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Abstract

Parkinson’s Disease is a progressive neurodegenerative disorder that is characterized by
pathological protein inclusions that form in the brains of patients, leading to neuron loss and the
observed clinical symptoms. These inclusions, containing aggregates of the protein a-Synuclein,
spread throughout the brain as the disease progresses. This spreading follows patterns that inform
our understanding of the disease. One way to further our understanding of disease progression is to
model the discrete steps from when a cell first encounters an aggregate to when those aggregates
propagate to new cells. This review will serve to highlight the recent progress made in the effort to
better understand the mechanistic steps that determine how this propagation happens at the cellular
level.

Introduction

Parkinson’s Disease (PD), the second most prevalent neurodegenerative disorder worldwide
[1] is commonly characterized by canonical motor symptoms such as resting tremor, as

well as many non-motor symptoms [2]. The pathological hallmarks of PD are dense,
proteinaceous inclusions in the brains of patients known as Lewy Bodies (LB) and Lewy
Neurites (LN) that were first described over one hundred years ago [3]. The filamentous
component of LB an LN has since been identified as aggregates of the protein a-Synuclein
(aSyn). The implication of aSyn in LB pathology was established by both genetic [4] and
histological [5,6] evidence, and has placed a.Syn at the center of our understanding of PD.
aSyn is an intrinsically disorder protein (IDP) that exhibits no persistent secondary structure
in solution [7], however, upon binding to membranes it adopts an amphipathic a-helical
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conformation [8]. The helical conformation, which favors binding cellular vesicles, plays a
key role in its cellular function. While the complete, native function of a.Syn is still being
elucidated, it participates in synaptic vesicle recycling and neurotransmitter release, among
other roles [9, 10, 11, 12].

Monomers can also convert to p-sheet-rich amyloid multimers. These multimers grow
through monomer addition to produce extended, fibrillar aggregates that are strikingly
similar to the a.Syn fibrils observed in LB [13,14]. aSyn aggregation is dynamic, involving
one or more oligomeric species that serve as intermediates between monomers and fibrils.
These oligomeric species can interconvert between conformations, elongate into fibrils or
be liberated from the ends of mature aggregates [15]. The extent and rate of aggregation is
also highly sensitive to local conditions, which further complicates the folding landscape of
aSyn.

While the initial cause of aggregation remains uncertain, one unifying feature of PD

that has been extensively described is the spread of aSyn pathology to specific brain

regions during disease progression [16]. Staging of pathology in patient brains of increasing
disease duration provides strong evidence that aSyn pathology spreads inter-neuronally
from regions of initial aggregation to previously unaffected regions. This hypothesis of
progressive spread is further supported by observations of pathology spreading in patients
that received transplants of embryonic neuron grafts from surrounding tissue to the engrafted
neurons [17]. There is also evidence that the spread of pathology can be initiated in the
neurons of the enteric nervous system before spreading to the brain [18].

Given that spreading of pathology in the brain is a commonality in PD, it is imperative to
understand the cellular consequences of neuronal exposure to exogenous fibrils and how this
can lead to formation of new aggregates and neuronal dysfunction.

All model systems have strengths that make them uniquely suited to certain questions.
Immortalized cells such as HEK-293 and SHSY-5Y do not replicate the complexity or aSyn
expression of neurons but allow ease of manipulation of protein expression through genetic
means that would be prohibitively difficult in complex systems. Primary rodent neurons

are readily available and replicate many of the most critical hallmarks of disease such as
insoluble pathological inclusions and human induced pluripotent stem cells (iPSC) derived
neurons allow for comparison of underlying differences between patient and healthy genetic
backgrounds, but both are only useful over a relatively short period of time. Animal models
are the only reliable way to model disease progression on a lifetime scale and successfully
replicate the progressive spreading nature of the real disease. While cellular models of aSyn
pathology can not recapitulate the long time scales and complex intercellular connectivity
of animal model systems, they are well suited for investigating the discrete steps that occur
within the cell that can lead eventually to the formation of complex inclusions such as LBs.
Being able to model the cellular fate of aggregated species may uncover pathways that can
be targeted for interventional therapies. This review will highlight efforts to illuminate the
key steps in the induction of aSyn pathology within the cell by exogenous aggregates, and
the downstream consequences thereof, with an emphasis on recent progress.
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Internalization of exogenous aSyn aggregates

Early cellular models of PD relied on overexpression of aSyn but did not lead to the
formation of inclusions similar to those found in patients [19,20]. However, it was observed
that aggregated forms of aSyn were selectively internalized in neuronal cell types by an
active translocation mechanism [21]. It was later demonstrated that treating primary neurons
with recombinant aSyn pre-formed fibrils (PFFs) lead to robust induction of intracellular
inclusions [22] that were detergent-insoluble and positive for several common hallmarks

of LB pathology such as aSyn phosphorylated at S129 (pS129), ubiquitin, and p62 [3].
Although the exact mechanism of internalization was yet unclear, this PFF treatment
paradigm became the basis of many models for studying aSyn aggregation in cells.

Soon after, heparan sulfate proteoglycans (HSPGs) were found to mediate PFF binding to,
and uptake by, neuronal progenitor cells via macropinocytosis [23] (Figure 1a). This mode
of binding was later shown to be selective for larger fibrils over smaller aSyn species for
uptake by neuronal cells [24]. The binding was largely due to the presence of sufficient
negative charge rather than any specific sulfation pattern. HSPGs above a certain length
could bind well to a.Syn fibrils and lead to their internalization, but binding was not specific
to any one HSPG. In addition, one family of surface proteoglycans called syndecans,
specifically the neuronally enriched syndecan-3, was found to selectively bind and promote
the endocytosis of aSyn fibrils through a unique lipid-raft mechanism [25]. Both HSPGs
and syndecans are also capable of binding aggregates of the Alzheimer’s Disease associated
protein Tau [23. 25], which points to cell surface glycans as a general route for the uptake of
large protein aggregates. However, while there are selective preference for binding between
Tau aggregates and specific HSPG lengths and sulfation patterns, while aSyn is more
promiscuous by comparison [26] which means therapeutic targeting of this binding would be
difficult.

The first specific receptor protein identified that was capable of recognizing and
internalizing a Syn aggregates was lymphocyte activation gene 3 (LAG3). This was
identified through screening of a library of cell surface receptors expressed in human
neuroblastoma cells (SHSY-5Y) for PFF binding. Deletion of LAG3 in neurons inhibited
binding and internalization of aSyn PFF and reduced pathology formation [27]. However,
the expression of LAG3 in neuronal cell types is not well supported, suggesting it’s role
may be more indirect that initially thought [28]. aSyn endocytosis can also occur through
binding to N-linked surface glycans [29], which leads to uptake via binding the neuronal
glycoprotein neurexin 1p. Neurexin 1 was also identified as a hit in the same screen

that identified LAG3. However, this N-linked glycan mechanism was shown to be highly
selective for N-terminally acetylated a.Syn aggregates. /nn vivo, aSyn is largely N-terminally
acetylated, however, this acetylation predominately affects the dynamics of the a-helical
conformation of aSyn [30], and thus many models utilizing recombinantly generated fibrils
have not investigated it. The previously described results for HSPG and LAG3 binding
would suggest that N-terminal acetylation is not strictly required for aSyn endocytosis.
Nevertheless, the selective binding to N-linked glycans is likely to be a relevant route of
uptake in the brain, where most aSyn should be the N-acetyl form.
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More recently, a CRISPR-Cas9 knock-out screen in human derived HEK293 cells
identified two novel genes that promote endocytosis of aSyn PFFs [31]. One

gene coded for SLC35B2, a protein that imports the HSPG precursor PAPS (3’-
phosphoadenosine-5’phosphosulfate) into the Golgi complex. Knock-out led to decreased
HSPG synthesis and PFF binding. This agrees with previous findings suggesting the
negative charge density of HSPGs is necessary for binding extracellular aSyn fibrils. The
second gene identified coded for myosin-7B, which the authors of the study discovered
was necessary for efficient clathrin-mediated endocytosis via maintenance of actin filament
dynamics near clathrin-coated pits. While HEK293 are non-neuronal cells, they can still
internalize aggregates and form aSyn inclusions, suggesting that some steps in the pathway
necessary for aSyn pathology are not exclusive to neurons.

Taken together, these results illustrate that binding and uptake of aSyn fibrils can occur
through multiple pathways, involving both specific receptor binding and non-specific
charge-charge interactions, suggesting there is no single mode of entry for these aggregates
(Figure 1b). While this means there is likely no single therapeutic target for totally inhibiting
the uptake of aSyn fibrils by neurons in the brain, it remains to be determined which of the
various modes of uptake are most important for disease progression, as it is not likely that
they all contribute equally.

Another key consideration in modelling the cellular uptake of aSyn aggregates is the
relative binding of various sized aggregates. While most of the experiments described above
distinguish between monomeric and aggregated aSyn, it is not clear what size aggregates
are being internalized. Generating fragmented fibrils of known size distribution led to the
observation that essentially all aggregated aSyn species bind to SHSY-5Y cell surfaces,

but there is a size cut-off of approximately 400 nm above which uptake is less efficient

[32] (Figure 1a,b). Similarly, smaller pre-fibrillar oligomers of aSyn were shown to be

able to enter cells more rapidly than longer fibrillar species in both SHSY-5Y and human
iPSC-derived neurons [33] and this uptake correlated with acute cytotoxicity. This result
suggests that uptake of oligomers derived from larger fibrils may be more important than
the uptake for the fibrils themselves. However, this study did not determine if the oligomeric
species and fibrils were being taken up by the same or different mechanisms, or if the
internalized oligomers were also able to induce aSyn pathology in cells. It is possible that
the uptake of oligomeric and fibril species occur by independent pathways and have discrete
down-stream effects rather than converging on a single pathway.

Another uptake pathway that could by-pass endocytosis entirely is cell-to-cell transfer

of aSyn species through tunneling nanotubes (TNTs). TNTs are F-actin containing,
membranous extensions that allow transfer of cargoes between adjacent cells. While it
remains to be determined how significant TNT formation is /n vivo, primary mouse neurons
and human iPSC-derived neurons are both capable of transferring aSyn species from cell to
cell via this mechanism [34-36]. It also appears that aSyn aggregates are contained within
or associated with lysosomal or mitochondrial membranes within the TNT rather than being
transported freely [37], suggesting that a.Syn may be internalized first by endocytosis or
perhaps macroautophagy prior to TNT transport to recipient cells. These lipid-encapsulated
species could then be processed similarly to other species internalized by endocytosis.
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Endo-lysosomal trafficking and escape

Following the internalization of aSyn aggregates, it is critical to understand where within
the cell they are transported, how long they persist, and how this may lead to the formation
of cytoplasmic inclusions. It has been demonstrated, using fluorescently labelled PFFs,

that aggregates could be internalized into endo-lysosomes in SHSY-5Y cells and recruit
galectin-3 [38]. Normally diffuse in the cytosol, galectin-3 becomes concentrated at the site
of ruptured endo-lysosomal vesicles. This was used to illustrate that PFFs can induce vesicle
rupture within 24 hours of treatment which could lead to their release and eventual induction
of endogenous aggregation (Figure 1c,d). However, this study did not look at later time
points to see the long-term fate of the internalized fibrils or their ability to induce aSyn
pathology.

Another study utilized PFFs generated with fluorescently labelled monomers to selectively
track the internalized aggregates taken up by primary neurons [39]. Here the authors used
either the pH sensitive dye pHRodo to selectively image PFFs within acidified lysosomes,
or BODIPY to image the total internalized population in live cells. Extracellular BODIPY
fluorescence was quenched with trypan blue, which is cell impermeable. This revealed that
the majority of internalized PFFs are located in acidic lysosomal vesicles within 24 hours
and remain there for several days (Figure 1c). Disruption of lysosomes with chloroquine,
a weak lipophilic base, lead to increased pathology formation within treated neurons, and
the authors were able to localize BODIPY-PFF seeds within endogenously formed aSyn
pathology, further confirming that vesicle escape leads to induction of aSyn aggregation
(Figure 1d,f).

The observation of lysosomal disruption involving galectin-3 reported above was
corroborated by findings that upon PFF treatment of H4 neuroglioma cells, internalized
fibrils lead to rupture of endo-lysosomal vesicles prior to the formation of pathological
inclusions [40]. This rupture was indicated by recruitment of galectin-3 to LAMP1 positive
vesicles containing HA-tagged PFF seeds. Galectin-3 recruitment was followed by the
aggregation of endogenous a.Syn, as indicated by association of split Venus YFP-N-or
C-term fused to aSyn. Recently, an alternative approach to visualizing similar uptake
dynamics was developed utilizing an aSyn-GFP fusion with an internal tobacco etch virus
(TEV) protease cleavage site [41]. This allowed for selective cleavage of the GFP tag from
any fibrils remaining outside the cell to quench without the need for the cytotoxic quencher
trypan blue.

The ability of exogenous PFF to induce vesicle rupture was further confirmed in an analysis
of fibril treated neurons by cryogenic electron tomography (cryo-ET). This technique
allowed for the direct observation of fibrils formed /n sitvin neurons treated with PFF

seeds labelled by gold nanoparticles [42]. The aggregates formed in the cytoplasm from
endogenous aSyn could be seen extending from immunogold labelled seeds, in some cases
with the PFF protruding directly from a vesicle (Figure 1d). This work offers evidence by an
orthogonal technique to support the fluorescence-based studies referenced above.
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For PFF treatment as in SH-SY5Y cells [38] and primary neurons [39], and co-treatment

of neurons with the disaccharide trehalose greatly reduced the appearance of large, dilated
lysosomes and reduced the amount of internalized PFFs [43]. Trehalose is an activator of
autophagy, but it is unclear exactly how upregulation of autophagy would reduce the PFF-
induced stress on lysosomes given that autophagosomes would require functional lysosomes
to degrade their cargo. A similar observation was made in human iPSC derived neurons,
where upregulation of autophagy by AMPK (5’-AMP-activated protein kinase) activation
led to reduced a.Syn inclusions following PFF treatment [44]. One possible explanation is
that disruption of the autophagy-lysosome pathway (ALP) can drive multivesicular bodies
to release their contents from the cell as exosomes [45]. By this logic, cells undergoing
ALP stress due to PFF exposure could eject some of that material back into the extracellular
space, reducing the amount of aSyn inclusions but potentially exacerbating the spread to
other cells. Inhibition of glucocerebrosidase and induction of lysosomal stress in neurons
causes a similar type of exosome release [46]. However, recent results investigating

the pathology induced by exosome-contained a.Syn in mice indicates such encapsulated
aggregates may be less potent than naked fibrils [47].

Even if the lysosome remains functional after uptake of fibrils, it may still exacerbate

the formation of pathology. This is because C-terminal truncation of a-synuclein species
greatly increases their propensity to form new aggregates. Treatment of rat dopaminergic
N27 cells lead to incomplete digestion of PFFs by lysosomal cathepsin proteases, resulting
in aggregates that were more potent seeds than full-length controls [48].

Maturation of aggregates in the cell

Once a.Syn aggregates enter the cytosol, they can recruit endogenous monomer to propagate
(Figure 1f). This accumulation leads to many of the neuronal phenotypes commonly
associated with PD such as mitochondrial dysfunction. Treatment of iPSC derived neurons
with PFFs lead to mitochondrial fragmentation and aberrant condensation in cells with
cytoplasmic inclusion, but not those without [49].

Direct interaction between aSyn aggregates and mitochondrial membranes was found to
impair cellular respiration [50] and cytoplasmic aggregates provided a source of aSyn
oligomers that were shown to selectively bind cardiolipin-rich mitochondrial membranes
and lead to leakage [51]. However, forming cytoplasmic fibrils is not the final step in the
progression of aSyn pathology. LB pathology in the brain contains a variety of non-fibrillar
components including ubiquitin, p62, cellular lipids, and fragments of organelles [3,52].
Ideally, cellular models of a.Syn aggregation would demonstrate this complexity, but rarely
do. Recent efforts have made great progress on this front, with cryo-ET [42] allowing

the visualization of de novo aggregates among other components such as vesicles and
mitochondria (Figure 1f,g). These results suggest that fibrils do not preferentially recruit
cellular membranes to their location, based on the distribution of membranes and fibrils
relative to untreated cells. Using a different imaging modality called correlative light and
electron microscopy (CLEM), which involves the parallel imaging of PFF treated neurons
by immunofluorescence microscopy and transmission electron microscopy, allowed for
highly detailed identification of the cellular components surrounding pathological inclusions
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[53]. The authors demonstrated that some primary neurons treated with PFF develop dense
aSyn inclusions with similar lipid components to LB (Figure 1g). The fraction of cells
with these inclusions increases with time post-treatment and markers of mitochondrial
stress and synaptic dysfunction also increase proportionally. This approach allows better
characterization of the inclusions formed and allows more information to be extracted
from existing experiments using fluorescent microscopy. Another study employing CLEM
together with scanning electron microscopy and stimulated emission depletion microscopy
(STED) analyzed LB from PD patient brain sections and found that many of them do not
appear to contain significant amounts of aSyn fibrils, despite being positive for aSyn by
immunostaining [54]. While the authors take this data to mean aSyn fibrils are not a major
component of LB, the interpretation of this data is still a topic of debate in the field [55].

Concluding remarks

Neurodegenerative diseases like PD pose numerous challenges to our understanding of
mechanisms of pathogenesis. The brain is a difficult organ to probe and disease progression
can often take decades. The better modelling of this complex disease in more controllable
systems becomes, the better our understanding of its mechanisms will be. The field must
continue to dissect the details of the cellular processes that fall between what we can
currently observe, shrinking the gap in our experimental knowledge steps by step with

the goal of developing disease altering therapies. At this point, most of the mechanistic
understanding of aSyn pathology formation is in broad strokes or in discontinuous
fragments. The role of major pathways such as endocytosis or lysosomal maintenance

are still not characterized to the level needed for targeted drug development, but new
understanding of the underlying cell biology continues to be uncovered. The work featured
here was selected to underline the usefulness of that approach and the progress it has made
in recent years. New imaging modalities like super-resolution techniques and advances in
electron microscopy are becoming more accessible and continue to uncover new information
that couldn’t be captured before. However, this review also sought to highlight creative
applications of the standard biochemical toolbox to ask insightful and productive questions.
Lastly, it is crucial to be constantly assessing critically the current models in the field, both
to reaffirm their utility and to confirm that they still reflect our changing understanding of
PD and its etiology.
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Highlights:

. A central aspect of Parkinson’s Disease is the cell-to-cell spread of a-
Synuclein pathology in the brain.

. The spreading of pathology can be modelled by inducing aggregation in
cultured cells

. Cellular models allow the isolation of key steps in the pathway from
aggregate uptake to propagation
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Figure 1.
Exogenous aSyn fibrils are internalized into the cell and trigger aggregation of endogenous

aSyn monomers. A) Extracellular fibrils are able to interact directly with cell membranes
as well as bind to several classes of surface glycoproteins. B) Binding of heparan sulfate
proteoglycans (HSPGs), syndecans, N-linked glycans, or receptor proteins can trigger
endocytosis of fibrils by various mechanisms. C) Once internalized in endosomes, fibrils
are delivered to the lysosome, however they are resistant to proteolytic degradation and
persist in the lysosomal pathway. D) Failure to degrade fibrils in the lysosome leads to
leakage, allowing some fibrils to escape into the cytosol. Some aggregate species may also
be able to penetrate directly through the lysosomal membrane. E) Monomeric a.Syn exists
in equilibrium between the unstructured, soluble state and the a-helical, vesicle-bound state.
The free monomer is more prone to aggregation, so factors that alter this equilibrium can
promote or inhibit aSyn aggregation. F) Soluble monomers in the cytosol can interact
with fibrils released from the lysosome, or otherwise delivered into the cell, to seed the
generation of more fibrils and increase the aggregate burden in the cell. G) As fibrils
accumulate in the cell, they can trap other cellular components such as lipids, vesicles,
organelles, and other proteins. These fibrils will also become decorate by various post-
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translational modifications such as phosphorylation and ubiquitination. This process leads to
the formation of a mature LB inclusions.
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