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Abstract

Parkinson’s disease is an incurable neurodegenerative disease characterized by motor
deficits, owing to dopaminergic denervation in the nigrostriatal pathway. The abnormal formation
of hallmark Lewy bodies underlies the disease process. The pre-synaptic protein alpha-
synuclein (a-syn) has prion-like properties arising from its propensity to propagate, seed
misfolding, and self-aggregate. Pathogenesis is postulated to arise in olfactory and enteric
regions, exploiting connected neuronal pathways to ultimately propagate to the substantia nigra
pars compacta. There is little known about the earliest stages of a-syn aggregation and its
prion-like propagation mechanisms. Bimolecular fluorescence complementation of a-syn
aggregates has allowed us to directly visualize aggregation in transgenic mice and mice
transduced with an adeno-associated virus vector. Although our transgenic mice expressed
BiSyn in a mosaic fashion that limited utility, we were successful in transducing neurons in the
mouse striatum. This work has validated the AAV2/9-CMV-BiSyn approach as groundwork for

future systematic studies.
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1.0 Introduction

1.1 Parkinson’s disease

Parkinson’s disease (PD) is an incurable neurodegenerative disease characterized by
motor deficits. Dopaminergic atrophy in the substantia nigra pars compacta (SNpc) drives the
disease-associated motor deficits, thereby limiting synaptic input to the caudate-putamen (CPu)

and reducing signal output to the motor cortex.

1.1.1 Prevalence and risk factors

Primarily affecting the elderly population, PD prevalence is on the rise. From 2005 to
2030, there has been a predicted prevalence increase of nearly two-fold1 2, with the number of
PD-diagnosed Canadians expected to be greater than 163,000 personss. The risk of PD
development is greater in elderly individuals, males, Caucasians, and people who experience
chronic stress; PD incidence is not constrained to particular geographical locations2,4-1o.
Females and cigarette smokers tend to have reduced PD risk due to the neuroprotective

benefits of estrogen1o-15 and specifically of nicotine on the dopamine system2.z.16,17.

1.1.2 Dopaminergic innervation and denervation

Dopamine (DA) is a catecholamine transmitter molecule derived from dietary amino
acids. There are four central nervous system (CNS) pathways where DA plays a crucial role:
mesolimbic, mesocortical, tuberoinfundibular, and nigrostriatal. The nigrostriatal pathway is
paramount to the coordination of voluntary motor activity and its degeneration results in
Parkinsonism.

The SNpc is the major site of dopaminergic atrophy in PD. DA neurons residing in the

SNpc project axons through the medial forebrain bundle, located in the lateral hypothalamus,



and onto y-aminobutyric acid (GABA) neurons in the CPu1s. These regions are topographically
connected such that the caudolateral SN has efferents extending into the caudal CPu, while the
rostromedial CPu receives afferents from the rostromedial SN1s.

Striatal GABAergic neurons host two types of transmembrane G-protein coupled
receptors that bind dopamine: D1 and D2 receptors. While D1 receptors are located exclusively
on post-synaptic neurons, D2 receptors have a presynaptic localization. Their actions are also
opposing; D1 receptor activation positively regulates cyclic adenosine monophosphate (CAMP)
levels while stimulation of D2 receptors inhibits intracellular cAMP accumulation [reviewed in 19].
Activation of DA receptors in the CPu modulates globus pallidus pars interna (GPi) activity. D1
receptor binding facilitates the direct pathway while binding of D2 receptors activates the
indirect pathway. The two pathways generate a net reduction in inhibitory output from the GPi,
permitting excitatory thalamic output to the motor cortex (Figure 1) [reviewed in 20].

Nigral dopaminergic neurons have a susceptibility to degeneration that other DA
neurons do not possess21,22. Seemingly a faulty system in the concept of PD, the oxidative
degradation of cytosolic DA and its metabolites produce reactive oxygen species (ROS) and
impair mitochondrial respirationz2s-26. DA neurons in the SN have a lower capacity for
sequestering DA into vesicles leading to an accumulation of cytosolic DA and thus an increase
in ROS; this deficit is more pronounced in maleso,27. While excess cytosolic DA triggers
oxidative stress, leading to cytotoxicity and activation of apoptotic signalling cascades, low DA
levels can create a lapse in neuronal signalling. If these low levels are chronically maintained,
signalling efficacy is reduced and neuronal atrophy occurs [reviewed in 27]. In Parkinsonism, not
only is there accumulated cytosolic DA but moreover, synaptic DA release is reduced due to the
degradation of nigral neurons. In combination, the natural antioxidant glutathione has reduced
levels in the SN of PD patients and there exists a corresponding deficiency in glutathione
reductase activityzs28-30. These nigral deficits collectively alter the firing pattern of GABA

neurons in the GPi31,32, which disturbs succeeding thalamo-cortical communicationzo.
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Figure 1: Nigrostriatal pathway in normal individuals and Parkinson’s disease patients.

(A) In a healthy brain, DAergic neurons in the SNpc release DA at synapses in the CPu. The DA
D1 and D2 receptors function distinctly from one another such that the direct and indirect
pathways that ultimately project to the globus pallius pars interna (GPi) cause a net reduction in
inhibitory output from the GPi. This facilitates activation in the motor cortex from increased
thalamic output.

(B) In PD, loss of DAergic neurons in the SNpc reduces DA release in the CPu, thereby leading
to elevated GPi activation, driving an increased inhibitory output in the thalamus. Heightened
thalamic inhibition decreases output in the motor cortex, which causes the motor deficits
observed in PD.

Adapted from 33. Permission to reproduce found in Appendix A.



1.2 Pathological hallmarks and aetiologies

Alpha-synuclein (a-syn) is the primary component of Lewy bodies (LBs), the pathological
hallmark of Parkinson’s disease. Notorious for misfolding and self-aggregating, a-syn loses its
functional capacity and renders neurons susceptible to degeneration. Several genetic causes of
PD have been identified, some of which involve a-syn mutations. The majority of PD cases,

however, arise sporadically, underlining the importance of environmental factors.

1.2.1 Synucleins

The synucleins are a family of proteins termed by Maroteaux and colleagues at Stanford
University in 1988 for their localization in the presynaptic nerve terminal and along the nuclear
membraness. Their nuclear localization, however, was later shown to be the result of antibody
cross-reactivityss. There are three synuclein isoforms: alpha, beta, and gamma (a-syn, B-syn
and y-syn, respectively). The synucleins adopt an amphipathic a-helical motif upon interaction,
which facilitates binding to lipid vesicles and membranessss7.

a-syn is a critical protein in PD pathogenesis. It has a 140 amino acid sequence
encoded by the SNCA gene located on chromosome 4q213s,39. It was originally purified from
amyloid plaques in human Alzheimer’s disease brains, and was accordingly known as the
precursor to the non-amyloid B componentso. a-syn is involved in synaptic vesicle transport and
docking at the plasma membrane by working closely with cysteine-string protein-a to chaperone
the folded state of the SNARE protein synaptobrevin-241-44. It also has an important role in
recycling DA at the synaptic cleft by regulating dopamine transporter activity, which pumps DA
back into the cytosolss46. The proper function of a-syn therefore modulates the synaptic release
and reuptake of DA in the CPu. a-syn also binds vesicular monoamine transporter-2, elucidating

its role in sequestering cytosolic DA into vesicless7. Moreover, a-syn has been shown to reduce



activity of tyrosine hydroxylase (TH), the rate limiting enzyme in DA synthesis, thereby offering a
regulatory mechanism in DA biosynthesis4s-so.

B-syn is a 134 amino acid protein encoded by the SNCB gene located on chromosome
5q353s8390. It was originally deemed the bovine phosphoneuroprotein-14-kDas1,52, which was later
recognized to be the equivalent of B-syn in humansss. a- and B-syn have similar molecular
weights and show 61% sequence resemblance; they are both localized to presynaptic nerve
terminalsss. Despite their similarities, only a-syn is found in LBsss. In fact, B-syn actually
prevents the fibrillation of a-synsa.

Although the y isoform is the original synuclein that was isolated from the electric ray
(genus Torpedo) at Stanford in 198834,37 and again in the rat dorsal-root ganglion in 19953755, it
was actually identified much later and separately from the other two. y-syn is a 127 amino acid
protein encoded by the SNCG gene. In the late 1990’s this synuclein isoform was well known for
its role as the human breast cancer-specific gene, wherein overexpression was correlated with
breast cancer malignancyss. In 1998, Clayton and George aligned several cDNA sequences,
demonstrating that the breast cancer-specific gene and SNCG are homologous, both encoding

the protein that was thereafter called y-synar.

1.2.2 Lewy pathology

a-syn was first linked to PD in 1997 when a familial autosomal dominant point mutation
was detected in four distinct Italian and Greek kindreds with PDsz. The point mutation at site 209
in the SNCA gene leads to a subsequent A53T mutant a-syn protein, which has a truncated o-
helix and extended B-sheet, facilitating the protein’s self-aggregation propensitys7 (discussed
further in section 1.3.1). In 1998, a German group identified a distinct point mutation in the

SNCA gene with a resultant ASOP mutant a-syn protein, which also yields a PD phenotypess.



These genetic discoveries prompted others to assess the role of a-syn in Parkinsonism.
Soon after, insoluble a-syn was found to be the primary component of LBss3,s9. First identified in
1912 by Friedrich Lewy, LBs were described as proteinaceous spherical cytoplasmic inclusions
within the dorsal motor nucleus of the vagus nerve (DMV), among other nuclei, in post-mortem
PD brainseo. Gonzalo Rodriguez Lafora confirmed Lewy’s findings in his 1913 publication,
calling such inclusions cuerpos intracelulares de Lewys1. Konstantin Trétiakoff uncovered
analogous inclusions in the SNpc and similarly designated them LBs in his 1919 doctoral
thesisez.

More than a-syn alone resides in these tangles of proteinaceous particles. In fact, it was
ubiquitin that was first identified as a LB component in 1988e3. While ubiquitin localizes to the
peripheryess, a-syn comprises the core. When considering the importance of ubiquitin in the
adenosine triphosphate (ATP) dependent proteolytic pathway, the aggregated a-syn likely
becomes ubiquitinated to flag it as a target for protein degradation. Other proteins can exist in
LBs (e.g., microtubule-associated proteins), however, only a-syn and ubiquitin are consistent
componentsess.

Misfolding of a-syn is fundamental in PD pathogenesis. Proteins have the tendency to
transition from a high-energy unfolded state to a minimal energy native statess. While misfolded
proteins have a higher energy state than natively folded proteins, they maintain the tendency to
develop a minimized energy state. Curiously, in the case of the high-energy partially folded a-
syn protein, the minimal energy state is in the form of amyloid fibrilses. Seemingly, fibrillation

acts as a protective mechanism.

1.2.3 SNCA mutations

Mutations to the SNCA gene are collectively referred to as PARK1 mutations, while

multiplications of the whole gene are deemed PARK4 mutations. SNCA ftriplication has an



autosomal dominant inheritance pattern and yields a pathological phenotype that differs from
classic Parkinson’s diseasess,67. This variation causes doubling of wildtype a-syn expressiones,
which yields an early-onset, rapid-progressive form of PD with signs of dementia and autonomic
dysfunctions7. SNCA duplication also leads to a PD phenotype, however this form has a wide
variation in progression rate and age of onsetss; signs of dementia are uncommon and

presentation of autonomic dysfunction is mild in the presence of SNCA duplicationss—7o.

1.2.4 Parkinson’s disease as a mitochondriopathy

Although important for synaptic function and despite the association between misfolded
a-syn and neuronal atrophy, a-syn itself is not essential for organism survival. Snca null mice
are not only viable, but also have a similar lifespan to wildtype mice71. They do however have
over a 20% reduction in total cardiolipin mass compared to wildtypes72. Cardiolipin is a
mitochondrial-specific phospholipid. In response to mitochondrial damage, cardiolipin is
translocated from the inner to the outer mitochondrial membrane where it binds 1A/1B-light
chain 3 (LC3) to induce mitophagy. a-syn is actually a regulator of LC3-induced mitophagy by
competing for the same binding site on cardiolipinzs.

When a-syn binds membranes, it forms an amphipathic a-helix, which impedes fibril
formationz4. Therefore, when lipid levels are high, a-syn has an extensive a-helical conformation
and fibrillation does not occurz4. When lipid levels are low however, a-syn remains in its partially
folded intermediate conformation, which has a higher propensity to self-dimerize, thereby
accelerating insoluble fibril formationzs-7s. Self-dimerization occurs in an antiparallel fashion
such that the N-terminal domain of one a-syn monomer aggregates with the C-terminal domain
of another7s,76. This offset ratio of lipid to protein occurs when high levels of a-syn exist within

vesicles. Resultant fibrillation can disrupt the vesicular membrane and cause leakage of



aggregated a-syn, which can seed the formation of further aggregates (see section 1.3.1 for
further details)74.

Cardiolipin plays a key role in mitigating synucleinopathy. From the outer mitochondrial
membrane, cardiolipin binds monomeric a-syn, pulls it out of pathogenic fibrils, and promotes its
refoldingrs. However, mutated a-syn has a lower affinity for the cardiolipin binding site and is
less capable of refolding, thereby reducing its capacity for managing LC3-induced mitophagy7s.

Despite its central role in the disease process, a-syn is not the only player in PD. The
most common genetic form of early-onset PD stems from autosomal recessive Parkin
mutations7e. This is a slow-progressing form of the disease, clinically similar to idiopathic PD7s.
Parkin, PTEN-induced kinase 1 (PINK1), and deglycase (DJ-1) gene mutations confer
mitochondrial dysregulationso. For example, while monomeric DJ-1 drives mitophagy in the
presence of oxidative stress, thereby helping cells maintain mitochondrial homeostasis, mutant
DJ-1 is unable to homodimerize in a stable environments1,s2. This autosomal recessive mutation

therefore leads to a cascade of mitophagy and fosters subsequent neuronal atrophyso.

1.2.5 Environmental contributors

Given that familial cases encompass only 10-20% of all diseased individualsss,
environmental contributors are paramount to the disease process. Relevant in recent years,
exposure to pesticides has increased the incidence of sporadic PD cases. In 1998, a rural
agricultural region in France applied insecticides to crops via air-assisted spraying. This
application method releases excess toxins into the surrounding environment, including water
supplies, and therefore utilizes greater volumes in the application process due to environmental
leaching. Despite occupying only 1% of total agricultural area in France, this region consumed
21% of the country’s insecticides. Inhabitants had a 20% higher PD prevalence than any other

French regions. Similarly, a study from 1987 revealed that the “Garden of Quebec” (i.e., a rural



region with the largest amount of agricultural production in the province) had the highest PD
prevalence compared to any other rural region in Quebec. In 1982, this region consumed 59%
of the provincial total for organophosphates and carbamatesss. Research focussed on
pesticides has demonstrated their potential to trigger PD pathology. Due to the increase in
scientific data, some of these pesticides have been banned from commercial use (e.g., the
carbamate insecticide rotenone was banned in 2016) and are currently used in laboratory
settings to expand the field’s understanding of PD.

The aforementioned insecticide rotenone is a mitochondrial complex | inhibitor.
Intranigral rotenone injection in rodents leads to accumulation of ROS and reduced ATP
synthesis, which encourage accumulation of intracellular a-syn, promote its misfolding, and
prevent its degradation7s,76,85. When rotenone is administered peripherally in rodents, which
more closely resembles authentic human exposure, not only does it lead to uniform nigrostriatal
lesions but it renders enteric neurons susceptible to neurodegeneration, leading to increased
gastrointestinal (Gl) transit time and weight loss, both of which are early non-motor features of
Parkinson’s diseasess,s7.

Further support for environmental origins of PD dates back to 1982 when an illicit
synthetic heroin caused an outbreak of PD cases in California. In attempt to produce the
meperidine analog 1-methyl-4-phenyl-4-propionoxypiperidine (MPPP), the toxic 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) was a resultant by-product found in the injected
substance of 7 case reports. MPTP selectively kills SNpc dopaminergic neurons, causing
chronic deficiencies in striatal DA, thereby leading to Parkinsonismss,ss. Videos of 5 original
Californian cases were recently reviewed with reference to current knowledge of PD. Notably,
akinesia was a prominent motor feature in all cases. While some of these patients presented
with a tremor-dominant subtype known to be a milder, slower progressing form of PD, the others

showed signs of the more severe form featuring bradykinesia, akinesia, and muscular rigidity<o.
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An intriguing novel hypothesis of aberrant a-syn from dietary sources was described by
Killinger and Labrie in 201791. Since all a-syn from dietary meat (e.g., cow, chicken, pig)
contains the A53T variants, they suggest that a-syn from vertebrate food products can seed a-
syn aggregations1. This proposed exogenous source of a-syn seeding relies on the prion-like

properties of a-syn and a Gl breaching mechanism.

1.3 Prion diseases

Accurate prion composition was first hypothesized by Stanley Prusiner in 1982,
proposing that prions are infectious proteinaceous particles lacking nucleic acides. Post-
translational modifications to the innate cellular prion protein (PrPc) modify its conformation from
a highly a-helical structure to a favourable B-sheet conformer, which facilitates infectious
activityes,95. These infectious prion proteins (PrPsc), first identified in the prion disease scrapie,
are capable of converting innate PrPc into infectious PrPsc, which have the propensity to self-
oligomerizess. PrPsc transmission leads to fatal diseases including scrapie, kuru, and
Creutzfeldt-Jakob disease. Thirty years after the publication of his initial prion hypothesis,
Prusiner extrapolated the role of prions to neurodegenerative diseases with insight into both the

sporadic and inherited transformationsss,or.

1.3.1 a-syn as a prion

Similar to the conversion of PrPc to PrPsc, misfolded a-syn acquires an extended B-sheet
portion and reduced a-helical structure, facilitating its self-aggregation tendencysz. This
conformational change predisposes the prion-like properties of a-syn in the sense that misfolded
a-syn is capable of propagating from cell-to-cell and acts as a template for promoting misfolding
and aggregation. In accordance, synthetic and preformed o-syn fibril injections into rodent CPu

induce LB inclusion formation and subsequent degeneration in both the CPu and SNpc,
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amounting to motor deficitses 99. Further, A53T and A30P a-syn mutants have an increased
capacity to self-dimerize compared to wildtype a-syn. The altered protein conformations
accelerate a B-sheet conformational shift, thus promoting oligomer and aggregate formationrs.

Similar to prion disease, PD can be inherited in 10-20% of cases or can arise sporadicallyss.

1.3.2 Braak hypothesis

In 2003, Heiko Braak and colleagues developed a staging hypothesis for idiopathic
Parkinson’s disease based on Lewy pathology in brains at autopsy1oo. The group appreciated
the presence of the Gl and olfactory symptomology and pathology throughout the disease
process, especially in the prodromal and preclinical phases1o1. They recognized that the first
regions in the CNS to show a-syn inclusions are the DMV, olfactory bulb, and anterior olfactory
nucleus1oo,102. These regions are connected to the enteric nervous system (ENS) and nasal
cavity, and are therefore at the forefront of environmental exposures, laying ground for the
group’s “dual-hit hypothesis”10s,104. Their claim that little inter-individual variation in their
suggested caudorostral pathological spread, their postulated anterograde propagation through
olfactory regions, and the hypothesized staging based largely on Lewy pathology rather than
neurodegeneration are heavily criticized in the literature [for example 105-107, reviewed in 108,109].
The group has recently addressed the latter caveat, highlighting the apparent neuroprotective
role of LBs and the regional vulnerabilities that may attribute to their presence11o. Detailed
review of this hypothesis is currently beyond the scope of this project; nonetheless the proposed
process merits explanation.

An unknown neurotropic pathogen, likely a virus, was suggested to possess prion-like
properties, enabling it to propagate from neuron to neurontoz,103. It is suggested that pathogens
enter the nasal cavity, some being swallowed with nasal secretions in saliva1os,104. Despite a

lack in evidence for this proposition, the intestinal epithelium is disrupted in biopsies from
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Parkinson’s patients. Occludin, a tight junction protein, is significantly downregulated in the
colon111. There is also an association between gut inflammation and PD, similar to that
observed in irritable bowel disease, which parallels enteric glial dysregulation112. Further,
chronic stress, a PD risk factor, exacerbates intestinal permeability to neurotoxins by reducing
the presence of tight junction proteinssr. If pathogens are able to penetrate the single layer of
epithelial cells that line the Gl tract, they could surely enter unmyelinated axons from the
submucosal plexus that reside just microns from the lumen1o4. While axonal and transneuronal
transport are important means of intra- and interneuronal communication upon which neurons
depend for survival, infectious diseases are postulated to also manipulate these routes to
spread their pathogenicity11s. By this framework, pathogens would be able to travel from the
ENS to CNS. Each neuron along this route would therefore acquire the neurotropic agent and
pass it onto the next neuron in its connective pathway, seemingly using the vagus nerve as a
propagation highway (Figure 2). Supporting the role of the vagus nerve in PD pathogenesis, two
large cohort studies, one using data from nationwide Danish registers and the other Swedish,
demonstrated that full truncal vagotomy is associated with reduced PD risk114,115. As mentioned
previously, misfolded a-syn has prion-like qualities, which could very well make the misfolded
protein itself the propagating agent described by Braak and colleagues. This hypothesis relies
on retrograde propagation of a-syn aggregates through the ENS, resulting in a domino effect in
connective structures, first receiving a-syn pathology followed by subsequent atrophyoz.
Interestingly, Francisco Pan-Montojo and colleagues have produced a model that almost
perfectly replicates the proposed Braak hypothesis11s,117. By chronically administering rotenone
via oral gavage, they were able to track the spread of a-syn aggregates through the ENS, vagus
nerve, and CNS in mice. Despite a lack of rotenone and thus mitochondrial complex | inhibition
either systemically or in the CNS, both inflammation and a-syn phosphorylation were observed

in enteric and DMV neurons after 1.5 months of treatment11s. a-syn aggregate propagation
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Figure 2: Simplification of vagal projections between the DMV and ENS.

A hypothesized neurotropic pathogen enters the submucosal plexus at VIPergic axon termini
(black circular cell somas) after crossing the epithelial lining of the mucosa. Manipulating
retrograde axonal and transneuronal transport mechanisms, the pathogen would be able to
reach the preganglionic cholinergic neurons (black diamond cell somas) in the DMV.

Adapted from 103. Permission to reproduce found in Appendix C.
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occurred only in connected neuronal pathways and the spread was time-dependentis. After 3
months of treatment, mice showed significant motor impairments corresponding to SNpc
dopaminergic degeneration11s. In a subsequent study, they performed partial or truncal
vagotomy in mice prior to rotenone treatments117. While partial vagotomy slowed the
propagation of a-syn aggregates to the DMV, it did not preclude SNpc degeneration
altogetheri17. However, truncal vagotomy was capable of preventing nigral degeneration in the
ipsilateral hemisphere, again confirming the importance of the vagus nerve for aggregate
propagationi17. Moreover, the group demonstrated that a-syn is released from enteric neurons
and absorbed by presynaptic fibers of sympathetic neurons117. From there, protein inclusions

are transported in a retrograde fashion to the soma where they accumulate 117.

1.4 Enteric nervous system

The ENS is the largest of three divisions of the autonomic nervous system11s. Over 200
million enteric neurons are intrinsically arranged into thousands of compact ganglia that frame
the ENS119. Enteric ganglia are arranged into reflex circuits, which, dating back to 1899, were
shown to foster peristalsis independently of the CNS120,121. These enteric ganglia provide full
enteric control over fluid flux through the mucosa, muscle activity and regional blood flow
[reviewed in 119,122].

The vagus nerve originates in the DMV and embodies substantial arborization through
the upper Gl tract and digestive organs, extending 40,000 to 50,000 axons122,123. Despite most
vagal axons sharing synapses with enteric ganglia, very few enteric neurons actually respond to
vagal stimulation, emphasizing the substantial independence of the ENS122,124,125.

Arranged into several neuronal plexuses, the ENS innervates the many layers of muscle
fibers and connective tissues comprising the Gl tract. The two major distinctions include the

myenteric and submucosal plexuses (Figure 3), which form a communication networkizs.
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Figure 3: Organization of the enteric nervous system.

(A) Wholemount depiction highlights the layering of distinct muscle fibers and connective tissue
with intricate design incorporating enteric plexuses into each distinct layer between the
innermost luminal surface and the outermost mesentery.

(B) Transverse view shows the ganglia in the major submucosal and myenteric plexuses. The
submucosal plexus, located in the submucosa, lies in close proximity to the luminal space and
some of its axons can extend within microns. Submucosal neurons communicate extensively
with the myenteric plexus, which lies between the circular and longitudinal muscle layers of the
muscularis. The enteric neuronal plexuses are depicted in red.

From 119. Permission to reproduce found in Appendix D.
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1.4.1 Enteric implications in Parkinson’s disease

Despite CNS disturbance being the driver of classic PD motor deficits, emerging
evidence suggests that the origin of the disease process lies outside the CNS itself. An
abundance of non-motor symptomology is associated with PD, many of which involve the Gl
tract. Constipation is the most common autonomic feature with at least a 2-fold higher incidence
in PD patients than controls127. In fact, the Honolulu-Asia Aging Study, a longitudinal study
including over 8000 individuals, showed that there is a significant negative correlation between
PD incidence and number of bowel movements per day12s. Studies have shown that
constipation can arise more than 20 years prior to development of typical motor features, with
the shortest estimated precedence being 6 years127,129-131.

Not only are Gl symptoms evident, but Gl pathology has also been correlated with the
observed deficits. Nearly half of submucosal neurons secrete vasoactive intestinal peptide
(VIP)132. VIP is a secretomotor neurotransmitter that stimulates smooth muscle relaxation via
secretion of cCAMP and chloride ions in mucosal enterocytes13s,134. Heightened VIP
concentrations are therefore associated with diarrhea1s4. The contrary is observed in PD
patients and this finding is associated with VIP neuronal susceptibility to LB accumulations
(Figure 4A-C), which lead to motor neuron disinhibition in Gl distal smooth muscles1o1,135,136.
Pathology thereby impairs smooth muscle reflex relaxation and brands constipation a prominent
feature in PD patients.

In 1995, Singaram and colleagues collected colon samples from 11 advanced PD
patients and 22 control subjects who underwent colonoscopy for other reasons. 9 of the 11 PD
patients showed a significant loss of DA neurons in the myenteric plexus compared to the
control subjects1s7. A separate study confirmed the presence of Lewy pathology in myenteric DA
neurons (Figure 4D)136. Substantial enteric dopaminergic atrophy has also been demonstrated

in an MPTP model, however these mice displayed colonic hypermotility1ss. In fact, DA has been
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Figure 4: Lewy pathology in myenteric neurons.

(a) Pronounced LB in the cytoplasm of a myenteric neuron in the esophagus of a PD patient.
Section is stained with hematoxylin and eosin.

(b-c) LBs in VIP-immunoreactive somas in sections adjacent to that in (a).
(d) LB in a TH-immunoreactive myenteric neuron in the esophagus of a PD patient.

From 136. Permission to reproduce found in Appendix F.
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shown to inhibit gastric motility, and this altered behavioural response is dependent on DA
binding at presynaptic D2 receptors on cholinergic neurons in the myenteric plexus1ss. Together
these data create uncertainty surrounding the clinical relevance of enteric DA neuronal
pathology and subsequent degeneration, especially with constipation being such a prominent

feature in PD patients.

1.4.2 Evolution and function of the appendix

Charles Darwin hypothesized that the evolution of the hominoid appendix was stimulated
by the mammalian shift from a leaf-based to fruit-based diet, which corresponded to a reduction
in caecum size. This reduction is partly related to the amount of plant matter that a species
consumes, with obligate herbivores having the largest caeca due to its critical function in
breaking down cellulose by secreting the enzyme cellulase140,141. Rather than diet alone
however, it is now evident that multiple environmental factors have led to the convergent
evolution of the appendix in a number of species14z.

For centuries, scientists have postulated the appendix to be a vestigial organ. It has
even been argued to be an exaptive structure with poor design. This assertion is largely
supported by the rare occurrence of ulcerative colitis in patients who had undergone
appendectomy previous14s. Further supporting the structure’s poor design is the common
condition appendicitis, which involves the occlusion of the appendiceal lumen often as the result
of lymphoid hyperplasia in response to bacterial or viral insult144. In 2007, six percent of
industrialized nation residents experienced inflammation of the appendix14s. The presence of Gl
diseases highlight the tendency of the appendiceal lymphatic tissue to acquire chronic
pathological inflammation1o.

Prior to civilization, the vermiform appendix likely had an evolutionary advantage. There
remain regions of the world where amenities like clean drinking water and access to cooked

food are not readily available, and consequently diarrheal iliness is common14s. An endogenous
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recovery mechanism following diarrheal illness would therefore be advantageousi4s. In fact, the
appendix is highly associated with lymphatic tissue and houses bountiful beneficial bacteria.
After diarrheal insult, the gut is in a state of dysbiosis, and the colonic microbiome can be
replenished with the bacteria stored in the vermiform appendixi42,145. Perhaps unsurprisingly
then, appendectomy is a risk factor for Gl disorders like irritable bowel syndrome 147,14s.

Further, appendicitis is rare in developing nations. While this may, in part, be contributed
to dietary distinctions like reduced fiber intake in industrialized countries14g,150, epidemiological
data instead suggests that excessive hygienic practices are the culprit of appendectomy1s1. The
industrialized lifestyle lacks immune stimulation, rendering it hyperactive, and causing a wide
range of immune-related diseases (e.g., asthma, allergies, etc.)145. Laboratory rabbits are the
only animal, aside from humans, that live in an excessively hygienic environment and possess
an appendixis. It is likely that from studying these animals, we decided the appendix to have
little functional importance for so many years. However, rabbits appendectomized at birth show
reduced lymphatic development at two months of age and have reduced titers of circulating

lymphocytes, highlighting the functional importance of the appendix in antibody production1sz.

1.4.3 Immune contribution to Parkinson’s disease

Due to its association with the inflammatory disorders leprosy1sz and Crohn’s
disease1s3,154 and its enhanced expression in immune cells including macrophagessss, leucine-
rich repeat kinase 2 (LRRK2) mutations may indicate immunological malfunction in PD. The
LRRK2 G2019S mutation is the most common cause of genetic PD, and may account for as
high as 40% of cases in certain populationsise. It has an autosomal dominant inheritance
pattern, and can arise sporadically in 2% of cases, with a pleomorphic phenotype1s7-159. Michael
Schlossmacher’s research group at the University of Ottawa has recently demonstrated that
LRRK2 modulates inflammation following pathogenic insult. Although mice lack an appendix

and the mouse cecum was not assessed, immune cells infiltrated the spleen (i.e., another
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lymphatic organ) more robustly in LRRK2 G2019S mutant mice challenged with bacterial
infection compared to wildtypes1eo. This benefit was mediated by an augmented relationship
between LRRK2 and the actin-regulatory network in myeloid cells, thereby enhancing their
chemotactic response, which was also recognized in a previous study1eo,161. Despite this
apparent gain-of-function effect in response to bacterial insult, the mutant mice generated more
ROS than wildtypes in both the periphery and CNS and showed higher concentrations of a-syn
when challenged with a virus1eo. This finding provides further evidence for the potential of a viral
neurotropic pathogen having the capacity to initiate PD development and indicates an
immunological contribution.

Since LRRK2 has an elevated concentration in macrophages, enteric-immune
interactions are additionally supported in PD. Muscularis macrophages are strategically located
within myenteric ganglia and are found adjacent to enteric neuronal fibers in the muscularis
externaite2-164, where they maintain enteric homeostasis by harmonizing neuronal apoptosis and
neurogenesisies. The remarkable ability of the ENS to regenerate likely provides protection from
environmental insult. However, the interaction between muscularis macrophages and the ENS
is hypothesized to foster pathogenesis in various diseases, supported by enteric functional
alterations in response to macrophage-mediated inflammation of the mucosa [reviewed in 16s].

Further, the vagus nerve densely innervates the mammalian caecum12s,167,168, making
the appendiceal ENS an intriguing site for PD pathogenesis. Our lab has previously shown that
the vermiform appendiceal mucosa in patients without underlying synucleinopathy contains an
abundance of a-syn inclusions within nerve bundles1es. Since the number of a-syn inclusions is
far greater in the appendiceal mucosa than other regions of the Gl tract, we postulate that
blood-borne pathogens have potential to trigger initial a-syn oligomerization due to the lack of
barrier between the blood and ENS. In addition, the regional blood supply is both easily
accessible and controlled by neurons residing in the appendiceal mucosa, making it an

attractive location for pathogenesis119,122,169.
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A recent study based on nationwide Swedish register data suggests that appendectomy
can reduce PD risk by nearly 20%, furthering support for an appendiceal role in PD
pathogenesisi7o. Appendectomy at least 20 years prior to PD diagnosis prolonged the age at
diagnosis by 1.6 yearsi7o. Moreover, rural inhabitants had over 25% reduced PD risk after
appendectomy, while urban residents did not show any benefitizo. This not only highlights the
appendix as a critical structure in PD development, but also points to an interaction between the
appendix and environmental factors, in particular pesticides, which have far greater exposure in
rural regions.

Interestingly, gut dysbiosis is a prominent feature in PD patients171-173. These microbiota
irregularities modify short chain fatty acid concentrations, which may, in part, underlie some of
the autonomic symptoms experienced in Parkinsonism17s. In 2016, Sampson and colleagues
demonstrated that human PD-derived gut bacterial implantation in mice fostered subsequent
motor impairment, which was not observed in that from healthy human controls174. In fact, a
case study from 2011 revealed that faecal transplant in a PD patient reduced impairments
associated with PD symptomology17s. Researchers have since shown the impressive
relationship not only between the brain and gut, but also the microbiome. Since the appendix is
thought to play an important role in maintaining flora homeostasis, gut dysbiosis broadens the

potential for pathogenesis in the appendix.

1.5 BiSyn

Given that the self-dimerization of a-syn is important for the a-helix to 3-sheet
conformational shift and acceleration of neurotoxic aggregate formationrs, we have developed a
novel system that enables visualization of dimerized a-syn for the purpose of assessing the
earliest initiation and propagation mechanisms in the PD process. Our system utilizes

bimolecular fluorescence complementation to enable visual identification of a-syn dimers,
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henceforth called the BiSyn system. BiSyn appreciates the antiparallel nature of a-syn
aggregation.

Our system was designed to address major gaps in the literature regarding the most
premature steps of a-syn aggregation and propagation. While many groups have set out to track
the pattern of aggregate spread and molecular mechanisms of disease in the SNpc itself, the
innovative technology to enable visualization of the first aggregates and the ability to observe

how they spread was not previously available.

1.5.1 Bimolecular fluorescence complementation

Our BiSyn strategy depends on bimolecular fluorescence complementation (BiFC) to
enable visualization of a-syn dimers (Figure 5). The concept of BiFC was first described in 2000
when Ghosh and colleagues at Yale University demonstrated that green fluorescent protein
(GFP) can be split into non-fluorescent fragments with the capacity to reconstitute into the
native conformation via antiparallel leucine zippers17s. Two years later, Hu and colleagues
named the strategy after using the same leucine zipper technique to reconstitute non-
fluorescent yellow fluorescent protein (YFP) fragments that were fused to cellular proteins,
permitting for the first time direct visualization of protein interactions177.

Researchers have been using fluorescent proteins to visualize a-syn for nearly two
decades in attempt to illuminate the events that precede aggregation. McLean and colleagues
fused a-syn to GFP in 2001, demonstrating that the protein’s subcellular distribution and
aggregation pattern changes with respect to different a-syn mutationsi7s. These researchers
appreciated the lack of direct methodology for visualizing a-syn and pursued approaches to fill
this gap. In 2006, the group used fluorescence lifetime imaging to directly demonstrate the
antiparallel oligomerization of intracellular a-syn for the first timers. It was in 2008 when the

group first adopted the BiFC approach to study the interaction between a-syn and the molecular
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Figure 5: BiSyn strategy.

Non-fluorescent Venus-YFP fragments are fused to a-syn monomers, such that their antiparallel
aggregation brings the Venus-YFP fragments within sufficient proximity that they can
reconstitute into their native 3-dimensional configuration, thus placing an endogenous
fluorescent probe on a-syn dimers.
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chaperone protein Hsp707s. In 2013, the group used this novel tool in rats, demonstrating its
ability to enable direct visual identification of a-syn oligomersirs. Two years ago, McLean and
her former MassGeneral Institute colleagues demonstrated for the first time the pathology and
behavioural characteristics associated with BiFC of a-syn in micer7. Herein, mice were injected
intranigrally with the two distinct fragments of Venus-YFP-a-syn genetic sequences (i.e., one
with a-syn fused to Venus-YFP at the C-terminus, and the other at the N-terminus) engineered
into an adeno-associated virus. After 4 weeks, fluorescence associated with a-syn aggregation
was observed in cell bodies and projections in the SN as well as fibers in the CPu, providing
further evidence for the anterograde spread of a-syn oligomers through the nigrostriatal
pathwayr7. Our group adopted a similar BiFC strategy in 2014, using a single genetic sequence

in conditional transgenic mice.

1.5.2 Tamoxifen-inducible Cre-lox system

Cre-lox recombination is a powerful tool in the realm of mouse genetics. It allows
researchers to control the timing and site-specific location of gene activation or suppression. In
our case, the Cre-lox system is used to induce ubiquitous BiSyn expression. This recombination
mechanism was initially used in 1987 when Brian Sauer demonstrated binding of Cre
recombinase to loxP sites with subsequent excision and ligation, first in yeast Saccharomyces
cerevisiae and thereafter in a mammalian kidney cell line1so,181. Five years later, Picard and
colleagues recognized the role of the hormone-binding domain on steroid receptors as genetic
regulatory switches and theorized the manipulation of such a system to induce genetic
alterations1s2. Metzger and Chambon later combined the two techniques to design a conditional
recombination complex by fusing Cre recombinase to a mutant binding domain on the human
estrogen receptor, enabling tamoxifen-inducible recombination1ss. Under normal physiological

conditions, the ligand Hsp90 sequesters the estrogen receptor in the cytoplasm, which thereby
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prevents Cre-mediated recombinationis2. However, the synthetic compound tamoxifen
generates the active metabolites 4-OH-tamoxifen and endoxifen, which have high affinities for
the active site on the estrogen receptor, interfering with Hsp90 interaction and thus allowing Cre
to enter the nucleus where it can recombine the DNA (Figure 6)1s4,185. This was taken one step
further by Hayashi and colleagues at Harvard University, who enabled ubiquitous expression of
this inducible recombination complex1ss. Since a-syn expression does not initiate until 11 weeks
gestation in humans and gestation day 9.5 in mice1ss,187, we designed the BiSyn system to be
tamoxifen-inducible via the Cre-lox system. In accordance, we can activate BiSyn in adulthood,

preventing any potential interference during mouse development.

1.6 Purpose

The initial mechanisms that underlie a-syn aggregation are not well understood and the
method in which the toxic species are able to spread from cell-to-cell is unknown. We designed
the BiSyn model to elucidate these principles. Herein | describe the validation of our novel
system and provide in vitro and in vivo data to support its proper functioning. We intend to use

BiSyn in future endeavours to assess the appendiceal origin in Parkinson’s disease.
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Figure 6: Tamoxifen-inducible activation of Cre recombinase.

Hsp90 interacts with the estrogen receptor and sequesters it in the cytoplasm. Since Cre
recombinase is fused to the estrogen receptor via a mutant gene, it is unable to enter the
nucleus. When tamoxifen is introduced, its metabolites bind the active site on the estrogen
receptor which interrupts its interaction with Hsp90 and enables nuclear translocation. Once in
the nucleus, Cre is able to recombine genetic sequences.

Adapted from 1s2. Permission to reproduce found in Appendix G.
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2.0 Methods

2.1 Animal care

All mice in this study were bred and housed in the University of Ottawa Animal Care and
Veterinary Services and were given a standard chow diet and water ad libitum. All mouse
protocols (breeding #0OHRI-2150; experimental #0HRI-1957) were approved by the University
of Ottawa Animal Care Committee. Mating plug checks were performed by University of Ottawa

Animal Care and Veterinary Services.

2.1.1 Generation of BiSyn transgenic mouse lines

R1 embryonic stem cells from the Nagi laboratory (in a 129Sv background with agouti
coat colour) were transfected with plasmid pDG473, which encodes our BiSyn reporter whose
expression is driven by cytomegalovirus (CMV) enhancer and chicken B-actin promoter
(henceforth, CAG promoter) and dependent on Cre-mediated excision of a floxed beta-
galactosidase (B-gal) fused to neomycin (-geo) and three downstream polyadenylation signals
(Figure 7)18s. These cells underwent selection using 200pug/mL Geneticin Selective Antibiotic
(G418; ThermoFisher Scientific, #11811031) for 7-10 days and individual colonies were
isolated, expanded and tested for expression of B-gal. BiSyn chimeras were then generated by
aggregating selected clones of embryonic stem cells with morulas from CD-1 mice (white coat).
The chimeras with a significant amount of 129Sv contribution (assessed by coat colour) were
crossed with CD-1 wildtype mice. Offspring showing a complete agouti colour were indicative of
originating from our embryonic stem cells and were genotyped to confirm the presence of the
transgene (see section 2.1.2 for genotyping details and Table 1 for primer information).

Chimeras that produced transgenic offspring were used as founders for the BiSyn mouse line
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Figure 7: Schematic diagram of BiSyn transgene elements.

The CAG promoter (white) drives transgene expression. Following is a floxed 3-geo cassette
(purple). The B-gal-neomycin fusion (3-geo) enables selection for transgenic cells in culture with
G418, while the B-gal acts as a reporter sequence, easily identifiable via histochemical staining
with X-gal. In the presence of tamoxifen, Cre recombinase binds LoxP sites (blue) to excise the
floxed B-geo cassette, facilitating transgene recombination. Upon recombination, the two Venus-
a-syn sequences (VN155-linker-a-syn and VC155-a-syn; yellow and red) are transcribed into a
single mRNA strand. The internal ribosome entry site (IRES) sequence (grey) allows both
Venus-a-syn sequences to be transcribed from the single strand of mRNA; the first initiates at
the normal 5 cap, while the second initiates at the IRES and is translated in a cap-independent
manner.

Created in SnapGene by Madison T. Gray.
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and were bred to 129Sv wildtype mice to maintain the same background. BiSyn mice were then
intercrossed to eventually achieve a homozygous genotype.

B6.Cg-Ndor1gusc-creierT2)1Ej Mice (hereafter, Cre/ERT2) were acquired from Jackson
Laboratories1ss,190. BiSyn mice were crossed with Cre/ERT2 mice to generate BiSyn/Cre F1
mice. These BiSyn/Cre mice were intercrossed to achieve a homozygous genotype for the
BiSyn transgene with a heterozygous Cre/ERT2 genotype. Jackson Laboratories noted that
attempts to achieve homozygosity for the Cre/ERT2 genotype was unattainable, likely indicating
embryonic lethality due to targeted knockout of Ndor1. All offspring were genotyped to assess
their transgene composition (see section 2.1.2 for genotyping details and Table 2 for primer
information).

To generate the BiSyn/Cre/SNCA mouse line, multiple crosses were performed. Firstly,
heterozygous BiSyn mice were crossed with Sncargneo). Tg(SNCA) mice (hereafter SNCA)1o1.
These SNCA mice have a knockout of endogenous Snca with insertion of neomycin (Neo) in its
place. They are also homozygous for the A30P and A53T mutant human SNCA transgenes
(Pac.4; see section 1.2.2 for details regarding these mutations). The resultant BiSyn/SNCA F1
mice were backcrossed to the SNCA line to enrich the the SNCA transgenes for two
generations. Secondly, a BiSyn/Cre F1 mouse was crossed with an SNCA mouse to introduce
the Cre/ERT2 genotype. The resultant BiSyn/Cre/SNCA F1 mouse was crossed with a
BiSyn/SNCA N2 mouse to generate what is now known as the BiSyn/Cre/SNCA mouse line

(Figure 8). Details regarding mouse background strains are listed in Table 1.

2.1.2 Genotyping

3 to 4-week-old transgenic weanlings were tagged and an ear clipping was taken for
genotyping. For all experiments, upon euthanization of adult mice, tail clippings were used to
confirm the genotype. Other specimens were acquired for genotyping as indicated. Terminal

PCR was performed on DNA extracted from ear, tail, or alternative specimens using
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Figure 8: Pedigree outlining the generation of the BiSyn/Cre/SNCA mouse line
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Table 1: Murine strain of origin for each transgenic derivative
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Transgene/Knockout Strain of origin Mouse lines
BiSyn
BiSyn 129svJ BiSyn/Cre
BiSyn/Cre/SNCA
BiSyn/Cre
Cre/ERT2 C57BL/6
BiSyn/Cre/SNCA
129svJ
Sncarg(Neo) BiSyn/Cre/SNCA
C57BL/6
FVB/N
Pac.4 BiSyn/Cre/SNCA
129S6//SvEvTac

*Note: The Snca knockout and Pac.4 transgenic were compounded into one mouse line, which
we received from the Schlossmacher lab at the University of Ottawa. See 191 for details.

40



REDExtract-N-Amp Tissue PCR Kit (Sigma, #SLCD1176). 10uL sample preparation was
performed using REDExtract-N-Amp ReadyMix (Sigma, #SLCC7047). BiSyn, Pac.4, SNCA,

Neo and UCHL1 (ubiquitin carboxyterminal hydrolase 1) analyses were performed using a gel of
1% agarose in tris-acetate and EDTA buffer. Cre/ERT2 analyses were performed using a gel of
1.2% agarose in sodium borate buffer. Both gels were made with RedSafe Nucleic Acid Staining

Solution (iNtRON, #21141). Primers used are listed in Table 2.

2.1.3 Statistical analysis of litter sizes

All relevant mating data was exported from SoftMouse (i.e., mouse colony management
system: Softmouse.net) to Microsoft Excel for each of the three BiSyn mouse lines. There was a
total of 146 BiSyn litters, 165 BiSyn/Cre litters, and 143 BiSyn/Cre/SNCA litters used for
comparative analysis of litter sizes. Averages and standard deviations of litter sizes were
computed for each mouse line. | performed a one-way analysis of variance (ANOVA) to assess
whether there was a significant difference between litter sizes for the three mouse lines. Tukey-

Kramer post-hoc test was performed to identify which litter sizes were different from each other.

2.2 Transgene expression experiment

Thorough expression analysis was performed in BiSyn/Cre mice to ensure ubiquitous
expression of our novel transgene. BiSyn and BiSyn/Cre/SNCA lines were used as

supplementary where indicated.

2.2.1 Evaluation of BiSyn expression phenotype via histochemical technique

To evaluate transgene expression throughout development, as well as in sex organs and
brain regions critical to Parkinson’s disease, histochemical staining for f-gal was used. This

method allows us to assess raw BiSyn expression prior to recombination.
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Table 2: Primers used for genotyping transgenic mice via terminal PCR
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Transgene/

Knockout Primers Sequence 5’ to 3
BiSyn-5-Forward TGTGGCAGAAGCAGCAGG
BiSyn-5-Reverse CCATGCCGAGAGTGATCC
BiSvn YFP-Forward AAGCTGACCCTGAAGCTGATCTGC
y YFP-Reverse CTTGTAGTTGCCGTCGTCCTTGAA
B-gal-Forward TACGATGCGCCCATCTACAC
B-gal-Reverse TACCCGTAGGTAGTCACGCA
Cre/ERT2 Cre200-Forward ATTGCTGTCACTTGGTCGTCCC
Cre200-Reverse GGAAAATGCTTCTGTCCGTTTGC
Sncadel-Forward TCACCTCAATGCAAACCAAA
Sncadel-Reverse CAGCTCCCTCCACTGTCTTC
SncaTg(Neo)
Neo-Forward CATACGCTTGATCCGCGTAC
Neo-Reverse AATATCACGGGTAGCCAACG
Pac.4 Pac.4-Forward CCTCCTGTAGCTGGGCTTT
’ Pac.4-Reverse ACCACTCCCTCCTTGGTTTT
Up-Forward CAGCTTGTCTTGGTTGTTGG
UCHLA1 Up-Reverse CTGGACCACCATCTGCTTAC
Pgk-Reverse AAGCGAAGGAGCAAAGCTGC
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2.2.1.1 Zygote and ovary extraction

BiSyntgitg/Cretg- females underwent superovulation using 5 units gonadotropin from
pregnant mare serum (PMSG; Sigma, #G4877) followed by 5 units human chorionic
gonadotropin (HCG; Sigma, #CG5-1vl) 46 hours later. Females were mated with
BiSyntgitg/Cretg- males at the time of HCG intraperitoneal injection. Gestation ages of €0.5, e1.5,
and e2.5 were used for zygote harvest following positive copulation plug.

Females were euthanized via CO2 inhalation followed by cervical dislocation. The
ovaries and uterus were immediately excised together. Fat was trimmed and ovaries were
removed to access the infundibulum. The ovaries were kept in ice cold phosphate buffer (pH
7.4) until fixation.

The uterine horns were then separated, and the zygotes were flushed from the
infundibulum. If they required further growth, they were placed in warm M16 medium with
sodium bicarbonate and lactic acid, without penicillin and streptomycin (Sigma, #SLBV7181) in
an incubator at 37.C until appropriate growth was achieved. We found it optimal to use a 96-well
tissue culture plate to procced with staining. The various solutions could be changed using a

200puL long plastic pipette tip used to load protein gels.

2.2.1.2 Embryo extraction

Gestation ages of €12.5, €14.5, and e16.5 were used for embryo harvest following
positive copulation plugs. Females were euthanized via COz inhalation followed by cervical
dislocation. Embryos were immediately dissected from the uterine lining and their respective

amniotic sacs. They were placed in ice cold phosphate buffer (pH 7.4) until fixation.
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2.2.1.3 Mouse embryonic fibroblast isolation

BiSyn/Cre embryos were extracted as described in section 2.2.1.2 under sterile
conditions. Separate scissors and forceps were used for each layer to prevent contamination of
interior tissue with external material. After dam euthanization the uterine horns were
immediately removed without allowing them to come in contact with the dam’s exterior. They
were placed in 1X phosphate buffered saline pH 7.3 (PBS). In a laminar flow hood, each
embryo was removed from the uterus and amniotic sac separately and instruments were
sterilized between individuals. Embryos were rinsed in PBS. Heads and internal red organs
were discarded. One limb from each embryo was collected for genotyping. Carcasses were
transferred to individual plates containing sterile 1X 0.25% trypsin in HBSS solution (Corning,
Mediatech Inc., #25-050-Cl) and were minced into fine pieces. They were then incubated for 10
minutes at 37.C. Tissue was homogenized by vigorously pipetting up and down 20-30 times. 1X
Dulbeco’s modification of eagle’s medium with 4.5¢g/L glucose, L-glutamine and sodium
pyruvate (DMEM; Corning Mediatech Inc., #10-013-CV) with 10% fetal bovine serum (FBS) was
added. Cells were centrifuged at 230g for 5 minutes at room temperature to pellet. Supernatant
was aspirated and cells were resuspended in DMEM+10%FBS and plated in 3 X 10cm plates
per carcass. When full confluency was achieved (~48 hours), cultures were treated with 1X
0.05% trypsin, 0.53mM EDTA solution (Corning Mediatech Inc., #25-052-Cl) and pelleted. For
storage, cells from one 10cm dish were resuspended in 1mL of FBS+10% dimethyl sulfoxide
(DMSO) and placed in a cryovial at -80.C. For growth to immortalization, mouse embryonic
fibroblasts (MEFs) were resuspended in DMEM+10%FBS. If cultures required gene selection,

they were continuously cultured in 400ug/mLG418, which was added at each cell passage.
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2.2.1.4 Brain and testis harvest for histochemical staining

Adult BiSyn++/Cre+- mice (n=10) were euthanized via asphyxiation in a CO2 chamber
followed by cervical dislocation as a secondary measure. Brains were harvested and cut into 6
pieces coronally using a razor blade. Testes were also excised from the males (n=5). Brain

sections and testes were placed in ice cold phosphate buffer (pH 7.4) until fixation.

2.2.1.5 Fixation and histochemical staining for 3-gal

Tissues (ovaries, testes, embryos and brains) were fixed in 0.8% glutaraldehyde-
containing fixative solution for 20 minutes. Zygotes and MEFs were fixed in 4%
paraformaldehyde for 20 minutes. Following respective fixation, tissues, zygotes and MEFs
were stained for B-gal positivity to assess transgene expression. Specimens were washed in
PBS for 3 X 10 minutes then incubated in 0.04% X-gal (5-bromo-4-chloro-3-indolyl-beta-D-
galactopyranoside; ThermoFisher Scientific, #R0404) histochemical stain overnight at 37.C.

Sections were placed in PBS and moved to 40.C overnight to enhance pigmentation.

2.2.1.6 Tissue Freezing

X-gal stained tissue was placed in 15mm X 15mm X 5mm cryomold intermediate
disposable vinyl specimen molds (Tissue-Tek, #4566), embedded in Tissue Plus O.C.T.
Compound (OCT; Fisher HealthCare, #4585), and frozen in cold isopentane. The University of
Ottawa Department of Pathology processed the stained brain sections. Ovaries were cut at
10um thickness using a Leica CM1850 cryostat (Leica Biosystems, USA). -15 to -16.C was
optimal for cutting ovaries, and it was critical that excess fat was removed prior to freezing to
maintain the integrity of the tissue while cutting. Frozen testes became desquamate and could

not be cut without severe tainting at any temperature tested between -15 to -25.C.
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2.2.1.7 Microscopy

Brain and ovary sections were analyzed under Olympus BX50F microscope (Olympus
Optical Co. Ltd., Japan) and images were captured using attached PixeLINK camera (Ottawa,
Ontario, Canada) and processed using PixeLINK uScope Professional (version 21.1x64).

Whole testis and embryos were imaged using Leica MZFL111 (Leica Microscopy
Systems Ltd., Switzerland) and images were captured using attached PixeLINK camera
(Ottawa, Ontario, Canada) and processed using PixeLINK uScope Professional (version
21.1x64). MEFs were imaged using an EVOS microscope with built-in camera (Advanced

Microscopy Group, USA).

2.2.1.8 Statistical analysis of transgene expression at distinct developmental time points

Zygotes at the 2-cell, 4-cell, 8-cell, morula, and blastocyst stages were categorized by
expression phenotype as homogenous +, homogenous -, or mosaic. A X2 test for independence
was performed to assess whether developmental stage and expression phenotype were related.

Statistical analyses were conducted using Microsoft Excel.

2.2.2 Assessing BiSyn expression in enteric neurons via immunofluorescence

To evaluate transgene expression in key enteric neuronal plexuses without commensal
B-gal interference, tamoxifen-induced recombination was conducted, and immunofluorescence

(IF) staining was used.

2.2.2.1 Tamoxifen-induced recombination in vivo

20mg/mL tamoxifen (Sigma, #T5648) was dissolved in a 98% corn oil, 2% ethanol

solution. 9 to 11-week old BiSyn/Cre mice were transferred to disposable cages. They were
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treated once daily for five days with 180mg/kg tamoxifen1ss via oral gavage using disposable

feeding tubes (Harvard Instruments, #72-4448) to stimulate recombination.

2.2.2.2 Whole mount gut sectioning

Mice were euthanized via asphyxiation in a CO2 chamber followed by cervical dislocation
as a secondary measure. | adopted the method used by Schock and colleagues for whole
mount intestine sectioning192 to assess transgene expression in the myenteric and submucosal
plexuses in duodenum and jejunum regions. | made minor alterations to the whole mount
protocol to optimize the methodology in my lab setting. Rather than using silicone for flat fixing
intestinal tissue, | made a 3% agarose gel in sodium borate buffer. While the original method
provides instruction for constructing boxes to encase the OCT, I filled 20mm X 25mm X 5mm
cryomold intermediate disposable vinyl specimen molds (Tissue-Tek, #4557) with OCT. When
flat freezing the tissue, | used a metal tool sharpener to dull the edges of the double-edged
razor blades for safer handling. After heat-transferring the tissue onto the OCT block and
covering it with a layer of OCT, | used a single-edged razor blade to reinforce the pentagonal
shape of the OCT box where the additional OCT layer was added. This allowed for smoother
cutting on the cryostat.

Sections containing myenteric and submucosal plexuses were stained via IF with anti-
alpha-synuclein [MJFR1] antibody (see section 2.3.5 for staining details and Table 3 for

antibody information).

2.2.3 Evaluating restoration of transgene expression and functionality

The possibility of restoring BiSyn expression and the assessment of transgene

functionality were explored in MEFs isolated from our BiSyn mouse lines.
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2.2.3.1 DNA methyltransferase and histone deacetylase complex inhibitor treatments

Immortalized BiSyn/Cre and BiSyn/Cre/SNCA MEFs were counted using a Vi-CELL XR
Cell Viability Analyzer (Beckman Coulter, USA, #478389). A density of 5.0x10scells/well in a 12-
well plate was used. 24 hours after plating, MEFs were treated with 0.25, 0.5,1.0, and 2.0uM
suberoylanilide hydroxamic acid (SAHA) for 24 hours; 0.25, 0.5, and 1.0 yM 5-Aza-2’-
deoxycytidine (5-aza-dC) for 48 hours; the combined treatment of 0.5uM SAHA (24 hours)+
0.25uM 5-aza-dC (48 hours); or PBS as a control for 48 hours. These concentrations were
added to 1.5mL DMEM+10%FBS.

Following treatments, MEFs were rinsed in phosphate buffer (pH 7.4) and stained with

X-gal to assess whether expression was restored (see section 2.2.1.5 for X-gal staining details).

2.2.3.2 Inducible recombination in MEFs

NIH3T3 MEFs transfected with BiSyn plasmid pDG473 were counted using a Vi-CELL
XR Cell Viability Analyzer (Beckman Coulter, USA, #478389). The required number of cells
(5.0x10scells/well in a 6-well plate X number of wells required as per experiment) was
transferred to an Ependorf tube then placed in a centrifuge at 230g for 4 minutes to pellet. The
supernatant was aspirated. To promote transgene recombination, NIH3T3/DG473 MEFs were
treated with 10 viral genomes (vg)/cell adenovirus Cre in 100uL DMEM+10%FBS. Cells were
gently vortexed then placed in an incubator at 37.C for 1 hour. Alternatively, BiSyn/Cre/SNCA
MEFs (passage 3) were treated with 100nM tamoxifen (Sigma, #T5648) in a 6-well plate with
2.0 mL DMEM+10%FBS for 48 hours. Following treatment, they were counted in the same

manner, pelleted and supernatant aspirated.
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2.2.3.3 Rotenone-induced aggregation in MEFs

Recombined NIH3T3/DG473 or BiSyn/Cre/SNCA MEFs were plated on uncoated
sterilized coverslips with 4.25x10ecells/well in a 6-well plate. Cells were treated with rotenone
(Sigma, #R8875) dissolved in DMSO at concentrations of 1, 10, and 100nM. 72 hours post-
treatment, coverslips were washed in PBS then fixed in 4% paraformaldehyde (PFA) for 15
minutes. BiSyn/Cre/SNCA MEFs were then stained via IF with anti-alpha-synuclein [MJFR1]

antibody (see section 2.3.5 for staining details and Table 3 for antibody information).

2.3 BiSyn transduction experiment

Adeno-associated virus (AAV) containing our constitutive BiSyn cassette flanked by
inverted terminal repeats was used to transduce mouse CPu. | performed a thorough analysis

for transduced brains to determine the efficiency and spread of transduction.

2.3.1 rAAV preparation

Vector Biolabs re-engineered the constitutive CMV-BiSyn cassette into a hybrid AAV2/9.
Virions were purified using CsClI. The final stock titer was 4.9x1013vg/mL. The recombinant AAV

(rAAV) was stored at -800C in a 5% glycerol PBS storage solution.

2.3.2 rAAV injection

Three 11-week old wildtype male littermates were used to test rAAV transduction in the
CPu. Mice were injected with buprenorphine HCI (0.1mg/kg) from McGill University Comparative
Medicine Animal Resource Center subcutaneously at induction. They were anesthetized with
isofluorane inhalation. Stereotaxic surgery was performed as described previously1es, but with

injection into the CPu (ML 2mm, AP 0.5mm, DV -4mm). 2 mice were injected with 2uL rAAV
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(~9.8x1010vg) and 1 mouse was injected with 2uL of PBS at a rate of 1uL over 10 minutes. The

needle was held in place for 5 minutes before removal to avoid viral efflux during retraction.
The same injections were later performed in 8-week-old UCHL1-KO mice. Wildtype

control UCHL 1++(n=4), heterozygous UCHL 1+- (n=4) and knockout UCHL1-- (n=2) mice were

generated by intercrossing UCHL 1+ mice.

2.3.3 Tissue fixation

An anesthetic cocktail was prepared containing 50mg/mL ketamine and 20mg/mL
xylazine from McGill University. Mice were injected with 0.1mL/10g body weight anesthetic
(100mg/kg ketamine and 16mg/kg xylazine) at 28 days post-infection (dpi). Perfusion was
performed using PBS followed by 4% PFA. Brains were removed and placed in 10% buffered
formalin phosphate (Fisher Scientific, #192274) overnight, then sunk in 20% sucrose (Sigma,

#SULE133-18) in PBS to limit freezing artefact.

2.3.4 Tissue freezing

Fixed brains were cut in half coronally using a razor blade. They were frozen in
isopentane. Frozen brain halves were embedded in OCT in a 15mm X 15mm X 5mm cryomold
intermediate disposable vinyl specimen mold (Tissue-Tek, #4566), which was then frozen in
isopentane. It was more optimal, however, to embed brains in OCT prior to freezing, then freeze
the brain in the OCT box as this modified method reduced freezing artefact. Brains were cut at
10um thickness using a Leica CM1850 cryostat. -17 to -18.C was optimal for cutting frozen

brain tissue.

2.3.5 Immunofiluorescence

Fixed and frozen sections were washed in PBS and blocked in 5% normal goat serum

for 30 minutes, then incubated in the indicated primary antibody (Table 3) overnight at 4.C in a
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Table 3: Antibodies used for immunofluorescence application

52



Antibody Source Catalog Number Dilution
Rabbit recombinant anti-o- .
synuclein [MJFR1] Abcam Ab138501 1:300
Rabbit anti-tyrosine .
hydroxylase [EP1533Y] Abcam Ab75875 1:100
Rabbit anti-GFP chip-grade Abcam Ab290 1:500
Rabbit anti-AAV capsid protein

VP1 Bioss Antibodies  Bs-10180R 1:100
Goat ant-rabbit IgG Alexa Fluor

594 LifeTech A32740 1:500
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humidity box. Sections were washed in PBS then incubated in a red fluorescent secondary
antibody (Table 3) for 40 minutes in the dark. They were rinsed in PBS. Coverslips were applied
onto a slide using VectaShield Antifade Mounting Medium with DAPI (Vector Laboratories, H-

1200).

2.3.6 Analysis

Brains were analyzed and imaged using ZEISS AxioScan.Z1 fluorescent slide scanner
(Carl Zeiss Canada Ltd., Serial No. 4631001022) with ZEISS ZEN imaging software at 20X
magnification. Images were processed using ZEN 2 blue edition software. High magnification
images were taken on a Zeiss Airyscan confocal microscopy in the imaging core facility of
Faculty of Medicine, University of Ottawa. High magnification z-stack images were composed
on Axioskop Il fluorescence microscope with Zeiss Axiocam attachment (Carl Zeiss Canada

Ltd., Toronto, Ontario) and processed using Zeiss Axiovision software.
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3.0 Results

3.1 Generation of BiSyn mouse lines

The first BiSyn mouse was created by injecting transfected embryonic stem cells into a
blastocyst, producing a BiSyn chimera. Of the 12 BiSyn chimeras generated, one chimeric male
produced transgenic offspring, which was confirmed via terminal PCR (Figure 9A). This male
(BiSyn Chimera #6) is the sole founder of the BiSyn mouse line.

BiSyn mice were crossed with UBC-Cre-ERT2 transgenic mice to produce the BiSyn/Cre
mouse line, or they were crossed with SNCA mice to produce an intermediate BiSyn/SNCA
mouse line. Endogenous SNCA knockout and presence of Cre and Pac.4 transgenes were
confirmed via terminal PCR (Figure 9B-D). BiSyn/Cre mice were crossed with SNCA mice to
produce the BiSyn/Cre/SNCA F1 generation. The BiSyn/SNCA mice were backcrossed with
SNCA mice twice before crossing with the BiSyn/Cre/SNCA F1 mice to produce the

BiSyn/Cre/SNCA mouse line.

3.1.1 Comparative analysis of litters across the three BiSyn mouse lines

A one-way ANOVA was conducted to compare the effect of background strain on litter
size in BiSyn, BiSyn/Cre, and BiSyn/Cre/SNCA mouse lines, showing a statistically significant
result [F(2,451)=9.02, p<0.001]. Post-hoc comparisons using the Tukey-Kramer test indicated
that the mean litter size for the BiSyn/Cre/SNCA mouse line (M=6.90, SD=2.52) was
significantly larger than both the BiSyn (M=5.72,SD=2.41) and BiSyn/Cre (M=5.82, SD=2.91)
mouse lines. However, there was no statistically significant difference between the litter sizes for
the BiSyn and BiSyn/Cre mouse lines. Taken together, these results suggest that as the
background strains were more highly intercrossed, the hybrid mice had increased vigour, which

is evident in the larger litter sizes.
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Figure 9: Genotyping BiSyn mouse lines via terminal PCR.

(A) The BiSyn-5 primers generate a 583-base pair (bp) product, confirming the presence of the
BiSyn transgene in lanes 2 and 3, but not in lane 1.

(B) Genotyping for Cre recombinase using the Cre200 primers generates a 200bp product
(lanes 2 and 3), or no band in the absence of Cre (lane 1).

(C) Endogenous Snca knockout is assessed using Sncadel primers, which generate a 354bp
when Snca is present (lanes 1 and 3), or no band in null samples (lane 2).

(D) Pac.4 primers generate an ~250bp product, confirming transgene presence (lanes 1 and 2).
No band indicates that the transgene is not present (lane 3).
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3.2 Expression in BiSyn/Cre transgenic mice

In order to utilize a transgenic mouse model effectively, careful characterization should
be conducted prior to experimentation. Although our BiSyn transgenic mice were designed to
yield ubiquitous transgene expression, | have demonstrated that expression is highly stochastic

across individuals, tissues, and the lifespan.

3.2.1 Developing mice present with mosaic phenotype

Our BiSyn/Cre transgenic mice provided the opportunity to isolate unique cell lines for
the purpose of in vitro studies. In particular, we were interested in utilizing MEFs and primary
SN neurons to assess the validity and mechanisms behind exosome-mediated a-syn aggregate
propagation. Therefore, it was critical that we ensured ubiquitous transgene expression at
various developmental time points. To evaluate transgene expression through development, we
used X-gal histochemical staining. This method enables assessment of B-gal positivity, which, in
the case of the BiSyn transgene construct, is not dependent on the efficiency of tamoxifen-
induced recombination, making this a better estimate for raw expression compared to an
approach that would assess expression of our Venus-a-syn fragments post-recombination.

There was no (3-gal positivity at the 2-cell stage (Figure 10A; n=6). One 4-cell zygote
displayed mosaic expression, while all others were negative for $-gal expression (Figure 10B;
n=13). The 8-cell stage displayed all possible expression phenotypes (Figure 10C — E; n=33),
with the majority favouring mosaicism (Figure 10G). Despite all BiSyn/Cre mice being
homozygous for the BiSyn transgene, ubiquitous expression was never achieved beyond the 8-
cell stage. In fact, the 8-cell stage is the only time point when homogeneity of expression was
present (Figure 10E). The 8-cell stage marks a shift in transgene expression such that 90% of
morulae (n=10) and 100% of blastocysts (Figure 10F; n=8) display B-gal positivity in a

stochastic fashion. A x2 test for independence was performed (x2=36.993), yielding a statistically
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Figure 10: Silencing in zygotic stages is alleviated in a stochastic fashion at the 8-cell
stage.

(A) 2-cell zygotes lack B-gal positivity.
(B) Similarly, nearly all 4-cell zygotes are negative for transgene expression.

(C-E) There are 3 expression phenotypes at 8-cell stage, at which time zygotes display (C)
homogeneity of negative staining, (D) mosaic expression, or (E) homogeneity of $-gal positivity.

(F) As cells multiply further and form into blastocysts, all individuals display $-gal positivity,
however stochasticity of expression phenotype is evident at this stage.

(G) There is a clearly defined shift at the 8-cell stage when individuals begin expressing the
BiSyn transgene. Beyond the 8-cell stage, however, homogeneous 3-gal positivity is not
observed, and all individuals display a mosaic expression phenotype.
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significant result (p=0.000012). These data indicate that developmental stage has an effect on
expression phenotype.

Since MEFs and primary SN neurons are isolated at gestation day e14.5, | assessed
whole embryo expression at this time point along with MEFs isolated from our transgenic mice.
Of the 16 distinct MEF cultures isolated from BiSyn/Cre mice, none of them displayed B-gal

positivity. Whole embryos showed a wide variation in mosaic phenotype (Figure 11A-C).

3.2.2 Gametic variation in transgene expression

Since the zygotic expression data were surprisingly stochastic, | was interested in
assessing whether gamete expression is the potential cause of expression variability. In pursuit
of answering this question, | stained whole testes and ovaries with X-gal, then used cryo-
techniques and microscopy to further evaluate expression in oocytes.

The testis expresses over 77% of all protein coding genes, far more than any other
tissue type19s4. X-gal stained testes demonstrate thorough B-gal positivity throughout (Figure 12A
and B). These results are consistent with X-gal stained testes from three years previous when
the BiSyn/Cre mouse line was generated (Figure 12B), indicating that our transgene has
remained intact over time. Silencing is thus not the result of mutation or deletion of the
transgene.

Beginning as early as the oocyte, B-gal expression is stochastic. Ovarian cross-section
demonstrates mosaic expression throughout the medulla with reduced B-gal positivity in the
cortex (Figure 12D). While B-gal positivity is completely absent in some follicles (Figure 12E),
other follicles maintain expression in granulosa cells throughout the epithelium (Figure 12F).
Some follicles, however, preserve B-gal expression within oocytes (Figure 12G). There is ~3-

fold more oocytes that do not exhibit expression compared to those that show [3-gal positivity.

61



62


Kianna Mau
62


Figure 11: Stochastic nature of B-gal expression in BiSyn/Cre littermates at gestation day
e14.5.

Histochemical coloration X-gal staining reveals (A) minimal, (B) moderate, or (C) high levels of
B-gal positivity in littermates at gestation day e14.5.
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Figure 12: BiSyn/Cre reproductive organs stained with X-gal yield mosaic phenotype in
ovaries but not testes.

(A) Testes show thorough penetration of B-gal positivity through the entire breadth of the testis.
Expression appears ubiquitous.

(B) Testis stained three years prior yields a similar ubiquitous expression phenotype.

(C) On the contrary, a testis that was harvested from a tamoxifen-treated, Cre hemizygous
mouse shows a mosaic expression phenotype as a result of inefficient recombination.

(D) Cross-section of X-gal stained ovaries reveals mosaic transgene expression throughout.

(E) Increased magnification of X-gal stained ovaries reveals the presence of some follicles
lacking B-gal expression entirely.

(F) The majority of follicles display mosaic B-gal positivity in granulosa cells within the follicular
epithelium.

(G) A small portion of follicles yield some degree of maintained (3-gal positivity.

G = granulosa cells; O = oocyte; C = cortex; M = medulla.

Scale bars = (D) 300um; (E-G) 100um.
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3.2.3 Stochastic expression in regions critical to PD pathology

Despite the observed mosaicism throughout development, we wanted to address
whether PD-critical regions (i.e., SN and CPu in the brain, and neuronal plexuses in the Gl tract)
preserved sufficient expression to use these transgenic mice for in vivo studies. Using the same
X-gal staining and cryo-techniques, | have confirmed that the stochastic nature of expression
observed throughout development and in ovaries persists into the adult brain. $-gal positivity
was observed in the CPu and hippocampus, but not SN, of ~50-60% of mice; however, the
number of expressing cells in these two regions was minimal (Figure 13A-F, I). Both within a
single brain and between brains of littermates, expression stochasticity is evident (Figure 13G-
I). High levels of expression were not observed in any of the PD critical brain regions (Figure
131).

The myenteric plexus of the Gl tract was also considered in expression analyses. Since
B-gal is an enzyme involved in lactose fermentation, X-gal staining can label both our transgene
and endogenous species that typically exist in enterocytes19s. | therefore treated mice with
tamoxifen and used an IF technique with human a-syn antibody. Unfortunately, there was no

antibody specificity observed, likely indicating insufficient expression in our sample specimens.

3.2.4 Expression is not restored in late passage MEFs

Before pursuing alternative approaches, | wanted to first identify whether transgene
expression could be restored, which would therein preclude the need to develop a novel
system. Although the CAG promoter is widely used and evidence supports its ability to drive
ubiquitous expression1gs with high efficiency197, two distinct research groups have shown that it
can become hypermethylated, thereby causing unstable transgene expression1gs,199. These
separate studies have identified distinct DNA methyltransferases (DNMTs) that regulate this

hypermethylation tendency; while DNMT3b was the culprit in one reporties, DNMT1 was the
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Figure 13: Stochastic mosaicism in PD-critical CNS regions from BiSyn/Cre mice.
(A, B) SN sections showed no transgene expression.

(C) Some mice preserved low to medium levels of stochastic expression in the striatum.
(D) However, slightly fewer individuals did not display any striatal B-gal positivity.

(E, F) Similarly, in the hippocampus some mice displayed low to medium levels of mosaic
expression (E), while an equal number of individuals did not have any B-gal positivity (F).

(G, H) Macroscopic view of sectioned brains following X-gal staining reveals the stochasticity of
expression with varied levels in different regions of the same brain and between two brains from
individuals of the same BiSyn homozygous litter.

(I) High levels of expression were never achieved in the brain regions critical for PD and DLB
pathologies. The mice that displayed -gal positivity in the CPu were not consistently the same
individuals with hippocampal positivity, further confirming the stochasticity of expression.

Scale bars = (A-F) 100um.
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driver of silencing in another1gs. 5-aza-dC has been shown to reverse DNA hypermethylation
caused by DNMT1 and 3bzoo. If our transgene was similarly becoming hypermethylated, 5-aza-
dC should be able to restore expression. We also considered deacetylation as our mechanism
of silencing. Although this has not previously been shown to affect the CAG promoter to our
knowledge, silencing of the CMV promoter, which is a component of the more complex CAG
promoter, has been associated with deacetylation. Some researchers have reversed CMV
promoter silencingzo1 or have enhanced transgene expression driven by the CMV promoterzoz
via histone deacetylase complex (HDAC) inhibitors that selectively inhibit class | and [l HDACs.
If our CAG promoter was similarly undergoing deacetylation, then treatment with SAHA (i.e., an
inhibitor of class | and Il HDACs [reviewed in 203]) should restore expression.

To address whether transgene expression can be restored via 5-aza-dC or SAHA
exposure, | treated BiSyn/Cre MEFs with these inhibitors. At low concentrations, these
treatments did not restore expression. At high concentrations, treatments restored expression in
only a few cells, and these concentrations were cytotoxic, leading to cell death. The combined
treatment was also insufficient. Together, these data indicate that transgene expression cannot
be restored by 5-aza-dC and SAHA treatments. This suggests that neither hypermethylation nor
deacetylation of the BiSyn transgene are the likely drivers of stochastic silencing.

Considering incomplete recombination (Figure 12C) in conjunction with lack of
expression homogeneity, our transgenic mice were deemed unfit for in vivo experimentation. It
was therefore pertinent that we consider alternative approaches to answer questions regarding

the initiation and propagation mechanisms of a-syn aggregates.

3.2.5 BiSyn system is functional in early passage MEFs and transfected cell lines

Despite lack of expression, | wanted to ensure that our transgene was functional before
using it in a novel system. In theory, a-syn aggregation promotes the assembly of Venus-YFP

reporter protein fragments into their 3-dimensional conformation, which is fluorescent. To test
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the functionality of our system, | exposed transfected NIH3T3 MEFs and BiSyn/Cre/SNCA (see
section 2.2 and Table 2 for details regarding this mouse line) MEFs to rotenone, a mitochondrial
complex | inhibitor. Of the MEF cultures isolated from BiSyn/Cre/SNCA embryos (n=10), 40%
displayed stochastic expression, however this expression diminished once MEFs reached
immortalization. Possibly, the FVB background enriched an expression phenotype, whereas
expression in the parent BiSyn/Cre mice was diluted in their rich C57BL/6 lineage. Nonetheless,
stochastic mosaicism is prominent regardless of the background.

A specific BiSyn/Cre/SNCA MEF culture that displayed relatively high levels of B-gal
positivity in early passages was used to test the functionality of our BiSyn system alongside
NIH3T3 MEFs transfected with the conditional BiSyn construct. Recombination was stimulated
using either 4-OH-tamoxifen for systems that contained endogenous Cre or adenovirus Cre for
those that did not. The recombined samples were then treated with a range of rotenone
concentrations to stimulate aggregation. 100nM rotenone was sufficient to induce Venus-YFP
fragment reconstitution, for both MEF cultures (Figure 14D, H). However, the pattern of
fluorescence is remarkably distinct for each cell type. NIH3T3 MEFs exhibited disperse, whole-
cell fluorescence. Intriguingly, the BiSyn/Cre/SNCA MEFs displayed punctate signal, which is
typically observed in PD patients and models. These data indicate that the aggregation-
promoting stimulus rotenone is able to stimulate Venus-YFP fragment reconstitution and thus

emit fluorescence, confirming BiSyn functionality.

3.3 Delivery of BiSyn via AAV as an alternative model

Vector Biolabs re-engineered our BiSyn expression cassette into a hybrid AAV vector
and generated a stock of virions. The resultant AAV2/9-CMV-BiSyn uses the replication genes
from AAV2 in combination with the capsid genes from AAV9. AAV9 capsid presentation has
been shown to effectively transduce almost entirely into neurons in the ENS204. To validate the

novel AAV2/9-CMV-BiSyn approach, two wildtype mice were injected stereotactically with our

70



71


Kianna Mau
71


Figure 14: Rotenone-treated MEFs display BiSyn fluorescence.

(A-D) NIH3T3 MEFs (n=4) treated with (A) 0.1% DMSO control, (B) 1nM rotenone, (C) 10nM
rotenone, and (D) 100nM rotenone show BiSyn signal (green) only at the highest concentration
of the toxin.

(E-H) Immunofluorescence staining with anti-a-synuclein [MJFR1] antibody on BiSyn/Cre/SNCA
MEFs (n=1) treated with (E) 0.1% DMSO and (F) 1nM rotenone display a-syn positivity (red)
without evidence of Venus-YFP reconstitution. Treating these cells with higher concentrations of
(G) 10nM and (H) 100nM rotenone present with a punctate pattern of BiSyn signal (white
arrows).

Scale bars = 50um.
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virus and one with PBS as a control in the CPu. | performed a thorough analysis of these
wildtype brains, outlined below. Subsequently, we moved toward a UCHL1 knockout mouse
line2os, performing the same injection in wildtype (n=2), hemizygous (n=4), and null (n=2) mice
as a pilot investigation for the effect of glutathione deficiency on BiSyn aggregation.
Unfortunately, the virus had been thawed too many times leading up to the injections and
transduction did not occur in these brains. We have taken this into consideration for future
experiments and have recently injected two additional wildtype mice with a fresh aliquot of our
virus for future investigation. Herein, | present the data from the initial two wildtype mice. |
recognize the limitation in such a small sample size, but further experiments were precluded by
the suspension of laboratory work necessitated by the COVID-19 pandemic. Rather than
making sophisticated claims from these data, | present them as evidence for validating the

AAV2/9-CMV-BiSyn approach as preliminary to future systematic studies.

3.3.1 Pattern of striatal transduction with AAV2/9-CMV-BiSyn

A thorough analysis of the CPu was performed using IF staining with an antibody against
human a-syn, showing that AAV2/9-CMV-BiSyn transduced cells throughout the ipsilateral CPu,
but not the contralateral (Figure 15A, D, G, J, M). Although a previous graduate student,
Madison Gray, assessed the specificity of the MJFR1 antibody for a-synzos, | used an anti-GFP
antibody to ensure its specificity for our BiSyn fragments. The two methods presented a similar
expression pattern (data not shown). BiSyn was present in rostrosuperior regions of the CPu
(Figure 15B), extending into laterosuperior CPu regions residing next to the cortex and the
anterior horn of the lateral ventricle at the level of the injection site (Figure 15E), and through to
caudosuperior regions (Figure 15K, N). Fewer cells displayed Venus-YFP reconstitution in CPu
regions furthest from the injection site compared with the vast number of cells emitting BiSyn
signal surrounding the injection site. An extended region of a-syn positivity was present around

the needle tract, giving evidence for transduction in the medial CPu (Figure 15F, H, L).
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Figure 15: BiSyn expression and aggregation from rostral to caudal CPu regions.

(A-O) Immunofluorescence staining with anti-a-synuclein [MJFR1] antibody was performed on
10pm thick brain sections.

(A-C) a-syn positivity co-localizing with some BiSyn signal is present in the ipsilateral (B) rostral
CPu and (C) the medial nucleus accumbens.

(D-F) At the level of the injection site, high levels of a-syn positivity and BiSyn signal are present
in the (E) subventricular zone and (F) medial CPu.

(G-I) Caudal to the injection site, maintained expression and BiSyn signal are present in
laterosuperior and (H) medial CPu areas as well as (I) both hemispheres of the lateral septal
nucleus, dorsal fornix, and septofimbrial nucleus.

(J-L) Further in the caudal direction, BiSyn signal is present at lower levels in the (K) superior
and (L) medial CPu.

(M-O) In the most caudal CPu region examined, (N) a-syn positivity and low levels of BiSyn
puncta are present in the superior CPu adjacent to the lateral ventricle. (O) The superior CA3
hippocampal layer also exhibits a-syn positivity and Venus-YFP reconsitution.

Scale bars = (B, C, E) 50um; (F, H, |, K, L, N) 100um; (O) 200um.
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Transduced cells appear to be neuronal. High magnification imaging reveals BiSyn
signal throughout the soma, extending into dendrites and dendritic spines, as well as axons and
terminal buttons (Figure 16A, B). Since SNpc dopaminergic neurons degenerate in Parkinson’s
brains, which in turn leads to striatal dopaminergic denervation, | wanted to identify whether
transduction occurred in dopaminergic axon terminals at the CPu injection site. Herein, CPu
sections were stained with an anti-TH antibody (i.e., marker of catecholaminergic neurons),
demonstrating that BiSyn is, in fact, present in TH+ axon terminals in the CPu (Figure 16B).
This indicates that our hybrid AAV is able to transduce in both cell bodies and axon terminals at

the CPu injection site.

3.3.2 Viral propagation via CSF

a-syn positivity and Venus-YFP reconstitution was not confined to the CPu. There is
evidence that the virus was transported through cerebral spinal fluid (CSF). a-syn positivity was
present in the lateral septal nucleus, dorsal fornix, and septofimbrial nucleus; structures which
lie between the anterior horns of the lateral ventricle (Figure 15l1). The right anterior horn
neighbours the ipsilateral laterosuperior CPu, which displayed rostrocaudal BiSyn expression.
These structures showed greater expression on the ipsilateral side to the injection site, however
expression was also present at slightly lower levels on the contralateral side.

In the hippocampal region caudal to the septum, there was transduction of cells
throughout the superior part of the CA3 layer (Figure 150). Venus-YFP reconstitution, was
present throughout these regions, though puncta were not observed.

a-syn positivity and BiSyn signal were present in a confined region of the dopamine-rich
nucleus accumbens in both the mice analyzed. More specifically, these transduced cell bodies
appear to be located within the ipsilateral rostral migratory stream (RMS; Figure 15C).

The CPu does not have direct connections with these structures, which suggests that

the virus was transported through CSF. Despite these regions showing high levels of
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Figure 16: BiSyn expression extends through the entirety of the neuron.

(A, B) Venus-YFP fluorescence (green) is observed in the soma, the dendritic processes and
dendritic spines (A) as well as axons co-labelling with anti-a-synuclein [MJFR1] antibody (B).

(C) IF staining with anti-TH antibody showing a neuron containing BiSyn signal surrounded by
TH+ axon terminals in the CPu.

(D) From the same section as that in (C), several TH+ axon terminals containing BiSyn signal
(co-labelling appears orange) are observed.

Ax = axon; d = dendrite; S = soma; Sp = dendritic spine; T = axon terminal.

Scale bars = (B, D) 50um; (C) 20um.
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expression, viral spread via CSF did not result whole-brain transduction. Regions that have
direct neuronal connections with the CPu displayed significantly greater expression levels than
any other brain region, with the exception of these named regions that all reside adjacent to the

anterior horns of the lateral ventricle.

3.3.3 Viral propagation via structural connectivity

Due to the immense interconnectivity between the CPu and SN, and the importance of
this nigrostriatal circuity in PD, | investigated viral transport between these regions. Similar to
the CPu, | performed a thorough analysis throughout the SN. Immunostaining with anti-TH
antibody revealed the presence of BiSyn signal throughout the SN, however at lower levels in
the most rostral and caudal regions (Figure 17A, C, E, G, I). BiSyn signal was observed in TH+
SNpc neuronal somas, with some occurrence of puncta (Figure 17D, H, J). There was also
BiSyn signal in the substantia nigra pars reticulata (SNr); despite lack of evidence for Venus-
YFP reconstitution in SNr cell bodies, there was an abundance of TH+ axon terminals
containing BiSyn fluorescence (Figure 17B, D, F). This limited data confirms that AAV9 capsid
presentation enables transport in both anterograde and retrograde directions, which was
demonstrated in a previous studyzo7. Interestingly, the furthest caudal SN level shows BiSyn
puncta in both TH+ and non-dopaminergic somas (Figure 17J), which may provide evidence for

the cell-to-cell propagation of BiSyn since only the TH+ axons project to the CPu.

3.3.4 Viral uptake into glial cells

Initially, we intended to use the anti-viral capsid protein VP1 antibody as our primary
marker of viral propagation throughout the brain. Despite the abundance of BiSyn expression at
28dpi, we did not observe any VP1+ neurons. Instead, positive staining was located within glia

(Figure 18). These VP1+ glia appeared to be microglial. This pattern of staining was observed in
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Figure 17: Viral transport occurs in antero- and retrograde directions.

(A, C, E, G, I) Immunofluorescence staining with anti-TH antibody (red) throughout the SN
shows some colocalization with Venus-YFP reconstitution (green).

(B) At the rostral SN level, BiSyn signal is present in axons.

(D) The interface of TH+ cell bodies in the SNpc and TH+ axon terminals in the SNr with BiSyn
co-localization in both.

(F) There is an abundance BiSyn signal in TH+ axon terminals in the SNr.

(H) TH+ SNpc cell bodies contain BiSyn puncta.

(J) Although very little BiSyn signal remains in caudal SN regions, both TH+ and TH- cell bodies
show punctate BiSyn inclusion bodies, which may indicate cell-to-cell propagation of

aggregates.

Scale bars = (A, C, E, G, 1) 1000um; (B, D, F) 100um; (H, J) 50um.
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Figure 18: AAV capsid uptake into glia that neighbour BiSyn-containing axon termini in
the SNr.

The structure of VP1+ cells (red) resembles microglia. These positively stained cells are located
within a meshwork of axon termini that contain BiSyn aggregates.

Scale bar = 10um.
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both the CPu and SN. This suggests that microglia might play a role in AAV capsid degradation

after deposition of target DNA into the neuronal nucleus.
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4.0 Discussion

4.1 BiSyn/Cre transgenic mouse model

Although our BiSyn/Cre transgenic mice express BiSyn in a stochastic and mosaic
fashion, and consequently cannot be used for future experimentation, this work reiterates the
significance of position effect variegation. Expression in our mice demonstrate the dynamic
nature of the boundary between eu- and heterochromatin. As well, our efforts to demonstrate
patterns of silencing in development have uncovered the possibility of an earlier onset of

position effect variegation (PEV) than was previously established.

4.1.1 Re-evaluating the ubiquitous transgenic model

The theory behind our ubiquitous transgenic system is quite appealing. Under the
premise that a-syn possesses properties similar to PrPsc, a healthy cell becomes diseased
when misfolded a-syn seeds the conversion of wildtype a-syn proteins to misfolded and
aggregated speciessr.7891,98,99. It is therefore critical that the healthy cell expresses the native a-
syn protein and therein, a ubiquitous system would seemingly be ideal. We demonstrated,
however, that raw expression in the CNS was limited and therefore the ability of a-syn to seed
misfolding and aggregation in healthy cells would have been inconsistent, not only between
individuals but also within a single individual.

Should our transgenic system have been successful, a-syn overexpression would have
occurred in parallel. Overexpression of a-syn alone is sufficient to stimulate its self-aggregation
tendency, which occurs from familial PARK4 mutations, and in particular SNCA trisomysse7.
Therefore, distinguishing between propagated and spontaneous aggregates in a system that
ubiquitously overexpresses a-syn may have been impractical. BiSyn was designed to target the

earliest stages of initiation and propagation in order to identify mechanisms and pathways in the
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ENS. For such purpose, a non-ubiquitous system may in fact be more ideal than we previously
hypothesized. Although our novel AAV2/9-CMV-BiSyn system does not allow for recruitment of
aggregate species in non-transduced cells, we are able to visualize aggregate propagation in its

earliest stages.

4.1.2 Tamoxifen-inducible recombination efficiency

Our tamoxifen-inducible system was not entirely efficient in promoting recombination at
the dose corresponding to our lab’s protocol (180mg/kg body weight for 5 days) and therefore
recombination was not occurring in all cells. Another study showed that recombination is dose-
dependent wherein a higher tamoxifen dose (225mg/kg body weight for 5 days) was more
successful at stimulating recombination in most tissues assessed including the hippocampus,
cortex and intestines1ss. Our observational assessment of recombination in testes, which were
not assessed in the aforementioned study, revealed a highly mosaic phenotype post-

recombination.

4.1.3 Zygotic genome activation

Single cell sequencing has discredited the longstanding notion that there is a specific
developmental time point when maternal gene expression shifts to zygotic genome activation. A
review published in Developmental Cell in 2017 describes instead a transition phase during
which paternal zygotic alleles begin to sharply demethylate in the 1-cell stage, while maternal
zygotic alleles are demethylated at a much slower rate. By the 8-cell stage, euchromatin is
accessible, resembling that of somatic cells, and facilitating a drastic increase in gene
expression [reviewed in 208]. We have demonstrated BiSyn silencing through the 1-, 2-, and 4-
cell zygotic stages followed by an intriguing shift at the 8-cell stage when individuals began
expressing our transgene. By the blastocyst stage, all individuals displayed mosaicism. The

ability of some cells, but not others, to activate BiSyn expression renders transgene silencing in
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the oocyte an unlikely cause of transgene silencing in zygotes. Rather, this observation
suggests the source of silencing to stem from the site of transgene integration with respect to

chromatin accessibility.

4.1.4 Mosaicism attributed to position effects

If transgene silencing was the result of a hypermethylated or deacetylated CAG
promoter, as reported in other transgenic systems1gs,199, treatments with 5-aza-dC and SAHA
should have recovered expression2oo—203. Since expression could not be restored, there are
other factors to consider. We deliberated the leakiness of the Cre-lox system, however a
previous study indicated that recombination in the absence of tamoxifen is minimaliss and
therefore could not be responsible for the high levels of silencing observed in our system.
Further, tamoxifen-treated intestines in my assessment of ENS expression, which would have
also accounted for recombination due to a leaky Cre-Lox system, showed a complete lack of
expression.

Position effect variegation (PEV) describes the silencing of a gene in some somatic
cells, but not others, resulting in a mosaic expression phenotype. An otherwise euchromatic
gene can adopt a condensed heterochromatin-like structure with regularity in nucleosome
arrayz09,210. This tightly packed arrangement reduces histone accessibility and thus diminishes
gene expression. Our transgenic mouse expression data can be explained by PEV.

Drosophila melanogaster typically have red eye pigmentation; however, researchers
observed some flies that display mosaicism. Herein, flies exhibited variegated expression of red
and white pigmentation due to PEV. In 1989, Joel C. Eissenberg proposed a model for PEV,
suggesting that chromosome rearrangement can alter the position of heterochromatic
breakpoints (Figure 19A). When a rearrangement places a gene between a heterochromatic
initiator and stop signal, the heterochromatin can extend into an otherwise euchromatic region

(Figure 19B)211. Expression is therefore unstable at the interface between euchromatin and
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Figure 19: Position effect variegation in the Drosophila eye.

(A) The white locus (w+) is critical for determining red pigment in the Drosophila eye. It is
normally located in the euchromatic (straight line) region distal to heterochromatin (zig-zag line).
In the case of the inverted X-chromosome, there is abnormal translocation of w+ resulting from
chromosomal breaks, which has moved w+ between heterochromatic breakpoints. The
corresponding flies have variegated eye pigmentation.

(B) Chromosome rearrangements that cause a heterochromatic breakpoint (//) to be located
between initiator (i) and stop signals can cause heterochromatin to spread into an otherwise
euchromatic region. In Drosophila, heterochromatin spreading into the region containing w+
leads to its inactivation (bottom, white facet). The extent of heterochromatin spreading varies in
each cell causing mosaic w+ expression.

Adapted from 211. Permission to reproduce found in Appendix H.
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heterochromatinz12. In early development, genes that are included in the heterochromatic region
become inactive. Each cell presents a varying degree of heterochromatin extension and thus
the proportion of cells with consequent gene inactivation regulates the degree of mosaicismz11.
Rather than a designated boundary existing between hetero- and euchromatic domains, this
region can be continuous, contributing to the expression variability between cells212.
Eissenberg’s group later demonstrated that heterochromatic silencing, and thus the
extent of PEV, is dependent on the developmental state212, as we have shown in our BiSyn/Cre
transgenic mice. The highly mosaic phenotype presented a high degree of stochasticity
between cells and individuals, consistent with PEV. Promoter strength cannot suppress PEV212.
Therefore, the intrinsic efficiency of the CAG promoter197 has no effect on heterochromatin
spreading and mosaic expression phenotype in accordance with PEV. While Eissenberg and
colleagues proposed that gastrulation marks the initiation of PEV212, we have shown that PEV
can begin as early as the 8-cell stage and is prevalent in all individuals at the blastocyst stage.
In retrospect, it would have been worthwhile to breed progeny from more than one
transgenic founder, which is typically the norm in our breeding schemes. Our original effort to
generate 12 BiSyn chimeras resulted in only one that was able to produce transgenic offspring.
Due to the extensive number of intercrosses that were anticipated to generate our
BiSyn/Cre/SNCA mouse line by incorporating Pac.4 in the absence of endogenous Snca, we
chose to proceed with only one BiSyn founder. In accordance with the PEV hypothesis, multiple
founders, and thus multiple transgene insertion sites, would likely have eliminated the observed

mosaic phenotype and permitted ubiquitous BiSyn expression.

4.2 AAV2/9-CMV-BiSyn model

With a reputation for generating more ROS than any other cell type in the CNS23-2s,
nigral dopaminergic neurons have a heightened susceptibility to pathological a-syn and

subsequent degenerationz1,22. We have provided evidence for viral uptake in striatal TH+ axon
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terminals and have demonstrated that AAV2/9-CMV-BiSyn can transport both antero- and
retrogradely, with BiSyn signal present in SNr axon termini and SNpc TH+ somas. We have
also demonstrated intriguing evidence for the potential transduction of neural progenitor cells
and provide insight into the interplay of inflammation, pathogenesis, and neurodegeneration in

the olfactory bulb (OB).

4.2.1 Transduction specificity

Despite previous studies demonstrating the specificity for AAV9 to transduce almost
entirely into neurons2os,207, further assessment for this specificity from our hybrid AAV2/9 is
required. Our system expresses the capsid proteins associated with AAV9 and is therefore
considered to act accordingly. We have, in fact, demonstrated the capacity for AAV2/9-CMV-
BiSyn to transduce into neurons, however, additional staining is required to assess neuronal
exclusivity. Future staining with PGP9.5, a neuronal marker, is expected to show colocalization
with our BiSyn signal. Conversely, we anticipate mutual exclusivity of our BiSyn signal and
staining with the glial marker GFAP. These experiments were in progress when laboratory work

was suspended due to the COVID-19 pandemic.

4.2.2 Expression patterns

Our BiSyn signal presented differently in different neuronal structures and in distinct
brain regions. At the injection site, entire somas and neurites displayed brilliant fluorescence,
which is consistent with the previously mentioned study by McLean and colleagues77 who used
a similar approach to our AAV2/9-CMV-BiSyn. TH+ cell bodies in the SNpc displayed either the
same fluorescence throughout as observed in the CPu, or punctate inclusion bodies in more
caudal regions. Interestingly, we noticed a bead-like pattern in lengthy neurites, both in the CPu
and SNpc. McLean’s group demonstrated that this beading pattern is consistent with dystrophic

neuritesrz,179. Rather than our PBS injection as a control, their group uses a full-length Venus-
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YFP cassette, enabling comparison between the pure fluorescent signal and fluorescence
associated with a-syn pathology. While the Venus-YFP fluorescence is diffuse and supports
healthy axons, the a-syn associated fluorescence precipitates puncta and corresponds to
dystrophic neurites77,179, consistent with an earlier report from 1998 in the Journal of

Neuropathology and Experimental Neurology21s.

4.2.3 AAV propagation tendencies

The Braak hypothesis relies heavily on retrograde propagation of a-syn
aggregatesioo,102-104 wherein these hypothesized prion-like species exploit axonal and
transneuronal transport mechanismsa11s. In order to use our novel tool to study various aspects
of the proposed dual-hit hypothesis1o3,104, our AAV2/9-CMV-BiSyn system must propagate in a
retrograde fashion. At 28dpi, we demonstrated the presence of both antero- and retrograde
propagation from the CPu to the SNr and SNpc, respectively. The differentiation in expression
level between the two SN parts, however, likely indicates that our system has a greater ability to
travel in an anterograde rather than retrograde manner. The directional transport ability of AAVs
is serotype dependent214. Presentation of AAV9 capsid has been associated with bi-directional
transportzo7, consistent with our results. The capacity for anterograde transport of AAV9 has a
strong dose-dependence2or. Our study’s relatively high viral titer (4.9x1013vg/mL) might account
for this discrepancy in direction of propagation. In future endeavours, a 10-fold lower viral titer
has been shown to be sufficient in its transduction capacity204 and also promotes lower levels of
anterograde transport without disrupting retrograde transportzo7. Reducing the volume of
injected substance should also prevent transduction in non-connected structures, which likely
transported through CSF. Nonetheless, it would be negligent to disregard the vast divergence of

dopaminergic SNpc axonal branching throughout the CPuz1s.216, and in accordance we may

92



instead be observing signal dilution as only select terminals from any single neuron might be
located near the injection site.

Regardless of antero- or retrograde transport tendencies, we observed finite evidence
supporting cell-to-cell spread of BiSyn signal. AAVs have an innate inability to self-propagate217.
Once internalized, AAVs undergo one of two fates: proteolysis by the proteasome or nuclear
transport via nuclear pores. In the nucleus, our single-stranded vector DNA encoding BiSyn is
converted to double-stranded DNA by the action of mouse DNA polymerases. The inverted
terminal repeats that flank our BiSyn cassette stimulate recombination, which can either enable
BiSyn to incorporate into the mouse genome, which is unsustainable and occurs at low
frequencies, or recombination can convert BiSyn into a circular episomal genome, which
persists in the nucleus and offers sustained transgene expression (Figure 20) [reviewed in 21g].
With the mechanism of AAV transduction in mind, it is conceivable that any BiSyn signal
residing outside the neurons directly connecting the CPu and SNpc could therefore only exist in
adjacent cells owing to cell-to-cell propagation of BiSyn. Further investigation is required to

verify whether this hypothesized prion-like spread of BiSyn is, in fact, occurring.

4.2.4 Adult neurogenesis and Parkinson’s disease

We have demonstrated that AAV2/9-CMV-BiSyn transduced neurons in the
subventricular zone (SVZ), a narrow region located along the outer wall of the lateral ventricles,
adjacent to the CPu. Mammalian adult neurogenesis, first described by Joseph Altman in
1962219, occurs in two CNS locations: the SVZ and the subgranular zone in the hippocampus.
Neuronal progenitors that are produced in the SVZ migrate along the rostral migratory stream
(RMS) to the olfactory bulb (Figure 21)220,221. As the cells travel through the RMS, they
differentiate into olfactory periglomerular and granule GABAergic interneuronsz21-223.
Intriguingly, we found BiSyn signal in a compact region of the medial nucleus accumbens, which

we postulate to be the RMS. The cells that presented BiSyn signal in this region were small and
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Figure 20: Mechanism of rAAV transduction.

Glycosylated cell surface receptors bind AAV, stimulating clathrin-mediated endocytosis. This
process is called internalization. The capsid proteins change conformation in the endosome due
to the altered pH. This facilitates endosomal escape. The AAV can then follow one of two
pathways: proteolysis by the proteasome or nuclear transport via nuclear pores. Once in the
nucleus, the AAV undergoes uncoating, wherein the capsid proteins are removed, enabling
access to the target DNA. Once in a double-stranded form either by means of self-
complimentary AAV or conversion of single-stranded DNA via synthesis of the second strand by
DNA polymerases from the host cell. Recombination is stimulated by the viral inverted terminal
repeats that flank the target gene. This converts the target DNA into a circular episomal genome
that persists independently in the nucleus or, less commonly can be incorporated into the host
genome.

From 218. Permission to reproduce found in Appendix .
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Figure 21: The rostral migratory stream.
Neural progenitors are produced in the SVZ. They travel along the RMS to reach the OB. The
RMS is sheathed in an astroglial tube, which provides scaffolding for the vasculature system.

Astrocytes have many important functions throughout this network, which are highlighted in the
schematic.

From 224. Permission to reproduce under the Creative Commons Attributions License.
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round with BiSyn signal evident in surrounding cell processes, appearing much like the
morphology presented in a BMC Neuroscience article in 2005 depicting migrating neural
progenitors through the RMS225. Since differentiated neurons from the RMS incorporate into the
granule cell layer in the OB, we propose that neural stem cells were transduced in the SVZ and
began migrating to the olfactory bulb via the RMS. Transgene overexpression led to the
visualization of a-syn aggregates, enabling detection in the RMS. Further studies, including
immunostaining for neural stem cell markers (e.g., neural cell adhesion molecule, nestin, etc.),
are required to elucidate this intriguing possibility.

Interestingly, olfaction is seldom considered in a routine clinical examination despite its
relevance in a number of neurological diseases [reviewed in 226]. Early loss of odor
discrimination is common in 90% of PD patients227. Accordingly, impaired SVZ neuronal
progenitor proliferation and subsequent migration to OB regions has been observed in both PD
patients and animal models22s,229, which has been specifically correlated with compromised odor
discrimination in rodents222. Zapiec and colleagues recently described a novel 3-dimensional
approach, demonstrating that higher phosphorylated-serine-129-a-syn concentrations are
correlated with lower glomerular voxel volume (i.e., the 3-dimensional volume within the
olfactory bulb that is immunohistochemically positive for glomeruli)2zo. Compared to controls, the
glomerular voxel volume is reduced by approximately 50% in PD patients23o. Although age-
related reductions in progenitor proliferation have been establishedz29, this compounding loss in
PD patients is at the consequence of dopaminergic denervation22s,229. Similar to the projections
from SNpc to CPu1s, dopaminergic fibers from the SNpc project topographically to the SVZ229.
Therefore, nigral dopaminergic atrophy reduces DA release at the SVZ, and in particular
reduced D2 receptor binding is associated with impaired progenitor proliferation22s. Various PD
rodent models have shown distinct alterations in neurogenesis, including reduced proliferation,

altered stem cell fate, and altered migration patterns [reviewed in 231]. In the hippocampal
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subgranular zone, aberrant and aggregated a-syn mediates repression of Notch1 signalling,
which in turn prevents neural progenitor proliferation, maturation and survivalzs2.

Transduction in regions that generate neural progenitors creates possibilities for
regenerative therapeutics using rAAV. For example, Yu and colleagues showed that
transduction of SVZ neural progenitors with AAV serotype 1 containing brain derived
neurotrophic factor (BDNF) significantly helped with progenitor migration in a rodent stroke
model, corresponding to significant functional recovery2ss. More relevant to PD, a similar AAV
approach delivering vector BDNF promoted recruitment of SVZ progenitors to the CPu of
lesioned rodents and facilitated neuronal differentiation2s4. If researchers can manipulate the
chemoattractive signals that guide migration of neural progenitors, which was revolutionized in
these rodent models, we can guide neural progenitors specifically to the SNpc. Thereafter, a
mechanism to stimulate synaptogenesis into CPu regions could offer functional recovery in
Parkinson’s disease. In this respect, it is critical to understand neurodevelopmental chemokine
signalling to innovate regenerative therapeutics.

In combination with the prion-like propagation of a-syn aggregatessr,7s,9198299 and the
presence of SNpc axon terminals within the SVZ229, our data suggest a potential alternative
route from that suggested by Braak and colleagues. Since SVZ neural progenitors can acquire
BiSyn signal and migrate to the OB via the RMS, it is conceivable that a-syn aggregates could
travel in a retrograde fashion from the OB to SNpc regions using the RMS as a means for
transport. In addition to their established ability to transmit via transneuronal mechanisms,
prions have also been shown to capitalize on hematogenous routes [235-237, reviewed in 23s].
Considering a-syn to have prion-like properties, the pathogenic protein could exploit the
vasculature that courses through the RMS and accumulate in neural progenitors that lie in the
SVZ. Moreover, the RMS is critical for the intranasal administration of drugs to the CNS23,
linking the permeability of its blood-brain barrier. Nigral dopaminergic axons might then acquire

toxic a-syn oligomers via transneuronal means. In a similar way, the DMV might be indirectly
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vulnerable to hematogenic neuroinvasion. Circumventricular organs act as communication
pathways between the CNS and periphery. They have the ability to exchange large molecules
through their fenestrated capillaries and are characterized by their inherent lack of blood-brain
barrier [reviewed in 240]. One of these organs, the area postrema, is part of the dorsal vagal
complex, which also comprises the DMV. Since they are in such close proximity, the leaky
vasculature of the area postrema may permit entry of prion-like particles that are able to
transmit to the DMV via transneuronal mechanisms, thereby bypassing the slower vagal
propagation route from gut to brain. This might also be a clue as to why vagotomy and
appendectomy procedures are not more effective in reducing sporadic PD risk.

Alternatively, or perhaps aggravatingly, misfolded a-syn can cause a non-classical
stress-induced exocytosis response where the toxic a-syn species are released from the neuron
and taken up by neighbouring astrocytes through endocytosis, where they form inclusion
bodiesz41,242. The RMS is comprised of an astroglial tube243, which encases CSF through which
neural progenitors migrate [reviewed in 224]. Astrocytic exposure to a-syn causes a microglial-
induced inflammatory responsez42, which could instigate pathogenesis. Further studies are
required to elucidate these intriguing propositions, which may provide further support for a dual-
hit hypothesis, proposed by Braak and colleagues. AAV4 has been shown to selectively
transduce astrocytes and ependymal cells in the SVZ and RMS244, and therefore packaging the
BiSyn cassette in this AAV serotype rather than the current AAV2/9 hybrid could help to

elucidate this proposed mechanism.

4.2.5 Inflammation at the epicentre of PD pathogenesis

The dual-hit hypothesis, proposed by Braak and colleagues1oo,102-104, implies
gastrointestinal and olfactory origins for PD pathogenesis. The olfactory derivation was
reviewed in further detail by Rey and colleagues in 2018245. Just as the ENS is highly

intertwined with the immune system, the OB is heavily protected by microglia and macrophages,

100



which instigate inflammatory responsesz4s. The relation between macrophages and PD was
discussed in section 1.4.3, highlighting their elevated LRRK2 expression and functional
importance in maintaining ENS homeostasis1ss,162-165. Since the OB is a region with similar
environmental exposure to the Gl tract, it would be reasonable to suggest a similar inflammatory
role in OB pathogenesis. Despite an abundance of protection factors secreted in the olfactory
mucosa [reviewed in 247], the nerve bundles that extend into the OB from the olfactory
epithelium are in close contact with an abundance of microglia and macrophages, which can
sense inflammation in regions distal to the OB24s. Despite the robust regenerative capacity of
the olfactory epithelium, chronic inflammation can shift the fate of migrating neural progenitors
to a fixed undifferentiated state for enhancing immune defencez4s. Additionally, non-steroidal
anti-inflammatory drugs (NSAIDs) have a protective benefit in PD24s-251. Together these studies
suggest inflammation to be central to PD pathogenesis, wherein it is entirely plausible to
propose a role for a hyperactive microglia and macrophage-mediated inflammatory response in
reducing neuroregeneration, triggering initial a-syn oligomerization and facilitating pathological
propagation. Going forward, it will be important for our group to consider inflammatory changes
as we use our novel BiSyn approach to assess initial mechanisms that drive PD pathology.

By shifting from transgenic to viral systems, BiSyn can now be used to assess discrete
regions rather than the individual as a whole. With this in mind, we can inject AAV2/9-CMV-
BiSyn into the olfactory bulb with confidence that pathology does not initially exist in any other
region. While overexpression of BiSyn alone is sufficient to stimulate a-syn aggregation, the
punctate inclusion bodies typical of PD were not dominant. It is likely that an additional stimulus
or prolonged duration will shift aggregates to the ultimate inclusion body fate. For example,
McLean’s group showed a nonsignificant 8% reduction in dopaminergic neurons at 28dpi, but a
significant 29% loss after 12 weeks when degeneration essentially plateauedrr. Considering the

ideal investigation of initial aggregates, a shorter duration would be favourable. We can use a
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compressed end point with additional insult to reveal early deficits. Preformed fibrils have been
shown to induce pathology and degenerationss 9,252, and aberrant a-syn species from vertebrate
food products are hypothesized to induce seeding of pathogenic species in the Gl tracto1. In
accord, our group hypothesizes that inhalation of these preformed fibrils can induce pathology in
the olfactory epithelium where nerve fibers are exposed to environmental stimuli. With this
model in mind, we can then ask questions regarding factors that exacerbate or preclude
pathology accumulation and denervation. For example, inflammation appears to be a critical
feature in disease pathogenesis. The lymphocyte-activation gene 3 (LAG3), an immune
checkpoint receptor, has a high affinity for a-syn fibrils and facilitates its prion-like transmission
between cells. Further, LAG3 knockout models diminish pathological a-syn transmission (Figure
22)253. In the discrete region of the OB, we can assess whether depletion of this immune
checkpoint receptor can ameliorate a-syn propagation and PD onset. Alternatively, mass
generation of ROS is another prominent feature in PD927 and the natural antioxidant glutathione
has reduced concentrations in diseased individuals2s,2s-30. As previously mentioned, our lab has
generated UCHL1 knockout mice that are glutathione deficient20s. These mice display a
progressive neurodegenerative phenotype and show morphological alterations in the ENS. We
can use our knockout mice to assess whether the PD phenotype is exacerbated in the absence
of glutathione. Clinical trials administering glutathione orally, intranasally, and intravenously
have proven to be safe and offer promising increases in brain glutathione levels2s4,255, however,
a significant improvement after 3-months compared to placebo was not observed in a recent

Phase llb study2ss.

4.2.6 Future use of AAV2/9-CMV-BiSyn in the appendix

The human appendix is equipped with a robust population of nerve endings that contain

a-syn, implicating it as a possible site for enteric PD pathogenesis. Although once considered to
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Figure 22: LAG3 facilitates a-syn fibril transmission and toxicity.

The high affinity of LAG3 for a-syn fibrils facilitates prion-like endocytosis. Antibodies against
LAG3 and LAG3 knockout models significantly reduces the rate of a-syn fibril transmission,
which reduces toxicity and promotes survival.

From 253. Permission to reproduce found in Appendix J.
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be a vestigial organ with no defined function, recent evidence indicates that the appendix plays
an important role in regulating the composition of intestinal microbiota142,145. The evolutionarily
equivalent cecal cavity in the mouse is also host to extensive flora, which produce vitamins B
and K as well as free fatty acidszs7. There is limited data in reference to the immunological role
of the mouse cecum, however, the chicken cecum has been shown to instigate an immune
response when challenged with Salmonella entericazss 2s9. The novel AAV2/9-CMV-BiSyn
provides opportunity to assess the cecal role in PD pathogenesis. Benskey and colleagues
demonstrated that injecting 5uL of AAV9 at a titer of 1.2x1013vg/mL transduced an area of
nearly 50mmz2 in both the myenteric and submucosal plexuses of the colonzo4. Extending our
hypothesis that a lower volume will prevent spreading through CSF, we can also deduce that a
reduced volume injected into the cecum will transduce a smaller area of the ENS. Beyond the
defined viral transduction radius, we can presume that aggregates propagate in a prion-like
manner. Going forward, it will be critical to quantify the amount of aggregated species at specific
time points, perhaps using flow cytometry in segments of tissue adjacent to those that will be
used for IF application. This will enable a time-dependent analysis of aggregate propagation.
Our AAV system broadens our research potential, ceasing to constrain our
investigations to mice. Since the appendix is of significant interest in our group, shifting to a
species that has an appendix rather than cecum would be revolutionary. Not only do laboratory
rabbits have an appendix, their appendiceal environment is the only virtual equivalent to that of

humans due to our excessively hygienic nature14s.

4.3 Conclusion

Despite the prominence of stochastic mosaicism in our BiSyn/Cre transgenic mice, our
system is an excellent representation of PEV. We have provided evidence for an earlier

developmental onset of heterochromatic variegation than previously reported, and the high
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degree of stochasticity observed in our model confirms the dynamic nature of the
heterochromatic boundary.

Our AAV2/9-CMV-BiSyn system transduces neurons and can travel in both antero- and
retrograde directions in accordance with AAV9 capsid presentation. We have demonstrated a
limited, yet powerful, body of evidence for the cell-to-cell propagation of BiSyn that requires
further exploration. Our data also suggests that neural progenitors in the SVZ were transduced
and acquired a-syn oligomers, and thereafter migrated through the RMS toward the olfactory
epithelium. Further validation is required for this intriguing possibility. The novel AAV2/9-CMV-
BiSyn system breeds potential for uncovering the key initial steps in PD pathogenesis. In
accordance with the Braak “dual-hit” hypothesis, we aim to target the appendix and olfactory
epithelium using our novel AAV2/9-CMV-BiSyn system to visualize the most premature steps in

o-syn aggregation and propagation.
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	Created in SnapGene by Madison T. Gray.
	2.1.2 Genotyping

	Table 1: Murine strain of origin for each transgenic derivative
	*Note: The Snca knockout and Pac.4 transgenic were compounded into one mouse line, which we received from the Schlossmacher lab at the University of Ottawa. See 191 for details.
	2.1.3 Statistical analysis of litter sizes

	2.2 Transgene expression experiment
	2.2.1 Evaluation of BiSyn expression phenotype via histochemical technique

	Table 2: Primers used for genotyping transgenic mice via terminal PCR
	2.2.1.1 Zygote and ovary extraction
	2.2.1.2 Embryo extraction
	2.2.1.3 Mouse embryonic fibroblast isolation
	2.2.1.4 Brain and testis harvest for histochemical staining
	2.2.1.5 Fixation and histochemical staining for β-gal
	2.2.1.6 Tissue Freezing
	2.2.1.7 Microscopy
	2.2.1.8 Statistical analysis of transgene expression at distinct developmental time points
	2.2.2 Assessing BiSyn expression in enteric neurons via immunofluorescence
	2.2.2.1 Tamoxifen-induced recombination in vivo
	2.2.2.2 Whole mount gut sectioning

	2.2.3 Evaluating restoration of transgene expression and functionality
	2.2.3.1 DNA methyltransferase and histone deacetylase complex inhibitor treatments
	2.2.3.2 Inducible recombination in MEFs
	2.2.3.3 Rotenone-induced aggregation in MEFs


	2.3 BiSyn transduction experiment
	2.3.1 rAAV preparation
	2.3.2 rAAV injection
	2.3.3 Tissue fixation
	2.3.4 Tissue freezing
	2.3.5 Immunofluorescence

	Table 3: Antibodies used for immunofluorescence application
	2.3.6 Analysis
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	Figure 9: Genotyping BiSyn mouse lines via terminal PCR.
	(A) The BiSyn-5 primers generate a 583-base pair (bp) product, confirming the presence of the BiSyn transgene in lanes 2 and 3, but not in lane 1.
	(B) Genotyping for Cre recombinase using the Cre200 primers generates a 200bp product (lanes 2 and 3), or no band in the absence of Cre (lane 1).
	(C) Endogenous Snca knockout is assessed using Sncadel primers, which generate a 354bp when Snca is present (lanes 1 and 3), or no band in null samples (lane 2).
	(D) Pac.4 primers generate an ~250bp product, confirming transgene presence (lanes 1 and 2). No band indicates that the transgene is not present (lane 3).
	3.2 Expression in BiSyn/Cre transgenic mice
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	Figure 10: Silencing in zygotic stages is alleviated in a stochastic fashion at the 8-cell stage.
	(A) 2-cell zygotes lack β-gal positivity.
	(B) Similarly, nearly all 4-cell zygotes are negative for transgene expression.
	(C-E) There are 3 expression phenotypes at 8-cell stage, at which time zygotes display (C) homogeneity of negative staining, (D) mosaic expression, or (E) homogeneity of β-gal positivity.
	(F) As cells multiply further and form into blastocysts, all individuals display β-gal positivity, however stochasticity of expression phenotype is evident at this stage.
	(G) There is a clearly defined shift at the 8-cell stage when individuals begin expressing the BiSyn transgene. Beyond the 8-cell stage, however, homogeneous β-gal positivity is not observed, and all individuals display a mosaic expression phenotype.
	3.2.2 Gametic variation in transgene expression

	Figure 11: Stochastic nature of β-gal expression in BiSyn/Cre littermates at gestation day e14.5.
	Histochemical coloration X-gal staining reveals (A) minimal, (B) moderate, or (C) high levels of β-gal positivity in littermates at gestation day e14.5.
	Figure 12: BiSyn/Cre reproductive organs stained with X-gal yield mosaic phenotype in ovaries but not testes.
	(A) Testes show thorough penetration of β-gal positivity through the entire breadth of the testis. Expression appears ubiquitous.
	(B) Testis stained three years prior yields a similar ubiquitous expression phenotype.
	(C) On the contrary, a testis that was harvested from a tamoxifen-treated, Cre hemizygous mouse shows a mosaic expression phenotype as a result of inefficient recombination.
	(D) Cross-section of X-gal stained ovaries reveals mosaic transgene expression throughout.
	(E) Increased magnification of X-gal stained ovaries reveals the presence of some follicles lacking B-gal expression entirely.
	(F) The majority of follicles display mosaic β-gal positivity in granulosa cells within the follicular epithelium.
	(G) A small portion of follicles yield some degree of maintained β-gal positivity.
	G = granulosa cells; O = oocyte; C = cortex; M = medulla.
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	Figure 13: Stochastic mosaicism in PD-critical CNS regions from BiSyn/Cre mice.
	(A, B) SN sections showed no transgene expression.
	(C) Some mice preserved low to medium levels of stochastic expression in the striatum.
	(D) However, slightly fewer individuals did not display any striatal β-gal positivity.
	(E, F) Similarly, in the hippocampus some mice displayed low to medium levels of mosaic expression (E), while an equal number of individuals did not have any β-gal positivity (F).
	(G, H) Macroscopic view of sectioned brains following X-gal staining reveals the stochasticity of expression with varied levels in different regions of the same brain and between two brains from individuals of the same BiSyn homozygous litter.
	(I) High levels of expression were never achieved in the brain regions critical for PD and DLB pathologies. The mice that displayed β-gal positivity in the CPu were not consistently the same individuals with hippocampal positivity, further confirming ...
	3.2.5 BiSyn system is functional in early passage MEFs and transfected cell lines

	3.3 Delivery of BiSyn via AAV as an alternative model
	Figure 14: Rotenone-treated MEFs display BiSyn fluorescence.
	(A-D) NIH3T3 MEFs (n=4) treated with (A) 0.1% DMSO control, (B) 1nM rotenone, (C) 10nM rotenone, and (D) 100nM rotenone show BiSyn signal (green) only at the highest concentration of the toxin.
	(E-H) Immunofluorescence staining with anti-α-synuclein [MJFR1] antibody on BiSyn/Cre/SNCA MEFs (n=1) treated with (E) 0.1% DMSO and (F) 1nM rotenone display α-syn positivity (red) without evidence of Venus-YFP reconstitution. Treating these cells wit...
	Scale bars = 50μm.
	3.3.1 Pattern of striatal transduction with AAV2/9-CMV-BiSyn

	Figure 15: BiSyn expression and aggregation from rostral to caudal CPu regions.
	(A-O) Immunofluorescence staining with anti-⍺-synuclein [MJFR1] antibody was performed on 10μm thick brain sections.
	(A-C) ⍺-syn positivity co-localizing with some BiSyn signal is present in the ipsilateral (B) rostral CPu and (C) the medial nucleus accumbens.
	(D-F) At the level of the injection site, high levels of ⍺-syn positivity and BiSyn signal are present in the (E) subventricular zone and (F) medial CPu.
	(G-I) Caudal to the injection site, maintained expression and BiSyn signal are present in laterosuperior and (H) medial CPu areas as well as (I) both hemispheres of the lateral septal nucleus, dorsal fornix, and septofimbrial nucleus.
	(J-L) Further in the caudal direction, BiSyn signal is present at lower levels in the (K) superior and (L) medial CPu.
	(M-O) In the most caudal CPu region examined, (N) ⍺-syn positivity and low levels of BiSyn puncta are present in the superior CPu adjacent to the lateral ventricle. (O) The superior CA3 hippocampal layer also exhibits ⍺-syn positivity and Venus-YFP re...
	Scale bars = (B, C, E) 50μm; (F, H, I, K, L, N) 100μm; (O) 200μm.
	3.3.2 Viral propagation via CSF

	Figure 16: BiSyn expression extends through the entirety of the neuron.
	(A, B) Venus-YFP fluorescence (green) is observed in the soma, the dendritic processes and dendritic spines (A) as well as axons co-labelling with anti-⍺-synuclein [MJFR1] antibody (B).
	(C) IF staining with anti-TH antibody showing a neuron containing BiSyn signal surrounded by TH+ axon terminals in the CPu.
	(D) From the same section as that in (C), several TH+ axon terminals containing BiSyn signal (co-labelling appears orange) are observed.
	Ax = axon; d = dendrite; S = soma; Sp = dendritic spine; T = axon terminal.
	Scale bars = (B, D) 50μm; (C) 20μm.
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	Figure 17: Viral transport occurs in antero- and retrograde directions.
	(A, C, E, G, I) Immunofluorescence staining with anti-TH antibody (red) throughout the SN shows some colocalization with Venus-YFP reconstitution (green).
	(B) At the rostral SN level, BiSyn signal is present in axons.
	(D) The interface of TH+ cell bodies in the SNpc and TH+ axon terminals in the SNr with BiSyn co-localization in both.
	(F) There is an abundance BiSyn signal in TH+ axon terminals in the SNr.
	(H) TH+ SNpc cell bodies contain BiSyn puncta.
	(J) Although very little BiSyn signal remains in caudal SN regions, both TH+ and TH- cell bodies show punctate BiSyn inclusion bodies, which may indicate cell-to-cell propagation of aggregates.
	Scale bars = (A, C, E, G, I) 1000μm; (B, D, F) 100μm; (H, J) 50μm.
	Figure 18: AAV capsid uptake into glia that neighbour BiSyn-containing axon termini in the SNr.
	The structure of VP1+ cells (red) resembles microglia. These positively stained cells are located within a meshwork of axon termini that contain BiSyn aggregates.
	Scale bar = 10μm.
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	Figure 19: Position effect variegation in the Drosophila eye.
	(A) The white locus (w+) is critical for determining red pigment in the Drosophila eye. It is normally located in the euchromatic (straight line) region distal to heterochromatin (zig-zag line). In the case of the inverted X-chromosome, there is abnor...
	(B) Chromosome rearrangements that cause a heterochromatic breakpoint (//) to be located between initiator (i) and stop signals can cause heterochromatin to spread into an otherwise euchromatic region. In Drosophila, heterochromatin spreading into the...
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	Figure 20: Mechanism of rAAV transduction.
	Glycosylated cell surface receptors bind AAV, stimulating clathrin-mediated endocytosis. This process is called internalization. The capsid proteins change conformation in the endosome due to the altered pH. This facilitates endosomal escape. The AAV ...
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	Figure 21: The rostral migratory stream.
	Neural progenitors are produced in the SVZ. They travel along the RMS to reach the OB. The RMS is sheathed in an astroglial tube, which provides scaffolding for the vasculature system. Astrocytes have many important functions throughout this network, ...
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	Figure 22: LAG3 facilitates (-syn fibril transmission and toxicity.
	The high affinity of LAG3 for (-syn fibrils facilitates prion-like endocytosis. Antibodies against LAG3 and LAG3 knockout models significantly reduces the rate of (-syn fibril transmission, which reduces toxicity and promotes survival.
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