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Abstract

Synucleinopathies are a group of neurodegenerative disorders caused by the misfolding and self-templating of the protein
a-synuclein, or the formation of a-synuclein prions. Each disorder differs by age of onset, presenting clinical symptoms,
a-synuclein inclusion morphology, and neuropathological distribution. Explaining this disease-specific variability, the strain
hypothesis postulates that each prion disease is encoded by a distinct conformation of the misfolded protein, and therefore,
each synucleinopathy is caused by a unique a-synuclein structure. This review discusses the current data supporting the
role of a-synuclein strains in disease heterogeneity. Several in vitro and in vivo models exist for evaluating strain behavior,
however, as the focus of this article is to compare strains across synucleinopathy patients, our discussion predominantly
focuses on the two models most commonly used for this purpose: the a-syn140*A53T-YFP cell line and the TgM83*/~
mouse model. Here we define each strain based on biochemical stability, ability to propagate in a-syn140-YFP cell lines,
and incubation period, inclusion morphology and distribution, and neurological signs in TgM83*/~ mice.

Introduction

Alpha-synuclein is a 140 amino acid cytoplasmic protein,
encoded by the SNCA gene. It is found throughout the body
with highest expression in the central nervous system (CNS),
where it makes up ~ 1% of all protein expressed in the cyto-
sol [46]. Within the CNS, a-synuclein is predominantly
expressed in neurons, with varied reports about expression
levels in oligodendrocytes [29]. The precise physiological
role of a-synuclein is largely unknown; however, studies
suggest that it is involved in the formation of SNARE com-
plexes and neurotransmitter regulation [15, 18, 19]. While
a-synuclein is an intrinsically disordered protein, it adopts
an o-helical conformation when membrane-bound [16, 18,
31]. Alternatively, the protein can adopt a f-sheet-rich struc-
ture, leading to the deposition of pathological aggregates in
a group of neurodegenerative diseases called synucleinopa-
thies. Within synucleinopathies, Parkinson’s disease (PD),
Parkinson’s disease with dementia (PDD), and dementia
with Lewy bodies (DLB) are characterized by a-synuclein
aggregating into Lewy bodies (LBs) and Lewy neurites
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(LNs) in neurons (Fig. 1a) [96]. Alternatively, a-synuclein
coalesces into glial cytoplasmic inclusions (GClIs) in oli-
godendrocytes in multiple system atrophy (MSA; Fig. 1b)
[95, 103].

While synucleinopathies are classified as movement dis-
orders, disease heterogeneity extends beyond neuropatho-
logical lesions to clinical phenotypes. PD was first described
by Dr. James Parkinson in 1817, noting the resting tremor
and gait abnormalities he described as a “shaking palsy”
[72], and almost a century later, Frederic Lewy identi-
fied LBs in the brains of PD patients [33]. PDD and DLB
patients share similar neuropathological lesions with PD but
differ in diagnosis. Patients presenting with motor impair-
ment followed by dementia are diagnosed with PDD, while
those that develop motor deficits concurrently with or after
the onset of dementia are diagnosed with DLB. Together,
these three diseases are referred to as Lewy body diseases
(LBDs). Separate from LBDs, Graham and Oppenheimer
introduced the term multiple system atrophy (MSA) to unify
the clinical presentations of Shy-Drager syndrome (SDS)
[93], striatonigral degeneration (SND) [101], and olivopon-
tocerebellar atrophy (OPCA) [23], which were all charac-
terized by idiopathic orthostatic hypotension and cerebellar
ataxia [41]. Lantos and colleagues subsequently defined the
GClIs in oligodendrocytes as a hallmark of MSA neuropa-
thology. These lesions were observed across SDS, SND, and
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OPCA patients, supporting their reclassification into MSA
[70]. MSA can be further subdivided into a parkinsonian
(MSA-P) or cerebellar (MSA-C) phenotype depending on
the predominant symptoms at diagnosis [38, 47]. MSA-P
is characterized by rigidity and nystagmus, while MSA-C
presents with tremors, gait ataxia, and oculomotor dysfunc-
tion [38]. Interestingly, these variations in clinical signs are
paired with differences in GCI distribution in the brains of
MSA-C and MSA-P patients [1, 56, 70, 71].

Increasing evidence indicates that an underlying cause
of disease in synucleinopathy patients is the misfolding and
self-templating of the protein a-synuclein, or the formation
of a-synuclein prions [39, 48, 78]. The self-templating and
spreading of a-synuclein was first observed in human patient
samples, leading to additional experimental investigation in
rodent models. In the late 1980s, fetal nigral tissue grafts
were transplanted into PD patients with the goal of alleviat-
ing the deficits caused by the loss of dopaminergic neurons
in the substantia nigra [54, 64, 94]. Patients that survived
more than 10 years after receiving the grafts developed
LB pathology in the fetal tissue [52, 61, 62]. This finding
was supported by multiple rodent studies showing a similar
spread of a-synuclein pathology to grafted tissue [45, 53],
indicating a potential host-to-graft spread of pathogenic pro-
tein. Research from multiple investigators has since used
cell culture models to establish that a-synuclein propagates
from cell-to-cell, supporting the hypothesis that misfolded
a-synuclein becomes a prion that self-templates to spread
disease [26, 35, 45, 82, 83].

Following the discovery that a-synuclein is linked to both
PD [77, 96] and MSA [95, 103], a key area of investigation
has focused on understanding the ability of a single pro-
tein to cause a spectrum of clinical phenotypes and neuro-
pathologies (Fig. 1). Over the last 5 years, the strain hypoth-
esis has emerged as the leading explanation of the clinical
variability among synucleinopathy patients. Across biology,
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strains have classically been defined by differences in their
genetically coded information; viral and bacterial strains are
known to differ in pathogenicity and clinical symptoms as
a result of variations in their genetic codes. In the absence
of a nucleic acid, the prion field grappled with the need to
explain the heterogeneity of diseases caused by misfolding
of the prion protein (PrP). The field landed on the strain
hypothesis, positing that strains are encoded by the confor-
mation of the protein itself, with each strain resulting from
a unique structure of misfolded PrP. Although it is not well-
understood how these distinct conformations arise, decades
of biochemical, biological, and structural data support this
hypothesis [7]. This same explanation is now used to under-
stand the clinical heterogeneity and variation in neuropatho-
logical lesions seen across synucleinopathy patients. In the
following sections, we will discuss the mounting evidence to
support those conclusions. While multiple laboratories have
utilized a variety of model systems to investigate the role of
a-synuclein misfolding in disease, this review will focus on
the models that have been used most frequently to compare
a-synuclein across diseases.

Cell models

Cell models have facilitated the rapid growth of a body of
work investigating the maintenance of a-synuclein strain
properties in vitro. Human embryonic kidney (HEK293T)
cells stably expressing a YFP-tagged substrate were first
used to study propagation of the protein tau [88]. In this
approach, a positive cell infection results in the formation
of fluorescent puncta, or YFP-positive protein aggregates.
The assay was adapted to express full-length wild-type (WT)
and A53T-mutated human a-synuclein (a-syn140-YFP and
a-syn140*AS53T-YFP, respectively) to detect a-synuclein
prions isolated from synucleinopathy patient samples [110].
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Alpha-synuclein prions isolated from MSA patient samples
induced YFP-positive puncta in the a-syn140*A53T-YFP
cells (Fig. 2), whereas a-synuclein prions isolated from
PD, PDD, and DLB had no effect [110]. Interestingly, the
lack of infectivity was not due to differences in the amino
acid sequence as all patient samples were WT at position
53. Using a similar biosensor cell line expressing mutant
a-synuclein*A53T tagged with CFP and YFP, Marc Dia-
mond’s group demonstrated that detergent-insoluble prepa-
rations from PD patient samples induced small YFP-positive
inclusions, while detergent-soluble and insoluble fractions
from MSA patient samples induced filamentous inclusions
throughout the cytoplasm (a summary of a-synuclein infec-
tivity data across cell and mouse experiments is shown in
Fig. 3) [111]. Notably, these differences were maintained
upon serial passaging in the biosensor cells. Together, these
studies suggest that a-synuclein misfolds into distinct strains
with unique biochemical and biological properties in MSA
and PD patients.

To further demonstrate strain differences across synu-
cleinopathy patients, a panel of HEK cell lines expressing
a-syn—YFP fusion proteins containing PD-causing mutations
was established [106]. The familial E46K mutation, which
was identified in a patient cohort from the Basque Coun-
try [113], blocked MSA prion replication in vitro (Figs. 3,
4a). Co-expression of the A53T mutation with E46K was
unable to rescue this effect, suggesting that a-synuclein mis-
folds into distinct conformations in MSA and LBD patients
[106]. Importantly, WT or mutant (A30P, E46K, or A53T)
a-synuclein fibrils infected all cell lines tested, indicat-
ing that the observed cell infectivity differences were not
due to an inability to induce a-synuclein misfolding in the
E46K-expressing cells (Figs. 3, 4c—e). Supporting this find-
ing, Peng et al. used primary oligodendrocytes to propagate
detergent-insoluble a-synuclein isolated from PD and MSA

a Control b

Fig.2 In vitro detection of a-synuclein prions. TeM83*'~ mice were

inoculated with brain homogenate from one control or two MSA
patient samples. MSA-inoculated mice were collected after the onset
of neurological signs, while control-inoculated animals were termi-
nated 450-day post inoculation. Frozen brain tissue collected from
the mice was homogenized and a-synuclein prions were isolated via

MSA1

patient samples (LB- a-Syn and GCI- a-Syn, respectively)
and found that GCI-a-Syn was able to propagate more
robustly than LB-a-Syn [75].

Recombinant preformed a-synuclein fibrils (PFFs) have
been widely used to study strain differences in cell culture
models [9, 44, 73, 74]. PFFs created under various condi-
tions were first shown to differ in their ability to cross-seed
tau aggregation both in vitro and in vivo [44]. Subsequently,
Ronald Melki’s laboratory used different buffer condi-
tions to generate two distinct synthetic a-synuclein poly-
morphs—fibrils and ribbons—as determined by proteinase
K (PK) cleavage pattern, X-ray diffraction, and transmis-
sion electron microscopy [9]. The fibrillar a-synuclein was
not only more toxic to the neuroblastoma cell line, N2a,
but was also able to induce aggregation at a faster rate than
the ribbon polymorph. Most recently, Lau et al. created
distinct fibrils under salt (S) and no salt (NS) conditions
to investigate a-synuclein strain behavior [57]. HEK cells
expressing a-syn140*A53T-YFP developed either globular
or thread-like aggregates when infected with the S or NS
fibrils, respectively (Fig. 3) [57]. Matching this difference
in biological activity, the fibrils showed unique biochemical
properties, including distinct PK cleavage patterns, resist-
ance to guanidine hydrochloride (GdnHCI) denaturation,
and replication kinetics, as monitored by thioflavin T incor-
poration [57]. Overall, these data support the hypothesis
that distinct a-synuclein prion strains, whether natural or
synthetic, exhibit differences in biochemical properties that
likely contribute to distinctive biological behaviors, such as
in vitro propagation kinetics.

Considering these observations, we propose the use
of cellular infectivity profiles as one method for defining
a-synuclein strains (Fig. 4). The inability of MSA pri-
ons to propagate in cells expressing the E46K mutation
establishes one important criterion for identifying the

Cc MSA2

phosphotungstic acid precipitation. The resulting protein pellets were
incubated with HEK293T cells expressing a-syn140*A53T-YFP for
4 days before collecting live-cell images. Representative images are
shown from cells infected with mouse-passaged a control sample or
b, ¢ MSA patient samples. (Scale bar, 50 pm)
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Fig.3 Distinct a-synuclein strains can be defined by in vivo and
in vitro biological activity. Alpha-synuclein prion strains can
be defined biologically by two parameters: incubation period in
TgM83*/~ mouse bioassay and propagation in o-synl40*AS53T—
YFP or a-synl40*E46K-YFP cells. a TgM83** mice develop
spontaneous «-synuclein prions that induce neurological disease
in TgM83*~ animals in~210-day post inoculation (dpi) and propa-
gate in a-syn140*A53T-YFP cells. b MSA patient samples trans-
mit disease to TgM83*'~ mice in~120 dpi. While the presence of

MSA strain relative to other natural or synthetic strains.
As discussed below, recombinant PFFs can form multi-
ple a-synuclein conformations, which likely encode dis-
tinct behavioral differences. To standardize research on
a-synuclein strains across laboratories, efforts to use cell-
based strain typing to define the strain(s) present in each
PFF preparation are warranted. This undertaking would
improve the field’s ability to compare findings across labo-
ratories and research models, and better support ongoing
drug discovery programs.

@ Springer

the E46K mutation blocks MSA infection in cells, the A53T muta-
tion supports propagation in vitro. ¢, d PD and DLB patient samples
are unable to transmit disease to TgM83*'~ mice over 540 dpi. PD
propagation in a-synl40*AS3T-YFP cells is preparation-dependent
(c), whereas DLB patient samples are unable to propagate regardless
of preparation. e PFFs generated de novo induce neurological signs
in TgM83*'~ with variable incubation periods. They also induce
a-synuclein misfolding in both the E46K and A53T-expressing cell
lines

Animal models

Data collected by several research groups across multiple
animal models have established that a-synuclein prions are
pathogenic, transmitting disease or neuropathology follow-
ing intracerebral (ic) or peripheral inoculation [4, 5, 12,
65, 69, 79, 81, 85, 86, 104, 106, 108, 109]. A variety of
transgenic mouse models using CNS-specific promoters to
express WT or mutant human a-synuclein have been used
to investigate a-synuclein misfolding and spreading in vivo
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Fig.4 Infectivity profiles for a-synuclein strains. Natural and syn-
thetic a-synuclein strains show distinct infectivity profiles across a
panel of a-syn140-YFP cell lines. a, b Brain homogenate prepared
from one MSA patient and one PD patient sample were used to
test infectivity in cells expressing WT or mutant a-synuclein fused
to YFP. a The MSA patient sample propagates well in the WT and
A53T (T) cell lines, but is unable to propagate in cells expressing
the E46K mutation alone (K) or in combination with AS3T (KT). b

either in oligodendrocytes [50, 92, 112] or neurons [36, 40,
49, 58, 67, 90]. Despite the large number of models devel-
oped to study disease progression and etiology, the majority
of inoculation studies comparing a-synuclein strain behavior
have been conducted in the TgM83 mouse model, which
overexpresses human a-synuclein with the A53T mutation
[36]. For this reason, the following discussion will briefly
touch on studies from other mouse and non-human pri-
mate models but will largely focus on studies in the TgM83
mouse.

Non-human primates

While the ease of genetically manipulating mice makes the
model system useful for investigating both neuronal develop-
ment and disease, non-human primates can offer advantages
over mouse models. The increased similarity in brain struc-
ture between non-human primates and humans can offer a
more pertinent model for investigating neurodegenerative
disease progression and pathology. For example, there is
evidence of dopaminergic neuron loss in the substantia nigra
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The PD patient sample was unable to infect any of the four cell lines
tested. Recombinant protein was used to make (¢) WT, (d) E46K, or
(e) A53T PFFs. Cells were infected with 25 pg/mL of protein. The
WT and A53T PFFs showed a similar preference to propagate in the
WT or T cell lines, though were still able to propagate in the K and
KT cells. The E46K PFFs exhibited a unique strain profile from the
other PFFs, with the most robust propagation in the KT cells. a, c—e)
Data modified from [106]

pars compacta (SNpc) paired with age-related increases in
a-synuclein deposition in non-human primates [21, 51]. In
addition, the cellular environment between humans and non-
human primates may be more analogous as primate brains
contain more myelination than rodent brains [13, 32, 59,
80]. As a result, primate models have been used to test trans-
mission of a-synuclein prions isolated from synucleinopa-
thy patient samples [81, 91]. Following injection of human
LB extracts into rhesus monkeys, Recasens et al. observed
nigrostriatal dopaminergic degeneration and a-synuclein
pathology in the putamen, SNpc, precentral gyrus, globus
pallidus, superior frontal gyrus, and entorhinal area in the
temporal cortex [81]. Similar studies in marmosets [91] and
cynomolgus monkeys [22] demonstrated that PFF inocula-
tion into the striatum also induces a-synuclein pathology
that spreads to the SNpc, causing degeneration of dopa-
minergic neurons. While both of these studies demonstrate
the ability of a-synuclein prions to propagate and spread
in a non-human primate host, the relevance of PFFs as a
source of a-synuclein prions has come into question in
light of structural differences between natural and synthetic
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a-synuclein strains discussed in following sections. These
recent revelations may limit the conclusions that can be
drawn about a-synuclein strain behavior from studies using
PFFs as inocula. As such, the number and type of human
synucleinopathy samples tested should be expanded to fully
assess strain-specific a-synuclein propagation in non-human
primates.

TgM83 mice

Around 1 year of age, homozygous TeM83*+ mice develop
a spontaneous synucleinopathy characterized by hindlimb
paralysis [36]. Transgene expression in these mice is regu-
lated by the neuron-specific Prnp promoter, resulting in neu-
ronal a-synuclein pathology and astrogliosis predominantly
within the subcortical midbrain and brainstem. Mougenot
et al. first showed that disease onset in these animals is accel-
erated following ic inoculation of brain homogenate from
aged, symptomatic TgM83*+ mice [69]. This finding was
subsequently repeated by others, confirming the observation
of a-synuclein prion transmission to the TgM83*"* model
[65]. In contrast, hemizygous TgM83*~ mice do not develop
neurological disease after more than 2 years of age, remov-
ing the complication that inoculation studies may simply
accelerate the onset of spontaneous disease [104]. In 2013,
Watts et al. used the hemizygous animals to test ic inocu-
lation of brain homogenate from symptomatic TgM83*/*
mice and reported disease onset ~216-days post inoculation
(dpi) paired with robust neuronal a-synuclein deposition
and astrogliosis in the brainstem (Fig. 3) [104]. Similar to
the spontaneous symptoms observed in the TeM83*/* mice,
disease in the TgM83**-inoculated hemizygous mice pre-
sented as weight loss, ataxia, hindlimb shaking, circling
behavior, dysmetria, and proprioceptive deficits. Impor-
tantly, inoculation with control samples (either DPBS or
tissue from control patients) had no effect on the animals.
However, inoculation of brain homogenate from two MSA
patient samples induced neurological disease in~ 120 dpi
(Fig. 3). Disease in these animals presented as ataxia, cir-
cling, hindlimb paralysis, and bradykinesia. This divergence
in incubation periods suggests conformational differences
exist in the a-synuclein prion strain present in the two inoc-
ula. The ability of the TgM83*/~ mice to propagate multiple
a-synuclein strains has resulted in its frequent use for in vivo
transmission studies.

Subsequent studies comparing disease onset in
TgM83™~ mice injected with a variety of inocula have
yielded key insights into a-synuclein strain biology. Inoc-
ulation of brain homogenate from PD patient samples
revealed that PD a-synuclein is unable to induce disease
in TeM83™~ mice (Fig. 3) [79]. However, 14 MSA sam-
ples from 3 different continents transmitted neurological
disease to the mice in~ 120 dpi. This stark difference in
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biological activity in vivo was replicated in the cell cul-
ture model, as described above [110]. In contrast to natural
a-synuclein strains, PFFs have also been used as inocula
in TgM83*/~ mice, resulting in variable incubation periods
spanning from ~ 90 to 330 dpi across laboratories, suggesting
preparation-specific differences may induce the formation of
distinct a-synuclein strains [4, 5, 12, 85, 86].

A hallmark of classic prion diseases is the ability to
induce neurological disease following peripheral exposure.
Testing the ability of a-synuclein prions to retain strain prop-
erties after non-ic inoculation, Benoit Giasson’s laboratory
injected PFFs into the hindlimb muscle of TgM83** and
TgM83+~ mice. Inoculated animals developed bilateral foot
drop and progressive hindlimb paralysis concomitant with
neuronal a-synuclein pathological lesions and astrogliosis
within 56 and 129 dpi, respectively [86]. Expanding on this
work, the same group then compared hindlimb injections
of WT, E46K, H50Q, G51D, and A53E a-synuclein fibrils
in TgM83+/_ mice [85]. Mice injected with H50Q, G51D,
and AS53E fibrils developed motor impairment between 100
and 135 dpi, while WT injections produced a longer incuba-
tion period of 126-168 dpi. E46K fibrils yielded the greatest
variability, with the earliest signs developing at 124 dpi, and
2 of 9 animals remaining asymptomatic > 375 days. While
inclusion morphology and distribution were similar across
all inocula, the reduced transmission efficiency of WT and
E46K PFFs suggest the two sequences favored distinct fibril
conformations. This hypothesis was supported by studies
comparing WT and E46K PFFs unilaterally inoculated into
the sciatic nerve of TgM83*'~ mice [5]. All mice injected
with WT fibrils were symptomatic by 135 dpi, but the E46K
fibrils induced a delayed disease onset ranging from ~ 140 to
330 dpi, with some mice remaining asymptomatic until the
experiment was terminated at 365 days.

Building on these observations, recent work from Joel
Watts and colleagues described two distinct a-synuclein
fibril strains, S and NS, which they used to inoculate
TgM83*/~ mice (Fig. 3) [57]. Mice injected with S
fibrils had a shorter incubation period (~ 142 dpi) and
developed hindlimb paralysis and bradykinesia, while
NS-injected mice had a longer incubation period (~ 375
dpi) with disease characterized by mild kyphosis, weight
loss, and hindlimb shaking. Interestingly, the S- and
NS-induced clinical signs and incubation periods mir-
rored those caused by MSA or TgM83*/* inoculation,
respectively, and were maintained upon serial passage
in TgM83*~ mice, a common property of prion strains.
Moreover, the morphology and distribution of a-synuclein
neuropathology, PK cleavage patterns, and GdnHCI sta-
bility profiles varied between mice inoculated with either
the S or NS fibril strains. However, these characteristics
were similar in S fibril- and MSA-inoculated mice, as well
as NS fibril- and TgM83**-inoculated mice, suggesting
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the S and NS fibrils share strain properties with the two
natural a-synuclein strains. Finally, Lau et al. used pro-
tein misfolding cyclic amplification (PMCA) to create
a third PFF strain, which exhibited a distinct cleavage
pattern after PK digestion compared to S and NS fibrils.
However, inoculation with the PMCA-derived fibrils pro-
duced similar results as S fibrils following animal bioas-
say. These data demonstrate that TeM83+~ mice support
propagation of distinct a-synuclein prion strains in vivo,
but there may be a limitation to the number of PFF con-
formations that are efficiently propagated. Alternatively,
it is also possible that unlike the S and NS fibrils, PMCA-
induced PFFs may contain multiple conformations or sub-
strains, and the propagation of a mixture of conformations
in the TeM83*'~ mice results in strain selection.

One criterion often used to define or characterize prion
strains is tropism, or the regional deposition of pathogenic
protein in terminal animals [7]. This concept is often
referred to in the synucleinopathy literature as selective
vulnerability, or the idea that specific cell types and/or
brain regions consistently develop neuropathological
lesions in patients with a specific disease. Experiments
testing peripheral inoculation of MSA patient samples in
TgM83*~ mice demonstrated that intralingual, intraperi-
toneal, and intramuscular injections induced neurologi-
cal disease in the animals with a lesion profile consistent
with mice inoculated ic [107]. Regardless of inoculation
route, mice developed extensive a-synuclein pathology
in the midbrain and pons, and to a lesser extent in the
thalamus and hypothalamus. More recently, stereotactic
inoculation studies compared the standard free-hand ic
inoculation protocol with stereotactic injections of MSA
prions into the hippocampus, thalamus, or hypothalamus
of TgM83*~ mice [109]. Remarkably, the neuropatho-
logical lesion profile was independent of the inoculation
site. Similar to the mice receiving peripheral inoculations,
all TeM83*/~ mice developed moderate pathology in the
thalamus and hypothalamus and robust pathology in the
midbrain and pons. Most notably, mice receiving hip-
pocampal stereotactic inoculations did not develop hip-
pocampal pathology. This finding is not due to an inability
of the TgM83*'~ mice to develop a-synuclein inclusions
in the hippocampus. In the comparison of S and NS fibril
strains by Lau et al., the authors reported the induction
of hippocampal pathology following inoculation of either
the NS or TgM83** a-synuclein strains [57]. As men-
tioned previously, these lesion profiles were maintained
upon serial passaging. Combined, these data indicate
that a-synuclein prions display strain tropism, which is
an important criterion that can be used to differentiate
between strains in vivo.

Knockout mouse background

Allelic interference is well documented in transgenic mice
expressing both mouse and human prion protein, result-
ing in the inability to propagate human PrP prion strains
when mice also express endogenous Prap [98, 99]. To
avoid these complications in transmission experiments,
mouse models with the endogenous gene knocked out are
commonly used in combination with overexpression of the
human PRNP gene to investigate human PrP prion strains.
Taking the known species barrier for PrP into considera-
tion, a-synuclein transmission studies were performed in
TgM83*~ mice bred onto an a-synuclein knockout back-
ground (Snca®®) [79]. Notably, incubation periods were
unaltered in mice with Snca”®, Snca”*, and Sncat’t back-
grounds, eliminating allelic interference as a source of strain
selectivity in the TeM83*~ model.

In addition to the TgM83™~ studies, a-synuclein inocula-
tions have been tested in a second group of mouse models
expressing human protein on a mouse knockout background.
The Tg(SNCA)Snca”® mouse model uses an artificial
chromosome to express WT human a-synuclein, and lacks
expression of endogenous mouse a-synuclein [55]. Using
these animals, Bernis et al. found the mice could support
propagation of pathogenic a-synuclein from detergent-
extracted MSA and probable incidental LBD (iLBD) patient
samples [8]. Notably, while both MSA and iLBD induced
similar patterns of pathological lesions in the CNS, the mice
failed to exhibit clinical signs [8]. Other studies using crude
brain homogenate from MSA patients found that ic injec-
tions also failed to induce clinical disease up to 1-year post-
inoculation in the same mouse model; however, these studies
also found an absence of detectable a-synuclein deposition
[79, 108].

In addition to the WT-expressing mouse model, mice
expressing the A30P and A53T mutations were generated
using the artificial chromosome on the Snca®® background
[55]. While MSA patient samples were unable to propagate
in Tg(SNCA*A30P**)Snca®® mice following ic inocula-
tion, Tg(SNCA*AS53T**)Snca® mice supported propaga-
tion of MSA a-synuclein prions [108]. In the absence of
neurological signs consistent with a movement disorder,
a-synuclein lesions were present predominantly in glia and
some neurons in the hippocampus (HC), piriform cortex
(Pir), and parahippocampal cortex (PHC) of the mice. Con-
servation of strain-specific phenotypes over serial passaging
across models or species is a key criterion of prions [20, 34,
102]. After passaging MSA prions in Tg(SNCA*A53T**)
Snca”® mice, brain homogenate from animals positive
for a-synuclein prions from two different MSA patients
were used to inoculate TgM83+/_ mice [108]. The
TgM83*~ mice developed neurological signs, consistent
with those described previously, accompanied by neuronal
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a-synuclein lesions and robust astrogliosis in the hindbrain.
Interestingly, when the same MSA patient samples were first
passaged in the TgM83*~ mice prior to ic inoculation in
the Tg(SNCA*AS3T™*)Snca® mice, the animals failed to
develop neurological disease after 300 dpi, but did support
a-synuclein prion propagation and developed both neuronal
and glial pathology in the HC, Pir, and PHC. Data collected
across these mouse models suggest that, unlike PrP prions,
expression of endogenous mouse protein does not interfere
with the propagation of a-synuclein, nor does the presence
of mouse a-synuclein alter MSA strain properties.

Structural data

The overarching prion strain hypothesis states that strain
properties are encoded by the conformation of the patho-
genic protein. While the biological and biochemical data
discussed above support the existence of a-synuclein prion
strains, the field has only recently been able to generate
the structural findings that overwhelmingly support this
hypothesis. It has been known for over 20 years that the
non-amyloid-f3 component, or NAC region, is necessary for
the aggregation of pathological a-synuclein [30, 37, 66], but
recent advances in cryo-electron microscopy (cryo-EM) are
only now enabling structural biologists to begin determining
the misfolded conformation unique to each disease.

Over the last 5 years, the structures of several misfolded
a-synuclein aggregates have been reported using synthetic
PFFs derived from either protein fragments [43, 84] or
full-length protein [3, 10, 11, 42, 60, 63, 100]. In 2015,
Rodriguez et al. demonstrated that aggregates made from
an 11-residue segment termed the NACore of a-synuclein
are highly cytotoxic to PC12 cells [84]. Micro-electron
diffraction analysis of the NACore fragment revealed the
a-synuclein fragments aggregated into protein stacks with
in-register p-sheet structure forming steric-zipper proto-
filaments. In 2016, Tuttle et al. reported the first solid-state
NMR structure of full-length a-synuclein PFFs, which were
capable of inducing neuronal inclusions in rodents [100].
The authors described a parallel, in-register f-sheet structure
with residues E46, Q79, K80, 188, A91 and F94 stabiliz-
ing a Greek key motif. Similarities to this initial structure,
including the salt bridge between residues E46 and K80 as
well as aspects of the Greek key conformation, have since
been reported by others using cryo-EM to investigate WT
PFF [42, 43, 60, 63] or mutant PFF structures [10]. For
example, Li et al. used cryo-EM to describe the twister
and rod polymorphs found in WT PFF preparations [60].
Both polymorphs contain the Greek key motif and share a
common protofilament kernel comprised of residues H50-
V77, which interact with the NAC region of a-synuclein.
These studies also showed two protofilaments forming in
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symmetrical assembly around the NAC region; however,
the polymorphs differed by the packing of the protofilament
kernels. Notably, the authors reported that the familial muta-
tions E46K, H50Q, G51D, and A53E/T, which are known
to cause PD, would disrupt the protofilament packing in the
rod polymorph, but would not impede packing in the twister
polymorph.

More recently, Strohiker et al. used PMCA to amplify
a-synuclein prions from PD or MSA patient samples, as
well as a variety of in vitro generated polymorphs [97].
Employing multiple methods of analysis, including NMR
spectroscopy, fluorescent probes, and electron paramag-
netic resonance, the authors demonstrated that brain-
derived a-synuclein prions were structurally different than
the in vitro polymorphs. While the authors found overlap
between the MSA and PD-derived structures, there was
greater structural variability across the PD1 and PD?2 fibrils.
Critically, the patient-derived fibrils showed distinct profiles
from the in vitro PFFs by hydrogen—deuterium exchange and
fluorescence shift assays using the dyes curcumin, HS-68,
and the Congo red-derivative FSB, indicating that synthetic
a-synuclein prions are inconsistent with natural strains
found in synucleinopathy patients.

Critical strides toward understanding the structural differ-
ences between a-synuclein strains were recently made when
Schweighauser et al. reported the misfolded conformations
of a-synuclein isolated from MSA patient samples deter-
mined by cryo-EM [89]. Unlike the conformations reported
from PFFs, the two protofilaments in these structures are
asymmetrical, forming inclusions made of two different
protofilament structures. Intriguingly, despite critical dif-
ferences when compared to the synthetic PFF structures,
aspects of the Greek key motif are present in the MSA
conformation. Moreover, a-synuclein folding in these new
conformations is again stabilized by a salt bridge between
E46 and K80. This finding suggests that in PD patients har-
boring the E46K mutation, a-synuclein must misfold into a
distinct conformation as lysines at residues 46 and 80 would
no longer support the salt bridge, ultimately destabilizing the
reported structures (Fig. 5). This finding is consistent with
the cell assay data demonstrating MSA prions cannot propa-
gate in cells expressing the E46K mutation (Fig. 4) [106].
It also indicates that a-synuclein must misfold into distinct
conformations to give rise to MSA and PD or other LBDs.
This conclusion is supported by the finding that a-synuclein
filaments from patients with DLB are thinner and exhibit
less twisting than filaments isolated from MSA patients
[89], similar to earlier analyses of fibrils isolated from DLB
patient samples [95]. Lastly, unlike the naturally occurring
filaments in MSA, most PFFs consist of two identical sym-
metric protofilaments or a single protofilament, underscor-
ing the structural differences between natural and synthetic
a-synuclein prion strains. This observation supports the
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Subunit B

Fig.5 The a-synuclein strain in MSA is incompatible with the E46K
PD mutation. a Ribbon overlay of the Ca backbone for the three
a-synuclein structures in MSA reported by Schweighauser et al. [89].
PDB structures 6XYO (in yellow), 6XYP (in white), and 6XYQ (in
blue) show variability in subunit A but a consistent arrangement
of subunit B. Each conformation likely contains two salt bridges
between residues E46 and K80, despite differences in geometry.
White box identifies this interaction in subunit B in all three confor-

conclusions by Markus Zweckstetter’s laboratory demon-
strating structural differences between the PD- and MSA-
derived fibrils and PFFs [97], as well as the biological and
biochemical data revealing differences between MSA and
PFFs in cell models and protein stability assays [106].
While current data strongly indicate that the misfolded
protein conformation is largely responsible for a-synuclein
strain properties, the cellular environment may also play a
key role in strain maintenance [75]. Within a given cellular
environment, multiple cofactors (proteins, lipids, etc.) may
be available to interact with a-synuclein. Peng et al. dem-
onstrated the influence cellular environment may have on
a-synuclein strain formation by identifying differences in the
ability of neurons and oligodendrocytes to support the con-
version of pathogenic a-synuclein [75]. Similarly, work from
Surachai Supattapone’s laboratory has aimed to elucidate the
contribution of cofactors in prion strain maintenance and
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mations, which is shown in (b—d). b Molecular surface from the cryo-
EM structure identifying hydrophilic regions in purple and hydropho-
bic areas in green. ¢, d Model of the interaction between residues E46
and K80. ¢ In the MSA prion conformation, a salt bridge between res-
idues E46 and K80 stabilize the Greek key in subunit B. d The PD-
causing E46K mutation would disrupt the salt bridge with residue
K80, destabilizing the MSA conformation

infectivity [14, 24, 25, 68]. This body of work suggests that
cofactor utilization may occur in a strain-dependent and spe-
cies-dependent manner [24, 25]. The cryo-EM structures of
a-synuclein isolated from MSA patient samples revealed the
presence of a non-proteinaceous density located in between
the two protofilaments [89]. While the makeup of the density
is still unknown, it is possible that this non-protein mol-
ecule may play an important role in strain formation and/or
maintenance as a cofactor. At this time, it is unknown if a
similar density is present in misfolded a-synuclein isolated
from LBD patient samples, but none of the reported PFF
structures share this feature with MSA.

As additional structures of a-synuclein fibrils have been
reported, the data have increasingly identified critical differ-
ences between bona fide a-synuclein prions and recombi-
nant PFFs. This insight should also challenge how the field
approaches biochemical analysis of strains. Currently, it is
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standard in the PrP prion field to use resistance to dena-
turation and degradation as an indirect measurement of
protein conformation, despite the lack of a clearly defined
relationship between the two. It has been hypothesized that
aggregate size and ease of fracturing may be responsible
for determining incubation periods of disease. For example,
the conformational stability of murine PrP prion strains cor-
relates with incubation period, but an inverse relationship
exists for hamster and human PrP prion strains [6, 17, 76,
87]. The conflicting data regarding stability and incubation
period suggest that resistance to denaturation is not meas-
uring the disaggregation propensity of any given strain. As
a result, conformational stability assays may be useful as
strain “fingerprinting,” but protease cleavage patterns are
a more direct measurement of the structural differences
between strains. Therefore, to better bridge biological and
structural investigations of a-synuclein strains, a universal
method for defining a-synuclein conformations via specific
protease cleavage patterns is needed.

Conclusion

The data discussed in this review provide evidence of
a-synuclein strains as the source of heterogeneity observed
among synucleinopathy patients. To define a-synuclein
strains, we evaluated differences in biochemical stability
and biological activity, which included cell infectivity pro-
files and incubation period, pathological lesion tropism, and
neurological signs in transgenic mice. An important caveat
is that data have been reported using multiple animal and
cellular model systems, creating a challenge for interpreting
strain differences across studies. The use of multiple mod-
els to investigate a-synuclein strains muddles the interpreta-
tion of data that may actually be derived from differences in
transgene expression profile or off-target effects of transgene
insertion, and the role of these differences in altering the
propagation or distribution of pathogenic a-synuclein strains
in vivo. In addition, interpreting data collected using PFFs
versus a-synuclein isolated from synucleinopathy patient
samples increases variability across strain studies. How do
we interpret an ever-expanding body of data when we can-
not directly compare results? What are the relevant forms of
a-synuclein prions to investigate as inoculum in transmis-
sion experiments? Do SNCA overexpression models lead to
the spontaneous formation of a-synuclein prion strains that
more closely mimic patient-derived a-synuclein prions or
PFFs? Should PFFs be used to answer questions about strain
differences if the structures do not exist in human disease?
Understanding the source of a-synuclein strain differences
requires investigators to collaborate within model systems
to enable the data comparisons needed to drive the field
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towards the universal cell and animal models most appropri-
ate for the widespread study of synucleinopathies.

The data generated by Lau et al. utilizing both PFFs and
bona fide a-synuclein prions suggests that there may be
overlap in synthetic and natural a-synuclein conformations,
but that overlap is preparation-dependent [57]. While the
synthetic strains generated under S or NS conditions appear
similar to natural a-synuclein prion strains, there may be
subtle differences beyond the resolution of current experi-
mental models and assays that are important to understand-
ing a-synuclein strain biology. There is also the possibility
that using multiple methods for producing PFFs induces
the formation of multiple a-synuclein conformations. Lau
et al. reported two protocols for generating homogeneous S
and NS fibrils, but variability within other preparations and
between laboratories may add to the difficulty of interpreting
or repeating findings across research groups. It is currently
unknown how often the same structures are created syntheti-
cally because the same biochemical criteria, as well as infec-
tion studies, are not performed within a single model system.

As the field begins to narrow in on a universal model to
investigate a-synuclein strain biology, debate has focused on
the use of WT or Tg mice for inoculation studies. PFFs made
from either the mouse or human protein sequence induce
phosphorylated a-synuclein pathology in WT mice, but the
animals do not develop neurological disease [27, 79, 86].
Additionally, the inability of MSA patient samples to trans-
mit either pathology or neurological signs to WT mice has
been used as an argument to suggest that a-synuclein does
not form a bona fide prion [105]. However, it is important to
view these findings in the greater context of prion diseases.
As previously mentioned, species barriers, which arise from
differences in the primary amino acid sequence, prevent
human prion strains from transmitting to WT mice. While
some animal strains, such as scrapie, have been adapted to
propagate efficiently in mice, propagation of human prion
diseases, such as Creutzfeldt-Jakob disease (CJD), are not
supported in WT mice [28, 98]. Instead, expression of
human PRNP is required for efficient CJD transmission
[98, 99]. Notably, even in many PRNP-expressing models,
the PrP prion strain in Gerstmann-Straussler-Scheinker syn-
drome patients fails to propagate well [2]. In this context, it
is unsurprising that the human a-synuclein prions in MSA
patient samples require SNCA expression to support trans-
mission in vivo. It is, therefore, important for the field to
consider which Tg models are most useful for investigating
the biology of human-derived a-synuclein prion strains.

Further complicating this debate, the cellular environment
may act as a selective pressure in favor of one conformation
over another. This selection creates the potential for con-
formations that evade disease-modifying therapeutics and
diagnostics if these tools are developed for conformation-
specific targets. An additional challenge is the possibility
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that a-synuclein may utilize cofactors in a species-dependent
manner, which could alter the conformation, and, therefore,
the strain, that is observed as the outcome in animal bioassay
experiments. Notably, the non-proteinaceous density pre-
sent in the reported cryo-EM structures of MSA a-synuclein
supports the idea that cofactors may be supporting protein
misfolding or propagation [89]. This possibility should
be considered as a potential explanation for the failure of
many drug trials after observing success in mouse models
of disease.

Synucleinopathies exist as a spectrum of neurodegenera-
tive disorders that differ in their age of onset, clinical pres-
entation, and neuropathology. Increasing evidence indicates
that an underlying cause of this heterogeneity is the pres-
ence of distinct a-synuclein prion strains in patient samples.
Alpha-synuclein isolated from MSA and LBD samples has
repeatedly been shown to exhibit differences in biological
activity in cultured cells and animal models. These differ-
ences are underscored by unique biochemical properties,
including resistance to protease degradation and denatura-
tion by chaotropic agents. Recent advances in structural biol-
ogy methods are now pairing these observations with con-
formationally distinct structures of misfolded a-synuclein.
Understanding the relationship between the conformational
differences and biological activity of each a-synuclein strain
is central to developing successful disease-specific diagnos-
tics and therapeutics for synucleinopathy patients.
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