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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 (A␤), tau, and alpha-synuclein (␣Syn). 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 A␤, tau, and ␣Syn aggregates. Amongst this trio, ␣Syn 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 A␤ 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 ␣Syn oligomers because of recent developments in the understanding
of ␣Syn 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 ␣Syn oligomers in vivo and
in vitro, and introduce potential opportunities to counter their deleterious effects.
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(PD), dementia with Lewy body (DLB), multiple
system atrophy (MSA), and Huntington’s disease
(HD) are characterized by progressive dysfunction
and death of neurons. Within each disease type,
this degeneration affects specific neural systems
implying selective vulnerability and is associated
with the abnormal accumulation of distinct proteins,
e.g., amyloid-beta (A␤), tau, and alpha-synuclein
(␣Syn), in the brain defining each disease neu-
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ropathologically [1, 2]. Classically, deposition of
A␤ and tau respectively known as A␤ plaques and
neurofibrillary tangles characterize AD, inclusions
of ␣Syn as Lewy body (LB) or glial cytoplasmic
inclusion (GCI) define PD, DLB, and MSA (collectively known as synucleinopathies), and inclusions
of huntingtin (Htt) neuropathologically define HD.
Recent studies are however providing new evidence for prevalent mixed proteinopathies across
these neurodegenerative diseases, with aging and
apolipoprotein E (ApoE) 4 genotype constituting
risk factors [3]. While tau pathology proved ubiquitous across the neurodegenerative diseases analyzed,
mixed pathologies were observed in 38–81% of synucleinopathy cases including neocortical Lewy body
disease as a stark example with 80% increases in A␤
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
␣Syn pathology is also increased in HD and colocalizes with Htt inclusions [4–6]. These observations
echo prior work showing that mixed neuropathologies 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 ␣Syn inclusions had the
strongest effect accounting for 58 and 46% of cognitive 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
␣Syn pathology.
The co-existence of these proteinopathies provides
additional support to accumulating observations documenting molecular interactions and cross-seeding
between aggregates of A␤, tau, Htt and ␣Syn [15–18].
In this particular context, ␣Syn, the amyloid protein
genetically linked to synucleinopathies, stands out
for several reasons. First, synucleinopathies appear
to exhibit distinct prevalence of A␤ burden and Htt
compared to other neurodegenerative diseases [3, 6].
Second, ␣Syn expression modulates A␤ aggregation and deposition in mice [19, 20]. Third, ␣Syn
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 preformed fibrils of ␣Syn (␣Syn PFFs) can cross-seed

tau in vitro and in vivo [24]. Thus, all of these points
infer a central role of pathological oligomeric ␣Syn
aggregates as key determinants in influencing or controlling aggregation of other amyloid proteins in the
brain.
Beyond a potential contribution of ␣Syn in shaping 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 ␣Syn oligomerization and fibrilization 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 assemblies 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 ␣Syn aggregation was
well-illustrated by Strohäker and coworkers who
rigorously demonstrated that brain-derived ␣Syn fibrillar aggregates were structurally different to all
recombinant ␣Syn fibrillar polymorphs tested [35].
For these reasons, our review will focus on endogenous brain-derived ␣Syn oligomers (o-␣Syn).
Despite this greater understanding, many fundamental questions remain unanswered: 1) which
endogenous forms of ␣Syn are toxic to neurons
and glial cells, 2) when are ␣Syn species prevalent
in the pathophysiology of neurodegenerative diseases, 3) what molecular mechanisms induced by
endogenous ␣Syn aggregates (oligomers, protofibrils, fibrils) contribute to neurodegeneration, 4) how
are aggregated endogenous ␣Syn species impacting
the physiological cellular localization and function
of physiological forms of ␣Syn (monomeric and
recently proposed native multimeric species), 5) what
is the conformation of brain-derived o-␣Syn? Given
the exponential complication of the landscape related
to amyloid protein aggregation due to the intrinsic 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 ␣Syn assemblies
across neurodegenerative diseases, the spreading of
oligomeric ␣Syn species and the molecular interactions between oligomeric ␣Syn and other amyloid
proteins. We finally discuss the implications of these
findings for potential therapeutic interventions in the
contexts of mono- and multi-therapies.
␣SYN FUNCTION AND STRUCTURE
In the past 5–7 years, growing evidence indicates
that ␣Syn (gene name: SNCA), a synapticallyenriched protein traditionally linked to PD, may act
as a regulator of synaptic vesicle release. Despite the
original observation that ␣Syn knockout (␣Syn-KO)
mice display only subtle ‘functional deficits in the
nigrostriatal dopamine system’ [36], many research
groups have been seeking to identify the exact physiological function of ␣Syn 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 findings related to ␣Syn’s role in exocytosis [37, 38]. In
addition, ␣Syn may also affect endocytosis by promoting clathrin-dependent endocytosis [40] and/or
by regulating the kinetics of synaptic vesicle endocytosis [41]. Synucleins may have multiple effects on
presynaptic architecture [42], and it was suggested
that ␣Syn can ‘cluster’ vesicles, thereby preventing
free dispersal between neighboring en-passant boutons [43].
In search of a mechanism for how exactly
␣Syn may affect vesicle biology, the Südhof
group proposed that ␣Syn acts as a chaperone for
Synaptobrevin-2 (VAMP-2) [44], thereby increasing
the number of assembled soluble N-ethylmaleimidesensitive factor attachment protein receptor (SNARE)
complexes. However, it was also shown that ␣Syn
can inhibit membrane fusion by directly affecting
the lipid bilayer, rather than indirectly via SNARE
proteins [45, 46].
Beyond neurons, larger amounts of ␣Syn 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 ␣Syn in
body fluids, e.g., as a potential contaminant of cerebrospinal fluid when measuring ␣Syn in longitudinal
and cross-sectional studies.
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Structure-function relationships of αSyn
Lipid binding
Consistent with its proposed function(s), ␣Syn 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
␣Syn and synaptic vesicles as biophysical studies
have shown that the relatively small synaptic vesicles may possess the optimal membrane curvature to
promote ␣Syn binding [50]. Early characterization of
␣Syn 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 KTKEGV, which appears imperfectly 6–9 times in the first two-thirds of ␣Syn [48].
Nonpolar aa in the lower half of the helix ‘dip’ into the
membrane bilayer (∼1–5 Å below lipid head groups)
[52–55] while hydrophilic residues in the upper half
interact with the cytoplasm. In addition, positivelycharged 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
␣Syn 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 ␣Syn as an unfolded monomer [61].
A model has been proposed in which ␣Syn constantly
cycles through at least three different states: unfolded
cytosolic monomer, folded monomer at membranes,
and (soluble?) folded multimer [62].

Multimeric vs. oligomeric αSyn
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 ␣Syn, however, the
term oligomer is mostly used to describe abnormal assemblies (aggregates), while several studies
have now established the term multimer for the new
concept of native ␣Syn assembly [43, 62–67]. In
the following two paragraphs we will briefly contrast ␣Syn oligomers vs. multimers and focus on the
evidence for the (putatively) physiological ␣Syn multimers, while the rest of our review will be dedicated
to the pathological oligomers.
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Shared properties and differences. Endogenous
␣Syn multimers and oligomers have in common that
two or more synuclein molecules are directly interacting. Multimeric, native ␣Syn is typically described
as tetrameric [68–73], sometimes octameric [67].
Oligomeric ␣Syn aggregates in contrast seems to
exist in a wide variety of different conformations
(reviewed below). Multimeric ␣Syn is considered
to be helical [63, 68, 69] and aggregation-resistant
[68], while ␣Syn aggregates would traditionally be
expected to be rich in ␤-sheet (new insight that indicates bigger complexity is emerging, see below).
Multimeric ␣Syn has been proposed to have functional 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 passive storage form [74]. Multimeric ␣Syn species were
shown to be sensitive to temperature and heat denaturation, to cell lysis and to the presence of the anionic
detergent sodium dodecyl sulfate (SDS) [75] while
oligomeric ␣Syn aggregates are typically, but maybe
not in all cases, more stable (see below).
Evidence for native αSyn assembly (multimers). Bartels, Choi and Selkoe proposed in 2011 that ␣Syn
assembles naturally inside cells and occurs as a
helical tetramer that resists aggregation [68]. ␣Syn
was purified from various human sources, including red blood cells, under non-denaturing conditions.
Several methods, most prominently analytical ultracentrifugation, sized the purified multimers as
principally tetramers while circular dichroism characterized them as helical. Around the same time,
tetrameric ␣Syn was purified from bacteria under
non-denaturing conditions [69]. ␣Syn N-acetylation
may be critical for the successful purification of
helical ␣Syn multimers from bacteria [76]. Subsequent attempts of purifying helical ␣Syn 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 ␣Syn in fractions of lower
purity, but not in the highly pure material) [66].
Another study probed the native state of ␣Syn 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 highermolecular 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 pathological ␣Syn assemblies [75]. A follow-up study [71]
revealed not only that ␣Syn 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 ␣Syn variants that
render ␣Syn largely monomeric (plus some dimers)
were cytotoxic and prone to forming inclusions in
primary rat neurons. Subsequently, it was suggested
that lysosomal glucocerebrosidase deficiency overall reduces ␣Syn multimers and increases monomers
[65]. Intact-cell crosslinking typically traps 60, 80
and 100 kDa species of ␣Syn (␣S60, -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 crosslinking. The 60 kDa ␣Syn multimer is typically the most
abundant defined multimeric species of intact-cell
crosslinking, consistent with a tetramer (monomeric
␣S: 14.5 kDa; 4× 14.5 kDa = 58 kDa) [75]. Burré
et al. sized crosslinked ␣Syn multimers in brain
slices, brain homogenates and recombinant ␣Syn
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 ␣Syn multimerization may
occur upstream of ␣Syn aggregation and neurotoxicity [80]. Importantly, defined point mutations that
abolish ␣Syn multimer intact-cell crosslinking, also
prevented ␣Syn-mediated Venus/Yellow fluorescent
protein (YFP) complementation [71], an orthogonal
intact-cell method. Wang et al. used ␣Syn-mediated
Venus YFP complementation in live neurons to
demonstrate that ␣Syn multimers cluster synaptic
vesicles and attenuate recycling [43]. Similarly, Burré
et al. used fluorescence resonance energy transfer
revealing the detection of normal ␣Syn multimers at
membranes [67].
A key concept to understanding ␣Syn cellular
behavior may be context-dependent folding [72]. For
example, ␣Syn may exists primarily as a monomer in
intact enteric neurons while ␣Syn may be present in
the brain in a different conformation [81]. This view
is further supported by the finding that ␣Syn (and
␤Syn) multimers were only efficiently trapped by
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Fig. 1. Proposed model of ␣Syn 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 ‘␣Syn’), 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 ␣Syn 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 ␣Syn lead to two distinct aggregation pathways, one forming amyloid fibrils (ON pathway;
A11– /OC+ ), and one forming large non-fibrillar ␣Syn oligomers (OFF pathway, A11+/OC– ). Endogenous oligomeric ␣Syn are likely to be
enriched for ␤-sheet motifs. The endpoint of intracellular aggregation is the so-called Lewy body (top left). Mixed intracellular aggregates
have also been reported in particular with tau (red baton), although the exact ␣Syn oligomer interacting with tau is unknown (indicated by
‘?’). Cross-talks between ␣Syn species and huntingtin oligomers (Htt, orange hexagons) have also been advanced but require confirmation.
Oligomers of ␣Syn 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-␤ peptides (A␤, purple stars) in particular with which ␣Syn can form
hybrid ␣Syn/A␤ oligomers. Extracellular aggregates may be taken up by cells and released into the cytosol where they may in turn ‘seed’
␣Syn aggregation. Release, uptake and seeding of intracellular pathology might be underlying the phenomenon of ␣Syn spread and release
might correspond to a possible protective mechanism adopted by cells to maintain cellular proteostasis.

crosslinking of intact neurons, whereas crosslinking
of lysates largely yielded monomers [75]. This observation 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 others [64, 69]. The requirement of molecular crowding
or a limiting factor that holds intracellular multimers together would be a possible explanation for
the lysis sensitivity and difficulties in purifying multimeric ␣Syn. Of note, several independent reports
suggest that (re)folding and (re)assembly of helical
␣Syn in vitro might be possible: 1) Killinger et al.
suggested that ␣Syn forms multimers during electrophoresis, possibly due to crowding effects [82], 2)
Iljina et al. used arachidonic acid to reconstitute ␣Syn

assemblies in vitro that sized as tetramers [63] and 3)
Rovere et al. proposed a mechanism in which helical
␣Syn folding at membranes is preserved when ␣Syn
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 ␣Syn multimers would be incomplete without documenting reports that are skeptical about the
relevance of native ␣Syn 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 ␣Syn. 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 ␣Syn assemblies
due to their size, the necessity to perform measurements below body and even room temperature, and a
reliance on proteofection of large amounts of labeled
␣Syn into mammalian cells, which might raise caution towards drawing definite conclusions. Neither
can the existence of smaller, but relevant, amounts
of folded and assembled ␣Syn be ruled out by the
technique [85].
All in all, there is accumulating evidence from
multiple independent laboratories to support the existence of native ␣Syn assembly(ies) through a variety
of techniques, but also reports that deny their existence 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 ␣SYN
ASSEMBLIES IN NEURODEGENERATIVE
DISEASES
Endogenous oligomeric αSyn assemblies in
neurodegenerative diseases
Detection of oligomeric αSyn species by disease
Parkinson’s disease. An emerging view emphasizes
o-␣Syn as the key mediators in synucleinopathies.
Soluble ␣Syn oligomeric species associated with
polyunsaturated fatty acids have been detected in
human PD and DLB brain tissues, as well as in
human ␣Syn-expressing transgenic mouse brain tissues. It has been suggested that unlike saturated fatty
acids, increased levels of polyunsaturated fatty acids
promote ␣Syn oligomerization in PD brains [86].
Elevated levels of ␣Syn oligomeric assemblies have
been detected in the postmortem brain tissues of PD
[87–89], notably putative ∼60 kDa ␣Syn tetramers
[88]. Oligomers of ␣Syn were also detected from the
blood plasma and CSF of PD patients present at an
increased level compared to controls [90–92]. Hence,
␣Syn oligomers, as well as a ratio of ␣Syn oligomers
to total ␣Syn have been proposed as biomarkers
for early diagnosis of PD and PD with dementia
[93, 94]. Oligomeric ␣Syn 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 ␣Syn oligomer levels

[95]. Although the exact mechanism by which ␣Syn
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 assemblies between cells. Exocytosis via exosomes has
been implicated in the spreading of ␣Syn in cell culture [96]. The cellular release of ␣Syn oligomers
via exosomes was suggested as an alternate pathway 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, A53T,
A53E, H50Q and G51D) reside in the amino-terminal
domain of ␣Syn responsible for membrane binding.
Amongst those, TgA53T transgenic mice overexpressing the A53T mutant of human ␣Syn have been
extensively studied as models of familial PD due to
their relatively robust phenotype [98]. In TgA53T
mice from the G2.3 line [98], oligomeric ␣Syn 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
␣Syn oligomer-dependent ER stress may constitute
a key event in the pathophysiology of PD.

Dementia with Lewy bodies. Elevated levels of
oligomeric ␣Syn were detected in the postmortem
brain tissues of DLB patients by western blotting and
ELISA assays [89, 100]. However, CSF o-␣Syn levels 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 ␣Syn associated with the familial form
of DLB [101] showed deposition of Lewy-like structures and motor impairment [102]. Western blot
analysis of brain lysates from TgE46K mice (line
47) revealed bands in the stacking gel in the ultracentrifugated high salt fractions, suggestive of the
presence of large soluble ␣Syn oligomers [102].
These presumably large (>250 kDa) putative ␣Syn
oligomers were immunoreactive to antibody Syn211
detecting human ␣Syn and to antibodies detecting
phosphorylated ␣Syn at Serine 129 (pS129-␣Syn),
a post-translational modification inducing a higher
propensity for ␣Syn to aggregate [103].
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In both systems, it thus remains clear that additional studies are needed to fully assess the nature of
o-␣Syn species in DLB samples and the contribution
of o-␣Syn to DLB.
Multiple system atrophy. Using homotypic ELISA
assays for total o-␣Syn (with antibody Syn211) or
for S129-phosphorylated o-␣Syn, Foulds and colleagues reported no differences in total CSF o-␣Syn
concentration in MSA patients (n = 8) compared to
control subjects. Of note, none of the tested groups
(PD, DLB, PSP, MSA and controls) differed for total
CSF ␣Syn, total CSF o-␣Syn and CSF pS129-␣Syn.
However, the concentration of CSF pS129-␣Syn
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-␣Syn 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 ␣Syn 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 ␣Syn aggregates in postmortem AD brain
tissue. Using an agnostic view about the nature of
the apparent inter-relationship between ␣Syn and
AD pathology, Larson and colleagues found an
approximate two-fold increase over controls in soluble monomeric ␣Syn levels in intracellular-enriched
(IC) lysates from AD brains in the absence of LB
cytopathology [107]. Importantly, the abundance
of soluble ␣Syn monomers in temporal cortices
translated into a better biological correlate of ADassociated cognitive impairment than soluble A␤
and tau levels [107]. Because the abundance and concentration of amyloid proteins directly regulate the
aggregation state of said molecules, the same group
hypothesized that oligomeric ␣Syn might be elevated
in parallel to the increase in IC monomeric ␣Syn.
Using a biochemical approach relying on homotypic
and heterotypic enzyme-linked immunosorbent
assays (ELISA), denaturing and non-denaturing
electrophoreses, and size-exclusion chromatography combined with extensive immunoreactivity
profiling, the same group identified increases in
␣Syn oligomers in AD brain tissue by 25–75%
with the largest accumulation in ␣Syn oligomers
corresponding to ∼35 kDa species (68% increase
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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., A11, OC, Officer)
or antibodies specific to ␣Syn oligomers (i.e., Syn33
and F8H7). Importantly, the elevation of ␣Syn
oligomers in temporal cortex was also observed in
additional cortical domains, namely angular, calcarine and entorhinal cortices although with distinct
observed profiles for each ␣Syn oligomer [108].
Functionally, soluble ␣Syn 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 ␣Syn oligomers inversely correlated with zscores for this AD-defining memory modality. In a
similar fashion, soluble ␣Syn 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) ␣Syn [109]. This relationship
was specific to synapsins but not to synaptophysin,
another presynaptic protein decreased in AD. Overall, these findings infer a potential contribution of
␣Syn oligomers to AD-associated cognitive decline
and synaptic loss.
Contrasting with the paucity of studies which used
postmortem brain tissue to detect and measure ␣Syn
oligomers, several groups have used CSF to measure
␣Syn in AD. Contrary to PD and DLB in which CSF
␣Syn is reliably lowered compared to control subjects
[110], several reports have documented increased
concentrations of CSF ␣Syn in AD vs. age-matched
controls [90, 94, 111]. It is worth noting that CSF
␣Syn concentrations between sporadic AD and controls were unaltered in a longitudinal cohort [112],
while the same group found elevated CSF ␣Syn concentrations in familial AD subjects vs. noncarriers
[112]. However, the diagnostic sensitivity/specificity
of classical AD CSF biomarkers can be improved
when incorporating CSF ␣Syn [113, 114]. Overall,
this lack of consensus regarding elevated CSF ␣Syn
in AD is likely due to several variables, including
differences in the ELISA platform used, possible
contamination of the samples with erythrocytes, heterogeneity of the subjects included in the respective
studies, and specimen storage and preparation.
Despite these issues, a few studies have measured
oligomeric ␣Syn species in CSF from subjects with
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AD [90, 94, 115]. Hansson and colleagues reported
decreased CSF concentrations of o-␣Syn in AD compared to controls using a homotypic ELISA based
on the 211 antibody, whereas total CSF ␣Syn concentration 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␣Syn or pS129-␣Syn between the AD and other
neurodegenerative disease (OND) groups while total
CSF ␣Syn concentration was markedly elevated in
the AD cohort compared to the OND cohort [90].
The authors also concluded that inclusion of CSF
o-␣Syn measured by the antibody Syn-O2, detecting ␣Syn fibrils [116], did not improve the global
diagnostic performance of total CSF ␣Syn in detecting AD [90]. Finally in the latter work, neither CSF
total ␣Syn nor CSF o-␣Syn discriminated AD from
cognitively normal controls [115]. In summary, one
study reported a reduction in CSF o-␣Syn concentration in AD subjects and two other studies found
no differences. Like for total CSF ␣Syn, these differences prevent the formation of a clear consensus
about the abundance of o-␣Syn in human CSF and
are likely due to the ELISA platform used (homotypic ELISA with 211 vs. heterotypic ELISA with
Syn-O2) and heterogeneity of the subjects considering 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 lossof-function properties to the mutant protein [117].
Based on a case report documenting the colocalization of ␣Syn 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
␣Syn has been proposed [4, 5]. The exact nature of
this inter-relationship is still under investigation with
studies indicating that ␣Syn forms independent fibrillar aggregates in neurons harboring Htt deposits
in vivo [5] while other work relying on bimolecular fluorescence complementation (BiFC) assays
found that ␣Syn 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 colocalization and co-aggregation of ␣Syn and mutant Htt

in the fly brain [18]. Despite the mention of ␣Syn
oligomerization, it is worth noting that none of
these studies provided direct evidence of a contribution of o-␣Syn to the interaction with Htt. Overall,
additional studies are warranted to better understand the inter-relationship between ␣Syn and Htt
in vivo.
Detection of oligomeric αSyn 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 subtypes to the accumulating amyloid protein [1]. Across
the studies aforementioned above which have measured o-␣Syn in post-mortem brain tissue, rare are
those that analyzed multiple brain regions [5, 88,
108].
Roberts and colleagues detected ␣Syn 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 ␣Syn species revealed by PLA (␣Syn-PLA)
indicated lightly compacted pathological aggregates
in only three sub-regions of PD brains, namely the
medullary intermediary reticular zone, reticular formation and pyramidal cortical neurons, which were
different from age-matched control subjects [88]. The
exact nature of the species reactive to ␣Syn-PLA
and the relevance of their spatial distribution remains
unclear.
In their analyses of AD brain tissues, Larson and
coworkers also detected o-␣Syn 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 calcarine cortex (CALC), encompassing all five cerebral
lobes [108]. The accumulation of o-␣Syn 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 o-␣Syn
despite a relatively-low number of specimen per clinical group per area (n = 5–6) [108]. It is interesting to
note that all brain areas displaying elevations of o␣Syn are part of the default mode network linked
to AD, where A␤ 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 ␣Syn-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 minimum (n = 3) and the report does not indicate which
domain of the cerebral cortex was used for these studies, thereby preventing any rigorous conclusion.
Overall, extensive work remains to be done to
determine the existence, expression, accumulation
and potential spreading of o-␣Syn in disease-specific
vulnerable brain areas.
Current understanding of oligomeric αSyn
production and toxicity in vivo
Dimers
Studies by several groups showed that chemical
or photochemical crosslinking of ␣Syn in mammalian cells or purified ␣Syn from E. coli bacteria
results in the formation of a ladder of ␣Syn species
ranging from monomers to hexamers, with 35 kDa
dimers being the major species [25, 43, 69, 77, 121].
Of note, the 35 kDa ␣Syn dimers seem to be the
most commonly detected form of ␣Syn assemblies
in denaturing polyacrylamide gels and appear to be
stable in the presence of conditions that would disrupt 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 profiles [21, 67, 107, 108, 124, 125]. Amongst those
reports, Larson and colleagues readily detected the
presence of apparent 35 kDa ␣Syn dimers in temporal cortices of subjects with no cognitive impairment
(NCI), mild cognitive impairment (MCI) and AD by
western blotting using LB509, an antibody specific
to human ␣Syn [107]. In follow-up studies, the same
group reported similar SDS-PAGE profiles for ␣Syn
using the monoclonal antibody 4D6 to ␣Syn, which
displayed enhanced sensitivity towards oligomeric
␣Syn [108]. Importantly the oligomeric nature of
these 35 kDa ␣Syn dimers was confirmed by several approaches including homotypic LB509-LB509
ELISA detection, size-exclusion chromatography
(SEC) combined with denaturing and non-denaturing
analyses of SEC eluates using antibodies detecting various oligomers of amyloid proteins (A11,
OC, Officer), as well as antibodies specific to o␣Syn (Syn33 and F8H7) [108]. In addition to the
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35 kDa ␣Syn dimers, another putative ␣Syn dimer
of ∼28 kDa was also detected in postmortem human
brain tissue and in brain tissue from transgenic
TgI2.2 mice overexpressing WT human ␣Syn [19,
98, 107, 108]. Whereas OC and Officer antibodies detected fibrillar amyloid species co-segregating
with the 35 kDa and 72 kDa ␣Syn molecules in both
AD and TgI2.2 samples suggesting that these ␣Syn
forms are prefibrillar oligomeric ␣Syn assemblies,
the 28 kDa ␣Syn dimers were instead detected with
A11 and F8H7 in AD brain tissue and to a lesser extent
in TgI2.2 mice, indicating that this ␣Syn species is
a nonfibrillar oligomer [108]. As a reminder, OC
antibodies detects in-register parallel ␤-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 ␣Syn with distinct conformations, which had been
previously suggested [25]. It is unclear whether these
dimeric forms are apparent multimers of 14- and
17 kDa ␣Syn monomers or conformation variants
from the same molecular ␣Syn unit and further studies will be needed to investigate these hypotheses.
Functionally, multivariate regression analyses
revealed inferior temporal gyrus levels of putative
28- and 35 kDa ␣Syn dimers were inversely correlated with episodic memory deficits [108]. Beyond
these correlative observations, proteo-transduction
of SEC-segregated 28 k-Da ␣Syn dimers isolated
from TgI2.2 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 ␣Syn had no effect
on synapsins. Note that because the 35 kDa ␣Syn
dimers co-segregated with larger ␣Syn assemblies
(>70 kDa), it was not possible for the authors to
assess a contribution of that assembly unlike the
SEC-segregated 28 kDa ␣Syn dimers. Remarkably,
the changes induced by SEC-segregated 28 kDa ␣Syn
dimers were also observed in SNCA-null primary neurons indicating that these species do not dependent on
endogenous ␣Syn expression to mediate their effects
on synapsins. Promoter activity assays and cellular
signaling studies further revealed: 1) that SECsegregated 28 kDa ␣Syn dimers suppress the activation of two ␣Syn-regulated signaling pathways controlled by the cAMP responsive element-binding protein (CREB) and the nuclear receptor related 1 protein
(Nurr1) and 2) novel responsive elements to CREB
and Nurr1 in the 5 UTR/promoter region of SYN1
and SYN2 genes, two transcription factors known to
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be suppressed by ␣Syn [129, 130]. Finally, independent studies from the Björklund and Perlmann groups
also demonstrated that lentivirus-mediated overexpression of full-length human WT ␣Syn (␣SynWT )
in midbrain dopaminergic neurons resulted in the
detection of 28 kDa ␣Syn dimers and reductions in
CREB and Nurr1 signaling [130]. Taken together,
these results provide molecular insights in neuronal
changes induced by isolated ␣Syn dimers and warrant additional work comparing the functional roles
of these two distinct dimeric ␣Syn species.
Trimers
Rare studies have documented the existence of
putative ␣Syn trimers with a theorical molecular
weight ranging between 42–51 kDa based on 14or 17 kDa ␣Syn monomeric units in protein lysates
from brain tissue [86]. One could argue that a
potential reason for the apparent absence of evidence for trimeric ␣Syn assemblies could be related
to an observation made by the Haass group years
ago. Kahle and colleagues [125] noted that putative
␣Syn trimers migrating between the 44 and 71 kDa
molecular standards were present in ultracentrifugation supernatants of in vitro formed aggregates
of recombinant ␣Syn partially solubilized in Trisbuffered saline (TBS). However, addition of 5% SDS
to fully solubilize ␣Syn resulted in a nearly complete disappearance of these assemblies in favor of
monomeric and 35 kDa dimeric ␣Syn 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 separating the 44 and 71 kDa standards, the putative trimer
might in fact correspond to a tetrameric assembly or
both. Another potential confounding factor preventing reliable identification of putative ∼42–51 kDa
␣Syn 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 ␣Syn in
brain tissue.
Tetramers
Contrasting with the anecdotal reports related to
possible ␣Syn trimers, several groups have detected
putative tetrameric assemblies of ␣Syn in brain
lysates [67, 71, 88, 108]. The experimental observation of putative tetramers is conceptually appealing
considering the prominent detection of ␣Syn dimers
and considering the potential diversity of dimeric

assemblies (see dedicated chapter above). Based on
the same model relying either on 14- or on 17 kDa
␣Syn monomeric units, homomeric ␣Syn tetramers
can thus encompass multimeric species whose molecular weights range between 56 to 68 kDa. Like
␣Syn dimers, two tetrameric ␣Syn assemblies may
exist, i.e., ∼58–60 kDa ␣Syn species (proposed
tetramer of 14.5 kDa ␣Syn) sensitive to SDS [71]
and ∼56 kDa ␣Syn species (possible tetramer of
14 kDa ␣Syn or compact tetramer of 17 kDa ␣Syn)
resistant to SDS [88, 108], based on the conflicting sensitivity of putative physiological tetramers
and oligomeric tetramers to this anionic detergent.
Despite the apparent resistance to SDS, the 4D6immunoreactive ∼56 kDa ␣Syn species identified
by Larson and colleagues are not covalently linked
as 10 to 20% hexafluoroisopropanol (HFIP) trigger
its disassembly in favor of monomeric ␣Syn [108].
This finding thus opens the door to the hypothesis that this oligomeric assembly corresponds to
a possible homomeric tetramer of 14 kDa ␣Syn, a
compact homomeric tetramer of 17 kDa ␣Syn molecular 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 35 kDa ␣Syn dimers were the nuclei
of the ∼55–56 kDa ␣Syn assembly, then their relative 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 positive correlations between the 35 kDa and 55 kDa
␣Syn species in intracellular-enriched protein fractions from individuals with no cognitive impairment
(NCI) and from subjects with AD (Fig. 2A). Quantile
density contours readily illustrated the parallel elevation 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 55 kDa ␣Syn
species in the same biological samples (Fig. 2B).
Together, these new results thus favor the notion that
the increased amounts of intracellular 55 kDa ␣Syn
species in AD brain tissue might depend on the availability of 35 kDa ␣Syn dimers, as opposed to the
smaller 28 kDa ␣Syn dimers. This hypothesis is further supported by SEC profiles of similar AD lysates
in which the 35 kDa ␣Syn dimers reliably co-eluted
with larger ␣Syn species including 55–56 kDa assemblies while the 28 kDa ␣Syn dimers displayed an
elution profile consistent with a globular molecule
allowing its isolation from other ␣Syn species [108].
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Fig. 2. Relationships between 28-, 35- and 55 kDa ␣Syn 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 ␣Syn and the ∼55–56 kDa putative ␣Syn 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 ␣Syn tetramers, also called ␣Syn ‘multimers’ [71], and the SDS-resistant ∼55–60 kDa
␣Syn species [108] also appear to possess markedly
different functions. As a brief reminder, genetic
destabilization of ␣Syn multimers in mice was
recently shown to produce a phenotype reminiscent
of PD [73], indicating a supportive or physiological
function of ␣Syn multimers in healthy conditions
[58]. Contrasting with this role, brain levels of
SDS-resistant ∼55 kDa ␣Syn oligomers inversely
correlated with episodic memory and semantic
memory performance in subjects with AD [108].
Moreover, SEC-segregated ␣Syn species containing
SDS-resistant ∼55 kDa ␣Syn oligomers caused a
selective suppression of synapsin-1 and synapsin-2

proteins in cultured cortical neurons by a prion-like
mechanism requiring ␣Syn expression [108]. These
results therefore indicate divergent functions of distinct ␣Syn tetramers in health and disease.
Annular protoﬁbrils
Earlier it was shown that A30P and A53T mutants
can form pore-like annular protofibrils faster than
␣SynWT and were capable of permeabilizing in
vitro prepared phosphatidylglycerol (PG) vesicles.
It was proposed that an increase in ␣Syn protofibril 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,
A53T mutant synuclein can form tubular protofibrils. An ordered assembly of ␣SynWT oligomers
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into protofibrils significantly permeabilized synthetic
lipid vesicles, implying their ability to disrupt cellular membranes [132]. Using multiple techniques,
including cryo-EM, another study has demonstrated
the formation of two types of annular assemblies
of ␣Syn, one with a typical ring shape and another
with a cylindrical shape. Addition of these assemblies into rat midbrain neuronal cultures not only
generated reactive oxygen species but also significantly disrupted synthetic lipid vesicles compared
to monomeric or fibrillar ␣Syn [133]. However,
in another study, ␣Syn pre-fibrillar oligomers
(PFOs) showed comparatively stronger membranepermeabilizing activity than the annular protofibrils
of ␣Syn. Furthermore, ␣Syn PFOs were significantly
more toxic when applied exogenously to SH-SY5Y
cells compared to ␣Syn annular protofibrils [134].
As different types of o-␣Syn 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 ␣Syn preferentially bind to the
SNARE protein synaptobrevin-2 and inhibit SNARE
complex formation, thus impeding vesicle docking
and neurotransmitter release [135]. Small diffused
granular ␣Syn 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
␣Syn aggregates in synaptic dysfunction [136].
Using newly generated transgenic mice expressing split luciferase ␣Syn probes (the constitutive
S1/S2 mice and the inducible VS1/VS2 mice), recent
work from the Danzer group demonstrated an agedependent accumulation of endogenous 8–16-mer
o-␣Syn species, which reached its maximum levels in
24-month-old animals [137]. At a subcellular level,
these o-␣Syn species appear to accumulate preferentially within the presynaptic compartments and not
within the neuronal soma, perhaps due to the enrichment of synucleins in this element. Importantly, 24month-old S1/S2 mice displayed a reduced anxietylike behavior, a phenotype also observed in transgenic
mice overexpressing mutant A53T ␣Syn [138].
Future directions
As summarized above, many forms of putative
oligomeric assemblies of ␣Syn have been detected
across several neurological diseases. To improve the

reproducibility of o-␣Syn detection and to facilitate comparisons across independent groups, we
here advocate for a reduced reliance on single antibody detection following western blotting and for
increasing the necessity to include biochemical analyses comprising combinations of non-denaturing
(e.g., homotypic ELISA, heterotypic ELISA with
oligomer-specific antibodies, liquid-phase chromatography separation, clear native-PAGE, dot/spot
blotting) and denaturing approaches (westernblotting, 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 ␣Syn
oligomers using A11 and OC due to their demonstrated preference in detecting distinct ␤-sheet
conformers [126–128]. Given the heterogeneity
among the oligomeric assemblies of ␣Syn and pending an amelioration of the isolation techniques for
oligomeric ␣Syn 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 conformational variants of various oligomers.
Post-translational modifications including truncation [139], nitration [140] and phosphorylation [141,
142] might play important roles in ␣Syn aggregation
and hence its toxicity (see for review [143]). Paleologou and colleagues showed oligomeric pS129-␣Syn
in the membrane fractions of DLB and MSA brain tissues ranging from ∼28 to 98 kDa molecular weights.
Similarly, monomeric (∼17 kDa) and oligomeric
(∼42 kDa) pS129-␣Syn were also detected in the
membrane fractions of brain tissues from transgenic mouse models of synucleinopathies [141].
Finally, studies in flies demonstrated that soluble endogenous o-␣Syn 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-␣Syn with aging and in subjects with DLB
[142]. These findings suggest that ␣Syn-induced
toxicity may result from a dysregulation between
an oligomer-promoting effect of pS129 and an
oligomer-inhibiting effect of pY125. Therefore, mass
spectrometry-based analysis of post-translational
modifications of in vivo occurring ␣Syn aggregates
(including o-␣Syn) would be important to gain more
understanding of the pathogenic ␣Syn assemblies.
If achieved, these largely technical improvements
should allow the field to compare the function of multiple ␣Syn species in parallel, reminiscent of the work
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done for A␤ oligomers in the AD field. It would be
indeed surprising to find that each o-␣Syn member of
this pleiotropic ensemble acts similarly on neuronal
and glial cells in the brain.
Lastly, two very recent studies from the Holtzman and Bu groups investigated whether APOE 4
genotype, a major risk factor for neurodegenerative diseases, affected ␣Syn 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 2/3/4 alleles
in mouse models of synucleinopathy, Davis and
colleagues used G2.3 TgA53T mice [145]; Zhao
and coworkers opted for an AAV-mediated overexpression of human ␣SynWT , which does not cause
amyloid inclusions as defined by a lack of ThioflavinS positivity [144, 146]. In both experimental settings,
E4 exacerbated ␣Syn pathology, including pathological conformational changes detected by the antibody
5G4 and pS129-␣Syn accumulation, and worsened
motor deficits. However, none of these reports
assessed the exact nature of the accumulating ␣Syn.
A qualitative western blot analysis using Syn1 and
MJFR-13 antibodies detecting total ␣Syn and pS129␣Syn respectively revealed ∼23 kDa and ∼30 kDa
bands, in addition to monomeric ∼14 kDa ␣Syn,
in the SDS-soluble fraction of symptomatic G2.3
TgA53T mice which the authors interpreted as o␣Syn oligomers [145]. Several points are problematic
with this analysis: (i) there are no quantitative measurements provided; (ii) these additional bands are
detected in symptomatic TgA53T/E4, TgA53T/E3
and TgA53T lacking murine APOE (TgA53T/EKO)
with no apparent difference across APOE genotype;
(iii) the molecular weights (∼23 kDa and ∼30 kDa)
are inconsistent with those previously reported for
o-␣Syn by electrophoretic separation as discussed
above in this section. Based on these findings, further
work is needed to determine if ␣Syn oligomerization
is altered by APOE 4 and, if it were, what o-␣Syn
species are differentially accumulating across APOE
genotypes.
SPREADING OF OLIGOMERIC ␣SYN
SPECIES
Introduction to prion-like propagation of αSyn
A group of highly infectious neurodegenerative diseases, known as transmissible spongiform
encephalopathy (TSE) or prion diseases is caused
by the infectious prion protein or PrP [147]. Ani-
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mals affected with prion diseases exhibit different
phenotypes. One of the most astonishing phenomena in prion diseases is that animals infected with the
same pathogenic infectious agent displayed different 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 neurodegenerative diseases share common characteristics
with prion diseases. Indeed, the pathogenic protein
conformers of amyloid proteins defining neurodegenerative 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 nervous 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 olfactory structures (bulb and nucleus) and in the medulla
oblongata, specifically in the dorsal motor nucleus
of the vagal nerve (CN X) and/or intermediate reticular 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 ␣Syn
pathology in the substantia nigra, pars compacta and
the magnocellular nuclei of the basal forebrain. At
stage 4, intralaminar thalamic nuclei and anteromedial temporal cortex (including entorhinal cortex and
hippocampus) are affected. At stage 5, the high-order
sensory association areas of the neocortex and prefrontal 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, ␣Syn aggregates seem capable of propagating between neurons synaptically interconnected.
In the late 2000s, several reports documented
host-to-graft propagation of ␣Syn pathology in fetal
mesencephalic transplants of subjects with PD [154,
155]. Shortly thereafter, Desplats and colleagues
demonstrated that neurons overexpressing ␣Syn 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
␣Syn, perhaps including oligomeric or small fibrillar assemblies, might act as prion-like conformers
and promote the misfolding of additional wild-type
proteins. By extension, these studies also suggested
that ␣Syn aggregates may propagate in anatomically
connected neural networks.
Spreading of endogenous oligomeric αSyn
species in vitro
Although the exact mechanism by which o-␣Syn
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-␣Syn 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-␣Syn can act as
seeds promoting the aggregation of endogenous ␣Syn
in primary neuronal cells as well as in neuronal cell
lines, suggesting that extracellular release of o- ␣Syn
coupled with reuptake as a plausible mechanism for
the spreading of ␣Syn pathology [162]. Specifically,
secretion of ␣Syn within exosomes has been proposed to amplify and propagate PD-associated ␣Syn
pathology in cell culture systems [96, 97]. It has been
suggested that effective propagation of ␣Syn aggregates is dependent on both the templated seeding
process and the in vivo cellular condition [163].
Spreading of endogenous oligomeric αSyn
species in vivo
To our knowledge, experimental evidence demonstrating a spreading of endogenous o-␣Syn is rare
[137] in contrast to strategies relying on exogenous
injection of recombinant aggregated ␣Syn preparations in rodent brains [164–169]. Leveraging newly
created conditional S1/S2 and VS1/VS2 transgenic
mice in which protein-fragment complementation
of tagged ␣Syn occurs, Kiechle and coworkers
provided novel evidence of o-␣Syn formation at
presynaptic terminals, age-dependent accumulation
of 8–16-mer ␣Syn oligomeric assemblies and transsynaptic spreading of endogenous o-␣Syn species
from transgene-expressing neurons to synapticallyconnected 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 dysfunction, reduced striatal dopamine concentrations and
ultimately loss of dopaminergic neurons in the substantia nigra [137]. While further elaboration on such
elegant study is necessary to better understand the
extent of oligomeric ␣Syn-induced synaptotoxicity,
these findings add weight to prior work demonstrating that endogenous o-␣Syn species alter synaptic
structure and function in vivo [108].
INTERACTIONS BETWEEN
OLIGOMERIC ␣SYN ASSEMBLIES AND
OTHER AMYLOID PROTEINS
Although amyloidogenic proteins might follow
unique cascades of pathological events, the majority 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 multiple 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 A␤,
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
␣Syn, tau and A␤ protein pathologies in synucleinopathies, 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 fibrillization from “cross-seeding” which occurs when
oligomers composed by one misfolded amyloid protein induce the oligomerization of a distinct amyloid
protein.
αSyn/Aβ hybrid species
Cross-talk
While many studies have suggested that ␣Syn
and A␤ are capable of direct and indirect molecular cross-talks in the brain along with hybrid
oligomer formation [21, 174–179], few studies have
demonstrated that endogenous A␤ and ␣Syn directly
interact in cultured cells or in vivo [21]. Specifically,
Tsigelny and colleagues reported that ␣Syn and A␤
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directly interact in the brains of small (n = 4) groups
of patients with AD, DLB and in APP/␣-syn tg mice
(Thy1-APPmut tg [line 41] x PDGF␤-␣-syn tg mice
[line D]) using co-immunoprecipitation analyses
of membrane fractions. Although immunoreactive
bands at ∼28, ∼40 and ∼70 kDa labeled as ␣Syn
dimers, trimers and pentamers by the authors were
readily detected by western blotting using unspecified ␣Syn antibodies in the membrane fractions
of AD, DLB and APP/␣-syn tg brain tissue, only
monomeric ␣Syn (or A␤) and no oligomeric species
were identified by coimmunoprecipitation. By contrast, two independent studies from the Lesné group
failed to observe putative ␣Syn/A␤ hybrid species in
AD brain lysates and in double transgenic APP/␣Syn
mice (PDGF␤-APPmut tg [line J20] × PrP-␣Syn tg
mice [line TgI2.2]) using non-denaturing dot blotting following size exclusion chromatography with
several monoclonal ␣Syn antibodies (LB509, 4B12
and 4D6) or using coimmunoprecipitation with the
LB509 ␣Syn antibody [19, 108]. All three studies
used the monoclonal antibody 6E10 to detect human
A␤. Overall, these findings are not consistent and
additional work is needed to confirm the presence
of endogenous ␣Syn/A␤ 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 ␣Syn aggregation cooccurs or whether a potential cross-talk between
these two amyloid precursors, Bassil and coworkers (2020) injected mouse ␣Syn preformed fibrils
(␣Syn-mPFFs) into young adult 5XFAD mice harboring amyloid plaques. The presence of A␤ deposits
enhanced ␣Syn pathology and spreading throughout the brain [180]. Mechanistically, the injection
of ␣Syn-mPFFs altered APP processing favoring
A␤ production resulting from a decrease in ADAM10 protein abundance coupled to an increase in
presenilin-2 and nicastrin, two members of the ␥secretase complex. These findings have led the
authors to suggest a “feed-forward” mechanism
whereby A␤ plaques potentiate ␣Syn seeding and
spreading over time [180]. It is however worth noting
that soluble APP-␣ (sAPP␣) levels were remarkably
unchanged despite a 50% reduction in ADAM-10, a
proponent candidate of ␣-secretase activity, arguing
against an overall decrease in ␣-secretase activity. In
addition, these putative alterations of APP processing induced by ␣Syn were not observed in two other
recent studies examining the interaction between A␤
and ␣Syn [19, 20]. Furthermore, these latter two stud-
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ies actually reported effects of ␣Syn on A␤ deposition
opposite to that described by Bassil and colleagues,
whereby overexpression of either mutant human
␣SynA30P or ␣SynWT in two distinct APP transgenic mice led to a reduction in A␤ burden [19, 20].
Both independent groups validated these in vivo findings 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-␣Syn
detected with oligomeric ␣Syn-specific antibody
Syn33 was highest in bigenic APP/␣Syn mice when
A␤ deposits were the lowest [19]. Furthermore, ablation of the SNCA gene encoding for ␣Syn in the same
APP transgenic model led Khan and colleagues to
witness a bidirectional effect of ␣Syn on A␤ deposition, by which the genetic removal of ␣Syn elevated
A␤ deposition [19] reminiscent of prior work by the
Zheng group [181]. While differences in APP transgenic mouse models could in principle account for
these differences, it is more likely that the nature
of the ␣Syn molecules introduced in these various
models is contributing to the diverging observations.
Indeed, while ␣Syn-mPFFs are created by sonicating
long, pre-formed fibrils are injected in young mice,
transgene-derived expressions of human ␣Syn used
by the Meyer-Luehmann and Lesné groups do not
induce ␣Syn fibrillization. Therefore, it is likely that
the crosstalk between A␤ and ␣Syn differs based on
the conformational nature of each component, i.e.,
oligomers vs. fibrils, and with dramatically distinct
functional consequences.

αSyn/tau species
While ␣Syn aggregates are considered as the main
pathogenic entities in synucleinopathies, tau pathology 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 neurodegenerative diseases known as tauopathies [182].
However, an increasing amount of studies has demonstrated the possible interaction between ␣Syn and tau.
NFTs consisting of hyperphosphorylated tau have
long been studied in PD and DLB cases. Genomewide association studies (GWAS) have indicated a
strong association between SNCA and MAPT genes
coding for ␣Syn 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 spreading of pathogenic protein aggregates is a necessary
event in the progression of neurodegenerative diseases [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 ␣Syn [195] and tau [196, 197].
Cross-talk
Using human brain cytosol from unspecified
source and characterization, early studies reported
that ␣Syn directly interacts with the microtubule
binding region of tau thereby modulating the phosphorylation state of tau proteins at least at two
serine residues (S262 and S356), suggesting a possibility of direct physical interaction between ␣Syn
and tau [198]. In situ, LBs found in PD and DLB
cases also contain hyperphosphorylated tau [199,
200]. A few years later, transgenic TgA53T mice
overexpressing mutant human ␣SynA53T (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 ␣SynWT (unspecified line from PDGF-␣Syn mice [203]) develop
spontaneous pathological tau changes including tau
hyperphosphorylation and tau misfolding [189]. Profound neuronal tau inclusions resembling NFTs were
also found in transgenic mice overexpressing another
human ␣Syn mutation, E46K [102]. Despite the
demonstration that mutant ␣SynE46K is less efficient
than ␣SynWT at promoting tau inclusions in cultured QBI293 cells, it is worth noting that TgE46K
mice displayed a greater number of tau inclusions
compared to TgA53T mice [102], suggesting the
marked effects of the environment, species and cell
type differences on potential molecular interactions
between ␣Syn and tau. To date, the reason for the
accumulation of hyperphosphorylated tau inclusions
in TgE46K mice remains unclear and may warrant additional work, specifically with respect to
␣Syn and tau oligomers. Beyond the detection of cooccurring aggregates of tau and ␣Syn in neurons from
M83 TgA53T mice, this co-aggregation was also

exacerbated in oligodendrocytes from a bigenic CNPTauP301L/␣SynWT mouse model overexpressing
mutant P301L tau and human ␣SynWT 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.
However, these seminal studies focused on fibril formation as opposed to oligomerization per
se. Consequently, the functional role of oligomeric
␣Syn/tau cross-talks in vivo was investigated by several groups. In recent studies, the co-occurrence of
␣Syn and tau in their toxic oligomeric forms was
observed in postmortem brain tissues of PD and
DLB patients [89]. In this study, Sengupta and colleagues demonstrated a co-immunoprecipitation of
o-␣Syn 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 ␣Syn and tau are
observed in PD whereas tau pathology alone is found
without any documented ␣Syn pathology in progressive supranuclear palsy (PSP), Castillo-Carranza
and coworkers investigated the toxicity of hybrid
o-␣Syn/o-Tau assemblies by injecting either complexes of oligomeric ␣Syn and tau hybrid species
derived from PD brain tissues or PSP-derived oTau alone in human tau transgenic Htau animals
overexpressing human tau isoforms in a murine
tau background [23]. Hybrid o-␣Syn/o-Tau complexes accelerated endogenous tau aggregation along
with memory deficits in Htau animals compared
to o-Tau [23]. Importantly, the functional interaction of ␣Syn/tau cross-talks in vivo was further
investigated by Gerson and coworkers using passive immunotherapy with the tau oligomer-specific
monoclonal antibody (TOMA) in M83 TgA53T
mice [204]. Compared to mice injected with control immunoglobulins, TgA53T mice treated with
TOMA displayed reduced synaptic loss, premature
deaths and cognitive and motor deficits [204]. Importantly, 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-␣Syn 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 preferentially bind off-pathway o-␣Syn [89], these findings
highlight complex molecular interactions between o␣Syn and o-Tau, which are not fully clear at this
time.
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Furthermore, the role of tau in mediating impairment of hippocampal neurotransmission and memory
deficits in a similar transgenic animal model, TgA53T
mice overexpressing mutant A53T human ␣Syn (line
G2.3), has been recently demonstrated suggesting a
tau-dependent mechanism of ␣Syn pathology [206].
However, this work from Singh and colleagues suggests that the role of tau in young and middle-aged
adult G2.3 TgA53T mice is independent of o-␣Syn/oTau cross-talks because no differences in o-␣Syn
nor o-Tau were found in absence or presence of
MAPT deletion [206]. We speculate that this molecular cross-talk would strengthen with aging and have
an impact on the phenotype of this PD mouse model.
Combined, these findings thus suggest the existence of hybrid o-␣Syn/o-Tau complexes and of an
influence of these oligomeric assemblies on each
other’s aggregation via an interface in synucleinopathies. The exact nature of this interface and the
exact functional impact of these o-␣Syn/o-Tau hybrid
forms remain unknown to date and gaining a better understanding of this molecular interaction could
lead to the identification of novel therapeutic compounds for subjects affected by synucleinopathies.
Beyond a potentially direct effect of ␣Syn on
tau hyperphosphorylation and/or aggregation, several
studies from the Sidhu group indicate that ␣Syn may
regulate the activity of glycogen synthase kinase-3␤
(GSK3␤), a major tau kinase, in cell models of PD,
signifying a possible indirect functional cross-talk
between these two proteins [187, 188]. In this potential heteromeric ␣Syn/Tau/GSK3␤ complex, GSK3b
could trigger the co-aggregation of ␣Syn and Tau into
early oligomeric assemblies upon phosphorylation
of both amyloid proteins thereby creating an interface permitting both proteins to influence each other’s
aggregation in a discrete subcellular compartment.
Overall, these studies strongly support the importance of functional crosstalk between ␣Syn 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 ␣Syn 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 recombinant forms of ␣Syn (oligomeric or fibrillar) with
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unclear disease relevance [24, 201, 209]. Few studies have assessed the cross-seeding propensity of
endogenous or transgene-derived ␣Syn and tau in
vivo. Clinton and colleagues demonstrated that crossing M83 TgA53T mice with the Alzheimer’s disease
transgenic mouse model 3×Tg-AD [210] led to a
reciprocal enhancement of the aggregation of all three
transgene-derived amyloid proteins, i.e., A␤, tau and
␣Syn, accompanied by an acceleration of cognitive
deficits [211]. These findings suggested a synergistic
interaction between ␣Syn, tau and A␤ (i.e., exacerbating 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 intracerebroventricular injection of o-␣Syn/o-Tau hybrid
complexes, immunocaptured from PD brain tissue
using a combination of o-Tau specific antibodies
T22 and o-␣Syn specific antibodies F8H7, in young
Htau mice led to a delay in NFT formation compared to animals injected with o-Tau alone [23].
Supported by in vitro studies using recombinant proteins, Castillo-Carranza and coworkers proposed that
o-␣Syn/o-Tau complexes extend the lifespan of toxic
tau conformers, leading to enhanced tau oligomerization and hippocampal neuron loss in vivo [23].
These results therefore suggest that: (i) the crossseeding of tau induced by off-pathway F8H7-positive
o-␣Syn occurs in PD and (ii) ␣Syn oligomers enhance
the deleterious effects of tau in synucleinopathies by
reducing tau deposition.
Together, these ␣Syn/tau cross-seeding studies
appear to indicate that the state of ␣Syn aggregates
might be an important contributor in determining the
fate of its interaction with tau.
αSyn/HTT species
Cross-talk
As discussed earlier, an aberrant interaction of
mutant Htt with ␣Syn has been proposed based on
the colocalization of ␣Syn 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 endogenous ␣Syn and Htt: 1) studies noted that ␣Syn forms
independent fibrillar aggregates in neurons harboring Htt deposits in vivo [5] and 2) other work using
BiFC assays found that ␣Syn oligomerizes and coaggregates 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 ␣Syn
and mutant Htt in the fly brain [18]. Again, it is worth
noting that none of these studies provided direct evidence of a contribution of o-␣Syn to the interaction
with Htt.
Overall, further investigation is needed to better
understand the molecular inter-relationship between
␣Syn and Htt aggregates (including oligomers) in
vivo. This task might be challenging in light of experimental studies performed in HD mice in which
genetic modulation of ␣Syn expression bidirectionally affected autophagy and HD phenotypes [212].
OLIGOMERIC ␣SYN SPECIES AS DRUG
TARGET(S)
Monotherapy
With the discovery of cell-to-cell spreading
of ␣Syn 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 ␣Syn 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 ␣Syn oligomers be
more beneficial? Or should developing antibodies
specific to distinct o-␣Syn assemblies be favored?
In addition, several key variables can affect the outcome of such approaches including the delivery route
of immunotherapy, internalization or cellular uptake
of the antibody and the in vivo localization of the targeted oligomeric species [213]. Detection of o-␣Syn
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-␣Syn with high sensitivity and high affinity hold
great promise [214]. Of note, it is important to indicate here that higher CSF ␣Syn concentrations can
be linked to blood contamination due to the expression of ␣Syn 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 ␣Syn
oligomers, thus preventing healthy cells from taking
up pathogenic ␣Syn species, which could serve as

a potential strategy for reducing oligomeric ␣Synmediated toxicity [214].
Molecules that can modulate the aggregation
process by decreasing the load of ␣Syn oligomers
have also been considered as therapeutic potential. The diphenyl-pyrazole molecule anle138b
[3-(1,3-benzodioxol-5-yl)-5-(3-bromophenyl)-1Hpyrazole], an oligomer modulator was shown to
inhibit ␣Syn oligomer formation both in vitro and
in vivo [216]. This molecule strongly inhibited the
formation and accumulation of o-␣Syn and neuronal
degeneration thereby suppressing disease progression in the TgA30P PD transgenic mouse model
[216, 217]. Based on spectral emission properties in
presence of o-␣Syn, the authors proposed that this
molecule targets directly o-␣Syn 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 PrPC , A␤ 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-␣Syn formation.
Among these, the small molecule ␣Syn misfolding inhibitor, NPT200-11 (Neuropore Therapies
Inc./UCB), produced multiple benefits in the TgWT
mice overexpressing ␣SynWT (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 ␣Syn aggregation currently tested in
phase 1 clinical trials include PBT434 (Alterity Therapeutic; U1111–1211-0052) 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 presumablypoor blood-brain barrier penetrance of the parent
compound [224–226]. In vitro, curcumin and its
analogs have been shown to bind to pre-formed ␣Syn
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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␣Syn-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-␣Syn in
a lentivirus-mediated A30P-␣Syn rat model of PD
supported this view [230]. Molecules regulating
HSP70 or HSP90 activity were also shown to
be effective by lowering o-␣Syn 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 synucleinopathies, encompass various protein pathologies. 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 synergistic effects of ␣Syn and tau as outlined in above
sections, indicates that a combinatorial immunotherapy against both ␣Syn 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 monotherapies. Lastly, immunotherapies may be combined
with modifiers of intracellular ␣Syn dynamics
[232, 233] or lipid pathways that affect ␣Syn
biology [234–236].
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importance. Unexpected findings such as the identification of native ␣Syn 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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Burré J, Sharma M, Tsetsenis T, Buchman V, Etherton MR,
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Stöckl M (2013) Membrane bound ␣-synuclein is fully
embedded in the lipid bilayer while segments with higher
flexibility remain. FEBS Lett 587, 2572–2577.
Tsigelny IF, Sharikov Y, Wrasidlo W, Gonzalez T,
Desplats PA, Crews L, Spencer B, Masliah E (2012)
Role of ␣-synuclein penetration into the membrane in
the mechanisms of oligomer pore formation. FEBS J 279,
1000–1013.
West A, Brummel BE, Braun AR, Rhoades E, Sachs JN
(2016) Membrane remodeling and mechanics: Experiments and simulations of ␣-Synuclein. Biochim Biophys
Acta 1858, 1594–1609.
Cheng C-Y, Varkey J, Ambroso MR, Langen R, Han S
(2013) Hydration dynamics as an intrinsic ruler for refining protein structure at lipid membrane interfaces. Proc
Natl Acad Sci U S A 110, 16838–16843.
Jao CC, Hegde BG, Chen J, Haworth IS, Langen R (2008)
Structure of membrane-bound alpha-synuclein from sitedirected spin labeling and computational refinement. Proc
Natl Acad Sci U S A 105, 19666–19671.

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

811

Wang C, Zhao C, Li D, Tian Z, Lai Y, Diao J, Liu C (2016)
Versatile structures of ␣-synuclein. Front Mol Neurosci 9,
48.
Dettmer U (2018) Rationally designed variants of ␣synuclein illuminate its in vivo structural properties in
health and disease. Front Neurosci 12, 623.
Yeboah F, Kim T-E, Bill A, Dettmer U (2019) Dynamic
behaviors of ␣-synuclein and tau in the cellular context:
New mechanistic insights and therapeutic opportunities in
neurodegeneration. Neurobiol Dis 132, 104543.
Rovere M, Sanderson JB, Fonseca-Ornelas L, Patel DS,
Bartels T (2018) Refolding of helical soluble ␣-synuclein
through transient interaction with lipid interfaces. FEBS
Lett 592, 1464–1472.
Weinreb PH, Zhen W, Poon AW, Conway KA, Lansbury
PT Jr (1996) NACP, a protein implicated in Alzheimer’s
disease and learning, is natively unfolded. Biochemistry
35, 13709–13715.
Dettmer U, Ramalingam N, von Saucken VE, Kim TE, Newman AJ, Terry-Kantor E, Nuber S, Ericsson M,
Fanning S, Bartels T, Lindquist S, Levy OA, Selkoe D
(2017) Loss of native ␣-synuclein multimerization by
strategically mutating its amphipathic helix causes abnormal vesicle interactions in neuronal cells. Hum Mol Genet
26, 3466–3481.
Iljina M, Tosatto L, Choi ML, Sang JC, Ye Y, Hughes CD,
Bryant CE, Gandhi S, Klenerman D (2016) Arachidonic
acid mediates the formation of abundant alpha-helical
multimers of alpha-synuclein. Sci Rep 6, 33928.
Gurry T, Ullman O, Fisher CK, Perovic I, Pochapsky T,
Stultz CM (2013) The dynamic structure of ␣-synuclein
multimers. J Am Chem Soc 135, 3865–3872.
Kim S, Yun SP, Lee S, Umanah GE, Bandaru VVR, Yin
X, Rhee P, Karuppagounder SS, Kwon S-H, Lee H, Mao
X, Kim D, Pandey A, Lee G, Dawson VL, Dawson TM,
Ko HS (2018) GBA1 deficiency negatively affects physiological ␣-synuclein tetramers and related multimers. Proc
Natl Acad Sci U S A 115, 798–803.
Luth ES, Bartels T, Dettmer U, Kim NC, Selkoe DJ (2015)
Purification of ␣-synuclein from human brain reveals
an instability of endogenous multimers as the protein
approaches purity. Biochemistry 54, 279–292.
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TC (2013) Properties of native brain ␣-synuclein. Nature
498, E4-6; discussion E6-7.
Gould N, Mor DE, Lightfoot R, Malkus K, Giasson
B, Ischiropoulos H (2014) Evidence of native alphasynuclein conformers in the human brain. J Biol Chem
289, 7929–7934.
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Selective lowering of synapsins induced by oligomeric ␣synuclein exacerbates memory deficits. Proc Natl Acad
Sci U S A 114, E4648–E4657.
Nemani VM, Lu W, Berge V, Nakamura K, Onoa
B, Lee MK, Chaudhry FA, Nicoll RA, Edwards RH
(2010) Increased expression of alpha-synuclein reduces
neurotransmitter release by inhibiting synaptic vesicle
reclustering after endocytosis. Neuron 65, 66–79.
Parnetti L, Gaetani L, Eusebi P, Paciotti S, Hansson O, ElAgnaf O, Mollenhauer B, Blennow K, Calabresi P (2019)
CSF and blood biomarkers for Parkinson’s disease. Lancet
Neurol 18, 573–586.
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Kiechle M, von Einem B, Höfs L, Voehringer P, Grozdanov V, Markx D, Parlato R, Wiesner D, Mayer B, Sakk
O, Baumann B, Lukassen S, Liss B, Ekici AB, Ludolph
AC, Walther P, Ferger B, McLean PJ, Falkenburger

[138]

[139]

[140]

[141]

[142]

[143]

[144]

[145]

[146]

[147]

[148]

[149]

[150]

BH, Weishaupt JH, Danzer KM (2019) In vivo protein
complementation demonstrates presynaptic ␣-synuclein
oligomerization and age-dependent accumulation of 8-16mer oligomer species. Cell Rep 29, 2862-2874.e9.
George S, van den Buuse M, San Mok S, Masters CL,
Li Q-X, Culvenor JG (2008) Alpha-synuclein transgenic
mice exhibit reduced anxiety-like behaviour. Exp Neurol
210, 788–792.
Sung JY, Park SM, Lee C-H, Um JW, Lee HJ, Kim J, Oh
YJ, Lee S-T, Paik SR, Chung KC (2005) Proteolytic cleavage of extracellular secreted alpha-synuclein via matrix
metalloproteinases. J Biol Chem 280, 25216–25224.
Hodara R, Norris EH, Giasson BI, Mishizen-Eberz AJ,
Lynch DR, Lee VM-Y, Ischiropoulos H (2004) Functional consequences of alpha-synuclein tyrosine nitration:
diminished binding to lipid vesicles and increased fibril
formation. J Biol Chem 279, 47746–47753.
Paleologou KE, Oueslati A, Shakked G, Rospigliosi CC,
Kim H-Y, Lamberto GR, Fernandez CO, Schmid A,
Chegini F, Gai WP, Chiappe D, Moniatte M, Schneider
BL, Aebischer P, Eliezer D, Zweckstetter M, Masliah E,
Lashuel HA (2010) Phosphorylation at S87 is enhanced
in synucleinopathies, inhibits alpha-synuclein oligomerization, and influences synuclein-membrane interactions.
J Neurosci 30, 3184–3198.
Chen L, Periquet M, Wang X, Negro A, McLean PJ,
Hyman BT, Feany MB (2009) Tyrosine and serine phosphorylation of alpha-synuclein have opposing effects on
neurotoxicity and soluble oligomer formation. J Clin
Invest 119, 3257–3265.
Barrett PJ, Timothy Greenamyre J (2015) Posttranslational modification of ␣-synuclein in Parkinson’s
disease. Brain Res 1628, 247–253.
Zhao N, Attrebi ON, Ren Y, Qiao W, Sonustun B, Martens
YA, Meneses AD, Li F, Shue F, Zheng J, Van Ingelgom AJ,
Davis MD, Kurti A, Knight JA, Linares C, Chen Y, Delenclos M, Liu C-C, Fryer JD, Asmann YW, McLean PJ,
Dickson DW, Ross OA, Bu G (2020) APOE4 exacerbates
␣-synuclein pathology and related toxicity independent of
amyloid. Sci Transl Med 12, eaay1809.
Davis AA, Inman CE, Wargel ZM, Dube U, Freeberg BM,
Galluppi A, Haines JN, Dhavale DD, Miller R, Choudhury
FA, Sullivan PM, Cruchaga C, Perlmutter JS, Ulrich JD,
Benitez BA, Kotzbauer PT, Holtzman DM (2020) APOE
genotype regulates pathology and disease progression in
synucleinopathy. Sci Transl Med 12, eaay3069.
Delenclos M, Faroqi AH, Yue M, Kurti A, CastanedesCasey M, Rousseau L, Phillips V, Dickson DW, Fryer
JD, McLean PJ (2017) Neonatal AAV delivery of alphasynuclein induces pathology in the adult mouse brain. Acta
Neuropathol Commun 5, 1–14.
Collinge J, Sidle KC, Meads J, Ironside J, Hill AF (1996)
Molecular analysis of prion strain variation and the aetiology of “new variant” CJD. Nature 383, 685–690.
Bessen RA, Marsh RF (1992) Identification of two biologically distinct strains of transmissible mink encephalopathy
in hamsters. J Gen Virol 73, 329–334.
Bartz JC, Bessen RA, McKenzie D, Marsh RF, Aiken
JM (2000) Adaptation and selection of prion protein
strain conformations following interspecies transmission of transmissible mink encephalopathy. J Virol 74,
5542–5547.
Klimova N, Makarava N, Baskakov IV (2015) The diversity and relationship of prion protein self-replicating
states. Virus Res 207, 113–119.

R. Kayed et al. / Expression, Spreading, and Cross-Talk
[151]
[152]

[153]

[154]

[155]

[156]

[157]

[158]

[159]

[160]

[161]

[162]

[163]

[164]

[165]

[166]

Morales R (2017) Prion strains in mammals: Different conformations leading to disease. PLoS Pathog 13, e1006323.
Polymenidou M, Cleveland DW (2011) The seeds of neurodegeneration: prion-like spreading in ALS. Cell 147,
498–508.
Tredici KD, Braak H (2016) Review: Sporadic Parkinson’s disease: development and distribution of ␣-synuclein
pathology. Neuropathol Appl Neurobiol 42, 33–50.
Kordower JH, Chu Y, Hauser RA, Freeman TB, Olanow
CW (2008) Lewy body-like pathology in long-term
embryonic nigral transplants in Parkinson’s disease. Nat
Med 14, 504–506.
Li J-Y, Englund E, Holton JL, Soulet D, Hagell P, Lees AJ,
Lashley T, Quinn NP, Rehncrona S, Björklund A, Widner
H, Revesz T, Lindvall O, Brundin P (2008) Lewy bodies
in grafted neurons in subjects with Parkinson’s disease
suggest host-to-graft disease propagation. Nat Med 14,
501–503.
Desplats P, Lee H-J, Bae E-J, Patrick C, Rockenstein E,
Crews L, Spencer B, Masliah E, Lee S-J (2009) Inclusion
formation and neuronal cell death through neuron-toneuron transmission of ␣-synuclein. Proc Natl Acad Sci
U S A 106, 13010–13015.
Olanow CW, Prusiner SB (2009) Is Parkinson’s disease a prion disorder? Proc Natl Acad Sci U S A 106,
12571–12572.
Lee HJ, Khoshaghideh F, Patel S, Lee SJ (2004) Clearance
of alpha-synuclein oligomeric intermediates via the lysosomal degradation pathway. J Neurosci 24, 1888–1896.
Lee HJ, Suk JE, Bae EJ, Lee JH, Paik SR, Lee SJ (2008)
Assembly-dependent endocytosis and clearance of extracellular alpha-synuclein. Int J Biochem Cell Biol 40,
1835–1849.
Domert J, Sackmann C, Severinsson E, Agholme L,
Bergstrom J, Ingelsson M, Hallbeck M (2016) Aggregated
alpha-synuclein transfer efficiently between cultured
human neuron-like cells and localize to lysosomes. PloS
One 11, e0168700.
Hoffmann AC, Minakaki G, Menges S, Salvi R, Savitskiy
S, Kazman A, Vicente Miranda H, Mielenz D, Klucken
J, Winkler J, Xiang W (2019) Extracellular aggregated
alpha synuclein primarily triggers lysosomal dysfunction
in neural cells prevented by trehalose. Sci Rep 9, 544.
Danzer KM, Krebs SK, Wolff M, Birk G, Hengerer B
(2009) Seeding induced by alpha-synuclein oligomers
provides evidence for spreading of alpha-synuclein pathology. J Neurochem 111, 192–203.
Iljina M, Garcia GA, Horrocks MH, Tosatto L, Choi ML,
Ganzinger KA, Abramov AY, Gandhi S, Wood NW, Cremades N, Dobson CM, Knowles TPJ, Klenerman D (2016)
Kinetic model of the aggregation of alpha-synuclein provides insights into prion-like spreading. Proc Natl Acad
Sci U S A 113, E1206-1215.
Peelaerts W, Bousset L, Van der Perren A, Moskalyuk
A, Pulizzi R, Giugliano M, Van den Haute C, Melki
R, Baekelandt V (2015) alpha-Synuclein strains cause
distinct synucleinopathies after local and systemic administration. Nature 522, 340–344.
Rey NL, Petit GH, Bousset L, Melki R, Brundin P (2013)
Transfer of human alpha-synuclein from the olfactory bulb
to interconnected brain regions in mice. Acta Neuropathol
126, 555–573.
Rey NL, Bousset L, George S, Madaj Z, Meyerdirk L,
Schulz E, Steiner JA, Melki R, Brundin P (2019) ␣Synuclein conformational strains spread, seed and target

[167]

[168]

[169]

[170]

[171]

[172]

[173]

[174]

[175]

[176]

[177]

[178]

[179]

[180]

815

neuronal cells differentially after injection into the olfactory bulb. Acta Neuropathol Commun 7, 221.
Volpicelli-Daley LA, Luk KC, Patel TP, Tanik SA, Riddle DM, Stieber A, Meaney DF, Trojanowski JQ, Lee
VM-Y (2011) Exogenous ␣-synuclein fibrils induce Lewy
body pathology leading to synaptic dysfunction and neuron death. Neuron 72, 57–71.
Luk KC, Kehm V, Carroll J, Zhang B, O’Brien P, Trojanowski JQ, Lee VM-Y (2012) Pathological ␣-synuclein
transmission initiates Parkinson-like neurodegeneration in
nontransgenic mice. Science 338, 949–953.
Luk KC, Kehm VM, Zhang B, O’Brien P, Trojanowski JQ,
Lee VMY (2012) Intracerebral inoculation of pathological
␣-synuclein initiates a rapidly progressive neurodegenerative ␣-synucleinopathy in mice. J Exp Med 209, 975–986.
Glabe CG, Kayed R (2006) Common structure and toxic
function of amyloid oligomers implies a common mechanism of pathogenesis. Neurology 66, S74-78.
Moussaud S, Jones DR, Moussaud-Lamodière EL, Delenclos M, Ross OA, McLean PJ (2014) Alpha-synuclein and
tau: Teammates in neurodegeneration? Mol Neurodegener
9, 43.
Braak H, Braak E (1990) Cognitive impairment in Parkinson’s disease: amyloid plaques, neurofibrillary tangles,
and neuropil threads in the cerebral cortex. J Neural
Transm Park Dis Dement Sect 2, 45–57.
Jacobson SA, Morshed T, Dugger BN, Beach TG, Hentz
JG, Adler CH, Shill HA, Sabbagh MN, Belden CM,
Sue LI, Caviness JN, Hu C, Arizona Parkinson’s Disease Consortium (2014) Plaques and tangles as well
as Lewy-type alpha synucleinopathy are associated with
formed visual hallucinations. Parkinsonism Relat Disord
20, 1009–1014.
Masliah E, Rockenstein E, Veinbergs I, Sagara Y, Mallory
M, Hashimoto M, Mucke L (2001) Beta-amyloid peptides enhance alpha-synuclein accumulation and neuronal
deficits in a transgenic mouse model linking Alzheimer’s
disease and Parkinson’s disease. Proc Natl Acad Sci U S A
98, 12245–12250.
Mandal PK, Pettegrew JW, Masliah E, Hamilton RL, Mandal R (2006) Interaction between Abeta peptide and alpha
synuclein: molecular mechanisms in overlapping pathology of Alzheimer’s and Parkinson’s in dementia with
Lewy body disease. Neurochem Res 31, 1153–1162.
Ono K, Takahashi R, Ikeda T, Yamada M (2012) Crossseeding effects of amyloid ␤-protein and ␣-synuclein. J
Neurochem 122, 883–890.
Marsh SE, Blurton-Jones M (2012) Examining the mechanisms that link ␤-amyloid and ␣-synuclein pathologies.
Alzheimers Res Ther 4, 11.
Chia S, Flagmeier P, Habchi J, Lattanzi V, Linse S, Dobson
CM, Knowles TPJ, Vendruscolo M (2017) Monomeric and
fibrillar ␣-synuclein exert opposite effects on the catalytic
cycle that promotes the proliferation of A␤42 aggregates.
Proc Natl Acad Sci U S A 114, 8005–8010.
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F, Niedieker D, El-Mashtoly SF, Quadri M, Van IJcken
WFJ, Bonifati V, Gerwert K, Bohrmann B, Frank S,
Britschgi M, Stahlberg H, Van de Berg WDJ, Lauer ME
(2019) Lewy pathology in Parkinson’s disease consists of
crowded organelles and lipid membranes. Nat Neurosci
22, 1099–1109.

