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Abstract

Over 20 years ago, the synaptic protein alpha-synuclein was identified as the primary component
of the Lewy bodies (LBs) that are a sine qua non of Parkinson’s disease (PD). Since that time,
extensive research has demonstrated that alpha-synuclein pathology is not only a hallmark of PD,
but can also cause neuronal dysfunction and death. Detailed staging of alpha-synuclein pathology
in the brains of patients has revealed a progressive pattern of pathology that correlates with the
symptoms of disease. Early in the disease course, PD patients exhibit motor dysfunction, and
alpha-synuclein pathology at this stage is primarily found in regions controlling motor function. At
later stages of disease as patients’ cognitive function deteriorates, alpha-synuclein pathology can
be found in cortical structures responsible for higher cognitive processing. The stereotypical
progression of alpha-synuclein pathology through the brain over time suggests that there may be a
physical transmission of pathological alpha-synuclein from one area of the brain to another. The
transmission hypothesis posits that an initial seed of pathological alpha-synuclein in one neuron
may be released and taken up by another vulnerable neuron and thereby initiate pathological
misfolding of alpha-synuclein in the recipient neuron. In recent years, convergent evidence from
various studies has indicated that pathological protein transmission can occur in the human brain.
Cell and animal models based on the transmission hypothesis have shown not only that
pathological alpha-synuclein can be transmitted from cell-to-cell, but that this pathology can lead
to neuronal dysfunction and degeneration. The alpha-synuclein transmission hypothesis has
profound implications for treatment of what is currently an intractable neurodegenerative disease.
In this review, we explore the evidence for cell-to-cell transmission of pathological alpha-
synuclein, the current understanding of how pathological alpha-synuclein can move to a new cell
and template misfolding, and the therapeutic implications of alpha-synuclein transmission.
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1| INTRODUCTION

Parkinson’s disease (PD) is the second-most common neurodegenerative disease, affecting
at least 0.3 percent of the worldwide population and over 3 percent of those over 80 years
old [1]. Since James Parkinson’s “Essay on the Shaking Palsy” over 200 years ago [2], much
has been discovered about the underlying etiology of PD, yet many of James Parkinson’s
original observations remain cardinal features of PD. In its early stages, PD is primarily
characterized as a movement disorder, with patients exhibiting a range of slowness of
movement, rigidity, postural instability and tremors in addition to non-motor symptoms
including REM sleep disorder, constipation and hyposmia, which may precede motor
symptoms [3]. The motor symptoms are due in large part to the loss of dopaminergic
neurons in the substantia nigra and commensurate dysregulation of basal ganglia activity [4].
However, with efficacious treatments of motor symptoms in PD, up to 80 percent of PD
patients will also experience cognitive decline during the disease course, leading to
Parkinson’s disease dementia (PDD) [5]. PDD is difficult to distinguish pathologically from
dementia with Lewy bodies (DLB) [6, 7], and the diseases are widely regarded as two ends
on the spectrum of a single disease [8, 9], distinguished by which symptoms develop
initially—motor (PDD) or cognitive (DLB) [10].

Neuropathologically, PD, PDD and DLB are characterized by the presence of proteinaceous
inclusions termed Lewy bodies (LBs) first described by Friedrich Lewy in 1912 [11].
Advances in histochemical and biochemistry techniques led to the identification of alpha-
synuclein as the primary protein component of LBs [12-14] as well as the glial cytoplasmic
inclusions (GCIs) of multiple system atrophy (MSA), a less common alpha-synucleinopathy
distinct from PD, PDD and DLB [15]. The discovery that alpha-synuclein gene (SNCA)
duplications [16, 17], triplications [18] and point mutations [19-25] cause familial forms of
PD bolstered the hypothesis that alpha-synuclein is playing a direct role in disease
pathogenesis. The pathological and genetic data implicating alpha-synuclein in PD, PDD
and DLB led to the classification of these diseases as alpha-synucleinopathies.

Extensive research over the past 20 years has been aimed at understanding how alpha-
synuclein aggregates and leads to neuronal dysfunction and death in vulnerable neurons. A
preponderance of growing evidence suggests that stochastic formation of LBs in individual
neurons does not alone explain the pattern of pathology and symptomatic progression
observed in PD. Rather, recent research supports the cell-to-cell transmission of misfolded
alpha-synuclein in a prion-like manner wherein misfolded alpha-synuclein released by one
neuron can be taken up and act as a template for misfolding of alpha-synuclein in the
recipient neuron. However, unlike prions, pathological alpha-synuclein shows no evidence of
being infectious [26]. Here, we review: (1) data supporting the cell-to-cell transmission of
alpha-synuclein in humans, (2) cell and animal models, (3) proposed mechanisms of spread,
(4) the role of conformation in alpha-synuclein transmission, and (5) the therapeutic
implications of spread. For many years the primary treatment for PD has been symptomatic
dopamine-replacement therapy, which does not alter the progression of disease. Extracellular
spread of misfolded alpha-synuclein provides many more therapeutic avenues to explore,
especially for those synucleinopathies such as DLB for which dopamine replacement is not a
viable therapy.
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2| EVIDENCE FOR TRANSMISSION IN HUMANS

alpha-Synuclein is an intracellular protein predominantly localized in the presynaptic
terminals [27] but under pathological conditions forms LBs in the soma of affected neurons
[4]. LB formation can also be quite selective within a neuronal population, devastating some
neurons, while nearby neurons show no sign of inclusion formation [28]. These
observations, coupled with the etiology of PD as an age-related disease, suggest that alpha-
synuclein inclusions may form in a set of vulnerable neurons over long periods and thereby
lead to the death of those neurons. However, recent data from humans and model systems
indicates that alpha-synuclein can be released from neurons [29], and that this released
alpha-synuclein can be taken up by neurons in synaptically-connected regions, leading to
pathology induction in those neurons and a pathological spread of disease through the brain
that correlates with disease progression.

Brains from patients with PD have LB pathology not only in the substantia nigra but in other
extranigral sites in the brainstem and throughout the brain [30, 31]. Studies carried out in the
early 2000s by Braak and colleagues sought to understand the relationship between LB
pathology and disease severity [30, 31]. These studies were based on the assumption that
brain nuclei with LB pathology in asymptomatic or early PD would represent the earliest
sites of disease initiation, while areas with LBs in severely symptomatic individuals would
represent the late end of the disease spectrum. These studies examined over 168 brains from
PD patients, patients with LBs but not diagnosed with PD and patients without LBs or any
neurological diagnosis [30, 31]. In asymptomatic individuals, pathology was observed most
consistently in the dorsal IX/X motor nucleus (DMX) and anterior olfactory nucleus.
Moderate cases had pathology in the midbrain, and the most severe cases also had pathology
in the neocortex. These data suggested to the authors that PD may begin in the dorsal IX/X
motor nucleus of the medulla, or olfactory nucleus, and propagate up through the brainstem,
then to cortical regions.

The spread hypothesis developed by Braak and colleagues provided a strong foundation for
understanding the progression of PD, but 50 percent of alpha-synucleinopathy cases did not
fall into the proposed stages of disease. A later study evaluated 417 subjects with PD, DLB,
incidental PD, and Alzheimer’s disease with LBs [32]. The resulting staging system
suggested that from an initial stage | where only the olfactory bulb was affected, cases
diverged into two distinct stages—either stage Ila (brainstem predominant) or stage l1b
(limbic predominant). Following stage I, the two pathways converge into a stage 111 in
which both brainstem and limbic areas are affected, followed by stage IV in which
neocortical areas are affected. Since most patients meeting clinical criteria for PD or DLB
often have involvement of all the staged areas, it is possible they lie on a spectrum in which
limbic-predominant pathology precipitates early cognitive impairment, while brainstem-
predominant pathology precipitates the motor symptoms of PD. Importantly, pathological
staging of subjects correlates with neuron loss and cognitive and motor symptoms [32, 33],
suggesting that the spread of pathology in these diseases is predictive of clinical disease
progression. Structural imaging of brains from patients with PD has also shown that brain
atrophy follows a stereotyped pattern based on neuronal connectivity and that this atrophy
correlates with clinical features of disease [34]. There is also recent evidence that
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oligodendroglial alpha-synuclein pathology may spread through white matter tracts in MSA
[35], although studies staging MSA alpha-synuclein pathology are still in the early stages.

Further evidence that pathogenic alpha-synuclein can transmit between neurons has come
from PD patients who had grafts of embryonic ventral mesencephalon neurons in their
striatums in an experimental therapeutic effort to replace the neurons that were lost during
disease. While patients with these grafts showed clinical improvement in motor symptoms,
the grafted neurons formed LBs after the relatively short timescale of 11-22 years [36-39].
The young age of the implanted neurons suggests that the neurons did not form LB
pathology on their own, but rather were induced to form alpha-synuclein pathology by the
PD brain environment. This induction could be indirect or through direct uptake of
misfolded alpha-synuclein from LB-containing neurons surrounding the graft [7, 39].

It is important to note that the cell-to-cell transmission of pathogenic alpha-synuclein as a
modulator of disease progression is not divorced from the concept of intrinsic cell
vulnerability. In no study has it been demonstrated or suggested that all neurons synaptically
connected to regions with pathology will themselves develop pathology. Rather, evidence
from human neuropathology supports a model in which alpha-synuclein pathology forms in
vulnerable neurons and is followed by release of this alpha-synuclein from neurons and
propagation along anatomically-connected pathways to other vulnerable neurons in the
network.

3| CELL AND ANIMAL MODELS OF TRANSMISSION

If indeed extracellular alpha-synuclein can be taken up by other cells and initiate the
recruitment and corruption of endogenous alpha-synuclein into misfolded alpha-synuclein
pathology, then it should be possible to recapitulate this process in cell culture and animal
models. alpha-synuclein can be overexpressed in Escherichia coli and purified by gel
filtration and ion exchange [40]. Shaking monomeric alpha-synuclein at 37C and 1000 rpm
will rapidly induce misfolding of alpha-synuclein into -sheet rich fibrils, which can be
sonicated to produce smaller pre-formed fibrils (PFFs) (Fig. 1). These PFFs provide an
experimental pool of misfolded alpha-synuclein. The first experiments to test whether
exogenous alpha-synuclein PFFs can induce misfolding of intracellular alpha-synuclein used
non-neuronal cells overexpressing alpha-synuclein and a lipophilic reagent to augment the
transfer of PFFs to the cytosol [41, 42]. The exogenous PFFs induced misfolding of
intracellular alpha-synuclein into LB-like structures that contained major hallmarks of LBs,
including phosphorylation of S129 in alpha-synuclein and ubiquitin [41, 42].

Later, it was discovered that alpha-synuclein PFFs, in the absence of any other reagents, can
be taken up into wildtype primary neurons and induce the misfolding of endogenous alpha-
synuclein [43] (Fig. 1). The LB-like aggregates in these neurons induce time-dependent
neuron dysfunction [43, 44] and death [43, 45]. Primary neuron inclusions contain many
known components of LBs, including pS129 alpha-synuclein, ubiquitin and p62, and
proteomics of these inclusions has been utilized to identify novel components of early LB
formation [46]. While much of the work characterizing alpha-synuclein aggregates has been
done in primary hippocampal neurons, alpha-synuclein PFFs induce similar LB-like
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structures in primary dopaminergic neurons [47, 48], inducing mitochondrial oxidant stress
[48] that is thought to be part of PD pathogenesis. alpha-Synuclein extracted from PD and
MSA patient brains can also induce pathology in primary neurons [47, 49], allowing the
study of different strains/conformations of misfolded alpha-synuclein in culture. This
experimental paradigm provides further evidence that the pathological inclusions seen in
alpha-synucleinopathies have the ability to transfer potent, strain-specific conformations to
normal alpha-synuclein [49].

alpha-synuclein PFFs are also able to template the misfolding of alpha-synuclein in living
organisms, leading to the formation of LB-like inclusions in vulnerable neurons throughout
the brain (Fig. 1). Initially, alpha-synuclein PFFs were injected into the brains of transgenic
mice overexpressing human alpha-synuclein with the familial Ala53Thr mutation [50].
While these mice eventually develop alpha-synuclein inclusions due to expression of the
transgene, the injection of alpha-synuclein PFFs dramatically accelerated the formation and
spread of alpha-synuclein pathology. Later, injections of alpha-synuclein PFFs into wildtype
mice were shown to induce LB-like inclusions which spread through the mouse brain in a
defined spatiotemporal pattern [51]. This paradigm has been replicated by several
laboratories using mice [52-55] and others using rats [56]. Mice and rats injected with
alpha-synuclein PFFs undergo degeneration of vulnerable nigral neurons in an alpha-
synuclein pathology-dependent manner, exhibiting motor deficits at later stages. Live
imaging studies have also demonstrated that inclusions in cortical neurons lead to the death
of these neurons, and that large, LB-like inclusions are not cleared from neurons without the
concurrent death of those neurons [57].

The injection of alpha-synuclein PFFs into rodents recapitulates many of the main features
of PD pathology and provides a valuable tool for assessing PD-relevant phenotypes and
therapies. The alpha-synuclein pathology in rodents spreads in a time- and brain region-
dependent manner that induces the death of inclusion-bearing neurons [51, 54, 57]. The
induction of alpha-synuclein pathology in non-transgenic animals means that this paradigm
can be used to assess the contribution of genetic risk factors to the development and toxicity
of alpha-synuclein pathology. This paradigm is also ideal to test the efficacy of therapeutic
interventions in sporadic PD since pathology can be induced without genetic or
pharmacological manipulation of mice [58, 59]. The spread of pathology in injected rodents,
as in PD patients, is complex. Future quantitative pathology experiments will be important to
understand the network basis for when and how alpha-synuclein pathology spreads through
the brain.

4| MECHANISMS OF TRANSMISSION
4.1| Uptake

There does not seem to be a significant barrier in cells to the uptake of misfolded alpha-
synuclein. HEK and SH-SY5Y cell lines [60], primary neurons [43, 61], primary
oligodendrocytes [62], primary astrocytes (unpublished results), and neurons in vivo [51]
take up alpha-synuclein within minutes of exposure to the exogenous protein. Different
methods of uptake have been proposed, including micropinocytosis [61, 63] and receptor-
mediated endocytosis [64, 65]. Given the promiscuity of uptake in completely different cell
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types, it seems unlikely that a selectively expressed receptor would mediate the bulk of
uptake. However, several mediators of alpha-synuclein uptake have been proposed and are
reviewed in detail in section 6. Once endocytosed, misfolded alpha-synuclein is transported
through the endo-lysosomal pathway where smaller units coalesce into mature lysosomes
[61] (Fig. 2).

4.2 | Processing

Most of the alpha-synuclein taken up by neurons is retained in lysosomes for at least a week
[61]. Lysosomal alpha-synuclein can be proteolytically processed and, possibly through
lysosomal rupture [66, 67], a small amount of misfolded alpha-synuclein ends up in the
cytoplasm (Fig. 2). It is not completely clear how alpha-synuclein escapes endosomal
compartments, but lysosomal perturbation with chloroquine is sufficient to elevate the
number of seeds in the cytoplasm and lead to increased recruitment of endogenous alpha-
synuclein[61]. Lysosomal integrity is impaired with age, and elevated release from damaged
lysosomes [66, 67] is one mechanism by which age could lead to pathogenic alpha-
synuclein accumulation. Endogenous alpha-synuclein is recruited into thread-like neuritic
inclusions that are trafficked to the soma of neurons where they form juxtanuclear LB-like
inclusions that are modified by phosphorylation, ubiquitination in association with
additional proteins such as p62 [43, 46]. Each new inclusion formed may act as a new pool
of pathogenic alpha-synuclein. Large inclusions do not seem to be cleared over months in
mice [57], but it is possible that small aggregates are released from neurons.

4.3 | Release

Release of misfolded alpha-synuclein seems to be a much more regulated event, based on
the sparse amount of alpha-synuclein that can be detected in the media and cerebrospinal
fluid [29]. Cell culture studies have found that cellular stress on the proteostasis machinery
can lead to unconventional alpha-synuclein release [68—72]. This action, while preventing
the short-term consequences to an individual cell, may be the primary mechanism leading to
the transmission of pathological alpha-synuclein. Aging neurons with impaired protein
degradation machinery may rely on protein release to unburden lysosomal enzymes. The
initial misfolding of alpha-synuclein may be stochastic, and only in aged neurons with
impaired degradation machinery are seeds allowed to induce full-blown LBs. This suggests
the concept of a “selfish” cell which, to prolong its own functionality, releases toxic alpha-
synuclein into the interstitial fluid, and thereby puts at risk nearby vulnerable neurons.
Synaptically-connected neurons may be at a particular risk. The presynaptic terminal
undergoes rapid cycles of exo- and endocytosis to release neurotransmitter and retrieve
membrane and excess neurotransmitter [73]. This rapid membrane cycling may make
presynaptic terminals vulnerable to take up the pathogenic alpha-synuclein released by the
post-synaptic neuron (Fig. 2). If a main location of uptake is the presynaptic bouton,
propagation would proceed retrogradely from distal processes back to the cell body, which is
consistent with what has been observed in animal models (unpublished results).

4.4| Genetic risk factors

Historically, many of the pathways thought to lead to PD have been described in single cells.
However, in light of pathogenic alpha-synuclein transmission, PD pathways and genetic risk
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factors can be examined in a non-cell autonomous light. That is, genetic mutations that lead
to PD may not always lead to cell death in the affected neurons. The primary dysfunctional
pathway may actually lead to rescue of the affected neurons through redistribution of
pathology to other neurons. Alternatively, pathological alpha-synuclein may affect non-
neuronal cells such as astrocytes and microglia. Prominent genes with variants that
predispose individuals to PD are expressed both in neurons and non-neuronal cells [74, 75].
It is currently unclear for many of these genes if pathogenesis is driven in a neuronal or non-
neuronal cell type.

In addition to aggregated alpha-synuclein being the primary pathology present in PD and
related alpha-synucleinopathies, alpha-synuclein gene mutations, duplications and
triplications lead to familial PD [16-25]. Of all the potential PD risk factors, alpha-synuclein
shows the most selective expression in neurons [76]. This does not, however, isolate the
effects of alpha-synuclein to neurons. As reviewed here, there is extensive evidence that
alpha-synuclein can be released by neurons and taken up by nearby neurons or other cell
types. Remarkably, the primary pathology in MSA is alpha-synuclein inclusions in
oligodendrocytes [15], despite the fact that oligodendrocytes express little or no alpha-
synuclein under normal conditions [77]. It is not clear why pathology occurs in
oligodendrocytes in MSA, but a prominent theory holds that alpha-synuclein released from
neurons can be taken up by oligodendrocytes that surround the axons of neurons, and the
cellular milieu of oligodendrocytes can lead to conversion of alpha-synuclein to a highly
pathogenic conformational strain [78].

Leucine-rich repeat kinase 2 (LRRK2) is a large protein with scaffolding, GTPase and
kinase domains [79]. LRRK?2 mutations that lead to PD are largely thought to lead to
elevated kinase function [80-83], and kinase inhibitors have been developed and are
currently in clinical trials for PD. LRRK2 has been implicated in many cellular processes,
but much recent evidence indicates that it is involved in vesicle trafficking, positioning it to
regulate endocytosis, endo-lysosomal trafficking and exocytosis through Rab GTPase
phosphorylation [82] (Fig. 2). LRRK2 is therefore in a critical position to be involved in
pathogenic alpha-synuclein transmission through uptake of alpha-synuclein, lysosomal
processing and release. LRRK2 is most highly expressed in astrocytes within the brain [84],
and also within peripheral immune cells in the blood [85]. It is currently unclear if primary
neurons expressing mutant LRRK2 can alter alpha-synuclein pathogenesis [47, 86] or if
LRRK2 expression in non-neuronal cells is more critical for pathogenesis.

VVPS35, one of three proteins that make up the retromer complex, has been implicated in
diverse membrane trafficking events [87]. Similar to LRRK2, VVPS35 is positioned as a
potential effector of alpha-synuclein transmission (Fig. 2). In fact, LRRK2 and VPS35 may
function in the same pathway, since it was recently shown that mutant VPS35 elevates Rab
GTPase phosphorylation in a LRRK2-dependent manner [88].

Mutations in GBA1 are the most common genetic risk factor for PD and related
synucleinopathies, with 2.3-9.4 percent of PD patients carrying a mutation in GBA1 [75].
GBAL1 encodes the lysosomal enzyme glucocerebrosidase (GCase, Fig. 2), which
metabolizes glucosylceramide and glucosylsphingosine [75]. GBA1 mutations in some cell

Neurosci Lett. Author manuscript; available in PMC 2020 September 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Henderson et al.

Page 8

and animal models elevate alpha-synuclein expression [75], and overexpressed alpha-
synuclein can reduce GCase activity and protein levels [75], leading to the hypothesis that
alpha-synuclein and GCase act in a pathogenic loop in which alpha-synuclein accumulation
leads to decreased GCase activity, which leads to further alpha-synuclein accumulation [89].
The diminished lysosomal capacity induced by lipid accumulation [89] may result in
enhanced escape of alpha-synuclein seeds from the lysosome, or the enhanced release of
alpha-synuclein into the interstitial fluid. Either of these will modulate the vulnerability of
neurons to LB formation and enhance pathological alpha-synuclein transmission. GCase is
also highly expressed in non-neuronal cells [75], and gliosis is a primary feature in mouse
models of GCase dysfunction [90, 91], suggesting potential non-cell autonomous features of
PD pathogenesis.

5| THE ROLE OF CONFORMATION IN TRANSMISSION

Currently, the source of alpha-synuclein used for most experiments is produced in bacteria
and fibrillized in de novo reactions into PFFs in vitro [40]. Primary neurons and mice treated
with PFFs form aggregates that in many ways resemble LBs seen in synucleinopathy
patients [43, 46, 51]. In addition, recombinant PFFs have high purity and can be chemically
labelled for biochemistry and imaging experiments [61]. These advantages have allowed
several groups to solve the structure of alpha-synuclein fibrils. The first of these studies
solved the structure of isotopically-labeled alpha-synuclein PFFs using solid-state nuclear
magnetic resonance (NMR) [92]. The -sheet folds of alpha-synuclein formed a Greek-key
structure, although residues 55-62 forming the outer -sheet were not well resolved. Later
studies using cryo-electron microscopy (EM), identified a similar Greek key structure, but
found that two protofilaments are staggered and tightly bind to form a polar fibril with
helical structure [93]. The fibrils form a left-handed helix with a width of 10 nm and a pitch
of 239 nm [94]. Interestingly, many of the mutations that lead to early-onset familial PD are
at the interface of the two protofibrils and may influence fibril structure. A recent report
found that multiple polymorphs of fibrils could be formed from recombinant alpha-
synuclein with a similar -sheet core, but with disparate protofibril interaction interfaces [95].

Despite the biological activity of recombinant alpha-synuclein PFFs, human-derived fibrillar
alpha-synuclein may have critical deviations from the structure of recombinant fibrils. Also,
different alpha-synucleinopathies may harbor different forms of pathological alpha-
synuclein [49, 96]. A recent study using detergent-insoluble alpha-synuclein from LBs and
MSA GCls found that GCls have a different proteolytic digestion pattern than LB alpha-
synuclein [49]. Further, GCI alpha-synuclein had approximately 1,000-fold greater
biological activity than LB or PFF alpha-synuclein. These and other findings from this study
indicate that MSA alpha-synuclein has a different structure than LB or PFF alpha-synuclein.
However, it has not yet been possible to solve the structure of human PD- or MSA-derived
alpha-synuclein fibrils. The recent publication of tau fibril structures from AD [97] and
Pick’s disease [98] brains using cryo-EM suggests that this technique has the ability to solve
human biosample-derived amyloid structures. Knowing the structure of pathological alpha-
synuclein fibrils will allow the in silico development of molecules that interfere with alpha-
synuclein fibrilization and provide information for rational design of small molecule
therapies or antibodies for immunotherapy of patients with synucleinopathies.
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6| THERAPEUTIC IMPLICATIONS OF TRANSMISSION

No disease-modifying therapy currently exists for any neurodegenerative disease, including
PD and related dementias. For many PD patients, motor symptoms can be managed for years
with symptomatic dopamine replacement therapy [99, 100]. However, this symptomatic
therapy does not alter the disease course, so the alpha-synuclein pathology spreads
inexorably to higher cortical areas, leading to the cognitive deficits [6] that are more
deleterious to quality of life than the original motor symptoms. Additionally, patients with
DLB present with cognitive deficits which are not ameliorated by dopamine replacement,
and other non-motor symptoms are also a primary complaint of PD patients [101].
Therefore, it is critical to develop therapies that target the underlying pathophysiology of
disease rather than simply treat symptoms. The theory of cell-to-cell transmission of alpha-
synuclein pathology has led to several novel strategies of therapy that target extracellular
alpha-synuclein itself, alpha-synuclein internalization, non-cell autonomous effects of alpha-
synuclein or alpha-synuclein transmission from outside of the central nervous system.

6.1| Glymphatic clearance

The presence of interstitial alpha-synuclein opens novel avenues of clearance by the brain
and therapeutic intervention. Recent research has indicated that the brain has the ability to
drain interstitial fluid through perivenous pathways [102]. While it has been previously
recognized that solutes injected into parenchyma of the brain can diffuse towards blood
vessels, a glial “lymphatic” (glymphatic) system was recently described in which CSF in
periarterial spaces can be driven by a differential pressure gradient through the parenchyma,
clearing out metabolic waste through the perivenous space (Fig. 3) [102]. While the brain
had been thought until this point to be devoid of lymphatic vessels, the glymphatic system
seems to serve this function for the brain. This was followed by the discovery of lymphatic
vessels in the meninges [103, 104] which can clear macromolecules from interstitial fluids
[105]. In addition, disruption of this clearance in a mouse model of AD lead to an
exacerbation of amyloid- (A) accumulation and cognitive decline [105]. Disruption of
lymphatic drainage has also been recently shown to exacerbate alpha-synuclein pathology
and motor symptoms in a transgenic mouse model [106]. Therefore, treatments which
enhance the glymphatic clearance of interstitial waste have the potential to remove
extracellular alpha-synuclein and prevent its spread through the brain (Fig. 3).

6.2 | alpha-Synuclein immunotherapy

Immunotherapy has arisen as one of the most effective treatments of modern biology due to
the ability of immune cells to generate highly selective antibodies against deleterious
proteins. However, cells in the brain do not generate antibodies and of the antibodies
circulating in the blood, only about 0.1

alpha-synuclein immunotherapy is a more recent approach to PD therapy, predicated on the
hope that there is sufficient extracellular alpha-synuclein for immunotherapy to reduce the
total alpha-synuclein internalized by vulnerable neurons or to specifically block transmission
from affected areas of the brain to non-affected areas. Active immunization directly with
alpha-synuclein provides long-term titers of anti-alpha-synuclein antibodies with a single
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inoculation of antigen [109]. This strategy has been shown to reduce aggregated alpha-
synuclein in transgenic mouse [109] and rat [110] brains. The drawback of this approach is
that individuals may mount different immune responses to the antigen, including a T-cell
response which could lead to autoimmunity. This is of particular importance for alpha-
synuclein immunization due to the high expression of alpha-synuclein in red blood cells
[111]. The more recent development of short peptides that mimic the original antigen but are
too short to induce a T cell response have been developed by AFFIRIS and show efficacy in
clearing alpha-synuclein aggregates from the brains of transgenic mouse models [112]. More
importantly, two of these vaccines, PDO1A and PDO3A, were found safe and tolerable in
Phase Ib clinical trials (press release).

A second strategy for alpha-synuclein immunotherapy is passive immunization with
monoclonal antibodies (Mabs) generated against alpha-synuclein. One of the benefits of this
strategy is that the Mabs used can be highly optimized through screening to specifically
identify pathogenic alpha-synuclein and/or to have exceptionally high affinity. In addition,
after cloning, the Mabs can be modified to be smaller and hybridized with effector domains
that enhance blood-brain barrier penetration. The drawback of this approach is that the
injected antibodies have a relatively short half-life that will require patients to receive many
injections throughout their lives. Passive immunization has proven to be highly effective in
animal models of PD at reducing alpha-synuclein aggregates and rescuing neuron death
[113-121]. Antibodies have been generated that are selective for alpha-synuclein oligomers
[118-120], c-terminal truncated alpha-synuclein [114, 116] or fibrillar alpha-synuclein
[113]. It is currently unclear whether antibodies directed against certain epitopes will be
more efficacious than others, but multiple passive immunotherapies are proceeding to
clinical trials. PRX002, developed by Prothena and Roche was recently found to be safe and
tolerable in Phase Ib clinical trials and showed a dose-dependent reduction in free serum
alpha-synuclein [122]. An alternate strategy for identifying antibodies for immunotherapy
pans for autoantibodies from humans that recognize alpha-synuclein [123, 124]. BIIB054,
which was developed in such a fashion by Neurimmune and Biogen, is currently in clinical
trials for treatment of synucleinopathies [125].

alpha-Synuclein immunotherapy is one of the most developed clinical interventions to date.
Multiple possible mechanisms exist for the efficacy of alpha-synuclein immunotherapy in
PD (Fig. 3), including: (1) Antibody binding to alpha-synuclein aggregates may simply
prevent further templating of monomeric alpha-synuclein. (2) alpha-synuclein antibodies
may bind extracellular alpha-synuclein aggregates, prevent uptake by neurons, and facilitate
clearance through glymphatic pathways. (3) Antibody-bound alpha-synuclein may be
preferentially taken up by multiple cell types and promote the lysosomal degradation of
alpha-synuclein. This degradation could be facilitated in microglia by recognition of the Fc
(constant) domain of antibodies. While it is unclear whether the Fc domain is necessary for
therapeutic efficacy of antibodies, microglia may play another role in PD pathogenesis that
makes them a target of therapeutic intervention.

Neurosci Lett. Author manuscript; available in PMC 2020 September 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Henderson et al. Page 11

6.3 | Non-cell autonomous targets

Inflammation and microglial activation have been observed in PD through the detection of
inflammatory biomarkers in the cerebrospinal fluid of PD patients [126], PET imaging of
activated microglia [127], and immunohistochemistry to label activated microglia [128—
130]. While microglia function in healthy brains to maintain neurons, disease-state microglia
can release pro-inflammatory cytokines. Recently, these cytokines were shown to act on
astrocytes to initiate a state that is toxic to nearby neurons in experimental models [131]
(Fig. 3). Misfolded alpha-synuclein can induce microglia to adopt an inflammatory state
[132, 133]. Microglia can then induce the activation of astrocytes and subsequent
neurotoxicity [133]. Blocking of the initial activation of microglia by misfolded alpha-
synuclein is therefore an attractive strategy for treating synucleinopathies. One study found
that oligomeric alpha-synuclein is an agonist for toll-like receptor 2 (TLR2), and that this
binding leads to activation of microglia [132]. The same group subsequently found that
genetic, pharmacological or immunotherapy antagonism of the TLR2 pathway led to
reduced alpha-synuclein aggregation and neurotoxicity [134, 135]. Another study found that
glucagon-like peptide-1 receptor (GLP1R) agonist NLYO1 acting in microglia can rescue the
cascade of inflammation initiation by misfolded alpha-synuclein, leading to rescue of neuron
pathology and death [133]. GLP1R agonists have a long history in the treatment of various
diseases. Exendin-4 was approved in 2005 to treat type 2 diabetes mellitus. In a recent
clinical trial, PD patients treated with GLP1R agonist Exenatide showed marked
improvement in motor scores over placebo group [136]. While both TLR2 and GLP1R are
expressed on a multitude of cell types, recent studies suggest that targeting these receptors
may reduce toxic inflammation in PD. Alternatively, therapies that target the activation of
astrocytes by microglia-derived cytokines may provide alternative means of preventing
neurodegeneration in PD [137].

6.4 | alpha-Synuclein receptor inhibtion

It is clear from studies in wildtype primary neurons and mouse models that exogenous
misfolded alpha-synuclein can be taken up into neurons and induce the misfolding of
endogenous alpha-synuclein. It is not clear what process or processes mediate the uptake of
exogenous alpha-synuclein, but once internalized alpha-synuclein is trafficked to lysosomes
through endo-lysosomal intermediates [61]. The presence of alpha-synuclein in these
membranous structures has suggested to some that they may be internalized through
receptor-mediated endocytosis. Hence, blocking the interaction between alpha-synuclein and
its receptor could prevent transmission between vulnerable neurons. Multiple groups have
tested whether alpha-synuclein aggregates can be internalized via micropinocytosis, which is
dependent on heparan sulfate proteoglycans (HSPGs). Both non-neuronal cells [63] and
primary neurons [61] show reduction in alpha-synuclein uptake with heparin application,
suggesting that uptake is at least partially dependent on HSPG binding.

Later, a screen for receptors binding misfolded alpha-synuclein identified lymphocyte-
activation gene 3 (LAG3) as a high-affinity binding partner of pathological alpha-synuclein
[64]. Despite the fact that LAG3 accounted for a minority of binding to neurons, LAG3
knockout reduced the amount of alpha-synuclein transmitted between neurons and rescued
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neuron death in vivo. Additionally, an antibody which interfered with the interaction
between LAG3 and alpha-synuclein also reduced pathology.

A binding to the cellular prion protein (PrPC) has previously been shown to result in a
synaptic toxicity and neuronal dysfunction via mGIuR5 and Fyn [138, 139]. Two recent
studies found that PrPc is also responsible for uptake of misfolded alpha-synuclein [65] and
alpha-synuclein-induced neuronal dysfunction and cognitive impairment [140]. The first
study suggested a novel function for PrPC, which is normally found on the extracellular
membrane of neurons. Genetic knockout of PrPC resulted in reduction of misfolded alpha-
synuclein uptake in primary neurons and reduced aggregated alpha-synuclein in vivo [65].
The second study found that misfolded alpha-synuclein can act in a manner similar to A.
alpha-synuclein synaptotoxicity was dependent on PrPC expression, mGIuR5
phosphorylation of Fyn kinase and activation of NMDA receptors [140]. These studies all
indicate that blocking the interaction of misfolded alpha-synuclein with cellular receptors
may prevent the transmission and/or toxicity of alpha-synuclein pathology (Fig. 3).

6.5 | Targeting the gut

The remarkable appearance of alpha-synuclein inclusions in the olfactory bulb and DMX
nucleus prior to the onset of clinical symptoms in PD [30, 31] suggests that PD pathology
may initially occur at peripheral sites, then travel to the central nervous system via neurons
and induce the central nervous system disorder that is recognized as PD. Substantial research
effort has been directed to the examination of peripheral nerves for alpha-synuclein
pathology, especially gastric neurons innervated by DMX neurons. alpha-synuclein
inclusions have been identified, initially in the gastric submucosa of the fundus [141], and
later in other areas of the gastrointestinal (GlI) tract [142]. However, the specificity of these
inclusions as a marker of PD pathogenesis is still a matter of debate [143]. Studies in rodents
have demonstrated that alpha-synuclein is able to spread from the gut through the vagus
nerve into the brain [144-147], supporting the notion that alpha-synuclein pathology could
begin in the periphery.

There is a long history of an association between PD and Gl dysfunction [2, 148-150]. One
of the most highly reported non-motor symptoms of PD is constipation [151-154], which
may lead to a buildup of abnormal gut microbiota. In fact, gut microbiota are different
between PD and control subjects [155]. In a remarkable recent study in transgenic mice
overexpressing human alpha-synuclein, ablation of the gut microbiome led to reduced alpha-
synuclein pathology, decreased microglial activation and improved motor function [156].
These germ-free mice were then given gut microbiota from healthy controls or PD patients.
Mice populated with PD microbiota had diminished motor performance compared to mice
with healthy control microbiota.

Together, these results suggest that GI dysfunction may initiate or exacerbate underlying
pathophysiology of PD patients. The connection between Gl dysfunction and PD is
consistent with the hypothesis by Braak and colleagues that PD could be caused by a
“neurotropic pathogen” in the gut. It is currently unclear what this pathogen may be, but
treatments are available for GI dysfunction, which may not only alleviate the painful
constipation experienced by 80-90 percent of PD patients [154], but also provide
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corresponding benefits to neurological sequelae. Potential treatments to alleviate GI function
include laxatives, interferential current therapy to stimulate gastric motility [157], antibiotic
treatment and microbiota replacement [154, 158] (Fig. 3). If Gl function is a cause of initial
alpha-synuclein misfolding, then treatment may need to commence before the onset of PD
symptoms in order to be effective, necessitating the identification of early biomarkers.
However, if gut-brain signaling can directly modulate PD pathogenesis, as was seen in one
PD mouse model [156], then treatment of current PD patients for their GI dysfunction well
into the course of their illness could slow progression of neurological symptoms as well.

7| CONCLUSIONS

For 20 years, alpha-synuclein pathology been a sine qua non of PD and related alpha-
synucleinopathies. However, it has been unclear what cellular factors lead to aggregation of
alpha-synuclein and why specific neurons are affected at different stages of disease. alpha-
Synuclein pathology staging suggested that the appearance of LBs is not random, but rather
occurs progressively in synaptically-connected networks. Studies of grafted neurons as an
experimental treatment of PD further suggested that pathological alpha-synuclein could be
transmitted from diseased endogenous neurons to non-diseased grafted neurons. There has
now been extensive work to show that the aggregated alpha-synuclein in PD brains and
recombinant alpha-synuclein PFFs have the ability to be taken up by neurons and initiate the
seeding of intracellular alpha-synuclein into fibrillar LB-like structures. Further, this
misfolded alpha-synuclein can be released by neurons and can travel through the brain of
animals in a conserved spatiotemporal pattern. While alpha-synuclein inclusions lead to
neuronal dysfunction and death in affected neurons, extracellular alpha-synuclein may also
lead to neurotoxic responses by microglia and astrocytes. The transmission of pathogenic
alpha-synuclein is a new window for therapeutic treatment of PD, and several novel
treatments targeting this pathway have shown promise in animal models and are currently in
clinical trials for treatment of alpha-synucleinopathies.
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FIGURE 1.
Cell and animal models of alpha-synuclein transmission recapitulate LB aggregates seen in

PD. Purified recombinant alpha-synuclein monomer shaken at 37 degrees C and 1000
rotations per minute will spontaneously aggregate into long beta-sheet-rich fibrils. These
fibrils can then be sonicated into smaller PFFs that can be added directly to wildtype
primary neurons or inoculated into the brain of wildtype mice. This treatment leads to
juxtanuclear alpha-synuclein inclusions in neurons and mice that resemble the LBs seen in
human PD brains. Cell and mouse inclusions are stained for pS129 alpha-synuclein and the
PD tissue is stained for Syn303, which recognizes misfolded alpha-synuclein and reveals LB
or LB-like inclusions (blue arrowheads) and Lewy neurites (brown arrowheads). Scale bar =
5 micrometers.
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FIGURE 2.
Mechanisms of pathogenic alpha-synuclein transmission. This schematic of alpha-synuclein

transmission demonstrates current hypotheses about the uptake (1), processing (2), escape
(3) and release (4) of misfolded alpha-synuclein in a neuron. Astrocytes and microglia are
shown in the background because they may also play critical roles in this process.
Additionally, several of the shown cellular processes may occur in astrocytes and microglia
as well. Extracellular alpha-synuclein can be taken up into neurons either through non-
selective endocytosis or receptor-mediated endocytosis (1). In presynaptic terminals, the
synaptic vesicle cycle that releases neurotransmitter may also promote uptake of
extracellular alpha-synuclein, explaining the retrograde spread of alpha-synuclein pathology
in animal models. Following uptake, misfolded alpha-synuclein is processed through the
endo-lysosomal pathway (2). At this point, alpha-synuclein may be directly targeted back to
the plasma membrane through recycling vesicles, or into multivesicular bodies. At some
point in processing, alpha-synuclein seeds can escape the endolysosomal pathway and
become free in the cytosol (3). This allows recruitment of endogenous, functional alpha-
synuclein into fibrillar structures, a process which would be most devastating at the
presynaptic terminal where alpha-synuclein levels are highest (3). Autophagy has the ability
to degrade both cytosolic and vesicular alpha-synuclein through engulfment by the
phagophore and subsequent fusion with the lysosome. Vesicles or multivesicular bodies
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containing alpha-synuclein can be targeted for exocytosis, possible to unburden the
lysosomal degradation pathway. This leads to release of pathogenic alpha-synuclein from the
neuron (4). The LB may provide an additional method of protection for neurons that cannot
degrade all misfolded alpha-synuclein. Instead, they deposit it in juxtanuclear inclusions that
keep alpha-synuclein from moving around in a more damaging form. Several genetic risk
factors for PD encode proteins that are involved in parts of this alpha-synuclein processing
pathway. LRRK2 has been implicated in several of the vesicular trafficking pathways.
VPS35 may also interact with LRRK2 in vesicle trafficking. GBAL is a lysosomal enzyme,
and mutations may shift the flux through this system.
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FIGURE 3.

Therapeutic implications of alpha-synuclein transmission. The presence of extracellular
pathogenic alpha-synuclein species has profound implications for how PD can be treated.
This schematic drawing displays several of the therapeutic approaches that are possible to
directly address alpha-synuclein transmission. A hypothetical patient is shown with both
brain and gut treatments outlined. (1) The recent elucidation of a glymphatic pathway which
clears metabolites through connective flow between periarterial and perivenous space
presents the possibility of simply enhancing clearance of released alpha-synuclein. This
alpha-synuclein would then enter the CSF and potentially meningeal lymph vessels. (2)
Immunotherapy targeting alpha-synuclein would exclusively target extracellular species and
thereby enhance their degradation through microglia or enhance their clearance into the
CSF. (3) Previous work has shown that misfolded alpha-synuclein itself or some factor
released by neurons can activate microglia which signal astrocytes and induce a neurotoxic
phenotype. Blocking alpha-synuclein binding to microglia, microglial signaling to astrocytes
or astrocyte release of neurotoxic factors are all potential therapeutic strategies. (4) Some
studies have indicated that extracellular alpha-synuclein is taken up in a receptor-dependent
manner and that blockade of binding to the receptor can reduce alpha-synuclein uptake and
improve neuron health. (5) PD patients have elevated rates of constipation and deleterious
microbiota population. Treatment of constipation via chemical or electrical stimulation or
repopulation of intestines with healthy microbiota are treatments which may not only
alleviate the GI symptoms experience by PD patients, but also neurological symptoms.
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