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1 Introduction

Disease modifying therapies for the treatment of neurodegenerative diseases are fast
becoming the greatest challenge in biomedical research. Although pathologically and
phenotypically different, Parkinson’s disease (PD), Alzheimer’s disease (AD) and motor
neurone disease (MND) share a common feature: the loss of structure and function in
discrete areas of the brain, with minimal effective therapies available to delay disease

progression (Przedborski et al., 2003).

1.1 Parkinson’s disease

Initially described as the ‘shaking palsy’ by James Parkinson in 1817, PD is now the second
most common neurodegenerative disease and most common neurodegenerative movement
disorder. It is thought to affect approximately 7 million people worldwide, a figure which is
expected to double by 2040 (Jankovic and Tan, 2020), highlighting the importance of drug
discovery, particularly to generate disease modifying therapies.

In order to satisfy a diagnosis of PD, a patient must exhibit the core motor symptoms of
resting tremor, bradykinesia and rigidity, all of which are often asymmetric, as well as a
degree of postural instability. Furthermore, these symptoms should be somewhat improved
following dopaminergic treatment in order for a PD diagnosis to be given. In many cases, the
severity of the main motor symptoms can differ, allowing motor subtypes to be formed, for
example tremor-dominant (Balestrino and Schapira, 2020). Phenotypically, PD is an
extremely heterogenous disease and patients experience a myriad of other motor and non-
motor symptoms. Additional motor symptoms include gait disturbances, freezing and
alterations in blinking and eye movements (Balestrino and Schapira, 2020). The main
disease heterogeneity in PD lies within the broad range of non-motor symptoms patients can
experience. It has been reported that although often under-reported by patients and under-
investigated by clinicians, the non-motor symptoms are usually the most debilitating to
patients and have the largest effect on quality of life. There are a plethora of non-motor
symptoms experienced in PD including, but not limited to, psychiatric symptoms such as
depression, anxiety and hallucinations, gastrointestinal symptoms such as constipation and

sleep disturbances (Balestrino and Schapira, 2020).

1.1.1 Parkinson’s Disease Pathology

PD is characterised by a progressive loss of dopaminergic neurones in the substantia nigra
pars compacta (SNpc), part of the nigrostriatal pathway, as well as the presence of
cytoplasmic protein inclusions known as Lewy bodies (Simon et al., 2020). The main

proteinaceous component of Lewy bodies is alpha synuclein, encoded by the SNCA gene,
1



and will be discussed in greater detail during chapter 4. By the time patients present to clinic
with symptoms, approximately 40-60%, or more, of their dopaminergic neurones have
already degenerated (Véaradi, 2020). However, it is universally accepted that early
degeneration begins 10-15 years prior to symptom onset, a stage widely referred to as the
prodromal phase of PD (Balestrino and Schapira, 2020). This is further supported by the
proposed spread of alpha synuclein which suggests early involvement of both the enteric
nervous system and the olfactory bulb, with the SNpc only becoming affected during the
third stage (Braak et al., 2003a, Hawkes et al., 2007). Furthermore, the presence of non-
motor symptoms hyposmia (loss of smell), constipation and sleep disturbances known as
rapid eye movement (REM) behaviour disorder (RBD) in otherwise healthy individuals
displays an increased risk for the development of PD in later life (Mahlknecht et al., 2015).
The long latency period that exists between initial pathology development and symptom
onset presents a unique opportunity for early therapeutic intervention in order to preserve
remaining dopaminergic neurones, as well as understanding disease processes and
development (Balestrino and Schapira, 2020). However, the caveat remains in identifying
this population as, excluding RBD, the prodromal symptoms are both subtle and lack
specificity (Mahlknecht et al., 2015), highlighting the importance of identifying robust

biomarkers to uncover PD.

1.1.2 Causes of Parkinson’s Disease

In the majority of cases, the aetiology of PD is unknown and likely linked to a variety of
lifestyle and environmental factors. However, approximately 5-10% of PD cases are linked to
known genetic mutations, with 20 monogenic mutations and over 100 risk loci having been
identified (Balestrino and Schapira, 2020, Jankovic and Tan, 2020). Different genetic causes
present in slightly different ways, with differences in age of onset, motor sub-type and
pathological burden. The first genetic mutations linked to PD were described in 1997 in the
SNCA gene and so far, at least 14 pathogenic or likely pathogenic point mutations have
been uncovered well as gene multiplications, frequently causing early onset PD (Siddiqui et
al., 2016, Guo et al., 2021). Both gene duplications and triplications have been reported, with
triplication mutations resulting in earlier onset than duplications (Simon et al., 2020),

indicating a role for endogenous protein levels in PD.

A second genetic cause of PD, and the most common autosomal recessive mutation, is in
the gene encoding Parkin. Parkin is an E3 ubiquitin ligase that is heavily involved in
mitophagy, the removal of damaged and dysfunctional mitochondrial from a cell (Jankovic
and Tan, 2020) but is also involved in mitochondrial dynamics, the repair of mildly damaged

mitochondria via the formation of mitochondrial derived vesicles and it may also have a role
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in promoting cell survival, although this is yet to be fully elucidated (Seirafi et al., 2015).
Patients with Parkin mutations typically present with a more symmetrical phenotype and
although they initially respond well to dopamine treatment, they exhibit dopamine-induced
dyskinesias earlier than typically expected (Jankovic and Tan, 2020). Interestingly, upon
post-mortem examination, cases of Parkin PD rarely show Lewy body pathology (Jankovic
and Tan, 2020).

The most common cause of autosomal dominant PD is via mutation in the leucine-rich
repeat kinase 2 (LRRK2) gene, however they frequently possess incomplete penetrance
(Jankovic and Tan, 2020) and are sub-typed into manifesting and non-manifesting groups.
Although still a rare cause of PD, LRRK2 mutations are more commonly found in the
Ashkenazi Jewish population, as well as in some regions of North Africa, with fewer cases
described in Caucasians (Simon et al., 2020). There have been a number of LRRK2
mutations described that result in PD via alterations within the kinase domain, likely via a
toxic gain of function, therefore treatment with LRRK2 kinase inhibitors may be of benefit to
this PD population (Jeong and Lee, 2020). Pathologically, LRRK2 PD patients may or may
not exhibit Lewy bodies, while clinically, they often present with atypical Parkinsonian
features such as orthostatic hypotension, dementia and hallucinations (Jankovic and Tan,
2020).

Other PD causing mutations exist in the genes that encode phosphatase and tensin
homologue (PTEN) induced kinase 1 (PINK1), DJ1 and glucocerebrosidase (GBA) which
cause autosomal recessive (and autosomal dominant for GBA) disease (Simon et al., 2020).
However, as mentioned, the majority of PD cases are idiopathic, having no known cause.
That said, risk genes and environmental triggers have been described that can increase the
risk of developing PD. By far the biggest risk factor for developing PD is age, however links
have also been made to heavy metal exposure via an increase in oxidative stress in
dopaminergic neurones (Emamzadeh and Surguchov, 2018). Similarly, exposure to
pesticides and rural living have been associated with a higher risk of developing PD, as well
as traumatic brain injury and the consumption of dairy products (Jankovic and Tan, 2020).
On the contrary, smoking and caffeine intake through drinking coffee have been associated
with lower risk of PD (Jankovic and Tan, 2020), however these should be balanced against
the risk of developing other diseases as a result of their consumption. These potential risk
and neuroprotective factors highlight the complexities in PD development and further

illustrate why different disease modifying therapies may be needed.



1.1.3 Current Treatments

There are a number of treatments options available for PD, both pharmacological and non-
pharmacological, however both options only offer symptomatic relief, not disease modifying.
As mentioned, PD is caused by the loss of dopaminergic neurones, and thus less dopamine
is available in the brain. Many of the available pharmacological interventions currently centre
around increasing dopamine concentration in the synapse. Physiologically, dopamine is
synthesised from phenylalanine via enzymatic reactions and the creation of the
intermediates tyrosine and L-Dopa, with tyrosine hydroxylase being the rate limiting enzyme
of the reaction (Daubner et al., 2011). The generation of further catecholamines
norepinephrine and epinephrine are also possible via enzymatic reactions of dopamine
(Daubner et al., 2011). Direct administration of dopamine is not possible due to its electrical
charge, meaning it cannot cross the blood brain barrier (BBB), therefore the precursor,
levodopa, is administered (LeWitt, 2015). However, levodopa presents a challenge of its own
due to its uptake and bioavailability (Tambasco et al., 2018). Levodopa competes for uptake
via facilitated sodium dependent L-neutral amino acid transport within the gut alongside
neutral amino acids generated following the digestion of food (Tambasco et al., 2018).
Following uptake, levodopa undergoes extensive first pass metabolism as well as
degradation and clearance and consequently only approximately 1% of orally administered
levodopa is available for uptake by the brain (Tambasco et al., 2018). In order to counteract
a portion of levodopa degradation in the periphery, it is often administered in conjunction
with carbidopa, a peripheral decarboxylase inhibitor, allowing for increased (up to 10%)
bioavailability and consequently increased efficacy of levodopa (Tambasco et al., 2018).
Levodopa is currently the most effective treatment for PD, however longer term use can
result in the generation of new motor and non-motor symptoms, namely dopamine-induced
dyskinesias which often negatively affect the patient’s quality of life (Daubner et al., 2011). It
is likely that long term, intermittent levodopa administration results in dyskinesias due to
downstream effects that alter the serotonergic neurones of the striatal system (Thanvi et al.,
2007, Emamzadeh and Surguchov, 2018).

In addition to levodopa, dopamine receptor agonists and monoamine oxidase inhibitors can
also be used to treat PD. Dopamine receptor agonists are often used as the first line
treatment for PD as they can delay motor complications and also delay the onset of
dopamine induced dyskinesias, therefore of benefit to people with early onset PD (Borovac,
2016). There are two generations of dopamine receptors agonists, older, ergoline based,
and newer, non-ergoline based. The older generation of dopamine receptor agonists are
now rarely used due to their off target effects on other subsets of dopamine receptors,

whereas the newer generation are specific to dopamine receptors D2 and D3 (Borovac,
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2016). This is of critical importance as dopamine receptors D2 and D3 are involved in
locomotor activities, whereas receptor D4 is linked to stimulant use and drug relapse while
D1 also affects the renal system (Borovac, 2016). Dopamine receptor agonists primarily
function by binding to dopamine receptors in the absence of endogenous dopamine,
therefore mimicking its signalling and producing the desired effect. That said, they continue
to have inherent disadvantages, in particular impulse-control disorder, peripheral oedema

and excessive day time sleepiness (Borovac, 2016).

Monoamine oxidase B inhibitors function by halting the action of monoamine oxidase B, the
enzyme responsible for the breakdown of dopamine in the brain, hence increasing the
concentration of dopamine in the synaptic cleft, allowing dopamine signalling to ensue for
longer (Dezsi and Vecsei, 2017).

The side effect profiles associated with these three groups of pharmacological therapies, as
well as their symptomatic nature and typically limited efficacy, in particular in patients with
advanced disease, highlight the need for alternative therapies that provide either a
neuroprotective or neuro-restorative approach. Since its inception in 2000, approximately
2700 clinical trials have been undertaken in PD and their progress published on the
‘clinicaltrials.gov’ web registry (Prasad and Hung, 2021), with 3185 listed as of May 2022. In
many instances, novel pharmacological therapies have looked promising during in vitro and
in vivo studies, however once into clinical trials, they fail to meet their primary end points.
Different phases of clinical trials exist to ensure their safety and tolerability in the first
instance before conducting further in-depth studies to determine their efficacy, side effect
profile and potency (Prasad and Hung, 2021). Only approximately 33% of compounds reach
phase Il clinical trials (Prasad and Hung, 2021) in which it can be determined whether a
compound reaches its primary end point. Perhaps one of the most high-profile PD clinical
trials of recent years was investigating the effect of a dopaminergic neurotrophic factor, glial
cell line-derived neurotrophic factor (GDNF). This study was a large step into the unknown
as they designed a novel drug administration technique. Four micro-catheters were inserted
into the putamen with a transcutaneous delivery port mounted onto the skull allowing for
intermittent delivery of GDNF or placebo throughout the trial (Whone et al., 2019).
Interestingly, despite many participants experiencing a subjective improvement of their
symptoms, the primary end point of this trial was not met, meaning that there was no
statistically significant change in unified Parkinson’s disease rating scale (UPDRS) score in
the defined OFF state (Whone et al., 2019). GDNF clearly illustrated visual improvements in

patient motor symptoms, however the drug delivery system required extensive neurosurgery



that is likely not suitable for all PD patients, therefore it may be of benefit to develop an oral

or subcutaneous delivery system for GDNF.

As mentioned, Lewy bodies are found within the brain of the majority people with PD as a
result of alpha synuclein aggregation. Alpha synuclein exists as different strains, with some
strains believed to be more toxic than others. There are currently immunotherapies in clinical
trials which aim to restrict the spread of pathogenic alpha synuclein by targeting it for
degradation with antibodies (Stoker and Barker, 2020). However, the question remains
regarding the effect of alpha synuclein spread in physiological disease. It is evidently
important pathologically, but PD incorporates many other factors so it is likely
immunotherapy would be needed in conjunction with other therapies. Moreover, the normal
physiological function of alpha synuclein is, at present, poorly understood, therefore

targeting it for degradation could create unexpected off target effects.

The drug discovery process from initial concept and target identification to licensing for
clinical use often takes 12-15 years, if not longer, with a cost of over $1 billion (Mohs and
Greig, 2017). However, drug repurposing offers a cheaper, more efficient method to develop
compounds. Briefly, drug repurposing investigates the potential for using compounds that
are already licenced for one condition, in the treatment of another condition (Xue et al.,
2018). The major benefit of drug repurposing is that the safety and tolerability profile of the
drug, as well as the side effect profile, is already known and understood. One of the first
examples of drug repurposing was acetylsalicylic acid, more commonly known as aspirin.
Initially used as an analgesic, it can also be used at low doses as an anti-platelet

aggregation therapy to prevent cardiac events (Jourdan et al., 2020).

Drug repurposing studies have also been conducted to discover new therapies for PD. Most
notably, a repurposing study in 2013 uncovered the potential benefits of bile acids, namely
ursodeoxycholic acid (UDCA), in restoring mitochondrial health in a number of different PD
models (Mortiboys et al., 2013, Mortiboys et al., 2015). UDCA is currently used for the
treatment of cholestatic liver diseases (Paumgartner and Beuers, 2002) however it has since
entered human clinical trials to assess its effect in people with PD. The primary end points of
this trial are primarily to determine safety and tolerability in PD patients but, as a secondary
outcome, to investigate differences in UPDRS score, target engagement and imaging
between baseline and end of trial. The trial was expected to end in July 2021; however,

results are yet to be published (Payne et al., 2020).

Non-pharmacological therapies are also available for the treatment of PD, primarily in the

form of deep brain stimulation (DBS). DBS requires the implantation of electrodes targeted



to specific brain regions (usually the subthalamic nuclei or globus pallidus internus) in order
to deliver constant or intermittent electrical pulses and provides significant and persistent
improvement in motor function for 5-10 years (Lozano et al., 2019). However, due to the
multifaceted nature of PD and the underlying neurodegeneration that continues to occur, it is
unable to provide respite from gait, speech or cognitive issues (Lozano et al., 2019). DBS is
believed only to be beneficial to a small subset of patients, those in more advanced stages
of disease who suffer with motor fluctuations and dopamine induced dyskinesias.
Furthermore, the risk benefit ratio must be carefully considered due to the inherent possibility

of brain infection (Emamzadeh and Surguchov, 2018).

The lack of long term, effective pharmacological and non-pharmacological treatments
highlights the importance of continued research and drug development in the PD field.
Unfortunately, it is common for novel compounds to show promise in cellular and animal
models of PD, however struggle to translate to humans upon clinical trial. This is likely due to
the struggles associated with identifying a suitable, measurable primary end point.
Measuring dopaminergic cell survival is not possible as cells may survive, but without
function. Therefore, therapies are often assessed on their ability to modify disease
progression through changes in UPDRS score and measurable biomarkers from blood and
cerebral spinal fluid (Rascol, 2009). Moreover, identifying the correct patient population to
use to difficult. As mentioned, PD pathology is likely initiated 10-15 years prior to symptom
onset. Therefore, treating once symptom burden has arisen may be too late and reliable
biomarkers for early diagnosis need identifying to enable treatment within the preclinical or

prodromal phases.

1.2 Mitochondria

Mitochondria are double membraned organelles that are pivotal for the survival of
eukaryotes and are responsible for producing adenosine triphosphate (ATP), the energy
required for cells to survive. Initially identified in the 1840s, mitochondria were first officially
recognised by Altmann in 1890 who described them ‘elementary organisms’ that were able
to live symbiotically with eukaryotic cells, aiding their function, an idea that was later revisited
when scientists uncovered mitochondria’s bacterial roots (Ernster and Schatz, 1981, Roger
et al., 2017). In support of the endosymbiosis theory, mitochondria possess their own,
circular, DNA, mtDNA, that encodes 37 genes, 13 of which are translated into proteins of the
electron transport chain (ETC) (Gray, 2012, Nunnari and Suomalainen, 2012). The
remaining genes encode ribosomal and transfer RNAs involved in mitochondrial protein
translation (Gray, 2012).



1.2.1 Cellular ATP Generation

As mentioned, ATP is the cellular energy that is needed in order to cells to survive. There
are two primary mechanisms by which ATP can be generated, namely glycolysis and
oxidative phosphorylation (OXPHOS). Glycolysis is the conversion of glucose to either
pyruvate or lactate, with conversion to the latter resulting in a more rapid generation of ATP,
however the overall net gain of ATP is much lower than via OXPHOS (Bell et al., 2020b). If
converted to pyruvate, it is able to enter the citric acid cycle following conversion to acetyl-
CoA. The citric acid cycle is a series of 8 enzymatic reactions, which primarily occur in the
mitochondrial matrix, and result in the generation of reducing agents nicotinamide adenine
dinucleotide (NADH) and flavin adenine dinucleotide (FADH,) (Haddad A, 2021). These
substrates then enter the ETC by donating electrons to complex | (NADH: ubiquinone
oxidoreductase) or complex Il (succinate dehydrogenase) (Nolfi-Donegan et al., 2020).
Electrons are then passed down the ETC via a series of redox reactions and are coupled to
the pumping of hydrogen ions from the matrix to the intermembrane space at complexes I, ll|
(co-enzyme ¢: cytochrome c reductase) and IV (cytochrome c oxidase). This generates a
proton gradient across the membrane, which is finally utilised at complex V (ATP synthase).
Complex V is a large multi-subunit complex, existing both extra membranous (Fo) and trans-
membranous (F1), in which protons are pumped down their concentration gradient from the
intermembrane space back into the matrix via Fo. This is coupled to the rotation of the F
head, resulting in the addition of a phosphate group to adenosine diphosphate (ADP),
generating ATP (Nolfi-Donegan et al., 2020). The process of ATP generation via OXPHOS is
much more energy efficient, resulting in a net gain of approximately 32 ATP molecules

compared to 4 generated via glycolysis (Bell et al., 2020b, Deshpande OA, 2021).

1.2.2 Mitochondrial Dynamics

Mitochondria were once believed to be static, isolated organelles, however thanks to
improvements in live cell imaging over the last 30 years, this was proved to be incorrect. In
contrast, mitochondria are now known to form a vast, dynamic cellular network owing to their
ability to alter their morphology in response to the needs of the cell (Tilokani et al., 2018).
Mitochondrial dynamics are governed by the balance between fission and fusion.
Mitochondrial fission is the ability of one mitochondrion to split into two daughter organelles
and is primarily regulated by mitochondrial protein dynamin related protein 1 (Drpl) and its
receptor proteins mitochondrial fission factor and mitochondrial dynamics proteins 49 and 51
(Mid49 and Mid51). Briefly, Drp1, a cytosolic protein, is dynamically recruited to the
mitochondrion where is forms a ring like structure at the scission site. This causes
membrane constriction and the final step likely requires dynamin 2 (Dnm?2) to catalyse the

final scission (Tilokani et al., 2018). Conversely, mitochondrial fusion is the merging to two
8



mitochondria, forming one mitochondrion and is regulated by optic atrophy 1 (Opal) and
mitofusins 1 and 2 (Mfnl and Mfn2). Fusion occurs in a 3-step process. Initially, two
mitochondria are tethered via Mfn1 and Mfn2 at the outer mitochondrial membrane (OMM),
docking surface area is increased and distance between the two mitochondria is reduced. A
confirmational change occurs via a GTP hydrolysis mechanism resulting in the fusion of the
OMM. Finally, Opal interacts with cardiolipin (CL) on the opposing inner mitochondrial
membrane (IMM), tethering them together and the resulting GTP hydrolysis completes the
fusion process (Tilokani et al., 2018).

1.2.3 Reactive Oxygen Species

Reactive oxygen species (ROS) are derived from molecular oxygen and formed via its partial
reduction to create species such as superoxide, hydrogen peroxide and hydroxyl radicals
(Ray et al., 2012). ROS are widely accepted to play a physiological role in cell signalling,
particularly via the NF- kB pathway, whilst also being involved in immunity as anti-microbial
effectors molecules (Dan Dunn et al., 2015). Mitochondria are the major source of cellular
ROS generation, producing approximately 90% (Kausar et al., 2018), and occurring primarily
via the production of superoxide at complex | of the ETC due to leakage of electrons (Dan
Dunn et al., 2015, Murphy et al., 2016). There is a fine balance between physiological and
pathological ROS that is governed by antioxidants, molecules able donate an electron, in
order to stabilise free radicals and prevent oxidative stress (Lobo et al., 2010). It is thought
that when this system becomes imbalanced, ROS and hence oxidative stress can have

negative impacts upon the cell and contribute to many different diseases.

1.2.4 Other Mitochondrial Functions

As mentioned, the primary function of the mitochondria are to generate ATP, however the
mitochondria are key players in other cellular processes including apoptosis. Furthermore,
mitochondria are known to be involved in cholesterol metabolism. Briefly, although
mitochondrial cholesterol levels are 40 times lower than the plasma membrane and 4.5
times lower than the endoplasmic reticulum, the importance of cholesterol at the
mitochondrial membrane shouldn’t be overlooked. In fact, it could be argued that the lower
cholesterol levels mean the mitochondria are more susceptible to cholesterol dysregulation
than the plasma membrane or endoplasmic reticulum (Martin et al., 2016). Cholesterol must
be transported to the mitochondria from elsewhere in the cell, internalised through the outer
and inner mitochondrial membranes and in instances where cholesterol import is altered,
changes in the mitochondrial membrane properties and overall mitochondrial functions occur
(Martin et al., 2016). Furthermore, the presence of cholesterol at the IMM is vital for steroid,

oxysterols and hepatic bile acid synthesis (Elustondo et al., 2017). Increased mitochondrial
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cholesterol has been linked to AD however evidence linking it to PD is currently inconclusive.
However, increased mitochondrial cholesterol was found to cause oxidative stress and
mitochondrial dysfunction in a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) mouse
model of PD, increasing the vulnerability of the mid-brain dopaminergic neurones (Paul et
al., 2017).

Furthermore, the maintenance of a healthy mitochondrial population is pivotal and, in
association with mitochondrial fission and fusion, mitochondria are able to undergo a
process called mitophagy to maintain a healthy mitochondria pool. The process of mitophagy
will be discussed at greater length during chapter 4. Mitochondria also have a role in calcium
signalling (Murphy et al., 2016) and although an extremely important function within its own

right, it is outside the scope of this thesis and therefore won't be discussed at length.

1.3 Mitochondria and Their Role in Parkinson’s Disease

As we age, efficiency of the mitochondria is known to decrease, both in quality and activity,
contributing to age-related decline in organ function (Sun et al., 2016). Moreover, there is an
increased risk of mitochondrial mutations, particularly within the mtDNA, which in turn
contributes to the process of ageing (Sun et al., 2016). It is now widely accepted that
mitochondria are dysfunctional in many neurodegenerative diseases, including PD. The
deficits that we observe in normal ageing appear to be exacerbated, with additional defects
also present. Furthermore, many of the genetic causes of PD already mentioned are centred
around the mitochondria, further highlighting their role in pathogenesis. The discovery of
familial causes of PD has allowed us to investigate the role that the mitochondria play in
disease pathogenesis, however these pathways may not be an accurate representation of

sporadic disease.

1.3.1 Familial Parkinson’s Disease

Understanding the impact of genetic mutations on disease progression has allowed
researchers to identify roles that the mitochondria may play in PD pathogenesis. As
mentioned, genetic mutations have been found in a number of genes that are now known to
cause both autosomal dominant (SNCA, LRRK2, vacuolar protein sorting-associated protein
35 (VPS35)) and autosomal recessive (Parkin, PINK1, ATP13A2) PD. Many of the genes

implicated in familial PD have direct effects on mitochondrial function (Park et al., 2018).

SNCA
Alpha synuclein overexpression in a mouse model of PD, synonymous with alpha synuclein
gene multiplications, highlighted differences in mitochondrial ETC disruption depending upon

brain region, with no differences in regional aggregation. For example, defects in complexes
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I, II, IV and V were observed in the midbrain, whereas only defects in complexes IV and V
were observed in the striatum (Subramaniam et al., 2014). This highlights the selective

vulnerability of dopaminergic neurones within the SNpc to PD.

Alpha synuclein oligomers have also been associated with the production of a more
fragmented mitochondrial network, contributing to the imbalances in mitochondrial dynamics
and morphology that are observed in PD (Plotegher et al., 2014). Furthermore, pathogenic
gene mutations in alpha synuclein have also showed similar pathogenic mechanisms
through the creation of more fragmented mitochondrial network, as well as increased ROS

production and ETC complex deficiencies (Khalaf et al., 2014, Park et al., 2018).

LRRK2

LRRK2 is a kinase that, under physiological conditions, interacts with mitochondrial fission
and fusion proteins, particularly Drpl, resulting in regulation of mitochondrial dynamics
(Wang et al., 2012). It is believed that mutations in LRRK2 result in a toxic gain of function
and consequently increased Drpl activity, with a more fragmented mitochondrial population
being formed (Ryan et al., 2015). The most common LRRK2 mutation, G2019S, is able to
enhance the alterations in mitochondrial morphology through increased interactions with
Drpl, a phenomenon that can be rescued with Drpl inhibitors (Ryan et al., 2015).
Furthermore, the G2019S mutation is able to interact with fusion protein Opal, reducing the
amount of mature protein available, hence further altering the fission and fusion balance
(Stafa et al., 2014). Mutations in VPS35 have also been linked to mitochondrial dynamic

alterations via interactions with fission and fusion proteins (Park et al., 2018).

Parkin

Mutations in genes causing autosomal recessive PD have also been directly linked to
mitochondrial function. There are over 120 known mutations within Parkin that cause PD and
its protein function has been linked to regulating the overall health of the mitochondrial
population, both through mitophagy and mitochondrial biogenesis. The mechanism by which
mitophagy is disrupted depends upon the Parkin mutation present; some mutations
decrease the recruitment of Parkin to the mitochondria, while others result in a loss of ligase
activity (Lee et al., 2010). That said, the outcome in all cases remains constant, removal of
damaged mitochondria is impaired, affecting the overall health of the mitochondrial
population. As well as mitophagy defects, Parkin mutations have also been linked to
defective mitochondrial biogenesis. Under physiological conditions, Parkin ubiquitinates
parkin interaction substrate (PARIS), targeting it for degradation via the proteasome.
Degradation of PARIS is pivotal for normal function as it is a repressor of peroxisome

proliferator-activated receptor gamma coactivator 1-alpha (PGC1a), a protein vital for
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mitochondrial biogenesis (Castillo-Quan, 2011, Park et al., 2018). Therefore mutations in
Parkin result in the accumulation of PARIS and consequently decreased mitochondrial
biogenesis (Castillo-Quan, 2011).

PINK1

Physiologically, PINK1 works upstream of Parkin in the mitophagy pathway by means of
accumulation at the OMM, recruiting Parkin and tagging the mitochondria for degradation.
Therefore, mutations in PINK1 also primarily affect the mitophagy pathway. However
similarly to Parkin, mutations in PINK1 have other effects on the mitochondria, namely
perturbations in calcium buffering (Kostic et al., 2015) and deficiencies in ETC complex | and
Il activity, leading to decreased ATP (Amo et al., 2014). Furthermore, PINK1 acts as a pro-
fission regulator by displacing protein kinase A from A-kinase anchoring protein 1 (AKAP1)
and activating Parkin and Drp1 to drive mitochondrial fission, however this pathway is
disrupted in the presence of PINK1 mutations (Pryde et al., 2016).

1.3.2 Sporadic Parkinson’s Disease

The majority of PD patients have no known underlying cause; however, we are able to
understand some of the pathways affected due to our knowledge about dysregulated
systems in familial cases of PD. It is also likely that environmental factors play a role in the

development of sporadic PD (Park et al., 2018).

Complex | Deficiencies
Mitochondria were first implicated in sporadic PD pathogenesis during the 1980s when a
group of seven people presented at a number of different hospitals, all possessing similar
symptoms that didn’t fit any clinical psychiatric or neurological diagnoses. They presented
with Parkinsonian like features including rigidity and cog-wheeling (a jerky-like feeling when
the limbs are rotated) (Langston, 2017). As well as the rapid onset of motor symptoms, the
patients also experienced some non-motor symptoms in the form of deficits of higher
cognitive function and levodopa responsiveness (Langston, 2017). The common
denominator between the seven patients was their drug use, having all tried a new, synthetic
heroin that they believed to be 1-methyl-4-phenyl-4-propionpiperidine (MPPP). However,
upon testing a batch, it was discovered that the synthetic drug was almost exclusively pure
MPTP. MPTP is able to cross the BBB where it is rapidly converted into 1-methyl-4-
phenylpyridinium (MPP+), acting as a substrate at the dopamine transporter on
dopaminergic neurones of the SNpc. However, the ventral dopaminergic neurones appeared
to be relatively spared, likely due to differences in uptake affinity (Langston, 2017). MPP+
was found to exhibit its neurotoxic effects through inhibition of ETC complex I, resulting in
decreased ATP production and an increase in ROS, hence oxidative stress, and
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consequently neuronal cell death (Langston, 2017). This provided evidence for the role of
complex | inhibition in PD, however the rapid onset of symptoms is not representative of
sporadic PD. In 1990 Schapira et al studied the ETC in post-mortem tissue from patients
with sporadic PD. They described a significant reduction in the activity of mitochondrial
complex | compared to age and sex matched controls, yet they were unable to explain why
(Schapira et al., 1990). Since then, decreased complex | activity has been repeatedly
described in brain tissue from people with PD (Hattori et al., 1991, Janetzky et al., 1994,
Mann et al., 1994), however total protein amount remains unchanged (Schagger, 1995).
Therefore it is likely that the defects lie primarily within the enzymatic activity of complex |
and not within complex assembly (Schagger, 1995). Further evidence for the role of complex
| defects in PD have arisen in the form of alternative mitochondrial toxins such as rotenone
and 6-hydroxydopamine (Glinka et al., 1997, Marella et al., 2009, Tanner et al., 2011) which
have been proven to act via complex | dependent mechanisms and are now routinely used

to induce Parkinsonian phenotypes in PD research.

Alternative Mechanisms of Mitochondrial Dysfunction

The production of ROS, which in turn contributes to overall oxidative stress, is locked in
vicious cycle with alpha synuclein aggregation. As mentioned, and as will be discussed in
greater depth during chapter 4, alpha synuclein aggregates are found pathologically in PD.
These aggregates interact with the mitochondria, specifically at complex I, resulting in
increased ROS production and oxidative stress (Park et al., 2018). Furthermore, alpha
synuclein has been found to interact with OMM proteins translocase of outer membrane 20
and 40 (Tom20 and Tom40), as well as voltage-dependent anion-selective channel 1
(VDAC1), levels of which were found to be reduced in sporadic PD (Chu et al., 2014, Park et
al., 2018). It is also possible that alpha synuclein is able to open the mitochondrial
permeability transition pore, resulting in the loss of mitochondrial membrane potential (MMP)

and a subsequent fragmentation of the network (Park et al., 2018).

Dysfunction within mitochondrial dynamics have also been implicated in sporadic PD,
namely via the proteolysis of Opal and phosphorylation of Drpl at serine 616, promoting
mitochondrial fission and reducing mitochondrial fusion (Santos et al., 2015). Moreover,
levels of PGC1a have also been discovered to be decreased in sporadic PD and
exacerbated by oligomeric alpha synuclein, resulting in decreased mitochondrial biogenesis
(Eschbach et al., 2015).

Mitochondria evidently play a pivotal role in the development and pathogenesis of both
sporadic and familial PD. It is likely that each patient with PD has deficits in several of the
mechanisms discussed and therefore many potential drug targets exist. It is also possible
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that the heterogeneity observed within PD is due to different pathways being affected,
highlighting the possibility for patient stratification in order to effectively treat PD.

1.4 Non-Mitochondrial Drivers of Parkinson’s Disease

1.4.1 Lysosomal Dysfunction

Although linked to mitochondrial dysfunction through mitophagy, lysosomal dysfunction can
be a driver of PD in its own right. Lysosomes are small vesicles containing acid hydrolases
that play a pivotal role in the degradation and recycling of intra- and extra-cellular
macromolecules such as proteins, lipids and carbohydrates (Navarro-Romero et al., 2020).
Lysosomal dysfunction occurs when the lysosome is unable to break down the
macromolecules, resulting in their accumulation within the lysosome which can ultimately

lead to cellular dysfunction.

Functional and effective clearance systems are pivotal in postmitotic cells such as neurones,
however similarly to mitochondrial function, lysosomal function declines with age. Moreover,
lysosomal dysfunction has been linked to PD. Mutations in ATP13A2, a gene that encodes
an ATPase involved in lysosomal degradation, have been associated with a rare form of
early-onset parkinsonism, while recent genome wide association studies (GWAS) have

linked several lysosomal genes to increased risk of PD (Navarro-Romero et al., 2020).

Lysosomal storage disorders have also been associated with neurodegenerative diseases
such as PD. Lysosomal storage disorders occur when a mutation, commonly a loss of
function mutation, is present in the acidic hydrolases, causing a build-up of substrate inside
the lysosome that is unable to be digested. This leads to lysosomal, and consequently

cellular, dysfunction.

1.4.2 Inflammation

There is extensive evidence linking inflammation and the development of PD. Briefly,
inflammation is an innate, highly regulated mechanism that is able to protect the body from
damage and aid in tissue repair (Pajares et al., 2020). Inflammation can also occur following
viral infection and links have been made between PD and influenza A, herpes simplex virus
1 (HSV) and Ebola virus (EBV), to name a few, with the viruses believed to reach the basal
ganglia via the olfactory bulb and/or the enteric nervous system. Furthermore, some viruses,
such as HSV and EBV, are able to mimic alpha synuclein, promoting aggregation and
contributing to the endless cycle of alpha synuclein spreading and entering a vicious cycle of
alpha synuclein aggregation and inflammation (Pajares et al., 2020). Tackling

neuroinflammation represents a large therapeutic intervention option in PD, however it is yet
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to be understood whether targeting neuroinflammation would result in symptomatic relief or

neuroprotection.

1.4.3 Protein Aggregation

We know that protein aggregation itself is able to cause PD, as mutations in the gene
encoding alpha synuclein, SNCA, were the first to be linked to PD and cause an early onset,
rapidly progressing disease, with higher risk of developing an associated dementia
(Gundersen, 2010, Klein and Westenberger, 2012). Mutations in SNCA are relatively rare
and there is evidence to suggest that wild-type alpha synuclein is able to cause
neurodegeneration. This has been further elucidated as SNCA multiplications are able to
cause disease progression and alpha synuclein over expression in invertebrates and
neuronal cell cultures is able to induce toxicity in endogenous dopamine (Gundersen, 2010).
However, the question remains as to whether alpha synuclein toxicity alone is able to drive
PD in sporadic cases or whether the toxicity of alpha synuclein is a result of another, as yet
unidentified, cause. Furthermore, will therapeutically targeting alpha synuclein alter disease
progression or is this futile and attention should be channelled into targeting other aspects

and potential causes of PD?

1.5 Bile Acids

Bile acids form a group of amphiphilic molecules, containing both hydrophobic and
hydrophilic areas, with a rigid ring-like structure and branched side chains (Sarenac and
Mikov, 2018). They are produced by cholesterol catabolism in the liver (Chiang, 2013) and
stored in the gall bladder until the ingestion of food (Schonewille et al., 2016) when they are
released and act as a detergent to aid in the solubilisation and absorption of dietary lipids
and fat soluble vitamins in the duodenum (Ackerman and Gerhard, 2016, Grant and
DeMorrow, 2020). Upon reaching the ileum, bile acids are recycled, a process that is highly
efficient, with approximately 95% of bile acids reabsorbed into the liver and the remaining
5% excreted via the stool (Ackerman and Gerhard, 2016). Bile acids also possess a
secondary role, functioning as steroid hormones, binding to receptors such as sphingosine-
1-phosphate receptor 2 (S1PR2), Takeda G-protein coupled bile acid receptor 5 (TGR5) and
farnesoid X receptor (FXR) to aid in physiological metabolic processes (Grant and
DeMorrow, 2020). Bile acids are produced in hepatocytes via the conversion of cholesterol
in association with 17 enzymes. The enzymes are responsible for altering the steroid core of
cholesterol and are able to produce the two primary bile acids found in humans, cholic acid
(CA) and chenodeoxycholic acid (CDCA) (Chiang, 2013, Sarenac and Mikov, 2018). Bile
acid synthesis can take place via 2 different pathways, classical or alternative with the

former accounting for 90% of bile acid synthesis (Sarenac and Mikov, 2018, Grant and
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DeMorrow, 2020). Conversion of cholesterol into the primary bile acids occurs via a specific
family of cytochrome P450 enzymes (Grant and DeMorrow, 2020). Pathways are initiated by
specific CYPs, with CYP7AL initiating the classical pathways, resulting in the formation of
CA and CDCA, and the alternative pathway being initiated by CYP27A1 (Chiang, 2013). CA
and CDCA undergo dihydroxylation by gut bacteria to form secondary bile acids deoxycholic
acid (DCA) and lithocholic acid (LCA), with the majority of LCA excreted (Monte et al., 2009,
Chiang, 2013). A small amount, approximately 3%, of UDCA exists endogenously in humans
and is the 7 epimer of CDCA (Lazaridis et al., 2001). Before release from the liver, CA and
CDCA undergo conjugation with either glycine or taurine (at a 3:1 ratio) allowing for
increased water solubility and reduced cytotoxicity, aiding in bile acid ability to solubilise
dietary fats (Chiang, 2013, Grant and DeMorrow, 2020). The conjugation of bile acids means
that a vast range of bile acid derivatives are created, including, but not limited to, taurocholic
acid (TCA), tauroursodeoxycholic acid (TUDCA) and glycocholic acid (GCA) (Nagana
Gowda et al., 2009, Ackerman and Gerhard, 2016).

1.5.1 Historical Uses

Animal bile has been used for over 2500 years in Chinese medicine (Wang and Carey,
2014) for the treatment of colds, swelling and liver diseases, such as primary biliary cirrhosis
(Li et al., 2016). In the 1950s, pharmaceutical company Tokyo Tanabe produced UDCA for
use as a liver tonic (Hofmann and Hagey, 2014) and by the 1970s, it was discovered that
UDCA was able to dissolve gallstones without causing hepatotoxicity, replacing CDCA as
the primary treatment (Okumura et al., 1977, Hofmann and Hagey, 2014). UDCA has since
become a popular treatment in the management of cholestatic liver disease (Kumar and
Tandon, 2001), however, recently there is an emerging role developing for the use of bile

acids, particularly UDCA, as potential treatments for neurodegenerative diseases.

1.5.2 Bile Acids and Neurodegenerative Disease

There is a growing body of evidence to suggest that UDCA and its taurine conjugate TUDCA
may have beneficial effects for the treatment of neurodegenerative diseases, including PD. A
major difficulty in uncovering therapies for neurodegenerative disease is assessing a
compounds ability to cross the BBB. The BBB is a tightly regulated layer consisting of
cerebral endothelial cells that have formed tight junctions with adjacent cells and their
proteins, namely occludin and claudin-5 (Quinn et al., 2014). Only when these tight junctions
are compromised via a specific pathway or occludin and claudin-5 phosphorylation, are
molecules able to diffuse freely across (Quinn et al., 2014). It has been illustrated numerous
times that bile acids are involved in the pathogenic breakdown of the BBB during liver

disease (Livingstone et al., 1977, Quinn et al., 2014, McMillin et al., 2016) and similarly,
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administration of bile salts to rats was also found to cause disruption to the BBB (Greenwood
et al., 1991). Bile acids have been described in the brains of both human and rats (Mano et
al., 2004, Zheng et al., 2016, Pan et al., 2017) and it is likely that unconjugated bile acids,
such as CA and CDCA, are able to cross into the brain via passive diffusion through the
BBB, whereas conjugated bile acids are larger and negatively charged, thus require the help
of transporters such as the bile salt export pump to enter the brain (Kiriyama and Nochi,
2019).

Concentrations of endogenous bile acids have been suggested as a biomarker for AD. A
recent study using plasma from 30 healthy individuals, 20 patients with mild cognitive
impairment (MCI) and 30 patients with AD revealed that LCA was significantly increased in
AD compared to controls, with a number of glycine conjugated bile acids also increased in
AD compared to those with MCI (Marksteiner et al., 2018). Pathogenically, the relevance of
these findings are unknown, however like many other neurodegenerative diseases, AD lacks
reliable biomarkers, therefore the presence of altered levels of bile acids may propose a

novel biomarker (Grant and DeMorrow, 2020).

Relevant to PD is the early involvement of constipation, highlighting a role for gastrointestinal
upset early in disease. Furthermore, aggregated alpha synuclein has been described in the
gastrointestinal tract of PD patients, particularly within the appendix and interestingly, some
epidemiological studies have identified a link to suggest that removal of the appendix confers
a decreased risk to PD (Li et al., 2021). A recent study identified alterations in the gut
microbiota of the appendix in PD patients along with increases in secondary bile acids LCA
and DCA in the ileum and impaired bile acid reuptake via deceases in fatty acid binding
protein 6 (FABPS6). It has been suggested that these alterations could lead to peripheral
inflammation as well as alpha synuclein aggregation (Li et al., 2021). Moreover, studies
using human plasma have yielded similar results, identifying increases in the level of
unconjugated bile acids (CA, DCA and LCA) in individuals with both sporadic and familial PD
(Yakhine-Diop et al., 2020). With more robust research, it is possible that analysis of plasma,

the gut microbiome and bile acid pool could be used as biomarkers for PD.

Furthermore, mouse models of PD have highlighted potential dysregulation in taurine and
hypotaurine metabolism, bile acid synthesis, the citric acid cycle and glycine, serine and
threonine metabolism following injection with human alpha synuclein fibrils (Graham et al.,
2018b, Grant and DeMorrow, 2020). They postulated that the dysregulation, particularly with
taurine metabolism and bile acid synthesis, may point to the brain increasing the production
of secondary bile acids in response to alpha synuclein aggregation and neurotoxicity,
corroborating the finding of increased secondary bile acids in the ileum referred to previously
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(Graham et al., 2018b, Li et al., 2021). Furthermore, the same group were also able to
distinguish between prodromal and control mice via the downregulation in UDCA and
TUDCA concentrations in the prodromal mice, again highlighting a potential new biomarker

that could translate to human PD (Graham et al., 2018a).

1.5.3 Bile Acids as Treatments for Neurodegenerative Diseases

Bile acid therapy represents a novel treatment approach for neurodegenerative diseases
and research has already begun to elucidate whether there is a beneficial treatment effect.
Daily injections with CDCA administered to an aluminium chloride rat model of AD illustrated
a rescue effect in cognitive and spatial defects to near control levels, alongside decreased
amyloid betas, production in the hippocampus (Bazzari et al., 2019). Furthermore, treatment
of sporadic and familial AD patient fibroblasts with UDCA resulted in an increase in MMP as
well as changes in mitochondrial morphology in the form of reduced mitochondrial number,
likely through a Drp1l related mechanism (Bell et al., 2018). This highlights the potential

therapeutic effect of bile acids in the treatment of AD.

Bile acid treatment has already been trialled in humans suffering with amyotrophic lateral
sclerosis (ALS). A phase Il clinical trial was undertaken in the form of a 54-week trial in
which 34 ALS patients began taking TUDCA as an add-on therapy in association with
riluzole. Results suggested that the therapy was well tolerated, with only mild gastrointestinal
complaints reported, as well as potential neuroprotective effects detected via a 15% increase
in the ALS functioning scale and slowed deterioration (Elia et al., 2016, Grant and
DeMorrow, 2020). Following this, a phase Il clinical trial is currently underway to assess the
safety and efficacy of TUDCA add-on therapy in a larger cohort of 440 patients, with the
study expected to complete in December 2022, clinical trial identifier: NCT03800524 (Sever
et al., 2022). In June 2022, Health Canada approved ALBRIOZA for the treatment of ALS,
the first drug approved for ALS treatment since 2018. Briefly, ALBRIOZA is a combination of
sodium phenylbutyrate and TUDCA which have been found to reduce neuronal cell death
through regulation of endoplasmic reticulum stress and mitochondrial dysfunction (Paganoni
et al., 2021). The recent CENTAUR trial was a randomised double-blind, placebo controlled
study that met its primary end point of slowing decline on the ALS functional rating scale,
however although approved by the Canadian board, it is yet to be approved by the United
States Food and Drug Administration (US FDA) or the UK and European Medicines Agency.
Research with alternative bile acids has also been undertaken in vitro. For example, the
effects of GUDCA treatment was investigated using motor neurone-like cells NSC-34,
expressing either wild type or mutant superoxidase dismutase 1 (SOD1). GUDCA treatment

was found to decrease caspase 9 levels, consequently decreasing apoptotic nuclei present

18



within the cells. There was also found to be a decrease in oxidative stress and
neuroinflammatory markers, however no effect was noted on levels of ATP (Vaz et al., 2015,
Grant and DeMorrow, 2020).

In PD research, an MPTP mouse model was treated with TUDCA prior to and following
MPTP exposure and found that motor capabilities and the ability to initiate movements were
improved in the MPTP+TUDCA group compared to the MPTP only group (Rosa et al.,
2018). Previously in our group, a drug re-purposing study was undertaken that identified bile
acids, particularly UDCA, as having mitochondrial rescue effects in a number of different PD
models (Mortiboys et al., 2013, Mortiboys et al., 2015, Carling et al., 2020). The process of
the drug screen will be discussed in chapter 3, however the paper published in 2015 detailed
a similar reduction in ATP across both manifesting and non-manifesting LRRK2 PD patient
fibroblasts, but interestingly discovered that while parkin mutant cells possess mitochondrial
complex | deficiencies, mimicking the effects seen after MPTP exposure (Schapira et al.,
1990), a complex IV deficiency was observed in LRRK2%2°1% mutant patient fibroblasts
(Mortiboys et al., 2015). Furthermore, a functional mitochondrial rescue effect was observed
following UDCA treatment in both manifesting and non-manifesting LRRK2 PD patient
fibroblasts, as well as a rescue effect on visual function in drosophila harbouring the
LRRK2%201% mutation (Mortiboys et al., 2015). This research provided the basis for the
clinical trial discussed in section 1.1.3 that has now been completed (Payne et al., 2020).

1.5.4 Possible Mechanism of Action of UDCA
The full mechanism of action of UDCA for the treatment of PD has not yet been elucidated,

however theories have been postulated.

Following the 2015 paper by Mortiboys et al that uncovered beneficial effects of UDCA on
both Parkin and LRRK2 mediated PD, it is clear that UDCA is functioning through either a
complex | or complex IV mediated mechanism (Mortiboys et al., 2015).

In 2012, the human dopaminergic cell line SH-SY5Y was used to investigate the effect of
pre-treatment with UDCA on cellular cytotoxicity, following treatment with potent neurotoxin
sodium nitroprusside (Chun and Low, 2012). UDCA rescued cell viability with evidence
suggesting it was acting by decreasing apoptosis rate through the increase of the Bcl2/Bax
ratio. Briefly, the apoptotic cascade is a highly regulated form of programmed cell death
controlled by pro- and anti- apoptotic proteins of the Bcl-2 family (Elmore, 2007). There are
two pathways of apoptosis, extrinsic and intrinsic. The intrinsic pathway involves the
mitochondria and can be activated by Bax which usually resides in the cytoplasm. However,

upon apoptosis activation, Bax is able to translocate to the OMM where it forms oligomers,
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causing a loss of MMP and culminating in the release of cytochrome C (Antonsson, 2001).
At this point cellular recovery is impossible and the cell dies. Further investigations on UDCA
and the apoptotic pathways were undertaken using specific inhibitors, however the data

proved inconclusive (Chun and Low, 2012).

Further work using a rotenone rat model of PD discovered that rotenone treatment increased
MRNA expression levels of pro-apoptotic factors Bax and caspase 9 and decreased anti-
apoptotic protein Bcl-2. These effects were significantly reversed with UDCA treatment
(Abdelkader et al., 2016).

The full mechanism of action is yet to be elucidated; however, research currently suggests
that the apoptotic pathways may play a key role. However, it should be noted that the
concentration of UDCA used in studies appears to differ. In the current study, as well as the
study by Mortiboys et al, 2015, UDCA was added to cells at a concentration of 10nM
(Mortiboys et al., 2015), whereas Chun and Low, 2012, using SH-SY5Y cells utilised UDCA
at a concentration of 50uM to 200uM (Chun and Low, 2012). Furthermore, dosing of animal
models with UDCA has also differed, with the study mentioned above dosing at 50mg/kg
(Abdelkader et al., 2016) while a previous PhD linked to this project dosed mice with
12mg/kg, 30mg/kg and 50mg/kg. It is possible that UDCA does not exert its effect via one
mechanism alone, rather via a number of mechanisms and also in a dose dependent

manner.

1.5.5 Possible Mechanism of Action of TUDCA

TUDCA, the taurine conjugate of UDCA, has also shown potential benefit in the treatment of
neurodegenerative diseases. It is currently approved by the US FDA for the treatment of
cholestatic liver disease (Rosa et al., 2017). The effects of TUDCA in PD models have been
investigated both in vivo and in vitro with the emphasis being on oxidative stress and cell

death pathways.

A 2012 study illustrated that pre-treatment with TUDCA prior to MPTP infusion in mice
resulted in a 30% decrease in TH positive cells, compared to a 65% decrease in controls.
The authors suggested the protective effect was due to TUDCA negatively modulating the c-
Jun N-terminal kinase (JNK) pathway, decreasing ROS (Castro-Caldas et al., 2012b). JNKs
are a type of mitogen-activated protein (MAP) kinase that phosphorylate serine or threonine
residues on their target proteins and have been previously implicated in apoptosis, cell
differentiation and cell survival (Peng and Andersen, 2003). The JNK pathway is activated
upon recognition of cellular stress (Kim and Choi, 2015) including oxidative stress, seen in

PD. Once activated, the JNK pathway can phosphorylate c-Jun which has downstream
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effects on pro- and anti-apoptotic genes. Similarly, the JNK pathway can affect the
mitochondria and result in direct phosphorylation of the Bcl-2 family of proteins, potentially

resulting in apoptosis (Castro-Caldas et al., 2012a).

More recently, the same research group investigated the effects of TUDCA in both SH-SY5Y
cells and a mouse model of PD. They were able to characterise the ability of TUDCA to
activate the nuclear factor erythroid 2 related factor 2 (Nrf2) pathway (Moreira et al., 2017).
Nrf2 is usually repressed in the cytoplasm by kelch-like ECH-associated protein 1 (Keapl)
however under conditions of oxidative stress, Keapl dissociates from Nrf2, causing its
translocation to the nucleus and binding to target antioxidant response elements. Antioxidant
genes are consequently transcribed and translated, releasing antioxidants into the cell to
tackle the increasing oxidative burden (Pistollato et al., 2017). Treatment with TUDCA prior
to MPP+ exposure resulted in increased translocation of Nrf2 to the nucleus and

consequently increased antioxidant production (Moreira et al., 2017).

Similarly to UDCA, it is likely that TUDCA may exert its effect via multiple mechanisms,

many of which haven’t yet been identified.

Alternative mechanisms of UDCA/TUDCA action have also been suggested. Firstly, the
autotaxin-lysophosphatidic (ATX-LPA) pathway. Briefly, ATX is a glycoprotein that produces
LPA, a bioactive lipid acting as a ligand at LPA receptors resulting in activation of several
signalling pathways (Keune et al., 2016, Salgado-Polo et al., 2018). UDCA and TUDCA have
been shown to bind to an allosteric binding pocket on ATX resulting in modulation of the
ATX-LPA pathway (Keune et al., 2016), however the significance of this has not yet been
investigated in PD.

Secondly, multiple studies have described TUDCA to function via the Akt pathway in a
number of different models of neurodegeneration, namely traumatic brain injury (Sun et al.,
2017a), acute haemorrhagic stroke (Rodrigues et al., 2003) and PD (Castro-Caldas et al.,
2012b). Akt is an intermediary that is able to phosphorylate a number of substrates leading
to downstream regulation of survival, proliferation, metabolism and growth (Manning and
Toker, 2017). TUDCA is thought to activate the Akt pro-survival pathway via the regulation of
its downstream effectors such as pro-apoptotic factor Bad (Castro-Caldas et al., 2012b). Bad
is known to bind to anti-apoptotic factors Bcl-2 and Bcl-x. causing their inactivation.
However, TUDCA appears to phosphorylate Bad, disrupting its ability to bind the anti-
apoptotic factors, hence promoting cellular survival (Rodrigues et al., 2003).

Finally, both UDCA and TUDCA have been linked with glucocorticoid receptor function.
Briefly, glucocorticoids are steroid hormones secreted by the adrenal glands and their
receptors are found in almost all tissues of the human body (Nicolaides NC, 2020). Evidence
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suggests that UDCA and TUDCA bind to glucocorticoid receptors at an alternative ligand
binding domain (Sharma et al., 2011), causing dissociation from its cytosolic chaperone,
heat shock protein 90 (Hsp90), allowing for translocation to the nucleus where it is able to
modulate apoptotic processes (Sola et al., 2005, Sola et al., 2006).

1.6 Project Background

This section has been redacted by the author for commercial reasons.
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1.7 Aims and Objectives

The aim of this project was to identify the mechanism of action of a novel therapeutic
compound, Jed135, in patient derived induced dopaminergic neurones. Throughout the
course of the project we compared Jed135 to UDCA, a compound with known mitochondrial
rescue effects. In order to do this, we identified four main objectives which form the basis of

the results chapters for this thesis.

1. To characterise the iINPC and induced dopaminergic model by investigating ATP
levels, pan neuronal and dopaminergic markers and understand basal mitochondrial

phenotypes

2. To investigate mechanisms relevant to PD in the form of alpha synuclein expression

and mitophagy and to study the effects that Jed135 may have on this
3. To knockdown the putative targets of Jed135 and assess any changes in drug effect

4. To assess the effect of Jed135 on an in vivo Drosophila model of PD

1.8 Project Hypothesis

We hypothesise that novel small molecules, in this instance Jed135, can restore neuronal
health in a cellular model of sporadic PD via multiple mitochondrial targeted mechanisms.
Furthermore, we hypothesise that Jed135 will be able to rescue a reduced crawling speed of

Parkin mutant Drosophila larvae.
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2 Materials and Methods

2.1 Ethics

Ethics approval was gained from the National Health Service National Research Ethics
Service (approval number 12/YH0367). The alpha synuclein mutant and control 3 lines were

sourced from NINDS Cell Repository via MTA (https://stemcells.nindsgenetics.org/)

2.2 Participant Characteristics

Skin biopsies were collected from two sporadic PD patients (53.5 £ 3.5 years), one alpha
synuclein triplication mutant (55 years) and three neurologically normal controls (56 + 1.7
years) with full informed consent, table 2.1. Sporadic PD fibroblasts and their controls were
set up at the University of Sheffield while the alpha synuclein mutant and its control were

bought from the NINDS human cell and data repository.

Table 2.1 Details of Fibroblast Lines Used for Reprogramming into iNPCs

Sample Type Sex Age at Biopsy
(Years)

sPD1 (OB182) Sporadic PD F 51

sPD2 (OB209) Sporadic PD F 56

Alpha Synuclein SNCA Triplication F 55
Mutant (ND27760)

Control 1 (OB248) Control M 55

Control 2 (OB247) Control M 58

Control 3 (ND29510) Control F 55

2.3 Cell Culture
2.3.1 Cell Culture of Fibroblasts

A 2mm skin biopsy was taken from the forearm of the donor and fibroblast monolayers were
cultured in Eagles minimum essential fibroblast media (EMEM) (Lonza) supplemented with
10% foetal bovine serum (FBS) (Biosera), 50mg/ml uridine (Sigma), 1% sodium pyruvate
(Sigma), 1% non-essential amino acids (Lonza) and 1% minimum essential medium (MEM)
vitamins (Lonza). These were incubated at 37°C, supplemented with 5% CO2. Cells were
routinely tested for mycoplasma and treated with ciprofloxacin if necessary. This was carried

out by Dr Philippa Carling prior to the start of this project.
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2.3.2 Generation of Induced Neuronal Progenitor Cells

iINPCs were generated prior to the start of this project by Professor Heather Mortiboys in
accordance with a previous published protocol (Meyer et al., 2014). Briefly, fibroblasts were
transduced using the Oct3/4, Sox2, Klf4, Lin28 and Nanog viruses for 48 hours. Following
this, cells were maintained in Dulbeccos modified eagle medium (DMEM)/nutrient mixture
F12 glutamax with 1% N2 (Gibco), 1% B27 (Gibco), 20ng/ml epidermal growth factor (EGF)
and 20ng/ml fibroblast growth factor 2 (FGF2) until the cell morphology changed.

2.3.3 Cell Culture of iINPCs

iINPCs were maintained in DMEM/F12 glutamax, supplemented with 1% N2, 1% B27, 1%
penicillin/streptomycin (Lonza) and 40ng/ml basic fibroblast growth factor (FGF basic)
(Peprotech). Cells were split twice per week until passage 20 by incubating with accutase
(Sigma) to detach, before placing a small proportion into a fresh 10cm? dish, coated for 5-10
minutes with 1:200 fibronectin (Millipore) in PBS to aid with cell adherence. iINPCs were
incubated at 37°C, supplemented with 5% CO..

For neurone differentiation, iINPCs were plated into a fibronectin coated 6 well plate at a
density of 70,000-100,000 cells per well and differentiation started at approximately 80-90%

confluency.

For ATP assays, iINPCs were plated at a density of 5000 cells per well into a fibronectin
coated white, clear bottom 96 well plate (Greiner BioOne). ATP assays were carried out the

day after plating.

2.3.4 Cell Culture of INPC Derived Dopaminergic Neurones

iINPCs begun the neurone differentiation protocol when they were 80-90% confluent. The
standard differentiation protocol has been outlined in two previous papers (Carling et al.,
2020, Schwartzentruber et al., 2020), however the protocol was slightly modified to optimise

for each pair of lines used in this project.

Regardless of protocol stage, the base medium remained the same and cells were
maintained in DMEM/F12 glutamax media supplemented with 1% N2, 2% B27 and 1%

penicillin/streptomycin.

iINPCs were initially put into neuronal base media with 5uM N-[N-(3,5-difluorophenacetyl)-I-
alanyl]-S-phenylglycine t-butyl ester (DAPT) for 48 hours to ensure a neuronal lineage. 2ml

of DAPT media solution was added to each well and left for 48 hours.

During the second stage of the differentiation protocol, cells were incubated with neuronal
base media with 16.5ng/ml fibroblast growth factor 8 (FGF8) (Peprotech) and 0.5uM
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smoothened agonist (SAG) (Millipore). Media was refreshed every 24 hours from this point.
This stage of the protocol lasted for 10 days, however sPD2 and control 2 were in this stage

for 4 days due to cell death.

Following FGF8/SAG treatment, cells were re-plated into appropriate vessels. Cells were
detached by incubating with accutase for 4-5 minutes before adding 500ul of PBS, placing
cell suspension in a 15ml falcon tube and centrifuging for 4 minutes at 200rcf, brake speed
9.

For live assays and immunocytochemistry (ICC), cells were replated at a density of 10,000
cells per well (20,000 cells per well for sPD2), accounting for cell death, in black, clear
bottom 96 well plates (Greiner BioOne). For Western blot and CL experiments, cells were
replated at a density of 500,000 cells per well in a 6 well plate. For knockdown optimisation,
cells were replated at a density of 250,000 cells per well in a 12 well plate. All plates were

fibronectin coated.

For the following 15 days, or until cell morphology was altered causing a bundling of
projections and cell bodies, cells were incubated with neuronal base media with 30ng/mi
brain derived neurotrophic factor (BDNF) (Peprotech), 30ng/ml GDNF (Peprotech), 75ng/ml
transforming growth factor beta (TGFp) (Peprotech), 2mM d-cyclic adenosine
monophosphate (d-cAMP) (Sigma) and 1ug/ml ciprofloxacin (LKT Laboratories) to prevent

contamination with mycoplasma.

2.4 Drug Treatment

Induced dopaminergic neurones were treated with the compounds of interest 24 hours prior
to the end of differentiation. The concentrations chosen had previously been determined to
show mitochondrial restorative properties in the same dopaminergic neurone lines (work
completed by Camilla Boschian, Katy Barnes and Professor Heather Mortiboys).

Compounds were diluted in the media used in stage 3 of differentiation.

Neurones for live assays or fixing were treated under one of four conditions; untreated,
vehicle treated using dimethyl sulfoxide (DMSO), 10nM Jed135 or 10nM UDCA.

Cells in 6 well plates for Western blots or CL experiments were treated under one of 2

conditions: untreated or 10nM Jed135.
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2.5 siRNA Treatment

A subset of induced neurones were treated with siRNA oligonucleotides to knock down the
putative targets. The optimisation process also included siRNA oligonucleotides against
GAPDH and a scramble condition as controls. Once clone choices were verified, only a

scramble condition was included in the live assays.

2.5.1 Optimisation

Initial optimisation used 4 different siRNA clones, along with control conditions of; media
only, GAPDH housekeeping gene and scramble siRNA. 5x siRNA buffer (Dharmacon) was
diluted 1:5 in RNase free water to create a 1x solution. Sequences for the siRNA clones
chosen, along with GAPDH and non-targeting scramble, are in table 2.2. 50ul or 200ul of 1x
siRNA buffer was added to 5nmol or 20nmol siRNA respectively to generate a 100uM stock,
as per manufacturer’s instructions. Solution was then subjected to gentle shaking for 90

minutes at room temperature, aliquoted and stored at -20°C until needed.

48 hours prior to the end of neuronal differentiation, sSiRNA stock solution was diluted to a
working solution of 1uM in siRNA delivery media (Accell) and 300ul was added cells in 12
well plates. This was incubated for 24 hours at 37°C, supplemented with 5% CO- before
being removed and replaced with normal dopaminergic neuronal media supplemented with
BDNF, GDNF, TGFp, d-cAMP and ciprofloxacin for a further 24 hours. Cells were then
detached from the plate using accutase, centrifuged and pelleted as previously described in

section 2.3.4. Supernatant was removed and pellets stored at -80°C until required.

Table 2.2 Primer Sequences of the siRNA Clones Taken Forward

SiRNA Sequence
GAPDH GUGUGAACCAUGAGAAGUA
Non-targeting Scramble UGGUUUACAUGUCGACUAA

Target A Redacted

Target B Redacted
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2.5.2 RNA Extraction

In order to assess the knockdown effect of the target A and B siRNA oligonucleotides, firstly,
RNA extraction was performed using the Qiagen RNeasy mini-kit. Protocol was performed
as per manufacturer’s instructions. Briefly, 350ul of RLT was added and samples vortexed
for 30 seconds. 350ul of 70% ethanol was added, pellets re-suspended and solution
transferred into an RNeasy spin column with 2ml collection tube and centrifuged at 8000g for
15 seconds. Flow through was discarded and 700ul of RW1 buffer added and solution
centrifuged for 15 seconds at 8000g. Flow through was discarded and 500ul of RPE buffer
added. Solution was centrifuged for 2 minutes at 8000g. 30ul of RNase free water was
added and centrifuged for 1 minute at 8000g, this was repeated. The RNeasy spin column
was discarded. RNA content was measured using the Nanodrop spectrophotometer

(Thermo Scientific) and samples frozen at -80°C until required.

2.5.3 Complementary DNA (cDNA) Synthesis

Following RNA extraction, cDNA was synthesised using the QuantiTect Reverse
Transcription Kit (Qiagen), following manufacturer’s protocol. Genomic DNA elimination
reaction was undertaken using 7x gDNA wipe out buffer and RNase free water provided,
along with the template RNA extracted previously and incubated for 2 minutes at 42°C, table
2.3. The reverse transcription master mix was made, table 2.4, and incubated for 15 minutes
at 42°C before being incubated for 3 minutes at 95°C to inactivate the reverse transcriptase.

This was then used for the gPCR reaction.

Table 2.3 Reagents for Genomic DNA Elimination

Component Volume/Concentration
gDNA Wipeout Buffer 2ul of 7x Buffer
Template RNA Variable up to 1ug
RNase free water Variable — make up to a final volume of
14l
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Table 2.4 Reagents for Reverse Transcription Master Mix

Component

Volume/Concentration

Quantiscript Reverse Transcriptase

Quantiscript RT Buffer

4ul of 5x buffer

RT Primer Mix

Genomic DNA Elimination Reaction

2.6 PCR

For gPCR, the QuantiTect SYBR green PCR kit (Qiagen) was used and the manufacturer’s

protocol was followed. The reaction mix was prepared, table 2.5, and primers of interest

added as appropriate, sequences and concentrations in table 2.6, including GAPDH as a

house keeping protein. Where possible, samples were plated in duplicate or triplicate. gPCR

was undertaken using a CFX Connect gPCR machine (BioRad) and the following cycle was

programmed; PCR initial activation step, 15 minutes at 95°C, denaturation, 15 seconds at

94°C, annealing, 30 seconds at 55°C and extension, 30 seconds at 72°C. This cycle was

repeated 45 times.

Table 2.5 Reagents for SYBR Green Reaction Master Mix

Component Volume/Concentration Final Concentration
QuantiTect SYBR Green 25pl of 2x solution 1x
PCR Master Mix
Primer A Variable 0.3uM or 1uM
Primer B Variable 0.3uM or 1uM
Template DNA or cDNA Variable <500ng/reaction
RNase Free Water Variable
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Table 2.6 Forward and Reverse Primer Sequences Used

This table has been redacted by the author for commercial reasons.

2.6.1 Analysis

Relative gene expression was calculated using the equation 2*-AACT’ method, described
previously in the literature (Winer et al., 1999, Livak and Schmittgen, 2001). Briefly, data was
analysed with the use of Microsoft Excel and, where appropriate, an average CT value was
determined for both the genes of interest and the GAPDH housekeeper. Delta CT was
calculated by subtracting the CT value for the gene of interest from the GAPDH CT value.
Delta delta CT was calculated by subtracting each delta CT value from the delta CT value of
the media only control, resulting in this value becoming 0. The relative concentration was
then generated using the following equation: ‘2”-x’ where x is the delta delta CT value. This
caused the media only control value to become 1 and the other samples became relative to
this.
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2.7 ATP Assays

iINPCs were plated in clear bottom, white well 96 well plate at a density of 5000 cells per well
and ATP assays were undertaken approximately 24 hours after plating. Cells were incubated
under one of four conditions for 30 minutes; phenol red free MEM (Gibco) only, phenol red
free MEM plus 1uM oligomycin (Sigma) (to inhibit OXPHOS), phenol red free MEM plus
50mM 2-deoxyglucose (2DG) (Sigma) (to inhibit glycolysis) or phenol red free MEM plus

oligomycin and 2DG, 3 wells per condition.

Following inhibitor treatment, we used the ATPIlite kit (Perkin Elmer) following supplier’s
protocol. Briefly, inhibitors were removed and wells washed with PBS. 100ul of PBS plus
50ul of lysis buffer were added to each well and shaken at 700rpm for 5 minutes at room
temperature. 50ul of substrate solution was then added to each well and shaken for a further
5 minutes at 700rpm, room temperature. The plate was dark adapted for 10 minutes and the

luminescence read on the PHERAstar plate reader (BMG Labtech).

A cell guantification analysis was carried out using the CyQuant Cell Proliferation Assay kit
(Invitrogen). 2ml of CyQuant solution was made up by adding 400ul of Hanks balanced salt
solution (HBSS), 1.6ml PBS and 2ul CyQuant and 50l of this solution was added to each
well. Plate was incubated for 1-3 hours at 37°C, supplemented with 5% CO,, before
measuring fluorescence on the PHERAstar plate reader (485nm excitation, 520nm

emission).

Blank wells were included in the measurements by adding ATP reagents to wells that did not

contain cells in order to generate a background reading.

2.7.1 Analysis

The average of the background reading was subtracted from the ATP and CyQuant values.
Raw ATP data was normalised to the corresponding CyQuant values to control for cell
number. The mean was then produced for each treatment condition and the graphs plotted
using GraphPad Prism 8 (GraphPad software Inc.). To determine any ATP deficit, values for
each repeat were normalised to their untreated control. The percentage by which each line
was undergoing glycolysis or OXPHOS was determined by normalising the control values to

the untreated controls and the patient values to the untreated patients for each repeat.
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2.8 Immunocytochemistry

Following completion of the neurone differentiation protocol, cells in black 96 well plates
were fixed by adding 4% paraformaldehyde (PFA) at a 1:1 ratio with neuronal media and
incubated for 30 minutes at 37°C. PFA and neuronal media mix was removed and replaced
with 4% PFA in PBS and incubated for a further 10-15 minutes at room temperature. PFA

solution was removed, cells washed 3 times with PBS and stored in PBS until needed.

For ICC, cells were permeabilised using 0.1% TritonX in PBS-Tween20 (PBST) for 10
minutes and then put into blocking solution (5% horse serum in PBST) for at least 1 hour.
Blocking solution was removed and replaced with blocking solution plus antibodies of
interest, table 2.7. and incubated overnight at 4°C with gentle rocking. The following day,
wells were washed 3 times, for at least 5 minutes, in PBST. They were then incubated in the
dark with fluorescent secondary antibodies (AlexaFluor anti-rabbit 488 and 568, AlexaFluor
anti-mouse 488 and 568 or AlexaFluor anti-chicken 488 (Invitrogen)) diluted 1:1000 in PBST,
at room temperature for 1 hour.

Wells were washed 3 times in PBST and incubated for 2 minutes, at room temperature, with
20pM bisBenzimide (Hoechst) in PBST before a further 3 PBST washes. They were stored
in PBS until imaging.

Dopaminergic neurones that had undergone ICC were imaged on the Opera Phenix High
Content Screening System (Perkin Elmer) using the 40x water objective with at least 6 Z
stacks per field of view and 17 fields of view per well. Fluorescent secondary antibodies
were imaged using the following channels: AlexaFluor 488 (488nm excitation, 500-550nm
emission), AlexaFluor 568 (561nm excitation, 570-630nm emission) and Hoechst using the

DAPI channel (405nm excitation, 435-480nm emission).
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Table 2.7 List of Primary Antibodies Used for Immunocytochemistry

proteins 1A/1B light
chain 3B (LC3)

Primary Antibody Species | Dilution Source Catalogue
Number
Beta Ill Tubulin (Tujl) | Chicken 1:1000 Sigma Aldrich AB9354
Tyrosine Hydroxylase Rabbit 1:1000 Abcam abl112
(TH)
Microtubule Associated | Rabbit 1:1000 Abcam ab32454
Protein 2 (MAP2)
Dopamine Transporter Mouse 1:1000 Invitrogen mab5-24796
(DAT)
PSD95 Rabbit 3ug/ml Abcam ab18258
Synaptophysin Mouse 1:1000 Abcam ab8049
Total Alpha Synuclein Rabbit 1:1000 Sigma Aldrich ab5038
Phosphorylated Rabbit 1:250 Abcam ab51253
(Serine 129) Alpha
Synuclein
ATP5a Mouse 1:1000 Abcam ab14748
Alpha Synuclein Rabbit 1:1000 Abcam ab209538
Filament
Mitochondrial Import Mouse 1:1000 BD Transduction 612278
Receptor Subunit Laboratories
(TOM20)
Microtubule associated | Rabbit 1:1000 MBL International PMO036
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2.9 Western Blotting

Neurones grown in 6 well plates were harvested for pellets using accutase and centrifuged

for 4 minutes at 200rcf, brake speed 9.

Following splitting of INPCs, remaining cells were also pelleted for Western blotting. In both

cases, supernatant was removed and pellets frozen at -80°C until required.

2.9.1 Protein Quantification

Each cell pellet was lysed in 50ul of radioimmunoprecipitation assay (RIPA) buffer (Sigma),
5ul of 10x protease inhibitor cocktail (Sigma) and 5ul phosphatase inhibitor cocktail (Sigma)
and incubated on ice for 30 minutes. Samples were then centrifuged for 10 minutes at
16,0000g and supernatant transferred into a 1.5ml Eppendorf. A Bradford assay was
undertaken to determine the protein concentration of the samples. 5ul of dH,O and bovine
serum albumin (BSA) standards (100, 125, 250, 500, 750, 1000, 1200 ug/ml) were plated in
triplicate into a clear 96 well plate. Samples were diluted 1:4 in distilled water and 2ul was
added in triplicate to the 96 well plate. 250ul of Coomassie blue was added to each well and

absorbance was then read at 595nm on the PHERAstar plate reader.

Using GraphPad Prism, a standard curve was created and unknown values interpolated.
Using an excel template, the volume needed for 20ug of protein was calculated. Samples
were boiled at 95°C for 5 minutes following the addition of 10ul of 4X sample buffer, table
2.8. After cooling, samples were aliquoted into 20ug aliquots and stored at -80°C until

needed.

Table 2.8 Sample Buffer Reagents

Reagent Amount Source
Tris HCI 0.62g Melford
Glycerol 8ml Sigma
Sodium Dodecyl Sulphate 1.8g Fisher Chemical
(SDS)
Bromophenol Blue 0.008g Sigma
Dithiothretiol (DTT) 0.8g Sigma
2-mercaptoethanol 10ml Gibco
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2.9.2 Gel Electrophoresis
All Western blotting equipment was supplied by BioRad.

Gel Preparation
Prior to the Covid19 pandemic, gels were hand poured following the method outlined below.
However, due to building restrictions and subsequent time pressures, during the period that

followed the lockdowns, 12% pre-cast gels (BioRad) were used.

In order to prepare the gels, glass plates were first cleaned and assembled into the gel
casting apparatus. A 12% resolving gel was made using the reagents in table 2.9 and
poured between the glass plates. A layer of isopropanol was added to prevent bubble
formation and the gel was left to polymerise for 20-30 minutes. The isopropanol layer was
then poured off. A 10% stacking gel was made using the reagents in table 2.10 and poured
between the glass plates, on top of the resolving gel. A 1cm comb was placed into the
stacking gel before it set to create 10 wells. The stacking gel was left to polymerise for 20-30

minutes.

While the gels were setting, samples and the BioRad Precision Plus Dual Colour Standards

Ladder were thawed on ice.

Once set, gels were removed from the casting apparatus, combs removed and placed into
the mini-PROTEAN tetra vertical electrophoresis cell tank. 20ug of protein was loaded for
each sample, along with 5ul of the standards ladder and the tank was filled to the
appropriate level with SDS-PAGE running buffer, table 2.11. The tank as connected to the
PowerPac basic power supply and run at a constant voltage of 50V for 30 minutes followed
by 120V for 60-90 minutes.

Transfer

A wet transfer method was used to transfer the proteins from the gel onto poly-vinylidene
difluoride membrane (PVDF). Briefly, PYDF membrane was pre-soaked in methanol while 1x
transfer buffer was prepared (200ml 5x transfer buffer, table 2.12, 100ml methanol (Merck),
700ml dH20). The gel holder assembly was removed from the running buffer which was then
discarded. Transfer cassette, foam pads and filter paper were pre-soaked in transfer buffer,
with the black side of the cassette at the bottom with a foam pad and piece of filter paper
resting on top. Glass plates were carefully taken apart to expose the gel, stacking gel
removed and resolving gel placed onto the prepared transfer cassette. PVDF membrane
was placed on top, followed by filter paper and foam pad, ensuring all air bubbles were rolled

out. The cassette was closed and placed into the mini trans-blot central core and back into
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the cell tank. Transfer buffer and ice pack were added and the transfer was run at a constant

250mAmps for 60 minutes.

Table 2.9 Reagents for 12% Resolving Gel

Reagent Amount Source
30% Acrylamide 4ml National
Diagnostics

1.5M Tris HCI pH 8.8 2.5ml Melford

Nanopure Water 3.3ml
10% Sodium Dodecyl Sulphate 100ul Fisher Chemical
(SDS)
Tetramethylethylenediamine 4ul Melford
(TEMED)
10% Ammonium Persulphate (APS) 100wl Sigma

Table 2.10 Reagents for 10% Stacking Gel

Reagent Amount Source
30% Acrylamide 500ul National Diagnostics
1.5M Tris HCI pH 6.8 380ul Melford
Nanopure Water 2.1ml
TEMED Sul Melford
10% APS 20pl Sigma

Table 2.11 Reagents for SDS-PAGE Running Buffer

Reagent Amount Source
Tris Base 30g Melford
Glycine 1449 Sigma
SDS 10g Fisher Scientific
Nanopure dH>O Make up to 10 litres
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Table 2.12 Reagents for 5x Transfer Buffer

Reagent Amount Source

Tris Base 150g Melford

Glycine 7209 Sigma
Nanopure dH;O Make up to 10 litres

Fixing and Blocking

Membranes were removed from the transfer cassette and in most cases, incubated with
blocking buffer straight away, However, when blotting for total alpha synuclein, membranes
were fixed in 4% PFA for 30 minutes prior to blocking. Alpha synuclein is a small and
extremely labile protein that does not transfer well onto membranes. It was found that a
fixation step, prior to blocking, increases the detection of endogenous alpha synuclein (Lee
and Kamitani, 2011).

In all instances, membranes were blocked in 5% non-fat dry milk dissolved in Tris-buffered

saline with tween20 (TBST), table 2.13 for at least 60 minutes at room temperature.

Table 2.13 Reagents for TBST

Reagent Amount Source
Tris Base 30g Melford
Sodium Chloride 80g Fisher Scientific
Potassium Chloride 29 Fisher Scientific
Nanopure dH,O Made up to 10 litres
Tween20 5ml Sigma Aldrich

Antibodies
Membranes were incubated over night at 4°C with antibodies against proteins of interest
diluted in TBST, table 2.14.

The following day, membranes were washed for 3 x10 minutes in TBST before being

incubated with the appropriate horseradish peroxidase (HRP) conjugated secondary
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antibody, table 2.14, diluted in TBST for one hour at room temperature. Membranes were

then washed again for 3 x10 minutes.

Before imaging, membranes were incubated in 2ml of chemiluminescence solution (EZ-ECL
HRP Kit, Biological Industries) and then imaged on the G-Box (Syngene) using intelli-chemi
mode to include the protein ladder to ensure the protein of interest was present at the correct
molecular weight. Images then taken on classic sub-saturating mode to allow for
guantification.

Following imaging, membranes were incubated with a primary antibody against a
housekeeping protein at 4°C overnight. The process of washing, secondary antibody

incubation and imaging was then repeated as previously explained.
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Table 2.14 Primary and Secondary Antibodies Used for Western Blotting

Antibody Species Dilution Incubation Source Catalogue
Number
Tujl Chicken 1:1000 4°C Overnight Millipore AB9354
TH Rabbit 1:200 4°C Overnight Abcam ab137869
Target A Rabbit 1:2000 4°C Overnight Redacted Redacted
Total Alpha Rabbit 1:10000 4°C Overnight Abcam ab138501
Synuclein
GAPDH Mouse 1:2000 4°C Overnight | Proteintech 60004-1
Anti-Chicken Goat 1:3000 Room Invitrogen A16054
HRP Temperature,
Secondary 1 Hour
Anti-Rabbit Goat 1:5000 Room Dako P0448
HRP Temperature,
Secondary 1 Hour
Anti-Mouse Goat 1:10000 Room Abcam Ab97040
HRP Temperature,
Secondary 1 Hour

Densitometry

Densitometry was undertaken using the GeneTools software (version 4.3.9, Syngene).

Rolling background correction was used for each sample lane when analysing. Raw values

were exported to excel and the protein of interest was normalised to the GAPDH loading

control for the corresponding lane. Values were then normalised against the control,

untreated iNPC.
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2.10 Mitophagy Assays
Two different mitophagy assays were performed to assess either basal mitophagy or
induced mitophagy. Basal mitophagy was assessed via a live assay whereas induced

mitophagy was assessed via ICC.

2.10.1 Live Basal Mitophagy Assay

Live mitophagy assays were completed as described previously (Schwartzentruber et al.,
2020). Briefly, dyes were prepared by diluting 80nM tetramethylrhodamine methyl ester
perchlorate (TMRM) (Invitrogen), 1uM lysotracker green (Invitrogen) and 2uM Hoechst
(Sigma) in phenol free MEM. Cell culture medium was removed from the well and 100ul of

dye solution added and plates incubated for 60 minutes at 37°C supplemented with 5% CO..

Following incubation, dyes were removed and replaced with 100ul phenol free MEM. Images
were optimised on the Opera Phenix before capture, with intensity levels adjusted and
corrected. Images were captured over a time course to include 12 time points using the 40x
water objective with 4 z stacks and at least 10 fields of view. Opera Phenix settings allowed
a temperature of 37°C to be set with 5% CO,. TMRM was imaged on the Cy3 channel
(561nm excitation, 570-630nm emission), lysotracker using AlexaFluor488 (488nm
excitation, 500-550nm emission) and Hoechst using the DAPI channel (405nm excitation,

435-480nm emission).

Analysis

Analysis was completed using the Harmony 4.9 software (Perkin Elmer). A protocol was
produced to segment nuclei, cytoplasm, image region, mitochondrial spots and lysosomal
spots and investigated mitochondrial morphology and intensities of mitochondrial and
lysosomal markers. In order to identify mitophagy events, a 100% colocalisation of the
mitochondrial and lysosomal signal was identified; details of this and optimisation of the

assay are detailed in a later chapter.

Parameters were graphed from at least 3 separate rounds of differentiation per line using
GraphPad Prism 8.

2.10.2 Induced Mitophagy
Due to difficulties imaging so many wells per plate, induced mitophagy was quantified using

a fixed assay instead.

On the final day of neuronal differentiation, cells were treated with 4uM antimycin A (Sigma)
and 10uM oligomycin (Sigma) diluted in phenol red free MEM and incubated at 37°C
supplemented with 5% CO: for 30 minutes. Cells were then fixed in 4% PFA as outlined
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previously and stored until needed. ICC was also carried out as previously described using

antibodies against LC3 to label autophagosomes and TOM20 to label mitochondria.

Plates were imaged on the Opera Phenix using the 40x water objective with at least 6 Z

stacks and 17 fields of view per well.

Analysis

Data was analysed using Harmony version 4.9. The protocol investigated the same
parameters as the basal mitophagy, and parameters were graphed and analysed in
GraphPad Prism 8.
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2.11 Mitochondrial Membrane Potential and Mitochondrial Reactive
Oxygen Species (MitoROS)

MMP/MitoROS experiments were undertaken on dopaminergic neurones differentiated in
black 96 well plates. NpFR2 probe was supplied by our collaborator Elizabeth New at the
University of Sydney (Yeow et al., 2014, Kaur et al., 2015).

2.11.1 siRNA Treatment

48 hours prior to the end of neuronal differentiation, cells were treated with SiRNA
oligonucleotides targeted against either target A or target B singularly, target A and target B
together, a scramble condition or a media only control. SiRNA treatment lasted for 24 hours
before media was removed and replaced with stage 3 neuronal differentiation media plus
drug treatment (no treatment, vehicle, 10nM Jed135 or 10nM UDCA) for a further 24 hours.

2.11.2 MMP/MitoROS Live Assay

Media was removed and replaced with phenol free MEM with the addition of 200nM TMRM,
20puM NpFR2 (MitoROS) probe and 40uM Hoechst. This was incubated for 30 minutes at
37°C supplemented with 5% CO,. Dye mix was then removed and replaced with phenol free
MEM and imaged on the Opera Phenix using the 40x water objective. At least 20 fields of
view were imaged per well with 6 Z stacks per field. TMRM was imaged using the Cy3
channel (561nm excitation, 570-630nm emission), NpFR2 using the FITC channel (488nm
excitation, 500-550nm emission) and Hoechst using the DAPI channel (405nm excitation,
435-480nm emission). Temperature settings on the Opera Phenix were set to 37°C with 5%
CO:..

2.11.3 Analysis

Data was analysed using Harmony version 4.9. The protocol was set up to determine nuclei
number, region of the image that contained cells, mitochondrial morphology and co-
localisation of TMRM and MitoROS signal. This produced a spreadsheet and selected

parameters were graphed using GraphPad Prism 8.
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2.12 Confirming Knockdown Efficacy

In order to confirm the knockdown efficacy was as expected following optimisation, we used
the Cells to CT (Invitrogen) kit enabling us to perform cell lysis in the 96 well plates. Primers

against target A, target B and GAPDH were used as previously described.

2.12.1 Cell Lysis

Following the MMP/MitoROS assay, plate was removed from the Opera Phenix and 50ul of
cold PBS added to each well to wash. Lysis solution was made using 50ul of lysis buffer and
0.5ul DNase per well, PBS removed, and lysis solution added. Wells aspirated 3-5 times,
avoiding the creation of bubbles and left to incubate for 5 minutes at room temperature. 5ul
of stop solution per well was then added directly to cell lysate to halt the lysis reaction, wells
aspirated 5 times, avoiding the creation of bubbles, and left to incubate at room temperature

for 2 minutes. Plates could be frozen at -80°C at this point, until needed.

2.12.2 Reverse Transcription

Reverse transcription master mix was made using 25ul of 2x SYBR RT buffer and 2.5ul of
RT enzyme mix per well as supplied. This was distributed into a nuclease free multi-well
plate. 27.5ul of cell lysate was added to each well with master mix, sealed and incubated on
the thermal cycle at 42°C for 60 minutes followed by 5 minutes at 95°C to denature the

enzyme.

2.12.3 Real Time gPCR

gPCR reaction master mix was made up according to table 2.15. 35ul of master mix was
plated into a nuclease free multi-well plate and 15ul of cDNA added as appropriate, resulting
in a final volume per well of 50pul. Plates were sealed and gPCR programme run as follows:
95°C for 15 minutes for 1 cycle only, followed by 94°C for 15 seconds, 60°C for 30 seconds
and 72°C for 30 seconds. This was repeated for 44 cycles before being cooled to 65°C for

40 seconds.
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Table 2.15 Reagents for gqPCR Master Mix per Well

Reagent Amount Concentration
PowerSYBR Green PCR Master 25l
Mix
Forward Primer Variable 1uM
Reverse Primer Variable 1uM
cDNA 15l
RNase Free Water Variable
Final Volume 50ul

2.12.4 Analysis

Analysis was performed as described previously in section 2.6.1.
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2.13 Cardiolipin

CL content was investigated using untreated and Jed135 treated dopaminergic neurone
pellets that had been differentiated in 6 well tissue culture plates, detached and pelleted as

previously described and stored at -80°C until needed.

The CL assay kit, purchased from BioVision, is able to specifically measure the amount of
CL in a sample, not reacting with other phospholipids. It contains a proprietary fluorescent
probe that, when in the presence of CL, fluoresces. It is directly linked to the amount of CL
within a sample, the higher fluorescence output, the more CL present.

Assay was completed as per manufacturer’s instructions. Briefly, kit components were
thawed and reconstituted as per instructions. Cell pellets were resuspended in 1ml of CL
assay buffer, transferred into Eppendorfs and rapidly freeze-thawed 3 times in liquid
nitrogen. Samples were then centrifuged at 4°C for 10 minutes at 10,000g and supernatant
transferred into a fresh Eppendorf. Protein concentration of each sample was determined
using a Bradford assay as previously described in section 2.9.1, however in this instance,
samples were not diluted, meaning 2pl of sample was directly plated in triplicate.
Absorbance was then read at 595nm on the PHERAstar plate reader. Initially, to optimise
the assay, different volumes (5ul, 10ul and 20ul) of sample were plated for the CL assay.

However, it was then decided that going forward, only 20ul of each sample would be plated.

For each sample, 20ul was plated in duplicate, one well for the experimental condition and
one well for background control. 30ul of CL assay buffer was added to experimental

condition wells and 80l to the background control wells.

5mM CL standard was diluted 1:20 in CL assay buffer and known standards were plated (0,
0.5, 1.0, 1.5, 2.0, 2.5 and 3.0nM) and the volume of each well brought up to 50ul using CL

assay buffer.

CL reaction mix was made up using 48l of CL assay buffer and 2ul of CL probe per well

and this was added to every well except the background control wells.

Plate was incubated at room temperature for 5-10 minutes before the fluorescence was read

on the FLUOStar Omega plate reader (BMG Labtech), 340nm excitation, 480nm emission.

2.13.1 Analysis
Analysis was conducted as per manufacturers guidelines. Values from the 0 CL standard
was subtracted from all readings, unless the sample background control was higher, in

which case this value was subtracted from its corresponding experimental sample condition.
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CL standard curve was generated, and unknowns interpolated. Concentration of CL in each

sample was calculated using the following formula:
C = (B/V)*D nmol/ml

where C = concentration of CL, B = amount of CL in the sample from standard curve (nmol),

V = volume of sample added to the well (ml) and D = dilution factor.

Protein concentration per well was calculated from the Bradford assay results by creating a
standard curve of the averages from the BSA standards and interpolating the averages from

the unknown samples. Volume of sample needed to obtain 1mg of protein was calculated.

We were then able to calculate the CL content per mg of protein by dividing the value
generated from the CL concentration per sample by the volume containing 1mg of protein.

These values were then normalised to the untreated control neurone from each assay.
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2.14 Opera Phenix Harmony 4.9 Image Analysis

All data collected via Opera Phenix imaging was analysed using the Harmony 4.9 software.

In all instances, Z stacks were combined to produce a maximum intensity projection and
basic flat field correction was applied. Protocols were generated on an assay-by-assay basis
depending upon what was being investigated however it was standard procedure to segment
the nuclei. Due to limitations with the analysis software, portions of the cell that exist at a
distance from the nuclei were difficult to segment, therefore both cytoplasm region and full
image region were identified. In most cases, image region provided a better selection of the

cells area than the cytoplasm building block, figure 2.1.
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Image Region Cytoplasm
Segmentation Segmentation

Control 1

sPD1

Figure 2.1 Image region and cytoplasm segmentation

Example images portraying image region segmentation (left) and cytoplasm segmentation
(right), highlighting the differences between the two parameters, including how variable they can
be between cell lines. Image region segmentation was able to highlight the whole area of the
image covered by cells whereas the cytoplasm segmentation was unable to reliably outline the
cell area consistently. Representative images taken from Tuj and TH immunocytochemistry;
however the same phenomenon was true for all images captured on Opera Phenix, scale bar

represents 50uM.
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In cases where mitochondria were being investigated, texture settings using the SER edge
or ridge features, figure 2.2B, followed by ‘find spots’, figure 2.2C, were applied in order to
segment individual mitochondrion. Population was then further refined by using area and/or
intensity settings to remove false positives and ensure a representative population were

being selected, figure 2.2D.

A B Texture
Input Image SER Edge

Find Mitochondria Select Mitochondria

Figure 2.2 Representative images of mitochondrial segmentation

Representative images taken from control 1 ATP5a and alpha synuclein filament
immunocytochemistry. The above images are only depicting the ATP5a stain. This method was
employed for any assay that involved finding and segmenting mitochondria (A) input image (B)
texture SER edge feature applied (C) finding mitochondria ‘spots’ (D) selecting the spots based on

their area. Scale bar represents 50uM
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When investigating neuronal markers, image regions of neuronal marker positive cell
populations were identified by intensity. Maximum background intensity from a secondary
only control was identified and those cell populations with intensity higher than the
secondary only control maximum intensity were deemed neuronal marker positive, figure
2.3.

A B Tuj Positive c TH Positive
Selection Selection

Input Image

Figure 2.3 Neuronal marker positive image regions based on intensity

Representative images from sPD1 Tuj and TH immunocytochemistry. This method was employed
for any immunocytochemistry in which the proportion of marker positive staining was assessed (A)
Input image, Tuj (green), TH (red), nuclei (blue) (B) Tuj positive image regions depicted in green
(C) TH positive image regions depicted in green, TH negative image regions depicted in red. Scale

bar represents 50uM
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In any instances where we were interested in the co-localisation of two stains, we added a
‘find spots’ parameter to each channel to first identify positive staining, usually puncta. In the
example below, we illustrate total alpha synuclein spots, figure 2.4B and phosphorylated
alpha synuclein spots, figure 2.4C. We were then able to assess co-localisation by

identifying where the two stains directly overlap, figure 2.4D.

Total Alpha

Input Image Synuclein Spots

"4
0

C D
Phosphorylated Alpha
Synuclein Spots

Figure 2.4 Representative images portraying areas where two stains co-localise

Representative images from control 2 total and serine 129 phosphorylated alpha synuclein
immunocytochemistry. This method was employed for any work in which we were interested in the co-
localisation of two stains (A) Input image, total alpha synuclein (red), serine 129 phosphorylated alpha
synuclein (green), nuclei (blue) (B) Total alpha synuclein spots (C) Serine 129 phosphorylated alpha

synuclein spots (D) Co-localisation of the two stains. Scale bar represents 20uM

In all instances, following optimisation of the assay specific protocol, analyses were run,
generating an excel spreadsheet and parameters of interest were graphed via GraphPad
Prism 8.
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2.15 Drosophila Work

Drosophila containing two different Parkin mutations were used, Park?*’?> and Park®. These

were obtained from Dr Chris Elliott (The University of York). In each case, the Parkin

mutation was present on the third chromosome and was balanced to the balancer

chromosome Third Multiple 6B (TM6B).

Alongside this, two wildtype strains were utilised, Canton S (CS) and Oregon R (OR).

Stocks were maintained on a yeast-cornmeal media, table 2.16, at 18°C, with a 12 hour

light:dark cycle.

Table 2.16 Recipe for Drosophila stock food

Ingredient Amount Manufacturer Supplier
Cold tap water 1 litre
Medium cornmeal 80g Triple Lion Lembas/Easton
Enterprises
Dried Yeast 18¢g Kerry Ingredients BTP Drewitt
Soya Flour 10g Lembas Wholefoods Lembas
Malt Extract 80g Rayner’s Essentials Lembas
Molasses 409 Rayner’s Essentials Lembas
Agar 89 BTP Drewitt
10% Nipagin in 25ml Clariant UK Ltd Chemolink
Absolute Ethanol Specialties Ltd
Propionic Acid 4ml Fisher Fisher

2.15.1 Virgin Selection

Female virgins were collected from all stains as often as possible. This varied due to the

Covid19 building restrictions, however it was usually every 2-4 hours. Virgins were selected

either by the presence of wings that were not yet expanded, indicating eclosion occurred

within the previous 30 minutes or the presence of meconium, a small dark spot within the

abdomen, indicating eclosion within the previous 2 hours. In order to do this, flies were

emptied onto a gas pad with a small amount of CO, present to temporarily anaesthetise

them. Assessment was done using a standard light microscope (Zeiss) and flies were

categorised into males, females or female virgins. Female virgins were kept at room

temperature, separate to the stocks.




Stocks were regularly maintained by providing fresh yeast-cornmeal media as necessary
and stored at 25°C, with a 12 hour light:dark cycle.

2.15.2 Crosses

Crosses were set up once 12-15 virgin females had been collected. Female virgins
possessing the Park?*’? mutations were crossed with males harbouring the Park® mutation
and vice versa. Similarly, CS virgin females were crossed with OR males and vice versa.
Crosses were initially set up on yeast-cornmeal media to ensure it was going to take before
being flipped onto food containing either vehicle (ethanol), Jed135 or UDCA (both at
concentrations of 60uM, 300uM or 600uM) 2-3 days later. In order to incorporate the drug,
food was made manually using a solution of 5% yeast and 10% sucrose which was
autoclaved to denature the yeast. 3ml of solution, with added drug treatment, was used per
vial before adding an equal quantity of NutriFly instant formulation fly food flakes (Genesee
Scientific), figure 2.5.

Flies were allowed to lay eggs on this food and once larvae were observed, adult flies were

removed to allow the growth of the larvae.

2.15.3 Larval Locomotor Assay

Larval locomotor assays were undertaken as previously described (West et al., 2018, West
et al., 2020). Briefly, larvae in the wandering phase of the third instar developmental stage
were selected and placed onto a 10cm? petri dish containing 2% agar and left to acclimatise,
figure 2.5. Up to five larvae at a time were videoed from above for 60 seconds using a
digital webcam and recorded at a frame rate of 30 frames per second using the Virtual Dub
software (Avery Lee). Locomotor assays were performed once per day, at the same time,

with a room temperature of approximately 21°C.

Only larvae that were still within the wandering phase were used, those that had already
begun to pupate were discarded. Any larvae from the wildtype cross were available for use,
however only the Parkin transheterozygous (Park“’?/Park®®) mutant larvae were utilised.
These were selected by the absence of the TM6B larval marker, tubby. We identified larvae
that had a standard appearance as opposed to those that were shorter and with a more

rounded appearance.
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Figure 2.5 Schematic depicting set up of Drosophila cross and larvae selection

Two different Parkin mutant strains of Drosophila are crossed. Initially set up on normal yeast
cornmeal media, after 2-3 days they are flipped onto food containing either vehicle, Jed135 or
UDCA, made up using a solution of 5% yeast and 10% sucrose, with added NutriFly instant
formulation food. Eggs are laid and develop into larvae, which are left until the 3 instar wandering
phase, at which point Parkin transheterozygous larvae are selected for larval locomotor assay.

Schematic created using biorender.com
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Analysis

Raw video files were analysed using ImageJ. As previously described (West et al., 2018,
West et al., 2020), images were batch thresholded and a custom macro applied allowing the
larval coordinates to be generated and an excel spreadsheet produced. Spreadsheets were
then manually checked to ensure larval tracking was correct. This data was able to

determine the mean speed of the larvae.

2.15.4 Survival Assays

In order to determine whether Jed135 had a toxic effect on the flies, survival assays were
undertaken. Female virgins harbouring the Park®> mutation were crossed with males
possessing the Park**’? mutation, as well as CS virgin females crossed with OR males. As
before, crosses were set up on yeast-cornmeal media and given a period of 2-3 days to
ensure they would take. Food was made up as previously described using either vehicle or
60uM Jed135. Flies were flipped onto this food, allowed to lay until larvae were observed
and then removed. Larvae were left to pupate, and progeny counted for a period of 7 days

post first eclosion.

All wildtype progeny were counted, however as previous, we were interested in Parkin
transheterozygous (Park??/Park®®) mutant progeny. The TM6B balancer chromosome
carries the adult marker humeral, which is characterised phenotypically by the presence of
extra macrochaetes (large bristles) on their humeral callus (shoulder area). Therefore, flies
were anaesthetised as previously described and categorised and counted based on the
presence or absence of the humeral marker. Results from this assay were based on 3

separate crosses.
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Figure 2.6 Schematic of the Drosophila mating scheme for survival assays

Female Park?> Drosophila crossed with male Park#*72 Drosophila. Eggs are laid on food containing
either vehicle or Jed135 and larvae allowed to develop and pupate until F1 progeny begin to eclose.
Adult F Drosophila are counted for 7 days post first eclosion, identifying the adult TM6B humeral

marker. Schematic made using biorender.com

60



2.16 Statistics

All statistical analyses were undertaken using GraphPad Prism version 8 or 9.0.2. When
appropriate, statistical significance was defined as *p<0.05, **p<0.005, ***p<0.0005 and
*xkn<0,0001.

When comparing 2 groups, normality was tested using Shapiro Wilks test for normality.
Following confirmation of normally distributed data, an unpaired t-test with Welch’s
correction was completed. If data was not normally distributed, a Mann Whitney U test was

undertaken.

When comparing multiple groups, normality was tested using the Shapiro Wilks test for
normality. If data was normally distributed, a one-way analysis of variance (ANOVA) with
Sidak’s or Tukey’s multiple comparisons test were undertaken. If data was not normally
distributed, a Kruskal-Wallis one-way ANOVA with Dunn’s multiple comparisons test was

completed.

When two independent variables were present, for example genotype and drug treatment,
normality was assumed and a two-way ANOVA with Sidak’s multiple comparisons test was

undertaken.
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3 Characterising the Neuronal Model

3.1 Background

In this project, we chose to model PD in a two-dimensional system using iNPCs
reprogrammed from fibroblasts. The iINPCs then underwent a version of the neuronal

differentiation protocol described previously (Schwartzentruber et al., 2020).

In 2007, Takahashi and Yamanaka detailed the conversion of adult human dermal
fibroblasts into induced pluripotent stem cells (iPSCs) using a combination of four factors;
Oct3/4, Sox2, KlIf4 and c-Myc, commonly referred to as Yamanaka factors (Takahashi et al.,
2007). iPSCs harness the ability to differentiate into any cell type of the three primary germ
layers, ectoderm, mesoderm and endoderm (Medvedev et al., 2010). Of particular interest
for the neuroscience field is that iPSCs are able to be pushed down an ectodermal lineage
and are able to form neuronal precursor cells with the ability to become neurones, astrocytes
or oligodendrocytes. Interestingly, in order to generate microglia, iPSCs are required to enter
a mesodermal lineage (Ginhoux and Prinz, 2015). This protocol revolutionised research,
particularly in the neuroscience field as we are unable to use live primary human cells and
as such, iPSCs have provided a method to study disease mechanisms in vitro that weren’t
available before (Wu et al., 2019). However, modelling of neurodegenerative diseases using
iPSCs comes with its inherent disadvantages. The generation of fibroblasts into iPSCs is
relatively inefficient, with only 0.02% efficiency 30 days after transduction (Takahashi et al.,
2007, Malik and Rao, 2013, Meyer et al., 2014). Also, iPSCs grow in colonies and as such,
each colony may differ slightly, increasing the variability (Gatto et al., 2021). iPSCs require
full characterisation prior to further differentiation which includes investigating known
pluripotency markers via ICC, gene expression profiling and ensuring that the iPSCs can

differentiate into all three germ layers (McKinney, 2017).

However, the major pitfall when modelling neurodegenerative diseases using iPSCs is that
the Yamanaka factors used to induce pluripotency are highly expressed in embryonic stem
cells (Liu et al., 2008). Minimal differences in gene expression were found between human
iPSCs and human embryonic stem cells (Patterson et al., 2012). In addition, there is also
evidence to suggest that iPSCs from older donors possess increased telomere length
(Agarwal et al., 2010, Miller et al., 2013), loss of senescent markers (Agarwal et al., 2010,
Lapasset et al., 2011) and improved mitochondrial health (Suhr et al., 2010, Miller et al.,

2013), indicative of an embryonic-like state and a loss of cellular ageing (Gatto et al., 2021).

Age is the biggest risk factor in the development of neurodegenerative diseases and as
such, is extremely important for disease modelling in vitro. In 2014, Meyer et al described

62



the direct conversion of adult fibroblasts into tripotent iINPCs, donated by people with ALS
(Meyer et al., 2014). The tripotent status of these progenitor cells allows the differentiation of
neurones, astrocytes or oligodendrocytes (Meyer et al., 2014). iINPC derived astrocytes
differentiated from young and old donors have been found to retain the ageing phenotype of
the donors (Gatto et al., 2021). During ageing, there is an accumulation of ROS. A 2021
paper investigated differences in ROS between young and old donor induced astrocytes
from iNPCs, illustrating significantly higher ROS in astrocytes from old donors compared to
young donors. When subjected to stress conditions, the induced astrocytes from older
donors required longer to return to baseline ROS levels than the cells from young donors
(Gatto et al., 2021). This provides evidence to support the retention of age-related changes
from donors and hence supports the notion that INPCs are a more disease relevant model to

study neurodegenerative diseases than iPSCs.

The iNPCs utilised for this thesis were reprogrammed from human adult fibroblasts prior to
starting this project and were fully characterised previously using neuronal progenitor
markers Pax6 and Nestin (data not shown). Previous studies using the same methodology
also demonstrated Pax6 and Nestin expression (Meyer et al., 2014, Ferraiuolo et al., 2016,
Schwartzentruber et al., 2020).

iPSCs and iNPCs both provide an intermediary for the generation of neurones from
fibroblasts, however the methodology of producing dopaminergic neurones differs slightly.
Differentiation of iPSCs into induced dopaminergic neurones is a time-consuming and
multistep process involving 3 key steps, neuralisation, specification and maturation (Wang et
al., 2020). However, iPSCs require the generation of a further intermediary. This
intermediate cell type can vary from embryoid bodies (EBs) to neural rosettes to neural
progenitor cells, with these believed to mimic in utero neurogenesis (Tran et al., 2020).
There are a number of different protocols for the generation of induced dopaminergic
neurones from iPSCs which are beyond the scope of this thesis, however the following
description is true for induced dopaminergic neurones generated from iPSCs via a neural
progenitor lineage. Firstly, inhibition and activation of key signalling pathways results in the
iPSCs undertaking an ectodermal lineage, and this remains similar between the protocols.
This is done by inhibiting two pathways, dual-mothers against decapentaplegic homologue
(SMAD), preventing the mesodermal and endodermal lineages (Wang et al., 2020). Early
and prolonged exposure to the sonic hedgehog protein and the Wnt signalling pathways
increase the expression of FOXA2, a protein with roles in development, particularly in the
generation of dopaminergic neurones during development (Kittappa et al., 2007, Wang et al.,

2020). The activation of FGF8 was also found to be required for the differentiation of
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dopaminergic neurones from iPSCs. The inhibition or activation of the above pathways
paves the way for the generation of neural stem cells, expressing pan neuronal markers and
takes approximately 30 days. A cocktail of dopaminergic factors including BDNF, GDNF,
cAMP, TGF[3, ascorbic acid and DAPT, are then added for 20 or more days to produce the
desired dopaminergic neurones (Xu et al., 2017, Wang et al., 2020). The exact combination
of factors appears to differ between groups; however they are similar to the ones used in our
iINPC differentiation protocol. A 2020 meta-analysis discovered that since 2011, 385 different
iPSC lines have been used in studies investigating PD (215 patients and 170 controls).
However, of these 215 PD patient lines, less than 20% were from sporadic cases of PD
despite that fact that sporadic PD accounts for approximately 90% of cases (Tran et al.,
2020). The most common genetic mutations modelled were from cases of LRRK2-G2019S,
Parkin, PINK1 and alpha synuclein mutant individuals, and although in reality these only
represent a small proportion of PD cases, the data generated from them still provides
valuable insight into PD (Tran et al., 2020). Further data from the meta-analysis assessed
the most common phenotypes described from the 385 iPSC lines, used across 67 different
studies. They noted impairments in cellular waste recycling, mitochondria, neuronal
morphology, oxidative stress, neuronal survival and development and neuroinflammation.
The heat map in figure 3.1 is taken from figure 4 of the meta-analysis and eloquently
highlights the phenotypes that were observed in iPSC derived induced dopaminergic
neurones of different PD genotypes (Tran et al., 2020). Interestingly, none of the papers
assessed in this meta-analysis highlighted any mitochondrial and metabolic deficiencies in
the sporadic dopaminergic neurones. The sporadic dopaminergic neurones appeared to
display alterations primarily in neuronal morphology and function but also, to a lesser extent,

neuroinflammation and neuronal survival (Tran et al., 2020).
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Figure 3.1 Phenotypes observed in iPSC derived dopaminergic neurones of varying PD
genotypes

Heat map highlighting specific dysfunctions observed in iPSC derived dopaminergic neurones. Taken
from meta-analysis conducted by (Tran et al,. 2020) in which common phenotypes were assessed
from 385 iPSC-derived dopaminergic neurones generated from PD patients. Impairments were noted
in a number of different categories including cellular waste and recycling and mitochondria and
metabolism. However, the majority of these impairments were uncovered in iPSC-derived
dopaminergic neurones generated from genetic forms of PD. No impairments in mitochondria and
metabolism were described in induced dopaminergic neurones generated from sporadic PD. Figure

used under the creative commons attribution license (CC-BY)

An alternative method of generating induced dopaminergic neurones is via a direct
reprogramming method. Direct reprogramming does not require the formation of a
pluripotent intermediate, using exogenous genes to alter lineage-specific genes of somatic
cells such as fibroblasts (Han et al., 2021). Using transcription factors Mash1, Nurrl and
Lmx1a, Caiazzo et al were able to illustrate that both mouse embryonic fibroblasts and
human fibroblasts could be directly reprogrammed into dopaminergic neurones and were
able to release dopamine as well as exhibit organised electrical activity, in a process taking

approximately 20 days (Caiazzo et al., 2011). The benefit of a direct reprogramming method
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over the iPSC pluripotency intermediate is due to the difference in tumour potential. Some
studies are investigating the utility of implanting a patient’'s own iPSC derived dopaminergic
neurones directly into their brain in order to replenish the lost dopaminergic neurones
(Schweitzer et al., 2020). However, this carries a risk of tumour growth due to the
proliferative nature of the iPSCs (Caiazzo et al., 2011).

Conversely, standard differentiation of the dopaminergic neurones from iNPCs takes 27
days (Schwartzentruber et al., 2020), with alterations to the protocol made on a line by line
basis. Furthermore, once generated, the INPCs are continually proliferative, enabling us to
freeze and build up large repositories of stocks following each passage. The benefit of this
compared to both iPSCs and directly reprogrammed dopaminergic neurones is that each
individual differentiation is ultimately from the same fibroblast reprogramming cycle, hence

removing any heterogeneity.

In this chapter we show characterisation of the metabolic status of 2 sporadic PD patients, 1
alpha synuclein mutant (triplication) and 3 control iINPC lines. We also present data detailing
the basal mitochondrial phenotypes of these lines and finish by extensively characterising

the iINPC-derived dopaminergic neurones of the same cohort.
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3.2 Aims and Objectives

The aim of this chapter was to characterise the neuronal progenitor cells, and dopaminergic
neurones generated from them, in two sporadic PD and one alpha synuclein mutant line plus

age and sex matched controls. This was achieved by:
e Measuring the metabolic status of the INPCs via ATP assay

¢ Understanding any differences in mitochondrial phenotypes including number of

mitochondria per cell, percentage mitophagy and MMP

¢ Investigating the expression of pan neuronal and dopaminergic specific markers in

the INPC-derived dopaminergic neurones via ICC and Western blotting

e Assessing the effect of Jed135 or UDCA treatment on the pan neuronal and

dopaminergic markers
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3.3 Results

3.3.1 Functional Characterisation

Metabolic Status of INPCs

The overall ATP content of the INPCs was investigated, along with assessing the metabolic
status. This was done by measuring ATP levels under one of four conditions; untreated,
oligomycin treatment to inhibit OXPHOS via complex V, 2DG treatment to inhibit glycolysis
via hexokinase or both inhibitors together.

Sporadic PD1 and Control 1

Previous data from our group found no significant differences in ATP production between
sPD1 and control 1 in the fibroblasts (data not shown and generated by previous lab
members, patient included in (Carling et al., 2020)).

The sPD1 iNPCs display an ATP deficiency (mean+SD) of 54% (+9.2) compared to control
1, as seen in figure 3.2A. This was significant (p<0.0001) following two-way ANOVA with
Sidak’s multiple comparisons test. When OXPHOS was inhibited, via the use of oligomycin,
we also discovered a significant (p<0.0001) ATP deficit of 57.9% (+4.7) in the sPD1. The
data presented here suggests the iINPCs are heavily reliant on glycolysis as their main
source of respiration. When OXPHOS is inhibited, there is a decrease in ATP production of
22% in control 1 and 28% in sPD1 iNPCs, meaning that glycolysis is accounting for 78% and
72% of ATP production respectively, figure 3.2B. Whereas when glycolysis is inhibited, the
decrease in ATP production is 76% and 74% respectively, illustrating that OXPHOS
accounts for 24% and 26% of ATP production in the iINPCs.

No significant differences were observed between control 1 and sPD1 when glycolysis was

inhibited, or when both OXPHOS and glycolysis were inhibited.
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Figure 3.2 ATP production and metabolic status of sPD1 and control 1 iNPCs

Results are expressed as mean + standard deviation, n=3 (A) ATP production under four different
treatment conditions; untreated, oligomycin treated (inhibiting complex V of the electron transport
chain and hence giving information on ATP generated by glycolysis), 2-deoxyglucose treated
(inhibiting hexokinase, giving information on ATP generated by OXPHOS) and both inhibitors. sPD1
displays a 54% ATP deficiency compared to control 1. ATP/Cyquant normalised to untreated control
per repeat (B) Percentage of ATP produced via glycolysis and oxidative phosphorylation. Glycolysis
accounts for 78% of ATP production in control 1 and 72% in sPD2 while OXPHOS accounts for 24%
and 26% of ATP production respectively. Data was normally distributed following Shapiro Wilks tests

for normality and a two-way ANOVA with Sidak’s multiple comparisons tests completed, ****p<0.0001.
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Sporadic PD Patient 2 and Non-PD Control 2

Previous data collected by past members of the group showed sPD2 to have a 31% deficit in
ATP production when compared to control 2 in the fibroblasts (data not shown, patient line
included in (Carling et al., 2020)).

However, sPD2 iNPCs did not show an ATP deficit under basal conditions compared to
control 2, with a difference of only 1.6% between control 2 and sPD2, figure 3.3A. Similarly,
the data here also suggest the iINPCs are heavily reliant upon glycolysis. When OXPHOS is
inhibited, there is a decrease in ATP production of 12% in control 2 and 32% in sPD2
meaning the cells rely on glycolysis for 88% and 68% of the ATP production respectively.
Whereas, when glycolysis is inhibited, the decrease in ATP production is 71% in control 2
and 78% in sPD2 meaning that OXPHOS accounts for 29% and 22% of ATP production
respectively, figure 3.3B.

When comparing the four treatment types individually, no condition showed any significant
differences between control 2 and sPD2, however it should be noted that in some cases,

sPD2 showed a high degree of variability.
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Figure 3.3 ATP production and metabolic status of sPD2 and control 2 iNPCs

Results are expressed as mean + standard deviation, n=4 (A) ATP production under four different
treatment conditions; untreated, oligomycin treated, 2DG treated and treatment with both inhibitors.
No difference in ATP production between control 2 and sPD2 was observed. ATP/Cyquant
normalised to untreated control per repeat (B) Percentage of ATP produced via glycolysis and
oxidative phosphorylation. In control 2, glycolysis accounted for 88% of ATP production and OXPHOS
29%. Conversely in sPD2, glycolysis accounts for 68% of ATP production while OXPHOS accounts
for 22%. Normality confirmed by Shapiro Wilks test for normality and two-way ANOVA with Sidak’s

multiple comparisons test undertaken.
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SNCA mutant and Control 3
Previous data collected by another member of the lab group illustrated no difference in ATP
levels between the alpha synuclein mutant line and control 3 in the fibroblasts. This result

was expected due to inherently low levels of alpha synuclein expressed in fibroblasts.

We also observed no differences in ATP production between control 3 and the alpha
synuclein mutant iNPCs under basal conditions, with the alpha synuclein mutant exhibiting
only 3.5% less ATP production than control 3, figure 3.4A. In agreement with the data from
the sporadic PD lines, the iINPCs main source of ATP production was via glycolysis. When
OXPHOS is inhibited, there is a decrease in ATP production of 17% in control 3 and 24% in
the alpha synuclein mutant meaning that glycolysis accounts for 83% and 76% of ATP
production respectively. Whereas, when glycolysis is inhibited, ATP production decreases by
55% in control 3 and 75% in the alpha synuclein mutant meaning that OXPHOS accounts for
45% and 25% of ATP production respectively, figure 3.4B.

No significant differences were observed between control 3 and the alpha synuclein mutant

line following treatment with any of the inhibitors.
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Figure 3.4 ATP production and metabolic status of the SNCA mutant and control 3iNPCs
Results are expressed as mean + standard deviation, n=3 (A) ATP production under four different
treatment conditions; untreated, oligomycin treated, 2DG treated and treatment with both inhibitors.
We do not observe any ATP deficit in the alpha synuclein mutant compared to control 3. ATP/Cyquant
normalised to untreated control per repeat (B) Percentage of ATP produced via glycolysis and
oxidative phosphorylation. Glycolysis accounts for 83% and 76% of ATP production in control 3 and
the alpha synuclein mutant respectively while OXPHOS accounts for 45% and 25% of ATP
production. Normality confirmed via Shapiro Wilks test for normality and two-way ANOVA with Sidak’s

multiple comparisons test confirmed no differences.
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Basal Mitochondrial Phenotypes of iINPC Derived Dopaminergic Neurones

We sought to characterise any basal mitochondrial phenotypes present within the
dopaminergic neurones by considering mitochondrial and lysosomal number per cell,
percentage of mitochondria undergoing mitophagy, mitochondrial fragmentation score and
MMP. This information enabled us to understand any mitochondrial abnormalities present
before we assessed the effect of Jed135 or UDCA. Data presented here are from untreated

conditions and any drug effects will be considered and discussed in chapter 4.

Control 1 and sPD1

There are clear differences between control 1 and sPD1 over a number of different
mitochondrial parameters, however likely due to variability they aren’t always significant.
sPD1 appeared to average 1252 (+736) mitochondria per cell whilst on average, control 1
exhibited 162 (x40) mitochondrial per cell. This illustrates an increase of 673% between
control 1 and sPD1, however, this difference was not found to be significant following an
unpaired t-test, likely due to the variability observed in the patient line, figure 3.5A. We also
illustrated a significantly (p<0.02) increased number of lysosomes per cell in sSPD1 compared
to control 1, figure 3.5B. Control 1 possessed an average of 30 (+11.9) lysosomes per cell,
while sPD1 had approximately 200% more, averaging 90 (£29.6) lysosomes per cell. A
mitophagy event was defined as the co-localisation of the mitochondrial and lysosomal stain
and this data is presented as a percentage of the total mitochondrial population. Although
not significant, there is a trend towards reduced levels of mitophagy occurring in sPD1
compared to control 1, with averages of 1.8% (+0.5) and 3.9% (x1.6) respectively, figure
3.5C. Mitochondria produce a vast network that is highly interconnected and the
mitochondrial fragmentation score reported provides information on this. The lower the
mitochondrial fragmentation score, the more fragmented the network. Therefore the data
presented illustrates that, although not significant, sPD1 has a more fragmented network
when compared to control 1 and this may account for the increased number of mitochondria
per cell, figure 3.5D. On average, the mitochondrial fragmentation score for control 1 was
85.5 (£39.5) while for sPD1 it was 14.4 (+5.7), a decrease of 81.1%. Finally, we observed no
difference in MMP between control 1 and sPD1, with a decrease in MMP of only 23.5%.
However, sPD1 exhibits some variability and therefore there may be a trend to suggest that

sPD1 has a lower membrane potential, figure 3.5E.
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Figure 3.5 Basal mitochondrial phenotyping, control 1 and sPD1

Results are expressed as mean * standard deviation, n= at least 3 (A) Mitochondrial number per cell.
sPD1 exhibited a 673% increase in mitochondrial number per cell compared to control 1, however this
did not reach significance, likely due to the amount of variability observed (B) Lysosomal number per
cell. sPD1 had significantly more lysosomes per cell than control 1, with an increase of roughly 200%
(C) Percentage mitophagy calculated as the number of mitochondria undergoing mitophagy as a
percentage of the full mitochondrial population. sPD1 exhibited a decrease in the percentage of
mitochondria undergoing mitophagy compared to control 1, however this did not reach significance.
3.9% of mitochondria were undergoing mitophagy in control 1, whereas in sPD1 this was only 1.8%
(D) Mitochondrial fragmentation score. A lower score is indicative of a more fragmented mitochondrial
network. Although non-significant, sDP1 displayed a decreased mitochondrial fragmentation score of
81.1%, suggesting that the mitochondrial network in sPD1 was more fragmented and less
interconnected (E) Mitochondrial membrane potential normalised to control 1. We observed a small,
23.5%, decrease in MMP in sPD1 compared to control 1, a difference that was not significant. For (A)
to (E) all data was normally distributed following Shapiro-Wilks test and unpaired t-tests with Welch’s

correction were performed. *p<0.05.
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Control 2 and sPD2

We considered the same parameters as above for control 2 and sPD2, observing different
mitochondrial phenotypes. No significant differences were uncovered in mitochondrial
number per cell, although sPD2 did exhibit a trend to having an increased number, figure
3.6A. More specifically, control 2 displayed on average 565.5 (£30.6) mitochondria per cell
whereas sPD2 had, on average, 687.7 (x107.2) mitochondria per cell, exhibiting an increase
of 21.6%. Similarly, there were also no differences in number of lysosomes per cell with
control 2 having 184.4 (+16.2) lysosomes per cell, while sPD2 had 187.6 (x25.1) lysosomes
per cell, a difference of only 1.8%, figure 3.6B. However, sPD2 appeared to have a
significantly (p<0.027) reduced percentage mitophagy compared to control 2, at 4.8% (+0.4)
and 6.03% (0.5) respectively, meaning that sPD2 exhibited a decrease in mitophagy of
20.2%, figure 3.6C. sPD2 also had a significantly (p<0.0005) more fragmented
mitochondrial network than control 2, with average fragmentations scores of 37.2 (£2.9) and
107.8 (£6.1) respectively, illustrating a difference of 65.5%, figure 3.6D. Mitochondrial health
in the form of MMP also appeared to be significantly (p<0.0001) reduced in sPD2, figure
3.6E, exhibiting 79.1% lower MMP than control 2.
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Figure 3.6 Basal mitochondrial phenotyping, control 2 and sPD2

Results are expressed as mean * standard deviation, n=3 (A) Mitochondrial number per cell. We
observed a small, 21.6%, increase in mitochondrial number per cell in sPD2 compared to control 2
however this did not reach significance (B) Lysosomal number per cell. No differences were observed
between control 2 and sPD2 (C) Percentage mitophagy calculated as the number of mitochondria
undergoing mitophagy as a percentage of the full mitochondrial population. sPD2 had significantly
fewer mitochondria undergoing mitophagy than control 2. We observed a difference of 1.23%
between patient and control (D) Mitochondrial fragmentation score. A lower fragmentation score is
indicative of a more fragmented, less interconnected mitochondrial network. sPD2 exhibited a
significantly lower mitochondrial fragmentation score, with a 65.5% decrease, suggesting that the
mitochondrial network in sPD2 is more fragmented (E) Mitochondrial membrane potential normalised
to control 2. MMP in sPD2 was 79.1% lower than control 2, a difference that was found to be
significant. For (A) to (E) all data was normally distributed following Shapiro-Wilks test and unpaired t-
tests with Welch’s corrections were performed. *p<0.05, ***p<0.0005, ****p<0.0001.

79



3.3.2 iINPC-Derived Dopaminergic Neurone Characterisation

For the purpose of this chapter, each pair of cell lines will be considered in isolation as the
length of the differentiation protocol was slightly altered due to changes in morphology with
the clustering of cell bodies and formation of large projection tracts which led to detachment

of the cells from the cell culture plates, therefore a direct comparison isn’'t possible.

Sporadic PD 1 and Control 1

Control 1 and sPD1 were cultured as per the standard protocol outlined in the methods for
the first two stages of differentiation. Once into the third stage of differentiation, the
morphology of sSPD1 was quick to change and as such, the protocol was terminated

approximately 7 days after third stage initiation.

In order to characterise the neurones generated, ICC and Western blotting were undertaken

to investigate a range of pan neuronal and dopaminergic specific markers.

Firstly, we studied the percentage of cells expressing Tuj, a neurone specific cytoskeletal
marker, and TH, the rate limiting enzyme in the formation of dopamine and therefore a
dopaminergic specific marker. Tuj expression was observed as an overall cytosolic stain
whereas TH positive staining was identified as small, high intensity puncta. Our ICC shows
both control 1 and sPD1 to express high levels of Tuj, 92% (+10.05) and 96.5% (+£2.99)
respectively, figure 3.7B. TH expression was more variable between the two cell lines, with
control 1 containing 56% (+£18.9) of cells positive for TH and sPD1 83% (+£18.2), figure 3.7C.
The Shapiro-Wilk test for normality found the data for both Tuj and TH expression to be
normally distributed and the resulting unpaired t-test with Welch’s correction exhibited no

significant difference in either marker expression between the two cell lines.
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Figure 3.7 Tuj and TH expression in sPD1 and Control 1 end stage dopaminergic neurones
Results are expressed as mean * standard deviation, n=3. (A) Representative images using Tuj
(green) as a pan neuronal marker and TH (orange) as a dopaminergic specific marker with Hoechst
(blue) to label nuclei. Scale bar = 50um. At least 17 fields of view were imaged per well (B)
Percentage of cells expressing Tuj. We found no significant difference between patient and control,
with them exhibiting 96.5% and 92% Tuj expression respectively (C) Percentage of cells expressing
TH. Control 1 had 56% of cells positive for TH, while sPD1 had 83% of cells positive for TH. The
difference between patient and control was 27% however this was not significant. Quantification for
(B) and (C) was done on three separate rounds of differentiation; Shapiro-Wilk test for normality
showed the data to be normally distributed. No differences in Tuj or TH expression were found

following unpaired t-test with Welch’s correction.
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Neurones were further characterised via ICC using antibodies targeted to pan-neuronal
marker MAP2, a neuronal microtubule associated protein, and DAT, the dopamine
transporter. MAP2 is a member of the microtubule associated protein family that bind and
stabilise microtubules, with MAP2 primarily being associated with neurones (Soltani et al.,
2005). There are 3 isoforms of MAP2, a, b and c, with MAP2c representing a more juvenile
form of the protein and is therefore only expressed in immature neurones (Soltani et al.,
2005). MAP2 is primarily expressed within the dendrites, therefore we expect to observe
expression within the projections of the cells (Rehbach et al., 2019), however the antibody
we utilised is unable to differentiate between the MAP2 isoforms and therefore in some
instances less MAP2 expression may be synonymous with more mature neurones as we
have less of the juvenile MAP2c. Similarly, DAT is usually localised to the cytoplasmic
surfaces of plasma membranes as well as the smooth endoplasmic reticulum of the
dendrites (Nirenberg et al., 1996). Therefore, in our model, we expect to observe DAT as

small, high intensity puncta, primarily within the projections.

We observed that control 1 had a neuronal population that had 76.3% (+18.9) of cells
positive for MAP2 while sPD1 had 67.3% (+25.1), figure 3.10B. Meanwhile, DAT expression
was much lower with 31.6% (+1.0) and 32.6% (+5.8) of positive cells respectively, figure
3.10C. Data was found to be normally distributed and unpaired t-test with Welch'’s correction

showed no difference in MAP2 or DAT expression between control 1 and sPD1.
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Figure 3.8 MAP2 and DAT expression in control 1 and sPD1 end stage dopaminergic neurones
Results are expressed as mean + standard deviation, n=3. (A) Representative images using MAP2
(green) as a pan neuronal marker and DAT (orange) as a dopaminergic specific marker with Hoechst
(blue) to label nuclei. Scale bar = 50um. 17 fields of view imaged per well (B) Percentage of cells
expressing MAP2. Control 1 had a slightly higher percentage of cells expressing MAP2, 76.3%,
compared to sPD1, 67.3%, however this difference was not significant (C) Percentage of cells
expressing DAT. This was similar between the two cell lines, 31.6% and 32.6% in control 1 and sPD1
respectively. Quantification for (B) and (C) was done on three separate rounds of differentiation;
Shapiro-Wilk test for normality showed the data to be normally distributed. No differences in MAP2 or
DAT expression were found following unpaired t-test. (D) DAT high intensity puncta, characterised

and discovered primarily within the projection of cells.



This section has been redacted by the author for commercial reasons.



This section has been redacted by the author for commercial reasons.

89



We sought to further characterise this pair of induced dopaminergic neurones by studying
the expression of presynaptic protein synaptophysin and post-synaptic density protein 95
(PSD95). Evidence suggests that synaptophysin is expressed earlier in development and
levels are liable to decrease with age (Fletcher et al., 1994, Petralia et al., 2014). Therefore,
if we were to assess synaptophysin expression throughout the differentiation protocol, we
would expect to observe inverse proportionality, with higher expression at the start of the
protocol, which decreased over time. On the contrary, PSD95 expression has been found to
increase as neurones mature. During neuronal development, PSD95 is regulated post-
transcriptionally by polypyrimidine tract binding proteins 1 and 2 (PTBP1 and PTBP2).
During embryonic development, the expression of PTBP1 and PTBP2 decreases, allowing
the expression of PSD95 to increase with neuronal maturation (Zheng et al., 2012). As our
reprogramming protocol doesn’t take the cells to an embryonic-like phase, we would
potentially not expect to see many changes in PSD95 expression over the course of the
differentiation protocol. Furthermore, as neuronal development occurs, it is likely that the
distribution of both PSD95 and synaptophysin changes, moving from the cell body to the
axons (Chai et al., 2016).

The ICC presented below is the result of preliminary investigations and as such,
characterisation was only carried out with control 1 and sPD1 due to time constraints and
limited laboratory access due to Covid19 restrictions. However, optimisation wasn’t
completed fully for sPD1 therefore even though data has been included below, it should be

interpreted with caution as further optimisation would have been beneficial.

PSD95 expression was similar between control 1 and sPD1 at 52.6% (+13.8) and 51.5%
(£32.9) respectively, figure 3.12B, meaning there was no difference between the two lines.
Synaptophysin expression differed between the lines a small amount with control 1
exhibiting 62.4% (+£16.6) synaptophysin positive cells and sPD1 only 53.6% (+£24.5), figure

3.12C. However, this difference was found to be insignificant.
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Figure 3.9 PSD95 and Synaptophysin expression in control 1 and sPD1 end stage
dopaminergic neurones

Results are expressed as mean * standard deviation, n=3. (A) Representative images using
synaptophysin (green) as a presynaptic marker and PSD95 (orange) as a postsynaptic marker with
Hoechst (blue) to label nuclei. Scale bar = 50um. 17 fields of view imaged per well (B) Percentage of
cells expressing PSD95. Similar percentages of PSD95 positive cells were observed between control
1 and sPD1, however sPD1 was much more variable. We found 52.6% and 51.5% of cells were
positive for PSD95 in control 1 and sPD1 respectively. Data normally distributed and unpaired t-test
revealed no difference in PSD95 expression (C) Percentage of cells expressing synaptophysin.
Control 1 had slightly higher expression than sPD1, 62.5% to 53.6% respectively. Data not normally
distributed and t-test followed by Mann Whitney U post-hoc test revealed no difference in
synaptophysin expression. Quantification for (B) and (C) was done on three different rounds of

differentiation.
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Sporadic PD 2 and Control 2

The neurone differentiation protocol for control 2 and sPD2 differed from the standard
protocol in the second stage of differentiation. This is because cell number dramatically
decreased over the 10-day FGF/SAG stage, therefore the middle stage of differentiation was
reduced to 4 days, followed by the 15-day third stage of differentiation.

Tuj and TH expression was again investigated using ICC and Western blotting. Beginning
with ICC, we outlined control 2 to have 87.7% (x11.3) Tuj positive cells while sPD2 had
75.6% (£26.0), figure 3.15B. Similarly to sPD1, sPD2 had higher TH expression than control
2, 71.1% (£33.5) and 39.0% (+£15.3) respectively, figure 3.15C. Data for both Tuj and TH
were normally distributed following Shapiro-Wilk test and the resulting unpaired t-test with
Welch’s correction highlighted no differences in either Tuj or TH expression between control
2 and sPD2.
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Figure 3.10 Tuj and TH expression in sPD2 and control 2 end stage dopaminergic neurones
Results are expressed as mean * standard deviation, n=3. (A) Representative images using Tuj
(green) as a pan neuronal marker and TH (orange) as a dopaminergic specific marker with Hoechst
(blue) to label nuclei. Scale bar = 50um. 17 fields of view imaged per well (B) Percentage of cells
expressing Tuj. We found control 2 to contain 87.7% of cells positive for Tuj while sPD2 had 75.6% of
Tuj positive cells (C) Percentage of cells expressing TH. TH expression was higher in sPD2 than
control 2, 71.1% to 39% respectively. Quantification for (B) and (C) was done on three separate
rounds of differentiation; Shapiro-Wilk test for normality followed by unpaired t-test with Welch’s

correction detailed no significant differences in Tuj or TH expression between control 2 and sPD2.
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Further characterisation of control 2 and sPD2 was also undertaken by investigating MAP2
and DAT expression. ICC revealed 67.1% (£19.1) of control 2 cells were MAP2 positive
while 53.9% (+28.7) were positive in sPD2, figure 3.18B. No difference was observed in
MAP2 expression between control 2 and sPD2 following unpaired t-test with Welch’s
correction. DAT expression was significantly (p<0.03) different between the two cell lines
with control 2 exhibiting 15.9% (+2.2) DAT positive cells while sPD2 had 57.1% (£13.1),

figure 3.18C.
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Figure 3.11 MAP2 and DAT expression in control 2 and sPD2 end stage dopaminergic
neurones

Results are expressed as mean * standard deviation, n=3. (A) Representative images using MAP2
(green) as a pan neuronal marker and DAT (orange) as a dopaminergic specific marker with Hoechst
(blue) to label nuclei. Scale bar = 50um. 17 fields of view were imaged per well (B) Percentage of
cells expressing MAP2. In control 2 this was 67.1% while in sPD2 it was 53.9% (C) Percentage of
cells expressing DAT. DAT expression was higher in sSPD2 compared to control 2, 57.1% to 15.9%
respectively. Quantification for (B) and (C) was done on three separate rounds of differentiation;
Shapiro-Wilk test for normality showed the data to be normally distributed. Unpaired t-test with
Welch’s correction detailed no significant differences in MAP2 expression. A significant difference in
DAT expression was observed, *p<0.05 (D) DAT high intensity puncta, characterised and discovered

primarily within the projection of cells.
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Alpha Synuclein Mutant and Control 3

The neurone differentiation protocol for the alpha synuclein mutant and control 3 differs from
the standard differentiation protocol outlined in the Schwartzentruber (2020) paper. The first
two stages of differentiation are the same however due to quickly changing morphology,
detachment from the cell culture plates and exhibiting typical neuronal features of clustered
cell bodies and elongated projections, the final stage of differentiation is 7-9 days after

initiation of stage 3. This is similar to control 1 and sPD1.

ICC revealed 95.6% (x1.2) of control 3 cells were positive for Tuj, while 84.7% (+10.9) of the
alpha synuclein mutant cells were Tuj positive. Data were normally distributed and
quantification via unpaired t-test with Welch’s correction highlighted no significance

difference in Tuj expression between the pair, figure 3.20B.

TH expression was more variable within each line, however 82.4% (£26.4) and 77.0%
(x37.4) of cells were TH positive in control 3 and the alpha synuclein mutant respectively.
Shapiro-Wilks normality tests showed that the data was not normally distributed therefore a
Mann Whitney U test was carried out, showing no significant difference in TH expression

between control 3 and the alpha synuclein mutant, figure 3.20C.
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Figure 3.12 Tuj and TH expression in SNCA mutant and Control 3 end stage dopaminergic
neurones

Results are expressed as mean * standard deviation, n=3. (A) Representative images using Tuj
(green) as a pan neuronal marker and TH (orange) as a dopaminergic specific marker with Hoechst
(blue) to label nuclei. Scale bar = 50um. 17 fields of view imaged per well (B) Percentage of cells
expressing Tuj. This was found to be 95.6% in control 3 and 84.7% in the alpha synuclein mutant line.
Unpaired t-test showed no significant difference (C) Percentage of cells expressing TH. This was
similar between the two cell lines, 82.4% in control 3 and 77% in the alpha synuclein mutant. t-test
with Mann Whitney U post hoc correction showed no differences in TH expression. Quantification for

(B) and (C) was done on three separate rounds of differentiation.
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Further characterisation with MAP2 and DAT discovered that control 3 and the alpha
synuclein mutant line exhibited 46.8% (+16.6) and 46.2% (+7.0) MAP2 positive cells
respectively, figure 3.23B.

However, DAT expression was discovered to differ between the two cell lines with control 3
possessing 61.9% (+3.6) DAT positive while the alpha synuclein mutant line had 43.5%
(x7.4) of cells positive for DAT. This difference was significant (p<0.03) when quantified via

unpaired t-test with Welch'’s correction, figure 3.23B.
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Figure 3.13 MAP2 and DAT expression in control 3 and alpha synuclein mutant end stage
dopaminergic neurones

Results are expressed as mean * standard deviation, n=3. (A) Representative images using MAP2
(green) as a pan neuronal marker and DAT (orange) as a dopaminergic specific marker with Hoechst
(blue) to label nuclei. Scale bar = 50um. 17 fields of view were imaged per well (B) Percentage of
cells expressing MAP2. This was similar between control 3 and the alpha synuclein mutant line,
46.8% and 46.2% respectively (C) Percentage of cells expressing DAT. DAT expression was higher
in control 3, at 61.9% compared to 43.5% in the alpha synuclein mutant line. Quantification for (B) and
(C) was done on three separate rounds of differentiation; Shapiro-Wilk test for normality showed the
data to be normally distributed. Unpaired t-test with Welch’s correction detailed no differences in
MAP2 expression but a small, significant, decrease in DAT expression in the alpha synuclein mutant
*p<0.05 (D) DAT high intensity puncta, characterised and discovered primarily within the projection of

cells.
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3.4 Discussion

Data within this chapter focussed upon characterising the dopaminergic neuronal model

used, from the iNPCs to the end stage dopaminergic neurones.

However, the initial drug screen that led to this project utilised fibroblasts to identify Jed135
as the lead compound. Fibroblasts are an extremely valuable tool for studying
neurodegenerative diseases. Readily available and relatively low cost, fibroblasts are robust
cells that are easy to culture and maintain, providing an excellent model for large primary
drug screens. They possess environmental and epigenetic alterations that a person has
acquired throughout their life, an important factor for neurodegenerative diseases in which
prevalence increases with age (Auburger et al., 2012). However, there are also inherent
disadvantages for the use of fibroblasts in neuroscience research. First and foremost,
fibroblasts are not the cell type affected in neurodegeneration, in this instance PD, therefore
there is a limit to their utility, particularly in drug screening. Early passages (pre passage 3)
of fibroblasts are mixed with keratinocytes and infection with skin microorganism
mycoplasma is possible, potentially causing artificial phenotypes, highlighting the need for
regular testing (Auburger et al., 2012). On the contrary, many cells can become post-mitotic
at higher passages, hence reducing the proliferation rate (Kalman et al., 2016). There are
major differences in gene expression profiles between fibroblasts and neurones which are
important factors to consider when studying neurodegenerative diseases. For example,
alpha synuclein is readily expressed in neurones and the protein aggregates within the brain.
However, alpha synuclein expression in fibroblasts is minimal (Auburger et al., 2012, Kalman
et al., 2016). Fibroblasts are also much more resilient than neurones and don’t form
synapses meaning they don’t rely on a synergistic relationship, unlike neurones and glial
cells (Kalman et al., 2016).

It is important to consider the role that fibroblasts play in neurodegenerative research,
particularly in relation to primary drug screens, before discussing the neuronal model used in
this study. Previous drug screens have utilised the beneficial properties of fibroblasts to
screen large drug libraries for their mitochondrial rescue effects. In 2013, Mortiboys et al
screened a library of 2000 compounds, investigating their effect on MMP, as well as
understanding any associated toxicity. This was a 3 stage drug discovery study with more in-
depth investigations being performed at each stage. Of the original 2000 compounds, 35
compounds passed through to stage 2 where cellular ATP levels were investigated, leaving
a possible 15 compounds to reach stage 3. However following a literature search, only 2
compounds were subjected to more in-depth assessments in understanding the effect of the

compounds on the mitochondrial respiratory complexes (Mortiboys et al., 2013). This study
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is prime example for the utility of fibroblasts in large scale drug screens and the primary
screen associated with the current project was completed in fibroblasts. However, as
mentioned, fibroblasts don’t possess all the qualities we would expect of neurones and
hence the ability to reprogramme fibroblasts into iPSCs or iINPCs and further into induced

neurones is invaluable.

As highlighted in the introduction, iPSC derived neurones have provided a method to study
disease mechanisms in vitro that wasn’t available before, allowing us to study brain disease
mechanisms in a physiologically relevant model (Wu et al., 2019). iPSCs can be
reprogrammed from a variety of somatic cells other than fibroblasts, including blood, urine
and dental tissue and there are far fewer ethical implications in generating pluripotent cells
via this method compared to collecting human embryonic stem cells (Chang et al., 2019).
The similarities of iPSCs to embryonic stem cells are not beneficial when studying
neurodegenerative diseases and hence the discovery of iINPCs, a tripotent stem cell able to
retain the ageing phenotype of the donor, are a more relevant disease model (Meyer et al.,
2014, Gatto et al., 2021) and utilised in this study.

Initially, we sought to functionally characterise the model being used. Fibroblasts have a
relatively low metabolic requirement compared to neurones and as such rely on glycolysis as
their main source of ATP (Kim et al., 2018). Although less efficient, producing a net gain of 2
ATP molecules per cycle, glycolysis generates ATP more readily than OXPHOS (Bonora et
al., 2012, Bell et al., 2020b). In contrast, although the brain represents only 2% of total body
mass, it is responsible for 20% of the body’s energy demand, highlighting how metabolically
active neurones are (Heger et al., 2021). As such, an oxidative switch has been described;
ATP generation in neurones is primarily via OXPHOS (Kim et al., 2018, Schwartzentruber et
al., 2020), producing approximately 32-34 ATP molecules per cycle in order to keep up with
the energy requirements of the neurone (Bonora et al., 2012). Previously, we had not
identified the metabolic status of the sporadic and alpha synuclein mutant iNPCs lines that
were used in this study; hence, we were interested in investigating whether they were
glycolytic or relied upon OXPHOS. In agreement with Schwartzentruber et al (2020), our
iINPCs were glycolysis dependent and although ATP was not investigated throughout the
differentiation protocol, we can be confident that the oxidative switch would occur and the
resulting end stage dopaminergic neurones would be reliant upon OXPHOS
(Schwartzentruber et al., 2020).

The dopaminergic neurone differentiation protocol utilised in this study was described
previously (Schwartzentruber et al., 2020). Although the protocol length varied, the same

neuronal factors were used throughout, albeit at different concentrations due to batch
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variations in stocks from our supplier, and it is important to understand their relevance. The
first stage of the protocol used DAPT, a gamma secretase inhibitor blocking the Notch
signalling pathway (Qi et al., 2017). Notch signalling inhibits the differentiation of neurones

and promotes gliogenesis, highlighting the importance of its inhibition (Koch et al., 2013).

The second stage of differentiation utilised FGF8 and SAG. FGF8 has been found to
promote the maturation of the iINPCs into dopaminergic neurones (Lim et al., 2015) and
improve survival (Stathakos et al., 2021), while SAG activates the sonic hedgehog signalling
pathway, promoting neurogenesis and the survival of neuronal cells in vitro (Bragina et al.,
2010).

In the third stage of the differentiation protocol, cells were incubated with a cocktail of 5
different factors that all played a pivotal role in the final differentiation. BDNF has been
described as being able to enhance both neuronal growth and the activity of synapses in
hippocampal cells in culture (Bartrup et al., 1997), while also activating NTRK2 receptors to
enhance survival of neurones (Stathakos et al., 2021). GDNF is a member of the TGF
superfamily and used to support the differentiation of dopaminergic neurones in culture
(Roussa and Krieglstein, 2004). Previous studies have highlighted TGFp as being able to
increase TH expression in cultures as it is able to promote a dopaminergic lineage (Roussa
et al., 2009), while d-cAMP also aids in the upregulation of TH synthesis (Stathakos et al.,
2021). Although not directly linked to neuronal or dopaminergic differentiation, ciprofloxacin
is an important addition to the culture medium as it is an antibiotic, part of the
fluoroquinolone family, and able to prevent mycoplasma infection (Schmitt et al., 1988). This
was particularly important as our cells were in culture plates for a long length of time. There
is conflicting evidence in the literature surrounding the addition of ciprofloxacin to cell culture
models and the impact this may have on the cells. Some studies suggest that ciprofloxacin
can diminish cell growth rate (Romorini et al., 2013), as well as causing the upregulation of
apoptotic and inflammation related genes (Salimiaghdam et al., 2020), while others have
noted no side effects. More specifically, those who didn’t find ciprofloxacin to have any effect
on their cell culture model reported that concentrations up to 5pug/ml had no inhibitory effect,
however concentrations of 25-50ug/ml were able to inhibit colony formation in healthy and
leukemic bone marrow cells (Somekh et al., 1989). However, the above mentioned studies
are all carried out in different cell models systems, which are seemingly all different to the
model system used in this study, therefore we cannot draw any solid conclusions. In relation
to this study, at the stage in which ciprofloxacin is added to our cultures, the induced
dopaminergic neurones are no longer proliferative, therefore ciprofloxacin will not influence

growth rate. However, we should be aware of the potential to increase apoptotic and
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inflammatory related genes. This was not something that we investigated in this study and
as such we are unable to comment on the impact it would have but considering the role that
the mitochondria play in apoptosis, we should be aware when interpreting our data. On the
contrary, it should be noted that we only used ciprofloxacin at a concentration of 1ug/ml, a
concentration that was deemed to have no effect on cells in a previous paper (Somekh et al.,
1989).

We sought to identify any basal mitochondrial phenotypes in the differentiated neurones.
Neurones are post-mitotic meaning they no longer divide, therefore rely upon the dynamics
of the mitochondrial network to ensure the equal distribution of metabolites as well as
meeting the energy demand of different parts of the cell (Heger et al., 2021). Mitochondrial
dynamics incorporates fission and fusion and was mentioned previously in section 1.2.2. The
balance between fission and fusion is responsible for mitochondrial size and length and also
isolating dysfunctional mitochondria, enabling them to be degraded via mitophagy. Our
characterisation was able to identify distinct mitochondrial phenotypes within the pairs of
sporadic lines. sPD1 showed a significant increase in number of mitochondria per cell whilst
also possessing a more fragmented mitochondrial network which may account for this
increase. Whereas there was no difference in mitochondrial number in sPD2, yet it still had a
more fragmented network. In contrast to sPD1, sPD2 had a deficit in percentage of
mitochondria undergoing mitophagy as well as harbouring more depolarised mitochondria.
The observation here of differing mitochondrial phenotypes is not uncommon. Several
studies have highlighted differences in total number of mitochondria as well as fragmentation
state, with different genetic factors potentially having an impact. A paper in 2012 described
abnormal morphology and turnover of mitochondria in iPSC-derived neurones from Parkin
patients but not in the fibroblasts or iPSCs of the same lines. They also observed a decrease
in cytoplasmic volume density of mitochondria compared to controls (Imaizumi et al., 2012),
synonymous with a reduced number of mitochondria. On the contrary, iPSC-derived
neuroepithelial cells (NESCs) with the LRRK2-G2019S mutation have significantly more
mitochondria per cell than their isogenic controls which were also found to be more
fragmented via the Feret ratio (Walter et al., 2019). In contrast, mitochondria from Parkin
knockout cells have been described to possess a more elongated phenotype (Bogetofte et
al., 2019). This evidence suggests that opposing phenotypes are possible within the PD
population and although cells from sporadic patients are being used here, it is possible that
different genetic influences are at play that are unidentified. There is evidence to suggest
that stratification of patients may be beneficial in future treatments for PD. Carling et al
(2020) were recently able to identify sub-groups within a cohort of iINPC-derived

dopaminergic neurones from sporadic patients, stratifying into groups based on
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mitochondrial or lysosomal dysfunction (Carling et al., 2020). Therefore, it is possible that the

two sporadic patient lines used here could be further sub-grouped.

The overarching aim of this project wasn’t to fully characterise the functionality of the model
used; therefore, we didn’t investigate this any further. However, it is important to consider
how we could have investigated the functionality of the in vitro model used if needed.
Neurones rely upon electrical impulses within the brain and reliable in vitro models would
also possess this characteristic. An alternative method to measure cellular membrane
potential in a stem cell derived neuronal population is via patch-clamp. The patch-clamp
method is able to measure single-channel currents or whole cells and relies on a small glass
pipette filled with solution being inserted into a membrane (Petersen, 2017), allowing the
current flowing across the membrane to be measured. However, a second alternative
method to measure neuronal membrane potential has been described. FluoVolt is a voltage
sensitive, fast responding dye that responds to membrane potential changes in sub-
milliseconds, releasing a high emission signal (Pakhomov et al., 2017). It is a relatively new,
commercially available probe, with few studies having been published at present, however it
has been proven to be accurate and reliable at measuring membrane potential (Bedut et al.,
2016, Pakhomov et al., 2017).

We also completed a comprehensive characterisation of our dopaminergic neurones by
investigating their expression of pan neuronal and dopaminergic markers. Although the
protocol was altered for each of the cell lines, the expression of the neuronal and
dopaminergic markers were still present, albeit in varying amounts. Pan neuronal markers
Tuj and MAP2 were convincingly apparent in all lines and the distribution pattern we
observed was as expected. Previous work from our group has demonstrated that
dopaminergic neurones differentiated from other INPCs express a range of pan neuronal
and dopaminergic makers which increase throughout the differentiation protocol. Most
notably, at the end stage of differentiation, they observed 94.5% of Tuj positive cells and
87.9% of MAP2 positive cells (Schwartzentruber et al., 2020). Conversely to iINPCs, a recent
meta-analysis was able to illustrate the vast heterogeneity in Tuj expression following
differentiation of dopaminergic neurones from iPSCs, regardless of whether the same
differentiation protocol was used. They reported an average Tuj expression of 64% of the
total cellular population across the 67 studies analysed (Tran et al., 2020). A third neuronal
specific stain that could have been utilised in this project is neuronal nuclear protein (NeuN).
NeuN is commonly investigated following stem cell differentiation as it is a marker of mature
neurones (Gusel'nikova and Korzhevskiy, 2015). Discovered in 1992, it is found exclusively

in nervous tissues with no evidence of its existence in glial cells (Gusel'nikova and
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Korzhevskiy, 2015). Furthermore, our group have previously identified 76.5% of induced
dopaminergic neurones, generated from iNPCs, to be positive for NeuN (Schwartzentruber
et al., 2020).

Expression of dopaminergic markers TH and DAT varied throughout the lines; however we
observed a distribution pattern that we would expect. We illustrated high intensity puncta of
both TH and DAT with varying localisations, TH within the cell body and DAT primarily within
the processes. Although not significant, it appears that in most cases, the patient lines
possessed increased TH and DAT expression levels compared to the controls. Although not
ideal, this is potentially because the differentiation protocols were altered and shortened due
to the patient lines being unpredictable. As such, differentiation of the controls lines could
have been extended to increase dopaminergic marker expression however this would have
meant differing differentiation times between control and patient lines and therefore was not
used. Previous work from our group using different lines was able to identify 89.9% of cells
positive for TH using the same protocol (Schwartzentruber et al., 2020), providing further
evidence that the lower TH expression observed in this thesis is likely due to the shortened
protocol. The aforementioned meta-analysis investigating iPSC derived dopaminergic
neurones discovered that throughout the 67 studies analysed, dopaminergic neurones,
assessed via TH expression, made up 27% of the total cellular population. However, this
figure varied greatly between papers, likely due to assays and analyses being completed at
different time points of the maturation process (Tran et al., 2020). Furthermore, differences
in arbitrary intensity levels may differ between studies, as well as considering single cell
populations vs multicellular populations, with some groups reporting the presence of
astrocytes and other neuronal subtypes within their populations, thus adding to the

discordance between papers (Tran et al., 2020).

We also observed DAT expression to be lower than TH. The previous paper from our group
also found this to be true, indicating that 82.4% of cells were positive for DAT. However, it
should be noted that it was more challenging to segment the DAT puncta on the analysis

software.

An alternative method of investigating dopamine content is via neurosensor521.
Neurosensor521 was developed to selectively recognise catecholamines present within
neurosecretory vesicles in both live and fixed cells (Hettie et al., 2013). This stain would
have allowed us to measure the dopamine content throughout differentiation and assess
how the dopamine content increases throughout the protocol. However, as alluded to

previously, neurosensor521 is not dopamine specific, it is able to recognise other
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catecholamines, for example noradrenaline (Hettie et al., 2013) and therefore the results

should be interpreted with caution.

Other neuronal markers are available to assess the success of the differentiation protocol. In
this project we utilised synaptophysin, an abundant molecule found on synaptic vesicles in
nervous tissue (Glantz et al., 2007, Kokotos et al., 2019) and PSD95, a post-synaptic
protein.

Overall, this chapter has provided a comprehensive characterisation of the iINPC and
dopaminergic neuronal model used. It has highlighted the advantages of an iINPC derived
neuronal model compared to an iPSC derived neuronal model and has considered the basal
mitochondrial deficits of the samples used. It should be taken into consideration however
that the data presented in this chapter is from two sporadic cases of PD and one alpha
synuclein triplication and the results may not be indicative of an entire PD cohort.
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4 Parkinson’s Disease Relevant Mechanisms

4.1 Background

Our understanding regarding the complexities of PD has increased over the years however
there are still a multitude of unanswered questions. As mentioned previously, there are some
known causes of PD such as genetic mutations and exposure to pesticides, herbicides and
mitochondrial toxins such as MPTP and rotenone that cause Parkinsonian-like features or
increase the risk of developing PD (Balestrino and Schapira, 2020). However, these only
account for a small proportion of PD cases meaning the majority have no known cause. That
said, the same pathophysiology is observed between sporadic and familial; a loss of
dopaminergic neurones in the SNpc of the brain, resulting in the characteristic triad of main

motor symptoms.

4.1.1 Alpha Synuclein

The key underlying factor in PD pathology is the aggregation of alpha synuclein, a small,
14kDa, protein encoded by the SNCA gene (Emamzadeh, 2016), found at position 21 of the
long arm of chromosome 4 (Manzanza et al., 2021). Alpha synuclein is primarily expressed
in the central nervous system (Jakes et al., 1994) however it is also ubiquitously expressed
throughout the body, with reports identifying it in the heart, muscle, blood and kidney to
name a few (Burré et al., 2018). Cellularly, alpha synuclein exists in the cytosol in a natively
disordered, unfolded state, accounting for approximately 1% of the total cytosolic protein
(Fauvet et al., 2012, Manzanza et al., 2021). Localisation of alpha synuclein has been
debated within the literature. Initially characterised in the Pacific electric ray (Torpedo
Californica) in 1988 by Maroteaux et al, they described alpha synuclein at both the
presynaptic terminal and the nucleus (Maroteaux et al., 1988), giving it the name synuclein,
however very few subsequent studies have corroborated the nuclear localisation (Goers et
al., 2003, Yu et al., 2007).

Alpha synuclein has been linked to a number of different functions within the cell, however
the physiological relevance of these remains undetermined (Burré et al., 2018). There is no
over-riding consensus regarding the physiological function of alpha synuclein (Villar-Piqué et
al., 2016) thus understanding its pathological role in disease is difficult. That said, it has
been suggested to be involved in the following processes: suppression of apoptosis by
reducing expression of protein kinase C (Jin et al., 2011), regulation of glucose levels via
interaction with insulin secretory vesicles (Geng et al., 2011), chaperone activity through
interaction with synaptobrevin 2, regulating the assembly and disassembly of the SNARE

complex (Burré et al., 2010), antioxidation via the interaction of monomers with membrane
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phospholipids (Zhu et al., 2006) and regulation of dopamine biosynthesis through interaction
with its precursor tyrosine hydroxylase (Yu et al., 2004). Furthermore, alpha synuclein’s
presynaptic localisation and role in the SNARE complex assembly also suggests that it is
involved in neurotransmitter release and synaptic plasticity, although loss of alpha synuclein
has no effect on neurotransmitter release, therefore its function here may be transient (Burré
et al., 2018).

Alpha synuclein is composed of three domains, a lipid-binding N-terminus (residues 1-60),
the non-amyloid beta component (NAC region, residues 61-95) and the acidic carboxy! tail
(residues 96-140) (Cho et al., 2009, Lashuel et al., 2013, Emamzadeh, 2016). The N-
terminal domain has the ability to interact with phospholipids in cell and organelle
membranes in an alpha helical confirmation (Emamzadeh, 2016, Manzanza et al., 2021) and
is comprised of four eleven-dimer repeats (Manzanza et al., 2021). Evidence suggests that
alpha synuclein has a preference towards binding lipids possessing a negatively charged
head group due to its plethora of lysine residues in the N-terminal domain (Emamzadeh,
2016). It has also been suggested that alpha synuclein bears preference to certain
phospholipids over others, namely phosphatidic acid (PA), phosphatidylethanolamine (PE)
and phosphatidylinositol (PI) (Emamzadeh, 2016). The NAC region is inherently hydrophobic
(Manzanza et al., 2021) and able to alter the confirmation of alpha synuclein, allowing it to
form beta-sheet structures which aid in its propensity to aggregate (Emamzadeh, 2016).
Interestingly, many genetic mutations known to contribute to synucleinopathies are also
located within the NAC region (Manzanza et al., 2021). Finally, the C-terminal domain
contributes to the overall solubility of alpha synuclein. It possesses a net negative charge
which provides flexibility and supports its unstructured confirmation (Emamzadeh, 2016,
Manzanza et al., 2021). In addition, the C-terminal domain appears to be the site many post-
translational modifications (Manzanza et al., 2021). Post-translational modifications are
alterations to the protein which are able to alter its secondary structure as well as impact
cellular localisation, binding affinity and degradation to name a few (Manzanza et al., 2021).
Alpha synuclein is subjected to a large number of different post translational modifications
including, but not limited to, phosphorylation, nitration, acetylation and glycosylation.
However, by far the most studied is phosphorylation, particularly of serine 129 (Manzanza et
al., 2021). Multiple kinases have been described to phosphorylate serine 129 including
casein kinase Il which promotes fibrilisation (Fujiwara et al., 2002) and G-protein coupled
receptor kinase 2 which enhances the rate of alpha synuclein oligomerisation in Drosophila
(Feany and Bender, 2000). Previous work described healthy individuals to possess only 4%
of alpha synuclein phosphorylated at serine 129, compared to over 90% in people with PD,

highlighting the probable pathogenic role of this modification (Kahle et al., 2000, Fujiwara et
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al., 2002, Manzanza et al., 2021). Similarly, Anderson et al discovered that alpha synuclein
present within Lewy bodies was also preferentially phosphorylated at serine 129 (Anderson
et al., 2006). However, it has been postulated that phosphorylation of serine 129 isn’t a
prerequisite for Lewy body formation, it likely occurs once the Lewy body has been formed
(Paleologou et al., 2010). Serine 129 phosphorylation is believed to increase neurotoxicity in
PD by increasing the formation of alpha synuclein oligomers. In its natively disordered state,
alpha synuclein exists as monomers with each monomer possessing a life span depending
upon its intramolecular interactions (Alam et al., 2019). These monomers have the
propensity to aggregate when the balance between production and clearance is altered,
resulting in the formation of different sized oligomers, ranging from several to hundreds of
monomers (Du et al., 2020). The heterogeneity that is present within the oligomeric alpha
synuclein pool, coupled with the fact that the oligomers are soluble and unstable, means little
is known about their structure and they represent a great challenge in the understanding of
PD mechanisms (Du et al., 2020).

Oligomers are believed to represent alpha synuclein in its most toxic state, causing
cytotoxicity via a plethora of mechanisms including mitochondrial dysfunction,
neuroinflammation and apoptosis (Du et al., 2020). Larger aggregates of alpha synuclein
exist in the form of fibrils; stable structures which exhibit less neurotoxicity than their
oligomeric counterparts (Lashuel et al., 2013). Fibrils form the basis of Lewy bodies and it
believed they are created in a bid to sequester the toxic oligomers and act as a

neuroprotective mechanism (Bengoa-Vergniory et al., 2017).

PD pathology is widely acknowledged to begin many years before symptom onset. This
includes the spreading capabilities of alpha synuclein. There have been several mechanisms
hypothesised for alpha synuclein spread throughout the brain, however, a single unified
consensus has not been agreed (Jan et al., 2021). Perhaps the most widely accepted
method of alpha synuclein spread was first described by Braak et al in 2003. Briefly, they
began by hypothesising that alpha synuclein aggregation is initiated in peripheral regions
such as the olfactory bulb, potentially due to the presence of a pathogen or toxin (Jan et al.,
2021). They proposed a staging system (1-6) of alpha synuclein spread in which stages 1
and 2 detect alpha synuclein aggregation in the olfactory bulb with spread along the vagus
nerve to the medulla oblongata, with caudal rostral spread to the pontine tegmentum (Braak
et al., 2003b). Further spread into the midbrain, particularly the SNpc, and basal forebrain
are indicative of stages 3 and 4 (Braak et al., 2003b). Finally, stage 5 and 6 includes
pathology being observed in the neocortex, particularly in high order sensory areas (Braak et

al., 2003b). The involvement of the midbrain at stage 3 suggests that pathological alpha
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synuclein deposition can occur without a disease phenotype being present, suggesting that
PD can be categorised into phases; stage 1 and 2 representing pre-symptomatic, stage 3
and 4 early symptomatic and stages 5 and 6 late symptomatic (Jan et al., 2021). More
recently, it has been postulated that the enteric nervous system of the gut may also be
involved in the initiation of alpha synuclein aggregation which may explain early non-motor
symptoms of PD such as constipation (Krogh et al., 2008, Jan et al., 2021). Several animal
studies have corroborated this hypothesis following gut inoculation with alpha synuclein pre-
formed fibrils resulting in alpha synuclein aggregates being discovered in the dorsal motor
nucleus, via the vagus nerve (Holmqyvist et al., 2014, Uemura et al., 2018, Kim et al., 2019).
However, spreading past the dorsal motor nucleus has not consistently been identified (Jan
et al., 2021).

4.1.2 Alpha Synuclein and its Interaction with the Mitochondria

Alpha synuclein interacts with lipid membranes via its N-terminal domain and its interaction
with the mitochondria has been reported in many experimental models, as reviewed by
(Pozo Devoto and Falzone, 2017). Interestingly, much of the literature is conflicting
regarding how alpha synuclein interacts with the mitochondria and in particular the
physiological role it plays. Some report that alpha synuclein does not contain a mitochondrial
targeting sequence and instead interacts with mitochondrial associated membranes
(Guardia-Laguarta et al., 2014) whereas others suggest a 32 amino acid sequence present
within the N-terminal domain that contains a cryptic mitochondrial targeting sequence (Devi
et al., 2008). Reports also differ regarding the mitochondrial location of alpha synuclein, with
some describing an OMM location (Cole et al., 2008, Pozo Devoto and Falzone, 2017),
others an inner membrane location (Devi et al., 2008, Pozo Devoto and Falzone, 2017) and
a further subset providing evidence that alpha synuclein exists in the mitochondrial matrix
(Zhang et al., 2008, Pozo Devoto and Falzone, 2017). The mitochondrial location of alpha
synuclein is likely linked to its function, with a role in mitophagy and mitochondrial
bioenergetics having been proposed (Risiglione et al., 2021). It has also been reported that
physiologically, alpha synuclein may play a role in mitochondrial respiration via the OXPHOS
pathway. A 2005 study using SNCA null mice described not only a 23% reduction in CL
content but also a decrease of 15% in linked complex I/lll activity (Ellis et al., 2005).
Similarly, alpha synuclein has also been associated with complex V, ATP synthase. It has
been described that physiologically, monomeric alpha synuclein has a role in the
maintenance of ATP synthase, regulating its activity (Ludtmann et al., 2016). However,
under pathological conditions, the aggregation of alpha synuclein increases the formation of
beta sheets that are able to interact with ATP synthase, as well as complex |, causing

oxidative stress (Ludtmann et al., 2018) and a decrease in overall ATP concentrations within
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the cell. It is likely that alpha synuclein’s interaction with the mitochondria is tightly regulated

and a threshold level may be present in order to maintain synergy (Vicario et al., 2018).

4.1.3 Mitophagy

The role of mitochondrial dysfunction has already been discussed in the introduction,
however in this chapter, we are specifically investigating mitophagy. Mitophagy is the
selective removal of old, damaged or dysfunctional mitochondria from a cell to ensure there
is a constant pool of healthy mitochondria, therefore acting as a quality control mechanism
(Corti, 2019). There are a number of different mitophagy pathways, however the most well
characterised is the Parkin/PINK1 pathway. Briefly, PINK1 is targeted to the mitochondria via
its mitochondrial targeting sequence (Geisler et al., 2010) and upon translocation, is
imported into the mitochondria. Under normal physiological conditions, the PINK1
mitochondrial targeting sequence is degraded while presenilin-associated rhomboid-like
protease (PARL) cleaves the transmembrane domain of PINK1 (Truban et al., 2017). These
cleavage points result in a generalised break down of PINK1 and thus no accumulation of
PINK1 at the OMM (Wei et al., 2015). However, under mitochondrial stress or depolarisation
of the mitochondrial membrane, PINK1 is stabilised at the OMM by autophosphorylation at 3
residues, serine 228, threonine 257 and serine 402 (Truban et al., 2017) allowing
recruitment of the E3 ubiquitin ligase, parkin through phosphorylation at serine 65 (Narendra
et al., 2010, Truban et al., 2017). Parkin is able to ubiquitinate several proteins at the OMM,
including mitofusin, mitochondrial fission protein and VDAC1, figure 4.1. The ubiquitination
of OMM proteins allows for the recruitment of autophagy receptors such as P62 and
optineurin, which are able to interact with light chain 3-11 (LC3-I1) on the surface of an
extending phagophore membrane which, once fully encapsulated, forms the
autophagosome. The autophagosome is then able to fuse with a lysosome for proteolytic
degradation (Glick et al., 2010, Durcan and Fon, 2015).
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PINK1/Parkin pathway

L a s o TR FI1ix

Figure 4.1 lllustrating the Parkin/PINK1 dependent mitophagy pathway

PINK1 accumulates at the outer mitochondrial membrane under mitochondrial stress. This recruits
parkin to the mitochondria, resulting in the ubiquitination of several outer mitochondrial membrane
proteins. Ubiquitination causes the recruitment of the LC3 positive autophagosome and thus the
mitochondria is removed from the cell. Adapted from figure 1 (von Stockum et al., 2018). Used under

the creative commons attribution license (CC-BY)

This pathway can become dysfunctional in PD. PINK1 is known to work directly upstream of
parkin, and therefore functional PINK1 is vital for this pathway to proceed (Geisler et al.,
2010). There are known genetic mutations in the genes that encode PINK1 and parkin.
Mutations in these genes cause autosomal recessive disease, with symptom presentation
below 40 years of age, however the phenotypes tend to be less aggressive, with slower
progression and good response to medication (Truban et al., 2017). Drug targets within this
pathway have since been identified, attempting to rectify the dysfunction observed. These
include small molecules to target PINK1 via an increase in autophosphorylation, binding at
allosteric sites (Miller and Mugit, 2019). In vivo studies are still in their infancy regarding
these small molecules, however there is hope that they may yield efficacious results.
Similarly, small molecules to activate parkin are also in development, however there is no in

vivo data currently available (Miller and Mugit, 2019).

Mitochondrial dysfunction and alpha synuclein aggregates are both well characterised in PD
in their own right, however it is reasonable to assume that dysregulation of both the
mitochondria and alpha synuclein have the propensity to exacerbate further dysfunction on

each other.
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4.2 Aims and Objectives

The aim of this chapter was to investigate the alpha synuclein phenotype of the sporadic and
alpha synuclein mutant patient and control cell lines and to discover whether Jed135 or
UDCA could alter this phenotype. We also sought to characterise any differences in
mitophagy and assess the effect of Jed135 and UDCA on basal and induced mitophagy. We
achieved this by:

¢ Investigating total alpha synuclein expression via Western blotting
e Investigating total and phosphorylated alpha synuclein via ICC

e Assessing the interaction between ATP synthase and filamentous alpha synuclein via
ICC

¢ Measuring mitophagy under both basal and induced conditions and assessing any

drug effect
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4.3 Results

4.3.1 Alpha Synuclein Expression

Total alpha synuclein expression was assessed via Western blotting. As mentioned in the
materials and methods, alpha synuclein can be notoriously difficult to detect via Western
blotting due to its small size and the fact it is extremely labile, washing off the membrane
when a standard protocol is followed (Lee and Kamitani, 2011). Therefore, following transfer,

we fixed the membrane in 4% PFA prior to blocking.

We were able to detect total alpha synuclein expression in both iINPCs and induced

dopaminergic neurones in most lines, however we observed considerable variability.

Firstly, results generated from control 1 and sPD1 displayed a high level of variability. Both
control 1 and sPD1 showed expression of alpha synuclein in iINPCs and induced
dopaminergic neurones, however the difference between the 2 cell types and also between
control and patient was too variable to be able to draw conclusions. There appears to be
lower expression of alpha synuclein in the sPD1 induced dopaminergic neurones compared

to the iINPCs which is counter to our expectations, figure 4.2A.
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4.3.2 Total and Phosphorylated Alpha Synuclein Expression
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4.3.3 ATP5a and Alpha Synuclein Filament Expression

Previous research has suggested a pathogenic role for oligomeric alpha synuclein at the
mitochondria, specifically in association with ATP synthase (Ludtmann et al., 2018).
Therefore, we were interested in investigating this within our induced dopaminergic cell
model and completed it by ICC. We used antibodies targeted against ATP5a, a subunit of
ATP synthase, and a conformation specific alpha synuclein filament.
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We were also interested in the amount of co-localisation of the two stains. We investigated
this on the Harmony software by assessing where the signal from the two stains overlapped,

figure 4.8A, and expressed this as a percentage of the total mitochondrial population.
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Control 3 and Alpha Synuclein Mutant

We were also able to assess ATP5a and alpha synuclein filament in control 3 and the alpha
synuclein mutant line. However, it should be noted that the data presented below is from 1
technical repeat, therefore results should be interpreted with caution as more repeats are

necessary for validation.
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4.3.4 Alpha Synuclein Results Overview
In order to easily visualise the alpha synuclein results presented above, table 4.1 has been

generated.

Table 4.1 Summary Table of Alpha Synuclein Results
Green upwards arrows represent an increase compared to its paired line, red downwards arrow
represents a decrease compared to its paired line and an orange = represents no difference between

paired control and patient lines

Control | Control | Control | sPD1 sPD2 SNCA
1 2 3 Mutant

Total Alpha
Synuclein
Expression

(Western Blot)

Synuclein

Total Alpha l
Expression (ICC)

Alpha Synuclein

Phosphorylated l l
Expression

Total and
Phosphorylated
Alpha Synuclein

Colocalisation of l

Mitochondrial i
Number (ICC)

Filament

Alpha Synuclein l l
Expression

Colocalisation of
Alpha Synuclein l l l
and Mitochondria
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4.3.5 Basal Mitophagy

Following from the data presented in chapter 3, neuronal characterisation, we performed live
basal mitophagy assays to assess the number of mitochondria and lysosomes present per
cell, as well as investigating the percentage of mitochondria undergoing mitophagy and
measuring the fragmentation of the mitochondria. This information was gathered to present
us with an understanding of any physiological differences in the aforementioned parameters
between the control and patient induced dopaminergic neurones. The data presented in
chapter 3 was gathered from the untreated condition of time point 3, whereas in this chapter,

we were interested in investigating whether Jed135 or UDCA could affect these parameters.

This was a live, time lapse assay, however we observed minimal differences between the
time points. In order to illustrate the lack of differences, we are presenting data from two time

points, one close to the start, 3, and one towards the end of the assay, 11.
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Percentage Mitophagy and Mitochondrial Fragmentation
Mitophagy was assessed by selecting the points at which the mitochondrial TMRM stain fully
co-localised with the autolysosome LysoTracker stain. Mitophagy was then calculated as a

percentage of the total mitochondrial population undergoing mitophagy.
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4.3.6 Induced Mitophagy

We also sought to induce mitophagy by the use of mitochondrial toxins. Briefly, prior to
fixation, we incubated the cells with 4uM antimycin A to inhibit complex IIl of the ETC and
10uM oligomycin to inhibit ATP synthase. By doing this, we caused mitochondrial
dysfunction through alterations in the ETC, thus causing mitochondrial depolarisation,

fragmentation and hence mitophagy.
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4.3.7 Mitophagy Results Overview

Table 4.2 was created to visually represent the mitophagy data presented above.

Table 4.2 Summary Table of Mitophagy Results

Green upwards arrows represent an increase compared to its paired line, red downwards arrow
represents a decrease compared to its paired line and an orange = represents no difference between
paired control and patient lines.

Control 1 Control 2 sPD1 sPD2

Mitochondrial
Number l
(Basal)

Lysosomal
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Mitophagy l
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Mitochondrial

Fragmentation l l
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Mitochondrial

Number l l

(Induced)

Lysosomal

Number l l

(Induced)
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4.4 Discussion

4.4.1 Alpha Synuclein

We began this chapter by investigating alpha synuclein expression in our induced
dopaminergic neurone model. We were only able to do this successfully in two out of the
three pairs of lines. Interestingly, although variable, we observed increased expression of
alpha synuclein in the INPCs of sPD1 compared to the induced dopaminergic neurones of
sPD1, a finding we weren’t necessarily expecting. Also, we decided not to continue with
optimisation of control 2 and sPD2 as we repeatedly observed a strong band at the sPD2
iINPC, with no other bands visible. The iINPCs are continually cultured in growth medium
supplemented with 0.001% FGF basic which is then removed once the cells begin the
neurone differentiation protocol. There is evidence to suggest that FGF basic may have a
role in alpha synuclein expression. More specifically it was discovered that when rat PC-12
cells were treated with neuronal growth factors including FGF basic, levels of alpha
synuclein increased via the MAP/ERK and PI3K pathways (Stefanis et al., 2001, Lee Clough
and Stefanis, 2007). Furthermore, in their model, they postulated that this was specific to the
catecholaminergic family of neurones, comprising of dopaminergic and noradrenergic
neurones (Lee Clough and Stefanis, 2007). This may explain the increase in alpha synuclein
expression that we observe in both sPD1 and sPD2 iNPCs and also why alpha synuclein
expression appears to decrease when sPD1 iNPCs are differentiated into dopaminergic

neurones.

Alpha synuclein is notoriously difficult to identify via Western blotting, however, we were able
detect expression by adapting the protocol to include a fixation step in 4% PFA, prior to
blocking (Lee and Kamitani, 2011). Protein transfer to membranes such as PVDF and
nitrocellulose likely occur via non-covalent hydrophobic interactions and thus it is probable
that alpha synuclein routinely washes off the membranes due to its size and hydrophilic
nature (Newman et al., 2013). Newman et al, 2013, sought to utilise crosslinkers such as
dithiobis[succinimidylpropionate] (DSP) to investigate whether endogenous alpha synuclein
was more readily detected in neuroblastoma cells following treatment with 2mM DSP.
Crosslinkers, such as DSP, are able to permeabilise cell membranes and stabilise proteins
through the formation of amide bonds (Wang et al., 2019). More specifically, DSP contains
an amine-reactive N-hydroxysuccinimide ester at each end which is able to interact with
lysine residues, of which alpha synuclein has an abundance, in order to generate the
stabilising amide bonds (Wang et al., 2019). Endogenous alpha synuclein expression was
indeed increased following treatment with DSP (Newman et al., 2013) and this was later

corroborated by Preterre et al, 2015, using a rat enteric nervous system model as well as
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tissue homogenates from human small intestine (Preterre et al., 2015). They compared both
fixation in PFA as well as 2.5mM DSP treatment and were able to illustrate increased
detection of endogenous alpha synuclein following DSP treatment regardless of what
antibody was used, whereas PFA only improved detection for 2 out of the 7 antibodies they
trialled. (Preterre et al., 2015). It is possible that PFA and DSP crosslinker treatment improve
the binding of alpha synuclein to PVDF or nitrocellulose membranes by masking the positive
charge of lysine residues present within alpha synuclein resulting in increased
hydrophobicity (Newman et al., 2013). Furthermore, they add a large hydrophobic moiety to
alpha synuclein which enables increased membrane binding and thus greater detection
capabilities (Newman et al., 2013). In future work, it may be beneficial to optimise the use of
DSP in our induced dopaminergic neurone samples in order to blot for total alpha synuclein

more successfully.

We also investigated total alpha synuclein via ICC and our results illustrated no difference
between control 1 and sPD1, whereas control 2 appeared to have more total alpha synuclein
than sPD2. These findings were interesting as initially, it would be assumed that the patient
lines would display higher total alpha synuclein expression than controls. Alpha synuclein is
a protein predominantly expressed in the brain but can also be expressed in other organs
such as the heart, skeletal muscle and pancreas (Siddiqui et al., 2016). It is expressed in
very small amounts in the skin, however endogenously, this expression is extremely low
compared to the brain. Furthermore, it's expression in the skin has only been reliably linked
to those that possess Lewy Bodies (Ilkemura et al., 2008). We are unable to confirm the
presence or absence of Lewy Bodies within our cell model, therefore it is possible that the
total alpha synuclein expression we are observing is indicative of alpha synuclein that is
‘free’, or rather not sequestered within Lewy Bodies. Furthermore, conflicting results have
been published surrounding alpha synuclein expression in iPSC-derived dopaminergic
neurones harbouring Parkin mutations, with some failing to illustrate differences between
patients and controls (Jiang et al., 2012) while others have identified alpha synuclein
accumulation (Shaltouki et al., 2015, Chung et al., 2016). Moreover, further studies also
reported no differences in alpha synuclein expression between iPSC-derived control, alpha
synuclein mutant (triplication and A53T mutation) (Little et al., 2018) and idiopathic
(Sanchez-Danés et al., 2012) dopaminergic neurones. However, in this study, we utilised an
alpha synuclein triplication patient line and were able to robustly illustrate large increases in
alpha synuclein expression, as would be expected. Our alpha synuclein mutant acted as a

positive control and the variability we observed was primarily within the sporadic PD lines.
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It is possible that limitations exist with the antibodies used within this research. At times,
when imaging, the exposure settings on the Opera Phenix would have to be increased in
order to get a good signal. Furthermore, it is possible that although we were able to identify
alpha synuclein puncta, the antibodies used may not have been completely specific for alpha
synuclein and hence we were picking up higher background levels than we would usually
expect. This could potentially explain why our control induced dopaminergic neurones had a
higher alpha synuclein expression than our patients. Moreover, it is possible that because
our induced neurones were reprogrammed from fibroblasts, and alpha synuclein expression
is inherently lower in fibroblasts, we do not observe alpha synuclein levels that are a true
representation of endogenous brain levels. Therefore, we must be cautious in over-analysing

the data we have presented and treat it as a guide.

As alluded to in the background to this chapter, alpha synuclein undergoes a number of
post-translational modifications, with the phosphorylation of serine 129 believed to represent
a more neurotoxic form of the protein. We were able to present data collected via ICC using
an antibody targeted against alpha synuclein phosphorylated at serine 129. We also
attempted to optimise this antibody for Western blotting, however after repeated attempts
and optimisation it was unsuccessful and due to Covid19 restrictions and limited lab time, it
was decided that we wouldn’t continue with this. We made two alterations to the Western
blotting protocol in order to try and investigate phosphorylated alpha synuclein expression.
Firstly, during sample preparation, we included a phosphatase inhibitor cocktail as well as
protease inhibitor cocktail. Briefly, cell pellets are lysed in order to access intracellular
proteins through membrane disruption however a number of proteinases, kinases and
phosphatases are released (Bass et al., 2017). Western blots that were undertaken for
neuronal characterisation only included protease inhibitor cocktail in the cell lysis buffer as
we were only interested in expression of total protein. However, during optimisation to detect
phosphorylated alpha synuclein, we added phosphatase inhibitor cocktail to the cell lysis
buffer in order to maintain the phosphorylation status of the proteins, in this case alpha
synuclein. Secondly, we altered the blocking solution used. Ordinarily we used a 5% non-fat
milk solution as this was cheap and readily available. However, milk contains its own
phosphoprotein, casein, which was likely to cross-react (Bass et al., 2017) with our
phosphorylated alpha synuclein antibody. Therefore, we blocked our membranes in a 5%
BSA solution in TBST. Despite these alterations, alongside differing concentration of
antibody, we were unable to successfully blot for alpha synuclein phosphorylated at serine
129. As well as the inherent difficulties of blotting not only for alpha synuclein but also for
phosphorylated proteins in general, it is possible that this failed to work as much of the

serine 129 phosphorylated alpha synuclein exists sequestered within Lewy Bodies and our
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cellular model likely does not include Lewy Bodies. Therefore, in order to investigate this, the
use of human post-mortem tissue may be of more benefit, however we would then be unable

to consider the effect that Jed135 may have on this.

A wealth of work has investigated the pathological relevance of alpha synuclein
phosphorylated at serine 129, describing it as a neurotoxic phosphorylation event
contributing to the pathogenesis of PD. As such, surrounding residues have also been
investigating and it has been discovered that alpha synuclein can also be phosphorylated at
tyrosine 125, 133 and 136 (Fayyad et al., 2020). The pathological relevance of these
residues is yet to be determined, however phosphorylation of tyrosine 125 has been
investigated in brain tissue and the results present within the current literature have been
conflicting. For example, a case study described both serine 129 and tyrosine 125
phosphorylation within Lewy Bodies from a PD patient with the G51D alpha synuclein
mutation (Kiely et al., 2013) whereas others failed to detect tyrosine 125 phosphorylation in
human brain tissue from people with PD (Chen et al., 2009). Interestingly, levels of tyrosine
125 phosphorylation decrease with age (Hejjaoui et al., 2012) while the risk of developing
PD increases. Thus, it can be postulated that tyrosine 125 conveys a neuroprotective effect
which, as we age, is lost, resulting in an imbalance between tyrosine 125 and the neurotoxic
serine 129 phosphorylation. A study published in 2020 specifically investigating dual
phosphorylation of serine 129 and tyrosine 125 in a cell model system, rodent model and
human post-mortem tissue reported tyrosine 125 phosphorylation to not be present within
alpha synuclein inclusions (Fayyad et al., 2020). With most papers in this field not reporting
tyrosine 125 phosphorylation present within Lewy Bodies, it has been suggested that the
case study by Kiely et al, 2013, included cross-reactivity in which tau was being detected
using the tyrosine 125 antibody, although it is also possible that the G51D mutation
represents a unique type of PD pathology (Fayyad et al., 2020).

We also initially set out to investigate different species of alpha synuclein. As mentioned,
alpha synuclein exists as a number of different species, monomers, oligomers, and fibrils.
We wanted to observe whether Jed135 was able to alter aggregated alpha synuclein. The
Western blots carried out during this project were primarily done under reducing conditions
meaning that the sample buffer contained reducing agents dithiothreitol (DTT) and beta-
mercaptoethanol as well as samples being boiled at 95°C. This process resulted in the
breakdown of di-sulphide bonds between cysteine residues (Bass et al., 2017). Furthermore,
SDS was also present within the sample buffer, resolving gel and running buffer to coat
hydrophobic protein regions with a negative charge, proportional to their molecular mass

(Nowakowski et al., 2014, Bass et al., 2017). These factors ultimately caused the proteins to
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lose their quaternary, tertiary and secondary structure, thus denaturing the protein to its
primary amino acid sequence. We sought to investigate aggregated alpha synuclein,
therefore the tertiary protein structure needed to remain intact. As such, we omitted DTT,
beta-mercaptoethanol and SDS from the sample buffer, didn’t boil the samples following
addition of sample buffer and also did not add SDS to the resolving gel or running buffer.
Regardless of this, we were unable to clearly detect alpha synuclein aggregates present
within our samples and, due to time constraints, we did not continue to optimise this. The
protocol that we attempted to optimise matches that of Roberts et al, 2015. They also
omitted SDS from all steps of their sample preparation and gel electrophoresis however they
were able to detect both alpha synuclein oligomers and fibrils of different sizes (Roberts et
al., 2015). Given more time, we may have been able to investigate alpha synuclein
oligomers within our dopaminergic cell model via an alternative method. Lassen et al, 2018,
developed and described an enzyme-linked immunosorbent assay (ELISA) which utilised an
oligomer conformation specific antibody. The method they described was based on a
sandwich ELISA, in which the ELISA plate was initially coated with a capture antibody to
bind the antigen of interest. A primary antibody was then added to recognise and bind to the
antigen. Following this, an enzyme-labelled secondary antibody targeted to the primary
antibody was added (Aydin, 2015). The ELISA developed by Lassen et al required the
incubation of a 96 well plate with the MJF-14-6-4-2 antibody overnight, before washing and
adding ELISA blocking buffer. The sample of interest was then added and incubated before
the addition of another anti-alpha synuclein antibody. Following this, the plate was incubated
with an HRP antibody to detect the primary antibody, and a visualisation agent, 3,3’,5,5'-
tetramethylbenzidine added (Lassen et al., 2018). The capture antibody used in this ELISA
was specific to an epitope on filamentous and oligomeric alpha synuclein and it has been
demonstrated that upon denaturation, the epitope is lost, confirming its specificity to
oligomeric and filamentous alpha synuclein, as well as this assay being dependent upon
protein confirmation (Lassen et al., 2018). Future work could optimise this ELISA protocol for
use with our dopaminergic neurone cell model in order to investigate the effect of Jed135 on

alpha synuclein oligomers and fibrils.

We utilised the same confirmation specific antibody as Lassen et al, 2018, for our ICC
investigations. However, following work from Ludtmann et al, 2018, we were interested to
assess oligomeric alpha synuclein in association with ATP synthase in our cell model system
(Ludtmann et al., 2018). Interestingly, our results suggested that both control 1 and control 2
appeared to have more aggregated alpha synuclein in association with ATP synthase than
their patient counterparts. These results are at odds with the aforementioned research from

2018. However, it should be noted that we used different methodology which may therefore
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account for the variation. Initially, they were able to observe some areas of co-localisation of
filamentous alpha synuclein and ATP synthase in wild type rat co-cultures exposed to
oligomers, however conventional confocal microscopy possesses a diffraction limit
(Ludtmann et al., 2018). Briefly, diffraction limits of light exist when a light is shone through a
small hole, or aperture, as is true for microscopy, hence limiting the spread of the light wave
(Huang et al., 2010). Although standard light microscopy has been an invaluable tool in
research, enabling us to further our biological understanding by imaging cellular organelles
and bacteria, its limited resolution began to become a hindrance. As such, a number of
researchers have been able to shatter the diffraction barrier, developing several different
methods of super-resolution microscopy, improving resolution by several orders of
magnitude and further developing the scientific field (Huang et al., 2010). In order to
overcome the diffraction limit of confocal microscopy, (Ludtmann et al., 2018) utilised a
method called DNA points accumulation for imaging in nanoscale topography (DNA-PAINT)
in order to better visualise oligomeric alpha synuclein and ATP synthase co-localisation.
DNA-PAINT is a form of super resolution microscopy consisting of a docking strand and an
imaging strand (Schnitzbauer et al., 2017). The docking strand is targeted to, and remains
fixed to, the biological target, while the imager strand consists of a short, DNA
oligonucleotide, usually 8-10 oligonucleotides in length and is complementary to the docking
strand. Furthermore, the imager strand contains a fluorophore and is able to freely diffuse,
allowing for transient binding to the docking strand (Schnitzbauer et al., 2017). It is during
this binding that photon detection occurs, generating a stochastic, or random, series of
blinking signals (Filius et al., 2020). Using this technique, Ludtmann et al, 2018, were able to
measure more than 500,000 co-localisations of oligomeric alpha synuclein and ATP
synthase (Ludtmann et al., 2018). The stark difference in methodology, along with the light
diffraction barrier, is a likely reason for the differences observed between our results and
those of the aforementioned paper. Therefore, future work on our part could consider using a
super resolution imaging technique to assess whether we observe any differences in
oligomeric alpha synuclein expression in association with ATP synthase. Moreover,
Ludtmann et al, 2018, sought the further validate their super resolution microscopy by
performing a proximity ligation assay (PLA), allowing them to again observe an interaction
between oligomeric alpha synuclein and ATP synthase (Ludtmann et al., 2018). PLAs
determine protein-protein interactions also by utilising DNA. Briefly, samples are incubated
with primary antibodies of choice before secondary PLA probes, plus and minus, containing
a unique DNA strand is applied. Proteins in close interaction are able to hybridise the DNA to

produce circular DNA which is then amplified and detected as small puncta upon imaging
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(Alam, 2018). With more time, we could also have utilised this method to determine

oligomeric alpha synuclein and ATP synthase interactions.

Although we observed control 1 and control 2 to have more co-localisation, we were able to
illustrate the alpha synuclein mutant to have more co-localisation than control 3, as
expected. It should be noted however, that the work carried out by Ludtmann et al, 2018,
was undertaken in wildtype rat co-cultures, treated with exogenous monomeric and
oligomeric alpha synuclein, therefore potentially accounting for more differences with our

results.

The addition of exogenous alpha synuclein to cell cultures represents an additional method
to study alpha synuclein pathogenicity. This is particularly useful for studying alpha synuclein
cell to cell propagation. A 2022 study hypothesised that levels of endogenous alpha
synuclein expression influences the susceptibility of succumbing to the accumulation of
pathological alpha synuclein (Vasili et al., 2022). They were patrticularly interested in
assessing selective vulnerability of specific brain regions to alpha synuclein pathology. Using
stable HEK293 cells with varying expression levels of alpha synuclein, they applied
exogenous alpha synuclein preformed fibrils and assessed the uptake and pathological
conversion of endogenous alpha synuclein into pathogenic aggregated species. They were
able to illustrate that areas of the brain with naturally higher alpha synuclein expression likely
contribute to the spread of toxic alpha synuclein species, including accumulation and spread
of serine 129 phosphorylated alpha synuclein (Vasili et al., 2022). In the context of our study
and in determining a mechanism of action of Jed135, exogenously expressing alpha
synuclein may not be appropriate, however in order to fully understand the impact of Jed135

on alpha synuclein expression and spread, it may be beneficial in the future.

Alpha synuclein represents an attractive drug target for the treatment of PD, however alpha
synuclein aggregation is not necessary for the development of PD neurodegeneration
(Vijiaratnam et al., 2021b), as observed by some individuals with Parkin mutations not
possessing Lewy bodies (Johansen et al., 2018). Several alpha synuclein targeted therapies
are currently being developed or are in clinical trials, including antibodies targeted towards
alpha synuclein in order to increase immune-mediated clearance (Vijiaratnam et al., 2021b).
Numerous other alpha synuclein targeted therapies are in development, aiming to target
mechanisms related to gene regulation and autophagy, however it could be postulated that
specifically targeting alpha synuclein is futile due to the fact it may be too late in the disease
course and only show symptomatic relief. This again highlights the need to uncover more
robust biomarkers so that treatment can begin early to preserve the dopaminergic neurone
pool from degradation.
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Further to the evidence illustrating that alpha synuclein is able to interact with ATP synthase
under both physiological and pathological conditions, the protein also interacts with other
aspects of mitochondrial biology. The association of alpha synuclein with the mitochondria
was first determined via Western blotting of mitochondrial and cytosolic fractions from a
wildtype rat brain (Li et al., 2007) and later confirmed in human tissue due to pathological
accumulations observed in areas such as the SNpc in PD patients (Devi et al., 2008, Bernal-
Conde et al., 2020). Alpha synuclein interaction has been detailed at both the outer and
inner mitochondrial membranes (Bernal-Conde et al., 2020) and it is the N terminal domain
of alpha synuclein that is responsible for the translocation into the mitochondria. Under
physiological conditions, alpha synuclein likely aids in the regulation of mitochondrial fusion,
ensuring the normal function of the ETC and regulating the permeability of voltage
dependent anion channels (Bernal-Conde et al., 2020). Pathological alpha synuclein can
cause mitochondrial dysfunction in numerous ways. Firstly, small oligomers, as well as
serine 129 phosphorylated alpha synuclein, are able to block protein import into the
mitochondria by inhibiting the interaction between TOM20-TOM22 (Di Maio et al., 2016,
Martinez et al., 2018, Bernal-Conde et al., 2020). Alpha synuclein has also been linked to
complex | activity, both physiologically and pathologically. Firstly, evidence suggests that
alpha synuclein plays a physiological role at complex I, as when knocked down, expression
of complex | and Il linked NADH cytochrome C reductase is reduced (Ellis et al., 2005,
Bernal-Conde et al., 2020). Pathologically, alpha synuclein contributes to mitochondrial
dysfunction, also through association with complex I. It causes the generation of ROS which,
in turn, result in the generation of more pathological alpha synuclein species, creating a
cycle in which these two processes continually exacerbate each other (Bernal-Conde et al.,
2020). Our study only began to touch the surface of understanding what effect Jed135 could
have on alpha synuclein, only considering overall expression levels and co-localisation with
ATP synthase. However, with more time we could assess the activity of the mitochondrial
complexes when induced dopaminergic neurones are treated with Jed135. Furthermore, we
could investigate the TOM complexes in greater depth in order to characterise any

phenotype in our model and assess whether this was altered with Jed135 treatment.

For the purposes of this thesis, we have focussed on the effects of alpha synuclein at the
mitochondria, however there is a wealth of evidence detailing its effects at other organelles
such as the endoplasmic reticulum and Golgi apparatus which has been reviewed elsewhere
(Bernal-Conde et al., 2020).

189



4.4.2 Mitophagy

We moved on to assessing mitophagy under both basal and induced conditions, allowing us
to understand what the cells are capable of physiologically and when placed under stress.
Under basal conditions, we observed sPD1 to have increased mitochondrial and lysosomal
number per cell along with more fragmented mitochondria and decreased mitophagy. On the
contrary, data suggested no overall difference in most of these parameters between sPD2
and control 2, with mitochondrial fragmentation being the exception. Therefore, we illustrate
our sporadic PD lines to have a more fragmented mitochondrial population, potentially
pointing to problems with mitochondrial bioenergetics and/or mitochondrial clearance.
Defective mitophagy has been implicated in both familial and sporadic PD (Hsieh et al.,
2016, Clark et al., 2021) and our data suggests that Jed135 does not function in a

mitophagy-mediated manner.

We displayed control 1 to have a more fragmented mitochondrial network than sPD1 under
induced conditions, however it also showed slightly reduced mitophagy. Also, in both
instances under induced conditions, the control lines appeared to have more mitochondria
than the patients. In our experimental model, we incubated our cells with the inhibitors for 30
minutes and then fixed with 4% PFA. It is likely that the increase in mitochondria and
fragmentation is indicative of initiation of the mitophagy pathway, however there were still
many mitochondria yet to be removed. It would be interesting to have completed this assay
as a live, time lapse assay, similar to the basal state, so that we would be able to observe
mitophagic flux. We would have expected to observe an initial increase in mitochondrial
number and fragmentation, followed by increased mitophagy, both of which would then be
expected to decrease towards the end of the assay. Autophagic, or mitophagic, flux
encapsulates the entire degradation process, whereas merely measuring the formation of
autophagosomes or conversion rate of LC3-1to LC3-1l is not sufficient to determine

autophagy/mitophagy (Villanueva-Paz et al., 2020).

We assessed the effect of inducing mitophagy through ICC, labelling the OMM protein
TOMZ20 to visualise the mitochondria and labelling LC3 to visualise autophagosomes. LC3 is
a family of 3 proteins, LC3 A, B and C, with LC3A and LC3B possessing high sequence
identity and being differentially expressed throughout a variety of human tissue, whereas
LC3C is minimally expressed (Koukourakis et al., 2015). Studies relating to mitophagy, as
well as autophagy, have primarily focused on LC3B, however a 2015 study detailed how
many LC3 antibodies failed to distinguish between LC3A and LC3B isoforms meaning they
aren’t specific enough to detect purely LC3B (Koukourakis et al., 2015). It has been

suggested that LC3A and LC3C have similar functions to LC3B, as well as also being
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involved in signal transduction (Baeken et al., 2020). As mentioned, it is primarily LC3B that
is believed to be involved in autophagy and mitophagy pathways and is present in two
different states within the cell, LC3-I and LC3-II. Briefly, LC3-1 represents LC3 in its non-
lipidated state and is found diffusely within the cytoplasm. However, LC3-1 is able to become
conjugated to PE, hence forming the lipidated version LC3-II (Baeken et al., 2020). It is LC3-
Il that is recruited to autophagosomes and appears as high intensity puncta that we quantify

during our investigations.

There are alternative methods to investigating mitophagy that we could have utilised to
validate our results, namely mito-Keima or mito-QC. Keima is a fluorescent protein sourced
from coral that is easily transfected into cells via plasmid or viral transfection (Sun et al.,
2017b), with mito-Keima containing a specific COX8A mitochondrial targeting sequence
(Clark et al., 2021). The emission wavelength of Keima is pH-independent, with a peak at
620nm, however it has a bimodal excitation spectrum that is pH-dependent (Sun et al.,
2017b, Clark et al., 2021). In alkaline environments, such as the mitochondria (pH 8.0), mito-
Keima excites at a shorter wavelength of 440nm, resulting in a green fluorescence, however
in acidic conditions such as a lysosomal environment (pH 4.5), the excitation shifts to a
longer wavelength, 568nm, causing fluorescence to gradually change to red. Calculation of
the 568nm:440nm ratio generates a mitophagy index (Sun et al., 2017b, Clark et al., 2021)
which can then be compared between cells lines and under different treatments/conditions.
Some researchers suggest the mito-Keima probe to be resistant to proteolytic degradation
meaning that mitophagic flux is easily measured (Sun et al., 2017b), however others state
that the lysosomal fate of mito-Keima following mitochondrial degradation is poorly defined
(Clark et al., 2021). However, one confirmed disadvantage of mito-Keima is that it can only
be performed on live cells as the fixation process destroys the lysosomal pH gradient (Sun et
al., 2017b, Clark et al., 2021).

Mito-QC takes advantage of the lysosomal quenching of green fluorescent protein (GFP)
and was initially developed as a transgenic mouse model; however the construct has now
been developed for use in cells (McWilliams et al., 2016, Rosignol et al., 2020). The mito-QC
construct consists of an OMM protein targeting sequence, specifically targeted to
mitochondrial fission 1 protein (Fisl), linked to a GFP-mCherry protein (Clark et al., 2021).
Under physiological conditions, mito-QC is able to fluoresce both green and red, however
upon delivery to the lysosomes, the GFP signal is quenched, hence only displaying the red
signal and highlighting a mitophagic event (Rosignol et al., 2020, Clark et al., 2021).
However, recently, a study questioned the reliability of mito-QC and its OMM localisation. As

mentioned, the Fisl tag localises mito-QC to the OMM and it has been suggested that
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because it is cytosolic-facing, it may undergo proteasomal degradation. Indeed, their
investigations appear to show this is true, therefore a Fis1 tag may not be the most
appropriate mitochondrial targeting sequence and hence mito-QC data should be interpreted
with caution as it may not be appropriate for studying mitophagy (Katayama et al., 2020).
Our data does not suggest that any further mitophagy investigations are necessary, however
it is good practice to consider alternative methodology that could have been undertaken.

As mentioned in the introduction to this chapter, the most well characterised mitophagy
pathway is the PINK1/Parkin mediated pathway. However, PINK1 and Parkin have both
been shown to affect other cellular processes such as the turnover of ETC complexes
(Vincow et al., 2013) and the generation of mitochondrial derived vesicles triggered by ROS,
in a mechanism distinct from canonical mitophagy, targeting them to endolysosomes in a
syntaxin-17 dependent manner (McLelland et al., 2014, McLelland et al., 2016, Singh and
Ganley, 2021). Similarly, alternative mitophagy pathways exists that can occur
independently from, or branch into aspects of, the PINK1/Parkin pathway, generating two
main alterations, ubiquitination by other ubiquitin ligases or alternative ways to target
mitochondria to lysosomes (von Stockum et al., 2018). Evidence has suggested that other
ubiquitin ligases such as seven in absentia homolog (SIAH)-1 (Szargel et al., 2016),
glycoprotein 78 (GP78) (Fu et al., 2013) and mitochondrial E3 ubiquitin protein ligase 1
(MUL1) (Li et al., 2015, Georgakopoulos et al., 2017) are able to ubiquitinate OMM proteins
in a similar fashion to Parkin, tagging the mitochondria for degradation. Furthermore, others
have uncovered alternative mitophagy receptors, present on the OMM. Receptors such as
Bcl-2 interacting protein 3 (Bnip3) and FUN domain containing 1 (FUNDC1) possess an LC3
interacting region allowing them to bind to LC3 on phagophores (Gottlieb et al., 2021). More
specifically, both Bnip3 and FUNDC1 regulate mitophagy following a hypoxic challenge and
interaction with LC3-B is dependent upon the phosphorylation status of the proteins, serine
17 and 24 for Bnip3 and serine 17 for FUNDCL1 (Gottlieb et al., 2021). Another OMM
receptor, FK506 binding protein 8 (FKBP8), has also been identified as an alternative
mitophagy initiator, with its strong ability to bind to LC3-A to induce mitophagy (Bhujabal et
al., 2017). The mitophagy assays completed in this study were unable to determine the
pathway by which mitophagy was occurring, however we would be able to investigate the
expression levels of different mitophagy receptors via gPCR or Western blotting in order to
characterise the cause of mitophagy deficits, particularly in sPD1. However, in the concept of
this study and understanding the mechanism of Jed135, our results are fairly conclusive in
determining that the mechanism of Jed135 is mitophagy independent and therefore we

wouldn’t expect to observe any difference in protein expression when treated with Jed135.
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This chapter has characterised differences that exist between controls and patients in
multiple aspects of alpha synuclein pathology as well as mitophagy under both basal and
induced conditions. Our results conclusively reveal that there is minimal, if any, effect of
Jed135 on these two mechanisms. That said, there are many more aspects of alpha

synuclein pathology and mitochondrial dysfunction that could be investigated in the future.
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5 Target Characterisation
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6 In Vivo Drosophila Model

6.1 Background

6.1.1 Drosophila as a Model Organism

Drosophila melanogaster, or more commonly, the fruit fly and hereby referred to as
Drosophila, are one of the most commonly used model organisms in biomedical research
(Tolwinski, 2017). William Castle’s group at Harvard University are believed to have been
the first group to use Drosophila as a model, utilising them to study experimental evolution
(Jennings, 2011, Carlson, 2013). However, it wasn’t until work was completed in 1933 by
Thomas Hunt Morgan that people understood the full capabilities of Drosophila in order to
study Mendelian inheritance patterns, winning him the 1933 Nobel Prize for ‘discoveries
concerning the role played by the chromosome in heredity’ (Jennings, 2011). More
specifically, he was able to illustrate that the white gene resided on the X chromosome and
hence proved the chromosomal theory of inheritance (Tolwinski, 2017). Since then, Thomas
Hunt Morgan has been seen as the ‘father’ of Drosophila and the use of Drosophila in
biomedical research has increased due to its short life cycle, rapid generation time, low costs
and genetic manipulability, not to mention they aren’t covered by the modern day Home
Office License in the UK (Tolwinski, 2017). Since 1933, Drosophila work has won the Nobel
Prize on at least five more occasions, including by Hermann Muller in 1946 for his work on
understanding how X-rays can cause mutations and again in 1995 by Edward B Lewis,
Christiane Nusslein-Volhard and Eric F Wieschaus for their work on embryonic development
(Muller, 1928, Nisslein-Volhard and Wieschaus, 1980, Tolwinski, 2017).

Drosophila were the first complex organism to have their genome fully sequenced, published
in 2000, 11 months before the publication of the human genome (Adams et al., 2000,
Jennings, 2011). They possess approximately 14,000 genes, spread over four pairs of
chromosomes, although the bulk of the genetic information is present over three of the pairs
(Pandey and Nichols, 2011). Briefly, the four pairs comprise of the sex chromosomes (XX or
XY), also denoted as chromosome 1, 2 pairs of larger chromosomes (chromosomes 2 and
3) and a small dot chromosome (chromosome 4) (Kaufman, 2017). Drosophila possess a
significantly smaller genome than most mammals, however crucially, with less gene
redundancy (Nagoshi, 2018). Their genome has, on average, 60% homology with humans,
however this can vary from 40% in some areas of the genome, up to 90% in functionally
conserved regions. Approximately 75% of human disease causing genes have been found
to have sequence homology in Drosophila, making them an attractive model organism to

study human disease (Pandey and Nichols, 2011).
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Another attractive quality for the use of Drosophila is their short life cycle and rapid
generation time, meaning it is relatively simple to generate large numbers of animals for
studies (Fernandez-Moreno et al., 2007). The Drosophila life cycle can be easy manipulated
with temperature, with most studies, including this one, opting to maintain experimental
conditions at 25°C and stock vials at 18°C in order to slow the lifecycle (Fernandez-Moreno
et al., 2007). Drosophila are known to be holometabolous, meaning a complete metamorphic
change occurs from infant to adulthood, in this case from larvae to adult fly, and its life cycle
can be split in four stages; embryo, larvae, pupae and adult (Fernandez-Moreno et al.,
2007). The following life cycle timeline is correct if kept at 25°C. Upon eggs being laid, the
embryo stage lasts for 24 hours before turning into larvae. The larval stage is further split in
3 phases, 1%, 2" and 3" instar. First instar larvae begin to feed on the surface of the food
source and upon initiation of the second instar phase, begin to burrow into the food source.
Once the third instar larval phase is reached, larvae are fully grown and begin to wander up
the side of the vial in search of a pupation location. Pupation is the process in which
complete metamorphosis occurs, larval tissues are broken down and adult physiology
develops, after which, the adults eclose and the life cycle begins again (Fernandez-Moreno
et al., 2007). This whole process takes approximately 9-10 days from egg fertilisation;
however, this is doubled when stored at a lower temperature (Fernandez-Moreno et al.,
2007).

Although Drosophila do not possess a complete repertoire of human disease-causing genes,
as mentioned, there is 75% homology. Regardless of this, genetic manipulation techniques
exist that enable researchers to model the disease of interest. CRISPR-Cas9 is able to insert
point mutations, specific proteins are able to be overexpressed or knocked down using
binary expression systems such as the Gal4- upstream activating sequence (UAS) system
and genetic alleles can be created that mimic the disease-causing genes of interest (Vos
and Klein, 2021). The use of toxins and their known targets mean that novel mutant
Drosophila strains are able to be produced (Vos and Klein, 2021). Furthermore, an extensive
number of mutant lines have been generated via mutagenesis using ionising radiation such
as X-rays (Eeken et al., 1989) and ethyl methanesulfonate (Yang et al., 2001). Mutant lines
can also be created via P-element mobilisation. Briefly, P elements were first identified in the
1970s and it has since been discovered that the progeny generated from wild type male
stains and laboratory made female strains can possess aberrant genetic traits known as
hybrid dysgenesis (Ghanim et al., 2020). These include high rates of mutation as well as

sterility and chromosome rearrangements (Ghanim et al., 2020).
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6.1.2 Drosophila to Model Parkinson’s Disease

A wealth of different animal models of PD exist, ranging from zebra fish (Najib et al., 2020) to
rodent models (Campos et al., 2013) to non-human primates (Blesa et al., 2018), all
possessing their own unigue advantages and challenges. Drosophila provide an additional
method in which to model PD, also harbouring their own range of advantages and
disadvantages, to be discussed. Drosophila present a relatively simple model of PD,
however crucially, they possess approximately 200 dopaminergic heurones, organised into
distinct clusters within their central nervous system, that are liable to degeneration, a feature
that isn’t always recapitulated in rodent models (West et al., 2015, Vos and Klein, 2021).
Similarly to vertebrates, dopamine modulates movement and learning in Drosophila, as well
as sleep via the regulation of circadian rhythms (West et al., 2015, Juarez Olguin et al.,
2016), therefore we are able to understand the effect of PD specific mechanisms on
dopaminergic neurones. As mentioned, motor symptoms are a pivotal aspect for a PD
diagnosis in humans and, as such, Drosophila are able to replicate a number of motor
phenotypes including reduced locomotion and altered flying, walking and climbing
capabilities. Notably, climbing phenotypes are evident following the startle-induced negative
geotaxis assay, climbing upwards in response to a startle stimulus such as being banged to
the bottom of a tube (Nagoshi, 2018). Drosophila models of PD have repeatedly illustrated
abnormalities in climbing ability, specifically harbouring a slowed climbing recovery
compared to wild types (Sang et al., 2007, Tran et al., 2018, Ptz et al., 2021). Furthermore,
Drosophila are also able to mirror a number of non-motor symptoms associated with PD
such as sleep disturbances and problems with circadian rhythm, visual deficits, as well as
changes in learning and memory (Nagoshi, 2018). The inherent disadvantages of Drosophila
include the lack of endogenous SNCA meaning that endogenous Lewy bodies are not

present, as well as lacking an adaptive immune system (Nagoshi, 2018).

Following the discovery of PD associated genes, endogenous mutants as well as transgenic
models of PD are available. Moreover, as well as PD causing genes, GWAS have identified
over 70 genes in which mutations confer increased risk for the development of sporadic PD
(Nagoshi, 2018). The Drosophila genome is able to be easily manipulated, whether via the
overexpression of exogenous genes, or knockdown, mutation or overexpression of
endogenous genes and presents a unique, yet powerful genetic toolbox (West et al., 2015,
Vos and Klein, 2021). Of particular importance is the Gal4-UAS system, developed as a
binary expression system in Drosophila by Andrea Brand and Norbert Perrimon in the
Department of Genetics at Harvard Medical School (Brand and Perrimon, 1993). Briefly, this
system harnesses the Gal4 transcription factor present in yeast along with the UAS

construct upstream of a reporter gene of interest (Homem and Davies, 2018) and was first
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described in 1988 by Fischer et al (Fischer et al., 1988). The Gal4 and UAS constructs are
usually present within separate Drosophila strains which, when crossed, result in the F1
progeny expressing the gene of interest due to the entire Gal4-UAS construct being present
(Homem and Davies, 2018). Crucially for PD, mutant or wild type alpha synuclein is able to
be expressed in Drosophila via the GAL4-UAS expression system, enabling the formation of
Lewy bodies in the brain and the development of locomotor deficits and retinal degeneration
(Bolus et al., 2020, Vos and Klein, 2021). Furthermore, other genetic causes of PD can be
modelled in Drosophila via mutations in homologous genes of Parkin, PINK1 and LRRK2 as
well as overexpression of Tau and LRRK2. PD-like phenotypes are also induced in
Drosophila via the use of toxins, primarily rotenone or paraquat, both of which have been
linked with increased risk of PD development following environmental exposure. Chronic
exposure of Drosophila to rotenone, specifically when they were fed with less than 750uM
rotenone over a 7-day period, resulted in reduced locomotor activity in the startle-induced
negative geotaxis assay and was partially rescued by levodopa treatment. It was also found
that rotenone was able to cause the loss of certain subtypes of dopaminergic neurones,
however this was not rescued with levodopa treatment and was therefore deemed

representative of human PD (Coulom and Birman, 2004, Nagoshi, 2018).

Paraquat is also able to induce PD-like motor phenotypes in Drosophila, with exposure to
20mM able to induce dopaminergic neurone loss after 6 hours, with locomotor defects visible
within 12 hours and a high rate of lethality within days (Nagoshi, 2018). Although both
rotenone and paraquat seemingly appear to cause motor phenotypes indicative of PD, they
don’t replicate the progressive nature that is observed in humans with PD, highlighting the

probable multifactorial nature of sporadic PD (Nagoshi, 2018).

6.1.3 Drosophila Used in This Study

Motor phenotypes of PD are not only linked to adult Drosophila but are also evident in
larvae. This study utilised Drosophila harbouring mutations of Parkin at position 25 and 472.
More specifically, the Park® mutant was created by the mobilisation and excision of a P-
element (EP(3)LA1) identified in the Parkin gene creating a loss of function allele (Greene
Jessica et al., 2003) while the Park®*’> mutant was the result an A46T point mutation. When
crossed, we were able to generate a double Parkin mutant, transheterozygous, strain. The
transheterozygote larvae were then used to perform locomotor assays. Single Parkin
mutations were balanced with the third chromosome balancer TM6B, not only to provide a
phenotypic marker to allow for larval selection, but also to maintain the mutant stock by
suppressing homologous recombination (Sun et al., 2012). In larvae, heterozygous Parkin

mutants, or heterozygotes, balanced with TM6B were phenotypically smaller and tubby due

256



to the tubby marker carried on TM6B, whereas the transheterozygote Parkin mutants

possessed regular morphology.

The Parkin Drosophila model used has been previously characterised elsewhere (Vincent et
al., 2012). Briefly, they described a 38% reduction in crawling speed, as well as shorter
crawling tracks in the Parkin transheterozygote larvae compared to that of the wild types.
Furthermore, a rescue in velocity was observed following the global expression of wild type
Parkin in the homozygote background via the Gal4-UAS system (Vincent et al., 2012). This
characterisation provided us with an opportunity to observe whether Jed135 or UDCA was
able to rescue locomotor velocity in this model. Larvae were treated with three different
concentrations of Jed135 or UDCA; 60uM, 300uM and 600uM, however initial investigations
began using Jed135 at a concentration of 60uM and UDCA at 600uM. Drug concentration
was based on previous work which outlined that 600uM UDCA was able to partially rescue
crawling velocity in a charged multivesicular body protein 2B (CHMP2B) model of
frontotemporal dementia (FTD) (West et al., 2020).
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6.2 Aims and Objectives

The aim of this chapter was to observe whether impaired locomotor velocity could be
restored following the ingestion of Jed135 or UDCA in transheterozygote Parkin mutant
Drosophila larvae. Furthermore, we sought to determine whether Jed135 had a toxic effect

on survival to adulthood. This was achieved by:

e Performing larval locomotor assays following treatment with 60uM, 300uM and

600uM of Jed135 or UDCA and assessing the speed in which the larvae moved

e Performing survival assays following treatment with 60uM Jed135
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6.3 Results

6.3.1 Phenotype Identification

Initially, we sought to identify whether we observed the same, or similar, phenotype
described by Vincent et al in their 2012 paper. In each instance, larvae had been treated
under vehicle conditions, meaning a small amount of ethanol was present within their food
source. We observed wild type larvae to possess a mean locomotor speed of 0.67mm/sec
while the locomotor speed of Parkin mutant larvae was significantly slower at 0.39mm/sec,
figure 6.1. Therefore, our Parkin mutant larvae were crawling approximately 42.4% slower
than the wild types, which corroborates what has been observed previously (Vincent et al.,
2012).
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Phenotype Identification

* % %k %k
1.0¢ [

Genotype

Figure 6.1 Identifying the phenotype previously observed in Parkin mutant Drosophila larvae
Parkin mutant larvae have a significantly slower locomotor speed than their wild type (WT)
counterparts. A difference in locomotor speed of 42.4% was observed between the WT and Parkin
mutant larvae. Data was found to not be normally distributed via Shapiro Wilks test for normality
therefore a t-test with Mann Whitney correction was undertaken. ****p<0.0001, n=at least 61

biological replicates from at least 4 crosses (technical repeats), bars depict mean £SD.
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6.4 Discussion

For this project, we chose to study the effects of Jed135 and UDCA in a Drosophila model of
PD, however, initially, we had planned to use two different mouse models, an MPTP induced
and a genetic, LRRK2 PD model. This plan had to be altered due to the Covid19 pandemic,
meaning we were unable to visit the labs of collaborators in the United States, but the
Drosophila model available at the University of Sheffield provided a solid alternative. As
mentioned in the introduction to this chapter, Drosophila offer a low cost model with a short
life cycle, ideal for large scale drug screens, and are easily manipulated genetically (Chia et
al., 2020). Furthermore, their nervous system is well characterised and they possess a
dopamine synthesis pathway similar to humans. Toxin-induced Drosophila models also
exhibit motor phenotypes similar to that in humans, as well as dopaminergic neurone
degeneration and oxidative stress (Chia et al., 2020). However Drosophila are not an ideal
organism to study all aspects of PD, owing to their lack of an homologous alpha synuclein

gene.

A plethora of other animal models of PD exist, each with their own inherent advantages and

disadvantages which must be considered before undertaking research.

Other, non-mammalian, animal models include Caenorhabditis (C.) elegans and zebrafish.
Advantages of these are similar to that of Drosophila, with low maintenance costs, short life
cycle and ability to manipulate their genomes making them attractive organisms to use. Both
organisms also have well defined nervous systems, with C.elegans possessing 302
neurones, of which 8 are dopaminergic. However, these are difficult to target and make it
more difficult to understand the effects of dopaminergic neurone degeneration, as well as
understanding the effect of a novel therapeutic (Chia et al., 2020). Similarly to Drosophila,
C.elegans also lack a homologue to the human SNCA gene, meaning that in order to study

alpha synuclein, it has to be exogenously expressed.

Drosophila, C.elegans and zebrafish represent relatively simple organisms and, as such,
many researchers opt to use rodents as a more complex organism in order to study PD.
Similarly, both toxin and genetically induced rodent models of PD exist. Rodent models are
well characterised and correlations with human disease have been identified. For example,
degeneration of the nigrostriatal dopaminergic pathway in rodents directly correlates with
motor deficits as assessed by the open field, rotarod and pole tests to study locomotion,
strength and bradykinesia respectively (Chia et al., 2020). Rodents have also been found to
exhibit non-motor symptoms associated with PD such as depression and weight loss, both of

which can be monitored via behavioural assessments (Chia et al., 2020). Furthermore,
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rodents offer a more expensive model organism that also possesses a longer life cycle and

are more heavily regulated than non-mammalian models.

Perhaps the model organism that attracts the most ethical debates, is the use of non-human
primates (NHP). Only approximately 10% of PD research using animals is conducted on
NHP due to the extensive regulations, ethics and expenses that are associated with it (Chia
et al., 2020). However, they represent the model closest to human disease with the
presence of levodopa-induced dyskinesias, similar sleeping patterns to humans and
comparable neuroimaging studies. Also, although currently unstandardised, motor
phenotypes in NHP are able to be assessed via a UPDRS-like rating scale (Chia et al.,
2020).

PD has only been found to develop naturally in humans (Potashkin et al., 2010), posing a
major limitation to any animal model. The use of neurotoxins to induce a PD-like phenotype
is therefore unavoidable in many situations. Acute treatment with MPTP, or other
neurotoxins such as rotenone or paraquat, result in the rapid generation of a PD-like
phenotype in animals, not indicative of human disease. Moreover, MPTP, which is frequently
utilised to induce a PD-like phenotype in animals, has been described as having a different
metabolism pathway in rodents compared to humans (Potashkin et al., 2010). However, a
study in 2001 described that administration of MPTP alongside probenecid resulted in a
chronic loss of striatal dopamine over a 6-month period, with a progressive decline in motor
performance (Petroske et al., 2001). The probenecid adjuvant was used to prevent the rapid
degradation and clearance of MPTP from the brain and kidneys (Petroske et al., 2001),
resulting in a slowed and more progressive onset of symptoms. However, the major
drawback of toxin induced animal models centres around the fact that they frequently don'’t

develop Lewy bodies or Lewy body-like inclusions.

The discovery of genetic causes of PD resulted in the generation of genetically induced PD
animal models. Alpha synuclein and LRRK2 are frequently overexpressed in animal models
while genes such as Parkin, PINK1 and DJ1 are knocked down or out (Chia et al., 2020).
Genetic models of PD were initially extremely important in understanding disease
pathogenesis, however similarly to the toxin-induced models, they were unable to
recapitulate full human disease (Dawson et al., 2010). This is likely due to the inherent
heterogeneity within human PD and the notion that an animal should replicate both motor
and non-motor aspects of PD in a progressive fashion, as well as exhibiting the pathological

burden of alpha synuclein inclusions.
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Choosing a representative animal model for a study is an extremely difficult task, not only
choosing the correct animal to model PD, but also deciding on the correct method by which
to induce PD. All models and PD induction techniques have their own unique set of
advantages and disadvantages to consider. Decades worth of biomedical research has been
undertaken using animals to explore novel therapeutics, however in the context of
neurodegenerative diseases, many of these therapeutics have failed once they reach human
preclinical and clinical trials. For example, it has been estimated that approximately 99% of
drug compounds developed to tackle AD have failed (Pistollato et al., 2020) and it’s likely
that this figure is similar for PD. Therefore it begs the question whether animal models need
to be improved or whether, as a community, we need to work on developing new approach
methodologies, such as organoids, in order to evaluate the safety, tolerability and efficacy of
novel drug compounds (Pistollato et al., 2020). During this PhD project, a smaller patient and
public involvement (PPI) project was undertaken in association with Parkinson’s UK. We
were interested in understanding what people with Parkinson’s thought about animal models
for PD research, specifically for drug development and two sessions, run by myself and
Chris Hastings, were completed. The overall consensus from the sessions was that they
believed animal models were, in part, responsible for the failure of drug development
programmes and that they saw more value in modelling PD in cells from patients, followed
by safety and tolerability studies in animals. They suggested that the inherent differences
between animal models and humans, along with the fact that PD usually has to be induced
in animal models, means that efficacy studies are generally not accurate and therefore
providing novel compounds are safe, they should be taken straight into pre-clinical and
clinical trials in humans. These PPI sessions were part of a larger study into developing a
framework for researchers to follow in order to involve patients and the public in basic

science research.

This project utilised the larvae of transheterozygous Parkin mutant Drosophila, however
motor phenotypes have also been described in adult Drosophila. As mentioned in chapter 4,
Parkin is an E3 ligase that plays a pivotal role in ubiquitinating OMM proteins, initiating the
mitophagic response (Jin and Youle, 2012). Unsurprisingly therefore, mutations and
deficiencies within the Parkin gene result in motor phenotypes in Drosophila. Specifically,
they suffer mitochondrial deficits causing aberrations in muscle structure resulting in
locomotor deficits and flying capabilities (Greene et al., 2003, Pesah et al., 2004, Saini et al.,
2011). Furthermore, both male and female Drosophila lacking Parkin are unable to
reproduce and have a significantly reduced lifespan (Pesah et al., 2004, Saini et al., 2011).
Parkin null Drosophila also exhibit non-motor symptoms such as alterations in circadian

rhythm, learning and memory (Julienne et al., 2017). It is frequently detailed that the non-
271



motor symptoms of PD are arguably more debilitating that the motor symptoms, therefore

highlighting the usefulness of Drosophila to study non-motor symptoms.

It would have been interesting to have had the opportunity to define any motor or non-motor
phenotypes within our transheterozygous Parkin mutant adult Drosophila and observe what

rescue effects, if any, Jed135 would have on these phenotypes.

The set-up of our experimental protocol meant that we were unsure of the quantity of food,
and hence drug, each larvae ate, possibly accounting for some of the variation. Other
studies within the field have utilised dye-based feeding assays, involving the use of coloured
food dyes for labelling. Following larval incubation for a desired amount of time, larvae can
be washed and amount of food ingested quantified via spectrophotometer (Rodrigues et al.,
2015, Almeida de Carvalho and Mirth, 2017, Keita et al., 2017). Furthermore, similar dye-
based assays can also be used to quantify the amount of food present within the digestive
tract of adult Drosophila using spectrophotometric or fluorescence readers (Wong et al.,
2009, Shell et al., 2018, Eickelberg et al., 2022). This highlights a relatively simple method in
which we could have quantified larval drug intake in this experiment. However several
limitations to this methodology exist, primarily surrounding the incubation time given to the
animals. Once excrement begins, the linearity between food consumption and dye
accumulation ends, meaning this method is only beneficial to assess short term (30 minute)
food intake (Eickelberg et al., 2022). Furthermore, in order for analysis to take place,
Drosophila must be sacrificed (Eickelberg et al., 2022), which, in the context of this study,
would mean we would be unable to assess the impact of Jed135 or UDCA on the

characterised motor phenotypes.

Alternative food-intake assays are available, specifically to monitor the amount in which adult
Drosophila ingest. One such assay is the CApillary FEeder (CAFE) assay in which a
capillary containing liquid food is placed through the lid of the of the vial housing the
Drosophila. Food intake is measured via the decrease in capillary volume (Diegelmann et
al., 2017, Eickelberg et al., 2022). This method does not require the sacrifice of the
Drosophila and therefore could provide a good alternative to measure food, and drug,
consumption in our study if we were to continue to assess the Jed135 or UDCA effect in
adult Drosophila. However, consideration should be given to the feasibility of Drosophila with

a motor impairment to feed from a vertical food source placed at the top of the vial.

A further method by which we could analyse how much Jed135 or UDCA each larvae
ingested would be via high performance liquid chromatography (HPLC). Briefly, the mobile

phase (a sample dissolved in solvent) is passed through a column bearing a stationary
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phase (immobilised chromatographic packing material). The inherent properties of the
sample determine how long it takes for metabolites to pass through the column, those with
the strongest interaction taking the longest amount of time to elute and vice versa, resulting
in separation of the sample (Petrova and Sauer, 2017). HPLC is an improved version of
standard column chromatography in which samples are passed through the column at a
higher pressure, allowing for a faster separation time and higher resolution results (Makos et
al., 2009). Previous studies have been able to separate dopamine, L-Dopa and methyldopa
in the brains and retinas of Drosophila (Ramadan et al., 1993, Makos et al., 2009). Using a
similar method, we would be able to investigate the exact quantity of Jed135 or UDCA that
each larvae had ingested, allowing us to identify and exclude any larvae that had ingested
below a threshold level of drug, thereby reducing variability and potentially observing more of

a drug effect.
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One major consideration in the use of Drosophila for neurodegenerative research,
particularly in drug discovery, is the formation and composition of the BBB. In
neurodegenerative research it is vital to understand whether a novel therapeutic is
permeating the BBB in order to reach its desired target. The composition of the BBB is
extremely different between vertebrates and invertebrates, and hence between humans and
Drosophila. Briefly, the insect BBB is primarily comprised of glial cells whereas in
vertebrates, it is formed from the brain vascular epithelium (Hindle and Bainton, 2014). The
function of the BBB is to protect the nervous system and it's environment from the potentially
damaging and often fluctuating components of the blood. Therefore, one of the major
differences between the vertebrate and invertebrate BBB system is due, in part, to the fact
that invertebrates such as insects do not possess the same blood capillary system as
vertebrates and hence the BBB must completely surround the nervous system (Hindle and
Bainton, 2014). Conversely however, the invertebrate BBB is a compound structure,
analogous to the vertebrate neurovascular unit, meaning that they represent a structural
multicellular unit that is able to function in unison (Hindle and Bainton, 2014, Bell et al.,
2020a). Considering the ability of a novel compound to cross the human BBB is pivotal and
often a hindrance in neuropharmacology. Generally, cells in culture are unable to replicate
the full extent of the BBB and therefore in vivo assessments are necessary to decipher

whether a novel compound will reach its brain destination.

Similarly, it is likely that rodents and humans display differences in the make-up of the BBB.
In both human and rodent PD, the BBB has been described as ‘leaky’, meaning that immune
mediators from the blood are likely able to cross over into the central nervous system
(Carvey et al., 2009, Potashkin et al., 2010). However, crucially, rodents possess different
enzymes to humans, therefore it can be postulated that the nutrients required by the brain,
along with the toxins being removed from the brain, are different between the species
(Carvey et al., 2009, Potashkin et al., 2010) and may account for some of the failures
observed in human clinical trials following animal studies (Pound, 2020). Rodents are often
deemed too expensive for this type of study and also have a longer life cycle, whereas
Drosophila offer a lower cost alternative and changes in fluorescence intensity of the eye are
able to determine the penetration of compound through the BBB (DeSalvo et al., 2011,
Hindle and Bainton, 2014).
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7 General Discussion

PD is a progressive neurodegenerative disease of which there is currently no cure. Current
available therapeutic interventions are solely focussed on alleviating symptomatic burden,
with no effect on disease progression. The work presented in this thesis is a continuation of
a PhD project undertaken in our group by Chris Hastings, also in collaboration with NZP UK
Ltd. Following an initial drug screen of 144 compounds followed by a more in-depth screen
of the top performing compounds, Jed135 was highlighted as the lead compound and the
overarching aim of this project was to identify its mechanism of action. We identified four
objectives which included (I) Characterising the cell model used (ll) Understanding PD
related mechanisms (1) Assessing the putative targets and (IVV) Understanding the actions

of Jed135 in an in vivo model.

7.1 Results Overview

This section has been redacted by the author for commercial reasons.
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7.2 Drug Screening

This project was based upon a phenotypic drug screen, meaning that compounds were
screened against known and quantitatively measured cellular deficits in order to determine
their effectiveness at altering these phenotypes. On the contrary, different drug screening
methodologies can be carried out, namely reverse pharmacology, more commonly referred
to as a target-based approach. For this, a gene or protein target is identified and compounds
are screened primarily for their interaction with this target (Lage et al., 2018). The benefit of
a phenotypic approach over a target-based approach is that phenotypic studies are able to
screen vast quantities of compounds at once in a high throughput fashion, especially given
the fact that assays have since been miniaturised into 384- or 1536- well plates (Lage et al.,
2018). For many years, target-based drug discovery was the main approach taken, however
more recently, due to the lack of suitable targets identified, researchers have begun to adopt
a phenotypic based approach which has led to recent advances in treatments for cystic
fibrosis, spinal muscular atrophy and hepatitis C (Berg, 2021). The risks, however, with a
phenotypic based approach is that because a target is yet to be identified, there is a higher
probability of off target effects and toxicity occurring (Berg, 2021). The pipeline of a
phenotypic drug screen involves screening a desired drug library in a phenotypic assay,
such as an MMP assay for PD, with results highlighting any compounds that exhibit a rescue
effect (full or partial) on the phenotype of interest. Any hits from this initial screen are then
interrogated for undesirable effects, at which point lead optimisation can begin, with more in-
depth phenotypic assays performed and an understanding of the mechanism formulated.
This process may also include screening any leads in more disease relevant models such a
cell-type specific, for example dopaminergic neurones for PD, or animal models. Preclinical
studies can then be undertaken to assess both safety, tolerability and efficacy in animals,

before being taken forward into human clinical trials (Berg, 2021). This process can take
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anywhere up to 15 years at a cost of approximately £1 billion or more (Mohs and Greig,
2017).

As of June 2022, according to clinicaltrails.gov, there were 3206 clinical trials relating to PD
listed on their website, of which 170 were based in the United Kingdom. This study, along
with other work in our group, is centring around therapeutically targeting the mitochondria,
however this represents just one potential target for the treatment of PD. Others are
assessing the feasibility of immunotherapies, gene therapies and targeting alpha synuclein
through decreasing expression or reducing aggregation, to name a few (Ntetsika et al.,
2021). It is beyond the scope of this thesis to provide a comprehensive review of different
PD targeted therapies; however we will consider one drug that has garnered interest in
recent years. Exenatide, the synthetic version of exendin-4 found in the saliva of the Gila
monster, is a glucagon-like peptide 1 (GLP1) receptor agonist which has been used in the
treatment of type 2 diabetes mellitus (T2DM) since 2005 (Aviles-Olmos et al., 2013). Early in
vitro work uncovered potential neurotrophic and neuroprotective effects of exendin-4,
through the induction of neurite outgrowth, neuronal differentiation and the rescue of
neuronal degeneration (Perry et al., 2002a, Perry et al., 2002b, Vijiaratham et al., 2021a).
Due to the fact exenatide was already approved for use in humans in the treatment of T2DM,
a single-blinded randomised control trial was undertaken to assess the tolerability of
exenatide in PD patients, in a rapid and cost-efficient manner (Aviles-Olmos et al., 2013).
This study was able to provide evidence that exenatide was well tolerated in people with PD,
as well as providing modest improvements in UPDRS score for those on drug vs those on
placebo, providing supporting evidence to continue with larger scale trials (Aviles-Olmos et
al., 2013). Following this, a double-blinded, placebo controlled, randomised trial was
undertaken to assess the effect of once weekly exenatide injections on UPDRS score
following 48 weeks of treatment. They observed an improvement of 1 point in the exenatide
group and a worsening of 2.1 points in the control group, concluding that exenatide provided
beneficial effects on PD although they were unable to prove whether this was due to
extended symptomatic relief or an alteration in disease pathophysiology (Athauda et al.,
2017). A further study has since begun with the aim of replicating or refuting the 2017 study,
using a larger cohort of PD patients, assessed over a longer time period, 96 weeks. As
before, the primary end point of this study will be the assessment and comparisons of
UPDRS score in the practically define OFF state, as well as secondary outcomes to assess
other motor, non-motor and cognitive scores. This trial is currently in process and results are
expected in 2024 (Vijiaratham et al., 2021a). Exenatide provides another perfect example of
a drug repurposing study, a drug initially licensed for the treatment of T2DM that may

provide beneficial effects in the treatment of PD, in a similar fashion to UDCA. However, it
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further highlights the time scale of the drug development timeline, which remains evident in

repurposing studies.

A further complication that often arises not only in PD but for neurodegenerative diseases as
a whole, is the inability to identify the correct population of patients for clinical trials. It is
likely that the number of neurones that have degenerated by the point of symptom
presentation represents a stage in the disease process in which it is too late to begin a
neuroprotective therapy. Although neuroprotective drugs may still be of benefit to protect the
remaining neurones, they may be more beneficial earlier in the disease course. It can
therefore be postulated that many potential therapies have failed in clinical trials as they are
being tested on the wrong patient population. This again highlights the need to identify more
robust disease biomarkers in order to recruit pre-clinical patients on neuroprotective drug

clinical trials and follow their progress longitudinally.

As mentioned previously in this thesis, PD is an extremely heterogeneous disease, with
different patients experiencing a wealth of different symptoms. Therefore, it reasonable to
assume that different patients are likely to have different underlying causes of their PD and
consequently respond differently to prescribed medications. The aim of personalised
medicine is to target a patients treatment specifically to their clinical characteristics as well
as genotype and biomarkers (Mishima et al., 2021). However, as mentioned, reliable, robust
biomarkers are yet to be identified for PD and as such, diagnosis remains to be based on
clinical characteristics. That said, there has been some evidence to suggest that patients
can be grouped on clinical characteristics, with a 2017 paper performing a cluster analysis
on 421 patients based on a number of factors including motor and non-motor symptoms and
neuropsychological testing. They were able to determine 3 subgroups of patients; (I) mild
motor predominant, patients with the mildest UPDRS scores as well as minimal sleep,
olfactory and autonomic dysfunction (Il) Intermediate, those whose symptoms lay between |
and Il (1) diffuse malignant, patients who had the most severe motor and non-motor
symptoms (Fereshtehnejad et al., 2017). The ability to group clinical characteristics is
beneficial, however this was unable to take into account the molecular driving factor behind
their PD and therefore a paper briefly discussed earlier in this thesis, involving our group has
furthered our molecular understanding of PD sub-grouping by identifying those with a
mitochondrial or lysosomal driven phenotype. We described patients with mitochondrial
driven PD to have a reduction in complex | and IV protein expression while those with
lysosomal driven PD appeared to have activation in lysosomal pathways (Carling et al.,
2020). Being able to mechanistically stratify patients through deep tissue phenotyping is a

great step forward for precision medicine, however this work was undertaken on fibroblasts
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following skin biopsy which presents challenges in itself. It involves an invasive procedure
that isn’t necessarily feasible within a clinical setting and consequently the lab work that
would ensue following a skin biopsy may mean it is not a cost-effective method of
stratification. It provides evidence to suggest that patients are able to be stratified into
disease-relevant groups, however the techniques needed to make this a reality need

refining.

7.3 Modelling Parkinson’s Disease

Consideration should also be given to the models used within this project; the INPC derived
dopaminergic neurone and the Parkin mutant Drosophila. Unfortunately, as is true for the
majority of neurodegenerative diseases, there is no perfect way to model human PD either

by cell culture or with the use of animal models.

7.3.1 Cell Model

The induced dopaminergic neurones offer a cell-type specific method to model PD, however
they are not fully representative of the human brain. In this instance we utilised a single cell
type, whereas in reality, the brain consists not only of neurones, but also of astrocytes,
microglia and oligodendrocytes, all of which likely interact with and influence the overall fate
of the dopaminergic neurones. Therefore, in the future, utilising a co-culture model may be of
benefit to understand the effects of novel drug compounds not only on the cell type affected,
but also on the supporting cells of the brain. Furthermore, in relation to drug screening, the
drug toxicity profile may not accurately represent the tissue-specific or whole-body response,
often leading to unexpected toxicity reactions in vivo (Maitra and Ciesla, 2019). Investigation
of Jed135 in a co-culture model may aid in reducing unexpected toxicity as it is more
representative of the brain environment.

This study only investigated a limited number of patient lines, therefore although we
observed both concordant and discordant results between the cell lines, data must be
interpreted with caution. It would be pertinent to both increase the number of patient lines
assessed, as well as broaden the genetic range from which we assess. For example
increasing patient numbers for both sporadic and alpha synuclein triplications as well as
investigating other alpha synuclein multiplications or mutations and utilising patients with
Parkin, LRRK2 or PINK1 mutations before drawing any finite conclusions.

Modelling sporadic PD in cell culture is difficult. The use of INPC derived dopaminergic
neurones allows us to maintain any epigenetic alterations that an individual has accumulated
over their life span, alterations that may have led to the development of disease. This is a

large advantage over iPSC derived neurones that return to an embryonic-like state prior to
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differentiation. Therefore, our INPC derived dopaminergic neurones are one of the best ways

to model an otherwise complex sporadic disease.

7.3.2 Animal Model

Similarly, all animal models possess advantages and disadvantages for modelling PD, with
no one model incorporating all aspects of human disease. Perhaps one of the more difficult
aspects of human PD to model is the alpha synuclein pathology that is observed. Mice are
known to endogenously express alpha synuclein, hence this can be manipulated in a
number of ways. Firstly, it is able to be knocked out, allowing researchers to investigate its
physiological role within a biological system (Fernagut and Chesselet, 2004). Alpha
synuclein knock out mice have been described as having reduced dopamine content in the
striatum (Abeliovich et al., 2000) as well as impairments in spatial and working memory
(Kokhan et al., 2012). Alternatively, transgenic mice can overexpress human wild type or
mutated alpha synuclein in order to model PD (Chesselet, 2008), with the gene mutations
administered under different promoters, generating different models. Another method of
modelling alpha synuclein expression in animals is via the introduction of alpha synuclein
preformed fibrils. This method requires the generation of preformed fibrils from monomeric
recombinant alpha synuclein, although not all monomeric alpha synuclein has the potential
to aggregate, highlighting the importance in choosing the correct starting material (Polinski et
al., 2018). Preformed fibrils can be introduced into different models, both in vivo and in vitro.
In cultured neurones pathology is generated relatively quickly, however, after direct injection
into the brain of an animal, it can take up to 6 months for neurodegenerative changes to
occur, potentially making it more representative of human disease (Thakur et al., 2017).
Drug development projects such as this often use at least one, if not more, animal models to
investigate safety and tolerability of a novel drug compound, as well as efficacy. It is likely
that many drugs are discounted for use in human disease due to lack of positive results on
efficacy in animals. However it is entirely possible that due to inherent differences in the
genetic make-up of humans and animals, along with the discussed caveats in modelling of
human diseases, drug compounds are being overlooked which may be of benefit in human

disease.

7.4 Alpha Synuclein
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7.5 Future Work
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7.6 Conclusion

This section has been redacted by the author for commercial reasons.

288



8 Appendix

8.1 Alpha Synuclein Expression in Control 2 and sPD2

sPD2 Control 2
iNPC N NT iINPC N NT

GAPDH
37kDa

Alpha Synuclein
14kDa

Appendix Figure 8.1 Alpha synuclein expression for sPD2 and control 2

Representative Western blot for sPD2 and control 2 showing only one strong band at the sPD2 iNPC.
This was the case for all repeats attempted (n=6), therefore the decision was made not to continue
with this
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8.2 Expression
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8.3 Knockout Drosophila
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