSyn/o-Tau com-
plexes accelerated endogenous tau aggregation along
with memory deficits in Htau animals compared
to o-Tau [23]. Importantly, the functional interac-
tion of aSyn/tau cross-talks in vivo was further
investigated by Gerson and coworkers using pas-
sive immunotherapy with the tau oligomer-specific
monoclonal antibody (TOMA) in M83 TgAS53T
mice [204]. Compared to mice injected with con-
trol immunoglobulins, TgAS5S3T mice treated with
TOMA displayed reduced synaptic loss, premature
deaths and cognitive and motor deficits [204]. Impor-
tantly, TOMA-mediated lowering of tau oligomers
in TgA53T mice was accompanied by a marked
reduction in LB-like pathology and by an increase
in o-aSyn detected by F8H7 and Syn33 antibodies.
Based on the properties of TOMA antibodies, which
preferentially detect off-pathway o-Tau [205], and
based on those for F8H7 and Syn33, which preferen-
tially bind off-pathway o-aSyn [89], these findings
highlight complex molecular interactions between o-
aSyn and o-Tau, which are not fully clear at this
time.
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Furthermore, the role of tau in mediating impair-
ment of hippocampal neurotransmission and memory
deficits in a similar transgenic animal model, TgA53T
mice overexpressing mutant A53T human aSyn (line
(G2.3), has been recently demonstrated suggesting a
tau-dependent mechanism of aSyn pathology [206].
However, this work from Singh and colleagues sug-
gests that the role of tau in young and middle-aged
adult G2.3 TgAS53T mice is independent of o-aSyn/o-
Tau cross-talks because no differences in o-aSyn
nor o-Tau were found in absence or presence of
MAPT deletion [206]. We speculate that this molec-
ular cross-talk would strengthen with aging and have
an impact on the phenotype of this PD mouse model.

Combined, these findings thus suggest the exis-
tence of hybrid o-aSyn/o-Tau complexes and of an
influence of these oligomeric assemblies on each
other’s aggregation via an interface in synucle-
inopathies. The exact nature of this interface and the
exact functional impact of these 0-aSyn/o-Tau hybrid
forms remain unknown to date and gaining a bet-
ter understanding of this molecular interaction could
lead to the identification of novel therapeutic com-
pounds for subjects affected by synucleinopathies.

Beyond a potentially direct effect of aSyn on
tau hyperphosphorylation and/or aggregation, several
studies from the Sidhu group indicate that «Syn may
regulate the activity of glycogen synthase kinase-3[3
(GSK3p), a major tau kinase, in cell models of PD,
signifying a possible indirect functional cross-talk
between these two proteins [187, 188]. In this poten-
tial heteromeric aSyn/Tau/GSK3[3 complex, GSK3b
could trigger the co-aggregation of Syn and Tau into
early oligomeric assemblies upon phosphorylation
of both amyloid proteins thereby creating an inter-
face permitting both proteins to influence each other’s
aggregation in a discrete subcellular compartment.

Overall, these studies strongly support the impor-
tance of functional crosstalk between aeSyn and tau.

Cross-seeding

As overlapping protein pathologies are frequently
observed in multiple neurodegenerative diseases,
cross-seeding between disparate proteins has been
suggested as a possible mechanism underlying the
detection of mixed pathologies in the same brain
tissue [207, 208]. While it has been proposed that
both tau and aSyn exert synergistic effects on each
other’s aggregation, resulting in fibrillar amyloid
structure formation in vitro and in vivo, most of
the studies supporting this claim relied on recom-
binant forms of aSyn (oligomeric or fibrillar) with

unclear disease relevance [24, 201, 209]. Few stud-
ies have assessed the cross-seeding propensity of
endogenous or transgene-derived aSyn and tau in
vivo. Clinton and colleagues demonstrated that cross-
ing M83 TgAS53T mice with the Alzheimer’s disease
transgenic mouse model 3xTg-AD [210] led to a
reciprocal enhancement of the aggregation of all three
transgene-derived amyloid proteins, i.e., AR, tau and
aSyn, accompanied by an acceleration of cognitive
deficits [211]. These findings suggested a synergistic
interaction between aSyn, tau and AR (i.e., exac-
erbating each other’s aggregation) even though the
aggregation nature of these amyloid proteins in this
interaction remains unclear.

In more recent studies however, the bilateral intrac-
erebroventricular injection of o-aSyn/o-Tau hybrid
complexes, immunocaptured from PD brain tissue
using a combination of o-Tau specific antibodies
T22 and o-aSyn specific antibodies FSH7, in young
Htau mice led to a delay in NFT formation com-
pared to animals injected with o-Tau alone [23].
Supported by in vitro studies using recombinant pro-
teins, Castillo-Carranza and coworkers proposed that
0-aSyn/o-Tau complexes extend the lifespan of toxic
tau conformers, leading to enhanced tau oligomer-
ization and hippocampal neuron loss in vivo [23].
These results therefore suggest that: (i) the cross-
seeding of tau induced by off-pathway F8H7-positive
o-aSyn occurs in PD and (ii) aSyn oligomers enhance
the deleterious effects of tau in synucleinopathies by
reducing tau deposition.

Together, these aSyn/tau cross-seeding studies
appear to indicate that the state of aSyn aggregates
might be an important contributor in determining the
fate of its interaction with tau.

aSyn/HTT species

Cross-talk

As discussed earlier, an aberrant interaction of
mutant Htt with aSyn has been proposed based on
the colocalization of aSyn with Htt within striatal
inclusions striatal inclusions of a male subject with
HD and in the brain of transgenic mouse models of
HD [4, 5]. Disparate conclusions have questioned the
exact nature of a putative cross-talk between endoge-
nous aSyn and Htt: 1) studies noted that aSyn forms
independent fibrillar aggregates in neurons harbor-
ing Htt deposits in vivo [5] and 2) other work using
BiFC assays found that aSyn oligomerizes and co-
aggregates with N-terminally truncated Htt (Httexon1)
in human H4 neuroglioma cells [17]. More recently,
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expansion of these in vitro BiFC studies led to the
identification of colocalized and co-aggregated aSyn
and mutant Htt in the fly brain [18]. Again, it is worth
noting that none of these studies provided direct evi-
dence of a contribution of o-aSyn to the interaction
with Htt.

Overall, further investigation is needed to better
understand the molecular inter-relationship between
aSyn and Htt aggregates (including oligomers) in
vivo. This task might be challenging in light of exper-
imental studies performed in HD mice in which
genetic modulation of aSyn expression bidirection-
ally affected autophagy and HD phenotypes [212].

OLIGOMERIC aSYN SPECIES AS DRUG
TARGET(S)

Monotherapy

With the discovery of cell-to-cell spreading
of aSyn oligomers, targeting extracellular protein
aggregates to promote their clearance has been an
active area of research. Studies involving both active
and passive immunotherapy are being performed in
preclinical settings. Developing antibodies that will
specifically target the oligomeric forms of aSyn and
using them for passive immunotherapy are getting
more attraction. However, obtaining highly specific
antibodies is a challenging task raising important
questions to consider: would antibodies detecting
common structural elements of aSyn oligomers be
more beneficial? Or should developing antibodies
specific to distinct o-aSyn assemblies be favored?
In addition, several key variables can affect the out-
come of such approaches including the delivery route
of immunotherapy, internalization or cellular uptake
of the antibody and the in vivo localization of the tar-
geted oligomeric species [213]. Detection of 0-aSyn
in the CSF and blood plasma raises the possibility
of early detection of pathological changes occurring
in the CNS. To this end, probes specifically targeting
o-aSyn with high sensitivity and high affinity hold
great promise [214]. Of note, it is important to indi-
cate here that higher CSF aSyn concentrations can
be linked to blood contamination due to the expres-
sion of aSyn in erythrocytes [215], thereby requiring
strict and rigorous markers for blood contamination
and/or a standardized grade system for blood levels
in CSF samples. Studies are also being performed
to find molecules blocking the endocytosis of aSyn
oligomers, thus preventing healthy cells from taking
up pathogenic aSyn species, which could serve as

a potential strategy for reducing oligomeric aSyn-
mediated toxicity [214].

Molecules that can modulate the aggregation
process by decreasing the load of aSyn oligomers
have also been considered as therapeutic poten-
tial. The diphenyl-pyrazole molecule anlel38b
[3-(1,3-benzodioxol-5-yl)-5-(3-bromophenyl)-1H-
pyrazole], an oligomer modulator was shown to
inhibit aSyn oligomer formation both in vitro and
in vivo [216]. This molecule strongly inhibited the
formation and accumulation of o-aSyn and neuronal
degeneration thereby suppressing disease progres-
sion in the TgA30P PD transgenic mouse model
[216, 217]. Based on spectral emission properties in
presence of o-aSyn, the authors proposed that this
molecule targets directly o-aSyn in vivo [216], a
hypothesis which was further supported by all-atom
molecular dynamic simulations [218]. Both studies
suggest Anle138b as a promising disease-modifying
agent not only for synucleinopathies, but also
for other amyloid forming proteins as reported
recently for PrP€, AP and tau [216, 218-221].
Several other molecules such as NPT100-18A and
NPT200-11 have also been reported as promising
therapeutic agents that modulate o-aSyn formation.
Among these, the small molecule aSyn misfold-
ing inhibitor, NPT200-11 (Neuropore Therapies
Inc./UCB), produced multiple benefits in the TgWT
mice overexpressing aSyn"! (line 61) used as
model of PD [203], including attenuation of motor
deficits and rescue of striatal dopamine transporter
expression [222]. While the phase 1 clinical trial
assessing safety, tolerability and pharmacokinetics
of NPT200-11 was completed on February 2016
(NCT02606682; see for review [223]), no results
have been reported as of yet. Other promising
inhibitors of aSyn aggregation currently tested in
phase 1 clinical trials include PBT434 (Alterity Ther-
apeutic; Ul1111-1211-0052) and ENT-01 (Enterin;
NCT03938922); both started last year. Curcumin,
a natural polyphenolic antioxidant derived from
turmeric, has demonstrated anti-inflammatory and
neuroprotective effects in the Tg2576 AD mouse
model despite poor bioavailability and presumably-
poor blood-brain barrier penetrance of the parent
compound [224-226]. In vitro, curcumin and its
analogs have been shown to bind to pre-formed aSyn
oligomers and to reduce their toxicity by modulating
their morphologies and biophysical properties [227,
228]. Molecular chaperones, including heat shock
proteins (HSPs), have also been considered as
potential therapeutic alternatives against oligomeric
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aSyn-mediated toxicity [229]. Proof of principle
studies in which overexpressing the chaperone
HSP104 proved to be a safe approach in protecting
dopaminergic neurons by disassembling o-aSyn in
a lentivirus-mediated A30P-a.Syn rat model of PD
supported this view [230]. Molecules regulating
HSP70 or HSP90 activity were also shown to
be effective by lowering o-aSyn levels and their
associated toxicity in a rat model of parkinsonism
[231]. Such molecules might serve as effective
therapeutic strategy for synucleinopathies.

Multi-therapy with other amyloid proteins

Most neurodegenerative diseases, including synu-
cleinopathies, encompass various protein patholo-
gies. Passive TOMA immunotherapy targeting tau
oligomers in the M83 Tg53T animal model of PD
prevents cognitive and motor deficits as well as brain
protein pathology [204]. The importance of syner-
gistic effects of aSyn and tau as outlined in above
sections, indicates that a combinatorial immunother-
apy against both aSyn and tau oligomers may
constitute a better option to protect neurons from their
toxicity. Given the complexity of synucleinopathies,
multi-therapy that targets multiple proteins at their
oligomeric states as well as altered biological
pathways might turn out to be superior to monother-
apies. Lastly, immunotherapies may be combined
with modifiers of intracellular aSyn dynamics
[232, 233] or lipid pathways that affect aSyn
biology [234-236].

CONCLUSIONS

Aggregation of aSyn is a hallmark feature in synu-
cleinopathies. Since the discovery of aSyn protein
as the main component of the neuropathological
lesions defining synucleinopathies, LB and LN, there
has been a continuous effort to better understand
the underlying mechanisms of these debilitating dis-
eases. Despite significant advances made in recent
years, the exact reasons behind the selective vulner-
ability of different neuronal and non-neuronal cell
populations as well as brain regions to the aggrega-
tion of aSyn remain unknown. The implication of
soluble aSyn oligomers in impairing multiple cel-
lular processes has led to the consideration of such
oligomeric assemblies as the main pathogenic entity
in synucleinopathies. Hence, better understanding the
molecular events leading to aSyn oligomer forma-
tion, seeding and propagation in vivo are of utmost

importance. Unexpected findings such as the identi-
fication of native aSyn assembly [68] or the presence
of a strong lipidic component in LB [237] will have to
be critically investigated. Intensive and collaborative
studies involving multi-disciplinary approaches will
be necessary to further our understanding of these
debilitating diseases and identify disease-modifying
interventions.
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