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Abstract

Parkinson's disease (PD) is one of the most common neurodegenerative
disorder in aged people. The disease is characterized by the loss of
dopaminergic neuron in substantia nigra pars compacta and the formation of
Lewy bodies and Lewy neuritis in the brain, which are composed of
aggregated a-synuclein. Previous studies have shown that a-synuclein has
high potential for aggregation via its hydrophobic domain, and its oligomers
seem to be much more toxic than the monomer. To explore the pathogenesis
and therapeutic development of PD, many animal models have been
generated, using mice, fishes, flies and worms. In several model systems, the
injection of fibrillar a-synuclein or overexpression of wild-type or PD-linked
mutant forms of a-synuclein causes neurodegeneration and motor defects,
which are the most common clinical symptoms observed in patients with PD.
Furthermore, several studies reported that over-expression of a-synuclein
inhibits both synaptic vesicle exocytosis by reducing the SNARE complex
assembly and synaptic vesicle endocytosis. However, the current
understanding of the native functions of a-synuclein and molecular
mechanisms of its in vivo assembly is still uncertain.

In addition to cellular toxicity, previous studies have revealed that a-
synuclein can be propagated from cell-to-cell in a prion-like manner. In
several models, aggregated a-synuclein has been shown to travel along

connected neuronal pathways, through endo/exocytosis, lysosomal and



autophagic mechanisms. However, the exact mechanism of a-synuclein
propagation among cells still remains unclear.

In this study, genetic and cellular analyses were performed to explore the
physiological roles of a-synuclein and the mechanism of a-synuclein trans-
synaptic propagation in the Caenorhabditis elegans neuronal circuit.
Compared to other animal models, C. elegans has several distinct advantages
including a simple nervous system, a well-defined neuronal circuit, and the
encoded proteins in its genome are highly conserved with human. Moreover,
it is more practical to perform genetic manipulation and live-cell imaging in
C. elegans, which are crucial to understand a-synuclein functions in both
cellular and individual levels as well as the mechanism of prion-like
propagation.

To understand the physiological roles of a-synuclein in the nervous system,
human a-synuclein tagged with GFP was expressed specially in the ASER
sensory neuron, which has a restricted number of synaptic connections and a
controllable neuronal activity. By examining the effects of a-synuclein on the
morphology of ASER, I found that both wild-type and A53T form of a-
synuclein strongly accumulated at presynaptic regions on the axon and
accelerated the age-associated changes in cellular morphology. Because a-
synuclein accumulated as dots on the axon, I further examined whether a-
synuclein affects synapse formation or synaptic vesicle trafficking. No gross
difference was observed in synapse formation between control and a-
synuclein expressing transgenic worms. However, larger synaptic vesicle

clusters occurred on the axon in a-synuclein worms compared to that in the



control worms. Considering the possibility that larger synaptic vesicle
clusters may also be caused by enlarged presynaptic sites due to the
expression of a-synuclein, the effect of a-synuclein on the active zone was also
investigated. However, no significant difference was found in the size or
quantity of active zone between the control and a-synuclein worms, indicating
that a-synuclein induced abnormal synaptic vesicle accumulation without
changing the architecture of active zones. Then, to understand why synaptic
vesicles accumulate at presynaptic sites, calcium imaging was carried out to
examine the influence of a-synuclein on neuronal activity. Results showed
that both wild-type and A53T forms of a-synuclein induced a significant lower
Ca2* response to the sensory stimulus for the ASER excitation. To understand
which molecules are affected by a-synuclein in neuronal Ca?* response, I
examined calcium responses in two mutant animals of voltage-gated calcium
channels, cca-1 and unc-2. Compared to reduced Ca?* response in the GFP
control worms, such reduced CaZ* response caused by a-synuclein was not
observed in either cca-1 and unc-2 mutants. These results suggested that the
reduction of Ca2* response in a-synuclein-expressing wild-type worms is
probably caused by the suppression of CCA-1 and UNC-2 calcium channel
function. Therefore, the accumulation of synaptic vesicles in the presynaptic
sites of transgenic animals is likely caused by decreased neuronal activity due
to a-synuclein expression.

On the other hand, in order to understand the propagation mechanism of
a-synuclein, I generated transgenic C. elegans in which a-synuclein

propagation via connected neurons can be visualized. A split GFP system was



adopted in which each GFP fragment was fused with a-synuclein, and then
expressed fluorescence was examined by the interaction of two a-synuclein
when they were in the same neuron. The sensory neuron ASER and its
prominent presynaptic neurons ADL as well as the prominent postsynaptic
neurons AIY were chosen to express a-synuclein, and two pairs of BiFC
transgenic lines, the ADL-ASER pair and ASER-AIY pair, were generated
based on the synaptic direction and the number of synaptic connections. I
found that Venus BiFC fluorescence was observed in presynaptic neurons of
both two pairs (ADLs or ASER), and a weak fluorescence was observed in the
postsynaptic neuron (ASER) only in the ADL-ASER pair. These finding
suggested that a-synuclein can be transferred into synaptically connected
neurons in both anterograde and retrograde way, while the retrograde
transmission seemed to be dominant. Further analyses were performed in the
endocytic mutants unc-57 (endophilin) and dyn-I (dynamin) to explore the
molecular mechanism of cellular uptake for the retrograde propagation of a-
synuclein. In dyn-1(ky51) mutant worms, the Venus fluorescence in
presynaptic neuron was greatly reduced compared to that in the wild-type
worms. However, the Venus fluorescence in unc-57(0k310) mutant animals
was not affected, suggesting that dynamin rather than endophilin was
required to a-synuclein uptake in presynaptic neurons. The results of
endocytic mutants suggested that the classical clathrin-mediated endocytosis
may not be involved in the a-synuclein propagation into presynaptic neurons.
In summary, based on the established C. elegans model, this study has

provided new evidences of physiological role and propagation mechanism of



the a-synuclein. a-Synuclein expression may decrease the neuronal activity,
resulting in the accumulation of synaptic vesicles in the presynaptic sites of
transgenic animals. Findings in this study suggest a possible mechanism of

a-synuclein propagation via synapses with uncharacterized, novel release and

uptake pathways.
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Chapter 1

General Introduction

1.1 Neurodegenerative Disorders

With extending human lifespan by better health care and living conditions,
the prevalence of neurodegenerative disorders is dramatically increasing in
recent years. Neurodegenerative disorders are characterized by the
progressive degeneration or death of neuronal cells, and common
neurodegenerative disorders are Alzheimer's disease (AD), Parkinson's
disease (PD), Huntington's disease (HD), amyotrophic lateral sclerosis (ALS)
and prion diseases. These major neurodegenerative disorders are strongly
linked with age [1], and often cause serious problems with cognitive
functioning (dementias) and movement (ataxias) in different degrees.

As the recent progression of brain researches, many similarities are found
in the pathology among these neurodegenerative disorders. First, almost all
common neurodegenerative disorders occur in both sporadic and familial
forms; the former contains multiple genetic and environmental factors, and
the latter is caused by gene mutations that is likely to give rise to the risk of
disease onset [2]. As for sporadic neurodegenerative disorders, although it is
known that pathological protein aggregates are present in the patients’ brain,
knowledges on the molecular etiology 1is quite limited. Second,

neurodegenerative disorders have a common pathological mechanism:



disease-specific proteins undergo misfolding from a native state to aggregates
and these aggregates exhibit cellular toxicity, leading to cellular dysfunctions
and brain damages [3]. Because the pathological proteins are variable in each
disorder, affected neuronal populations and impacted regions in brain vary
(Figure 1), causing disease-specific pathological symptoms. Third, in most
neurodegenerative disorders, the regions affected by pathological protein
aggregates gradually expand in the brain with time (Figure 2) [4]. Several
studies indicate that pathological proteins misfold and aggregate into seeds,
causing pathogenic assemblies ranging from small oligomers to large masses
of aggregates [5], and travels between neurons to induce disease progression
[6]. Currently, as there are no proven treatments to prevent or cure these
neurodegenerative disorders, deep understandings of the causes and
mechanisms underlying disease onset seem to be extremely important.
Research progress in any neurodegenerative disorders may provide insight
into the possible mechanisms and methods of treatment for many of these

allments.

1.2 a-Synuclein and Parkinson’s disease

Parkinson’s disease (PD) is the second most common neurodegenerative
disorders next to Alzheimer's disease. PD usually begins around age 60 and
affects 0.3% in the general population. The main motor symptoms of PD are
rest tremor, bradykinesia, rigidity, and postural instability (Figure 3). In the
brain, progressive loss of dopaminergic neurons and the formation of Lewy

bodies and Lewy neuritis (Figure 4) are recognized as the pathological



hallmarks of PD [7, 8]. The selective loss of dopaminergic neurons in the
substantia nigra (Figure 5), which are functionally involved in body
movement and reward behaviors as a part in the basal ganglia, leads to the
reduction in dopamine secretion that contributes to the motor symptoms of
PD. Lewy bodies are also seen in neurons in the cerebral cortex of the late
stage of PD patients, suggesting the possibility that a prion-like propagation
in the brain is associated with PD. Most cases of PD are sporadic while
approximately 5% of PD are familial. In familial PD, mutations in the genes
SNCA, parkin, LRRK2, PINK1, GBA have been identified to be causes for the
disease onset [9-11]. At present, the exact etiologies of sporadic PD have not
been understood yet. However, numerous studies have reported that
environmental risk factors such as pesticide exposure, head injury [12] and
genetic risk factors [11] are probably associated with PD.

In these situations, a-synuclein, which is a major component of Lewy bodies
(LBs) and Lewy neurites (LNs), has been focused on the PD study [8]. a-
Synuclein is closely linked to PD because duplications and triplications of the
gene dosage can cause familial Parkinson's disease [13-16]. In addition,
several substitutional mutations in a-synuclein are associated with
parkinsonism, including A30P, E46K, H50Q, G51D, A53T and A53E (Figure
6), in which E46K, H50Q, and A53T a-synuclein have a higher aggregation
propensity than the wild-type protein [17-24].

a-Synuclein is a 140-amino acid protein primarily localized in presynaptic
terminals and is constituted of three domains (Figure 6). The N terminus (1—

60 residues) contains the KTKEGV motif repeats allowing for the formation



of an alpha-helical structure [25]. The central hydrophobic domain known as
the non-amyloid component (NAC) region (61-95 residues) is crucial for its
aggregation [26, 27]. The C terminus (96-140 residues) is highly negative
charged and unstructured. Based on the structure, a-synuclein has been
reported to associate with membranes and result in pore formation in the
membranes by its oligomerization. Although a-synuclein is thought to be
natively unfolded and soluble, it has a propensity to form toxic soluble
oligomers and ultimately aggregates into insoluble fibrils [28]. Both oligomers

and fibrils have been shown to display a toxicity to the cell (Figure 7) [29, 30].

1.3 C. elegansis a valuable animal model for PD study

Caenorhabditis elegans is one of the useful animal models that can be used
for studying the mechanisms involved in human diseases. This animal has
some advantages compared to other models, including its transparency, fast
life cycle, easy to create transgenic animals, and low cost of maintenance.

C. elegans is a species of nematode worm and grows to be 1-2mm in length
as adults. Because C. elegansbody is transparent, proteins of interest can be
visualized in a live worm by fusing with fluorescent proteins, which is of
benefit to confirm their localization and measure expression levels. C. elegans
displays two sexes, male and hermaphrodite, and the latter is able to self-
fertilize. The adult hermaphrodite has 959 cells in total and contains 302
neurons in which all connections have been mapped by electron micrograph
analyses [31, 32]. Additionally, the genome of C. elegans has been fully

sequenced and about 80% of genes are homologues to human genes [33].



Deletion and point mutants can be obtained from the Caenorhabditis
Genetics Center, which is a central repository for C. elegans strains. Also, it
1s easy to generate transgenic animals by a microinjection within one month.
Furthermore, it is possible to combine double mutants or transgenic animals
with the mutant background to examine interaction of each other. It can be
achieved by only one cross using male animals and then self-fertilizing to
generate homozygous worms with both phenotypes. The combination of these
properties makes C. elegans as a valuable model organism to study human
diseases.

As for the PD research, C. elegans has been successfully used as a valuable
animal model. C. elegans has several genetic components related to the
Parkinson’s disease. Since the orthologue of a-synuclein is not found in C.
elegans genome, it is favorable to use C. elegans as a model organism to study
the effects of a-synuclein by expressing it in the animals without having to

consider the effects of background endogenous a-synuclein expression.



1.4 Goals

The goals of this study are to:

1.

2.

Examine the influence of a-synuclein on the neurons in C. elegans.
Identify the molecules altered by a-synuclein expression for the activity
in C. elegans neuronal cells.

Examine the relationship with synaptic direction and strength on a-
synuclein propagation.

Identify the molecules involved in the a-synuclein propagation process in

C. elegans.

In Chapter 2, I explored the events occurred in the C. elegans nervous system

due to the expression of a-synuclein, to reveal how a-synuclein does influence

on the neuronal functions at the synapse (referred to the goals 1 and 2). In

Chapter 3, I generated a C. elegans model to explore the mechanism of a-

synuclein propagation in the C. elegans neuronal circuits, and examined the

association with the synaptic connectivity (referred to the goals 3 to 4).
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Figure 1. Schematic representation of vulnerable regions in
neurodegenerative diseases.

Huntington’s disease is caused by the mutation in the huntingtin gene and
the caudate nucleus is the primary affected region. In Parkinson’s disease,
pathological aggregation of a-synuclein is commonly observed in the brain
and the dopaminergic neurons of substantia nigra are particularly vulnerable.
Alzheimer's disease 1s caused by the deposition of amyloid-B8 peptide as
plaques in the brain and hippocampus is especially vulnerable to the damage.
Amyotrophic lateral sclerosis (ALS) is characterized by motor neuron damage
in the bulbar region and TDP-43 has been identified as the major pathological
protein in ALS. Adapted from Fu et al. (2018).
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Figure 2. Spreading of pathology in neurodegenerative diseases.
The progression of a-synuclein inclusion (Lewy body) in the brain of patients
with Parkinson’s disease over time. Adapted from Jucker and Walker (2013),
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Figure 3. Motor symptoms of Parkinson’s disease.
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Figure 4. PD-related brain lesions.

The figure is cited from Braak et al. (2003).

Intraneuronal lesions in the form of (a) a large pale body, (b and f) a
combination of a pale body (arrows) and a small LB (arrowheads) in
melanized projection cells of the substantia nigra. (c) A thread-like LN (arrow)
terminating in a club-shaped enlargement, (d) a filiform LN decorated with
small spine-like appendages with or (e) a large globular swelling, as well as
(f) coarse plump LNs. Bar in (a) is valid for (b and c), bar in (d) is also valid
for (e). Cited from Braak et al. (2003) with the permission.

10



normal il PD

substantia nigra

Figure 5. The loss of dopaminergic neurons in the substantia nigra of patients
with Parkinson’s disease.
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Figure 6. The protein structure of a-synuclein.

The N-terminal region and the non-amyloid-component (NAC) domain
contribute to membrane binding and aggregation, respectively. The
mutations linked to the familial Parkinson’s disease (A30P, E46K, H50Q,
G51D, A53E, and A53T) are located in the N-terminal region.
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Figure 7. Representative intracellular targets of a-synuclein toxicity.

Pore formation: a-synuclein oligomers are proposed to form pore-like
structures that could act as non-selective channels in the plasma membrane,
resulting in dramatic perturbations of membrane permeability. ER stress:
cellular accumulation of misfolded proteins can lead to chronic endoplasmic
reticulum stress. a-synuclein can associate with the ER membrane and cause
ER stress by altering intracellular protein traffic, synaptic vesicles transport,
and Ca?* homeostasis. Mitochondrial dysfunction: a-synuclein can interact
with mitochondria and induce mitochondrial fragmentation.
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Chapter 2

The physiological functions of a-synuclein in C.

elegans neuronal system

2.1 Introduction

a-Synuclein is a major component of Lewy bodies, and mutations in the a-
synuclein gene have been suggested to be associated with Parkinson’s disease.
The presynaptic location of synuclein suggests a role in synapse such as
regulator of neurotransmitter release. There have been many attempts to
understand the role of a-synuclein in vivo by using knockout mice and
transgenic animals over-expressing human a-synuclein.

Abeliovich and colleagues reported that a-synuclein-knockout mice are
viable, exhibit normal brain architecture and the dopamine neurons appear
morphologically indistinguishable from wildtype mice [34]. However, the
knockout animals exhibit altered paired stimulus depression when neurons
are stimulated with two paired electrical pulses (Figure 8). In wildtype mice,
the amount of DA released is less after the second stimulus than after the
first one. However, in a-synuclein-knockout mice DA neurons released more
DA after a second electrical pulse and accelerated the recovery of DA release
following the initial stimulus, indicating that a-synuclein might be a negative
regulator of activity-dependent DA release. Additionally, DA content was

significantly reduced in the striatum of a-synuclein-knockout mice, and this
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reduction may result from decreased DA synthesis or storage [34]. These
findings indicate that a-synuclein might be a regulator of a form of DA
plasticity, PSD, as well as a regulator of DA release, synthesis or storage.
Transgenic mice overexpressing human a-synuclein exhibit age-dependent
loss of dopamine neurons and motor defects similar to the common clinical
symptoms observed in patients with PD (Figure 9) [35-37]. One of the studies
showed that neuronal loss was observed independently of inclusions,
suggesting neurodegeneration is not driven by aggregate formation [36].
Furthermore, it has been reported that modest over-expressing a-synuclein
in cultured neurons and the neurons of transgenic mice inhibits synaptic
vesicle exocytosis which may result from the specific reduction in size of the
synaptic vesicle recycling pool and reducing synaptic vesicle density at the
active zone (Figure 9) [38]. In addition, mice over-expressing synuclein show
reductions in synapsin [38]. Recent work also suggests that a-synuclein
facilitates synaptic vesicle clustering and attenuates recycling (Figure 9),
which require synapsin [39], suggesting the inhibition of synaptic vesicle
exocytosis by a-synuclein. Moreover, an new evidence shows that a-synuclein-
VAMP2 interactions are necessary for a-synuclein-induced synaptic
attenuation [40], supporting an effect of a-synuclein on the inhibition of
synaptic vesicle release. However, another seemingly divergent view is also
important to note. Burre and colleagues found that a-synuclein directly binds
to VAMP2 and promotes SNARE-complex assembly (Figure 9) [41]. The exact
mechanism by which a-synuclein affects neurotransmitters release remains

unclear and controversial.
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Since C. elegans does not have a homolog to a-synuclein, human a-
synuclein have been expressed in several tissues (Figure 10). Because the loss
of dopamine neurons and the aggregation of a-synuclein are the hallmarks of
PD, many studies focus on measuring the survival of dopamine neurons and
a-synuclein aggregation in C. elegans. By taking advantage of a transparent
body and cell-type specific promoter of C. elegans, neuron survival can be
assessed in live animals by expressing a fluorescent protein in specific
neurons. Expression of human a-synuclein in the dopaminergic neurons and
pan-neuron induces dopaminergic neuronal and dendritic loss. Motor deficits
were also observed when a-synuclein was overexpressed in pan-neuron and
motor neuron [42]. To visualize aggregation, a-synuclein has been fused to
fluorescent protein and expressed in body wall muscle cells which are large
and better for detecting the subcellular localization of aggregation. The
progressive, age-dependent accumulation of aggregations were observed in a-
synuclein expressing body wall muscles, which is consistent with the
pathological inclusions in PD patients [43]. C. elegans also has been used to
study other genetic and environmental factors and has been utilized to the
incorporation of genetics and environment or chemical compound to
understand the molecular basis and search for therapeutic agents of PD.

Considering the subcellular localization of a-synuclein, it can be supposed
that a-synuclein may be involved in synaptic function, suggesting the
importance of detailed analysis at synaptic sites. However, due to the complex
neural networks of vertebrata brain, the analysis could be disturbed by many

factors and be difficult to look into the events in synaptic sites. Therefore, C.
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elegans model provides a good opportunity for studying the function of a-
synuclein in synaptic sites, such as the relatively simple and well-defined
structure of nervous system and physiological methods for monitoring neural
activity in vivo. In this study, a new transgenic C. elegans model was
developed, which is available to express and monitor a-synuclein in a sensory
neuron and analysis its influence on synaptic and neuronal activity (Figure

11).
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2.2 Materials and methods

2.2.1 C. elegans strains

All C. elegans strains were grown on standard Nematode Growth Medium
agar plates seeded with Escherichia coli (OP50) at 20°C. The N2 Bristol strain
was used as the wild-type strain. The mutant lines cca-1(ad1650) and unc-

2(e55) were acquired from the Caenorhabditis Genetics Center.

2.2.2 Plasmid construction

For the expression of a-synuclein or other synaptic marker proteins in the
ASER neuron, a 3 kb upstream region from the ATG start site of the gcy-5
gene was inserted between the Sphl and Smal sites of pPD95.77 plasmid
DNA. To express a-synuclein in ASER neuron and visualize its localization,
the human a-synuclein sequence (wild type or A53T) and GFP sequences were
inserted in the frame downstream of the gey-5 promoter.

To visualize presynaptic sites of the ASER neuron, the mCherry sequence
and the full-length rab-3 genomic DNA sequence were inserted in the frame
downstream of the gcy-6 promoter (Pgey-6::mCherry::rab-3).

To visualize the active zone, the Pgey-5:mCherry::syd-2 plasmid was
generated by amplifying the syd-2 genomic DNA sequence from the pJH23
plasmid (kindly provided by Prof. Mei Zhen) and then replacing the syd-2
sequence with rab-3 sequence in the above Pgcy-5::mCherry::rab-3 DNA by

an infusion cloning reaction (Takara).
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For generation of transgenic C. elegans to visualize the localization of a-
synuclein and neuronal morphology, plasmid DNA encoding Pgcy-5:a-
synuclein (wild-type):GFP or Pgcy-5:a-synuclein (A53T)::GFP or Pgcy-5:
GFP (as control) (each 25 ng/ul), Pgey-5::mCherry (25 ng/ul), and the marker
Plin44::mCherry (40 ng/ul) were co-injected into the gonads of young adult
worms.

For calcium imaging, a red-fluorescent calcium sensor R-GECO was used
[44]. The R-GECO sequence was amplified and inserted between the Kpnl
and EcoRI sites of the pPD95.77 vector, and the gcy-5 promoter sequence was
inserted upstream of R-GECO.

Each of the three plasmid DNA (Pgcy-5:mCherry:irab-3, Pgey-5:
mCherry::syd-2 and Pgey-5:R-GECO are 30 ng/ul, 30 ng/ul and 50 ng/ul,
respectively) was co-injected with Pgey-5:a-synuclein (wild-type)::GFP or
Pgcy-5:a~synuclein (A53T)::GFP or Pgcy-5:GFP (each 25 ng/ul) into the
gonads of young adult worms with a selection marker P/in44::tdTomato (20
ng/ul), to generate transgenic line expressing the RAB-3 or SYD-2 or R-GECO

with a-synuclein.

2.2.3 Transgenic animals

DK5522  taFEx [Pgcy-5: GFP; Pgcy-5:: mCherry; Plin44:: mCherry/
DK5525  taFEx [Pgcy-5- a-syn (wild-type):: GFP; Pgcy-5.- mCherry; Plind4::
mCherry]

DK5526  taEx [Pgcy-5- a-syn (A53T):: GFP; Pgcy-5:" mCherry; Plind4::

mCherry]
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DK5527  taEx [Pgcy-5:: GFP; Pgey-5:" mCherry:: rab-3; Plin44.: tdTomato]
DK5602  taEx [Pgcy-5.- a-syn (wild-type):: GFP; Pgcy-5.- mCherry-: rab-3;
Plin44:: tdTomato]

DK5528 taEx [Pgey-6- a-syn (A53T):: GFP; Pgcy-5.: mCherry: rab-3;
Plin44:: tdTomato]

DK5633 taEx [Pgcy-6: syb-2; Pgcy-5.- mCherry:: syd-2; Plin44:: tdTomato/
DK5634  taFEx [Pgcy-5- a-syn (wild-type):- GFP; Pgcy-5:" mCherry:: syd-2;
Plin44:: tdTomato]

DK5635 taFEx [Pgcy-6: a-syn (A63T):: GFP; Pgcy-5- mCherry: syd-2;
Plin44:: tdTomato/

DK5529  taEx [Pgcy-5: GFP; Pgey-6- R-GECO; Plin44:: tdTomato]
DK5530  taEx [Pgcy-5: a-syn (wild-type):: GFP; Pgcy-5:: R-GECO; Plin44::
tdTomato/

DK5531  taEx [Pgey-5: asyn (A53T):: GFP; Pgey-5:- R-GECO; Plin44::
tdTomato/

DK5617  cca-1(ad1650); taEx [Pgcy-5:: GFP; Pgcy-5:- R-GECO; Plin44::
tdTomato/

DK5616  cca-1(ad1650); taEx [Pgcy-5: a-syn (wild-type):: GFP; Pgcy-5: R-
GECO:; Plin44: tdTomato/

DK5615  cca-1(ad1650); taEx [Pgcy-5: a-syn (A53T):: GFP; Pgcy-5- R-
GECO:; Plin44:: tdTomato/

DK5612 unc-2eb65); taEx [Pgcy-5: GFP; Pgey-6: R-GECO; Plin44:

tdTomato/
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DK5613  unc-2(eb55); taEx [Pgcy-6- a-syn (wild-type):: GFP; Pgcy-5: R-
GECO:; Plin44:: tdTomato/
DK5614 unc-2(e55); taEx [Pgey-6 a-syn (A53T):: GFP; Pgcy-6: R-GECO;

Plin44:: tdTomato/

2.2.4 Microscopy

Worms in M9 solution containing NaN3 (100 mM) were mounted onto slides
with 2% agarose pads and covered with a coverslip. All images were obtained
using an Olympus FV1000 confocal laser scanning microscope with a 60xx
objective lens. RAB-3 puncta were scored as abnormal when any large dots

were observed somewhere on the axon.

2.2.5 Calcium imaging

For the imaging of calcium responses, 5-day-old adult transgenic worms
were used. The worms were immobilized on a microfluidic device fabricated
from polydimethylsiloxane. An inverted fluorescent microscope (Olympus
IX71) with ORCA-Flash 4.0 CCD camera (Hamamatsu Photonics) and
HCImage software installed were used to capture time-lapse images. Images
were captured at a rate of 10 fps within 3 min after the removal of food. The
stimulation process and data analysis were according to a previous study
(Kuramochi and Doi, 2017). Furthermore, AF/Fo = (F-Fo) / Fo was calculated
to represent the fluorescence intensity change, where Fo is the average

fluorescence in a 10 sec window before stimulation. Fmax represents the
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maximum fluorescence intensity. The total fluorescence intensity was

measured from cell body of the ASER neuron after background subtraction.

2.2.6 Statistical analyses

The statistical analyses of data from morphological change were performed
using Chi-square test and data from calcium imaging were carried out using
the ANOVA test followed by a Tukey’s multiple comparisons test using
GraphPad Prism 7. The data were regarded as statistically significant at * p

<0.05; ** p < 0.01; *** p < 0.001.
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2.3 Results

2.3.1 a-Synuclein expression causes age-related morphological
changes in neuronal cells

To understand the effect of a-synuclein expression on the neuronal
functions, I expressed a-synuclein in ASER neuron (Figure 12A) and analyzed
its influence related to presynaptic functions. To investigate the influence of
a-synuclein on ASER, I generated transgenic C. elegans by expressing wild-
type or mutant form (A53T) of a-synuclein fused with GFP, or GFP only as a
control (Figure 12B and 13). Previous studies have shown that the
degeneration of dopaminergic neurons was accelerated by the expression of
a-synuclein in C. elegans [45, 46]. I compared morphological features of GFP
control worms to a-synuclein expressing worms in ASER, including the
integrity and the guidance of dendrite, cell body and axon. I found that while
a-synuclein accumulated as dots on the axon, especially in aged animals
(Figure 13), asynuclein worms did not show significant neurodegeneration
such as loss of structure, guidance defects or cell death compared to GFP
control worms. Although a-synuclein worms exhibited the neuronal integrity,
several age-related changes in neuronal morphology were accelerated. In the
nervous system of C. elegans, aged worms exhibit physiological changes
including branching from the cell body and axon, as well as blebbing and
beading along the dendrite and axon (Figure 14) [47-49]. Representative
images of the changes in a-synuclein worms are shown in Figure 14A.

Morphological changes such as cell-body branching, axon branching and
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dendrite blebbing, increased with age, along with expression both wild-type
and A53T mutant a-synuclein compared to control worms at the same stage

(Figure 14B).

2.3.2 a-Synuclein expression induces age-dependent
accumulation of synaptic vesicles

Because a-synuclein is known to localize at the presynaptic region of C.
elegans neurons and a-synuclein puncta were observed along the axon of the
ASER neuron, I further assessed the effect of a-synuclein on the presynapse.
To visualize the ASER presynaptic sites, a presynaptic protein RAB-3 was
fused with mCherry and co-expressed with a-synuclein (WT)::GFP or ao-
synuclein (A53T):: GFP or control GFP in ASER neuron. RAB-3 is a Ras-
related protein localized to presynaptic vesicles (Figure 15A) [50], which
adopts a punctate pattern of localization along the axon. .4 and 5-day-old
adult animals were visualized (Figure 15B and 16) and assessed for defects
in RAB-3 localization and distribution on axons, including in the number of
RAB-3 puncta and their sizes. Both wild-type and A53T a-synuclein showed
a high degree of colocalization with RAB-3 puncta (Figure 15B and 16),
suggesting that a-synuclein in the ASER neuron also localizes to the
presynaptic region. I found no changes in number of RAB-3 puncta in wild-
type and A53T a-synuclein worms, suggesting that a-synuclein did not affect
synapse formation. At the L4 stage, although the number of both wild-type
and A53T mutant a-synuclein-expressing animals with larger RAB-3

punctate was slightly increased, no significant difference was observed
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compared to GFP-expressing control worms (Figure 15B and 17). However, on
day-5, RAB-3 puncta were significantly larger in wild-type and A53Ta-
synuclein animals (Figure 16). Therefore, I scored the animals with the larger
size of RAB-3 puncta in the axon and statistic results showed that the
quantity of animals with larger size RAB-3 puncta was significantly increased
in a-synuclein worms (Figure 17). It is considered that synaptic vesicles were
abnormally accumulated at synapses due to the expression of a-synuclein.
However, considering that the larger RAB-3 puncta may also be caused by
enlarged presynapse due to the expression of a-synuclein, I also investigated
the active zone to determine whether the size of the presynapse is altered in
the a-synuclein-expressing animals. SYD-2 is required for synaptic active
zone assembly in C. elegans [51], which localizes strictly in active zones and
can be used as an active zone marker (Figure 18A) [52]. To visualize the active
zones in ASER, I expressed the mCherry::SYD-2 fusion protein under the
control of the gcy-5 promoter. No significant difference was observed in the
size and quantity of SYD-2 fluorescence between the control and a-synuclein
animals on both L4 and day 5 (Figure 18B). Altogether, these data suggest
that a-synuclein induces abnormal synaptic vesicle accumulation at
presynaptic sites in an age-dependent manner without changing the

presynaptic architecture.
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2.3.3 Age-dependent calcium channel dysfunction by a-synuclein
expression

To explore the reason why synaptic vesicles accumulate in presynaptic sites,
I focused on neuronal activity in the ASER neuron. Calcium imaging is a
suitable technique to monitor activity of living cells in C. elegans and has
been used as an indicator of neuronal activity in several neurons [53-55].
Since the ASER neuron is excited by the decrease in NaCl concentration [56],
I applied the stimulation of NaCl concentration from 50mM to OmM (Figure
19B) to transgenic animals expressing R-GECO protein (Figure 19A) [44] and
a-synuclein specifically in the ASER neuron. When worms are exposed to
O0mM NaCl, ASER excitement causes the Ca2* concentration to increase in the
cytoplasm, which leads to an increase in RFP fluorescence. The RFP
fluorescence intensity of cell body was measured to estimate the changes in
cytoplasmic Ca2* concentration. The traces of mean fluorescent intensity
increase rate and statistical analysis are shown in Figure 20. At L4 stage, no
significant difference weas observed in a-synuclein worms compared to the
control animals expressing only GFP (Figure 21A). However, at day 5 both
wild-type and A53T a-synuclein-expressing worms showed significantly
reduced fluorescence intensity with a decrease in NaCl concentration (Figure
21B). Approximately 20-50% reduction in Ca2* response was observed in day-
5 animals, indicating that reduced Ca2* influx was induced by a-synuclein
expression. To identify molecules responsible for this reduced Ca?* signaling
by a-synuclein, I examined the calcium response of voltage-gated calcium

channels (VGCC) mutants. C. elegans has three genes encoding VGCC al
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subunits, egl-19, cca-1, and unc-2, expression of which contributes towards
configuration of the L-, T-, and N, P/Q, R-type of VGCC (Figure 22A),
respectively [57-59]. Since eg/-19is expressed and functions in muscle cells
[57], I selected two VGCC mutant cca-1(ad1650)[60] and unc-2(e55)[61], and
crossed them into the transgenic lines expressing R-GECO protein and a-
synuclein. The recordings were made using the same protocol as for the
original transgenic lines. As expected, both mutant animals showed reduced
responses to the decrease in NaCl concentration in control GFP animals
(Figure 22B to 24). Compared to the significant reduction in Ca2* response in
the a-synuclein-expressing wild-type animals, both cca-1(ad1650) and unc-
2(e55) mutant animals expressing wild-type or A53T mutant a-synuclein did
not show a significant reduction in Ca2* response (Figure 24). These data
suggest that both channels are involved in the reduction of the Ca2* response
caused by a-synuclein molecules. Therefore, lower Ca2* responses in a-
synuclein-expressing animals may cause an accumulation of synaptic vesicles

in the presynapse.
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2.4 Discussion

To understand the role of a-synuclein in vivo, multiple transgenic models
over-expressing or directly injecting human a-synuclein were produced.
Recent studies showed that overexpression of a-synuclein resulted in
degeneration of dopaminergic neurons in several mouse models [36, 62]. As a
C. elegans model, Lasko et. al. reported that overexpression of a-synuclein in
dopaminergic neurons induces the neuron loss [45]. However, in this study,
the ASER neuron overexpressing a-synuclein did not exhibit overt
degeneration such as neuronal loss in any ages but showed only age-
dependent mild morphological changes. As shown in several studies, this
study also supported that a-synuclein probably has a strong toxicity
specifically in dopaminergic neurons. Although the native function of a-
synuclein in the nervous system has not been elucidated yet, its presynaptic
localization suggests a role in neurotransmitter release. In several models,
overexpression of synuclein showed an inhibitory effect on neurotransmitter
release [63, 64]. Furthermore, a recent study showed that a-synuclein directly
interacts with the vesicle-associated membrane protein VAMP2 and
facilitates SV clustering and a-synuclein—induced synaptic attenuation [40].
In this study, I also observed lager clustering of RAB-3 that is indicative of
excess synaptic vesicle accumulation or clustering at synapse by the a-
synuclein expression. Because the ASER neuron seems to be a glutaminergic
neuron, this kind of a-synuclein’s role in synaptic vesicle release may not be
specific in dopaminergic neurons. In addition, I found that a-synuclein

decreased Ca2* response by blocking the activity of voltage-activated Ca2*
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channel, resulting in decreased neuronal activity. Therefore, I propose that a-
synuclein may decrease the frequency of synaptic vesicle fusion by inhibiting
the neuronal activity via voltage-gated Ca2* channels. On the other hand, a-
synuclein is known to trigger the increase of cytosolic Ca2* by inducing Ca2*
release from ER [65, 66]. Since Ca2* from the ER may be involved in synaptic
neuropeptide release [67], there is a possibility that a-synuclein may play a
role in regulating the release of synaptic vesicle and dense core vesicle ,both
of which are triggered by activity-induced Ca?* entry, inhibiting synaptic
vesicle release and enhancing dense core vesicle release. Although this study
has not shown whether the inhibition of Ca2* channel is a direct or indirect
effect of a-synuclein, further analyses will identify the exact roles of a-
synuclein in cellular Ca2* signaling. Nevertheless, by using advantages of C.
elegans genetics, this model system also helps to identify the molecular
machinery for synaptic-connection-independent retrograde propagation of

pre-fibril a-synuclein.
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Figure 8. Comparison of DA content and synaptic plasticity between wild-type

and a-synuclein-knockout mice.
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Figure 9. Comparison of DA neurons and synaptic vesicle features between
wild-type and human a-synuclein transgenic mice.
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Figure 10. Comparison of body-wall muscles and DA neuron morphology
between the wild-type and human a-synuclein transgenic worms.
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Figure 12. Expression patterns of a-synuclein in the ASER neuron of young
animals.

(A) Schematic representation of the position and morphology of ASER. (B)
Expression and localization patterns of the GFP, wild-type a-synuclein, and
A53T mutant a-synuclein in the ASER neuron. All images are from L4 stage
worms co-expressing mCherry. Anterior is left and dorsal is top. Arrows
indicate the dotted accumulations of a-synuclein on the axon.
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Figure 13. Expression patterns of a-synuclein in the ASER neuron of aged
animals.

Expression and localization patterns of the wild-type or A53T mutant a-
synuclein in the ASER neuron. All images are from 5-day-old worms co-
expressing mCherry. Anterior is left and dorsal is top. Arrows indicate the

dotted accumulations of a-synuclein on the axon.
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Figure 14. Effect of a-synuclein expression on neuronal morphology.

(A) Examples of morphological change in the ASER neuron of a 5-day-old
animal by the expression of a-synuclein. Arrows point out the blebbed
dendrite and additional cell-body branching, respectively. (B) Quantification
of the neuronal morphological changes in worms expressing a-synuclein.
Animals expressing GFP only was used as control. ‘Defective’ animals were
counted if either dendrite blebbing or cell-body branching was observed.
Statistical significance was determined by Chi-square test, ** P < 0.01 and
**% P <0.001. n = 22 - 51 animals for L4 stage, and n = 62 - 79 animals for
Dayb stage.
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Figure 15. Effect of a-synuclein expression on synaptic vesicle accumulation
in young animals.

(A) Schematic representation of RAB-3 protein in presynaptic sites. (B)
Confocal micrograph images of ASER presynaptic sites labeled with the
synaptic vesicle marker mCherry::RAB-3 in GFP and a-synuclein worms at
L4 stage.
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Figure 16. Effect of a-synuclein expression on synaptic vesicle accumulation
in aged animals.

Confocal micrograph images of ASER presynaptic sites labeled with the
synaptic vesicle marker mCherry::RAB-3 in GFP and a-synuclein worms at
day 5. Blue squires Arrows show enlarged mCherry::RAB-3 puncta observed
on the axon in a-synuclein-expressing worms.
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Figure 17. Quantification of large mCherry::RAB-3 puncta in a-synuclein
transgenic worms.

Frequency of the larger mCherry::RAB-3 puncta in L4 (upper) and 5-day-old
(below) worms. Statistical significance was determined by Chi-square test,
**%* P <(0.001. L4: GFP, n = 14- 31.
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Figure 18. Effect of a-synuclein expression on the activity zone formation.
(A) Schematic representation of SYD-2 and active zone in presynaptic sites.
(B) Confocal micrograph images of ASER active zone labeled with active zone

protein mCherry::SYD-2 in GFP and a-synuclein worms at day 5.
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Figure 19. Schematic representation of R-GECO and calcium imaging in the

ASER neuron.
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Figure 20. Effect of a-synuclein expression on calcium response in the ASER
neuron.
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Normalized calcium dynamics in the cell body of ASER neuron for GFP and
a-synuclein worms at day 5. 10 — 70s time period denotes the stimulation of
reducing NaCl concentration from 50 mM to 0 mM, and 70 — 130s time period
denotes the NaCl concentration recovers back to 50 mM. Solid lines represent

average data, and the lightly colored region around each line shows the SEM.

43



WT L4 larval stage

a-syn (A53T)

-0.2
Time (S)
B
WT D5 aged animals
0.7
S ok (WT)
0.1 N
0.2 0 30 . 60 90 120
Time (S)

Figure 21.a-synuclein expression alters calcium response in the ASER neuron

with age.

Normalized calcium dynamics in the cell body of ASER neuron at 1.4 stage
(A) and day 5 (B) worms expressing a-synuclein at day 5. Blue, red and green
lines indicate the dynamics in GFP (control), wild-type and A53T a-synuclein,

respectively.
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Figure 22. Effect of a-synuclein expression on the calcium response in the cca-
I mutant animals.

(A) Schematic representation of CCA-1 and UNC-2 calcium channels in
presynaptic sites. (B) Normalized calcium dynamics in the cell body of ASER
neuron for cca-1 mutant worms expressing a-synuclein at day 5. Blue, red and
green lines indicate the dynamics in GFP (control), wild-type and A53T a-

synuclein, respectively.
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Figure 23. Effect of a-synuclein expression on the calcium response in the
unc-2 mutant animals.

Normalized calcium dynamics in the cell body of ASER neuron for wunc-2
mutant worms expressing a-synuclein at day 5. Blue, red and green lines
indicate the dynamics in GFP (control), wild-type and A53T a-synuclein,
respectively.
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Figure 24. The box and whiskers plot of the peak values of wild-type and
mutant worms at day 5.

Statistical significance was determined by the ANOVA test followed by the
Tukey’s multiple comparisons test, ** P < 0.01 and *** P < 0.001. Wild-type:
GFP,n=10 - 28.
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Chapter 3

The propagation of a-synuclein in C. elegans

neuronal circuits

3.1 Introduction

Several experiments performed in vitro (exposing cells to a-synuclein
oligomers or fibrils) and in vivo (injection of recombinant a-synuclein fibrils
or aggregates derived from diseased mice or PD patients) suggest that a-
synuclein aggregates can be transmitted between cells (Figure 25) and
facilitate the formation of the seed that eventually turns into toxic aggregates
[68-76]. These findings support the “prion-like” propagation hypothesis by
Braak et al. 2003, that the pathology of a-synuclein inclusion bodies in PD
occurs in a gradual progression, starting in the olfactory system and the
dorsal motor nucleus of the vagus nerve and then propagating through
neuroanatomically connected pathways to the neocortex (Figure 2) [77].
Therefore, studies of a-synuclein propagation are important to unravel
insights into the molecular basis of pathology of PD, and blocking a-synuclein
propagation represents one of the effective strategies to prevent a-synuclein
pathology formation and treat PD.

In the past, cell-to-cell propagation of a-synuclein was evaluated by direct

injection of preformed exogenous a-synuclein fibrils. These studies, so far,
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failed to resolve the following issues: a-synuclein species variability in their
propagation, whether the propagation is trans-synaptic or synaptic-
independent, whether there is a directionality for propagation, how the
neutral activity is affected, and the regulators of a-synuclein propagation.
(Figure 26). To address those knowledge gaps, I applied a well-established
bimolecular fluorescence complementation (BiFC) (Figure 27A) [78] system
to the C. elegans nervous system to assess the relationship between a-
synuclein transmission and synaptic properties. I generate a new transgenic
C. elegans model which expresses human a-synuclein in synaptically
connected neurons specifically to study the cell-to-cell transmission of a-
synuclein (Figure 27B). Compared to complex human or mouse neural system,
C. elegans model exhibits several advantages in studying the propagation of
a-synuclein, including well-defined synaptic connection direction and
strength and controllable neuronal activity. By using this C. elegans model, 1
aim to evaluate the effects of both synaptic direction and strength on a-
synuclein transmission, as well as define the molecules involved in

propagation process.
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3.2 Materials and methods

3.2.1 C. elegans strains

All C. elegans strains were grown on standard Nematode Growth Medium
agar plates seeded with Escherichia coli (OP50), at 20°C, except for dyn-
1(ky51) mutant animals, which were maintained at 15°C. The N2 Bristol
strain was used as wild-type strain. The mutant lines unc-57(ck310) and dyn-

1(ky51) were acquired from the Caenorhabditis Genetics Center.

3.2.2 Plasmid construction

To apply the BiFC system, plasmids containing either V1S or SV2 were
generated by amplifying first the V1S and SV2 sequences from their
corresponding vectors (kindly provided by Prof. Pamela J. McLean) and
inserting either V1S or SV2 between the Xmal and Mfel sites of the pPD95.77
vector (kindly provided by Prof. Andy Fire) to generate pPD95.77/V1S or
pPD95.77/SV2. Then, each cell-specific promoter sequence was inserted
between the Sphl and Xmal sites of the pPD95.77/V1S or pPD95.77/SV2
plasmid. The following DNA sequences were used as promoters for cell-
specific expression: the gey-5 promoter (3 kb) for ASER, the ¢£x-3 2nd intron
(0.4 kb) for AIY, and the sre-I promoter (1 kb) for ADL. Resulting V1S and
SV2 plasmids (each 30 ng/ul) were co-injected into the gonads of young adult
hermaphrodite N2 worms with a selection marker ro/-6 (50 ng/ul), to generate

transgenic line expressing the BiFC pair with a-synuclein.
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3.2.3 Transgenic animals

DK5608  taFEx [Psre-1:: V18S; Pgcy-5::SV2; rol-6/

DK5609  taFEx [Pgey-5:- V1S; Psre-1-:SV2; rol-6/

DK5605  taFEx [Pgcy-5:- V1S, Pttx-53-:SV2, rol-6/

DK5606  taFEx [Pttx-53:- V1S; Pgcy-5-:SV2; rol-6/

DK5611  taFEx [Psre-1:: mCherry; Plin44-: tdTomato]

DK5610  taFEx [Pgcy-5: mCherry; Plin44:: tdTomato]

DK5620 taFEx [Psre-1:- V1S, Pgcy-5:--SV2; rol-6/; taEx [Psre-1:" mCherry;
Plin44:: tdTomatol

DK5619 taFEx [Pgcy-5: V1S; Psre-1::SVZ2; rol-6]; taEx [Pgcy-5.- mCherry;
Plin44:: tdTomato]

DK5618 taFEx [Pgcy-5- V1S; Pttx-3-:SVZ2; rol-6] ; taEx [Pgcy-5:" mCherry;
Plin44:: tdTomato]

DK5625 unc-57(0k310); taEx [Pgcy-5: V1S, Pttx-3::SV2, rol-6] ; taEx [Pgcy-
5:: mCherry; Plin44:: tdTomato]

DK5626 dyn-1(ky51); taEx [Pgcy-5: V1S, Pttx-53-:SV2; rol-6/ ; taEx [Pgcy-5-:

mCherry; Plin44:: tdTomato]

3.2.4 Microscopy

Worms in M9 solution containing NaN3 (100 mM) were mounted onto slides
with a 2% agarose pads and covered with a coverslip. All images were
obtained using Olympus FV1000 confocal laser scanning microscope with a

60X objective lens.
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3.2.5 Statistical analyses
The statistical analyses of data from a-synuclein propagation were
performed using Chi-square test. The data were regarded as statistically

significant at * p < 0.05; ** p < 0.01; *** p < 0.001.
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3.3 Results

3.3.1 Generation of C. elegans model for trans-synaptic
propagation of a-synuclein

In order to monitor a-synuclein propagation via synaptically connected
neurons in the C. elegans neuronal circuit, I used a bimolecular fluorescence
complementation (BiFC) assay. To generate C. elegans transgenic lines
visualizing a-synuclein propagation, the N-terminal fragment of Venus
(named V1) was fused to the N terminus of a-synuclein (V1S), and the C-
terminal fragment of Venus (V2) was fused to the a-synuclein C terminus
(SV2), and each fusion protein was expressed cell-specifically using
corresponding promoters. Theoretically, when a-synuclein in each fusion
protein forms oligomers, the fused split Venus fragments combine and
reconstitute a full, fluorescent complex (Figure 27). I here focused on the
sensory neuron ASER and its prominent presynaptic neurons ADL as well as
the prominent postsynaptic neurons AIY (Figure 28A). I generated two pairs
of BiFC transgenic lines: one expressed fusion protein in the ADL-ASER pair
and the other in the ASER-AIY pair. For the ADL-ASER pair, V1S was
expressed in the presynaptic ADL sensory neurons under the control of an
ADL specific promoter Psre-1 while SV2 was expressed in the postsynaptic
ASER sensory neuron using the gey-5 promoter (Pgey-5) (Psre-1::V1S; Pgey-
5::SV2 or ADL::V1S; ASER::SV2), as well as its reverse combination (Psre-
1::SV2;Pgey-5:V1S or ADL:SV2;ASER:V1S). For the ASER-AIY pair, V1S

was expressed in the ASER as a presynaptic neuron while SV2 was expressed
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in AIY inter neurons using the #£x-3 2nd intron (P#tx-3) as a postsynaptic
neurons to ASER (Pgcy-5::V1S; Pttx-3:SV2 or ASER::V1S; AIY::SV2), and its
verse vasa (Pgey-5::SV2;Pttx-3:V1S or ASER:SV2;AIY::V1S). Because the
strength of synaptic connections in these two pairs is largely distinct (Figure
28B), I can analyze both the direction and strength of synaptic connections in
a-synuclein propagation.

Expressing either V1S or SV2 alone did not cause any BiFC fluorescence in
any of the three types of neurons. However, a clear BiFC signal was observed

when both V1S and SV2 were co-expressed in the same neurons (Figure 29).

3.3.2 a-Synuclein propagation occurs in both anterograde and
retrograde directions, but retrograde propagation is the
predominant mode

In ADL-ASER pair, Venus fluorescence was observed in both ADL:V1S;
ASER::SV2 and ADL:SV2; ASER::V1S lines. In ADL::V1S; ASER::SV2 line,
strong Venus fluorescence was observed in both ADLR and ADLL, but not in
ASER, via the propagation of SV2 from postsynaptic ASER neuron (Figure
30). In order to confirm that Venus fluorescence was really observed in ADLs,
I crossed worms ADL:V1S; ASER:SV2 worms with those expressing
mCherry specifically in the ADL neurons (Psre-7::mCherry). As expected, I
found that the Venus fluorescence colocalized with mCherry, indicating that
BiFC signal was expressed in the ADLs (Figure 30). It may be possible that
the smaller molecule SV2 can be released easily from ASER, but the larger

V1S is not sufficiently released from ADLs to emit clear Venus signal in the
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ASER neuron. Thus, I examined fluorescent signal in the ADL:SV2;
ASER:V1S animals and found that weak fluorescence was observed only in
ASER, which was caused by the propagation of SV2 from presynaptic neuron
ADLs (Figure 31). However, this propagation from presynaptic to
postsynaptic neurons was significantly weak than that from postsynaptic
neurons to presynaptic neurons (Figure 32).

In the ASER-AIY pair, Venus fluorescence was observed only in ASER of
the ASER:'V1S; AIY::SV2 animals (Figure 33). No signal was observed in
either ASER or AIY of ASER::SV2; ATY::V1S animals (Figure 34). These data
suggested that a-synuclein spread in both anterograde and retrograde
direction among synapse. In both pairs, presynaptic neurons showed
significantly brighter fluorescent signals than postsynaptic neurons,
suggesting that the retrograde propagation of a-synuclein is dominant. I also
found that the strength of neuronal connectivity did not seem to affect the
efficacy of a-synuclein propagation. Although the number of synaptic
connections between the ASER-AIY pair is much larger than that between
the ADL-ASER pair, the BiFC signal in ASER (from AIY propagation) is

weaker than that in ADLs (from ASER propagation) (Figure 35).

3.3.3 DYN-1 Dynamin but not UNC-57 Endophilin is involved in
a-synuclein propagation

Previous evidence has suggested that several cellular mechanisms, such as
vesicle exocytosis/endocytosis or exosomal pathways, are involved in the cell-

to-cell transmission of a-synuclein such. Because exosome signaling is not a
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major releasing machinery in C. elegans, I focused on identifying potential
signaling molecules involved in vesicle endocytosis. To validate the role of
endocytosis in the predominant retrograde propagation of a-synuclein in C.
elegans, 1 examined the propagation efficacy of AIY on ASER neurons in unc-
57 and dyn-1 endocytic mutants. The unc-57 and dyn-1 genes encode
endophilin and dynamin (Figure 36A) homologue in C. elegans, respectively.
Since the null dyn-1 mutation is lethal at the embryonic stage of the animal,
we used a temperature-sensitive dyn-1(ky51) mutant allele, which displays
defects in the recycling of synaptic vesicles at the restrictive temperature [79,
80]. Additionally, the Venus fluorescence in ASER was greatly reduced in dyn-
1(ky51) mutant animals compared to that in the wild-type worms (Figure
36B), suggesting that DYN-1 is required for the uptake of a-synuclein in
presynaptic neurons. The unc-57(0k310) mutant animals also exhibited
defects in synaptic vesicle endocytosis; however, the Venus fluorescence in
unc-57 mutant animals was not altered compared to that in the wild-type
worms (Figure 37). Since endophilin has been proposed to play a role in
clathrin-mediated endocytosis [81, 82], these results suggest that classical
clathrin-mediated endocytosis may not be involved in a-synuclein

propagation into presynaptic neurons.
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3.4 Discussion

Retrograde propagation of a-synuclein via synaptic connections

Recently, much attention has been paid to the direction of a-synuclein
propagation in the pathology of PD. Evidences from autopsies of human
patients suggested afferent propagation of pathogenic forms in the brain-gut
nervous system [77, 83-86]. Several studies using preformed fibril (PFF) -
injected mouse models of PD have argued the direction and synaptic strength
in spreading of PFF. In fact, both the anterograde and retrograde directions
of spreading have been shown, but recent findings support that retrograde
spreading i1s probably dominant and that synaptic connectivity is not a
primary determinant for spreading of PFFs at initial stages of neuronal
vulnerability [74, 84, 85, 87]. However, in both human autopsy analyses and
mouse PFF-injected model, clear connectivity analysis of pathogenic PFF
propagation in specific cells is quite difficult for several reasons. First, the
large number of innervating neurites makes it difficult to promptly evaluate
the strength of connectivity. Thus, most studies have hypothesized that the
number of synapses per neurite is the same in all the neurons. Second,
evaluating the region of spreading from the injected site requires a long
period, causing uncertain results because some cells may have been affected
by a-synuclein and may have been lost during spreading. To the best of my
knowledge, there is no direct evidence that a-synuclein is propagated in the
retrograde direction through confirmed synaptic connections. Importantly,
the BiFC C. elegans model in this study allows us to perform a quantitative,

real-time analyses in certain neurons during propagation, and we were able

57



to explore the impact of synaptic strength based on the complete map of
synaptic connectivity. Since this strategy i1s advantageous over earlier
analyses, my data strongly indicated that the retrograde propagation from
postsynaptic to presynaptic neurons is dominant for natively expressed a-
synuclein, and the strength of connections is not the determinant of
propagation. Quantitative analyses of a-synuclein propagation using a well-
characterized synaptic connectivity in C. elegans will represent an important
framework for understanding and treating progressive neurodegenerative
diseases.

Different conclusions have been drawn regarding the contribution of
synaptic connections in a-synuclein propagation. For example, Henrich et al.
suggested that the strength of connections does not consistently correlate
with the magnitude of the a-synuclein pathology [88], while the other two
studies concluded that the strength is the primary determinant of spreading
[85, 89]. However, in this study, the neuronal pair with fewer synaptic
connections (i.e., ADL-ASER) showed more effective propagation than the
pair with more synaptic connections (i.e., ASER-AIY), suggesting that the
strength of connections does not positively correlate with the propagation.
However, it may be possible that the different expression levels in transgenic
lines may affect the BiFC signal intensity. So I also compared the signal
intensity in ADLL and ADLR from the ASER neuron in a single transgenic
line. Although ADLL has more synaptic connections with ASER than ADLR
(6 and 1, respectively), no difference in the BiFC signals was observed (Figure

30). These findings indicate that the efficacy of a-synuclein propagation is
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probably not dependent on the strength of synaptic connection, but might be
influenced by other factors. Few studies have showed that the BiFC system
works in the C. elegans, nervous system and that a-synuclein is transmitted
from cells to cells. However, these analyses do not focus on the connectivity of
neuronal cells in which a-synuclein is propagated, and it is not clear how and
where synuclein is spread in the nervous system. In this study, I first
indicated the strong propagation of a-synuclein into the synaptically
connected presynaptic neurons, but there is no correlation between the
amount of synuclein propagation and strength of synaptic connectivity.

In this model, only the SV2 propagation was observed while no V1S
propagation was seen, which might depend on the distinct characteristics of
V1S and SV2. A recent study showed that Vn-a-syn (corresponding to V1S)
exhibited a high propensity to form oligomers and higher-order aggregates
and only a small fraction of Vn-a-syn was involved in the formation of the
fluorescent BiFC complex [90]. It might be possible that oligomers and higher-
order aggregates are not the predominate state to be transmitted from cells
to cells. Alternatively, transmitted V1S may be difficult to exhibit BiFC signal
by forming complex with SV2 when V1S oligomers or aggregates are present
during transmission. Thus, the choice of fusion protein in target cells may
alter the conclusion on the direction and propensity of transmission of a-
synuclein. To avoid this misleading, in this study, I generated both transgenic
animals expressing V1S in pre- and SV2 in postsynaptic neurons, and its vice
versa. Both analyses showed that retrograde transmission is dominant in two

pairs of connected neurons. I strongly believe that the direction of
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transmission did not result from differed expression level nor transmission

efficacy of these two proteins.

Mechanisms of a-synuclein secretion and uptake

Another important aspect is the cellular mechanisms that might contribute
to a-synuclein propagation. Although a-synuclein does not contain a signal for
extracellular release, several studies on trans-synaptic a-synuclein
propagation suggest that its release by exocytosis and exosomes [91-93],
uptake by endocytosis [94-97], and spread from cell death could be involved
in the a-synuclein propagation. Because the exosomes uptake is through
clathrin-mediated endocytosis [98] and cell death was not observed in a-
synuclein expressing neurons, exo/endocytosis is the most reasonable
interpretation for the propagation observed in this study. As a-synuclein
propagation was observed in a retrogradely manner, from postsynaptic to
presynaptic neurons, I presume that a-synuclein is released from synaptic
neuron via exocytosis of dense core vesicle. In fact, a previous study also
confirmed that a-synuclein is released from cells by exocytosis and is enriched
in large dense core vesicles [99]. Thus, I carefully observed that GFP signals
did not co-localize with presynaptic RAB-3 puncta on the neurites of ASER,
but failed to observe such non-presynaptic localization of a-synuclein::GFP
protein. Since a-synuclein is known as a presynaptic protein, the density of
vesicles containing a-synuclein should be quite low at postsynaptic sites.
Using another approach to visualize postsynaptic a-synuclein may help us

understand the mechanism of retrograde secretion through synapses.
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Moreover, the results suggest a novel endocytic mechanism for a-synuclein
uptake in presynaptic neurons. I found that dyn-I (dynamin), and not unc-57
(endophilin), is involved in retrograde propagation of a-synuclein. Endophilin
1s an essential protein involved in clathrin-mediated endocytosis. This
suggests that a-synuclein may be taken up to presynaptic sites via
nonclassical clathrin-independent endocytosis. I believe that the C. elegans
model in this study will contribute to the identification of other genetic factors
involved in postsynaptic release and presynaptic uptake of a-synuclein using

cell-specific gene knockdown, in addition to genome-wide mutant screening.
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Figure 25. Examples of a-synuclein propagation in model studies.
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Figure 26. The possible mechanism of a-synuclein propagation in the
synaptically-connected neurons.
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Figure 27. Scheme of Bimolecular Fluorescence Complementation assay
(BiFC).

(A) Scheme of the generation of BiFC fluorescence by a-synuclein
oligomerization. (B) The application of BiFC in this study.
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Figure 28. Schematic representation of the neuronal circuit examined in this
study.

(A) Schematic representation of the position and morphology of studied
neurons. (B) Strength of synaptic connectivity among the studied neurons in
the cell-to-cell propagation of a-synuclein. Arrows represent the synaptic
directions, and the numbers above arrows represent the amount of synaptic

connections between neurons.
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Figure 29. Representative images of BiFC signal in C. elegans neurons.

(A) Strong Venus BiFC fluorescence in AIY when both V1S and SV2 were
expressed in AIY neurons. Left side view. Anterior is left dorsal is top. (B)
Strong Venus BiFC fluorescence in the ASER when both V1S and SV2 were
expressed in AIY neurons. Top view. Anterior is left.
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Figure 30. The retrograde propagation of a-synuclein in the ADL-ASER pair.
Strong Venus BiFC fluorescence in the ADL neurons of the ADL:V1S;
ASER::SV2 animals. Top view. Anterior is left. The lower figure is the scheme
of the a-synuclein propagation in ADL::V1S; ASER::SV2 animal.
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Figure 31. The anterograde propagation of a-synuclein in the ADL-ASER pair.
Weak Venus BiFC fluorescence in the ASER neuron of the ADL::SV2; ASER::
V1S animals. Side view. Anterior is left and dorsal is top. The lower figure is
the scheme of the a-synuclein propagation in ADL::SV2; ASER:: V1S animal.
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Figure 32. Quantification of Venus BiFC fluorescence intensity in the ADLs
or ASER neuron in the ADL-ASER pair.

The color bars represent the ratio of animals showing strong, weak or no
Venus BiFC intensity in each BiFC transgenic line. Twenty young adult
worms were examined in each line, and the statistical significance was
determined by Chi-square test, * P < 0.05.
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Figure 33. The retrograde propagation of a-synuclein in the ASER-ATY pair.
Venus BiFC fluorescence was only observed in the ASER neuron of the
ASER:V1S; AIY::SV2 animals. The lower figure is the scheme of the a-
synuclein propagation in ASER::V1S; AIY::SV2 animal.
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Figure 34. Quantification of Venus BiFC fluorescence intensity in the ASER
or AIY neurons in ASER-AIY pair.
Eighty worms were examined in each line. *** P < (0.001.
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Figure 35. Comparison of Venus BiFC fluorescence intensity in the ADLs
neuron in ADL-ASER pair and the ASER neurons in ASER-ATY pair.
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Figure 36. The weakened propagation of a-synuclein in the dyn-I mutant
animals.

(A) Schematic representation of endocytosis. (B) Quantification of Venus BiFC
fluorescence intensity in the wild-type or dyn-I mutant worms containing the
ASER::V1S; ATY::SV2 transgene. The color bars represent the ratio of animals
showing strong, weak or no Venus BiFC intensity in the ASER neuron. N =
23 or 96 for the wild-type and dyn-I mutant animals, respectively. The

statistical significance was determined by Chi-square test, *** P < 0.001.
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Figure 37. The normal propagation of a-synuclein in the unc-57 mutant
animals.
Quantification of Venus BiFC fluorescence intensity in ASER of wild-type and

unc-57 mutant worms. N = 80 worms.
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Chapter 4

General discussion and conclusion

a-Synuclein aggregates are the neuropathological feature of PD, which are
suggested to exhibit neurotoxicity and propagate in neuronal networks.
Besides the neurotoxic, it could also be considered that a-synuclein
aggregates are merely a consequence of the disease. Thus, understanding the
relationship between a-synuclein aggregation and PD progression is essential
to develop therapeutic strategies for this disease. In this thesis, I have
developed new transgenic C. elegans models to study the physiological
function and cell-to-cell propagation of a-synuclein.

In chapter 2, I found that the expression of a-synuclein causes the abnormal
accumulation of synaptic vesicles at presynaptic sites and the decreased
extracellular Ca2* influx by inhibiting the function of voltage-dependent
calcium channel cca-1 and unc-2 (Figure 38). These findings may reveal some
of the physiological functions of a-synuclein in neuronal cells. In chapter 3, to
evaluate the propagation mechanism of a-synuclein in synaptically connected
neurons, I focused on well-established synaptic neuronal pairs in the C.
elegans neuronal circuit and showed evidences on the bidirectional
propagation of a-synuclein through synaptic connections. However, 1 also
found that the retrograde propagation from postsynaptic to presynaptic
neurons is dominant. This finding helps to explain why a-synuclein pathology

i1s commonly found in the peripheral autonomic nervous system and

75



progressively spread to the central nervous system in the disease course.
Furthermore, endophilin was not involved in a-synuclein propagation,
suggesting that a nonclassical exo/endocytotic mechanism may regulate the
propagation process (Figure 39). The quantitative analyses of a-synuclein
transmission using a well-characterized synaptic connectivity in C. elegans
established an important framework for understanding and treating

progressive neurodegenerative diseases.

Requirement a trigger to cause a-synuclein aggregation and
neurodegeneration

In chapter 2, I attempted to evaluate native physiological roles of a-
synuclein by expressing in a single neuron ASER of C. elegans. Although
other studies using C. elegans DA neurons showed that overexpression of a-
synuclein often caused dopaminergic neurodegeneration, no significant
degeneration such as loss of the dendrite was observed in ASER neuron. Since
previous studies have suggested that dopamine facilitates a-synuclein
oligomeric conformation [100], it is conceivable that a trigger may be required
for a-synuclein oligomerization, which results in the transfer of pathogenic a-
synuclein strains. Due to a lack of such trigger in my C. elegans model,
overexpression of a-synuclein in ASER just accelerated the aging process,
without changing normal a-synuclein into pathological structure.

Such trigger seems to play an important role in defining the mechanism
underlying PD progression. To date, many studies have been carried out to

identify factors that potentially associate with the onset and progression of
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PD, including aging, genetics and environmental factors. PD usually begins
over the age of 60 and shows a rising prevalence with age. Although it is only
a few cases, several genes have been identified to associated with early-onset
and familial PD, including a-synuclein (SNCA), Parkin (PRKN), and LRRK2.
Since most patients are sporadic, environmental factors have been suggested
to increase the risk of PD, such as 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP) which can induce dopaminergic neuron death, air
pollutants and pesticides. Under normal conditions, although a-synuclein
have a potential to aggregate, the aggregates can be cleared by proteasome
mechanism without amyloid deposition. However, under the influence of
aging, genetic and environmental factors, a-synuclein becomes easier to
accumulate or hard to be cleared, leading to the accumulation and spread of
pathological strains of a-synuclein and eventually resulting in the
development of PD. On the other hand, although age-associated
morphological changes were accelerated in a-synuclein expressing worm
compared to control animals in this study, no significant neurodegeneration
was observed in ASER, even for aged animals. This result may suggest a
possibility that those risk factors are not enough in the ASER neuron of C.

elegans.

A hypothesis of physiological accumulation of a-synuclein triggered by
infection
An interesting observation that needs to be paid attention is that LLBs and

LNs are initially found in the dorsal motor nucleus of the glossopharyngeal
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(interfaces with tongue and pharynx), vagal (interfaces with the
parasympathetic control of the heart, lungs, and digestive tract) nerves and
anterior olfactory nucleus (involved in odor) before neurologic symptoms
appear [101]. This anatomical distribution of Lewy pathology can provide a
new insight into the possible triggers of PD pathology. Gastrointestinal tract
and nasal cavity are organs which are faced with the outside and have high
possibility of being infected by foreign substances such as bacteria and viruses.
In human patients with intestinal inflammation, accumulation of a-synuclein
in enteric neurites was found [102]. Furthermore, recent study indicates that
patients who had undergone truncal vagotomy seem to have lower risk of PD
[103]. Therefore, the infection-triggered PD hypothesis can be proposed, in
which the expression of a-synuclein can be increase after pathogen infection
and inflammation, leading to pathological accumulation of a-synuclein.
Similar views have been also proposed for Alzheimer's disease [104]. AB has
been shown to disrupt membranes in vitro studies [105] and may play a role
similar to antimicrobial peptides (AMPs) which function in the innate
immune system, exhibiting antimicrobial activity against several
microorganisms [106]. Recent studies also reported that AB functions as an
innate immune protein that protects against bacterial and viral infections in
mice model [107, 108]. Beyond AB, other neurodegeneration-associated
proteins including tau and prion have been shown to have antimicrobial
activities [109, 110]. These findings imply the physiological functions of

neurodegeneration-associated proteins to play a protective role in host
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defense, although under certain conditions, they could be dysregulated and
form toxic amyloid oligomers leading to pathological processes.

Based on the infection-triggered PD hypothesis, it can be further
interpreted that membrane binding and channel formation of a-synuclein
may contribute to increase the bacterial membrane permeability. Neuro-
invasive viral infections that invade into the nervous system is known, and
these transmit progeny virions or virion components within axons and spread
to post-synaptic cells [111]. The function of a-synuclein in inhibiting neuronal
activity, synaptic vesicle release and propagation between synaptically
connected neurons, found in this thesis, could be important to block the
infection route to prevent the spread of infection. To test this presumption, it
1s necessary to perform a large number of experiment and to provide a large
amount of corroborative evidence as future works. I believe that a deeper
understanding of the role of a-synuclein in the immune system could further
create new treatments for Parkinson’s disease and other neurodegenerative

disorders.
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Figure 38. Model of the physiological function of a-synuclein in the C. elegans
neuronal system.
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