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Abstract

The kinase domain LRRK2-G2019S mutation is the most common cause of familial
Parkinson’s disease (PD). Some PD patients report visual defects, which may
originate through the loss of dopaminergic (DA) signalling in the retina. Since
Drosophila, like mammals, have retinal DA neurons, the in vivo role of dLRRK/LRRK2

was examined genetically and by using potential therapeutic compounds to treat PD.

Here, it was shown that old dLRRK loss-of-function flies have a deficit in signalling in
the visual neurons, though photoreception is unaffected. This deficit is rescued with
expression of dLRRK, hLRRKZ or mLRRK1 in the DA neurons, but also with dLRRK
expression in the non-dopaminergic lamina neurons, photoreceptors or glial cells,
suggesting a role of extra-synaptic cell-cell signalling. Placing the dLRRK mutation in

a white-eyed background proved to be lethal.

In the gain-of-function assay, old flies with DA expression of LRRK2-G2019S show a
second kind of visual defect, reduced photoreception, indicating cell-cell signalling of
LRRK2. Feeding these flies with mitochondrial rescue agents or a kinase inhibitor
substantially improves the visual response; the vision of control flies is unaffected.
Additionally, white-eyed flies with DA expression of LRRK2-G2019S do not show the

neurodegeneration seen in red-eyed flies.

Since the mammalian kidney secretes LRRK2 in exosomes, our data may be
interpreted by an exosome mediated transfer of LRRK2 between neurons,
photoreceptor and glia. Lysosomes are linked to the production of the red/brown
pigment granules in the fly eye, as well as to exosomes. As fly pigment granules, like
melanosomes, are lysosomal-related organelles, our data provide an explanation for
the high sensitivity of DA neurons in PD. Finally, our data suggest novel therapies
could result from drugs targeting the eye pigments or through using mitochondrial

rescue agents.
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1 Introduction

1.1 Parkinson’s disease

1.1.1 Overview of Parkinson’s disease

Parkinson’s disease (PD) is the second most common progressive neurodegenerative
disorder after Alzheimer’s disease. It is thought to affect approximately 1% of the
world’s population over the age of 65, with the prevalence increasing to 5% in
individuals over the age of 85 years (Farrer, 2006). It is predicted that globally there
will be more than two billion people aged 60 years or over by 2050, which is more
than double the 841 million elderly people recorded in 2013 (UnitedNations, 2013).
As ageing is the biggest risk factor for idiopathic PD, the number of PD cases is
expected to dramatically increase over the next 30 years. Consequently, PD will
become more of an economic drain due to both direct and indirect costs and will

continue to be an important health issue.

Neuropathologically, PD is characterised by the loss of 50-70% of the dopaminergic
(DA) neurons most significantly, but not exclusively, from the substantia nigra pars
compacta (SNpc) region of the midbrain. The basal ganglia and related nuclei, which
include the SNpc, are a group of sub-cortical cells primarily involved in motor control.
The resultant deficiency of dopamine within the basal ganglia is thought to lead to
many of the classical motor symptoms that are characteristic of PD. Accompanying
the loss of DA neurons are histological abnormalities. These include the presence of
proteinaceous inclusions known as Lewy bodies (LB) and Lewy neurites (LN) in the
surviving neurons of the SNpc and in other brain regions such as the locus coeruleus
and the cholinergic nucleus basalis of Meynert (Lewy, 1912, Lewy, 1923). The
primary structural component of LBs is the presynaptic neuronal protein a-synuclein
(Spillantini et al, 1998). Light microscopy and immunological methods have
identified a number of other proteins including ubiquitin and neurofilaments in LBs
and LNs. Although the presence of LBs and the loss of DA neurons are necessary to
histologically diagnose PD, they can occur independently of one another and their

severity varies between individual patients.
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The ageing process itself is the biggest risk factor for PD, however a number of
environmental risk factors have also been suggested including exposure to
pesticides, prior head injuries, rural living (Noyce et al., 2012) and the use of (-
blockers (Kalia and Lang, 2015). PD was initially considered to be a purely sporadic
and non-genetic disorder, however in 1996 a linkage analysis study of a large Italian
family with an autosomal dominant form of the disease revealed a mutation in the a-
synuclein gene as the cause of their PD (Polymeropoulos et al., 1996, Polymeropoulos
etal, 1997). This suggested that PD could also be inherited with a genetic component
underlying the disease. Although the majority of PD cases are sporadic, it is now
known that approximately 10% of all patients have a familial form of PD. A number
of other chromosomal loci have since been identified to have a putative link to PD.
These specific chromosomal regions are termed PARK and are numbered in
chronological order of when they were identified (Klein and Westenberger, 2012). As
well as a-synuclein (PARK1/PARK4), other genes that have been identified to cause
autosomal dominant forms of PD include leucine-rich repeat kinase 2 (LRRKZ2; PARKS8)
(Funayama et al., 2002, Paisan-Ruiz et al., 2004, Zimprich et al., 2004), ubiquitin
carboxy-terminal hydrolase-like 1 (UCH-L1; PARK5) (Wintermeyer et al., 2000),
vacuolar protein sorting 35 (VPS35; PARK17) (Vilarino-Guell et al., 2011), and
eukaryotic translation initiation factor 4 gamma-1 (EIF4G1; PARK18) (Chartier-Harlin
et al.,, 2011). Genes have also been identified that cause an autosomal recessive form
of PD including parkin (PARKZ2) (Kitada et al., 1998), phosphatase and tensin homolog
(PTEN)-induced kinase 1 (PINK1; PARK6) (Valente etal., 2004), DJ-1 (PARK?7) (Bonifati
et al.,, 2003), and ATP13A2 (PARK9) (Di Fonzo et al.,, 2007). Homozygous loss-of-
function (LOF) mutations in glucocerebrosidase (GBA) are known to cause the
lysosomal storage disorder Gaucher’s disease; heterozygous LOF mutations in this
gene have also been linked to PD (Goker-Alpan et al., 2004). Of these genes, LRRKZ is

the most common cause of familial PD and also the focus of this thesis.

1.2 LRRK2

1.2.1 The structure of LRRK2

The LRRKZ gene consists of 51 coding exons and encodes a large protein of 2527
amino acids known as LRRK2 or Dardarin (Figure 1.1). The presence of a conserved

15



Ras of complex proteins (ROC) domain and its C-terminal of ROC (COR) bi-domain
suggests that LRRK2 belongs to the large ROCO family of proteins. The ROC domain
of LRRK2 shows GTPase activity, as it is able to bind and hydrolyse GTP. In
vertebrates, four ROCO proteins have been identified including LRRKZ, leucine-rich
repeat kinase 1 (LRRK1), death-associated kinases-1, and malignant fibrous
histiocytoma amplified sequences with leucine-rich tandem repeats 1 (Gilsbach and
Kortholt, 2014). LRRK2 also contains a kinase domain that has specific
serine/threonine kinase activity. The mechanism underlying the activity of the
LRRK2 kinase domain and its downstream kinase effectors are still largely unknown.
As such, it is not yet clear which family of kinases LRRK2 belongs to, although is has
been described as belonging to the mixed-lineage kinases, the mitogen-activated
protein kinases family, and to the receptor-interacting protein kinases. The presence
of both a GTPase and kinase domain led to the suggestion that LRRK2 is a cell-
signalling molecule. The relationship between the GTPase and kinase domains has
been an area of investigation. Initial biochemical studies suggested a mechanism
whereby the GTPase activity of LRRK2 controlled the kinase activity, and the output
of LRRK2 was the phosphorylation of substrate proteins (West etal., 2007). However,
more recent studies suggest that the relationship between the GTPase and kinase
domains is more complex (Taymans and Cookson, 2010). Mapping LRRK2’s
autophosphorylation sites in vitro has revealed a cluster of autophosphorylation sites
within its GTPase domain, and indeed the LRRK2 kinase domain can phosphorylate
the ROC domain (Greggio et al., 2009, Kamikawaji et al., 2009, Gloeckner et al., 2010).
Autophosphorylation at these sites causes structural changes to the GTPase domain
into a configuration that promotes kinase activity (Greggio et al., 2009, Kamikawaji
et al, 2009, Gloeckner et al, 2010, Xiong et al., 2012a). This suggests that the
combination of GTP binding and LRRK2 autophosphorylation in the GTPase domain
regulates GTPase-dependent activity, that in turn controls kinase activity (Xiong et
al., 2012a). Furthermore, mutation of an autophosphorylation site in the ROC domain
to a phosphothreonine-mimicking glutamate reduces GTP binding (Kamikawaji et al.,
2009, Berwick and Harvey, 2011). LRRK2 is also composed of various protein-protein
interaction domains including N-terminal armadillo and ankyrin repeats, several
leucine-rich repeats and a C-terminal WD40 domain. LRRK2 is found in multiple

regions of the brain and in a variety of tissue types. Its cellular localisation is still
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unclear but biochemical studies, along with internal reflection microscopy, have
provided evidence that LRRK2 cycles between a predominant cytosolic monomeric
form with low activity, and a membrane-associated multimeric form with much

higher activity (Berger et al., 2010, James et al,, 2012, Paisan-Ruiz et al., 2013).

Figure 1.1 Schematic diagram of the human LRRK2 domains and the PD pathogenic

mutations

Human LRRK2 is composed of several independent domains including armadillo repeats
(ARM), ankyrin-like repeats (ANK), leucine-rich repeats (LRR), Ras of complex proteins
(ROC) GTPase, C-terminal of ROC (COR), kinase and WD40. ANK, LRR and WD40 are protein-

Domains ARM ANK LRR ROC COR Kinase WD40
hLRRK2
705 860 983 1291 1334 1507 1884 2135 2142 2498 2527
Pathogenic PD ﬁi:ﬁg Ve ([;22(?21(?'15‘
mutations R1441H
N1437H

protein interaction domains, whilst the ROC and kinase domains are enzymatic. Multiple
mutations in LRRK2 are found in PD patients. These mutations cluster within the central
enzymatic ROC, COR and kinase domains. The most common LRRKZ mutation is the G2019S
mutation found within the kinase domain. Adapted with permission from Lee et al. (2012a)

and Langston et al. (2016).
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1.2.2 The function of LRRK2

Despite numerous efforts, the cellular function(s) of LRRK2 still remain unclear. Due
to its large size and the presence of both enzymatic and protein-protein interaction
domains, LRRK2 has been implicated in a vast array of cellular tasks. It has even been
suggested that LRRK2 may serve as a scaffold for the assembly of a multi-protein
complex, which acts as a central component of multiple signalling pathways (Ray and
Liu, 2012). LRRK2 has been reported to be involved in many of the established
signalling cascades such as the mTOR, ERK, WNT, and TLR pathways (Imai et al,,
2008, Sancho et al., 2009, Dzamko et al., 2012, Bravo-San Pedro et al., 2013, Paisan-
Ruiz et al.,, 2013). However, it has proven difficult to validate LRRK2s involvement in

these pathways because a clear substrate for LRRK2 is still to emerge.

One of the recurring physiological roles that LRRK2 has been implicated in is the
regulation of synaptic vesicles. LRRK2 has been found to be associated with
membranous structures and vesicles in the mammalian brain and is enriched in the
Golgi complex. Matta et al. (2012) used Drosophila to demonstrate that LRRK2 plays
an essential role in synaptic vesicle endocytosis through phosphorylating endophilin
A, an evolutionary conserved protein involved in clathrin-mediated endocytosis.
Arranz et al. (2015) showed that LRRK2 phosphorylates the neuronal-specific
EndoA1l in mammalian cells, further validating the results seen in Drosophila. An
interaction between LRRK2 and Rab5b has also been described as regulating synaptic
endocytosis (Shin et al,, 2008, Yun et al,, 2015). Using siRNA knockdown of LRRK?2, it
was shown that synaptic vesicle endocytosis was markedly reduced but this could be
reversed through the introduction of Rab5B (Shin et al., 2008). LRRK2 has also been
shown to interact with a number of other synaptic proteins that modulate clathrin-
mediated endocytosis of synaptic vesicles including Snapin-1 and NSF (Piccoli et al.,
2011, Yun et al,, 2013, Piccoli et al., 2014, Arranz et al., 2015). Some studies have
suggested that LRRK2 modulates synaptic vesicle exocytosis through interacting
with Snapin or through the regulation of presynaptic vesicle release (Piccoli et al,,
2011, Yun et al,, 2013), however other studies have been unable to validate this link
(Shin et al,, 2008, Arranz et al,, 2015). A number of studies have also been able to
provide support for LRRK2 playing a role in vesicular trafficking (Biskup et al., 2006,

Higashi etal., 2009, Sanna et al., 2012, MacLeod et al., 2013). When LRRK2 is silenced
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in cortical primary neurons, vesicle recycling dynamics are altered and vesicle
Kinetics are increased, which implicates LRRK2 in the control of vesicle pools within

the presynaptic bouton (Migheli et al., 2013, Wallings et al., 2015).

LRRK2 has also been implicated in autophagy pathways. For example, knockout of
LRRKZ in mice leads to the impairment of the autophagy-lysosomal pathway with
dramatic increases in apoptotic cell death, oxidative damage and inflammatory
response (Tong etal., 2010, Tong et al,, 2012). It has been suggested that LRRK2 may
be important in multiple systems that are associated with protein disposal. This is
because an interaction between LRRK2 and Rab7L1, a genetic risk factor for sporadic
PD, has been reported to influence lysosomal protein sorting via the retromer
complex that links the endolysosomal protein degradation system with the Golgi

apparatus (MacLeod et al., 2013, Paisan-Ruiz et al., 2013).

A role for LRRK2 in neurite outgrowth and branching has also been suggested. This
was initially thought to be the consequence of apoptotic processes, however
subsequent studies provided evidence to suggest that these morphological changes
were actually due to LRRK2 playing a role in the regulation of cytoskeletal dynamics.
A delicate interplay between two key components of the cytoskeleton, microtublues
and actin, is essential in maintaining the structural polarity of neurons, which is
important for their physiological function (Parisiadou and Cai, 2010). There is
increasing evidence to suggest that the assembly of abnormal cytoskeletal
components is one of the major characteristics of a number of neurodegenerative
disorders, including PD. LRRK2 has been reported to interact with tubulin, actin and
moesin, all key cytoskeletal proteins (Jaleel et al., 2007, Gandhi et al., 2008, Gillardon,
2009, Meixner et al,, 2011). LRRK2'’s interaction with tubulin is associated with the
modulation of microtubule stability and acetylation, which may be mediated via the
interaction of LRRK2 and the microtubule-associated protein tau. LRRK2 is capable
of phosphorylating tau in the presence of tubulin thereby altering microtubule-tau
binding dynamics. LRRK2 may also have a functional role in the rearrangement of the
cytoskeleton, which could explain how mutations in this gene alter neurite outgrowth

(Parisiadou et al., 2009, Chan et al., 2011).
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There is increasing evidence to suggest that LRRK2 has a putative role in the immune
system. Although LRRK2 is expressed ubiquitously, high levels of LRRK2 protein and
mRNA can be found in peripheral blood mononuclear cells, lymph nodes, spleen and
primary microglia (Hakimi et al,, 2011, Gillardon et al., 2012). Within the immune
system, LRRK2 has been implicated in the activation and maturation of immune cells
(Thevenet et al, 2011), controlling the radical burst against pathogens in
macrophages (Gardet et al.,, 2010), and in modulating neuroinflammation through
cytokine signalling (Moehle et al., 2012, Gillardon et al., 2013, Wallings et al., 2015).
In light of these very specific functions within the immune system, it has been
suggested that LRRK2 could have different roles within various cells and tissues
(Wallings et al., 2015). Furthermore, the LRRKZ locus has also been associated with
Crohn’s disease and susceptibility to leprosy, which provides a genetic link to
immune disease (Zhang et al.,, 2009, Franke et al., 2010, Paisan-Ruiz et al,, 2013).

However, it is still unclear as to how these data tie into the cellular biology of LRRK2.

1.2.3 The role of LRRK2 in PD

The first link between mutations in LRRKZ and PD was discovered early in the 21st
century after Funayama’s group reported on a Japanese family with an autosomal
dominant form of PD (Funayama et al., 2002). This was linked to a novel genetic risk
locus of approximately 166 genes on chromosome 12, which was designated as
PARKS. Subsequent studies revealed that mutations within the LRRKZ gene were the
genetic cause underlying PARK8-associated PD (Paisan-Ruiz et al., 2004, Zimprich et
al., 2004). To date, over 100 mutations have been reported in LRRKZ2, however only a
handful of these have been proven to cause PD. These mutations include G2019S,
12012T,12020T, N1437H, R1441C/G/H, Y1699C, and S1761R (Paisan-Ruiz et al., 2004,
Zimprich etal.,, 2004, Funayama et al., 2005, Kachergus et al., 2005, Paisan-Ruiz, 2009,
Ross et al,, 2009, Aasly et al., 2010, Lorenzo-Betancor et al., 2012). The enzymatic
core of LRRK2 appears to be of central importance, with all of the established
pathogenic mutations clustering within the ROC/COR/kinase domains (See Figure

1.1).

Of the LRRKZ mutations, the dominant gain-of-function (GOF) G2019S mutation

found within the kinase domain is the most frequent, being accountable for up to 10%
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of sporadic PD cases and up to 42% of familial PD cases (Correia Guedes et al., 2010,
Paisan-Ruiz et al., 2013). The LRRK2-G2019S mutation has a worldwide distribution
but it presents with a higher frequency in North African Arab (42%), Ashkenazi
Jewish (28%), and Portuguese (16%) populations (Bras et al., 2005, Lesage et al,,
2005, Ozelius et al,, 2006, Paisan-Ruiz et al,, 2013). The GTPase domain LRRKZ-
R1441G mutation presents with its highest frequency in the Basque population (2.5%
of sporadic cases and 46% of familial cases), however it is barely present in other
European populations or in North and South America (Gorostidi et al., 2009, Mata et
al., 2009, Yescas et al., 2010, Paisan-Ruiz et al., 2013). The second most common
LRRKZ mutation found within Europe is LRRK2-R1441C, and this is the main cause of
familial PD in Belgian populations (Nuytemans et al., 2008). A small number of
families have been reported with the LRRKZ2-I12020T mutation including the
Sagamihara kindred, which was the first reported family with LRRK2-linked PD
(Funayama et al., 2005). The penetrance of LRRKZ mutations is age dependent,
increasing from 17% at 50 years of age to 85% at 70 years of age (Paisan-Ruiz et al.,
2013). Some LRRKZ2-G2019S carriers do not manifest the disease until late into their

eighties.

Given the high frequency of LRRK2-G2019S, the majority of clinical reports
concerning LRRK2-linked PD have focused on this mutation. Most of these reports
are in agreement that the phenotypic features of LRRK2-G2019S PD closely resemble
those seen in idiopathic PD. For example, a large collaborative study has
characterised LRRK2-linked PD as a tremor-predominant Parkinsonism with
bradykinesia and rigidity that shows a good response to levodopa therapy (Healy et
al, 2008). Olfactory dysfunction, a well-characterised, non-motor feature of
idiopathic PD, has also been widely studied in LRRKZ-G2019S patients and most
reports are in agreement that these carriers also manifest this symptom (Ponsen et
al., 2004, Silveira-Moriyama et al., 2010, Saunders-Pullman et al., 2011, Paisan-Ruiz
etal.,, 2013). Olfactory dysfunction has also been reported in LRRK2-R1441G mutation
carriers (Ruiz-Martinez et al.,, 2011). Although there are close similarities between
idiopathic PD and LRRK2-linked PD, there are also slight differences between the two
forms. Unlike idiopathic PD patients, in general LRRKZ mutation carriers are rarely

reported to show cognitive decline and psychiatric features, however they do show a
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high frequency of depression and anxiety (Goldwurm et al., 2006, Alcalay et al., 2010,
Shanker et al., 2011, Paisan-Ruiz et al.,, 2013). A large number of LRRK2-G2019S
mutation carriers are asymptomatic, thus there is an increasing amount of research
that focuses on these carriers in order to try and identify early preclinical biomarkers
of PD (Paisan-Ruiz et al., 2013). A high frequency of cognitive impairment, postural
instability, action tremor and gait alterations have all been reported in non-
manifesting carriers. Olfactory dysfunction has been reported to present at similar
levels in healthy mutation carriers and healthy non-carriers, suggesting that this
symptom may be independent of LRRKZ mutations, or occurs at a later stage in the

disease process (Paisan-Ruiz et al.,, 2013, Sierra et al., 2013).

The neuropathology seen in LRRKZ mutation carriers is thought to be heterogeneous.
The loss of DA neurons and the presence of LBs and LNs are the main characteristics,
however these are not seen in all cases and even the same mutation within LRRK2
can lead to diverse neuropathology. LRRK2-linked PD has also been shown to present
as tau-, a-synuclein-, or ubiquitin-positive pathologies (Wider et al., 2010, Paisan-

Ruiz et al., 2013).

Since mutations in the kinase domain of LRRKZ were associated with neurotoxicity
and PD, the development of LRRK2 kinase inhibitors has been the focus of many drug
discovery studies. The first LRRKZ inhibitors that came from library screening efforts
were mostly ATP-competitive, meaning that they had selectivity issues and inhibited
other kinases in addition to LRRK2 (Kramer et al., 2012). Another common problem
seen with the published kinase inhibitors is that they fail to cross the blood-brain
barrier (BBB) meaning that their therapeutic application in PD is greatly limited.
There are a few kinase inhibitors that show a high selectivity to LRRK2 including
LRRK2-IN-1 and BMPPB-32 (Deng et al,, 2011, Afsari et al., 2014). The therapeutic
potential of LRRK2 kinase inhibitors is still relatively unknown and some may display
a loss of potency with the presence of certain LRRKZ mutations. Furthermore, a pre-
clinical safety study of highly potent and selective LRRK2 kinase inhibitors produced
by Genentech Inc., recently demonstrated that these small molecules cause adverse
side effects on kidney and lung function, thus further clinical trials were stopped (Fuji
et al., 2015). Although the majority of investigations have primarily focused on the

kinase function of LRRK2, a number of studies suggest that decreased GTPase
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activity, due to mutations in either the GTPase domain itself or in the kinase domain
of LRRKZ2, also play a key role in PD pathogenesis (Lewis et al., 2007, Li et al., 2007,
West et al., 2007, Berwick and Harvey, 2011, Daniels et al., 2011, Liu et al,, 2011a,
Xiong et al., 20123, Xiong et al., 2012b). Due to this, there are increasing efforts to
study potential therapeutic strategies that target LRRK2 GTP binding and GTPase
activity (Xiong et al,, 2012a). See Chapter 3, section 3.4.4 for further discussions on

this topic.
1.2.4 Current clinical therapies for PD

As yet, there are no cures for PD only symptomatic therapies. Current clinical
therapies are unable to prevent the on-going neurodegeneration; rather they
alleviate some of the PD symptoms through compensating for the loss of DA neurons

(Foxetal.,, 2011).

Since becoming a licensed drug in the 1960s, L-3,4-dihydroxyphenylalanine
(levodopa or L-DOPA) has remained the most potent drug for alleviating symptoms
of PD, in particular those related to bradykinesia. Unlike dopamine, the aromatic
amino acid levodopa can cross the BBB, so when ingested it can be converted into
dopamine via DOPA-decarboxylase to restore striatal dopamine concentrations.
When ingested, approximately 70% of levodopa is absorbed from the small intestine
and is metabolised in the liver, kidneys and blood (Jankovic, 2002). It is thought that
when administered on its own, only 1% of the ingested levodopa dose enters the
brain. With the addition of a peripheral DOPA-decarboxylase inhibitor, carbidopa,
which prevents the conversion of levodopa to dopamine in peripheral tissues, the
proportion of the levodopa dose that enters the brain, can be enhanced to 10%
(Cotzias et al.,, 1969, Jankovic, 2002). Although levodopa is the most effective drug in
the symptomatic treatment of PD, prolonged use leads to the development of the
wearing-off phenomenon and levodopa-induced dyskinesia (LID) (Cotzias et al,,
1969). The risk of developing LID is dependent on a variety of factors including
severity of PD, age-of-onset of PD, and the dose and duration of levodopa therapy.
Young-onset PD is associated with a higher incidence of LID; 50% of patients aged
between 40-59 years develop LID after 5 years of levodopa treatment but only 16%

of patients with a disease-onset of over 70 years of age are seen to develop LID
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(Kumar et al,, 2005, Thanvi et al., 2007). Drugs are available that aim to improve LID
without necessitating the reduction of the levodopa dosage. These drugs include
amantadine, clozapine, fluoxetine and fipamezole (Jankovic, 2008). The addition of
dopamine agonist inhibitors, catechol-o-methyl-transferase inhibitors or MAO-I

inhibitors is also used to alleviate levodopa-induced motor abnormalities.

It is thought that levodopa-induced complications are related to the duration of
treatment, therefore many parkinsonologists recommend that levodopa therapy
should be delayed. In order to achieve this, DA agonists are often used as the initial
or early form of DA therapy (Jankovic, 2008). DA agonists directly activate DA
receptors, enabling the presynaptic synthesis of dopamine to be bypassed. When
taken on their own, DA agonists are only able to provide modest improvements in PD
symptoms, however even this slight improvement can be sufficient to delay the use
of levodopa by several months or years. This is of particular importance for young-
onset PD patients. However, a recent study provided evidence to suggest that the risk
and time-of-onset of disabling response fluctuations and dyskinesias is comparable
between PD patients given an initial treatment of levodopa or those given an initial
treatment of DA agonists (Haaxma et al., 2015); motor function was worse with DA
agonist treatment. These results suggest that the initial line of therapy for PD should

be levodopa rather than DA agonists.

Neurotrophic factors are small proteins that are known for their role in neuronal
development and maintenance (Hefti, 1994, Airaksinen and Saarma, 2002). As these
factors exert pro-survival effects on specific populations of cells within the brain and
can induce neuronal growth, they have been extensively studied in animal models for
their potential therapeutic use in several neurodegenerative disorders (Ramaswamy
and Kordower, 2009). Such neurotrophic factors include neurturin, glial cell-line-
derived neurotrophic factor (GDNF) and brain-derived neurotrophic factor. Both
neurturin and GDNF have been tested in PD clinical trials (Nutt et al., 2003, Gill et al.,
2003, Slevin et al., 2007, Marks et al., 2008). The biggest problem with neurotrophic
factors is that they are unable to enter into the central nervous system (CNS) meaning
that direct application to the patient’s brain is necessary. Clinical trials with neurturin
and GDNF have thus far been inconsistent due to the lack of an efficient method of

administration. Although neurotrophic factors offer a promising therapeutic therapy
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for PD, more research and clinical trials will be essential to identify a novel vehicle
that can aid in the administration of these factors to desired brain regions

(Ramaswamy and Kordower, 2009).

1.2.5 Clinical features of PD

1.2.5.1 Motor symptoms

The classical motor symptoms of PD have been recognised since James Parkinson’s
initial description of PD as a neurological disorder was published in An Essay on the
Shaking Palsy in 1817, reprinted in Parkinson (2002). Over 50 years later, the French
neurologist Jean Martin Charcot more thoroughly described the clinical spectrum of
PD motor symptoms. Charcot also disregarded terms such as shaking palsy and
paralysis agitans and gave credit to James Parkinson’s earlier work by suggesting that
the disease be referred to as Parkinson’s disease (Goetz, 2011). Charcot identified
non-tremulous forms of PD, consequently suggesting that slowness of movement
(bradykinesia) should be distinguished from weakness. The four cardinal motor
symptoms of PD can be grouped under the acronym TRAP; Tremor at rest, Rigidity,
Akinesia (or bradykinesia) and Postural instability (Jankovic, 2008). The occurrence
and severity of these primary motor symptoms is variable amongst patients. Due to
this, attempts have been made to classify subtypes of the disease. Although a
consensus has not yet been established, two major subtypes have been suggested:
tremor-dominant PD and non-tremor-dominant PD (Kalia and Lang, 2015). PD
patients may also display a range of secondary motor symptoms, but again these are
very variable between patients. An example of a secondary motor symptom is
freezing of gait whereby the person will hesitate before stepping forwards or turning.
Other examples include difficulty swallowing, speech problems, dystonia, stooped

posture and micrographia (Jankovic, 2008).

1.2.5.2 Non-motor symptoms of PD

Although PD is still often considered to be a movement disorder, it is a complex multi-
system disorder with patients experiencing a wide range of symptoms with both

motor and non-motor features. The non-motor symptoms can include autonomic
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dysfunction, cognitive impairment, sleep disorders, neuropsychiatric symptoms,

sensory dysfunction, pain and fatigue (Postuma et al., 2012).

Non-motor symptoms of PD can frequently be present in patients before the onset of
the main motor symptoms. This prodromal phase of PD can be loosely characterised
by rapid eye movement sleep behaviour disorder, constipation, olfactory
dysfunction, depression and excessive daytime sleepiness (Braak et al., 2003,
Postuma et al,, 2012). The pathogenic process that causes PD is thought to be
underway during the premotor phase and may not originate within the SNpc. In 2003,
Braak described a staging system of PD based upon the examination of a-synuclein
deposition patterns within the brain (Braak et al., 2003). Braak’s model indicates that
a-synuclein deposits initially occur in the dorsal motor nucleus and the anterior
olfactory nucleus, this is known as ‘Stage 1’. In Stage 2 lesions are seen in
pontomedullary regions including the caudal raphe nuclei and the locus coeruleus. It
is not until Stage 3 that the SNpc and other regions of the midbrain show a-synuclein
deposits. During Stages 4-6, cortical structures become affected. The idea that initial
PD pathology may occur outside of the SNpc in non-DA structures of the brain stem
suggests a potential for screening non-motor symptoms as a way to detect premotor
PD (Postuma et al., 2012). This also provides a potential temporal window in which
disease-modifying therapies could be administrated to prevent or delay the

progression of the disease (Kalia and Lang, 2015).

1.3 Vision and PD

1.3.1 The vertebrate retina

Among the non-motor symptoms of PD are visual disturbances, which may be linked
to changes in the retinal signalling pathway. The vertebrate retina is composed of six
principal cell types: photoreceptors, projection neurons, three types of interneurons
(horizontal, amacrine and bipolar cells), and glial cells. These cell types are organised
into histologically distinct layers; three nuclear layers containing cell bodies but no
synapses that are separated by two plexiform layers containing synapses but no cells
bodies (Sanes and Zipursky, 2010). From outside to in, the vertebrate retinal layers

are; the outer nuclear layer (ONL); outer plexiform layer (OPL); inner nuclear layer
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(INL); inner plexiform layer (IPL); and the ganglion cell layer (GCL; Figure 1.2). The
ONL contains the photoreceptors that can be broadly categorised into rods and cones
depending on their shape, distribution across the retina, the photopigments they
contain, and their synaptic connections. Rods are responsible for low-light vision as
they are very sensitive to light and can detect even single photons (Sakitt, 1972,
Sampath and Rieke, 2004). Cones are not as sensitive to light as rods, however they
have a much higher spatial resolution. Cones are responsible for bright-light, high
acuity colour vision and each type of cone photoreceptor is most sensitive to a
specific wavelength of light (Hoon et al., 2014). In the dark, photoreceptors exist in a
depolarised state and are constantly releasing the neurotransmitter glutamate
(Dowling and Ripps, 1973, Suryanarayanan and Slaughter, 2006). Unlike other
neurons, light energy causes changes in membrane potentials of photoreceptors
rather than causing them to produce action potentials. When stimulated by light, the
photoreceptors become hyperpolarised and the release of glutamate is reduced
(Archibald et al., 2009). Rod and cone photoreceptors synapse onto second-order
glutamatergic bipolar cells at the OPL. The OPL is the simpler synaptic layer in the
retina. Here, horizontal cells modulate the synaptic transmission between the
photoreceptors and the bipolar cells. The bipolar cells can be sub-divided into rod
and cone bipolar cells. Cone bipolar cells can either depolarise (ON-bipolar) or
hyperpolarise (OFF-bipolar) in response to increments in light intensity (Hoon et al,,
2014), whereas the rod bipolar cells are only ON-bipolar cells. The bipolar cells
project into the IPL where they contact retinal ganglion cells (RGCs) and amacrine
cells. The synaptic connections within the IPL can be organised into two structurally
and functionally distinct layers: the inner lamina and the outer lamina (Archibald et
al.,, 2009). The inner lamina contains synapses between the ON-bipolar cells, ‘ON’-
RGCs and amacrine cells. The outer lamina contains synapses between the OFF-
bipolar cells, ‘OFF’-RGCs and amacrine cells. The RGCs project their axons to more
than ten areas of higher visual centres in the brain, making them the sole output
neurons of the retina (Sanes and Zipursky, 2010). The optic tectum, known as the
superior colliculus in mammals, is the main target of the RGCs in most vertebrates
(Sanes and Zipursky, 2010). Amacrine cells modulate the excitation of RGCs through

both feedfoward and feedback inhibition; amacrine cells that synapse onto RGC
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dendrites generate feedforward inhibition, whilst amacrine cells that synapse onto

axon terminals of bipolar cells generate feedback inhibition (Hoon et al.,, 2014).

Figure 1.2 The organisation of the vertebrate retina

A simplistic diagram indicating the principle cell types of the vertebrate retina (left) and the
histologically distinct layers that these cell types are organised into (right). The amacrine
neurons found at the border of the inner nuclear and inner plexiform layers are
dopaminergic. Adapted with permission from Wilkinson-Berka (2004) and Webvision
(2012).
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1.3.2 Dopamine in the human retina

In 1963, a role for catecholamines in the retinal function of rats was first highlighted
(Malmfors, 1963). A subsequent study demonstrated that the rabbit retina contains
DA neurons (Haeggendal and Malmfors, 1963). Further studies of the human retina
have identified the A18 amacrine cells, located at the border of the inner nuclear and
inner plexiform layers, as DA (Figure 1.2) (Frederick et al., 1982, Kolb et al., 1990). In
the retina the density of these A18 neurons is low, however due to their widespread
dendritic arborisation and long fine axons, a network with other amacrine and
bipolar cells is established (Kolb et al., 1990, Dacey, 1990, Kolb et al., 1991, Archibald
et al, 2009). DA neurons are depolarised under both low- and high-light levels
suggesting that they receive input from both depolarising rod- and cone-bipolars

(Zhang et al,, 2007, Archibald et al., 2009).

DA neurons also contact the All and A17 amacrine cells, both of which belong to the
rod pathway. The All amacrine cells are coupled to ON-bipolar cells via gap junctions,
which allows rod signals to be transferred to cone circuits (Bloomfield and Dacheux,
2001). As well as being involved in the horizontal processing of retinal signalling, All
amacrine cells are also involved in the vertical signalling of visual information
through the retina. The DA neurons also contain the neurotransmitter gamma-
aminobutyric acid (GABA) (Wassle and Chun, 1988, Wulle and Wagner, 1990). The
All amacrine cells express D1-subtype dopamine receptors and GABAa receptors,
suggesting that both dopamine and GABA are involved in modulating amacrine
function (Wulle and Wagner, 1990, Archibald et al., 2009). DA neurons express
GABAA receptors as well as AMPA sub-type glutamate receptors (Gustincich et al.,
1999, Gabriel et al., 2002). It is clear that the retinal DA neurons receive both
excitatory (glutamatergic) synaptic inputs from one or more type of bipolar cell and
inhibitory (GABAergic and glycinergic) synaptic inputs from amacrine cells. The mix
of excitatory and inhibitory inputs raise or lower the intrinsic firing rate of the neuron
and in turn modify the rate of dopamine release (Witkovsky, 2004). Although DA
neurons have a direct synaptic effect on certain amacrine cells, most retinal cells
respond to dopamine via a paracrine effect with the diffusion of dopamine in the

extracellular matrix of the retina extending over many microns (Witkovsky, 2004).
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Dopamine acts through five receptor subtypes (D1-D5), which belong to the
superclass of G-protein coupled receptors. The most common action of dopamine is
to regulate the production of cyclic adenosine monophosphate. Receptors D1 and D5
are known as the D1-like receptors, whereas D1, D2 and D4 form the D2-like
receptors. D1-like receptors are linked to the activation of adenylate cyclase and an
increase in cAMP production. D2-like receptors are linked to the inhibition of
adenylate cyclase and a decrease in cAMP production. When the D2-like receptors
are activated they inhibit the rod and cone photoreceptors. When the D1-like
receptors are activated they excite the RGCs, bipolar cells, horizontal cells, and the

amacrine cells.

Dopamine is known to be an important neurotransmitter throughout the visual
system and acts in both the outer and inner retinal layers at multiple levels. It is
thought to function as a chemical messenger for light adaptation through promoting
the flow of information through cone circuits and lessening that through rod circuits
(Archibald et al., 2009). In addition, it is speculated that dopamine plays a role in the
transition from a dark- to a light-adapted state because retinal dopamine
concentrations show a tonic diurnal variation with low levels during the night and

higher levels during the day (Doyle et al., 2002b).

1.3.3 Visual dysfunction in PD

It has previously been shown through post-mortem studies, that patients with PD,
who were not receiving levodopa treatment at the time of death, had a significant
reduction in the immunoreactivity of tyrosine hydroxylase (TH), the rate-limiting
enzyme in dopamine production (Nguyen-Legros, 1988, Harnois and Di Paolo, 1990).
In addition, treating monkeys with 1-methyl-1,2,3,6-tetrahydropyridine (MPTP) was
shown to cause a dose-dependent but reversible reduction in amacrine cell TH
immunoreactivity (Tatton et al.,, 1990). The amplitude of the electroretinogram
(ERG) ‘b’ wave is reduced in PD patients under a number of different light conditions
(Gottlob et al., 1987). This component of the ERG is thought to be an indicator of INL
function, thus the reduction may reflect defects in visual processing that involve
dopamine signalling. Gottlob et al. (1987) also utilised pattern response ERGs, which

revealed that the amplitude of the response to a checkerboard stimulus is also
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decreased in PD patients. Subsequent studies have suggested that a depletion of
dopamine in the retina may result in attenuated ERG responses to peak stimuli and it
has been shown that the pattern response ERG is sensitive to dopamine manipulation
(Tagliati et al., 1994, Bodis-Wollner and Tzelepi, 1998). Although it is clear that
dopamine plays an important role throughout the retina, it is not yet clear how the

deficiency in dopamine levels, as seen in PD, affect the retina.

Visual dysfunction in PD can exist at several levels of the visual pathway including
the retina and higher order visual cortical processing areas, reviewed by Armstrong
(2015). PD generally affects older people meaning that a range of age-related visual
pathologies including macular degeneration, cataracts and glaucoma must first be
ruled out before the visual disturbances can be attributed to underlying PD. However,
visual dysfunction is common in PD with patients suffering from problems with
contrast discrimination, double or blurred vision, impaired motion perception,
colour vision, and often, if dementia develops this can extend to complex
hallucinations and perceptual disturbances (Bodis-Wollner et al., 1987, Regan and
Maxner, 1987, Bulens et al., 1988, Haug et al., 1994, Trick et al., 1994, Diederich et al.,
1998, Lieb et al.,, 1999, Pieri et al., 2000, Amick et al., 2003, Davidsdottir et al., 2005).
Patients can also experience subtle changes in their control of eye movements

(Shibasaki et al., 1979, White et al., 1983, Pinkhardt and Kassubek, 2011).

1.4 Animal models of PD

Due to the limitations of human experimentation, researchers have turned to animal
models in order to study human diseases, including PD. The use of such animal
models allows the study of cellular processes in the context of the whole organism,
making them more reliable than cellular models. Over the past few decades,
modelling PD in animals has proven to be invaluable in aiding researchers to better
understand the pathology, etiology and molecular mechanisms of the disease.
Typically, animal models of PD can be divided into two main groups: the neurotoxin
models, which utilise environmental or synthetic toxins, and the genetic models,
which utilise the in vivo expression of PD-related mutations. It is important to note
that although animal models of PD have undoubtedly increased our understanding of

the disease pathogenesis, none of the currently existing animal models can fully
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recapitulate all of the key clinical and neuropathologic PD symptoms (Dawson et al.,

2010).

1.4.1 Neurotoxin models

The classic neurotoxin-based model of PD utilises the administration of 6-
hydroxydopamine (6-OHDA). Although 6-OHDA has a similar structure to dopamine,
the addition of a hydroxyl group makes it toxic to DA neurons. This was first shown
nearly 50 years ago when Ungerstedt (1968) injected 6-OHDA into the SNpc of the
rat brain and observed a subsequent degeneration of the nigro-striatal DA system.
Since this discovery, 6-OHDA has been extensively used in both rodent and primate
models of PD. One of the main drawbacks of 6-OHDA is that it is unable to cross the
BBB, meaning that direct injection into the brain is required. In general, 6-OHDA is
injected into one of three locations in the brain: the SNpc, the median forebrain
bundle, or the terminal region of the striatum (Duty and Jenner, 2011). Following
injection, 6-OHDA is taken up into DA neurons via dopamine transporters. 6-OHDA
also shows a high affinity for the noradrenaline transporter NET, therefore it is often
used in conjunction with a noradrenaline reuptake inhibitor such as desipramine,
which improves the specificity of the toxin to the DA neurons (Luthman et al., 1989,
Duty and Jenner, 2011). Once inside DA neurons, 6-OHDA initiates degeneration
through causing oxidative stress and mitochondrial dysfunction. Although the exact
mechanisms behind this are still unclear, it is known that once in the cytosol, 6-OHDA
readily oxidises giving rise to reactive oxygen species (ROS) such as hydrogen
peroxide and quinones (Duty and Jenner, 2011). In addition, 6-OHDA has been shown
to accumulate in the mitochondria where it interacts directly with both complexes I
and IV of the mitochondrial electron transport chain, subsequently increasing
oxidative stress further (Glinka et al., 1997). Although injection of 6-OHDA into the
SNpc region of the rodent brain leads to the degeneration of approximately 60% of
the TH-containing neurons and a subsequent loss of TH positive terminals in the
striatum, this model is unable to recapitulate all of the clinical PD symptoms (Blandini
et al., 2008, Jackson-Lewis et al., 2012). For example, administration of 6-OHDA does
not induce Lewy-like inclusions or proteinaceous aggregates within neurons like
those seen in PD, although 6-OHDA has been shown to interact with a-synuclein

(Alves da Costa et al., 2006). Despite some limitations as a toxin to induce PD, the use
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of 6-OHDA has contributed greatly to our understanding of PD pathology and will
continue to be an important toxin to study the degeneration of nigro-striatal neurons

within animal models and in vitro.

Another widely used neurotoxin model of PD involves the administration of MPTP.
MPTP is able to replicate a number of key hallmarks of PD in monkeys and other
higher mammals including oxidative stress, mitochondrial dysfunction, energy
failure and inflammation (Langston et al.,, 1983, Burns et al., 1985, Jackson-Lewis et
al., 2012). In addition, it can cause a significant number of these key symptoms in
mice, although there is much variability in the sensitivity to the toxin in different
mouse strains. Rats have been shown to be resistant to this compound (Chiueh et al,,
1984). Similarly to 6-OHDA, administration of MPTP is unable to lead to the
formation of LBs. Some studies have shown LB-like inclusions being produced after
MPTP has been administered, however these results have been difficult to replicate

(Jackson-Lewis et al., 2012).

The other neurotoxin models of PD involve the use of pesticides such as rotenone and
paraquat. Rotenone is highly lipophilic, is able to cross the BBB, and similarly to
MPTP, once in neurons it accumulates within mitochondria and inhibits complex I
activity. Rotenone is able to reproduce almost all of the key hallmarks of PD including
oxidative stress, inflammation, behavioural defects, and unlike MPTP and 6-OHDA, it
induces synuclein aggregation and LB-like formation in mammalian models
(Greenamyre et al., 2010). Paraquat is also able to induce the formation of LB-like
inclusions in the DA neurons of the SNpc (Jackson-Lewis et al., 2012). Although
MPTP- and 6-OHDA-induced models of PD have not yet been established in
Drosophila, exposure to rotenone results in the selective loss of DA neurons in the
brains of flies along with locomotor defects (Coulom and Birman, 2004). Paraquat
has also been shown to lead to movement abnormalities in Drosophila including
bradykinesia, resting tremors and rotational behaviours, which came as a result of
the selective loss of DA clusters (Chaudhuri et al,, 2007). Although these models are
important, in particular to study the formation of the LB-like inclusions in DA
neurons, they have drawbacks and the involvement of exposure to environmental
toxins in the etiology of PD is still largely unknown. Furthermore, there are no

recorded cases of rotenone-induced PD in humans.
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1.4.2 Genetic models

The discovery of mutations in genes that cause PD such as a-synuclein, parkin, LRRKZ,
PINK1 and DJ-1, has led to the development of genetic models of the disease. These
models are valuable as they may help to shed light on specific molecular events that
lead to the degeneration of the DA neurons in PD, as well as representing potential
therapeutic targets (Jackson-Lewis et al., 2012). Three main types of cellular defects,
namely abnormal protein aggregation, oxidative stress, and mitochondrial
dysfunction, which are involved in the formation and/or progression of sporadic PD,
have also been identified in genetic models. Thus we can speculate that the study of
genetic models could lead to the identification of molecular and biochemical
pathways that are involved in the pathogenesis of both sporadic and inherited PD.
Having said this, autosomal-dominant transgenic models with mutations in a-
synuclein or LRRKZ and autosomal-recessive models with knockout of PINK1, DJ-1 or
parkin are often variable in their ability to display robust neurodegeneration and

nigro-striatal pathology (Duty and Jenner, 2011).

Modelling PD using genetics has proven difficult in rodent models because they are
inconsistent in their ability to capture key PD symptoms. For example, knockout,
overexpression or transgenic a-synuclein mouse models have shown motor
abnormalities, mitochondrial defects, a-synuclein-like inclusions, gliosis as well as
other brain and spinal cord abnormalities, however there are no consistent reports
of a progressive loss of the nigral DA neurons (Dawson et al., 2010). Despite this
drawback, these mice models are very important to study a-synuclein-induced
neurodegeneration. Transgenic rat models expressing the human A30P or A53T a-
synuclein mutations under the TH promoter, also fail to show key PD symptoms
(Lelan et al,, 2011). However, these rats do show olfactory deficits that are also seen
in the early phases of PD in humans. It is interesting to note that the A53T a-synuclein
mutation causes PD in humans, whereas 53T is the wild-type (WT) amino acid
sequence in mice. Therefore, although mice are more closely related to humans in
evolutionary terms than some of the invertebrate PD models, it still seems more
appropriate to express the human genes to model PD. LRRK2 transgenic mouse and
rat models are not very robust as there is little evidence to suggest that expression of

the key LRRKZ mutations cause DA neuron degeneration (Lietal., 2009, Lietal., 2010,
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Dawson et al., 2010, Walker et al., 2014). However, most LRRK2 mouse models do
display DA dysfunction such as alterations in DA neurotransmission, as well as
behavioural defects that are levodopa responsive (Lin et al., 2009, Duty and Jenner,
2011). For example, bacterial artificial chromosome transgenic mice overexpressing
WT LRRK2 show an increase in dopamine release in the striatum accompanied by
motor hyperactivity. Overexpressing the LRRKZ-G2019S mutation causes an age-
dependent reduction of striatal dopamine content and a decrease in striatal
dopamine release and uptake, suggesting a role for LRRK2 in dopamine transmission
(Li etal., 2010). LRRKZ knockout mice are viable but they fail to show abnormalities
in the DA system, DA neuronal loss, or susceptibility to MPTP (Andres-Mateos et al.,
2009, Hinkle et al., 2012). In addition, parkin-mutant and PINK1-mutant mice models
are also unable to show substantial DA or behavioural abnormalities (Itier et al.,

2003, Perez and Palmiter, 2005, Gispert et al., 2009, Dawson et al., 2010).

Due to the difficulties of modelling PD in mice, alternative genetic models have
emerged including the common fruit fly, Drosophila melanogaster, the nematode,
Caenorhabditis elegans, and the zebrafish, Danio rerio. These models are
advantageous over rodent models due to the ease of which their genome can be
manipulated to model PD mutations. They also allow the identification of
evolutionary conserved pathways and cellular processes implicated in the PD
pathogenesis. Of these multicellular models, Drosophila has proven to be the most
successful. Most Drosophila models are able to recapitulate DA neuron loss and motor
defects with a good level of reproducibility. Furthermore, they have highly conserved
orthologues of most of the PD-related genes including parkin, PINK1, LRRKZ2, D]-1 and
UCH-L1. A variety of Drosophila models with mutations in these genes have been
successfully developed. Although the Drosophila genome does not encode a clear a-
synuclein orthologue, the first PD fly model created by Feany and Bender (2000)
utilised overexpression of WT or mutant forms (A30P and A53T) of human a-
synuclein. This resulted in a progressive loss of climbing ability, an age-dependent
and selective loss of DA neurons, and filamentous intraneuronal a-synuclein
inclusions. Subsequent studies have been able to confirm these phenotypes and
although some discrepancies in DA neuron loss have been reported, this is likely due

to differences in the sensitivity of the methods used (Munoz-Soriano and Paricio,

35



2011). Since the parkin gene is well conserved between flies and humans, a number
of parkin-null fly models have been generated to understand its biological function.
These studies have demonstrated that parkin is essential for the morphology,
function and integrity of several clusters of DA neurons in the fly brain (Cha et al,
2005, Whitworth et al, 2005, Munoz-Soriano and Paricio, 2011). These parkin
mutants also exhibit mitochondrial defects, severe deficits in motor ability,
degeneration of the indirect flight muscles, reduced lifespan, and hypersensitivity to
oxidative and environmental stress (Greene et al., 2003, Pesah et al,, 2004, Cha et al,,
2005, Munoz-Soriano and Paricio, 2011). The behavioural phenotype of these flies
can be rescued with levodopa administration (Cha et al., 2005). PINK1-mutant flies
show many phenotypic similarities to parkin-mutant flies including a reduction in the
number of DA neurons, deficits in climbing ability and mitochondrial dysfunction
(Clark etal., 2006, Park etal., 2006, Wang et al., 2006). Unlike humans, Drosophila has
two DJ-1 orthologues, DJ-1a with its expression limited to the male germline and DJ-
1B, which is ubiquitously expressed like its human counterpart (Menzies et al., 2005).
Flies that are null for DJ-1a, DJ-1B, or both, are viable and do not have a reduced
number of DA neurons or a reduced lifespan (Meulener et al., 2005, Park et al., 2005).
Only two studies have shown that knockdown of DJ-1, utilising RNA interference
(RNAi), can result in robust neurodegeneration and a selective age-dependent loss of
DA neurons in the dorsomedial cluster (Yang et al., 2005, Lavara-Culebras and
Paricio, 2007, Munoz-Soriano and Paricio, 2011). Although DJ-1 models can display
PD-like phenotypes, they are more inconsistent than the other PD genetic fly models.
Successful Drosophila models of LRRK2-linked PD have also been generated by a

number of groups (see section 1.5.4).

1.5 Using Drosophila to model PD

Although attempts thus far have failed to produce a genetic model that is able to
recapitulate all of the key neuropathologic and clinical features of human PD, the
current models have provided us with valuable insights into PD pathogenesis.
Drosophila has emerged as a valuable model organism in which to study PD. Flies are
a promising system in which to identify evolutionary conserved genes that could be
involved in the development or susceptibility of PD and therapeutic compounds that

may be able to alleviate PD symptoms in both flies and humans (Dawson et al., 2010).
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The next section will look at how Drosophila became to be such an important genetic
model organism in which to study a plethora of human diseases, before focusing on

Drosophila models of LRRK2-linked PD.

1.5.1 Drosophila as a model organism

At the beginning of the 20t century, Thomas Hunt Morgan carefully selected to use
Drosophila melanogaster to study the chromosomal theory of inheritance. This
pioneering work has helped to establish Drosophila as the most powerful genetic
model organism. Drosophila is the model organism of choice in numerous groups for
many reasons. Firstly, due to their small size and simple diet they can be maintained
in large numbers relatively easily and inexpensively under laboratory conditions,
although they do have to be continuously maintained because it is not possible to
freeze them. Secondly, they are ideal for high-throughput experiments as they have a
rapid generation time of 10-12 days at 25°C and females show high fecundity,
producing large numbers of genetically identical progeny. The lifespan of Drosophila
is between 40-120 days depending on environment, stress levels and diet, making
them a suitable organism in which to study age-related disorders. Although flies and
vertebrates diverged at the Protostome-Deuterostome split ~700 million years ago,
a surprisingly large number of developmental processes are shared between
Drosophila and humans (St Johnston, 2002). Since the entire Drosophila genome of
~13,600 genes across four chromosomes (the first sex chromosomes [X and Y], and
the second, third and forth autosomal chromosomes) was sequenced in 2000, the
extent of the similarities between Drosophila and humans has been revealed (Adams
et al.,, 2000). For example, 75% of all human-related disease genes have orthologues
in Drosophila (Reiter et al., 2001). Furthermore, Drosophila has orthologues of genes
that when mutated cause a variety of human diseases including neurological
disorders, cancer, developmental disorders, cardiovascular disease, and metabolic
and storage disorders (Bier, 2005). Taken together, this shows the legitimacy of
Drosophila as a complex multicellular organism in which to study a plethora of gene

functions involved in human disease.
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1.5.2 The genetic toolbox of Drosophila

The most important asset setting Drosophila aside from other animal models is its
extensive and ever-increasing genetic toolbox, which enables manipulation of
Drosophila in a way that is unrivalled in other model organisms. Before the genome
of Drosophila was sequenced, Drosophilists predominantly utilised forward genetic
approaches to achieve genetic manipulations. This approach involves the random
generation of mutations, which can then be screened based upon specific phenotypes
of interest. The technique of mutagenesis that is utilised depends on the kind of
mutation that is required. Chemical mutagens are often favoured for inducing point
mutations. The most efficient and commonly used chemical mutagen is ethyl methane
sulphonate, an alkylating agent able to produce a high proportion of point mutations
when fed to flies (Pastink et al, 1991). Radiation is favoured for producing
chromosomal rearrangements. Radiation techniques, such as those using X-rays,
induce chromosomal breaks, which can produce translocations, deletions,
transpositions or inversions when repaired (Pastink et al, 1987). Insertional
mutagenesis is favoured for rapid molecular cloning of the mutated gene. It involves
the use of transposable elements that are “hopped” randomly into genes thereby
disrupting their function (Ryder and Russell, 2003). The most commonly used
transposons are P-elements, but piggyBac- and hobo-elements are also used.
Although this is not the easiest form of mutagenesis and this approach alone cannot
saturate the whole genome, the advantages of having a P-element as a tag to easily
identify the affected gene can often outweigh the disadvantages (St Johnston, 2002).
Forward genetic approaches have proven integral in understanding the nature and
function of Drosophila genes. As researchers continue to develop them, these screens
will remain important due to their ability to generate a variety of alleles of a gene,
including nulls (amorphs) and weak partial LOF mutations (hypomorphs) (St
Johnston, 2002).

With the sequencing of the Drosophila genome came an expansion in the Drosophila
genetic toolbox to include reverse genetic approaches. This involves generating
mutations in known genes and observing the resultant phenotypes in order to
elucidate the function of that gene (Adams and Sekelsky, 2002). Reverse genetic

approaches can be split into two classes. Firstly, those that utilise forward genetic
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approaches, such as transposable element mutagenesis that have been modified to
allow targeting of specific genes (Adams and Sekelsky, 2002). In this approach, P-
elements inserted near to a gene of interest can be mobilised to generate specific null
mutants through creating deletions in the nearby gene (Adams and Sekelsky, 2002).
Homologous recombination can lead to loss of new mutations during chromosomal
segregation, however balancer chromosomes have been developed and are widely
used by Drosophilists to overcome this (see section 1.5.2.2). Various P-elements have
been generated that are suitable for reverse genetic studies (Ryder and Russell,
2003). For example, P[PZ] and P[LacW] are enhancer-trap constructs, which allow
characterisation of the spatial and temporal expression of genes and P[EP]-elements
were designed for misexpression of genes (O'Kane and Gehring, 1987, Bier et al,,
1989, Rorth et al., 1998). Enhancer-traps contain transformation markers, such as
the rosy or mini-White constructs, which display an external phenotype (e.g. altered
eye pigmentation) in the transformed fly to allow the identification of the
transformants. P-elements also often contain a transposase recognition sequence at
the 5’ and 3’ ends and an antibiotic resistance gene. The second class of reverse
genetic approaches are those that use directed approaches to specifically alter the
function of the relevant gene (Adams and Sekelsky, 2002). For example, RNAi can be
utilised for targeted silencing of homologous genes (Hammond et al., 2001). This
technique is based on the principle that double-stranded RNA will cause the
degradation of endogenous mRNA when the sequence of the double-stranded RNA is

derived from the coding sequence of the gene to be silenced.

1.5.2.1 The UAS/GAL4 system

A variation of the enhancer-trap technique known as the UAS/GAL4 system,
revolutionised the way in which biological processes are studied in Drosophila.
Initially developed in 1993 by Andrea Brand and Norbert Perrimon, the UAS/GAL4
system has become one of the most reliable and powerful genetic tools in Drosophila
studies (Brand and Perrimon, 1993). This bipartite system allows the ectopic
expression of any given sequence of interest, be it protein coding or noncoding RNA
(e.g., RNAIi), in a precise spatiotemporal pattern (Elliott and Brand, 2008). This
system requires GAL4, a transcriptional activator derived from Saccharomyces

cerevisiae, placed under the control of a tissue- or cell-specific promoter (Figure 1.3).
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A transgene of choice can be placed under the control of a second component, the
upstream activator sequence (UAS), to which GAL4 endogenously binds leading to
the subsequent transcription of the downstream gene. These individual components
can be expressed in two different fly lines, which when crossed together will result in
progeny that ectopically express the gene of interest based on the expression pattern
of the GAL4 line used. There is now a large collection of enhancer-trap lines publically
available that express GAL4 in a vast array of cell-type and tissue-specific patterns. In
order to regulate the temporal expression of this system a second yeast protein,
GAL8O, can be utilised to selectively antagonise GAL4 (Elliott and Brand, 2008).
GALS8O binds to the transactivation domain of GAL4 thereby preventing GAL4 from
activating transcription (Lue et al., 1987, Ma and Ptashne, 1987, Lee and Luo, 1999).
Temperature sensitive GAL80s have also been generated that allow a greater
temporal control over the onset of expression (McGuire et al, 2003). Hormone
inducible variants of GAL4 may also be used to regulate temporal expression (Han et
al, 2000). When GAL4-hormone receptor chimeras are utilised, they are
transcriptionally silent until bound by the appropriate ligand. This allows the onset
of expression to be controlled through feeding the larvae or fly with the specific

ligand at an appropriate time to activate transcription (Elliott and Brand, 2008).
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Figure 1.3 The UAS/GAL4 system allows ectopic gene expression in a tissue-specific

manner

The UAS/GAL4 system is a bipartite system. A fly line that expresses GAL4 under the control
of a tissue-specific promotor is crossed to a second line that contains a gene of interest (in
this example, dLRRK) downstream of the upstream activating sequence (UAS) to which GAL4
binds. When these two components are brought together in a crossing scheme, progeny will
be generated in which the gene of interest is expressed only in those cells or tissue types that
express the GAL4 protein. Fly images designed using the Genotype Builder from Roote and
Prokop (2013).
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1.5.2.2 Balancer chromosomes

Balancer chromosomes set fly genetics apart from genetics in all other model
organisms making them one of the most important genetic tools in Drosophila. They
contain an array of multiply inverted chromosomal segments thus preventing the
correct alignment and homologous recombination during meiosis. In addition, these
balancers carry recessive lethal or recessive sterile mutations, meaning that
heterozygous mutations can be maintained in stable Drosophila stocks. Furthermore,
balancer chromosomes carry dominant markers that produce a distinct external
phenotype enabling the researcher to easily follow both the balancer and the
mutation that is on the alternative allele during chromosomal segregation in the
offspring (Figure 1.4). Due to their usefulness, balancers have been developed for the

X, 2md and 3rd chromosomes of Drosophila.
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Figure 1.4 Balancer chromosomes allow the tracking of mutations during

chromosomal segregation

Balancer chromosomes enable researchers to select flies of the desired genotype during
crossing schemes. In this example, parent flies with the desired mutations are crossed
together (A) to give progeny containing both mutations (C). The parent flies (A) each contain
one of the desired mutations (Mutation 1 or Mutation 2) on one copy of the second
chromosome and the balancer chromosome CyO on the alternative copy of the second
chromosome. The CyO chromosome carries a dominant marker giving the adult fly curly
wings. Therefore in this cross, chromosomal segregation will produce progeny with either
curly (B and D) or straight wings (C). Progeny with curly wings must carry one of the
mutations and the balancer chromosome, whilst those with straight wings must possess both
Mutation 1 and Mutation 2 (one on each allele of chromosome 2) making them the desired
genotype. As such, the use of balancers allows the researcher to follow alleles and confidently
obtain flies of the desired genotype during crossing schemes. Fly images designed using the

Genotype Builder from Roote and Prokop (2013).
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1.5.3 Using Drosophila to study human neurodegenerative

disorders

Neurodegenerative disorders are a subgroup of human diseases characterised by the
progressive loss of structure or function of specific neuronal populations within the
brain, which subsequently leads to cognitive, behavioural and physical defects.
Examples of such disorders include Huntington’s disease, Alzheimer’s disease, PD,
Amyotrophic lateral Sclerosis, and Lysosomal Storage Disorder’s. Since advances in
human genetics and genomics, researchers have been able to identify familial forms
of these neurodegenerative disorders and thus pinpoint the disease-associated genes
(Lu and Vogel, 2009). Human genetic studies have been crucial in the identification
of genetic loci associated with neurodegenerative disorders, however due to both
ethical and technical constraints they are of limited use for the elucidation of cellular
processes and molecular pathways that contribute to the neurodegenerative
development and progression (Lu and Vogel, 2009). Furthermore, neuropathological
studies that utilise humans tend to occur post-mortem, thus they fail to provide any
insight into the earliest stages of disease pathology. Animal models provide an
excellent alternative in which to study the underlying pathogenic mechanisms of
neurodegenerative disorders. Drosophila has proven to be an excellent model in
which to study numerous neurodegenerative disorders for many reasons, reviewed
in Cauchi and van den Heuvel (2006) and Hirth (2010) . Firstly, as previously
mentioned the short lifespan of flies allows researchers to follow the progression of
these age-related neurodegenerative disorders. Flies have a complex and well-
characterised nervous system and are capable of displaying intricate neurological
behaviours such as learning and memory. Furthermore, the fundamental cellular
processes that are related to neurobiology are similar in flies and humans including
synapse formation, neuronal communication, membrane trafficking and cell death
(Hirth, 2010). Finally, the genetic toolbox of Drosophila allows the ectopic expression
of human WT or mutant forms of neurodegenerative-associated disease genes; the
ability to study the consequence of the loss- or gain-of function of the Drosophila
orthologues of these disease genes; and genetic screens that can identify enhancers
and suppressors that can modify a phenotype caused by the misexpression of

neurodegenerative-associated disease genes (Hirth, 2010). Fly models can also be
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useful in the screening of potential compounds to prevent or improve the symptoms
of neurodegenerative disorders (Cauchi and van den Heuvel, 2006). This is achieved
through the addition of a desired concentration of the compound to the fly food
medium. The flies can either be raised on the drug-food or they can be transferred

onto it during their adult stage.

1.5.4 Drosophila models of LRRK2-linked PD

As previously discussed, mutations in the LRRKZ gene are the most common cause of
genetic PD, thus several groups have exploited the vast genetic toolbox of Drosophila
to model LRRK2-linked PD. Expressing WT or mutant forms of human LRRKZ2
(hLRRKZ2) in flies has produced inconsistent results. For example, some groups have
shown that flies expressing the LOF R1441G mutation in the ROC domain or the GOF
G2019S mutation in the kinase domain of ALRRKZ, have a reduction in climbing ability
accompanied by a decrease in TH staining or the number of DA neurons, and retinal
degeneration (Liu etal.,, 2008, Ng et al., 2009, Venderova et al., 2009). However, other
groups have failed to find any significant neurodegeneration with LRRK2
overexpression (Lee et al., 2007). A progressive, age-related loss of photoreceptor
function has been observed with the selective expression of the hLRRK2-G2019S
mutation specifically in the DA neurons (Hindle et al.,, 2013); there was no loss of
photoreceptor function with DA expression of the WT hLRRKZ transgene or other
hLRRKZ mutations. Although the external structure of the fly eye was
uncompromised, the photoreceptors of old flies (28 days post eclosion [DPE])
showed extensive neurodegeneration including apoptosis, autophagy and
mitochondrial disorganisation (Hindle et al., 2013). Increasing neuronal energy
demands accelerated the neurodegeneration. This study suggests a spreading
pathology of LRRK2-linked PD as the hLRRK2-G2019S mutation was expressed in the
DA neurons but anatomical and functional degeneration was recorded in a different
cell type, the photoreceptors. A further study demonstrated that young (1 DPE) flies
with DA expression of hLRRK2-G2019S have increased neural activity, which could
initiate an excitotoxic cascade thus leading to the degeneration of the photoreceptors
reported in old flies expressing this mutation (Hindle et al., 2013, Afsari et al., 2014,
Westetal., 2015b). The impact of overexpressing WT hLRRKZ or pathogenic hLRRKZ2-

G2019S on the fly neuromuscular junction has also been investigated. The
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postsynaptic expression of either of these transgenes does not lead to a significant
alteration in mEJP frequency, amplitude, quantal content, or EJP amplitude. However
presynaptic expression causes a significant increase in mEJP frequency and a reduced

quantal content (Lee et al., 2010b, West et al., 2015b).

1.5.5 The Drosophila visual system as a model of the human visual

system

Similarly to humans, Drosophila also has DA neurons that branch into the visual
system (see section 1.5.5.3). The fly eye is composed of neuronal tissue and is much
more accessible, easier to manipulate and easier to work with in general than the
human visual system or the SNpc. Thus is provides an excellent platform for studying
PD-related DA neuron loss. The following sections will describe the anatomy of the

Drosophila visual system before comparing it with the visual system of humans.

1.5.5.1 Anatomy of the Drosophila visual system

The visual system of Drosophila comprises the retina and the optic lobe, which
contains approximately 60,000 cells that can be divided into four neuropiles termed
the lamina, medulla, lobula and the lobula plate (Figure 1.5). The retina, or compound
eye, is made up of 750 individual facets known as ommatidia that are arranged in a
hexagonal crystalline array (Ting and Lee, 2007). Each ommatidium is physically
separated from its neighbour and contains eight different photoreceptor (R) cells
known as R1-R8 (Paulk et al., 2013). The R cells can be sub-divided in accordance
with their morphology, the synaptic connections they make within the optic lobes of
the brain, their position within the ommatidium, and the opsin genes they express
(Salcedo etal., 1999, Ting and Lee, 2007). Each R cell contains a microvillar structure
known as a rhabdomere that serves as the compartment for visual transduction. R1-
R6 cells are the six outer photoreceptor cells; they have rhabdomeres that span the
length of the ommatidium and express the Rh1 rhodopsin, which responds to a broad
spectrum of light allowing light to be absorbed efficiently for their specialised
function in motion detection (Salcedo et al, 1999). R7 and R8 are the inner
photoreceptor cells; they have more complex patterns of opsin gene expression than

R1-R6. R7 cells express either Rh3 or Rh4 both of which are ultra-violet absorbing
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visual pigments. R8 cells express Rh5, a blue-sensitive opsin, or Rh6, a green-
sensitive opsin. The R7 and R8 photoreceptors function as sensory receptors and
they are required for colour vision. It is thought that R1-R6 are functionally
equivalent to the vertebrate rod cells whilst R7 and R8 are the closest analogues of

the vertebrate cone cells.

In contrast to the vertebrate retina, no synapses are made within the fly retina.
Instead, the photoreceptors make synapses within the first optic brain region, which
is located directly beneath the retina and is known as the lamina, or in the second
optic brain region known as the medulla. The modular organisation of the retina is
also seen in the lamina. Here, axons from R1-R6 cells target approximately 750
independent units known as cartridges and form the first synapses with downstream
neurons that are involved in motion processing (Paulk et al., 2013). The lamina
cartridges are composed of five different monopolar neuron cell types (L1-L5), as
well as three classes of wide-field neurons including amacrine cells and centrifugal
fibers from the medulla (T1, C2 and C3) (Sanes and Zipursky, 2010). The axons of R1-
R6 project in a pattern that reflects the organisation of their rhabdomeres in order to
bring together the visual input from six separate ommatidia (Ting and Lee, 2007).
This is because the orientation of the photoreceptors within an individual
ommatidium means that each R1-R6 neuron detects light from a different point in
space, however due to the curvature of the eye, each R1-R6 neuron will detect light
from the same point in space as one R1-R6 neuron in each of five neighbouring
ommatidia (Sanes and Zipursky, 2010). This neural superposition enhances the
visual sensitivity through increasing the signal-to-noise ratio of phototransduction.
Pharmacological studies have revealed histamine as the photoreceptor
neurotransmitter, which upon illumination of the photoreceptors binds to chloride
channels causing a strong and transient hyperpolarisation of the lamina cell (Borst,
2009). As is seen in the vertebrate visual system, there are multiple contact synapses
within the lamina, with a single presynaptic terminal (Meinertzhagen and O'Neil,

1991).

The R7 and R8 cells have axons that project through the lamina without making
synapses here and terminate in specific layers of the medulla. The medulla is

organised into layers and columns with the columns receiving input either directly
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from R7 and R8, or indirectly from R1-R6 via L1-L5 (Ting and Lee, 2007). Each
column is further divided into ten layers, M1-M10. The axons of R7 and R8 synapse
with interneurons and transmedullary neurons in the M3 and M6 layers, respectively,
whilst the lamina neurons connect to various M1-M5 layers. The axons from R7 and
R8 from a single ommatidium, and lamina neurons from a single cartridge, are mostly
restricted to a single column within the medulla, which maintains the retinotopic
mapping of visual information within this higher optic region (Sanes and Zipursky,
2010). Approximately 50 subtypes of medulla neurons have been found that
interconnect various medullary layers or they project from the medulla to specific
layers of the higher visual ganglia known as the lobula and lobula plate (Fischbach
and Dittrich, 1989, Ting and Lee, 2007). Like the medulla, the lobula and lobula plate
are also organised into columns and layers. There are multiple pathways that link the
lobula complex to regions within the central brain, although there is not yet a full

account of this region of the Drosophila visual system.
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Figure 1.5 The organisation of the Drosophila visual system

A simplistic diagram of the Drosophila visual system showing the photoreceptors (R1-R8),
the second-order lamina neurons (L1 and L2) and amacrine neurons (A), and two types of
third-order medulla neurons (C and T). The diagram also shows dopaminergic neurons (DA)
branching into the lamina and some that are intrinsic to the medulla. Adapted with

permission from Afsari et al. (2014).
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As well as the numerous neuronal types present within the fly optic lobe neuropiles,
several distinct morphological types of glial cells have also been identified (Edwards
and Meinertzhagen, 2010). Glia cells are non-neuronal cells that provide support and
protection for the neuronal cells in both the central and peripheral nervous systems.
Some of the important functions of glia include aiding neuronal development, acting
as markers for axonal path-finding, providing cellular maintenance and insulation for
neurons, and regulating the extracellular space of mature neurons by playing a part
in neurotransmitter clearance and recycling. Within the lamina, there are six
morphologically distinct types of glia, two surface glia (fenestrated and
pseudocartridge glia), two types of cortex glia (distal and proximal satellite glia), and
two types of neuropile glia (epithelial and marginal glia) (Edwards and
Meinertzhagen, 2010). The fenestrated glia and epithelial glia are involved in
endocytic clearance of excess neurotransmitters such as histamine and glutamate,
the pseudocartridge glia are thought to function in the formation of the BBB, whilst
the distal and proximal satellite glia and the marginal glia are important for
ensheathing the monopolar neuronal cell bodies in the lamina and photoreceptor
axonal projections (Edwards and Meinertzhagen, 2010). Although the glia within the
medulla and lobula complex have been less well characterised than those found
within the lamina, a number of major glial cell types have been identified including
optic chiasm glia, cortex glia (medulla satellite glia and lobula plate satellite glia), and

other neuropile glia.

1.5.5.2 Recording the visual response of Drosophila

Phototransduction is the process of converting light into electrical signals. Our
understanding of the molecular mechanisms that underlie phototransduction in
Drosophila has been achieved through a variety of molecular and genetic techniques.
Both vertebrates and invertebrates carry out phototransduction via a specialised
form of a G protein-coupled receptor cascade (Figure 1.6). Drosophila
phototransduction represents one of the fastest known of these cascades with the fly
photoreceptors being able to respond to single photons 10-100x faster than in
vertebrate rod cells (Hardie and Juusola, 2015). Phototransduction in flies is initiated
when a photon is absorbed by a molecule of visual pigments, which results in the

isomerisation of the light-sensitive vitamin A derivative 11-cis 3-hydroxyretinal to
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all-trans 3-hydroxyretinal; in vertebrates it is the isomerisation of the chromophore
2-dehydroretinal that is required instead of 3-hydroxyretinal. In both cases, this
isomerisation results in the activation of rhodopsin, which forms metarhodopsin. In
flies, metarhodopsin acts on the alpha subunit of a heterotrimeric G-protein (Gq),
leading to the exchange of GDP for GTP and the activation of the G-alpha subunit. The
active G-alpha subunit activates phospholipase C (PLC), which subsequently cleaves
phosphatidyl inositol 4,5 bisphosphate into inositol triphosphate (InsP3) and diacyl
glycerol (DAG). There is an influx of calcium into the photoreceptors and two differing
models have been suggested to explain how this influx occurs. One of these models
proposes that the cation channels TRP and TRPL are activated when InsP3 binds to
the InsPs-receptors, which are located in intracellular Ca2* stores. In turn, this leads
to the release of Ca?* via a store-operated mechanism. The second model proposes
that DAG indirectly gates the TRP and TRPL channels, which leads to an influx of Ca2*
and Na* into the photoreceptors. The influx of Ca2* causes the photoreceptors to
depolarise leading to a release of histamine at the synapse. This then triggers the
hyperpolarisation of downstream neurons. Unlike Drosophila, vertebrate
phototransduction does not utilise the inositol phospholipid signalling system.
Instead, the effector for the G-protein is a phosphodiesterase that hydrolyses 3’-5’
cyclic guanosine monophosphate (cGMP) to 5° GMP. This results in the closing of
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cGMP-gated channels and hyperpolarisation (Hardie and Raghu, 2001, Hardie and
Juusola, 2015).

Vertebrate Drosophila

+Ca?

Figure 1.6 Phototransduction cascades in vertebrates and Drosophila

The encircled numbers (1-6) refer to the following steps: (1) Photoisomerisation; rhodopsin
(R) is photoisomerised to metarhodopsin (M). In Drosophila, M is stable and can be converted
back to R by long-wavelength light; vertebrate M releases the bound chromophore all-trans
retinal. (2) GTP/GDP exchange; M catalyses the exchange of GDP for GTP on the
heterotrimeric G-protein (transducin in vertebrate rods, Gq in Drosophila), causing the active
GTP bound a-subunit to dissociate. (3) Activation; Ga binds to and activates the effector
enzyme (PDE in vertebrate rods, PLC in Drosophila). In vertebrates, activated PDE hydrolyses
cGMP to 5’-GMP, which leads to the CNG channels closure. In Drosophila, activated PLC
hydrolyses phosphatidyl inositol 4,5 bisphosphate (PIP;) to diacyl glycerol (DAG) and
inositol triphosphate (InsP3). DAG is also a potential substrate for DAG lipase, which leads to
the release of PUFAs. Two classes of channel (TRP and TRPL) are activated via an unknown
mechanism. (4) Substrate resynthesis; in vertebrates, cGMP is resynthesised by guanylate
cyclase (GC) and GC-activating protein (GCAP), which is inhibited by Ca?*. In Drosophila, DAG
is converted to phosphatidic acid (PA) by DAG kinase (DGK). PA is converted to PIP; via a
multienzymatic pathway. (5) Metarhodopsin inactivation; M is phosphorylated by rhodopsin

kinase (RK) and capped by arrestin (A). In vertebrates, RK is inhibited by recoverin (Rec) in
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the presence of Ca?*. (6) Inactivation of G protein and effector; the effector enzyme and Ga
are inactivated by the GTPase activity of the G protein, which leads to the reassocation with
G, v. This is accelerated by the activity of RGS9, GB5 and PDE in vertebrate rods, and by PLC
in Drosophila. Adapted with permission from Hardie and Raghu (2001) and Hardie and
Juusola (2015).

In both human and fly studies, the ERG is used to examine the visual transduction
cascade. The ERG eye test in humans has been used since the late nineteen forties in
order to detect abnormal function of the retina through recording the mass electrical
reponse of the eye to light stimuli. The anatomy of the fly eye makes it relatively easy
to record the ERG and this technique has been utilised in flies for over 50 years. The
Drosophila ERG has proven to be invaluable in characterising many of the genes that
are involved in phototransduction (Hotta and Benzer, 1969). Similarly to the human
ERG, the Drosophila ERG uses an extracellular electrode that records the summed
electrical response from the photoreceptors depolarising and the response of the
lamina to the release of histamine. The depolarisation of the photoreceptors is
reflected in the sustained negative component of the complex ERG waveform, whilst
the hyperpolarisation and depolarisation of the lamina monopolar cells is thought to
produce the on- and off-transient components, respectively (see Chapter 2 Figure
2.1) (Heisenberg, 1971, Coombe, 1986). The contributions of these cellular layers to
the ERG waveform was determined through the use of mutants that selectively
eliminate photoreceptor or lamina components. For example, null mutations of the
histamine-gated Cl” channel gene HisCIZ2 (ort) that causes the histamine A receptors
on the second-order lamina neurons to become inactive, abolishes the synaptic
transients of the ERG (Pantazis et al., 2008, Edwards and Meinertzhagen, 2010).
Similarly, the ora/k84 (outer rhabdomeres absent) mutant was isolated in which the
R7 and R8 cells are the only functional receptors, meaning that the lamina receives
no input as it is only the R1-R6 cells that synapse in the lamina (Harris et al., 1976).
Again, in this mutant neither an on-transient nor off-transient is observed
highlighting the importance of lamina signalling in the generation of the ERG synaptic

transients.

A second and more sensitive visual assay that has been translated from humans

(Candy et al.,, 2001, Tsai et al., 2012) to flies (Afsari et al., 2014) is the steady-state
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visually evoked potential (SSVEP) assay. SSVEPs are natural responses generated by
the brain in response to visual stimulation. Responses to flashing lights or flickering
patterns generated at specific frequencies stimulates the visual system and causes
this frequency to radiate throughout the brain, which produces signals at the same,
or multiples of, the given frequency. This activity can be recorded via the
electroencephalography method that utilises an array of electrodes placed along the
scalp and the signals produced can be computed to determine visual sensitivity. The
sensitivity of this assay is high because responses to many hundreds of stimulus
events are averaged together and any out-of-band noise is eliminated from the

analysis (Afsari et al.,, 2014).

An SSVEP assay has been developed for Drosophila through utilising a pre-
programmed sequence of frequency-tagged flickering light stimuli (Afsari et al.,
2014) (see Chapter 2 Figure 2.2). Through isolating the photoreceptor and neuronal
responses, it has been possible to determine the contributions of the different layers
of the fly visual system in generating the output frequency components (Afsari et al.,
2014). For example, in ort null mutant flies (in which the histamine receptors are
knocked out), the 1F1 response is still present but the 2F1 responses are completely
abolished, suggesting that this component is a result of synaptic transient firing. The
forth-order intermodulation term 2F1 + 2F2 is also completely abolished in these
flies and in flies in which synaptic transmission has been eliminated through using
ort-GAL4 to drive the expression of tetanus toxin. This suggests that the 2F1 + 2F2
signal is entirely neuronal. Taken together, these data indicate that the 1F1
component arises from the photoreceptors whereas the 2F1 and 2F1 + 2F2
components depend on synaptic transmitter release from the photoreceptors,
meaning that they arise from downstream signalling within the lamina and medulla.
The Drosophila SSVEP assay also sweeps through different contrast levels allowing
the analysis of population-level contrast verses response functions. It has been
observed in a wide variety of previous experiments that when different contrast
levels are applied to the input stimuli, there is a resultant typical rightward shift of
the logarithmic input verses the output function of the neuron being observed
(Phillips, 1990, Schneeweis and Schnapf, 1999, Candy et al., 2001, Busse et al., 2009,
Asadollahi et al,, 2010, Olsen et al., 2010, Louie et al., 2011). Some systems also show
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a scaling of the outputs rather than the inputs known as response gain, which causes
a downward compression of the response versus contrast curve. The contrast
response functions of Drosophila closely resemble those seen in human and other
vertebrate data with there being a clear reduction in the amplitude of the probe
response when a constant mask contrast is presented at the same time (Afsari et al.,

2014).

When recording the visual response of flies, the degree of pigmentation of the eye
should be taken into consideration as this is known to alter the size and shape of the
ERG response (Stark, 1973). In 1910, the first eye colour mutant was isolated by
Thomas Hunt Morgan when he collected a white-eyed mutant male fly from a
population of WT red-eyed flies (Morgan, 1910). The white eye colour was caused by
a mutation in the white gene, which Morgan (1910) discovered as the first sex-linked
gene. There are two pathways in Drosophila that give rise to the coloured eye
pigments; these are the ommochrome pathway and the drosopterin pathway (see
Chapter 5 for further details of these two pathways). Since the discovery of white
mutant flies, numerous other eye pigment mutants have been isolated in both of these
eye pigment pathways (Summers et al., 1982). Thus flies with shades of white, yellow,
orange, red or brown eyes are all available. The powerful genetics of Drosophila
enables Drosophilists to use the UAS/GAL4 system to drive the expression of a
desired transgene within a specific eye colour background through exploiting

mutations in one or both of the eye pigment pathways.

1.5.5.3 Similarities between the Drosophila and human visual

system

Over a century ago, the Spanish neuroanatomist Ramon y Cajal turned to the visual
system of large flies in the hope of finding a much simpler sensory system than is seen
in vertebrates in order to decipher the flow of information from anatomy (Sanes and
Zipursky, 2010). However instead of discovering a simple visual system, Cajal found
that flies have a complex and diverse visual system, which is strikingly similar to that
of vertebrates. A study in Drosophila later showed that the complexity and cellular
diversity seen in larger flies is maintained to a similar level in these smaller flies

(Fischbach and Dittrich, 1989). Although noting fundamental differences, Cajal
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argued that the neuronal organisation of the vertebrate and fly visual systems were
essentially identical with the main design principles being maintained and only a
small number of variations of adaptations. He wrote, “if from the visual organ of the
insect, we discount the crucial fact of the dislocation of the soma...then the analogy
between the visual apparatus [of the vertebrates and insects] converts almost in
identity” (Sanes and Zipursky, 2010, Cajal, 1915). Cajal reinforced his argument
through using silver staining to produce remarkable drawings of a fly and vertebrate
visual system and a third drawing whereby he moved the cell bodies of the fly
monopolar cells, without changing the positions of their synaptic contacts, so they
corresponded with the position of the vertebrate retinal bipolar cells, this drawing
has since been termed as the “Flertebrate” arrangement (Figure 1.7). A number of
modern cytochemical and ultrastructural techniques have been utilised to compare
the vertebrate and fly visual system and these have provided strong evidence in
support of Cajal’s view (Figure 1.8). Some of the structural similarities between the
fly and vertebrate visual systems include; comprising a small number of main
neuronal types (five in vertebrates; six in flies) that are further divided into
numerous subtypes; having multiple cellular layers with an organised arrangement
of neurons within each layer; multiple contact synapses with a single presynaptic
terminal are found that adjoin multiple postsynaptic elements; and they both show a
precise mapping of neuronal arrays at each level onto those within the next level

(Sanes and Zipursky, 2010).
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Figure 1.7 The similarities between the neuronal networks of the fly and vertebrate

visual systems

Cajal recognised the similarities between the fly (A) and vertebrate (C) visual systems. (A)
The fly visual system showing the retina (I-1II), lamina (IV-V) medulla (VI-VIII) and the lobula
region (L). (B) The flertebrate visual system. In this drawing of the insect visual system, Cajal
redrew the cell bodies so that they correspond with their positions in vertebrates but without
changing the positions of their synaptic contacts. As such, the lamina monopolar neurons
take on the appearance of bipolar neurons (c); the amacrine cells take on the appearance of
horizontal cells (d); and the transmedullary cells take on the appearance of retinal ganglion
cells (h). (C) The vertebrate visual system showing the main cell types and their connections.

Adapted with permission from Sanes and Zipursky (2010).
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Figure 1.8 A comparison between the structures underlying the first stages of visual

processing in flies and vertebrates

(A) The vertebrate visual system showing the retina with the main retinal cell types
indicated: the lateral geniculate nucleus (LGN), the super colliculus (known as the optic
tectum in lower vertebrates), and the primary visual cortex. (B) The Drosophila visual system
showing the retina, lamina, medulla, the lobula complex comprising the lobula and lobula
plate, and the protocerebrum. A few of the main cell types are shown. (C, D) Diagrammatic
representation showing similar steps in transfer of information through the early stages of
visual processing in vertebrates (C) and Drosophila (D). Adapted with permission from Sanes

and Zipursky (2010).
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Similarly to humans, Drosophila also has DA neurons with axons branching into their
visual system (see Figure 1.5). Through staining with «-TH and utilising the
UAS/GAL4 system to drive the expression of various GFP reporters under the control
of two different DA GAL4 drivers (TH-GAL4 and HL9-GAL4), three different kinds of
DA neurons have been found within the fly visual system: the PPL neurons, MC
neurons and the LA neurons (Hindle et al., 2013). The cell bodies of the PPL neurons
are found within the central brain and they send their axons into the lobula complex.
The MC cell bodies are located on the surface of the medulla and their axons project
into the medulla neuropil. The LA neuron cell bodies are in the lateral protocerebrum
and their axons branch throughout the lamina. The functions of dopamine within the
fly and vertebrate retina also overlap with a suggested role for dopamine in the
adaptation to bright lights and in diurnal rhythms being shown in both (Chyb et al,,
1999, Zimmerman et al., 2008, Hirsh et al., 2010).

1.6 Aims

In order for us to understand how mutations in LRRK? lead to PD, it is crucial that we
first decipher the normal physiological function(s) of LRRK2 and the biology
surrounding this protein. We may then be able to elucidate how this function is
altered by pathogenic LRRK2 mutations. The main aim of this study is to advance our
understanding on the role of LRRK2 in vivo using the model organism Drosophila
melanogaster. Through using a genetic model such as Drosophila, it is possible to
exploit both LOF and GOF approaches to examine the function of LRRK2 in the visual
response of flies. Studying the visual response provides us with a quantitative
readout from both young and old flies, which has been difficult to achieve in other PD
models. Although no stop or null mutations have been found in LRRK2, it is still
important for us to determine the LOF of this protein because overexpression studies
may explore the consequences of producing too much LRRK2 rather than
investigating its normal physiological function. The specific contributing aims of this

investigation are outlined below:

1. Determine if the LOF of dLRRK, the Drosophila orthologue of human LRRKZ, leads

to age-related visual defects in adult flies.
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2. Establish if two chemically related compounds (UCA and UDCA) can rescue the
visual response of flies expressing the GOF hLRRK2-G2019S mutation in the DA

neurons.

3. Examine the interaction of eye colour and dLRRK genes with genetic and

physiological approaches.
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2 Materials and Methods

2.1 Drosophila husbandry and techniques

2.1.1 Drosophila stocks

Drosophila stocks used during this study were purchased from the Bloomington
Drosophila Stock Centre (Indiana University, Bloomington, USA), the Vienna
Drosophila RNAi Centre (VDRC; Institute of Molecular Biotechnology, Vienna,
Austria), or were kindly donated from members of the Drosophila community.
Rebalancing or recombining stocks already available in the Elliott and Sweeney labs
also generated additional stocks. A detailed list of the stocks used during this
research can be found in Table 2.1. Stocks that were obtained from outside sources
were quarantined for at least two generations and were transferred to fresh media at

least twice a week to ensure that they were free of mites.

Stocks were raised at either 18°C or 25°C and were transferred to fresh medium
every 4 or 2 weeks, respectively. Experimental crosses were raised at 25°C, giving a

generation time of ~10-12 days.

61



1
3[003s qeT Aouaams/1oI[d J9due[eg SWOSOWOIY) PIIY ], pUE puodas pue cwo.uwrw SWIN/99NL J1/049

paIYL
30015 qeT Aousams /ol JI9due[eg SWOSOWOIYY) PIIY], pue puodas pue puooag SUMIN/A9NL 41/d:19-04D
}0015 qeT Aousams/nola Jaoue[eq awWOSOWo.Iy) pAIY L, paAIYL qQ9INL/ENL
300315 qeT Aousams/1o1([d JI90Uue[eg SWOSOWO.IY) pu0dIds puodag 0osBUS /04D
S$}203S J13duereq

811

91ud) >D031S uoIuIoo[yg saks adueao ‘9dAy-plip e/u (vM) 30011d0M
}003$ qeT Aousams/nol[g saka ayym ‘adK1-piim e/u (M) grrrm
300315 qeT Aousams /noI[g S949 pax ‘odf1-prim e/u (s2) s-uoguny
adf)-pim
32.1nos uondrsaqg auwosowo.ay) }201S

auIed ¥}201S Y} YIIYM WO0.1J 32.1N0S pue

uondLIdSap JOLIq € ‘palI3JJe SWOSOWO.IYD ‘Durel }203s Surpnpur uonesnsaAul sy} Jnoysno.ay) pasn syols vjiydoso.aq Jo IS1 V T'Z AqelL

62



urmpoon

JOALIP

uaydals eia uewnlg 94819 2JYads uoanau y( ‘9SE[AX0IpAY SUISOIA], pIyl, SIL/¥YTVD-HL
I9ALIp
0430], ‘9SON oeun[y oymads spsnw dpewos [eale[/druokiquiy puodas YIVO-¥IDH
J9ALIp 2J10ads 9[aSnuw I[JBWOS
moaredg uyo[ ‘9jowoad 7 10308} SUDUBYUS  91AD0AN puodas yIVO-Zfowq
J9ALIp 21y10ads
ejosnnf{ oI Joidadaaojoyd asyowoad 1 uisdopoyy puodss  g9W.L/SWIN ‘04 /¥ T1VD-1yY ‘[+m]
uImpoon J9ALIp [EUOINAU
uoydels eia uosdwig ain[ -ued f19jowold ulaaiqoldeuds [euodnapn puo0das dA9-040 /¥y TVH-q4suU
J9ALIp
(£00Z “Te30 193s1y) oywads z7 pue [T S[[32 Jejodouow euruweT] puodag 040 /%1vD-9z11I1
30031S qeT Aouaams /No1[q J9ALIp 01J109ds 945 ‘19110dal Jswnnu ssen puodas di9-040)/v1vD-dymnbuoq
320318 qe Aouaams/1o1[q I9ALIp [eqO[3 ‘1a30wo0ad unoy puodas dA9-04 /¥ 1VH-27
$}201S $'1VI
92.anos uondrisag dwosowo.ay) Y2018

63



Aimnauyos ueydals
Apnis siy3 Surinp pajerauan

T0LTE
aNua) O031S uoIurwoo[yg

1618
aNuUad) O031§ uolurwoo[yg

yIewua( ‘S/v paqpuny H
FIewua( ‘S/v 3§oaqpuny ‘H

yIewua( ‘S/v paqpun H

}001S qeT Asusams/noIyg

QIvL
anue) 001§ uolduroo[yg

uonJasul Uumo.gq strosouo.ayd puodas§

Quagdsuey IyYYT 9SNON

IVNY 21V

UO[}I9SUI 2/ 9WOSOWOIYD PU0IdS

auagdsuen Zyyy7 uewny peap-aseury]

Quadsued) JUBRINW SETOZH-ZMYYT uewny

duagsue) Zyyy’7 uewny

J9ALIp o1y10ads [euo.InNaU
-ued ‘uoIsiA [eunlouqe [eyld] OJluoAiquiy

JaALIp o1y10ads [ern ‘Aynrejod pasianay

puodas

puodas

puodas

puoodas

puodas

puodas

puodas

PAIYL

pary L,

uMo.q-syn

QWIS / INYYTW-SV N

IVNY 2/V-SV1]

NY-SVN

040 /VE66 IA-2HYITY-SVN
042/S61029-ZX4YTY-SYN
040/ 2144 TY-SVN

S3}2031S SV

T IVD-12cAD]2

SINL/¥TVDH-0day

32anos

uondLsaqg

uIosowo.ay)

}o01S

64



Sve
anua) 003§ uoidurwooryg

L2911
9NUd) 203§ Uu0ISUIWOO[]
0SL¥E

aNUd) 203§ Uu0I3UIWOO[Y]

(8002 “Te 30 Suepm)

(800Z “1e39 NI7)
(800Z “Te39 NIT)

LSYZE
anue) o03s uoidurwoo[g

Apnis s1y3 SuLInp pajerauan

jueINW [[NU UMO.Uq

{zd}d
JonNJ3suod HCQEOE-Q ®£u wc_ms m_mmcwwmusa
[euonasu]  Aq paAldp  ‘IYY  Juenpy

UOISIOXd
JUdWId[a-4 dsmalduwl ‘uondunj jo sso[ YYYIp

JUBINW [[NU Y yY TP € Sunerauss
NYYTp jo uondnisip juswe-d {gy}oedd

Quadsued) JUBRINW SETOZH-ZMYYT Uewny

auagsueqy Zyyy7 uewny

IVNY HYH'TP

uonJasur 4ogbuuld aO0SOWOIYd PUu0dIa§

puodag

PIIYL

PIIYL

PIIYL

paryL,

paryL

PaAIYL

puodas

mq

SINL/ ozzoo IV

Q9NL/ rxoHYTP

089024 YH'TP
S}201S JUeINY|
S61029-2]NHYTY-SVN

HYHTY-SVN

IVNY HYH'TP-SV(]

BQUIS /.IDGDUUII-SY[)

32anos

uondLsaqg

aumrosowo.Jay)n

}o01S

65



Y92 Soua3 30( JO UONROUNJ JO SSO[ SUNEIdUST
313Ud) 003§ uoj3UIWOO[g UMO.Aq PUB AbqbUuld Yioq Ul SUOneIny puodas 04/ mquo
u1g.101n ouelAe[ juenwi [[nuU AbqoUUID puodas cUd
92.1nos uondrnsaq aurosowoay) Y2018

66



2.1.2 Drosophila media

Stocks were maintained in 25x95 mm plastic vials (Dutscher Scientific, UK) plugged
with cotton wool (Fisher Scientific, UK) containing ~7 ml standard yeast-sucrose-
agar media: 25 g/l sucrose, 3.75 g/l agar, 0.125 g/1 CaClz, 0.125 g/1 FeSO04, 0.125 g/1
MnClz, 0.125 g/1 NaCl, 2 g/1 KNaC4H40¢ - 4H20; following autoclaving and cooling for
1 hr to ~45°C, the antifungal agents Bavistin (1.5 mg/lin 100% ethanol [EtOH]; BASF,
Auckland, New Zealand) and Nipagin (0.7 mg/l in 100% EtOH; Sigma, UK) were
added. Experimental flies kept on this media were transferred to fresh vials every 3-

4 days.

Drug experiments were performed on 4-24® instant Drosophila medium (Carolina
Biological Supply Company, USA). The instant media was prepared by mixing 50:50
with dH20. 10 mM stocks of the drug dissolved in 100% EtOH were kept at-20°C. The
appropriate volumes of these stocks were added to dH20 to give a desired
concentration of 2.5 uM, before the dH20 was mixed with the instant media. Control
food had the appropriate volume of 100% EtOH added with no drug. Experimental

flies kept on this media were transferred to fresh media every 2-3 days.

Unless otherwise stated, experimental crosses were maintained in 1/3 pint glass
bottles on a richer maize-based medium: 119.0 g/l maize meal, 17.5 g/l yeast, 15.9
g/l agar, 103.2 g/l sucrose; following cooking and cooling to ~45°C, the antifungal
agents Nipagin (0.4 mg/1 in 100% EtOH; Sigma, UK) and propionic acid (0.4% v/v;
Arcos Organics, Geel, Belgium) were added. Once the media was transferred to 1/3
pint bottles, the bottles were bunged using sponge stoppers and were autoclaved at
121°C for 20 mins. During cooling, the media in the bottles was swirled to prevent an
agar layer setting on the surface. To enhance egg-laying, dried yeast pellets were
added to the surface of the bottled maize medium before the introduction of
experimental crosses. The sponge stoppers were replaced with Flugs® (Dutscher
Scientific, UK) after crosses were transferred to the bottled media to provide a more
secure bung to prevent entry of mites. Experimental flies were maintained on the
maize-based media until eclosion at which time female flies were transferred to vials

containing standard yeast-sucrose-agar medium or 4-24® instant Drosophila media.
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Experimental flies were then aged at 29°C in constant darkness or with continuous

flashing blue LED lights, depending on the experimental protocol.

2.1.3 Drosophila anaesthesia

To identify gender and genotype, adult Drosophila were anaesthetised on a porous
gas pad using continuous administration of CO2. Anaesthetised adult flies were

observed using a dissecting microscope (Zeiss Stemi-2000, Carl Zeiss AG, Germany).

2.1.4 Drosophila crossing techniques

Crosses were established through adding adult males to virgin female mates. As
female Drosophila are capable of storing sperm it is essential for female flies to be
collected as virgins to ensure a controlled genetic cross. At 25°C female flies should
not mate within 8 hrs of eclosion, thus they can be regarded as virgins during this
time period. Virgin females can be identified because newly eclosed flies have pale
pigmentation, display a meconium that is visible through the abdominal cuticle, and
they have unexpanded wings. Based on these principles, virgin females were
collected in the morning through completely emptying vials and isolating virgins
based on the presence of the aforementioned features, and then collecting any further
females that eclosed within the following 8 hrs. Adult males and virgin females were
crossed in a fresh vial or bottle. Fo flies were removed and transferred to fresh vials
or were euthanised after 7 days to prevent over-crowding and specific selection of F1

flies for further crosses or experiments.

2.1.5 Recombinations

Homologous chromosomal recombination in female flies was utilised to generate
stocks in which two genetic components were present on the same chromosomal
arm. This allows for the use of three or more genetic components on a single
chromosome. For example, this approach was used to recombine the dLRRK¢03680
piggyBac mutation with both TH-GAL4 and Repo-GAL4 (see Figure 2.3).
Recombination is achieved through mating individual stocks with each other and
selecting against balancers to identify virgin female offspring that carry the two

desired genetic components. Individual flies that carry two genetic components often
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have a darker eye colour, thus can be easily recognised and selected. These offspring
were then crossed to males from balancer stocks for the relevant chromosome and
potential recombinant offspring were selected. Where possible, these selections were
made based on eye colour as well as other characteristic phenotypes. The presence
of the desired genetic components was confirmed via PCR or confirmation of GFP (see

section 2.3.2).
2.2 Physiological analyses

2.2.1 Flash Electroretinograms (ERGs)

Unanaesthetised adult female flies were aspirated into shortened 200 pl Gilson
pipette tips so just the head was left protruding from the tip. The fly was restrained
using nail varnish (Creative Nail Design). Glass pipette electrodes were filled with a
simple Drosophila saline (130 mM NaCl, 4.7 mM KCl, 1.9 mM CaCl; (Heisenberg,
1971)). A recording electrode was placed on the surface of the eye and a second
reference electrode was placed on the mouthparts using micromanipulators (Figure
2.1A). Once in position, flies were dark-adapted for 2 mins. ERGs were recorded in
response to three to five stimuli (10 sec apart, 0.5 sec long) from the blue component
of an LED light (Kingbright, KAF-5060PBESEEVGC, maximum emission wavelength
465 nm, Taipei, Taiwan) placed ~6 cm in front of the fly. Stimuli were monitored with
a BPX65 photodiode (Centronics) placed next to the pipette tip. The photodiode
current was 0.5 nA in the darkened laboratory and 400 nA during the light stimuli.
DASYLab software was used to record the ERGs and DASYView (Version 2.1.6) was
used for analysis (DASYlab customised software, C. ]. H. Elliott, University of York).
The three to five stimuli were averaged for each fly. Each genotype/time-point
sample is the average (+SEM) from at least ten flies. An example ERG trace is shown
in (Figure 2.1B) indicating the on-transient, photoreceptor response and off-

transient components.
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Figure 2.1 Recording the visual response of Drosophila using the flash ERG

(A) Flies are restrained in shortened Gilson pipette tips and exposed to 500 ms pulses of light
from the blue component of an LED light. An electrode filled with a simple saline solution is
placed on the surface of the eye to record the response of the visual network, whilst a second
electrode is placed within the mouthparts to act as a reference. (B) A typical recording from
a WT fly with the three main ERG components indicated. The on-transient was determined
as the potential difference between the starting potential and the maximum value of the ERG
trace. The photoreceptor response was determined as the potential difference between the
starting level and the potential about halfway along the recording. The off-transient was
determined as the potential difference between the end of the photoreceptor response and
the minimum value of the ERG trace. The peak-to-peak response was determined as the

potential difference between the maximum value and minimum value.
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2.2.2 Steady-State Visually Evoked Potential (SSVEP) assay

The SSVEP assay combines features of the flash ERG (see section 2.2.1) with a
computational approach that is based on human visual experiments, in which
flickering stimulation is linked to the analysis of ‘frequency-tagged’ responses. The
SSVEP assay was carried out as described in Afsari et al. (2014). Briefly, adult female
flies were prepared for flash ERGs as described in section 2.2.1 and their photic
responses were verified (Figure 2.2A). Flies that failed to show robust photic
responses, or a high quality contact between the electrode and fly eye could not be
maintained, were rejected immediately. The fly was illuminated by a separate blue
light LED channel (Prizmatix) centred at a wavelength of 467 nm (Gaussian spectral
profile, FWHM 34 nm). The intensity of the light was controlled by a sequence
generator encoded in Matlab (Version 2013a; Mathworks, Natick, MA; Source code at
http://github.com/wadelab/flyCode), with the Data Acquisition Toolbox installed. In
some parts of the sequence, a single square wave flickering about the mean
illumination at a frequency of 12 Hz was delivered. In other parts of the sequence,
two square wave modulations with different frequencies were added together and
delivered (Figure 2.2B). One of the frequencies was at 12 Hz and the other frequency
was at 15 Hz. The different frequency components that are generated are referred to
using previously adopted nomenclature: [harmonic]F[input], where [input] refers to
the different input categories (1 = 12 Hz, referred to as the ‘probe’, 2 = 15 Hz, referred
to as the ‘mask’), and [harmonic] is the multiple of each input category. The responses
to 11 different contrast levels of the probe were also recorded. The contrast levels
ranged from 0 to 69% contrast in equal steps. The effect of adding in the mask was
also examined. The mask was present in half of the trials and had a constant contrast
of 30%. Trials containing different contrast levels were randomised across
presentations and the entire sequence of 22 trials was repeated 5 times. The total
data acquisition time for each fly was approximately 25 mins. Each stimulus sweep
gave a signal above the system noise meaning that phase-locked responses are
evident. A  Fourier transform of the waveform was computed
(http://github.com/wadelab/flyCode) to obtain a frequency-domain representation
of the data (Figure 2.2C). Contrast response function (CRF) data were calculated and

fitted using a 3-parameter hyperbolic ratio function to achieve statistical
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independence as described in Afsari et al. (2014). All CRF data throughout this thesis

are multiplied 1000 times so that whole numbers can be plotted on graphs.
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Figure 2.2 Recording and analysing the visual response of Drosophila using the SSVEP

(A) Flies are restrained in shortened Gilson pipette tips and illuminated by a blue LED that is
driven by a continuously flickering wave. An electrode filled with a simple saline solution is
placed on the surface of the eye to record the response of the visual network, whilst a second
electrode is placed within the mouthparts to act as a reference. (B) The blue line represents
the stimulus, which is the sum of two square waves of 12 Hz and 15 Hz known as 1F1 and
1F2, respectively. The red line represents a typical response (1 second of data from a single
trial) to this stimulus from a white-eyed fly. (C) A Fourier analysis is used to separate the
response into parts depending on frequency, which can then be plotted. Harmonics of the
input frequencies (12 Hz and 15 Hz) are shown in the Fourier transform of the signal as blue
(firstharmonic) and purple (second harmonic) bars. Low-order intermodulation terms (1F2-

1F1 and 1F1+1F2) are shown in orange.
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2.3 Molecular biology

2.3.1 Extraction of genomic DNA

DNA was extracted from single adult flies through homogenisation in a 1.5 ml
Eppendorf tube with 50 pl DNA extraction buffer (25 mM NaCl, 10 mM Tris-HCI pH
8.2, 1 mM EDTA) supplemented with fresh Proteinase K (200 upg/ml). The
homogenate was incubated at 37°C for 30 mins before being incubated at 85°C for 10
mins to inactivate the Proteinase K. To allow separation of particulates, the
homogenate was centrifuged at 13000g for 3 mins in a benchtop centrifuge. 1-2 pl of
the supernatant was used as a PCR template. Increased concentrations of DNA could

be obtained through using multiple flies for the extraction.

Alternatively, to obtain higher concentrations of DNA, genomic DNA was extracted
from 15 adult flies using the Gentra Puregene DNA purification kit (Qiagen, UK) as
per the manufacturer’s instructions (Qiagen, 2010). 1-2 pl of genomic DNA was used

per PCR reaction.

2.3.2 Polymerase Chain Reaction (PCR)

To amplify genomic DNA, PCR reactions were run using PCR mastermix (Promega,
UK; 25 U/ml Taq DNA polymerase, Taq Reaction buffer, 200 uM of each dNTP, 1.5 mM
MgCl2) with 1 uM of each primer and 0.5-1 mg of genomic DNA or 1-2 ng of plasmid
DNA. Reactions were run as a total volume of 20 pl in a Techne TC512 PCR
thermocycler (CamLab, UK) for 30 cycles. Annealing temperatures were calculated as
5°C lower than the lowest primers melting temperature (Tm) with an extension time
of 1 min per kb (no less than 30 secs). Primers were designed and checked using
Primer3 software and were synthesised by Eurogentec (UK). A list of primers used

throughout this investigation can be found in Table 2.2.
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Table 2.2 Primer sequences

Primer Sequence
3’SPLNK-PB-SEQ ACG CAT GAT TAT CTT TAAC
3’SPLNK-PB2 CGA TAA AAC ACATGC GTC
dLRRKe03680-Reverse GGC TAA CCG ATG CAG AGG AA
3’pUAST ATC TCT GTA GGT AGT TTG TCC A
5’pUAST CTG CAA CTA CTG AAATCT GC

2.3.3 DNA agarose gel electrophoresis

Agarose gel electrophoresis was utilised to analyse DNA products from PCR or
restriction enzyme digests. 0.7% and 1% agarose gels in TAE buffer (40 mM Tris
acetate, 1 mM EDTA, pH 8.3) were used for large and small (<1kb) DNA products,
respectively. SYBR® safe (Invitrogen, UK; 10 ul/100 ml) was added to the gels to
allow visualisation of DNA using a blue light transilluminator. Before loading,
bromophenol blue loading dye (0.25% w/v bromophenol blue, 30% glycerol v/v in
dH20) was added to the DNA. Depending on the expected DNA product size, either a
1 kb or 100 bp DNA ladder (0.5 pg/lane; NEB, UK) was loaded alongside the DNA.
Gels were run at ~80-100 V. PCR followed by gel electrophoresis were used to screen
stocks for the presence of the dLRRK¢93680 piggyBac-element following recombination
or standard crossing procedures. One primer was designed from the PBac{RB} P-
element sequence and the other from the dLRRK sequence. An example gel with WT
(wlli8), homozygous dLRRKe%3680 and successfully recombined Repo-GAL4,
dLRRK#03680 /TM6b stocks is shown in Figure 2.3.
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Figure 2.3 PCR of mutant dLRRK®03680 recombinants

Primers designed to detect the presence of the PBac{RB} P-element in the dLRRK gene were
used during PCR to determine if dLRRK¢03680 and Repo-GAL4 had successfully recombined.
The WT (w?118) stock was used as a negative control and the homozygous dLRRKe03680 stock
was used as a positive control. The PCR products were run on a 1% agarose gel in parallel
with a 100 bp DNA ladder (NEB, UK). There is no band present in the w18 stock but the
expected 300 bp band is present in both the homozygous dLRRK?#3¢80 stock and the Repo-
GAL4, dLRRKe03680 recombined stock, suggesting a successful recombination. Of note, the

presence of Repo-GAL4 in this stock was determined by confirmation of GFP expression.

2.3.4 DNA purification; Gel extraction

DNA fragments required for cloning were excised from agarose gels, placed on a blue
light transilluminator box for visualisation, using a sharp sterile scalpel. Gel slices
were transferred to 1.5 ml Eppendorf tubes and processed in accordance with the
QIAquick® Gel Extraction kit (Qiagen, UK) via the manufacturer’s instructions
(Qiagen, 2015). The DNA concentration was determined using a NanoDrop ND-1000
spectrophotometer (Thermo Scientific, DE, USA).

2.3.5 Restriction endonuclease digestion

Restriction enzymes are used to specifically cleave plasmids that contain restriction

sites, typically in multiple cloning sites. This allows for the excision and insertion of

75



DNA fragments during sub-cloning. This approach was used to excise mLRRK1 and
cinnabar from their donor plasmids and cleave the recipient plasmid, in both cases
pUAST attB, for their insertion. Restriction enzymes were also used to cleave plasmid
DNA from transformed clones to check for the presence of the plasmid and sub-
cloned gene by gel electrophoresis. The required restriction enzymes were added to
the plasmid along with the appropriate buffer with a total reaction volume of 20 pl.
The DNA was used at a concentration that would provide at least 20 ng of the smallest
fragment post-digestion. Reactions were incubated for at least 2 hrs at 37°C followed
by a 20 min incubation at 80°C to inactivate the enzymes. Restriction products were
run on an electrophoresis gel (see section 2.3.3) to ensure correct cleavage of the

restriction enzymes.

2.3.6 DNA ligation

DNA fragments previously cleaved with restriction endonucleases, were ligated into
cleaved vector plasmids using T4 DNA ligase. Ligation reactions were set up to give a
3:1 insert : vector (ng) ratio, determined using the following formula: Insert mass
(ng) = 3 x (insert length bp/vector length bp) x vector mass (ng). DNA concentrations
were determined using a NanoDrop ND-1000 spectrophotometer (Thermo Scientific,
DE, USA). The DNA was mixed with 0.2 pl of T4 ligase (Fermentas, UK) and 2 pl T4
buffer (Fermentas, UK) in a total reaction volume of 20 pl. Reactions were incubated

at 15°C overnight followed by a 10 min incubation at 65°C to inactivate the enzyme.

2.3.7 E.coli transformation and amplification of plasmid DNA

In order to generate new transgenic Drosophila lines, XL-1 Blue supercompetent E.
coli cells (Stratagene, CA, USA) were used to amplify plasmid DNA. Transformation
was achieved via heat-shock, mostly in accordance with the manufacturer’s
instructions (Stratagene, 2004). However, the protocol was modified and scaled to
use 50 ul of cells instead of the recommended 100 pl. Furthermore, instead of SOC
media, Luria broth (L-Broth: 10 g/1 tryptone, 10 g/l NaCl, 5 g/1 yeast extract) was
used. For the transformation of plasmid from a ligation mix, 1 pl of the ligation
reaction was utilised as recommended. For transformation of a plasmid from a

Whatman® FTA® disc, 50 ul of cells were added directly to the disc following TE
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washing. Post transformation cells were plated on L-Broth agar plates (20 g/1 agar in
L-Broth) containing the antibiotic ampicillin (200 pg/ml) for antibiotic selection.

Plates were incubated at 37°C overnight.

A sterile pipette tip was used to pick individual colonies and then transferred into a
sterile 15 ml falcon tube containing 5 ml sterile L-Broth and ampicillin (200 pg/ml).
Cultures were incubated at 37°C for 12-16 hrs with vigorous shaking. Stocks of
transformed E. coli were stored in 50% v/v glycerol at -80°C. Glycerol stocks were

used to streak fresh plates when required.

To check for the presence of an insert within transformed colonies following a
ligation during sub-cloning, the plasmid DNA must first be purified by miniprep (see
section 2.3.9.1). For minipreps, 1.5 ml of each overnight culture was pelleted at
13000g for 2 mins in a bench-top microcentrifuge. After removal of the supernatant,
pellets were frozen at -20°C. To reduce the number of minipreps required and to
ascertain those colonies most likely to have taken up the insert, the colony cracking
method could be performed through using 15 pl of the overnight culture (see section

2.3.8).

2.3.8 Colony cracking

Colony cracking was used as a quick method to screen large numbers of colonies to
determine those most likely to have taken up the insert. It relies upon cell lysis using
alkaline conditions and the identification of positive clones based on the
electrophoretic mobility variance between supercoiled DNA plasmids containing the
insert and those that do not. Plasmids carrying the insert will run slower than those

that don’t. Inserts as small as 200 bp can be detected.

50 pl bromophenol blue loading dye and 1 ml resuspension buffer (50 mM Tris-HCI
pH 8.0,10 mM EDTA, 100 pg/ml RNaseA) was added to 1 ml of 5x cracking buffer (25
g sucrose, 5 ml 5 M NaOH, 2.5 ml 10% SDS, 40 ml dH20). 10 pl of this was mixed with
15 ul of overnight culture. The mixture was then loaded and run on an
electrophoresis gel (see section 2.3.3). An uncut empty pUAST attB plasmid was used
as control, no ladder is required. Alternatively, single colonies can be patched and

used directly for cracking instead of 15 pul of overnight culture. Colonies that carry the
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plasmid containing the insert will run slower on the electrophoresis gel than the
control plasmid. These colonies were identified and the overnight culture from which

they came was purified via miniprep (see section 2.3.9.1).
2.3.9 Plasmid purification

2.3.9.1 MiniPrep purification

Frozen pellets, produced by centrifugation of 1.5 ml of overnight cultures (see section
2.3.7), were purified using the QIAprep spin miniprep kit (Qiagen, UK) in accordance
with the manufacturer’s instructions (Qiagen, 2010). This method allows the
purification of up to 20 pg molecular biology grade plasmid DNA from E. coli.
Concentrations of purified plasmid DNA was ascertained using a NanoDrop ND-1000
spectrophotometer (Thermo Scientific, DE, USA). The purified plasmid DNA was
stored at -20°C.

Minipreps were used to check for the presence of the insert within the transformed
plasmids by restriction enzyme digest (see section 2.3.5) and/or by PCR (see section

2.3.2), followed by gel electrophoresis (see section 2.3.3).

2.3.9.2 MidiPrep purification

To provide a greater purity of plasmid DNA (up to 200 ug of transfection-grade
plasmid DNA) and greater yields for microinjection of Drosophila embryos, plasmids

were purified using the QIAGEN HiSpeed Plasmid Midi kit (Qiagen, UK).

Having confirmed the presence of the appropriate insert via colony cracking,
miniprep, restriction enzyme digest, PCR and gel electrophoresis, 100 pl of the
appropriate overnight culture (see section 2.3.7) was used to inoculate 100 ml of L-
Broth containing ampicillin (200 pg/ml). 100 ml cultures were incubated at 37°C
overnight with vigorous shaking. Alternatively, for optimal results a single colony
could be picked from patched plates (see section 2.3.8) or a freshly streaked plate,
streaked from the appropriate glycerol stock, and used to inoculate a 5 ml starter
culture of L-Broth containing ampicillin (200 pg/ml). Starter cultures were incubated

at 37°C for 8 hrs with vigorous shaking before being used to inoculate a 100 ml
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culture (100 pl in 100 ml) and incubated as above. Following incubation, 100 ml
cultures were centrifuged at 6000 rpm for 15 mins at 4°C. After removal of the
supernatant, the pellet was frozen before being processed in accordance with the

QIAGEN HiSpeed Plasmid Midi kit protocol.

2.4 Generation of transgenic Drosophila lines

To allow the ectopic expression of the mouse LRRK1 (mLRRK1) transgene or of the
cinnabar transgene by the UAS/GAL4 system, mLRRK1-pUAST attB and cinnabar-
pUAST attB were micro-injected into Drosophila embryos to generate two separate

transgenic stocks.

2.4.1 Generation of mLRRK1 pUAST attB constructs

mLRRK1-pUAST attB was generated through the excision of the mLRRK1 cDNA insert
from the pYX-Asc vector (cDNA clone: IRAVp968H02134D; Source BioScience, UK)
using Notl and Sall restriction endonucleases in buffer D (Promega, UK; see section
2.3.5). The host pUAST attB vector was excised using Notl-HF and Xhol restriction
endonucleases in buffer 4 (NEB, UK). The excised 5284 bp mLRRK1 cDNA insert was
ligated into the excised pUAST attB vector (see section 2.3.6). The ligation reaction
was used to transform XL-1 Blue supercompetent E. coli cells (Stratagene, CA, USA),
which were plated onto L-Broth-agar plates containing 200 pg/ml ampicillin and
incubated at 37°C overnight. Single colonies were picked for amplification in 5 ml 8
hr cultures (see section 2.3.7). Colonies that were most likely to contain the insert
were determined via colony cracking (see section 2.3.8). Those identified via colony
cracking were purified by MiniPrep (see section 2.3.9.1). The presence of the insert
was determined by restriction endonuclease assessment using NotI-HF and KpnI-HF
in cutsmart buffer (NEB, UK; see section 2.3.5) and by PCR using pUAST primers.
After confirming the presence of the insert, 100 pl of the original 8 hr culture was
used to seed a 100 ml overnight culture incubated at 37°C with shaking (see section
2.3.9.2). Cultures were centrifuged at 6000 rpm for 15 mins at 4°C and the pellet was
used to purify the plasmid using the QIAGEN Midi/Maxi kit (see section 2.3.9.2).
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2.4.2 Generation of cinnabar pUAST attB constructs

Before the cinnabar cDNA insert could be excised from the pFLC-I vector, the cDNA
clone first needed to be transformed from a Whatman® FTA® disc. This was achieved
through quickly washing the Whatman® FTA® disc with sterile TE (pH 8.0), then
transforming the plasmid using 50 pl XL-1 Blue supercompetent E. coli cells
(Stratagene, CA, USA; see section 2.3.7). The transformed cells were plated onto L-
Broth-agar plates containing 200 pg/ml ampicillin and incubated at 37°C overnight.
Single colonies were picked for amplification and purification using the MiniPrep
method (see section 2.3.9.1). Restriction endonuclease digest with Notl-HF and KpnlI-
HF in cutsmart buffer (NEB, UK) was used to ensure the pFLC-I containing the
cinnabar cDNA insert had been successfully transformed (see section 2.3.5). After
confirming this, the excised 1900 bp cinnabar cDNA insert was ligated into an excised
pUAST-attB vector (Notl-HF, Kpnl-HF; NEB, UK; see section 2.3.6). The ligation was
used to transform XL-1 Blue supercompetent E. coli cells (Stratagene, CA, USA; see
section 2.3.7). Colonies that were most likely to contain the insert were determined
via colony cracking (see section 2.3.8). Those identified via colony cracking were
purified by miniprep (see section 2.3.9.1). The presence of the insert was determined
by restriction endonuclease assessment using Notl-HF and Kpnl-HF in cutsmart
buffer (NEB, UK; see section 2.3.5) and by PCR using pUAST primers. After confirming
the presence of the insert, 100 pl of the original 8 hr culture was used to seed a 100
ml overnight culture incubated at 37°C with shaking (see section 2.3.9.2). Cultures
were centrifuged at 6000 rpm for 15 mins at 4°C and the pellet was used to purify the
plasmid using the QIAGEN Midi/Maxi kit (see section 2.3.9.2).

2.4.3 Ethanol precipitation of DNA

Following midipreps (see section 2.3.9.2), the plasmid DNA concentration of both
mLRRK1-pUAST attB and cinnabar-pUAST attB was determined using a NanoDrop
ND-1000 spectrophotometer (Thermo Scientific, DE, USA). For microinjections into
Drosophila embryos, a plasmid concentration of 0.4 pg/ul is required. To achieve this
concentration, pUAST attB constructs were precipitated with a 1/10t volume of
NaOAc + 3 volumes 100% ice cold EtOH (calculated after addition of NaOAc), and
incubated at -20°C overnight. Precipitated DNA was pelleted by centrifugation at
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13000g for 30 mins at 4°C in a bench-top microcentrifuge. The supernatant was
decanted and the pellet was washed with 1 ml 70% EtOH followed by centrifugation
at 13000g for 10 mins. The supernatant was decanted and the pellet was air dried for
~5-10 mins. Pellets were re-suspended in the appropriate volume of sterile nuclease-
free H20. The concentration of the precipitated plasmid DNA was determined using a

NanoDrop ND-1000 spectrophotometer (Thermo Scientific, DE, USA).

2.4.4 Microinjection of Drosophila embryos

For microinjections, the mLRRK1-pUAST attB and cinnabar-pUAST attB constructs
were sent to the University of Cambridge, Department of Genetics, Fly Facility. The
phiC31 integrase system was utilised for microinjections. The phiC31 integrase is a
sequence-specific recombinase that is encoded within the genome of the phiC31
bacteriophage. The phiC31 integrase mediates recombination between two 34 bp
sequences known as attachment sites (att), one found within the donor plasmid
(attB) and the other found within the target genome (attP). In the presence of phiC31
integrase an attB- containing donor plasmid can be unidirectionally integrated into
the target genome through recombination with the attP site. The phiC31 fly stock
used for microinjections during this investigation was the Bloomington stock 24482,
(genotype: y[1] M{vas-int.Dm}ZH-2A w*; M{3xP3-RFP.attP’}ZH-51C) which has an
attP site on the 2m chromosome (51C), marked with RFP to make it easier to identify
those stocks in which plasmid integration was successful. Successful lines were
balanced over a 2m chromosomal balancer and the integrase was removed before

being sent back from Cambridge.

2.5 Western blotting

Western blotting was used to assess the levels of total Akt and phosphorylated Akt in
flies expressing WT hLRRKZ2, hLRRKZ2-G2019S and control flies. The method used for
western blotting was adapted from Abcam (2016).

2.5.1 Protein extraction

Protein was extracted from whole adult fly heads as previously described (Emery,

2007). Flies were collected in 15 ml falcon tubes and were snap frozen on dry ice. The
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15 ml falcon tubes were placed into 50 ml falcon tubes containing a small amount of
dry ice and vortexed 2-3 times to remove the heads from the bodies. 30 heads per
genotype were collected and transferred to 1.5 ml Eppendorf tubes on dry ice. Fly
heads were stored at -80°C until all genotypes had been collected. To extract protein,
one complete mini protease inhibitor cocktail tablet (cOmplete tablet, Mini EDTA-
free, EASYpack; Roche) was dissolved in 7 ml RIPA buffer (150 mM NacCl, 1.0%
IGEPAL® CA-630, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0; Sigma,
UK) and 2X Halt™ phosphatase inhibitor cocktail (Thermo Fisher Scientific Pierce,
UK) was added. 30 pl of this protease/phosphatase inhibitor cocktail was added to
tubes of 30 fly heads placed on ice. Heads were homogenised using a sterile plastic
pestle before being centrifuged at 13000g for 15 mins at 4°C. The supernatant was
removed and the protein concentration was quantified using the Bradford assay (see

Section 2.5.2).

2.5.2 Quantification of protein concentration: Bradford assay

Binding of protein to the Coomassie dye in the Bradford reagent leads to a colour shift
from red/brown to blue. The absorbance of the reagent-protein complex can be
recorded at 595 nm. Bovine serum albumin (BSA) standards (0, 25, 125, 250, 500,
750 and 1000 pg/ml) were prepared and 10 pl of each standard was loaded in
duplicate into a 96-well plate. Protein samples were diluted 2 pl in 23 ul dH20
(1:12.5). 10 pl of diluted protein sample were loaded into the 96-well plate in paired
duplicates. 200 pl of Coomassie Plus reagent (Thermo Fisher Scientific Pierce, UK),
warmed to room temperature (RT), was added to both the standards and the protein
samples. The absorbance was then recorded on a Multiskan Ascent 96/384 plate
reader (Thermo Scientific, UK). A BSA standard curve was produced through
measuring the absorbance of the known concentrations of BSA. The protein

concentrations of the unknown samples were calculated using this standard curve.

2.5.3 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis
(SDS-PAGE)

Known amounts of protein sample were mixed in a 3:1 ratio with sample buffer (100

ul B-mercaptoethanol in 900 pl 4x laemmli buffer) before heating to 85°C for 5 mins.
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Protein samples and a protein ladder (6 pl Color Prestained Protein Standard, Broad
Range [11-245 kDa]; NEB, UK) were loaded into a 10% Mini-PROTEAN® TGX™ pre-
cast gel (BIO-RAD, UK) placed in a tank containing running buffer (25 mM Tris, 192
mM glycine, 0.1% SDS). Protein samples were separated through running the gel at

100 V on ice for ~1.5 hrs.

2.5.4 Protein transfer to a PVDF membrane

Following SDS-PAGE, a Mini-Trans-Blot® Cell was used to transfer the proteins from
the gel to a PVDF membrane (Amersham Hybond 0.45 pm PVDF; GE Healthcare, UK).
Foam pads, 4 pieces of Whatman® gel blot paper (0.8 mm thick; Thermo Fisher
Scientific Pierce, UK) and the SDS-PAGE gel were soaked in transfer buffer (25 mM
Tris, 192 mM glycine, 20% [v/v] methanol, 0.1% [w/v] SDS). PVDF membrane was
cut to the same size as the gel then activated in 100% methanol for 30-60 secs
followed by a quick dip into the transfer buffer. One of the soaked foam pads was
placed onto the negative (black) side of a Mini Gel Holder Cassette followed by 2
pieces of soaked Whatman® gel blot paper, the gel, the activated PVDF membrane,
the remaining two pieces of Whatman® gel blot paper and the remaining foam pad,
ensuring no bubbles were trapped between the layers. The cassette was then placed
into the tank along with the transfer buffer and a Bio-Ice Cooling unit that had been
stored at -80°C. Proteins were transferred to the PVDF membrane by applying 100 V
for 1 hr at 4°C.

2.5.5 Probing of PVDF membrane

Following the transfer of proteins to the PVDF membrane, the membrane was
blocked for 1 hr in 5% (w/v) BSA or 3% (w/v) Marvel milk in TBS-T (Tris buffered
saline [10 mM Tris, pH 7.6, 150 mM NacCl] supplemented with 0.1% [v/v] Tween™:-
20). This was followed by primary antibody incubation in either 5% (w/v) BSA or 3%
(w/v) Marvel milk in TBS-T overnight at 4°C. Membranes were subsequently washed
(5 x 3 min) in TBS-T. The appropriate species of secondary antibody (conjugated to
HRP) was added in either 5% (w/v) BSA or 3% (w/v) Marvel milk in TBS-T for 1 hr
at RT. Excess secondary antibody was removed via washing membranes (5 x 3 min)

in TBS-T. All washes and antibody incubations were performed on a rocking platform.
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Membranes were incubated in ECL reagent (GE Healthcare, UK) for 1 min. CL-
XPosure™ x-ray film (Thermo Fisher Scientific Pierce, UK) was placed on the blot for
5 sec (a-myosin) or 20 sec (a-Akt or a-phospho-Akt). Exposed film was developed in
Carestream® Kodak® autoradiography GBX Developer/Replenisher (Sigma, UK) for
1 min, rinsed in H20 for 30 secs, then fixed in Carestream® Kodak® autoradiography
GBX Fixer/Replenisher (Sigma, UK) for 1 min. Antibody concentrations can be found
in (Table 2.3).
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Table 2.3 Antibody Species, Source and Dilutions used for Western Blotting

Antibody Species Source Dilution
a-Akt (pan) Rabbit monoclonal Cell Signaling 1/1000
(C67E7) Technology
a-Phospho-Akt Rabbit monoclonal Cell Signaling 1/1000
(Ser473) (D9E) XP® Technology
a-Myosin (MAC147) Rat monoclonal Abcam 1/50000
a-Rabbit IgG HRP- Goat Cell Signaling 1/1000
linked Technology
a-Rat IgG HRP- Goat Cell Signaling 1/1000
linked Technology

2.6 Measurement of mitochondrial complex activity

2.6.1 Isolation of mitochondria

Mitochondria-enriched fragments were prepared from the heads of adult female flies
(7 DPE) with the indicated genotype, that had been kept in a 29°C flashing light
incubator on food containing drug or no drug, as previously described in Pogson et
al. (2014). A total of 30 fly heads were used for each genotype/drug combination. Fly
heads were removed from bodies by snap freezing flies on dry ice followed by
vortexing at high speed. The separated fly heads were collected in 1.5 ml Eppendorf
tubes and stored at -80°C. Fly heads were gently crushed in 200 pl chilled isolation
buffer (250 mM sucrose, 10 mM Tris-HCl pH 7.4, 0.15 mM MgCl2) using a sterile
plastic pestle. Homogenised samples were centrifuged twice at 500xg for 5 min at 4°C
to remove debris, the supernatant was transferred to a fresh tube between each cycle.
The supernatant was centrifuged at 5000xg for 5 min at 4°C. The resulting pellet
containing mitochondrial-enriched fragments was re-suspended in 20 pl isolation
buffer and stored at -80°C. The protein concentration of each sample was quantified

using the Bradford assay (see section 2.5.2).
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2.6.2 Preparation of samples for recording mitochondrial complex

activity

The same sample was used for all mitochondrial complex assays (Complex I, II, III, IV
and the citrate synthase assay), and three repeats of each genotype/drug treatment
sample was used per assay. 250 pl assay buffer (25 mM KH2PO4, 5 mM MgClz, pH 7.2)
was added to each sample followed by three cycles of rapid freeze-thawing in liquid
nitrogen. Samples were briefly vortexed to ensure an even distribution of
mitochondrial-enriched fragments. Diluted samples were used on the day that they
were defrosted. The methods used for recording the activity of complexes I-IV and
the citrate synthase assay (described in detail below) have been previously published

by Birch-Machin et al. (1994) and Pogson et al. (2014).

2.6.3 Complex I activity

Complex I activity was determined by following the oxidation of NADH at 340 nm
with a reference wavelength of 425 nm (¢ = 6.22 mM-! cm1) at 30°C using a BMG
Labtech FLUOStar plate reader. The complex I assay buffer contained 3 mM KCN, 2.5
mg/ml BSA, 50 uM ubiquinone, and 2 pg/ml antimycin A that were added fresh daily
to the stock assay buffer (25 mM KH2PO4, 5 mM MgClz, pH 7.2). 190 pl complete assay
buffer minus X pl mitochondrial extract was added per well of a 96-well plate. For
each sample, O pl, 5 pl, 7.5 pl, 10 pl and 12.5 pl of mitochondrial extract were used;
these volumes were added to the appropriate volume of complete assay buffer. The
baseline was recorded for 10 cycles before the reaction was started with addition of
250 pM NADH and recorded for a further 80 cycles. To inhibit the reaction, 3 pg/ml
rotenone was added and measured for 10-15 cycles. The results are expressed as

umol NADH oxidised/min/citrate synthase activity.

2.6.4 Complex II activity

Complex Il activity was measured by following the reduction of DCPIP at 600 nm (& =
19.2 mM-1 cm1) at 30°C using a BMG Labtech FLUOStar plate reader. The electron
acceptor ubiquinone is linked to the dye DCPIP to increase the sensitivity of the assay.

The complex Il assay buffer contained 3 mM KCN and 20 mM succinate added fresh
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daily to the stock assay buffer (25 mM KH2PO4, 5 mM MgClz, pH 7.2). 195 pl complete
assay buffer minus X pl mitochondrial extract was added per well of a 96-well plate.
For each sample, O pl, 5 pl, 7.5 pl, 10 pl and 12.5 pl of mitochondrial extract were used;
these volumes were added to the appropriate volume of complete assay buffer. After
a 10 min incubation at RT, 50 pM DCPIP, 2 pg/ml antimycin A, and 3 ug/ml rotenone
were added to each used well. After a 2 min incubation at RT, the baseline was
recorded for 10 cycles. The reaction was started with the addition of 50 pM
ubiquinone and recorded for a further 80 cycles. The results are expressed as pmol

DCPIP reduced/min/citrate synthase activity.

2.6.5 Complex III activity

Complex III activity was measured by following the reduction of cytochrome c at 550
nm with a reference wavelength of 580 nm in a BMG Labtech FLUOStar plate reader
at 30°C. A 1 mM stock of ubiquinol was made from adding EtOH, acidified with pH 2.0
6 M HCI, to ubiquinone followed by the addition of excess sodium borohydride. This
was left overnight on ice then centrifuged for 10 min at 2000g at 4°C. The complex III
assay buffer contained 2.5 mg/ml BSA, 2 mM KCN, 15 uM cytochrome c, 2 pg/ml
rotenone and 0.6 mM n-Dodecyl 3-D-maltoside added fresh daily to the stock assay
buffer (25 mM KH2PO0a4, 5 mM MgClz, pH 7.2). 193 pl complete assay buffer minus X pl
mitochondrial extract was added per well of a 96-well plate and a baseline was
recorded for 10 cycles. 35 pM ubiquinol was added to each well and the non-
enzymatic reaction was recorded for 10 cycles. For each sample, 0 pl, 10 pl, 15 pl, 20
ul and 30 pl of mitochondrial extract were used; these volumes were added to the
appropriate volume of complete assay buffer containing ubiquinol and the reaction
was recorded for a further 80 cycles. To fully reduce the cytochrome c, a few grains
of ascorbate was added to each well and the reaction recorded for a further 10-15
cycles. The rates were calculated as a first order constant and the results are

expressed as K/min/citrate synthase activity.

2.6.6 Complex IV activity

Complex IV activity was measured by following the oxidation of reduced cytochrome

cat 550 nm, with a reference wavelength of 580 nm in a BMG Labtech FLUOStar plate
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reader at 30°C. A 15 mM stock of cytochrome ¢ was made in assay buffer (20 mM
KH2POs4, pH 7.2) followed by the addition of excess ascorbate. 50 ml assay buffer was
run through a 25G sephadex column before the 15 mM cytochrome c stock was added
to the column. The fractions of reduced cytochrome c were collected dependent on
colour (darker red fractions were preferable) and stored at -80°C. The absorbance of
reduced cytochrome c fractions was measured at 550 nm and 565 nm to check for
full reduction, and the stock concentration was calculated using the extinction co-
efficient 27.7 mM-1 cm-1. The complex IV assay buffer contained 150 pg/ml n-Dodecyl
B-D-maltoside added fresh daily to the stock assay buffer. 197.5 pl complete assay
buffer minus X pl mitochondrial extract was added to each well of a 96-well plate. For
each sample, O pl, 12.5 pl, 15 pl, 17.5 pl and 20 pl of mitochondrial extract were used;
these volumes were added to the appropriate volume of complete assay buffer and
the baseline was recorded for 10 cycles. Dependent upon the earlier calculation, the
appropriate volume of cytochrome c was added to each well and the reaction was
recorded for 80 cycles. To fully oxidise the cytochrome c, a few grains of potassium
fericyanide was added to each well and the reaction was recorded for 10-15 cycles.
The rates were calculated as a first order constant and the results are expressed as

K/min/citrate synthase activity.

2.6.7 Citrate synthase assay

Citrate synthase is an enzyme that is unique to mitochondria. Therefore, measuring
the citrate synthase activity gives an estimate of the mitochondrial content of a
sample. The assay follows the production of 5 thio-2-nitrobenzoate at 30°C using a
BMG Labtech FLUOStar plate reader. The citrate synthase assay buffer contains 50
uM acetyl coenzyme A, 0.1 mM DTNB and 0.1% Triton X-100 added fresh daily to 100
mM Tris HCl (pH 8.0). 197.5 pl complete assay buffer minus X pl mitochondrial
extract was added per well of a 96-well plate. For each sample, O pl, 5 pl, 7.5 ul, 10 pl
and 12.5 pl of mitochondrial extract were used; these volumes were added to the
appropriate volume of complete assay buffer and the baseline was recorded for 10
cycles. The reaction was started by the addition of 0.5 mM oxaloacetic acid and

recorded for 80 cycles.

88



2.7 Statistical analysis

All statistical analyses were carried out in IBM SPSS Statistics v22. Student’s t-test
was performed to test for statistical significance between two groups; univariate
ANOVA followed by a Bonferroni post-hoc test was performed to test for statistical
significance between multiple groups; and univariate ANOVA followed by a post-hoc
Dunnett’s comparison was performed when comparing genotypes to a WT control.
Although the visual neurons are all linked in the same neural network, the responses
from the photoreceptors, lamina and medulla were treated as independent events,
with separate univariate ANOVAs as previously described in Afsari et al. (2014),
rather than a multivariate approach. This decision was based on the idea that the
visual network would use feedback to regulate signalling in each layer of the network
(Zheng et al., 2006, Tuthill et al., 2014, Hu et al,, 2015). Statistical significance was
defined as p<0.05 throughout.
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3 Transcellular Signalling is Key to
LRRKSs in vivo Role

3.1 Introduction

3.1.1 Drosophila LRRK

Drosophila has a single orthologue (CG5483) of the hNLRRKZ and hLRRK1 genes known
as Drosophila LRRK (dLRRK; Figure 3.1). dLRRK is composed of ~2400 amino acids
and shares 24% identity and 38% similarity at the amino acid level with hLRRK2
(Wang et al., 2008, Langston et al., 2016). dLRRK contains ankyrin repeats, several
leucine-rich repeats, a kinase domain and a GTPase domain, but it does not have a
WD40 domain (Wang et al, 2008). Interestingly, hLRRK1 also lacks the WD40
domain making the overall domain structure of dLRRK more similar to the smaller
hLRRK1 protein (1981 amino acids) than to the larger hLRRK2 (2527 amino acids).
The GTPase domain of dLRRK shows 33% and 30% identity to the GTPase domain of
hLRRK2 and hLRRK1, respectively, and the dLRRK kinase domain shows 36% and
38% identity to the respective kinase domains of hLRRK2 and hLRRK1 (Langston et
al.,, 2016).

There are broad similarities between dLRRK and hLRRKZ. For example, like hLRRKZ,
dLRRK is also ubiquitously expressed and the dLRRK protein has been shown to
associate with membranous structures including exosomes, lysosomes, synaptic
vesicles and mitochondria (Imai et al.,, 2008, Lee et al.,, 2010b, Dodson et al., 2012, Lee
et al,, 2012b, Lin et al., 2015). In addition, the critical residues that are mutated in
LRRK2-linked PD are conserved between flies and humans (Imai et al., 2008). There
also appears to be at least partial conservation of function between dLRRK and
hLRRK?Z; both are active kinases capable of autophosphorylation (Imai et al., 2008,
Greggio et al, 2009, Kamikawaji et al., 2009, Gloeckner et al., 2010); both are
suggested to interact with multiple Rab proteins (Shin et al., 2008, Dodson et al.,
2012, MacLeod et al,, 2013, Dodson et al., 2014, Yun et al,, 2015, Steger et al., 2016)
and to associate with Argonaute-1 of the RNA-induced silencing complex (Gehrke et

al,, 2010); and there is evidence to suggest that they can both phosphorylate some of
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the same substrates (Lee et al., 2010b, Matta et al., 2012, Martin et al., 2014, Arranz
et al., 2015). Furthermore, dLRRK knockdown and hLRRKZ overexpression show
reciprocal effects (Matta et al., 2012, Martin et al., 2014), whilst overexpression of
dLRRK or overexpression of hLRRKZ2 have the same effect (Lin et al., 2010). Several
studies using flies have also shown that transgenic expression of either mutant
dLRRK or mutant hLRRKZ in the DA neurons results in the loss of DA neurons (Imai
et al,, 2008, Liu et al,, 2008, Gehrke et al., 2010, Lin et al.,, 2010). However, other
studies have failed to recapitulate the reduction in the number of DA neurons with

expression of mutant hLRRKZ2 (Ng et al., 2009, Hindle et al., 2013).

hLRRK2 ‘ ARM MNKH LRR ROC WD40

983 1291 1334

1507 1884 2135 2142 2498
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|
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241 641 635

29|%
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25/23% 33/30% 36/38%
1

dLRRK -ANKH LRR

547 939 993 12111801 2095
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Figure 3.1 Schematic diagrams of human LRRK2, the homologous human LRRK1 and
the single Drosophila orthologue dLRRK

The labelled boxes indicate the predicted domains of each LRRK protein. Percentage
identities based on Clustal 2.1 multiple sequence alignment are given for the LRR, ROC-COR
and kinase domains. These percentages are written above the appropriate domain. For
hLRRK1, percentages are given relative to hLRRKZ; for dLRRK percentages are given relative
to hLRRKZ (left) and hLRRK1 (right). Adapted with permission from (Langston et al., 2016).
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Several studies have attempted to study the role of dLRRK using flies in which the
expression of dLRRK has been ablated, however opposing results have been found
from different laboratories. Imai et al. (2008) and Wang et al. (2008) suggested that
dLRRK is not required for the survival and maintenance of DA neurons because they
found that loss of dLRRK function did not lead to changes in the number or patterns
of the DA neurons. In one of these studies, although the overall DA neuron number
was unchanged, the dopamine content was increased in the brains of dLRRK"LOF flies
compared with WTs (Imai et al., 2008). As this could not be attributed to changes in
DA neuron number, it was thought that alterations in dopamine transmission, storage
or metabolism were the cause. Controversially, Lee et al. (2007) found that loss of
dLRRK function caused a severe reduction in TH staining and a shrunken morphology
of the DA neurons, as well as impaired locomotor activity, suggesting DA neuron

degeneration.

Inconsistent results have also been found when exposing dLRRK™ LOF mutants to
oxidative stress agents with some mutants being sensitive to hydrogen peroxide but
not to rotenone, paraquat or 3-mecaptoethanol whilst others were significantly more
resistant to hydrogen peroxide (Imai et al., 2008, Wang et al., 2008). Biochemical and
genetic analyses have provided evidence to suggest that dLRRK phosphorylates the
eukaryotic initiation factor 4E-binding protein (4E-BP), a negative regulator of
protein translation and a key mediator in survival responses to cellular stress.
Therefore, it is possible that dLRRK modulates the survival of DA neurons through
regulating protein synthesis, whereas pathogenic forms of dLRRK or hLRRK2 lead to
a deregulation or mis-regulation of cell survival pathways (Imai et al., 2008, Dawson

etal., 2010).

Contrasting results have also been found when studying synaptic transmission in
dLRRK LOF mutants; Lee et al. (2010b) found that dLRRK" LOF flies have a significant
depletion in EJP amplitudes causing deficits in synaptic transmission, whereas Matta
et al. (2012) found no difference in the EJP amplitude between dLRRK™ LOF mutants
and WT flies. This discrepancy may be attributed to the fact that different dLRRK™ LOF
mutant alleles were utilised by the two different groups (West et al., 2015b).
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In light of these discrepancies, the role of dLRRK needs to be further clarified. The
visual system of Drosophila provides an excellent representative model of the human
visual system as previously discussed in Chapter 1. Furthermore, the anatomy of the
fly eye makes it relatively easy to record the ERG. Thus, in this study we have utilised
the ERG as a rapid assay to study the role of dLRRK within the fly visual system whilst

taking advantage of the powerful genetic toolbox of Drosophila.

3.2 Aims

1. Examine the role of dLRRK in the visual response through recording the ERG
of flies with the LOF of dLRRK.

2. Determine where dLRRK expression is required for normal visual function.

3. Establish if dLRRK orthologues can substitute as effectively as dLRRK in the

visual response.

3.3 Results

3.3.1 Loss of dLRRK causes an age-related, progressive loss of

synaptic signalling from the photoreceptors to the lamina

In order to determine if dLRRK plays a key role within the visual system, the ERG was
utilised to record the visual response of flies in which the expression of dLRRK had
been lost. As previously discussed in Chapter 1, ERGs measure the extracellular
potential that is generated by the summed neuronal activity from the photoreceptors
and the underlying second-order lamina neurons in response to pulses of light.
Drosophila ERGs were recorded through placing a glass capillary electrode, filled with
a simple saline solution, on the surface of one eye and a second reference electrode
against the mouthparts (see Chapter 2, Figure 2.1). The potential difference between
the two electrodes was recorded in response to 3-5 pulses of light. The R1-R6
photoreceptors show a maximum response to blue light (Harris et al., 1976), thus a

blue LED was used to deliver the light pulses.

Two different dLRRK™ LOF fly lines were tested. The first fly line, dLRRKe93680 (referred
to as dLRRK /dLRRK throughout this thesis), is a kinase-null mutant of dLRRK due to

a piggyBac-element insertion in the intron between exon five and six (Wang et al.,
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2008). This fly line has a truncated form of the dLRRK protein consisting of ANK, LRR
and Rac domains. Homozygous dLRRKe%3680 mutant flies are viable, fertile and do not
develop with any obvious external abnormalities. They also show a similar, albeit
slightly reduced, lifespan to their WT counterparts. The second dLRRK™ LOF fly line
was the dLRRK¢*! line (Lee etal., 2007). This fly line was generated through imprecise
excision of an EP-element in a separate transgenic insertion stock known as
dLRRKG7459, This imprecise excision results in a 464 bp deletion that includes the stop
codon of the dLRRK coding sequence, which gives rise to the dLRRK**! LOF line.
Homozygous dLRRKe*I mutants show an age-related reduction in fertility, fecundity
and impaired locomotive activity (Lee etal., 2007). For these reasons and to eliminate
possible second-site mutations, the dLRRK®! mutant was not used as a homozygous
line but was crossed to the dLRRK¢93680 line to generate a dLRRK  LOF
transheterozygote line (referred to as dLRRK®!/dLRRK throughout this thesis). The
Canton-S (CS) fly line was outcrossed to a second WT line, w!li8, to generate the
CS/w1118 ]ine that was used as the WT control for these experiments. Outcrossing
these two WT lines to each other ensured that possible second-site mutations due to
inbreeding were eliminated. CS and w!!18 flies were also outcrossed to dLRRK¢03680
flies to generate two heterozygote dLRRK™ LOF lines referred to as CS/dLRRK™ and
wll18/dLRRK’, respectively. All of these flies were raised on standard yeast-sucrose-

agar media and aged at 29°C.

To determine if there is an age-dependent deterioration in the visual response of
mutant or control flies, ERGs were recorded from adult flies at 3, 7, 14 and 21 days
post eclosion (DPE). The degree of pigmentation of the eye is known to affect the size
of the ERG due to the absorbance of light by the pigment (Stark, 1973). Due to the
variation in eye colour between the genotypes used here (red for CS/w!18 and
CS/dLRRK"; orange for dLRRK /dLRRK; light orange for dLRRKe!/dLRRK and
w18 /dLRRK"), the average peak-to-peak responses (see Chapter 2 Figure 2.1) for
each time-point were plotted as a percentage of the 3 DPE responses for each
genotype (Figure 3.2). The peak-to-peak responses of WT (CS/w!118) and
heterozygote (CS/dLRRK and w!118/dLRRK") flies showed a reduction of between 5-
8% from 3 to 21 DPE, and there were no significant differences in the responses from

these genotypes at any age. However, dLRRK LOF flies (dLRRK /dLRRK and
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dLRRK**1 /dLRRK") showed a 24% and 20% reduction in their peak-to-peak responses
from 3 to 14 DPE, and a 44% and 37% reduction from 3 to 21 DPE, respectively. At
14 DPE, the responses of dLRRK"/dLRRK" flies were significantly lower than the WT
responses (p<0.05), and at 21 DPE the responses of both dLRRK /dLRRK and
dLRRKe1 /dLRRK" flies were significantly lower than WTs (both p<0.001). This
suggests that dLRRK" LOF flies have a progressive, age-dependent deterioration in

their visual response.
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Figure 3.2 dLRRK" LOF flies show an age-related, progressive deterioration in their

visual response

The 3, 7, 14 and 21 DPE ERG peak-to-peak responses as a percentage of the 3 DPE value
recorded from WTs (CS/w!118), dLRRK heterozygotes (CS/dLRRK  and w?118/dLRRK"), and
dLRRK LOF mutants (dLRRK"/dLRRK and dLRRK*1/dLRRK"). The peak-to-peak responses of
WT and dLRRK heterozygote flies were maintained from 3 to 21 DPE, showing only a 5-8%
decrease in amplitude. The dLRRK™ LOF mutants showed an age-dependent, progressive loss
of their visual response with the peak-to-peak responses decreasing by 24%
(dLRRK/dLRRK") and 20% (dLRRKe!/dLRRK") from 3 to 14 DPE, and a further 20%
(dLRRK/dLRRK") and 17% (dLRRK*!/dLRRK") decrease from 14 to 21 DPE. At 14 DPE, the
peak-to-peak responses were significantly lower in dLRRK /dLRRK flies compared with WTs
(ANOVA with post-hoc Dunnett’'s comparison to WT control, *p<0.05). At 21 DPE, both
dLRRK /dLRRK™ and dLRRKe!/dLRRK flies had significantly reduced responses compared
with WTs (ANOVA with post-hoc Dunnett’s comparison to WT control, both ***p<0.001). The
responses of dLRRK heterozygotes did not differ significantly from WT controls at any age.

nz15 for each genotype/age combination. Data presented are mean + SEM bars.
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As previously discussed in Chapter 1, individual components of the ERG trace
represent output of certain components of the phototransduction cascade in the
visual system. Therefore, valuable information can be gained through studying the
individual components of the ERG trace and the integrity of synaptic transmission
between the photoreceptors and the underlying lamina can be determined. Figure
3.3 shows representative ERG traces from each genotype at 3, 14 and 21 DPE. The
traces are set to the same scale to aid comparison between genotypes. The difference
in size of the ERG traces between genotypes reflects the difference in eye colour;
w18 /dLRRK" flies have the lightest coloured eyes and show the biggest ERG
responses and CS/dLRRK flies have the darkest coloured eyes and show the smallest
ERG responses. The genotypes with lighter coloured eyes (w!18/dLRRK’,
dLRRK /dLRRK and dLRRKe!/dLRRK") also show the characteristic negative voltage
deflection that immediately follows the on-transient, which has been suggested to be
caused by an increased initial photoreceptor response in the absence of dark
screening pigment (Vilinsky and Johnson, 2012). At 3, 14 and 21 DPE, all components
of the ERG (on-transient, off-transient and photoreceptor response) were maintained
in the control and heterozygote genotypes. Although all components of the ERG were
evident in 3 DPE dLRRK™ LOF flies, by 14 DPE the off-transient component was
severely reduced and by 21 DPE it was almost completely absent. A deterioration of
the photoreceptor response and on-transient also became evident by 21 DPE in these
flies. The off-transient component reflects the depolarisation of the lamina in
response to the release of histamine from the photoreceptors following light-onset.
The initial loss of this component by 14 DPE suggests that dLRRK™ LOF flies have an
age-related loss of synaptic transmission from the photoreceptors, which further

deteriorates by 21 DPE.
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Figure 3.3 dLRRK LOF flies show an age-related, progressive loss of synaptic signalling

from the photoreceptors to the underlying lamina

Representative ERG traces from 3 (left), 14 (middle) and 21 (right) DPE WT (CS/w?118; dark
blue), dLRRK heterozygote (CS/dLRRK and w1118/dLRRK"; shades of blue), and dLRRK" LOF
flies (dALRRK /dLRRK and dLRRKe!/dLRRK"; shades of red). ERGs are recorded in response
to 0.5 second blue light pulses. The blue lines drawn below the bottom ERG traces represent
the duration of the light pulse. The on-transient, photoreceptor response and off-transient
components were maintained in the WT and dLRRK™ heterozygote flies at all ages. The off-
transient component of the dLRRK™LOF flies was severely reduced by 14 DPE and was almost
completely absent by 21 DPE (indicated by the black crosses). The on-transient and
photoreceptor responses were also reduced in the dLRRK™ LOF flies at 21 DPE. Scale bars for
time (seconds) and potential (mV) are shown. Each trace is the average of the fly’s response

to at least three flashes of light.
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Each component of the ERG was quantified separately for each genotype using DASY
View software and the average values were plotted for 3, 14 and 21 DPE (Figure 3.4A-
D, white bars, grey bars, and coloured bars, respectively). As indicated by the example
ERG traces, there were no significant differences between any of the individual ERG
components from 3 to 21 DPE for CS/w?118 and CS/dLRRK flies. However, the ERG
off-transient recorded from wl118/dLRRK flies showed a 26% decrease in the size
from 3 to 21 DPE, which was found to be significant (p<0.01); the on-transient and
photoreceptor components were maintained with age in these flies. The peak-to-
peak responses of both dLRRK™LOF lines were significantly reduced from 3 to 14 DPE
(ALRRK'/dLRRK™: 24% decrease [p<0.01]; dLRRKe!/dLRRK-: 20% decrease
[p<0.001]),3 to 21 DPE (dLRRK /dLRRK™: 44% decrease [p<0.001]; dLRRK®*? /dLRRK":
37% decrease [p<0.001]), and 14 to 21 DPE (dLRRK /dLRRK": 26% decrease
[p<0.05]; dLRRK®*1 /dLRRK" 21% decrease [p<0.05]). At 14 DPE, the decrease in the
ERG amplitude recorded from the dLRRK™ LOF fly lines was due to a significant
reduction in the off-transient component (dLRRK"/dLRRK™: 56% decrease [p<0.001];
dLRRK*1/dLRRK 45% decrease [p<0.001]), as all other components were
maintained at this time-point. By 21 DPE, both dLRRK™ LOF fly lines also showed
significant reductions in the on-transient (both ~30% decrease [p<0.01]) and
photoreceptor responses (both ~30% decrease [p<0.001]), and the off-transient
component had reduced even further (dLRRK/dLRRK™ 70% decrease [p<0.001];
dLRRKe1 /dLRRK": 62% decrease [p<0.001]). The off-transient component showed a
greater reduction in size from 3 to 21 DPE in the dLRRK" LOF flies compared to the
wll18 /dLRRK flies (62-70% vs 26%, respectively). As previously mentioned, the loss
of the off-transient component indicates that these flies have a deficit in synaptic

transmission from the photoreceptors to the underlying lamina.
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Figure 3.4 Quantification of the individual ERG components showing the progressive

deterioration in visual function of dLRRK™ LOF flies

ERG peak-to-peak responses (A), on-transient (B), off-transient (C) and photoreceptor
responses (D) were quantified for WT (CS/w?118), dLRRK™ heterozygote (CS/dLRRK" and
wi118 /dLRRK"), and dLRRK™ LOF flies (dLRRK /dLRRK and dLRRKe!/dLRRK") at 3 (white
bars), 14 (grey bars) and 21 (coloured bars) DPE. (A-D) All ERG components were
significantly reduced by 21 DPE in dLRRK LOF flies. The off-transient was the first
component to be lost, showing a significant reduction by 14 DPE, which was followed by the
loss of the on-transient and photoreceptor responses at 21 DPE. The off-transient component
of w1118 /dLLRRK" flies was also significantly reduced by 21 DPE. Apart from the off-transient
of wii18/dLRRK  flies, all ERG components were maintained from 3 to 21 DPE for WT and
dLRRK™ heterozygotes. All statistics are ANOVA with post-hoc Bonferroni correction:
**4p<0.001, **p<0.01, *p<0.05, NS, no significant difference, p>0.05. Data presented are mean

+ SEM bars; n numbers are displayed above the bars.
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3.3.2 Reduced gene expression of dLRRK leads to a loss of synaptic

signalling from the photoreceptors

To confirm that the age-related deterioration of visual function was due to the loss of
dLRRK activity, dLRRK-RNAi was utilised to generate flies with reduced gene
expression of dLRRK. The UAS/GAL4 system was used to drive expression of dLRRK-
RNAI either ubiquitously with Actin-GAL4 or pan-neuronally with elav-GAL4 (these
flies are referred to as Actin-GAL4>UAS-dLRRK-RNAi and elav-GAL4>UAS-dLRRK-
RNAj, respectively). As before, these flies were raised on standard yeast-sucrose-agar

media and aged at 29°C before ERGs were recorded at 3 and 21 DPE.

Figure 3.5 shows representative ERG traces from flies expressing dLRRK-RNAi at each
time-point, as well as representative traces previously recorded from WT and dLRRK~
LOF flies for comparison. These ERG traces show that when dLRRK-RNAi was
expressed either ubiquitously or pan-neuronally there was a severe reduction in the
size of the ERG off-transient and overall ERG amplitude from 3 to 21 DPE. However,
the 21 DPE off-transient recorded form the dLRRK-RNAI fly lines was observed to be
larger than the off-transient recorded from the dLRRK™ LOF flies, suggesting that
dLRRK-RNAi was not being driven hard enough to generate a complete loss of dLRRK

function.
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Figure 3.5 Flies with ubiquitous or pan-neuronal expression of dLRRK-RNAi show an

age-related loss of synaptic signalling

Representative ERG traces from 3 (left) and 21 (right) DPE WT flies (CS/w?118; dark blue),
dLRRK™ LOF mutants (dLRRK /dLRRK and dLRRK*:!/dLRRK"; shades of red), and flies with
ubiquitous or pan-neuronal expression of dLRRK-RNAIi (Actin-GAL4>UAS-dLRRK-RNAi and
elav-GAL4>UAS-dLRRK-RNAI, respectively; shades of dark red). ERGs are recorded in
response to 0.5 second blue light pulses. The blue line drawn below the bottom ERG traces
represents the duration of the light pulse. As previously shown in Figure 3.3 and Figure 3.4,
all components of the WT ERG were maintained, whereas all components of the dLRRK™ LOF
ERG were reduced by 21 DPE. All ERG components recorded from Actin-GAL4>UAS-dLRRK-
RNAi and elav-GAL4>UAS-dLRRK-RNAI flies were reduced by 21 DPE, but to a lesser extent
than those recorded from dLRRK™ LOF mutants. Scale bars for time (seconds) and potential
(mV) are shown. Each trace is the average of the fly’s response to at least three flashes of

light. The black crosses indicate the absence of the off-transient component.
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Again, each component of the ERG was quantified separately and the average values
plotted for 3 and 21 DPE (Figure 3.6A-D). The ubiquitous expression of dLRRK-RNAi
caused a significant reduction in each component of the ERG from 3 to 21 DPE,
similarly to that observed in the dLRRK™ LOF mutant flies (peak-to-peak: 38%
decrease [p<0.001]; on-transient: 30% decrease [p<0.05]; off-transient: 54%
decrease [p<0.001]; photoreceptor response: 25% decrease [p<0.01]). The pan-
neuronal expression of dLRRK-RNAi caused a significant reduction in the overall
peak-to-peak response (35% decrease [p<0.001]) the off-transient (36% decrease
[p<0.001]) and the photoreceptor response (33% decrease [p<0.001]), but not in the
on-transient. There were no significant differences between any of the ERG
components recorded at 21 DPE from Actin-GAL4>UAS-dLRRK-RNAI flies and elav-
GAL4>UAS-dLRRK-RNAI flies.
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Figure 3.6 Quantification of the individual ERG components showing the age-related
loss in visual function of flies with ubiquitous or pan-neuronal expression of dLRRK-

RNAi

The ERG peak-to-peak response (A), on-transient (B), off-transient (C) and photoreceptor
response (D) were quantified for WT flies (CS/w?118), dLRRK" LOF mutants (dLRRK /dLRRK"
and dLRRKe! /dLRRK"), and flies with ubiquitous or pan-neuronal expression of dLRRK-RNAI
(Actin-GAL4>UAS-dLRRK-RNAi and elav-GAL4>UAS-dLRRK-RNAI, respectively) at 3 (white
bars) and 21 (coloured bars) DPE. (A-D) Similarly to dLRRK™ LOF mutants, Actin-GAL4>UAS-
dLRRK-RNA:I flies showed significant reductions in all ERG components by 21 DPE. elav-
GAL4>UAS-dLRRK-RNAI flies showed significant reductions in the peak-to-peak, off-
transient and photoreceptor responses by 21 DPE, but not in the on-transient response. WT
flies did not show significant differences in any of the ERG components from 3 to 21 DPE.
There were no significant differences between any of the 21 DPE ERG components between
flies with ubiquitous or pan-neuronal expression of dLRRK-RNAI. All statistics are Student’s
t-tests: ***p<0.001, **p<0.01, *p<0.05, NS, no significant difference, p>0.05. Data presented

are mean = SEM bars; n numbers are displayed above the bars.
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3.3.3 Tissue-specific expression of dLRRK rescues the loss of

synaptic signalling in dLRRK LOF flies

To determine where dLRRK is required within the visual system for correct function,
the UAS/GAL4 system was utilised to allow tissue-specific expression of dLRRK
within a dLRRKe93680 homozygous mutant background. The long glass multimer
reporter-GAL4 driver (LongGMR-GAL4) was used to drive the expression of dLRRK
specifically in the eye. The glass gene encodes a zinc finger protein that is required
for the normal development of photoreceptor cells and is expressed in all cell types
of the developing eye (Moses and Rubin, 1991). The lamina monopolar cell 1 and 2 B-
GAL4 driver (L1L2B-GAL4) was used to drive the expression of dLRRK within the
lamina neurons. L1L2B-GAL4 has previously been shown to drive GFP expression
specifically in the L1 and L2 monopolar cells and to a lesser extent in the L5 neurons
(Rister et al,, 2007). The tyrosine hydroxylase-GAL4 driver (TH-GAL4) was used to
drive the expression of dLRRK specifically in the DA neurons (Friggi-Grelin et al,
2003). As previously mentioned in Chapter 1, TH encodes the enzyme that is required
for the rate-limiting step in the synthesis of dopamine (Nguyen-Legros, 1988, Harnois
and Di Paolo, 1990). The Rhodopsin1-GAL4 driver (Rh1-GAL4) was used to drive the
expression of dLRRK specifically in the R1-R6 photoreceptor cells (Mollereau et al.,
2000). The reversed polarity-GAL4 driver (Repo-GAL4) was used to drive the
expression of dLRRK specifically in the glial cells. The repo gene encodes a glial-
specific homeo-domain protein (Xiong et al., 1994). All of these fly lines were kept in
the same conditions as previous experiments and ERGs were recorded at 3 and 21

DPE.

Interestingly, when expression of dLRRK was driven specifically in the somatic
muscle with Dmef2-GAL4 (Ranganayakulu et al., 1996) or G14-GAL4 (Shishido et al,,
1998), no progeny eclosed, though balancer flies were viable. Thus, both of these
proved lethal in combination with the homozygous dLRRK¢03680 mutation, and the

visual response of these flies could not be tested.

Figure 3.7 shows representative 3 and 21 DPE ERG traces from flies expressing
dLRRK specifically in the eyes, lamina neurons, DA neurons, photoreceptors or glial

cells in a dLRRK™ LOF background alongside representative ERG traces previously
105



recorded from dLRRK™ LOF flies for comparison. At 21 DPE, there was little or no
deterioration observed in the visual response recorded from flies with tissue-specific
expression of dLRRK in the eyes, lamina neurons, DA neurons, photoreceptors or glial
cells. Unlike in the dLRRK" LOF ERG, the on-transients, photoreceptor responses and
off-transients were all maintained at 21 DPE for all of these genotypes. The difference
in the size of the ERG traces between genotypes reflects the difference in eye colour;
LongGMR-GAL4 produces flies with dark red eyes thus the ERG amplitude recorded
from these flies is always lower than for other genotypes; the L1L2B-GAL4, Rh1-GAL4
and Repo-GAL4 produce flies with red eyes whilst the TH-GAL4 produces flies with

orange eyes.
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3 days 21 days

dLRRK /dLRRK

Eye
LongGMR-GAL4 /UAS-dLRRK;dLRRK /dLRRK"

Lamina neurons
L1L2B-GAL4/UAS-dLRRK;dLRRK /dLRRK"

DA neurons
UAS-dLRRK/+;TH-GAL4, dLRRK /dLRRK~

Photoreceptors
Rh1-GAL4/UAS-dLRRK;dLRRK /dLRRK"

Glial Cells
UAS-dLRRK/+;Repo-GAL4, dLRRK /dLRRK"

eeneel

Figure 3.7 dLRRK expression in the eye, lamina neurons, DA neurons, photoreceptors

or glial cells in a dLRRK™ LOF background rescues the loss of visual function

Representative ERG traces from 3 (left) and 21 (right) DPE dLRRK LOF mutants
(dLRRK /dLRRK; red) and flies expressing dLRRK specifically in the eye (LongGMR-GAL4),
lamina neurons (L1L2B-GAL4), DA neurons (TH-GAL4), photoreceptors (Rh1-GAL4) or glial
cells (Repo-GAL4) in a dLRRK™ LOF background (shades of green). ERGs are recorded in
response to 0.5 second blue light pulses. The blue lines drawn below the bottom ERG traces
represent the duration of the light pulse. All components of the ERG were maintained at 21
DPE with dLRRK expression in the eye, lamina neurons, DA neurons, photoreceptors or glial
cells. Scale bars for time (seconds) and potential (mV) are shown. Each trace is the average

of the fly’s response to at least three flashes of light.
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Each component of the ERG was quantified separately and the average values plotted
for 3 and 21 DPE (Figure 3.8A-D). There were no significant differences from 3 to 21
DPE in any of the individual ERG components recorded from flies expressing dLRRK
in the eye, lamina neurons, DA neurons or photoreceptors in a dLRRK LOF
background. Flies with glial expression of dLRRK showed a significant reduction in
both the on- and off-transient components at 21 DPE (both ~24% [p<0.01]), whereas
the photoreceptor response of these flies was significantly increased at 21 DPE (29%
increase [p<0.05]). Although there were significant differences between the 3 and 21
DPE ERG components with the glial expression of dLRRK, each component was still
evident in the ERG traces (see Figure 3.7).

To compare the visual response of experimental rescue genotypes with the WT visual
response, the variation in eye colour between genotypes must be taken in account.
Therefore, the average 21 DPE peak-to-peak and off-transient responses were
plotted as a percentage of the 3 DPE responses for each genotype (Figure 3.9A-B). As
previously described, by 21 DPE the peak-to-peak response of WT flies decreased by
8% whereas the peak-to-peak response of dLRRK /dLRRK flies decreased by 44%
(p<0.001 compared to WT). The 21 DPE peak-to-peak responses from flies with
expression of dLRRK in the eye, lamina neurons, photoreceptors or glial cells showed
a decrease of 2-9%, and expression of dLRRK in the DA neurons caused no decrease
(all p>0.05 compared to WT; Figure 3.9A). Similarly, by 21 DPE the off-transient
component of WT flies showed a 10% decrease whereas in dLRRK /dLRRK" flies it
decreased by 70% (p<0.001 compared to WT). The 21 DPE off-transients recorded
from flies with expression of dLRRK in the eye, lamina neurons or DA neurons showed
a decrease of 3-11%, and expression of dLRRK in the photoreceptors caused no
reduction (all p>0.05 compared to WT; Figure 3.9B). This suggests that the visual
response of these flies is equivalent to WT flies. The 21 DPE off-transient of flies with
glial expression of dLRRK showed a decrease of 25%, but this was not significantly
different compared to WTs. Taken together, these data suggest that expressing
dLRRK in the eye, lamina neurons, DA neurons or photoreceptors is sufficient to
restore synaptic signalling from the photoreceptors to the lamina neurons, whilst

glial expression of dLRRK may only partially restore synaptic signalling.
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Figure 3.8 Figure legend overleaf.
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Figure 3.8 Quantification of the individual ERG components showing the rescue of
visual function of dLRRK  LOF flies with dLRRK expression in the eye, lamina neurons,

DA neurons, photoreceptors and glial cells

The ERG peak-to-peak response (A), on-transient (B), off-transient (C) and photoreceptor
response (D) were quantified for WT flies (CS/w?118), dLRRK™ LOF mutants (dLRRK /dLRRK")
and flies expressing dLRRK specifically in the eye (LongGMR-GAL4), lamina neurons (L1L2B-
GAL4), DA neurons (TH-GAL4), photoreceptors (Rh1-GAL4) or glial cells (Repo-GAL4) in a
dLRRK" LOF background at 3 (white bars) and 21 (coloured bars) DPE. (A-D) Expressing
dLRRK in the eye, lamina neurons, DA neurons or photoreceptors rescued the loss of all ERG
components at 21 DPE. Expressing dLRRK in the glial cells offered a partial rescue, as both
the on- and off-transient components were significantly lower at 21 DPE, whereas the
photoreceptor responses were significantly higher. All Statistics are Student’s t-test:
**p<0.001, **p<0.01, *p<0.05, NS, no significant difference, p>0.05. Data presented are mean

+ SEM bars; n numbers are displayed above the bars.
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Figure 3.9 The visual response of flies with tissue-specific expression of dLRRK in a

dLRRK LOF background is equivalent to the visual response of WT flies

The 21 DPE peak-to-peak (A) and off-transient (B) responses as a percentage of the 3 DPE
response for WT flies (CS/w!118; blue), dLRRK™ LOF mutants (dLRRK /dLRRK’; red) and flies
expressing dLRRK in the eye (LongGMR-GAL4), lamina neurons (LI1LZ2B-GAL4), DA neurons
(TH-GAL4), photoreceptors (Rh1-GAL4) or glial cells (Repo-GAL4) in a dLRRK LOF
background (Green). (A-B) There were no significant differences between the 21 DPE peak-
to-peak or off-transient responses of WT flies and rescue genotypes, whereas both were
significantly reduced in dLRRK™ LOF mutants compared with WTs (ANOVA with post-hoc
Dunnett’s comparison to WT control, ***p<0.001, NS, no significant difference, p>0.05).
There were no significant differences in the peak-to-peak and off-transient responses
between rescue genotypes (statistics not shown), but all rescue genotypes showed
significantly bigger peak-to-peak and off-transient responses than dLRRK™ LOF mutants
(ANOVA with post-hoc Bonferroni correction, ***p<0.001). Data presented are mean + SEM

bars; n numbers are displayed above the bars.
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The UAS/GAL4 system can sometimes cause the “leaky” expression of the associated
gene in tissues others than those expressing the GAL4. To determine if any of the
GAL4 drivers used for tissue-specific expression of dLRRK (LongGMR-GAL4, L1L2B-
GAL4, TH-GAL4, Rh1-GAL4 and Repo-GAL4) allow low levels of expression or leak in
the absence of the UAS, each GAL4 line was crossed into the dLRRK¢93680 homozygous
background. The UAS-dLRRK transgene was also crossed into the dLRRKe03680
homozygous background in the absence of any GAL4 (UAS-dLRRK/+;
dLRRK /dLRRK"). Collectively, all of these genotypes will be referred to as negative
controls because none of them should exhibit dLRRK expression. ERGs were recorded

from these flies at 3 and 21 DPE.

Figure 3.10 shows representative ERG traces from all negative control genotypes
alongside representative ERG traces previously recorded from dLRRK™ LOF flies at 3
and 21 DPE. All negative controls showed robust ERG responses at 3 DPE, however
by 21 DPE the ERG amplitude of each genotype was observed to be severely reduced
and the off-transient component was almost completely absent; except for the flies
expressing Repo-GAL4 in a dLRRK LOF background (+/+; Repo-GAL4,
dLRRK /dLRRK"), where a small off-transient was maintained.
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dLRRK—/dLRRK_ w

X

UAS-dLRRK/+;dLRRK /dLRRK" UAS
only

LongGMR-GAL4/+;dLRRK /dLRRK
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Figure 3.10 Visual function is not restored when only one component of the UAS/GAL4

system is expressed in a dLRRK" LOF background

Representative ERG traces from 3 (left) and 21 (right) DPE dLRRK LOF mutants
(dLRRK /dLRRK"; red), flies with the UAS-dLRRK component only in a dLRRK  LOF
background (yellow), and flies with the GAL4 component only (LongGMR-GAL4; L1L2B-
GAL4; TH-GAL4; Rh1-GAL4; Repo-GAL4) in a dLRRK™ LOF background (shades of orange).
ERGs are recorded in response to 0.5 second blue light pulses. The blue line below the bottom
ERG traces represents the duration of the light pulse. Similarly to the dLRRK™ LOF mutants,
flies expressing only one component of the UAS/GAL4 system failed to maintain the
individual components of the ERG at 21 DPE. The off-transient component was almost
completely absent in all of these flies (indicated by the black crosses), apart from in flies
expressing Repo-GAL4 only, where a small off-transient response was still observed. Scale
bars for time (seconds) and potential (mV) are shown. Each trace is the average of the fly’s

response to at least three flashes of light.
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Each component of the ERG was quantified separately and the average values plotted
for 3 and 21 DPE (Figure 3.11A-D). Similarly to dLRRK" LOF flies, the peak-to-peak
responses recorded from all of the negative control genotypes showed a significant
reduction from 3 to 21 DPE (35%-49% decrease [all p<0.001]). All ERG components
recorded from UAS-dLRRK/+; dLRRK /dLRRK  flies were significantly reduced by 21
DPE, but the off-transient component was most severely reduced (on-transient: 45%
decrease [p<0.01]; off-transient: 68% decrease [p<0.001]; photoreceptor response:
24% decrease [p<0.05]). All fly lines expressing a GAL4 in the absence of UAS-dLRRK
in a dLRRK™ LOF background also showed significant reductions in the ERG on-
transient (27%-72% decrease [p<0.001 or p<0.01 dependent upon genotype]), off-
transient (56%-70% decrease [all p<0.001]), and photoreceptor responses (19%-
37%, decrease [p<0.001 or p<0.01 dependent upon genotype]) by 21 DPE.

To compare the visual responses of the negative controls with the WT and dLRRK"
LOF visual responses, the average 21 DPE peak-to-peak and off-transient responses
were plotted as a percentage of the 3 DPE responses for each genotype (Figure 3.12A-
B). Both the peak-to-peak and off-transient amplitudes of all negative controls were
equivalent to dLRRK" LOF flies (all p>0.05) and were significantly lower than those
recorded from WT controls (all p<0.001). There were no significant differences
between the 21 DPE ERG responses recorded from the negative control genotypes.
Taken together, these data suggest that the UAS/GAL4 system was not allowing leaky
gene expression because there was no rescue of visual function when only one of
these components was present in a dLRRK™ LOF background. Thus, these flies all
showed a similar age-related loss of synaptic signalling to the dLRRK™ LOF mutant
flies. Importantly, the expression of dLRRK in a WT background using the same GAL4
drivers as for the dLRRK" LOF mutant flies, or expression of the GAL4s in the absence
of UAS-dLRRK in a WT background did not cause any significant difference in the

visual response compared to WT controls (see Appendix 1 and Appendix 2).
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Figure 3.11 Figure legend overleaf.



Figure 3.11 Quantification of the individual ERG components showing the progressive
deterioration of visual function when only one component of the UAS/GAL4 system is

expressed in a dLRRK™ LOF background

The ERG peak-to-peak response (A), on-transient (B), off-transient (C) and photoreceptor
response (D) were quantified for dLRRK™ LOF mutants (dLRRK /dLRRK"), flies with the UAS-
dLRRK component only in a dLRRK"LOF background, and flies with the GAL4 component only
in a dLRRK™ LOF background (LongGMR-GAL4; L1L2B-GAL4; TH-GAL4; Rh1-GAL4; Repo-
GAL4) at 3 (white bars) and 21 (coloured bars) DPE. (A-D) All components of the ERG were
significantly reduced in flies with only one component of the UAS/GAL4 present in a dLRRK"
LOF background. All statistics are Student’s t-test: ***p<0.001, **p<0.01, *p<0.05, NS, no
significant difference, p>0.05. Data presented are mean * SEM bars; n numbers are displayed

above the bars.
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Figure 3.12 The visual response of flies with expression of only one component of the

UAS/GAL4 system in a dLRRK" LOF background is equivalent to that of ALRRK"LOF flies

The 21 DPE peak-to-peak (A) and off-transient (B) responses as a percentage of the 3 DPE
responses for WT flies (CS/w1118; blue), dLRRK™ LOF mutants (dLRRK /dLRRK’; red), flies with
the UAS-dLRRK component only in a dLRRK" LOF background (UAS-dLRRK only; yellow), and
flies with the GAL4 component only in a dLRRK™ LOF background (LongGMR-GAL4; L1L2B-
GAL4; TH-GAL4; Rh1-GAL4; Repo-GAL4; orange). (A-B) The 21 DPE peak-to-peak and off-
transient amplitudes were significantly higher in WT flies than in all other genotypes
(ANOVA with post-hoc Dunnett’s comparison to WT control, ***p<0.001). There were no
significant differences in the 21 DPE peak-to-peak or off-transient responses between
dLRRK /dLRRK flies and flies with expression of only one component of the UAS/GAL4
system in a dLRRK" LOF background; there were also no significant differences between any
of the negative control genotypes (ANOVA with post-hoc Bonferroni correction, NS, no
significant difference, p>0.05). Data presented are mean * SEM bars; n numbers are displayed

above the bars.
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3.3.4 DA expression of dLRRK orthologues rescues the loss of
synaptic signalling from the photoreceptors in dLRRK LOF

flies

As previously discussed in Chapter 1, dLRRK is the fly orthologue of hLRRKZ and
hLRRK1. To determine if various LRRKZ2 or LRRK1 orthologues can substitute for the
fly’s own version of LRRK, these transgenes were expressed in the DA neurons or glial
cells of dLRRK™ LOF flies using TH-GAL4 or Repo-GAL4, respectively, and ERGs were
recorded at 3 and 21 DPE.

Fly lines expressing the WT hLRRKZ gene, the PD-related hLRRK2-G2019S mutant
gene or a kinase-dead version of hLRRK2 (hLRRK2-D1994A), were all a kind gift from
Kenneth Vielsted Christensen, at the Lundbeck pharmaceutical company in Denmark.
At Lundbeck, these transgenes were cloned into a pUAST attB vector, which was
microinjected into the phiC31 vas-int; attp™51C fly line (Bloomington Stock 24482)
at Bestgene. When the expression of these transgenes is driven using the same GAL4
driver, both the WT and mutant hLRRKZ transgenes are expressed at the same level

making them directly comparable to each other.

At the time of this study, human LRRK1 cDNA was unavailable, but mouse LRRK1
(mLRRK1) was already available as cDNA. Thus, a fly line expressing mLRRK1 was
generated during this study (see Chapter 2 section 2.4.1). mLRRK1 cDNA was sub-
cloned into the pUAST attB vector using standard sub-cloning techniques before
being microinjected into the same phiC31 vas-int; attp’-51C fly line as the hLRRKZ2
constructs at the University of Cambridge, Department of Genetics, Fly Facility. Again,
this means that mLRRK1 is expressed at the same level as the hLRRKZ transgenes
when being driven by the same GAL4 enabling direct comparisons to be made. In
addition, all of these flies have the same orange eye colour meaning that differences
in the amount of screening pigment, which alter the shape and size of the ERG, were

eliminated.

Figure 3.13 shows representative ERG traces from flies expressing hLRRKZ, hLRRKZ-
G2019S, hLRRK2-D1994A or mLRRK]1 in the DA neurons (TH-GAL4) in a dLRRK™ LOF

background at 3 and 21 DPE. Representative ERG traces previously recorded from
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flies with DA expression of their own version of dLRRK in a dLRRK™ LOF background
are also shown for comparison. As previously described in section 3.3.3, DA
expression of dLRRK rescued the age-related loss of synaptic signalling caused by the
loss of dLRRK activity, evidenced by the presence of the off-transient component and
other components of the ERG trace at both 3 and 21 DPE. Similarly, all ERG
components were maintained at 21 DPE with DA expression of WT hLRRKZ. The on-
transient, off-transient and photoreceptor responses were evident in the 21 DPE ERG
traces from flies with DA expression of hLRRK2-G2019S, hLRRK2-D1994A or mLRRK1.
However, the off-transient component recorded from these genotypes was reduced
from that observed at 3 DPE, which may suggest that the mutant forms of hLRRKZ or

mLRRK1 only offer a partial rescue of visual function.
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Figure 3.13 Visual function is completely or partially rescued with DA expression of

dLRRK orthologues in a dLRRK" LOF background

Representative ERG traces from 3 (left) and 21 (right) DPE flies with DA expression of dLRRK
(blue), human versions of LRRK2: WT hLRRK2 (dark green), PD-mutant hLRRK2-G2019S
(lighter green), kinase-dead hLRRK2-D1994A (lightest green), or a mouse version of LRRK1:
mLRRK1 (purple) in a dLRRK™ LOF background. ERGs are recorded in response to 0.5 second
blue light pulses. The blue line below the bottom ERG traces represents the duration of the
light pulse. All components of the ERG were maintained at 21 DPE with DA expression of
dLRRK or hLRRK2. All ERG components were also evident at 21 DPE with DA expression of
hLRRK2-G2019S, hLRRK2-D1994A or mLRRK]1, but the off-transient component was slightly
reduced. Scale bars for time (seconds) and potential (mV) are shown. Each trace is the

average of the fly’s response to at least three flashes of light.
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In order to determine if any of the ERG components were significantly reduced from
3 to 21 DPE, the individual ERG components were quantified separately for each
genotype (Figure 3.14A-D). As previously described, there were no significant
differences between any of the 3 and 21 DPE ERG components recorded from flies
with DA expression of dLRRK in a dLRRK™ LOF background. DA expression of WT
hLRRKZ in a dLRRK™ LOF background also completely rescued the loss of synaptic
signalling, as there were no significant differences in any of the ERG components by
21 DPE. This suggests that hLRRKZ is able to rescue the visual response of dLRRK"
LOF flies as effectively as the fly’s own version of LRRK. Flies with DA expression of
hLRRK2-G2019S had significantly decreased peak-to-peak responses by 21 DPE (20%
decrease [p<0.001]); the on- and off-transient components were also significantly
reduced by 21 DPE (on-transient: 20% decrease [p<0.05]; off-transient: 39%
decrease [p<0.001]). Flies with DA expression of hLRRK2-D1994A also showed
significantly reduced peak-to-peak responses by 21 DPE (22% decrease [p<0.001]);
again, the on-transient and off-transient components of these flies were also
significantly reduced by 21 DPE (on-transient: 21%decrease [p<0.01]; off-transient:
48% decrease [p<0.001]). The photoreceptor responses of these two genotypes were
maintained at 21 DPE. DA expression of mLRRK1 caused a small, but significant,
reduction in the peak-to-peak responses at 21 DPE (12% decrease [p<0.05]), which
was caused by a significant reduction of the off-transient component (33% decrease
[p<0.001]); neither the on-transient nor photoreceptor responses showed significant
reductions at 21 DPE in these flies. Although flies with DA expression of hLRRK2-
G2019S, hLRRK2-D1994A or mLRRK1 all showed significant reductions in the 21 DPE
off-transient amplitudes, the representative ERG traces from these genotypes
indicated that the off-transient component was not completely absent (see Figure
3.13). This suggests that DA expression of these transgenes partially restores the loss

of synaptic signalling from the photoreceptors in dLRRK" LOF flies.

At 21 DPE, the off-transient amplitude was significantly lower in flies with DA
expression of mLRRK1 compared with flies with DA expression of ALRRKZ2 (p<0.001).
The other ERG components did not differ significantly between these two genotypes.
Although DA expression of mLRRK1 partially rescued visual function in dLRRK" LOF

mutants, DA expression of hLRRKZ completely rescued visual function, suggesting
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that the function of hLRRKZ is more similar to the function of the fly’s own version of

LRRK.

Flies with DA expression of hLRRK2-G2019S had significantly reduced peak-to-peak
and off-transient responses at 21 DPE compared with flies expressing WT hLRRKZ2
(p<0.05 and p<0.01, respectively; Figure 3.14). The photoreceptor and on-transient
responses did not differ between these genotypes. All components of the ERG were
significantly reduced in flies with DA expression of hLRRK2-D1994A compared with
those expressing WT hLRRKZ at 21 DPE (peak-to-peak, on-transient and off-
transient: all p<0.001; photoreceptor response: p<0.05). This suggests that only the
WT hLRRKZ transgene is able to completely rescue the loss of synaptic signalling
when expressed in a dLRRK™ LOF background. Both the gain-of-kinase-function
(hLRRK2-G2019S) and loss-of-kinase-function (hLRRK2-D1994A) transgenes
partially rescued the visual response of dLRRK™ LOF flies and there were no
significant differences in any of the 21 DPE ERG components between these two
genotypes. This suggests that the kinase domain may not be the key domain in

mediating this rescue.

Comparisons were also made between flies expressing their own version of dLRRK
and those expressing the WT hLRRKZ transgene (Figure 3.14). Neither the peak-to-
peak amplitude nor the off-transient amplitude was significantly different between
these two genotypes at 21 DPE. However, the 21 DPE on-transient was significantly
reduced in flies expressing dLRRK (p<0.001) and the photoreceptor response was
significantly increased (p<0.001) compared with flies expressing hLRRKZ2. The UAS-
dLRRK and UAS-hLRRKZ transgenes were generated at different times and were
microinjected into different regions of the fly genome. This means that they will likely
be expressed at differing levels, even when driven by the same GAL4 (TH-GAL4 in this

case), which may result in some of the differences seen between these two genotypes.
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Figure 3.14 Figure legend overleaf.
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Figure 3.14 Quantification of the individual ERG components showing the complete or
partial rescue of visual function with DA expression of dLRRK orthologues in a dLRRK™

LOF background

The ERG peak-to-peak response (A), on-transient (B), off-transient (C) and photoreceptor
response (D) were quantified for flies with DA expression of dLRRK, WT hLRRKZ2, hLRRK2-
G2091S, hLRRK2-D1994A or mLRRK1 in a dLRRK™ LOF background at 3 (white bars) or 21
(coloured bars) DPE. (A-D) All ERG components were maintained from 3 to 21 DPE with DA
expression of dLRRK or hLRRKZ2. All ERG components, apart from the photoreceptor
response, were significantly lower at 21 DPE than at 3 DPE with DA expression of hLRRK2-
G2019S or hLRRK2-D1994A. Only the peak-to-peak and off-transient responses were
significantly reduced at 21 DPE with DA expression of mLRRK1. At 21 DPE, the on-transient
and photoreceptor responses were significantly different with DA expression of hLRRKZ
compared with DA expression of dLRRK. Some or all of the ERG components were
significantly higher with DA expression of hLRRK2 compared with DA expression of hLRRK2-
G2019S (peak-to-peak and off-transient), hLRRK2-D1994A (all ERG components) or mLRRK1
(off-transient only) at 21 DPE. Statistics within genotypes are Student’s t-test; statistics
between multiple genotypes are ANOVA with post-hoc Bonferroni correction: ***p<0.001,
**p<0.01, *p<0.05, NS, no significant difference, p>0.05. Data presented are mean = SEM bars;

n numbers are displayed above the bars.

3.3.5 Glial expression of dLRRK orthologues partially rescues the
loss of synaptic signalling from the photoreceptors in dLRRK
LOF flies

Figure 3.15 shows representative ERG traces from flies expressing hLRRK2, hLRRK2-
G2019S, hLRRK2-D1994A or mLRRK1 in the glial cells (Repo-GAL4) in a dLRRK™ LOF
background at 3 and 21 DPE. Representative ERG traces previously recorded from
flies expressing their own version of LRRK in a dLRRK™ LOF background are also
shown for comparison. For each of these genotypes, all 3 and 21 DPE ERG
components were evident in the ERG traces. However, the size of each individual ERG
component was reduced by 21 DPE in all genotypes, suggesting that the expression

of these transgenes in the glial cells only partially restores synaptic signalling.
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Figure 3.15 Visual function is partially rescued with glial expression of dLRRK
orthologues in a dLRRK™ LOF background

Representative ERG traces from 3 (left) and 21 (right) DPE flies with glial expression of
dLRRK (blue), human versions of LRRK2: WT hLRRKZ (dark green), PD-mutant hLRRKZ-
G2019S (lighter green), kinase-dead hLRRK2-D1994A (lightest green), or a mouse version of
LRRK1: mLRRK1 (purple) in a dLRRK™ LOF background. ERGs are recorded in response to 0.5
second blue light pulses. The blue line below the bottom ERG traces represents the duration
of the light pulse. Although all components of the ERG were maintained at 21 DPE for each
genotype, the overall size of the response was smaller than at 3 DPE. Scale bars for time
(seconds) and potential (mV) are shown. Each trace is the average of the fly’s response to at

least three flashes of light.
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The individual components of the ERG were quantified separately for each genotype
and the 3 and 21 DPE averages plotted (Figure 3.16A-D). As previously mentioned,
flies with glial expression of dLRRK showed significant reductions in the on- and off-
transient responses by 21 DPE (both p<0.01), whereas the photoreceptor response
was significantly increased (p<0.05; Section 3.3.3); the overall peak-to-peak
amplitude of these flies was maintained at 21 DPE. In contrast, the peak-to-peak
amplitude of flies with glial expression of WT hLRRKZ was significantly reduced by
21 DPE (19% decrease [p<0.01]). The off-transient responses of these flies were also
significantly decreased (33% decrease [p<0.01]), but both the on-transient and
photoreceptor responses were maintained at 21 DPE. Flies with glial expression of
mutant forms of hLRRKZ (hLRRK2-G2019S or hLRRK2-D1994A) also showed
significant reductions in their peak-to-peak amplitudes by 21 DPE (27% and 36%
decrease, respectively, [both p<0.001]). The hLRRK2-G2019S flies also had
significantly reduced on- and off-transient components (25% decrease [p<0.01] and
49% decrease [p<0.001], respectively). The hLRRK2-D1994A flies showed significant
reductions in all three of the ERG components (on- and off-transients: 34% decrease
and 51% decrease, respectively [both p<0.001]; photoreceptor response: 23%
decrease [p<0.05]). Similarly to the flies with glial expression of hLRRKZ2, flies
expressing mLRRK1 in the glial cells showed significantly reduced peak-to-peak
amplitudes by 21 DPE (19% decrease [p<0.001]). These mLRRK1 flies also had
significantly reduced on- and off-transient components by 21 DPE (15% decrease
[p<0.05] and 35% decrease [p<0.001], respectively), but the photoreceptor response

was maintained.

At 21 DPE, there were no significant differences between any of the ERG components
recorded from flies with glial expression of hLRRK2 or mLRRK1 (Figure 3.16),
suggesting that the partial rescue of visual function was similar with glial expression
of either of these two transgenes. WT hLRRKZ was more efficient at rescuing the
visual function compared with the mutant forms of hLRRKZ; the peak-to-peak
(p<0.01), on-transient (p<0.05) and off-transient (p<0.001) responses were all
significantly lower with glial expression of hLRRK2-G2019S compared with glial
expression of WT hLRRKZ; all ERG components were significantly reduced with glial
expression of hLRRK2-D1994A compared with glial expression of WT hLRRKZ (peak-
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to-peak: p<0.001; on-transient: p<0.01; off-transient: p<0.001; photoreceptor
response: p<0.05). There were no significant differences between any of the 21 DPE
ERG components recorded from flies with glial expression of hLRRK2-G2019S or
hLRRKZ2-D1994A. These data indicate that the kinase domain may not the key domain
for rescuing visual function, which was also suggested with DA expression of these

transgenes (see section 3.3.4).

Comparisons were also made between flies expressing their own version of dLRRK
and those expressing the WT hLRRKZ transgene (Figure 3.16). At 21 DPE, the peak-
to-peak and photoreceptor responses were significantly higher with glial expression
of dLRRK compared with glial expression of hLRRKZ (p<0.05 and p<0.01
respectively). Neither the on- nor off-transient responses were significantly different
between these two genotypes. However, as previously mentioned the expression
levels of these two transgenes may not be directly comparable to one another (see

section 3.3.4).

127



sAep 17 :sIeq painojo) ‘&uo \nw»ﬁ/
sAep ¢ :s1eq 1Y\ &)9 lw)/x
100°0> s & oS S &
107050 N Y 1 X
50°0>d & & W &
' a9 N 2\ AT
RS & & RY &
& 5 5 & 5
& Q Q Q &
¢ ¢ ¢ ¢ 5
N N T
o oV oV %%/ ) oV
uv:v :\v,v z\v'v :\v %v
L L L L < O
- Hn -
o)
- Nu M \m
I.Vn lﬂQUu %
91 L c.
0z E M m
LT 0z ot (44 Lo- = 3
8T 61 0z =R
Ll Ll - - T
SN * SN SN 8 =
[EE— | o-
SN €C
_ | A
SN * SN ok
asuodsay J01dadaaoloyd "
L L L L 0
Lso 3
3}
S
b H ﬂ
91 ST Z
0z =3
€2 L <
¢ 3
LT 0z 91 (44 =<
a1 61 0z [se m
L1 -
* ok k% mz Kk L M
-
SN
1 1 1 1L ]
SN ** * SN
190t sauagdsuer} Zyyy7 uewny YY1
ASNON pjydosoiq

judisuen}-uQ ‘g

Q
zx% zx\%o
Q X S
. &»0 )cvwmw X Qé:v,v o\é'v,v )2&&0 .
(M O o U O A\
K A e @
Ob%,v. Qo%,w Qo%,v. o\o%,mv Ob%&,
oS W& W& W& W&
# o #° S S
,v)o/ ; ,v)o/ K ,w)o/ K &&)o/ K ,w)a/ ;
uv,w :\V,v /\v,v :\v 'v'v
L L L L < O
-1 m
)
-z \mvl.,,
91 0zZ - ¢ m.
i
144 R
€C N
8t oe 91 HE
6T Lo- &
0Z ]
kokok kkk koK k% k% IN.
SN
L | | L |
SN sokok Hokok SN JuSISUEL-0 )
L L L L 0
-z m
)
- \a'm
-9 u_xh.
91 [ ® .mn_“
0z -oT %
r %4 Lo 2
0z 91 "
81 AT
61 €2 4z =
|
SN
L | | I |
mz *kokk 3k *
IIYET SouadsueI} Zyyy7 uewny HYYT
asnoy pjiydoso.aq
yead 031 yead 'V

Figure 3.16 Figure legend overleaf.
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Figure 3.16 Quantification of the individual ERG components showing the partial
rescue of visual function with glial expression of dLRRK orthologues in a dLRRK™ LOF

background

The ERG peak-to-peak response (A), on-transient (B), off-transient (C) and photoreceptor
response (D) were quantified for flies with glial expression of dLRRK, WT hLRRKZ, hLRRKZ2-
G2091S, hLRRK2-D1994A or mLRRK1 in a dLRRK™ LOF background at 3 (white bars) or 21
(coloured bars) DPE. (A-D) For all genotypes, some or all of the ERG components were
significantly reduced from 3 to 21 DPE (for dLRRK: on-transient, off-transient and
photoreceptor response; for hLRRKZ: peak-to-peak and off-transient; for hLRRK2-G2019S:
peak-to-peak, on-transient and off-transient; for hLRRK2-D1994A: all components; for
mLRRK1: peak-to-peak, on-transient and off-transient). At 21 DPE, there were significant
differences in the peak-to-peak and photoreceptor responses between flies with glial
expression of hLRRKZ or dLRRK. Some or all of the ERG components were significantly higher
with glial expression of hLRRK2 compared with glial expression of hLRRK2-G2019S (peak-to-
peak, on-transient and off-transient) or hLRRK2-D1994A (all ERG components). There were
no significant differences between any of the 21 DPE ERG components with glial expression
of hLRRK2 or mLRRK1. Statistics within genotypes are Student’s t-test; statistics between
multiple genotypes are ANOVA with post-hoc Bonferroni correction: ***p<0.001, **p<0.01,
*p<0.05, NS, no significant difference, p>0.05. Data presented are mean * SEM bars; n

numbers are displayed above the bars.

3.4 Discussion

3.4.1 Expression of dLRRK is essential to maintain synaptic

signalling from the photoreceptors in aged flies

The first key observation in this chapter was that LRRK is essential for the
maintenance of normal visual function in aged flies. It was shown that old dLRRK™ LOF
flies have severely reduced ERG responses compared with old WT flies. The loss of
the ERG off-transient component in dLRRK™ LOF flies suggests that the flaw is in the
adaption of lower-order visual neurons, possibly the L1 and L2 interneurons, rather
than in the photoreceptors (see Chapter 1 Figure 1.5). In order to explain these

observations, we propose two hypotheses: (1) that dLRRK regulates axonal growth
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and retraction of the L1 and L2 interneurons or of the photoreceptors, and (2) that

dLRRK regulates dopamine transmission.

3.4.1.1 Hypothesis 1: LRRK activity regulates the axonal growth and
retraction of the L1 and L2 interneurons or of the

photoreceptors

As previously mentioned in Chapter 1, LRRK2 has been implicated in axonal
outgrowth. Indeed, this was one of the first phenotypes reported in primary neuronal
cultures whereby overexpression of PD-associated mutations in LRRKZ caused a
dramatic reduction in neurite length and branching (MacLeod et al., 2006, Plowey et
al., 2008, Li et al., 2009, Parisiadou et al., 2009, Heo et al,, 2010, Ramonet et al., 2011,
Winner et al.,, 2011). Conversely, silencing or knockout of LRRKZ has the opposite
effect leading to prominent increases in neurite length and branching compared with
controls (MacLeod et al., 2006, Parisiadou et al., 2009). Therefore, it is possible that
LRRK has a role in mediating the growth and retraction of the L1 and L2 axons within
the fly visual system. As knockout of LRRKZ has previously been reported to increase
axon length, it is possible that the L1 and L2 axons in the dLRRK™ LOF fly model are
unable to shrink during the course of the day. This may cause the visual response of
these flies to remain in an active state, unlike WT flies. This would likely increase the
energy demands on the visual system and in particular on the lamina neurons, which
may over time cause degeneration leading to the eventual loss of synaptic signalling
that was observed in the old, but not young, dLRRK" LOF flies. In support of this idea,
it has previously been shown that increasing the energy demands of the visual system
accelerates the visual degeneration caused by DA expression of hLRRK2-G2019S
(Hindle et al., 2013). However, hLRRK2-G2019S induced visual degeneration
originates in the photoreceptors not the lamina, but this could be due to the hLRRK2-
G2019S mutation having the opposite effect on the L1 and L2 axonal growth than the
dLRRK™ LOF mutation. LRRK27~ knockout mice also display altered synaptic
transmission in striatal projection neurons, such that the amplitude of glutamatergic
miniature excitatory postsynaptic currents (mEPSCs) are significantly increased
whereas the frequency of mEPSCs are significantly reduced compared with controls

(Parisiadou et al., 2014). Interestingly, these LRRK27~ mice also show defects in
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neurite outgrowth as they exhibit a significant decrease of dendritic spines, and the
dendritic spines that are present are significantly longer but the spine heads are
significantly smaller compared with WTs (Parisiadou et al., 2014). Although axonal
length was not recorded in the LRRK27~ mouse, this study provides support for our
hypothesis, that removal of LRRK causes alterations in neurite outgrowth and

consequently effects synaptic transmission.

In the fly, circadian rhythms in the structure of photoreceptors (Chen et al., 1992)
and the underlying lamina (Pyza and Meinertzhagen, 1999) have been reported, so
neurite outgrowth and retraction occurs here on a daily basis. Notably, within the
first optic neuropil the axons of the monopolar cell interneurons, L1 and L2, show
daily rhythmic size and shape changes; the axons swell at the beginning of the day
and night and later shrink during the course of the day and night, respectively (Pyza
and Meinertzhagen, 1999). These axonal changes persist under constant darkness
conditions but are absent in the null mutant of the clock gene period (per??),
indicating a circadian origin for these rhythms. As well as this happening in
Drosophila, these neuron types have also been shown to change the size of their axons
in two other fly species, namely Musca domestica (Pyza and Meinertzhagen, 1995)
and Calliphora vicina (Pyza and Cymborowski, 2001). The pattern of daily changes of
L1 and L2 axon sizes correlates with the pattern of locomotor activity and is specific
to each species (Pyza and Cymborowski, 2001). Interestingly, recent data from our
lab has also suggested that there is a circadian rhythm in WT Drosophila ERG
responses, with responses being low at night and in the middle of the day and high in
the morning and early evening (Nippe and Elliott, unpublished). Again, the daily
pattern of ERG responses correlates with the daily pattern of L1 and L2 axon swelling
and shrinking. Therefore, it is possible that shrinking of the L1 and L2 axons during
the course of the day and night leads to reduced synaptic transmission between the
photoreceptors and the lamina, causing the observed reduction in the ERG response

during these hours.

To test this hypothesis, electron microscopy could be utilised as previously described
(Pyza and Meinertzhagen, 1999) to observe axonal growth and retraction in the
visual system of our dLRRK LOF flies. In addition, flies could be kept under

arrhythmic conditions before the visual response is recorded.
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3.4.1.2 Hypothesis 2: LRRK regulates dopamine transmission

The loss of synaptic signalling in the lamina suggests that LRRK may have a role in
regulating dopamine transmission because it is known that dopamine regulates
visual responses in both flies and humans (Chyb et al., 1999, Witkovsky, 2004). This
idea was initially attractive because dopamine regulates the kinetics of the individual
photoreceptor responses to light, and because hLRRK2 has previously been
suggested to regulate DA transmission in several rodent studies. It has been shown
that mice overexpressing a murine WT LRRKZ BAC have elevated striatal dopamine
release and are hyperactive, whereas mice overexpressing a murine LRRKZ BAC
containing the G2019S mutation have an age-dependent decrease in striatal
dopamine content, release, and uptake (Li et al., 2010). Murine G2019S BAC mutants
also have reduced extracellular dopamine levels, which can be detected without
pharmacological intervention (Melrose et al., 2010). ROC domain mutant human
R1441G BAC and R1441C knock-in mice, both show impaired dopamine transmission
and dopamine receptor function (Li et al., 2009, Tong et al., 2009, Melrose et al.,
2010). LRRK2 has been shown to regulate dopamine receptor activation through
modulation of protein kinase A activity in a mouse model (Parisiadou et al., 2014).
However, other mouse modes have failed to find an interaction between LRRK2 and
dopamine transmission, suggesting the need for further research to resolve these
discrepancies (Hinkle etal., 2012). In Drosophila, transgenic expression of PD-related
mutant dLRRK significantly reduced brain dopamine content, whereas dopamine
content was elevated in dLRRK™ LOF flies compared with WT controls (Imai et al.,,
2008). There was no difference in the number of DA neurons in control and dLRRK"
LOF flies, suggesting that dLRRK negatively regulates steady-state dopamine levels
through affecting dopamine transmission, storage or metabolism (Imai et al., 2008).
On the other hand, a separate study found a reduction in TH staining in dLRRK LOF
flies as well as evidence of DA neuron degeneration (Lee et al., 2007). Overall, there
is increasing evidence to suggest a link between LRRK2 and dopamine transmission

in both mouse and fly models.

Dopamine is a well-known neurotransmitter and neuromodulator in the vertebrate
and invertebrate retina. In the vertebrate retina, light input and the retinal circadian

clock regulate the synthesis and release of dopamine, such that dopamine activity is
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higher during light exposure and/or during daylight hours (Iuvone etal., 1978, Doyle
et al, 2002b). A number of mammalian studies have reported daily rhythms in
steady-state levels of dopamine and its major retinal metabolite, 3,4-
dihydroxyphenylacetic acid, with levels being higher during the day than at night
(Melamed et al., 1984, Nowak and Zurawska, 1989, Pozdeyev and Lavrikova, 2000,
Doyle et al, 2002a, Doyle et al, 2002b). These studies suggest that dopamine
mediates light-adaptive mechanisms and day-phase circadian processes in retinal
function. In support of this, mice in which the expression of TH is selectively
disrupted in the retina exhibit deficits in light-adapted ERG responses, contrast
sensitivity, acuity and retinal circadian rhythms (Jackson et al., 2012). Furthermore,
mammalian visual contrast sensitivity shows a circadian rhythm, which is regulated
through interactions of the retinal dopamine D4 receptor with the clock gene Npas2
and the clock-controlled gene adenylyl cyclase-1 (Hwang et al., 2013). Dopamine is
also a key neurotransmitter of the fly visual system and flies deficient in dopamine
show visual defects. For example, long-term blockade of dopamine release impairs
visual attention-like behaviour in Drosophila (Ye et al., 2004). The DA system of
Drosophila is also highly rhythmic and has been implicated in circadian
photoreception; neural dopamine is required for entrainment of activity rhythms to
low ambient light (Hirsh et al., 2010). This is further evidenced by the Drosophila TH
gene, ple, exhibiting rhythmic transcription (Ceriani et al., 2002). Thus, dopamine is
a key neurotransmitter in maintaining circadian rhythms in both the vertebrate and

fly visual systems and altered levels of dopamine can lead to visual deficits.

Putting these ideas together, it is hypothesised that the loss of dLRRK function affects
dopamine release within the fly visual system causing deficits in circadian
photoreception. Thus, the loss of visual function observed in dLRRK™ LOF flies may be
the consequence of altered dopamine signalling causing these flies to experience
nocturnal visual acuity during the day. However, it would be surprising if this was
linked to DA transmission because the lamina neurons and photoreceptors do not
release dopamine and it was observed during this study that specific expression of
dLRRK in these tissues rescued the visual response. Thus, we would have to postulate
that expression of dLRRK within these tissues would somehow be able to affect the

levels of dopamine within the visual system and this may prove difficult to explain.
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However, in order to explore this hypothesis further, TH-RNAi or overexpression of
an extra copy of TH in the dLRRK™ LOF flies could be utilised to decrease or increase
the levels of dopamine synthesis, respectively. ERGs could then be recorded from
these flies. In addition, the release of dopamine from vesicles could be manipulated
through altering the expression levels of the Drosophila vesicular monoamine
transporter, a protein that transports monoamines including dopamine and
histamine into the synaptic vesicles of presynaptic neurons (Chang et al., 2006). It
should be noted that hypotheses one and two are not necessarily mutually exclusive,
because LRRK may influence DA transmission whilst also having a role in axonal

outgrowth, and a combination of these might disrupt normal visual function.

3.4.2 LRRK is exported and secreted in exosomes

The second key observation in this chapter was that expression of dLRRK in the DA
neurons or photoreceptors was as effective at rescuing the visual response as
expression in the lamina neurons. Expressing dLRRK in the glial cells also improved
the visual response of dLRRK™ LOF flies, but this rescue was incomplete with
components of the ERG still showing reductions from 3 to 21 DPE. Expression of UAS-
dLRRK in the absence of GAL4 or expression of GAL4 in the absence of UAS-dLRRK
did not offer any rescue to the visual response of dLRRK™ LOF flies. This suggests that
the UAS/GAL4 system was functioning as desired and the expression of dLRRK was
limited to the specific neurons of our choice. Taken together, these data indicates a
role for transcellular signalling by LRRK or by a downstream molecule. Interestingly,
DA expression of the hLRRK2-G2019S mutation in flies has previously been shown to
cause a progressive loss of photoreceptor function (Hindle et al., 2013). Again, this
suggests a role for transcellular signalling by LRRK as the expression of hLRRKZ-
G2019S in one kind of neuron (DA neuron) leads to loss-of-function and degeneration
of a different type (photoreceptor), thus the degeneration spreads from cell-to-cell.
Braak et al. (2003) and Braak et al. (2004) have previously proposed the idea of a
spreading pathology in PD, based on the observation that a-synuclein deposits
spread throughout the brain of PD patients (see Chapter 1, section 1.2.5.2). Our data

are in keeping with Braak’s idea of a spreading pathology in PD.
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One possibility, which could explain how LRRKs action spreads from cell-to-cell in
the fly visual system, is that LRRK is exported in exosomes, as it is already known that
LRRKZ2 is released in exosomes by the mammalian kidney (Gonzales et al., 2009,
Fraser et al,, 2013). Exosomes are a class of small (30-120 nm) extracellular vesicles
originating from the endomembrane system when membrane derived from
multivesicular bodies (MVBs) fuses with the plasma membrane. They are thought to
play key roles in cell-to-cell communication, reviewed in Bang and Thum (2012). A
number of cell types including cells in the kidney, brain and immune system (all of
which natively express LRRK2) secrete exosomes as a mechanism to export
potentially toxic proteins to avoid their build up in the lysosomal system (Bellingham
et al,, 2012). In PD, there is increasing evidence to suggest an exosomal role in cell-
cell transmission of a-synuclein (Desplats et al., 2009, Emmanouilidou et al., 2010,
Alvarez-Erviti et al.,, 2011). Importantly, a number of studies have placed LRRK2 in
the right places to be exported in exosomes; for example, LRRKZ2 has been shown to
interact with a number of vesicle types, including endosomes, lysosomes,
autophagosomes, the Trans-Golgi-Network and intraluminal vesicles within MVBs
(Biskup et al., 2006, Alegre-Abarrategui et al.,, 2009, Higashi et al., 2009, Herzig et al.,
2011, Dodson et al.,, 2012). Consistent with this, there is a lot of evidence to suggest a
role for LRRK2 in the endocytic pathway including retrograde vesicle trafficking from
endosomes to the Trans-Golgi-Network and modifying chaperone-mediated
autophagy (Biskup et al., 2006, Alegre-Abarrategui et al., 2009, Dodson et al., 2012).
LRRK2 also associates with, or physically interacts with, a number of the Rab
GTPases. Rab proteins are small GTPases and comprise ~70 family members. They
are localised to the cytoplasmic surface of specific subcellular compartments of the
endocytic and exocytic pathways and have key roles in all forms of intracellular
vesicular trafficking events. As previously mentioned in Chapter 1, LRRK2 has been
implicated in regulating synaptic endocytosis via an association with Rab5b (Shin et
al, 2008, Yun et al, 2015). In Drosophila, dLRRK was found to localise to the
membranes of late endosomes and lysosomes where it was shown to physically
interact with the late endosomal protein Rab7 (Dodson et al., 2012). Consistent with
this, a physical interaction between mammalian LRRK2 and Rab7L1, an orthologue
of Rab7, has also been found (MacLeod et al., 2013, Beilina et al., 2014). Deficiency of
Rab7L1 in primary rat neurons, or of the Rab7L1 orthologue in Drosophila, caused DA
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neuron denegation, whereas overexpression of Rab7L1 was able to rescue DA neuron
loss and reduced lifespan caused by LRRKZ mutations in Drosophila (MacLeod et al.,
2013). PD-associated defects in either LRRKZ or Rab7L1 were also shown to cause
deficiency of VPS35 and Golgi apparatus sorting defects, which could be rescued
through expression of WT VPS35 (MacLeod et al.,, 2013). VPS35 is a core component
of the retromer complex and is involved in retrograde trafficking of cargos from the
endocytic pathway to the Trans-Golgi-Network. Interestingly, Rab7L1 is a genetic risk
factor for sporadic PD and mutations in VPS$35 have been identified in PD families
(Vilarino-Guell et al., 2011, Zimprich et al., 2011), further implicating disruption of
the retrograde pathway as potentially leading to PD. Drosophila LRRK has also been
shown to interact with Rab9 (Dodson et al., 2014). dLRRK™ LOF flies show defects in
the endolysosomal and autophagy pathways including an accumulation of enlarged
lysosomes, autophagosomes, and early endosomes laden with mono-ubiquitylated
cargo proteins. These lysosomal abnormalities are suppressed through expression of
a constitutively active form of Rab9 (Dodson et al., 2014). Furthermore, a recent study
utilised modern phosphoproteomics coupled with biochemical and pharmacological
approaches to identify a subset of Rab GTPases as bona-fide LRRK2 targets, these
included Rab10, Rab1b and Rab8a (Steger et al., 2016). LRRK2 phosphorylates these
substrates on an evolutionary conserved threonine residue found in the switch II
domain in human and murine cells and in the mouse brain. All of the PD-associated
missense mutations in LRRKZ have been shown to increase the phosphorylation of at
least three Rab GTPases, which strongly decreases their affinity for regulatory
proteins (Steger et al,, 2016). It would be interesting to overexpress some of the Rab
proteins in our dLRRK" LOF fly model to determine if they are able to rescue the visual
dysfunction observed in these flies, or to use flies that are mutant in certain Rab
proteins to examine if this causes visual dysfunction. In addition to an association
with Rab GTPases, LRRK and LRRK2 have also been shown to phosphorylate
Drosophila endophilin A and the mammalian orthologue EndoA1, respectively, which
is a protein involved in clathrin-mediated endocytosis (Matta et al., 2012, Arranz et

al,, 2015).

Putting these ideas together, it is hypothesised that in the dLRRK™ LOF fly model the

spread of dLRRK action is mediated by exosomal release, as LRRK secretion from
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exosomes provides a possible mechanism by which LRRK action can extend to cells
that lack autonomous LRRK expression. It has previously been shown that exosomes
mediate the progression of prion diseases (Fevrier et al., 2004, Vella et al., 2007,
Coleman et al,, 2012) and a similar mechanism has been suggested in a number of
other forms of neurodegeneration (Rajendran et al,, 2006, Emmanouilidou et al,,
2010, Saman et al,, 2012). Therefore, hLRRK2-G2019S induced degeneration could
spread by the release of prion-like proteins in exosomes, either hLRRK2-G2019S itself,
or by the G2019S mutation affecting exosomal release of some other component that
leads to neuronal dysfunction and degeneration. To explore this hypothesis further
the genetic toolbox of Drosophila could be exploited to introduce genes that are
known to manipulate exosomal release including Ykt6 (Gross et al., 2012), Rab35
(Hsu et al,, 2010), Rab27a/b (Ostrowski et al., 2010) and Evi/Whntles (Korkut et al.,
2009) into both the dLRRK™ LOF and hLRRKZ2-G2019S mutant backgrounds. In
addition, flies that are transgenic for dLRRK-, hLRRKZ2- or hLRRK2-G2019S-tagged
with a fluorescent reporter could be generated to determine if LRRK2 is secreted and
found in exosomes. It will also be interesting to determine if the expression of dLRRK
in a cell type that is not found within the visual system is also able to rescue visual
function. Unfortunately, as previously mentioned, initial attempts at this using

Dmef2-GAL4 or G14-GAL4 to drive expression in somatic muscle were unsuccessful.

3.4.3 The function of dLRRK in the fly visual system is more similar

to the function of LRRK2 than LRRK1

In this study it was shown that DA expression, or to a lesser extent glial expression,
of the human LRRKZ gene was as effective as the fly’s own version of LRRK in rescuing
the visual response of dLRRK" LOF flies. As previously shown in Figure 3.1, many of
the residues present in hLRRK2 are conserved in dLRRK and the two proteins share
24% identity and 38% similarity overall (Wang et al., 2008, Langston et al., 2016).
Some of the suggested functions and substrates of hLRRK2 have also been described
for dLRRK, suggesting at least partial conservation of function between these two
proteins (see section 3.1.1). Thus, it is perhaps unsurprising that hALRRKZ was able to
substitute as effectively as dLRRK in our fly model, and our data certainly indicates a

conserved functional role of hLRRKZ2 and dLRRK within the visual response. Although
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hLRRKZ rescued visual dysfunction in the dLRRK™ LOF fly model, there were some
differences in the ERG response between flies expressing hLRRKZ and those
expressing dLRRK at 21 DPE. As previously mentioned, these two transgenic lines
were generated at different times and by different laboratories meaning that the
differences in ERG responses may be a consequence of differing expression levels of
these two transgenes even in combination with the same GAL4. To test this, western
blot analysis could be performed to detect differences in expression levels of hLRRK2

and dLRRK in our dLRRK" LOF fly model.

Unlike the DA expression of hLRRKZ2, DA expression of mLRRK1 was unable to
completely rescue the visual response of dLRRK™ LOF flies. This suggests that the
function of dLRRK may be more similar to hLRRKZ than mLRRK]1, at least in terms of
the visual response. This is slightly surprisingly as structural and phylogenetic
analyses suggest that dLRRK is actually more closely related to LRRK1 than LRRK2
(Marin, 2006, Marin, 2008). However, as shown in Figure 3.1 multiple sequence
alignments at the amino acid level demonstrate that the GTPase domain and the
leucine-rich repeat domain of dLRRK shows more similarity to hLRRK2 (33% and
25%, respectively) than to hLRRK1 (30% and 23%, respectively), but the kinase
domain shows more similarity to hLRRKI than to hLRRK2 (38% and 36%,
respectively). Rare variants in LRRK1 have been proposed to segregate with PD,
however there is no genetic support for a causal involvement of LRRK1 in the disease
pathogenesis (Schulte et al., 2014). Unfortunately, due to the non-pathogenic nature
of LRRK1 it has not been as intensively studied as LRRK2 and a comparison between
transgenic expression of LRRK1 and LRRKZ has not previously been investigated in
flies to our knowledge. Therefore, further studies are needed to determine if the
function of LRRK1 and the proteins that it interacts with are conserved between

humans and flies.

3.4.4 Is the GTPase domain, rather than the kinase domain, the key

domain for maintenance of normal visual function?

Here, it was shown that neither DA nor glial expression of the GOF hLRRK2-G2019S
transgene or the kinase-dead hLRRKZ2-D1994A transgene were able to completely

rescue the loss of synaptic signalling of dLRRK"LOF flies. Interestingly, although these
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two mutations are opposing (one increases kinase activity whilst the other decreases
kinase activity) they showed similar ERG responses at 21 DPE with no significant
differences found between the two. This suggests that the kinase domain may not be
the key domain in maintaining the visual response. As briefly mentioned in Chapter
1, there is increasing evidence to suggest that decreased GTPase activity due to
mutations in LRRKZ also plays a key role in PD pathogenesis. For example, the LRRKZ-
R1441C/G mutations consistently lead to decreased GTP hydrolysis but cause either
an increase or no obvious effect on GTP binding (Lewis et al.,, 2007, Li et al., 2007,
West et al,, 2007, Xiong et al., 2012b). The LRRK2-G2019S mutation has also been
shown to cause a decrease in the GTPase activity of the protein (Liu et al., 20114,
Xiong et al., 2012b). The LRRK2-Y1699C mutation found within the COR domain also
leads to decreased GTPase activity, which is thought to be as a consequence of
weakening the dimerisation of LRRK2 at the ROC-COR tandem interface (Daniels et
al,, 2011, Xiong et al., 2012a). Due to the lack of reproducible LRRKZ substrates, it has
been suggested that the GTPase domain, which contains autophosphorylation sites,
might be the only in vivo target for LRRK2 kinase activity (Berwick and Harvey, 2011).
This model proposes that autophosphorylation would be required for the GTPase
domain function, and the LRRK2 GTPase activity might be the more likely output of
this protein than the kinase activity (Berwick and Harvey, 2011). There is
controversy surrounding this hypothesis because other studies have failed to find an
effect of the LRRK2-G2019S mutation on GTPase activity (Xiong et al., 2010). It would
be expected that the higher autophosphorylation levels of the LRRKZ2-G2019S
mutation would cause a decrease in the activity of the GTPase domain and elicit a
very similar effect to the ROC and COR mutations R1441C and Y1699C, which it fails
to do (Berwick and Harvey, 2011). It would be interesting to examine how PD-related
mutations in the GTPase domain of LRRKZ affect the visual response of flies. This may
help to reveal if the kinase or the GTPase domain is the key domain for maintaining

normal visual function.

3.4.5 Mutations in white cause visual defects

During this present study, heterozygote w!l18/dLRRK" flies showed a significant
reduction in the off-transient component of the ERG by 21 DPE. It has previously been

suggested that mutations in white cause neurodegeneration within the visual system;
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data collected from our lab (Petridi and Elliott, unpublished) and by a separate group
have shown a reduction in the ERG response of white mutant flies with age (Perez et
al., 2014). Furthermore, although white mutants are positively phototactic they have
been shown to lack optomotor responses (Kalmus, 1943) and to have abnormal ERGs
(Wu and Wong, 1977). It is thought that these defects are in part attributable to an
inability to screen stray light due to the absence of screening pigments, because
albino mammals also lacking screening pigments show similar neurological and
retinal defects (Guillery, 1986, Jeffery, 1997, Dorey et al., 2003, Thomas et al., 2005).
Thus, the w!118 mutation may cause the reduction of the 21 DPE off-transient seen
here in the w118 /dLRRK" flies, rather than the presence of only one mutant copy of
dLRRK. This is possible because the visual response was maintained in the alternative

CS/dLRRK heterozygous line.

3.5 Conclusion

Flies that lack expression of dLRRK develop severe visual defects with age. Tissue-
specific expression of dLRRK in the eye, lamina neurons, DA neurons, photoreceptors
or glial cells is sufficient to rescue the age-related loss of visual function observed in
dLRRK" LOF flies. This suggests a key role for transcellular signalling of LRRK in vivo,
which may be linked to exosomes. The WT human orthologue of dLRRK can also
rescue the loss of visual function of dLRRK™ LOF flies and is able to substitute as
effectively as the fly’s own version of LRRK. Mouse LRRK1 or kinase-mutant forms of
human LRRKZ only partially restore visual function, suggesting that the function of
dLRRK in the fly visual system is more similar to the function of ALRRK2 than mLRRK1.
This also suggests that the kinase domain may not be the key domain of LRRK in

maintaining the visual response.
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4 Investigating Potential Therapeutic
Compounds for Their Rescue of
Dopaminergic Expression of hLRRK2-
G2019S in vivo

4.1 Introduction

4.1.1 Mitochondrial dysfunction in PD

One of the most common observations of PD and animal models is mitochondrial
dysfunction. Mitochondria are oval-shaped semi-continuous organelles of
approximately 1-2 pm long and 0.5-1 pm wide. They are often referred to as the
‘powerhouse of the cell’ as they are responsible for producing adenosine
triphosphate (ATP), which is the cells primary energy currency. Two highly
specialised membranes enclose mitochondria, the inner and outer membranes,
which have differing functions (Figure 4.1A-B). Together, these two membranes form
two separate mitochondrial compartments; a narrow intermembrane space enclosed
between the outer and inner membrane, and the internal matrix, enclosed by the
inner membrane. The inner membrane is usually highly convoluted forming a
number of infoldings known as cristae that project into the matrix, thus greatly
increasing the surface area. Mitochondria utilise pyruvate and fatty acids as fuel.
Pyruvate is produced during glycolysis, a series of cytosolic reactions that oxidises
glucose and lipid metabolites in the absence of molecular oxygen. During glycolysis,
a glucose molecule of six carbon atoms is converted into two molecules of pyruvate.
During the early steps of this process, two molecules of ATP are hydrolysed to
provide the required energy, but four ATP molecules are generated during the later
steps, meaning there is a net gain of two ATP molecules for each glucose molecule
that is broken down. Two energy-rich activated carrier molecules known as NADH
are also produced per molecule of glucose. Glycolysis is the key pathway to produce
ATP in many anaerobic organisms. In the mitochondria, the metabolism of sugars can
be completed and this allows approximately 15 times more ATP to be produced than

by glycolysis alone. Both pyruvate and fatty acids are transported across the inner
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mitochondrial membrane into the matrix where they are converted to acetyl CoA.
Acetyl CoA then enters into the citric acid cycle (also known as the tricarboxylic acid
cycle or the Krebs cycle) where the carbon atoms of the acetyl groups are completely
oxidised to produce COz. The acetyl groups are not directly oxidised, rather this group
is transferred to oxaloacetate to form a six-carbon tricarboxylic acid known as citric
acid, for which the subsequent cycle of reactions is named. The citric acid molecule is
then gradually oxidised through a series of reactions giving rise to three molecules of
NADH, one molecule of FADH2 and one molecule of GTP. The high-energy molecules
that are carried by NADH and FADH: are transferred to the inner mitochondrial
membrane, where they enter the electron transport chain (ETC; Figure 4.1B). NADH
is oxidised by complex I (also known as NADH dehydrogenase) of the ETC and FADH>
is oxidised by complex II (also known as succinate dehydrogenase) to produce NAD+*
and FAD, respectively. The freed electrons are then passed along the ETC through
the respiratory complexes that undergo a series of redox reactions. As electrons move
along the respiratory chain, protons (H*) are pumped across the inner membrane
into the intermembrane space, thus energy is stored as an electrochemical proton
gradient across the inner membrane. This electrochemical proton gradient drives the
synthesis of ATP, via the membrane-bound enzyme ATP synthase, in a process known

as oxidative phosphorylation.
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Figure 4.1 The mitochondrial electron transport chain

A diagrammatic representation of (A) a mitochondrion and (B) the flow of electrons through
mitochondrial complexes I-1V, ubiquinone (Q) and cytochrome c (Cyt c), and the flow of
protons (H*) from the matrix to the intermembrane space then through the ATP synthase
complex to drive the synthesis of ATP. Dashed blue lines show the flow of electrons, dashed
pink lines show the flow of protons and green arrows show the products of reactions with

respiratory complexes.
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Early evidence for a link between mitochondrial dysfunction and PD came in the
1980’s after a group of drug users intravenously injected the neurotoxin MPTP
(Langston et al., 1983, Burns et al., 1985). This subsequently caused them to develop
Parkinsonism-like symptoms with inhibited mitochondrial respiration. MPTP is a
highly lipophilic compound that is able to rapidly cross the BBB upon administration
(Duty and Jenner, 2011). In the brain it is taken up by astrocytes where it is
metabolised to its active metabolite 1-methyl-4-phenylpyridinium (MPP*). When
MPP+ is released from astrocytes, it is taken up in the DA neurons via the dopamine
transporter (Blandini and Armentero, 2012). Here, it utilises vesicular monoamine
transporters to be taken up and stored in vesicles. It is thought that the storage of
MPP+ in vesicles causes dopamine to be ousted due to the limited capacity of the
vesicle. Once in the intercellular space, dopamine can be metabolised to a number of
toxic compounds. In the neuron, the majority of MPTP accumulates in the
mitochondria where it inhibits complex I of the ETC leading to an increase in reactive
oxygen species (ROS) and a decrease in ATP production (Nicklas et al., 1987). This is
likely to lead to the initiation of cell death-related signalling pathways such as p38-
mitogen activated kinase and c-Jun N-terminal kinase, which have both been shown
to be activated upon MPTP administration (Saporito et al., 2000, Karunakaran et al.,
2008, Duty and Jenner, 2011). Subsequent studies and post-mortem analysis reveal
that the activity of complex I is also significantly reduced (by approximately 30%) in
the SN of sporadic PD patients (Schapira et al., 1989, Exner et al., 2012). Complex I
deficiencies have also been found in the frontal cortex of PD post-mortem brains

(Parker et al., 2008).

Several of the PD-related genes including PINK1, parkin, DJ-1, a-synuclein and LRRK2
have been linked to the mitochondria. For example, mutations in PINK1 have been
shown to cause a plethora of mitochondrial defects including decreases in
mitochondrial membrane potential (MMP), reduced activity of complexes I and 1V,
reduced ATP production, decreased mitochondrial import and mtDNA levels,
increased production of ROS, and abnormal mitochondrial morphologies (Exner et
al., 2007, Hoepken et al,, 2007, Gautier et al., 2008, Piccoli et al., 2008, Dagda et al,,
2009, Gegg etal., 2009, Gispertetal., 2009, Grunewald et al., 2009, Morais et al., 2009,

Winklhofer and Haass, 2010). There are also consistent findings from parkin-mutant
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patient tissue, which shows decreases in complex I activity (up to 45%), MMP (up to
30%) and ATP production (up to 58%), as well as altered mitochondrial morphology
(Mortiboys et al., 2008). PINK1 and parkin operate within the same pathway; PINK1
recruits parkin to the outer mitochondrial membrane, which induces mitophagy as a
way for the cell to dispose of damaged mitochondria. The PINK1-parkin pathway has
also been implicated in mitochondrial transport (Weihofen et al., 2009, Wang et al,,

2011, Liu et al.,, 2012).

There is less known about the impact that LRRK2 has on the mitochondria.
Approximately 10% of overexpressed LRRK2 has been found to be in association
with the outer mitochondrial membrane (West et al., 2005). Confocal imaging,
subcellular fractionation, and electron microscopy have been utilised to show the
localisation of endogenous LRRKZ2 to mitochondria in mammalian brain tissue
(Biskup et al,, 2006, Exner et al., 2012). Mitochondrial pathology has been observed
in transgenic mice expressing the LRRK2-G2019S mutation (Ramonet et al,, 2011).
Furthermore, skin fibroblasts derived from patients carrying the LRRK2-G2019S
mutation show decreases in MMP and overall ATP production, as well as increased
mitochondrial interconnectivity (Mortiboys et al., 2010). Fragmented mitochondria
have also been observed in mammalian cultured cells and primary cortical neurons
upon overexpression of WT LRRKZ or pathogenic LRRK2Z mutants via increased
mitochondrial recruitment of dynamin-related protein, Drpl (Wang et al.,, 2012).
Although these studies suggest a link between LRRK2 pathology and mitochondrial
dysfunction, further studies are needed to determine whether these effects are direct

or indirect and the underlying mechanisms that are involved.

4.1.2 Bile acid mitochondrial rescue agents

Arecent in vitro drug screen performed in fibroblasts derived from parkin-mutant PD
patients identified a number of compounds that were able to rescue reduced MMP
and cellular ATP levels (Mortiboys et al., 2013). Two of these compounds, namely
ursocholanic acid (UCA), a bile acid derivative, and dehydro (11,12) ursolic acid
lactone (DUA), a pentacyclic triterpene, were selected for further assessment to
determine their effect on the activities of complexes I-1V of the ETC (Figure 4.2A-B).

Both UCA and DUA were found to significantly rescue and increase the activities of

145



complexes [-IV by 200-500%. DUA and UCA show structural similarities to
glucocorticoids, so it is perhaps unsurprising that inhibition or knockdown of the
glucocorticoid receptor completely abolished the mitochondrial rescue effects of

these compounds (Mortiboys et al., 2013).

Neither DUA nor UCA are FDA-licensed drugs, and there is little information available
concerning their bioavailability and safety in humans. Following a literature search,
the chemically related compounds, ursodeoxycholic acid (UDCA), a bile acid, and
ursolic acid (UA), a pentacyclic triterpene, were identified (Figure 4.2C-D). Unlike
DUA and UCA, the clinical pharmacokinetics of UDCA are well characterised and it
has been used in the clinical treatment of primary biliary cirrhosis for over 30 years
(Poupon et al., 1994). In addition, UDCA is now considered as the first-line of
treatment for other cholestatic conditions including primary sclerosing cholangitis
and intrahepatic cholestasis of pregnancy (Sepe et al., 2014). UDCA has a high safety
profile, and its clinical history reveals minimal side effects. The derivative of UDCA,
tauroursodeoxycholic acid (TUDCA), is able to prevent neuropathology in animal
models of Huntington’s disease and Stroke, and also improves the survival and
function of nigral transplants in a rat model of PD (Duan et al., 2002, Keene et al,
2002, Rodrigues et al, 2003). Another study has revealed that UDCA is
neuroprotective in DA neurons via the modulation of anti-oxidative molecules and
attenuation of mitochondria-mediated programmed cell death pathways (Chun and
Low, 2012). UA is a naturally occurring compound that is present in many plants. The
bioavailability of UA and its dose-dependent increase in mouse brain tissue has been
well characterised (Yin et al., 2012). Like DUA and UCA, both UDCA and UA were able
to significantly rescue and increase intracellular ATP levels and MMP of parkin-
mutant fibroblasts. UCA and UDCA were also shown to rescue mitochondrial
dysfunction in parkin-deficient neurons (Mortiboys et al., 2013). Furthermore, UCA
and UDCA are able to completely rescue cellular ATP levels in LRRK2-G2019S-mutant
fibroblasts with a similar effect to that observed in parkin-mutant patient tissue
(Mortiboys et al., 2013). Therefore, the beneficial effect of these compounds is not
limited to parkin-associated PD thus increasing the relevance of these compounds for

potential therapeutic use in the treatment of PD.
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A. dehydro (11,12) ursolic acid lactone (DUA) C. ursolic acid (UA) R

B. ursocholanic acid (UCA) D. ursodeoxycholic acid (UDCA)

Figure 4.2 Structures of four chemically related bile acid derivatives

(A) dehydro (11,12) ursolic acid lactone (DUA) and (B) ursocholanic acid (UCA) were
identified during the initial drug screen, whilst a literature search identified (C) ursolic acid
(UA) and (D) ursodeoxycholic acid (UDCA) as two structurally similar compounds. The
structural similarities are shown in red. All structures are represented in standard chemical
format and the 3D-orientation of the groups are displayed. Hydrogens are only displayed if
they affect the 3D-orientation of the molecule. Where no group is shown, a methyl group is

attached. Adapted with permission from Mortiboys et al. (2013).
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The LRRK2-G2019S mutation shows an age-dependent, reduced penetrance,
suggesting the presence of biological rescue mechanisms in some individuals. If
suitable biological targets can be identified, it may be possible to reduce the risk or
even prevent currently asymptomatic or non-manifesting LRRK2-G2019S (NM-
LRRK2-G2019S) carriers from undergoing phenotypic conversion and developing
clinically manifest PD (M-LRRKZ2-G2019S). We recently reported that intracellular
ATP levels and basal mitochondrial oxygen consumption are similarly decreased in
both M-LRRK2-G2019S and NM-LRRK2-G2019S carriers (Mortiboys et al., 2015).
Treatment with UDCA was able to recover intracellular ATP levels in NM-LRRKZ-
G2019S fibroblasts similarly to that previously seen in M-LRRKZ2-G2019S fibroblasts
(Mortiboys et al., 2013, Mortiboys et al.,, 2015). Unlike in parkin-mutant patient
tissue, the activities of complexes I and Il were normal in both M-LRRK2-G2019S and
NM-LRRK2-G2019S carriers compared with controls, whereas complex IV activity
was markedly decreased in both. A significant decrease in complex III activity was
recorded in M-LRRK2-G2019S carriers, and an intermediate non-significant decrease
was recorded in NM-LRRK2-G2019S carriers. The specific impairment of complex IV
activity in LRRK2-G2019S-associated PD delineates this form of familial PD from the
early-onset forms of PD (EOPD), caused by mutations in parkin or PINK1, which show
specific dysfunction of complex I. This suggests that although different mechanisms
may lead to mitochondrial dysfunction in EOPD and LRRK2-G2019S-associated PD,

UDCA is an effective therapeutic compound in both scenarios.

4.1.3 DUA and UCA rescue mitochondrial function through

increasing the phosphorylation of AktSer473

Akt (or protein kinase B) is a serine/threonine kinase that was first discovered as a
proto-oncogene (Bellacosa et al., 1991). Since its discovery, Akt has become a major
focus of attention because it has been implicated in the regulation of diverse cellular
functions including metabolism, growth, proliferation, survival, transcription and
protein synthesis. The Akt pathway is activated in response to insulin, growth factors,
cytokines and cell stress that induce the production of phosphatidylinositol (3,4,5)
trisphosphates by phosphatidylinositol 3-kinase (PI3K). These lipids serve as

docking sites and recruit Akt and its upstream activator PDK1 to the plasma
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membrane. PDK1 phosphorylates Akt at Thr3%8, which leads to partial activation of
Akt. mTORC2 phosphorylates Akt at Ser473 stimulating full enzymatic activity. Mis-
regulation of this pathway has been implicated in a variety of human diseases
including cancer, cardiovascular disease, diabetes and neurological diseases such as
Alzheimer’s and Huntington’s disease (Colin et al., 2005, Griffin et al., 2005). More
recently, defective Akt signalling has been implicated in the neurodegenerative
process of PD, with a number of studies reporting that drugs used to treat PD through
targeting the DA system are neuroprotective via Akt activation (Sagi etal., 2007, Chen
etal, 2008, Lim et al., 2008, Nair and Olanow, 2008, Yu et al., 2008). Furthermore, the
expression of constitutively active Akt protects against DA cell death induced by
intrastriatal 6-OHDA (Ries et al., 2006). It has also been reported that Akt signalling
is promoted by parkin (Fallon etal., 2006, Yang et al., 2005) and DJ-1 (Kim et al., 2005,
Yang et al.,, 2005), both of which are implicated in autosomal recessive forms of PD.
Finally, the expression of Akt and phosphoser473-Akt, which are both normally
expressed at high levels in the DA neurons of human brains, are found to be

significantly decreased in the PD brain (Timmons et al., 2009).

UA has previously been reported to reduce muscle atrophy and stimulated muscle
hypertrophy in mice through increasing the phosphorylation of Akt at Ser473 (Kunkel
etal.,, 2011). UDCA has been reported to suppress mitochondria-dependent cell death
in SH-SY5Y cells and similarly to UA, it was found to exert its protective effect through
Akt activation (Chun and Low, 2012). In accordance with this, DUA and UCA were
found to significantly increase AktSer473 phosphorylation in parkin-mutant
fibroblasts, but interestingly not in control fibroblasts (Mortiboys et al., 2013).
Selective inhibition of Akt phosphorylation or PI3K activity abolished the therapeutic
effects of DUA and UCA in parkin-mutant fibroblasts, thus further implicating the Akt
pathway in the mitochondrial rescue effect exerted by these compounds (Mortiboys

etal., 2013).

4.1.4 Mitochondrial dysfunction in the hLRRK2-G2019S fly model

The selective expression of the hLRRK2-G2091S transgene in the DA neurons of flies
(TH>G2019S) leads to a progressive, age-related loss of photoreceptor function
(Hindle et al., 2013). The functional decline in the ERG response of old (28 DPE)
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TH>G2019S flies was accompanied by severe neurodegeneration throughout the
internal structure of the retina. Antibody staining reveals clear evidence of increased
autophagy and apoptosis around the microvilli of the photoreceptors, whilst electron
micrographs show that the photoreceptor mitochondria are also compromised.
These dysfunctional mitochondria became swollen (70% increase in area) with
wider cristae (~80% wider), and are increasingly more broken, fragmented and
rounded (Hindle et al., 2013). The degeneration caused by the DA expression of
hLRRK2-G2019S is accelerated through increasing the demands on the visual system
to adapt, or through increasing the activity of the DA neurons. TH>G2019S flies kept
in vials with the light pulsed on and off at random intervals show a significant
reduction in ERG amplitude by 10 DPE compared with flies with DA expression of the
WT hLRRKZ transgene. Mitochondrial degeneration has also been reported in the
flight muscles of flies expressing the hLRRK2-G2019S transgene under the control of
a muscle-specific driver (Ng et al., 2012).

As previously described in Chapter 1, a more sensitive assay based on the SSVEP
method was developed for recording the visual response of flies (Afsari et al., 2014).
This highly sensitive assay allows the isolation of the responses from the
photoreceptors, second-order lamina neurons and third-order medulla neurons. The
fly SSVEP is designed to deliver stimuli that sweep through different contrast levels,
enabling the measurement and analysis of contrast response functions (CRFs; see
Chapter 2, section 2.2.2 for a complete description of this assay). The SSVEP assay has
proved sensitive enough to be able to detect abnormal visual phenotypes caused by
DA expression of hLRRK2-G2019S in 1 DPE flies. Raising larvae on the previously
published LRRK2-IN-1 kinase inhibitor or a novel kinase inhibitor, BMPPB-32,
rescued the SSVEP of hLRRK2-G2019S 1 DPE flies (Afsari et al., 2014). Thus, this assay
provides a robust and stable platform to assess the visual response of flies and to
determine the effectiveness and selectivity of potential therapeutic compounds
(Afsari et al., 2014). The SSVEP assay was used throughout this chapter to meet the

following aims.
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4.2 Aims

1. Determine the in vivo effects of two mitochondrial rescue agents, namely UCA
and UDCA, on neuronal function in flies with DA expression of the hLRRKZ2-
G2019S mutation.

2. Assess the effects that UCA and UDCA have on the activities of complexes I-IV
of the mitochondrial respiratory chain in the hLRRK2-G2019S fly model.

3. Establish whether UCA and UDCA interact with Akt in vivo as previously
described in vitro.

4. Asses whether overexpression of parkin in the DA neurons provides
protection against hLRRK2-G2019S induced visual dysfunction.

5. Determine if the kinase inhibitor, BMPPB-32, can rescue hLRRK2-G2019S

induced visual dysfunction after being administrated to adult flies.
Some of the data presented in this chapter are already published in:

Mortiboys H, Furmston R, Bronstad G, Aasly ], Elliott C, Bandmann O. UDCA exerts
beneficial effect on mitochondrial dysfunction in LRRK26G2019S carriers and in vivo.

Neurology 2015;10(85):846-52

West R], Furmston R, Williams CA, Elliott CJ. Neurophysiology of Drosophila models
of Parkinson’s disease. Parkinsons Dis. 2015;381281

4.3 Results

4.3.1 Increasing the energy demands of the visual system leads to a
rapid loss of visual function in flies with DA expression of

hLRRK2-G2019S by 7 DPE

Here, the sensitive SSVEP assay was used to determine the in vivo effects of the bile
acid derivatives UCA and UDCA when they were fed to hLRRK2-G2019S transgenic
flies. First, the progression of visual degeneration of flies expressing the mutant
hLRRK2-G2019S transgene in the DA neurons (TH>G2019S) was compared to flies
expressing the WT hLRRKZ transgene (TH>hLRRKZ) or to control flies expressing no
transgene (TH/we@pricot), DA expression of hLRRK2-G2019S or WT hLRRKZ was
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achieved as previously described (Hindle et al., 2013, Afsari etal., 2014). Both the WT
and mutant hLRRKZ transgenic fly lines have orange eyes, therefore the non-
transgenic wepricotfly line, also with orange eyes, was chosen as an eye-colour matched
control (Figure 4.3). This eliminated differences in the amount of screening pigment
between genotypes, which is known to alter the shape and size of the ERG, and

enabled direct comparisons to be made between genotypes.

A. TH>G2019S &\ B. TH/wevricot

C. TH>hLRRK2

Figure 4.3 A comparison between the eye colour of flies with DA expression of hLRRK2-

G2019S, WT hLRRK?Z or no transgene

Flies with DA expression of (A) the PD-associated hLRRK2-G2019S transgene (TH>G2019S),
(B) no transgene (TH/werricot), or (C) the WT hLRRKZ transgene (TH>hLRRKZ) all have a
similar orange eye colour. The amount of screening pigment between these three genotypes
is similar, thus any differences in the CRFs between genotypes should not be due to eye

colour.
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To speed up the life cycle and to accelerate visual degeneration, newly emerged
female flies were transferred to instant food supplemented with 100% EtOH and
were kept in a pulsating light incubator at 29°C. To ensure the food didn’t dry out,
flies were transferred to fresh vials every 2-3 days. Flies were prepared for ERG
analysis as previously described (see Chapter 2, section 2.2.2). After dark adaption,
the photic responses of flies were verified through the presence of a robust response
to six flashes of the blue component of an LED light. If a fly failed to respond during
the flash ERG, the fly was discarded. If a robust response was recorded, the SSVEP
assay was run using a pre-programmed sequence of frequency-tagged flickering
stimuli as described in Afsari et al. (2014). The temporal contrast of the probe stimuli
(12 Hz) was swept through a range of values (0-69%). The visual response to this
stimulus was measured both in isolation, and in the presence of a 30% contrast mask
at a different temporal frequency (15 Hz). This enabled the effects of the stimulus and
mask contrast to be measured in isolation. To observe the progression of visual
degeneration, CRFs were measured by SSVEP at 3, 7 and 14 DPE for each genotype.
Signalling from the photoreceptors (1F1) and the lower-order lamina (2F1) and
medulla (2F1+2F2) neurons, were separated and plotted on individual graphs
against the probe contrast level. Graphs were plotted on the same scale for each age

and genotype tested to aid comparisons between data sets.

At 3 DPE, robust CRFs were recorded from TH/we@pricot controls and from transgenic
TH>hLRRKZ and TH>G2019S flies (Figure 4.4Ai-iv). The grey curve on each graph
shows the response when the mask is absent (unmasked) whilst the pink curve
shows the response in the presence of the constant 30% contrast mask (masked) as
the contrast of the probe increases from 0 to 69%. For each genotype, the unmasked
responses from both the 1F1 and 2F1 harmonic components of the swept probe
increased monotonically with contrast. The intermodulation (2F1+2F2) response
showed a maximum level at around the point where the contrast of the mask and
probe are equal (30% contrast), which has previously been described in Afsari et al.
(2014). In these intermodulation graphs, the grey line provided an estimate of
baseline noise level as it represents the response when the second input frequency is
not present and thus appears as a flat line. The CRFs recorded from TH/wa@pricot

TH>hLRRKZ and TH>G2019S flies were also plotted on the same graph to aid
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comparisons between genotypes. (Figure 4.4B). These graphs show that at 3 DPE, the

CRFs recorded from control and transgenic flies were very similar.

The average peak CRFs for the unmasked 1F1, unmasked 2F1 and masked and
unmasked 2F1+2F2 responses were plotted for each genotype (Figure 4.5A-D). These
plots show that there were no significant differences in the peak CRFs recorded from
control and TH>G2019S flies at 3 DPE (all p>0.05). There were no significant
differences observed for the 2F1+2F2 unmasked responses between genotypes,
suggesting that the baseline noise level was similar between experiments (Figure

4.5D).
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3 days post eclosion
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Figure 4.4 Neural responses to swept contrast flicker recorded at 3 DPE are similar

between flies with DA expression of hLRRK2-G2019S and controls

(A) 3 DPE CRFs recorded from (i) TH/wapricot, (ii) TH>hLRRKZ and (iii) TH>G2019S flies for
1F1 (first row), 2F1 (second row) and 2F1+2F2 (third row) with (pink) and without (grey) a
30% mask as the probe contrast is increased from 0 to 69%. (B) Combined plots of all
genotypes for the corresponding rows in (A). In (A) the solid lines indicate the mean response
and the shaded area indicates + SEM. In (B) data are mean + SEM bars. The black arrows point
to the responses from flies with DA expression of hLRRK2-G2019S, which indicate that the

responses of these flies were similar to control flies. n28 for each genotype.
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3 days post eclosion
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Figure 4.5 At 3 DPE, peak CRFs do not differ between flies with DA expression of
hLRRK2-G2019S or controls

The 3 DPE peak CRFs recorded from flies expressing no transgene (TH/wapricot; light blue),
WT hLRRK2Z (TH>hLRRKZ2: dark blue) or hLRRK2-G2019S (TH>G2019S: red) in the DA
neurons for (A) 1F1 photoreceptors, (B) 2F1 lamina, (D) 2F1+2F2 medulla, without a 30%
mask and (C) 2F1+2F2, with a 30% mask as the probe contrast is increased from 0 to 69%.
(A-C) The peak CRFs recorded from the three neuronal layers were comparable between
genotypes. (D) There were no significant differences in the unmasked 2F1+2F2 responses
between genotypes, thus the baseline noise level was similar between experiments. All
statistics are ANOVA with post-hoc Bonferroni correction: NS, no significant difference,

p>0.05. Data presented are mean * SEM bars; n numbers are displayed above the bars.
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At 7 DPE, CRFs recorded from control TH/wepricot and TH>hLRRKZ flies remained
robust and were similar, if not slightly increased, compared to those recorded at 3
DPE (Figure 4.6Ai-ii). In contrast, CRFs recorded from 7 DPE TH>G2019S flies were
dramatically reduced compared with those recorded at 3 DPE (photoreceptors: 59%
decrease; lamina: 64% decrease; medulla: 55% decrease; Figure 4.6Aiii). The 7 DPE
TH>G2019S CRFs were also considerably lower than the CRFs recorded from
TH>hLRRKZ and TH /wearricot flies (Figure 4.6B).

Plotting the average peak CRFs for each genotype (Figure 4.7A-D) revealed that the
photoreceptor responses of TH>G2019S flies were reduced to 24% of TH/wepricot fljes
(p<0.001) and 33% of TH>hLRRKZ flies (p<0.001). The responses recorded from the
neuronal layers of TH>G2019S flies were even more reduced compared with control
flies (lamina response: 15% of TH/weapricot flies, p<0.001 and 22% of TH>hLRRKZ flies,
p<0.01; medulla response: 17% of TH/wepricot flies, p<0.001 and 29% of TH>hLRRK2
flies, p<0.05). The CRFs recorded from TH>hLRRKZ flies were slightly reduced
compared with those recorded from TH/werricot flies, although only the photoreceptor
responses showed a significant difference (p<0.05). TH>hLRRK?Z flies are likely to
have slightly higher LRRK2 kinase activity compared with non-transgenic TH/wapricot
flies because they express a copy of the hLRRKZ gene in addition to their own version
LRRK. Increased LRRK2 kinase activity may have caused the reduced photoreceptor

responses observed in these flies.
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7 days post eclosion
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Figure 4.6 Neural responses to swept contrast flicker recorded at 7 DPE are
dramatically reduced in flies with DA expression of hLRRK2-G2019S compared with

controls

(A) 7 DPE CRFs recorded from (i) TH/warricot, (ii) TH>hLRRKZ and (iii) TH>G2019S flies for
1F1 (first row), 2F1 (second row) and 2F1+2F2 (third row) with (pink) and without (grey) a
30% mask as the probe contrast is increased from 0 to 69%. (B) Combined plots of all
genotypes for the corresponding rows in (A). In (A) the solid lines indicate the mean response
and the shaded area indicates + SEM. In (B) data are mean + SEM bars. The black arrows point
to the responses from flies with DA expression of hLRRK2-G2019S, which indicate the severe

reduction in the visual response of these flies compared to controls. n=11 for each genotype.
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7 days post eclosion *p<0.05, **p<0.01, ***p<0.001
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Figure 4.7 At 7 DPE, peak CRFs recorded from flies with DA expression of hLRRK2-

G2019S are significantly lower than controls

The 7 DPE peak CRFs recorded from flies expressing no transgene (TH/wapricot; light blue),
WT hLRRK2Z (TH>hLRRKZ2: dark blue) or hLRRK2-G2019S (TH>G2019S: red) in the DA
neurons for (A) 1F1 photoreceptors, (B) 2F1 lamina, (D) 2F1+2F2 medulla, without a 30%
mask and (C) 2F1+2F2, with a 30% mask as the probe contrast is increased from 0 to 69%.
(A-C) The peak CRFs recorded from all three neuronal layers were significantly lower in flies
expressing hLRRK2-G2019S compared with flies expressing no transgene or those expressing
WT hLRRKZ. The photoreceptor responses of TH>hLRRKZ flies were also significantly lower
than those recorded from TH/woarricot flies. (D) There were no significant differences in the
unmasked 2F1+2F2 responses between genotypes, thus the baseline noise level was similar
between experiments. All statistics are ANOVA with post-hoc Bonferroni correction:
***p<0.001, **p<0.01, *p<0.05, NS, no significant difference, p>0.05. Data presented are mean

+ SEM bars; n numbers are displayed above the bars.
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At 14 DPE, the visual responses recorded from TH/weapricot and TH>hLRRK?Z flies had
deteriorated, evidenced by the reduction in the CRFs from those recorded at 7 DPE
(Figure 4.8Ai-ii). The CRFs recorded from TH>G2019S flies remained very low and
were almost indistinguishable from those recorded at 7 DPE (Figure 4.8Aiii). The 14
DPE CRFs were similar between genotypes (Figure 4.8B). Plotting the peak CRFs
revealed that the photoreceptor, lamina and medulla responses were not
significantly different between the three genotypes (Figure 4.9A-D). The reduced
visual response of control flies at 14 DPE suggested that prolonged exposure to
pulsating lights at 29°C caused adverse effects, therefore 7 DPE was chosen as the
latest time-point to record the visual response of flies under these conditions for all

subsequent experiments.
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14 days post eclosion
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Figure 4.8 Neural responses to swept contrast flicker recorded at 14 DPE are

dramatically reduced in flies with DA expression of hLRRK2-G2019S and in controls

(A) 14 DPE CRFs recorded from (i) TH/wapricot, (ii) TH>hLRRKZ and (iii) TH>G2019S flies for
1F1 (first row), 2F1 (second row) and 2F1+2F2 (third row) with (pink) and without (grey) a
30% mask as the probe contrast is increased from 0 to 69%. (B) Combined plots of all
genotypes for the corresponding rows in (A). In (A) the solid lines indicate the mean response
and the shaded area indicates + SEM. In (B) data are mean + SEM bars. The black arrows point
to the responses from flies with DA expression of hLRRK2-G2019S, which indicate that the
reduced visual response recorded from these flies was comparable to the reduced visual

responses recorded from control flies. n29 for each genotype.
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14 days post eclosion
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Figure 4.9 At 14 DPE, peak CRFs do not differ between flies with DA expression of
hLRRKZ2-G2019S or controls

The 14 DPE peak CRFs recorded from flies expressing no transgene (TH/wearricot: Light blue),
WT hLRRK2 (TH>hLRRKZ: Dark blue) or hLRRK2-G2019S (TH>G2019S: Red) in the DA
neurons for (A) 1F1 photoreceptors, (B) 2F1 lamina, (D) 2F1+2F2 medulla, without a 30%
mask and (C) 2F1+2F2, with a 30% mask as the probe contrast is increased from 0 to 69%.
(A-C) All 14 DPE peak CRFs recorded from the three neuronal layers were very low and were
similar between genotypes. (D) There were no significant differences in the unmasked
2F1+2F2 responses between genotypes, thus the baseline noise level was similar between
experiments. All statistics are ANOVA with post-hoc Bonferroni correction: NS, no significant
difference, p>0.05. Data presented are mean * SEM bars; n numbers are displayed above the

bars.
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4.3.2 Treatment with UCA or UDCA rescues visual dysfunction in

flies with DA expression of hLRRK2-G2019S at 7 DPE

To determine the in vivo effects of UCA and UDCA on neuronal function, these
compounds were fed to TH>G2019S, TH>hLRRKZ and TH/waricot flies. Food
containing UCA or UDCA was made through dissolving the appropriate compound in
100% EtOH and then diluting into deionised water to achieve a final concentration of
2.5 uM. The drug solution was then mixed with instant fly food. The visual responses
of flies fed with these drugs were measured by SSVEP at 3 and 7 DPE and were
compared to the visual responses of flies that had been fed on food containing no drug
but supplemented with 100% EtOH (this food will henceforth be referred to as
‘control food’). To try and mimic the situation of a PD patient, who is unlikely to start
taking drugs until later in their adult life, larvae were raised on drug-free food and
female adult flies were transferred to food containing 2.5 pM UCA, 2.5 uM UDCA or
control food on the day of eclosion. Once eclosed, all flies were maintained at 29°C in
a pulsating light incubator; these are the same conditions previously used when

examining the visual response of flies fed control food in section 4.3.1.

At 3 DPE, CRFs were robust for each genotype/drug combination (Figure 4.10A-C).
For each genotype, CRFs showed no significant differences between flies that had
been fed control food or those that had been fed food containing UCA or UDCA (all
p>0.05; Figure 4.11A-C). As previously shown in Figure 4.5, there were no significant
differences between the 3 DPE CRFs recorded from untreated TH>G2019S,
TH>hLRRKZ and TH/wepricot flies. Treatment with UCA or UDCA also caused no
significant differences in the CRFs recorded from these genotypes (all p>0.05).
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3 days post eclosion
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Figure 4.10 Treatment with UCA or UDCA does not affect the CRFs of flies with DA
expression of hLRRK2-G2019S, WT hLRRKZ or no transgene at 3 DPE

3 DPE CRFs recorded from flies with DA expression of (A) no transgene, (B) WT hLRRKZ or
(C) hLRRK2-G2019S, after being fed food containing no drug (blue or red lines) or food
supplemented with UCA (dark green lines) or UDCA (light green lines). CRFs are shown for
the photoreceptors (1F1 unmasked, first row), lamina neurons (2F1 unmasked, second row),
and medulla neurons (2F1+2F2 masked and unmasked, third row). At 3 DPE, treatment with
UCA or UDCA did not affect the CRFs recorded from any genotype. Data presented are mean
+ SEM bars. In (C) the black arrows point to the responses from TH>G2019S flies fed on food

containing no drug. n=8 for each genotype/drug combination.
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3 days post eclosion
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Figure 4.11 At 3 DPE, peak CRFs from flies with DA expression of hLRRK2-G2019S, WT
hLRRK?Z or no transgene do not differ following treatment with UCA or UDCA

The 3 DPE peak CRFs recorded from flies expressing no transgene (light blue), WT hLRRKZ
(dark blue) or hLRRK2-G2019S (red) in the DA neurons, after being fed control food or food
supplemented with UCA (dark green) or UDCA (light green). Peak CRFs are shown for (A)
1F1, (B) 2F1, (D) 2F1+2F2, without a 30% mask and (C) 2F1+2F2, with a 30% mask as the
probe contrast is increased from 0 to 69%. (A-C) Treatment with UCA or UDCA did not cause
any significant changes to the CRFs within genotypes or between genotypes. (D) The
unmasked 2F1+2F2 responses were not significantly different between genotypes, thus the
baseline noise level was similar between experiments. Statistics within and between
genotypes are all ANOVA with post-hoc Bonferroni correction: NS, no significant difference,

p>0.05. Data presented are mean * SEM bars; n numbers are displayed above the bars.
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At 7 DPE, treatment with UCA or UDCA did not affect the CRFs recorded from
TH/wepricot or TH>hLRRKZ flies (Figure 4.12A-B). In contrast, feeding UCA or UDCA to
TH>GZ2019S flies substantially increased all three components of the neuronal visual
response (Figure 4.12C). When TH>G2019S flies were fed UCA, the photoreceptor
response was increased by 136% (Figure 4.13A; p<0.05), the lamina response was
increased by 203% (Figure 4.13B; p<0.05) and the medulla response was increased
by 176% (Figure 4.13C; p<0.05) compared with untreated TH>G2019S flies. When
TH>G2019S flies were fed UDCA, the photoreceptor response was increased by 117%
(Figure 4.13A; p<0.05), the lamina response was increased by 217% (Figure 4.13B;
p<0.05), and the medulla response was increased by 105% compared with untreated
TH>GZ2019S flies. However, the medulla response was not significantly different from
untreated flies, possibly due to the variability of the data (Figure 4.13C; p>0.05). The
peak CRFs recorded from TH/we@pricot or TH>hLRRKZ flies did not differ significantly
between treatments (Figure 4.13A-C).

Although both UCA and UDCA showed a powerful beneficial effect on neuronal
signalling in flies with DA expression of hLRRK2-G2019S, the rescue of visual function
was incomplete. A comparison between TH>G2019S flies fed UCA with control flies
fed UCA revealed that the rescue was ~70% (photoreceptor response: 69% and 67%
of TH/wepricot and TH>hLRRK?Z flies; lamina response: 58% and 66% of TH/wapricot and
TH>hLRRK?Z flies; medulla response: 58% and 85% of TH/wricot and TH>hLRRK2
flies), however these differences were not significant (p>0.05). A comparison
between TH>G2019S flies fed UDCA with control flies fed UDCA revealed that the
rescue was ~65%, slightly lower than for UCA (photoreceptor response: 66% and
64% of TH/wepricot and TH>hLRRKZ flies; lamina response: 69% and 73% of
TH/wepricot and TH>hLRRK?Z flies; medulla response: 51% and 64% of TH/we@pricot and
TH>hLRRKZ flies). Again, these differences were not found to be significant (p>0.05).
It is possible that the variability in the data masked any significant differences
between these genotypes. The data is perhaps more variable when flies are fed on
drug-containing food due to individual flies consuming different amounts of food,

thus different amounts of the drug.
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7 days post eclosion
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Figure 4.12 Treatment with UCA or UDCA dramatically improves the CRFs of flies with
DA expression of hLRRK2-G2019S at 7 DPE

7 DPE CRFs recorded from flies with DA expression of (A) no transgene, (B) WT hLRRKZ or
(C) hLRRK2-G2019S, after being fed food containing no drug (blue or red lines) or food
supplemented with UCA (light green lines) or UDCA (dark green lines). CRFs are shown for
the photoreceptors (1F1 unmasked, first row), lamina neurons (2F1 unmasked, second row),
and medulla neurons (2F1+2F2 masked and unmasked, third row). At 7 DPE, CRFs recorded
from untreated TH>G2019S flies were considerably lower than those recorded from
untreated control genotypes (indicated by the black arrows), but were markedly improved
after treatment with either UCA or UDCA. The CRFs recorded from TH>hLRRKZ or TH /wavricot
flies were unaffected following UCA or UDCA treatment. Data presented are means * SEM

bars. n210 for each genotype/drug combination.
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Figure 4.13 At 7 DPE, peak CRFs from flies with DA expression of hLRRK2-G2019S are
significantly improved following treatment with UCA or UDCA

The 7 DPE peak CRFs recorded from flies expressing no transgene (light blue), WT hLRRKZ
(dark blue) or hLRRK2-G2019S (red) in the DA neurons, after being fed control food or food
supplemented with UCA (dark green) or UDCA (light green). Peak CRFs are shown for (A)
1F1, (B) 2F1, (D) 2F1+2F2, without a 30% mask and (C) 2F1+2F2, with a 30% mask as the
probe contrast is increased from 0 to 69%. (A-C) Treatment with UCA significantly increased
all CRFs recorded from TH>G2019S flies. Treatment with UDCA significantly increased the
1F1 and 2F1 CRFs recorded from TH>G2019S flies. Both UCA and UDCA increased the CRFs
of TH>G2019S flies to levels that were comparable with those recorded from control flies also
treated with these compounds. Neither UCA nor UDCA increased the CRFs of TH>hLRRKZ or
TH /wopricot flies. (D) The unmasked 2F1+2F2 responses were not significantly different
between genotypes, thus the baseline noise level was similar between experiments. Statistics
within and between genotypes are all ANOVA with post-hoc Bonferroni correction: *p<0.05,
NS, no significant difference, p>0.05. Data presented are mean * SEM bars; n numbers are

displayed above the bars.
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4.3.3 The activity of mitochondrial complexes I, Il and IV are similar

in flies with DA expression of hLRRK2-G2019S and controls

Although it was evident that UCA and UDCA had a beneficial effect on the neuronal
visual response in flies with DA expression of hLRRK2-G2019S, we wanted to
determine if this was due to a rescue of mitochondrial dysfunction. Thus, the
activities of complexes I-IV of the mitochondrial respiratory chain were measured.
Mitochondria-enriched fragments were extracted from the heads of 7 DPE
TH /wepricot. TH>hLRRKZ and TH>G2019S flies, all of which had been fed control food
or food supplemented with UCA or UDCA. Samples were transported to the Sheffield
Institute of Translational Neuroscience (SITraN) on dry ice and the assays were
performed alongside our collaborators. After each sample was prepared, individual
assays were used to measure the activity of complexes I-IV (see Chapter 2, section
2.6). The specific activity of each complex was normalised to that of citrate synthase.
Each assay was repeated three times, and five different volumes of mitochondrial
extract from each sample were used per repeat. Unfortunately, we were unable to
record the activity of complex III during any of the three repeats so these data are not
presented. For both complexes I and IV, the activity was only successfully recorded
in two out of the three repeats, so data from the third repeat were not included in the

analysis.

There were no significant differences recorded in the activities of complex I (Figure
4.14A), complex II (Figure 4.14B) or complex IV (Figure 4.14C) between genotypes.
Treatment with UCA or UDCA also had no significant effect on the activities of

complexes I, I or IV when fed to TH/weapricot, TH>hLRRKZ2 or TH>G2019S flies.
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Figure 4.14 The activities of complexes I, II or IV do not differ between flies with DA

expression of hLRRK2-G2019S or controls or following treatment with UCA or UDCA

The activities of complexes I (A), II (B) and IV (C) normalised to citrate synthase, recorded
from 7 DPE flies expressing no transgene (light blue), WT hLRRKZ2 (dark blue) or hLRRK2-
G2019S (red) in the DA neurons, after being fed control food or food supplemented with UCA
(dark green) or UDCA (light green). (A-C) There were no significant effects of genotype or
drug treatment on the activities of complex |, Il or [V. Statistics within and between genotypes
are all ANOVA with post-hoc Bonferroni correction: NS, no significant difference, p>0.05.
Data presented are mean * SEM bars. The number of repeats for each genotype in (A) and (C)

was two and in (B) was three.

170



4.3.4 Do UCA and UDCA increase the phosphorylation of AktSer473?

As previously mentioned, DUA and UCA were found to exert their beneficial effects
through significantly increasing AktSer473 phosphorylation in parkin-mutant
fibroblasts (Mortiboys et al.,, 2013). The Drosophila genome contains a single Akt1
gene encoding a protein that is ~76.5% similar to the mammalian Aktl protein
(Franke et al., 1994). All of the components known to be involved in the mammalian
Akt signalling pathway have also been implicated in the Drosophila Akt signalling
pathway, and this pathway functions as an anti-apoptotic pathway in flies, as in
mammals (Scanga et al,, 2000). Furthermore, several studies have suggested that
inactivation of Akt results in apoptotic death of DA neurons in both flies and humans
(Yangetal, 2005, Timmons et al., 2009). Thus Akt1 appears to be conserved between
flies and humans, which suggests that UCA and UDCA may also increase the
phosphorylation of Akt1 in flies.

4.3.4.1 Treatment with UCA or UDCA increases the visual response

of flies with reduced expression of Akt

To determine if UCA and UDCA improved the visual responses of TH>G2019S flies
through an interaction with the Akt pathway, SSVEPs were recorded from flies with
reduced gene expression of Akt following treatment with no drug, UCA or UDCA. If
UCA and UDCA do exert their beneficial effects through increasing the
phosphorylation of Akt, it would be expected that the visual responses of flies with
reduced expression of Akt would be compromised, but would be improved following
treatment with these compounds. The UAS/GAL4 system was used to drive the
expression of Akt-RNAi using either elav-GAL4 or neuronal synaptobrevin-GAL4
(nsyb-GAL4) to achieve pan-neuronal expression. CRFs were measured by SSVEP at
3 and 7 DPE. As with previous experiments, newly emerged female flies were
transferred to control food or food containing 2.5 uM UCA or 2.5 pM UDCA. These flies

were maintained in a 29°C pulsating light incubator.

At 3 DPE, CRFs recorded from flies expressing Akt-RNAi pan-neuronally using elav-
GAL4 (elav-GAL4>Akt-RNAi) did not differ significantly between drug treatments
(Figure 4.15Ai-iv). When Akt-RNAi was expressed using the nsyb-GAL4 driver (nsyb-
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GAL4>Akt-RNAi), treatment with either UCA or UDCA improved the CRFs, however
significant differences were only recorded in the photoreceptor (Figure 4.15Ai;
p<0.05) and lamina responses (Figure 4.15Aii; p<0.05) following treatment with
UDCA. Although both the photoreceptor and lamina responses of untreated nsyb-
GAL4>Akt-RNAi flies were slightly reduced compared with untreated elav-GAL4>Akt-
RNAi flies, these differences were not found to be significant (Figure 4.15Ai-iv). nsyb-
GAL4>Akt-RNAi flies have a very dark red eye colour whereas elav-GAL4>Akt-RNAi
flies have a much brighter red eye colour. Therefore, the slightly reduced CRFs
recorded from nsyb-GAL4>Akt-RNAi flies at 3 DPE compared with those recorded
from elav-GAL4>Akt-RNAIi flies may be due to the difference in eye colour.

At 7 DPE, feeding elav-GAL4>Akt-RNAi flies UDCA significantly increased all three
components of the neuronal visual response compared with untreated elav-
GAL4>Akt-RNAi flies (Figure 4.15Bi-iii; photoreceptor response: 66% increase;
lamina response: 80% increase; medulla response: 93% increase; all p<0.05).
Feeding elav-GAL4>Akt-RNAi flies UCA also increased the visual response, but not
significantly (photoreceptor response: 23% increase; lamina response: 23%
increase; medulla response: 28% increase; all p>0.05). Similarly, treatment with UCA
or UDCA significantly increased all three components of the neuronal visual response
of nsyb-GAL4>Akt-RNAi flies compared with untreated nsyb-GAL4>Akt-RNAi flies
(Figure 4.15Bi-iii; photoreceptor response: 188% increase with UCA, 186% increase
with UDCA; lamina response: 156% increase with UCA, 193% increase with UDCA;
medulla response: 135% increase with UCA, 146% increase with UDCA; all p<0.05).

At 7 DPE, nsyb-GAL4>Akt-RNAI flies showed a more severe reduction in their visual
response compared with elav-GAL4>Akt-RNAi flies. A comparison of untreated nsyb-
GAL4>Akt-RNAI flies with untreated elav-GAL4>Akt-RNAi flies revealed that the
visual response of nsyb-GAL4>Akt-RNAIi flies was ~35% of elav-GAL4>Akt-RNAi flies
(photoreceptor response: 31% of elav-GAL4>Akt-RNAi flies, p<0.01; lamina
response: 33% of elav-GAL4>Akt-RNAi flies, p<0.05; medulla response: 41% of elav-
GAL4>Akt-RNAi flies, p<0.05). Although nsyb-GAL4>Akt-RNAi flies have darker eyes
than elav-GAL4>Akt-RNAI flies, it is likely that nsyb-GAL4 drives the expression of
Akt-RNAi more strongly than elav-GAL4; if the differences between these two
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genotypes were due to eye colour alone, then feeding UCA or UDCA to these flies

would not be expected to have caused such a beneficial neuronal rescue.
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Figure 4.15 At 7 DPE, treatment with UDCA or UCA increases the CRFs of flies with

reduced expression of Akt

Figure legend overleaf.
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Figure 4.15 At 7 DPE, treatment with UDCA or UCA increases the CRFs of flies with

reduced expression of Akt

Peak CRFs recorded from flies expressing Akt-RNAi pan-neuronally with elav-GAL4 (red) or
nsyb-GAL4 (dark red) after being given food containing no drug, UCA (dark green) or UDCA
(light green) at (A) 3 DPE and (B) 7 DPE. Peak CRFs are shown for (i) 1F1, (ii) 2F1, (iv)
2F1+2F2, without a 30% mask and (iii) 2F1+2F2, with a 30% mask as the probe contrast is
increased from 0 to 69%. (Ai-iii) At 3 DPE, treatment with UCA or UDCA did not significantly
alter the CRFs recorded from elav-GAL4>Akt-RNAi flies. UCA did not significantly increase
any of the CRFs recorded from nsyb-GAL4>Akt-RNAi flies, whereas UDCA significantly
increased the 1F1 and 2F1 CRFs. (Bi-iii) At 7 DPE, treatment with UDCA significantly
increased all CRFs recorded from elav-GAL4>Akt-RNAi and nsyb-GAL4>Akt-RNAi flies.
Treatment with UCA only significantly increased CRFs recorded from nsyb-GAL4>Akt-RNAi
flies. The CRFs of nsyb-GAL4>Akt-RNAi flies were significantly lower than elav-GAL4>Akt-
RNAI flies. (Aiv and Biv) There were no significant differences in the unmasked 2F1+2F2
responses between genotype/drug combinations, suggesting that the baseline noise level
was similar between experiments. Statistics within genotypes are ANOVA with post-hoc
Bonferroni correction and statistics between two different genotypes are Student’s t-tests:
**p<0.01, *p<0.05, NS, no significant difference, p>0.05. Data presented are mean = SEM bars;

n numbers are displayed above the bars.
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4.3.4.2 Treatment with UCA or UDCA increases the visual response
of flies with DA expression of both hLRRK2-G2019S and a
mutant copy of Akt1

The LOF P{PZ}Akt104226 fly line (Bloomington Stock 11627), derived by insertional
mutagenesis (Spradling et al., 1999), was also used to determine if UCA and UDCA
interact with the Akt pathway in flies. This mutant Akt1 gene is inserted on the third
chromosome of Drosophila, the same chromosome that UAS-G2019S and TH-GAL4
are inserted. After numerous failed attempts to recombine UAS-G2019S and the
mutant Akt1, possibly because they are inserted too closely together on chromosome
three, a fly line was generated in which UAS-G2019S and TH-GAL4 had been
recombined. Mutant Akt1 was then crossed into the recombined UAS-G2019S, TH-
GAL4 background (these flies are referred to as TH>G2019S/Akt1 throughout this
thesis). Homozygous Akt1 flies are not viable, thus the flies that we tested only
expressed one mutant copy of the AktI gene. CRFs of female TH>G2019S/Akt1 flies
that had been fed control food or food containing 2.5 pM UCA or 2.5 pM UDCA from
the day of emergence were measured by SSVEP at 3 and 7 DPE. These flies were kept

under the same conditions as previous experiments (29°C, pulsating light incubator).

Figure 4.16Ai-iv shows the peak 3 DPE CRFs recorded from TH>G2019S /Akt1 flies fed
control, UCA or UDCA food. To aid comparisons, the peak CRFs previously recorded
from 3 DPE TH>G2019S flies fed control, UCA or UDCA food are also plotted on the
same graphs. The photoreceptor and lamina responses of all TH>G2019S/Akt1 flies
were robust at 3 DPE and were not significantly affected by drug treatment (Figure
4.16Ai-ii; both p>0.05). The medulla responses of untreated TH>G2019S/Akt1 flies
were weak, however treatment with UCA increased these responses by 80% (Figure
4.16Aiii; p<0.05). Treatment with UDCA also increased the medulla responses, but
not significantly (56% increase). Surprisingly, the photoreceptor responses of
untreated TH>G2019S flies were only 34% of untreated TH>G2019S/Akt1 flies
(p<0.001). There were no differences in the lamina responses between these two
genotypes (p>0.05), but the medulla responses of TH>G2019S flies were 57% higher
than those recorded from TH>G2019S/Akt1 flies (p<0.001). A comparison between
TH>G2019S/Akt1 and TH>G2019S flies both treated with UCA revealed that the
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photoreceptor and lamina responses of TH>G2019S flies were 39% (p<0.001) and
56% (p<0.01) of those recorded from TH>G2019S/Akt1, respectively; the medulla
responses were not significantly different. A similar result was observed with a
comparison between TH>G2019S/Akt1 and TH>G2019S flies both treated with UDCA;
TH>GZ2019S flies showed photoreceptor responses that were 48% of those recorded
from TH>G2019S/Akt1 flies (p<0.001) and lamina responses that were 62% of those
recorded from TH>G2019S/Akt1 flies (p<0.05). Again, the medulla responses were

not significantly different.

Figure 4.16Bi-iv shows the peak 7 DPE CRFs recorded from TH>G2019S5/Akt1 flies fed
control, UCA or UDCA food. As before, the peak CRFs previously recorded from 7 DPE
TH>G2019S flies fed control, UCA or UDCA food are also plotted on the same graphs
to help with comparisons. The CRFs recorded from untreated TH>G2019S/Akt1 flies
fed control food were reduced compared with those recorded at 3 DPE (Figure
4.16Bi-iii; photoreceptor response: 70% decrease; lamina response: 68% decrease;
medulla response: 37% decrease). Treatment with UCA increased all three
components of the visual response in TH>G2019S/Aktl flies compared with
untreated TH>G2019S/Akt1 flies, but only the photoreceptor responses were
significantly different (photoreceptor response: 113% increase, p<0.05; lamina
response: 123% increase, p>0.05; medulla response: 66% increase, p>0.05).
Treatment with UDCA showed a more beneficial effect than UCA as it significantly
increased all three components of the neuronal visual response of TH>G2019S/Akt1
flies compared with untreated TH>G2019S/Akt1 flies (photoreceptor response:
169% increase, p<0.01; lamina response: 262% increase, p<0.001; medulla response:

164% increase, p<0.01).

There were no significant differences in the CRFs recorded from 7 DPE untreated
TH>G2019S/Akt]l and untreated TH>G2019S flies (Figure 4.16Bi-iv). There were
slight differences in the photoreceptor and lamina responses recorded from
TH>G2019S/Akt1 flies fed UCA compared with those recorded from TH>G2019S flies
also fed UCA, but these differences were not significant. However, the medulla
response recorded from TH>G2019S/Akt1 flies fed UCA was only 36% of the medulla
response recorded from TH>G2019S flies also fed UCA (p<0.01). Similarly, there were

slight differences in the photoreceptor, lamina and medulla responses recorded from
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TH>G2019S/Akt1 flies fed UDCA compared with those recorded from TH>G2019S

flies also fed UDCA, but none of these differences were significant.
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Figure 4.16 At 7 DPE, treatment with UDCA, or to a lesser extent UCA, improves the
CRFs of flies with DA expression of both hLRRKZ2-G2019S and mutant Akt1

Figure legend overleaf.

179



Figure 4.16 At 7 DPE, treatment with UDCA, or to a lesser extent UCA, improves the
CRFs of flies with DA expression of both hLRRK2-G2019S and mutant Akt1

Peak CRFs recorded from flies with DA expression of hLRRK2-G2019S with
(TH>G2019S/Akt1; dark red) and without (TH>G2019S; red) a mutant copy of AktI in the
background recorded at (A) 3 DPE or (B) 7 DPE. Flies had been fed control food or food
supplemented with UCA (dark green) or UDCA (light green). Peak CRFs are shown for (i) 1F1,
(ii) 2F1, (iv) 2F1+2F2, without a 30% mask and (iii) 2F1+2F2, with a 30% mask as the probe
contrast is increased from 0 to 69%. (Ai-iii) At 3 DPE, the 1F1 responses recorded from
TH>G2019S5/Akt1 flies were significantly higher than those recorded from TH>G2019S flies,
whereas the masked 2F1+2F2 responses were significantly lower. The 2F1 responses were
not significantly different between genotypes. Treatment with UDCA caused no significant
changes to the CRFs and treatment with UCA only caused a slight increase to the masked
2F1+2F2 response recorded from TH>G2019S/Akt1 flies. (Bi-iii) At 7 DPE, there were no
significant differences in the CRFs recorded from untreated TH>G2019S/Akt1 and
TH>G2019S flies. Treatment with UCA or UDCA significantly increased some, or all, of the
CRFs recorded from TH>G2019S/Akt1 and TH>G2019S flies. (Aiv and Biv) At both 3 and 7
DPE, there were no significant differences in the unmasked 2F1+2F2 responses between
genotypes/drug treatments, suggesting that the baseline noise level was similar between
experiments. Statistics within genotypes are ANOVA with post-hoc Bonferroni correction
and statistics between two genotypes are Student’s t-tests: ***p<0.001, **p<0.01, *p<0.05,
NS, no significant difference, p>0.05. Data presented are mean * SEM bars; n numbers are

displayed above the bars.
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4.3.4.3 Overexpression of Akt in the DA neurons increases the visual

response of flies with DA expression of hLRRK2-G2019S

To determine if the overexpression of Akt could rescue the visual response of
TH>G2019S flies without feeding them UCA or UDCA, the UAS/GAL4 system was
utilised. The UAS-Akt transgene is on the second chromosome and thus was crossed
into the TH>G2019S background (these flies are referred to as TH>Akt; G2019S from
hereon in). As controls, UAS-Akt was also crossed into the TH>hLRRKZ (TH>Akt;
hLRRKZ) and TH /wepricot (TH>Akt/wapricot) backgrounds. Although these flies were not
given any drug, females were transferred to instant fly food supplemented with 100%
EtOH on the day of emergence and kept under the same conditions (29°C, pulsating
light incubator) as previous experiments to enable direct comparisons to be viable.
CRFs were measured by SSVEPs at 3 and 7 DPE. The presence of the extra UAS-Akt
transgene in the TH/weapricot, TH>hLRRKZ or TH>G2019S backgrounds caused a darker
eye colour (Figure 4.17A-C), so when comparisons were made to flies that did not
express the extra UAS-Akt transgene, the difference in eye colour was taken into

consideration.
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A TH>Akt/waprimt TH/wnprimt
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TH>Akt; hLRRK2 TH>hLRRK2
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TH>G2019S

B

C >Akt; G2019S

Figure 4.17 Flies with DA expression of UAS-Akt and a second transgene have darker

coloured eyes than flies with DA expression of one or no transgenes

Example images of (A) flies with DA expression of UAS-Akt (left) compared to flies expressing
no transgene (right), (B) flies with DA expression of UAS-Akt and UAS-hLRRKZ2 (left)
compared to flies expressing UAS-hLRRKZ only (right), and (C) flies with DA expression of
UAS-Akt and UAS-hLRRK2-G2019S (left) compared to flies expressing UAS-hLRRK2-G2019S
only (right). Flies expressing two transgenes had darker coloured eyes than those expressing

just one or no transgene.
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Figure 4.18Ai-iv shows the peak CRFs recorded from 3 DPE TH>Akt; G2019S, TH>Akt;
hLRRK2 and TH>Akt/weapricot flies. To aid comparisons, the 3 DPE CRFs previously
recorded from TH>G2019S, TH>hLRRKZ2 and TH/wearricotflies are plotted on the same
graphs. At 3 DPE, the photoreceptor and medulla responses recorded from TH>Akt;
G2019S and TH>Akt/wepricot flies were not significantly different (Figure 4.18Ai,iii).
However, the lamina responses recorded from TH>Akt/weapricot flies were 66% of
those recorded from TH>Akt1; G2019S flies (Figure 4.18Aii; p<0.05). Surprisingly, all
of the CRFs recorded from TH>Akt; hLRRKZ were significantly lower than those
recorded from TH>Akt; G2019S flies (photoreceptor response: 60% of TH>Akt;
G2019S flies; lamina response: 54% of TH>Akt; G2019S flies; medulla response: 54%
of TH>Akt; G2019S flies; all p<0.01). The medulla responses recorded from TH>Akt;
hLRRK?Z flies were also significantly lower than those recorded from TH>Akt/wapricot
flies (p<0.05). The 3 DPE CRFs recorded from TH>Akt/weapricot and TH /weapricot flies did
not differ significantly from each other. Conversely, a comparison between TH>Akt;
hLRRK? and TH>hLRRK?Z flies revealed that all CRFs recorded from TH>Akt; hLRRK2
flies were reduced (photoreceptor response: 63% of TH>hLRRKZ flies; lamina
response: 51% of TH>hLRRK?Z flies; medulla response: 56% of TH>hLRRKZ flies; all
p<0.05). The photoreceptor and lamina responses did not significantly differ between
TH>Akt; G2019S and TH>G2019S flies, but the medulla responses recorded from
TH>G2019S flies were slightly reduced (67% of TH>Akt; G2019S flies; p<0.05).

Figure 4.18Bi-iv shows the peak CRFs recorded from 7 DPE TH>Akt; G2019S, TH>Akt;
hLRRKZ and TH>Akt/wepricot flies. 7 DPE CRFs previously recorded from TH>G2019S,
TH>hLRRKZ and TH/wepricotflies are also shown for comparison. At 7 DPE, there were
no significant differences in any of the CRFs recorded from TH>Akt; G2019S, TH>Akt;
hLRRKZ and TH>Akt/wepricot flies (Figure 4.18Bi-iv). A comparison between
TH>Akt/weapricot and TH/wepricot flies revealed that all CRFs recorded from
TH>Akt/wepricot flies were reduced (photoreceptor response: 51% of TH/wapricot flies,
p<0.001; lamina response: 42% of TH/weapricot flies, p<0.001; medulla response: 46%
TH /wapricot fljes, p<0.01). A comparison between TH>Akt; hLRRK2 with TH>hLRRKZ2
flies revealed that all CRFs recorded from TH>Akt; hLRRK? flies were reduced
(photoreceptor response: 67% of TH>hLRRKZ flies, p<0.05; lamina response: 42% of
TH>hLRRKZ flies, p<0.01; medulla response: 47% of TH>hLRRK?Z flies, p<0.01). The
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reduced visual responses of TH>Akt/warricot and TH>Akt; hLRRKZ flies compared with
TH /wearricot and TH>hLRRKZ flies, respectively, could be due to the darker eye colour
of these flies. Overexpressing Akt in the TH>G2019S background significantly
increased the visual response of TH>G2019S flies (photoreceptor response: 162%
increase, p<0.001; lamina response: 150% increase, p<0.01; medulla response: 184%

increase, p<0.01).
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Figure 4.18 Overexpression of Akt in the DA neurons increases the CRFs of flies with

DA expression of hLRRK2-G2019S, but decreases the CRFs of controls

Figure legend overleaf.
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Figure 4.18 Overexpression of Akt in the DA neurons increases the CRFs of flies with

DA expression of hLRRK2-G2019S, but decreases the CRFs of controls

Peak CRFs recorded from flies with DA expression of Akt in a non-transgenic background
(TH>Akt/woapricot; light purple), in combination with WT hLRRKZ2 (TH>Akt; hLRRKZ2; dark
purple), orin combination with hLRRK2-G2019S (TH>Akt; G2019S; darkred) at (A) 3 DPE and
(B) 7 DPE. CRFs recorded from flies with DA expression of no transgene (light blue), hLRRKZ
only (dark blue), or hALRRK2-G2019S only (red) are also shown for comparison. Peak CRFs are
shown for (i) 1F1, (ii) 2F1, (iv) 2F1+2F2, without a 30% mask and (iii) 2F1+2F2, with a 30%
mask as the probe contrast is increased from 0 to 69%. (Ai-iii) At 3 DPE, co-expression of Akt
with hLRRK2-G2019S significantly improved the masked 2F1+2F2 response only. Co-
expression of Akt with hLRRKZ significantly reduced all CRFs, whilst DA expression of Akt in
a non-transgenic background did not affect the CRFs. (Bi-iii) At 7 DPE, co-expression of Akt
with hLRRK2-G2019S significantly increased all CRFs. Co-expression of Akt with hLRRK2 or
Akt expression in a non-transgenic background significantly reduced all CRFs. There were no
significant differences between the 7 DPE CRFs recorded from TH>Akt/wepricot, TH>Akt;
hLRRKZ or TH>Akt; G2019S flies. (Aiv and Biv) At both 3 and 7 DPE, there were no significant
differences in the unmasked 2F1+2F2 responses between genotypes, thus the baseline noise
level was similar between experiments. Statistics between two genotypes are Student’s t-test
and statistics between multiple genotypes are ANOVA with post-hoc Bonferroni correction:
***p<0.001, **p<0.01, *p<0.05, NS, no significant difference, p>0.05. Data presented are mean

+ SEM bars; n numbers are displayed above the bars.
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4.3.5 Western blots provide inconclusive evidence for differences
in total Akt or phosphorylated Aktser473 Jevels between
hLRRK2-G2019S untreated flies, those treated with UCA or
UDCA, and controls

To determine if UCA and UDCA increase the phosphorylation of Akt at Ser473 in the
LRRKZ fly model, western blotting was performed using fly head lysates. Lysates were
extracted from TH/wearricot and TH>hLRRK?Z flies fed control food, TH>G2019S flies fed
control food, UCA or UDCA, TH>Akt flies fed control food (positive control) and
TH>G2019S/Akt1 flies fed control food (negative control), all of which were 7 DPE
and aged at 29°C. For each genotype, 30 fly heads were collected and protein was
extracted and processed as described in Chapter 2, section 2.5.1. A Bradford assay
was used to determine the protein concentration of each sample and to ensure equal
loading between samples. After adjustment, samples were loaded into a 10% SDS-
PAGE gel and proteins were separated. Following protein transfer to a PDVF
membrane, PDVF membranes were probed with either a-Akt, to detect total Akt
levels, or o-Phospho-Akt (Ser473), to detect phosphorylated AktSer473, PDVF
membranes were also probed with a-Myosin, which was chosen as a suitable loading

control.

Figure 4.19A shows the total Akt levels measured from each genotype. Two bands
can be seen, one at ~60 kDa and a second at ~80 kDa, which represent the two
isoforms of Akt found in Drosophila. The expression of the larger 80 kDa isoform was
slightly lower in the negative control (lane 7) compared with the other samples, but
the 60 kDa isoform was more or less equivalent between all samples. Unfortunately,
the levels of the myosin loading control were lower in the three lanes that contain
lysates from TH>G2019S flies (lanes 4-6). It is not clear if this was due to a loading
error or due to levels of myosin being decreased in flies that express the hLRRKZ-
G2019S PD mutation. Figure 4.19B shows the levels of phosphorylated AktSer473 from
each genotype. Again, bands can be seen at ~60 kDa and ~80 kDa. As expected, there
was less phosphorylated AktSer473 in the negative control (lane 7), however the
positive control failed to show increased levels (lane 1). Interestingly, levels of

phosphorylated AktSer473 were lower in TH>G2019S no drug lysates (lane 6)
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compared with TH>hLRRKZ and TH/we@pricot no drug controls (lanes 2 and 3
respectively). Feeding TH>G2019S flies with UDCA or UCA (lanes 4 and 5
respectively) increased the amount of phosphorylated AktSer473 to levels comparable
to those observed in control genotypes. However, this evidence is inconclusive
because the levels of the myosin loading control were slightly lower in lanes 4-7 than
in lanes 1-3. Thus, it is not clear if the difference in phosphorylated AktSer473 Jevels
was due to the hLRRK2-G2019S mutation or if there was less protein loaded into these

lanes.

1 2 3 4 5 6 7

100 —
58 —

1 TH>UAS-Akt

190 — DRI = S Sy C-Myosin 2 TH>hLRRK2
135 3 TH/Wapricut

B L g .4 s 4 TH>G2019S UDCA
100 — 3 6 7 5 TH>G2019S UCA
80 — - ! -! - _ - Serd73 6 TH>G2019S
g — —! - .. CPhospho-Akt 7 TH>G2019S/Akt1
%3(5) — m a-Myosin
135 —

Figure 4.19 Although total Akt levels are similar between genotypes, phospho-Aktser473
levels are lower in flies with DA expression of hLRRK2-G2019S compared with

controls, but levels can be increased following treatment with UCA or UDCA

Western blots showing (A) total Akt levels and (B) phospho-Aktser473 Jevels in head lysates
from flies with DA expression of UAS-Akt (1), WT hLRRKZ (2), no transgene (3), hLRRKZ2-
G2019S (4: with UDCA; 5: with UCA; 6: no drug), and hLRRK2-G2019S in combination with
Akt1 (7). For both A and B, a-Myosin was used as a loading control. (A) Probing with a-Akt
revealed bands at ~60 kDa and ~80 kDa. The ~60 kDa isoform was similar across all
genotypes. Expression of the ~80 kDa isoform was lower in TH>G2019S/Akt1 lysates than in
all other genotypes. Levels of myosin were lower in lysates from TH>G2019S flies, regardless
of drug treatment, compared with controls. (B) Probing with o-phospho-AktSer473 also
revealed bands at ~60 kDa and ~80 kDa. Both isoforms were lower in lysates from
TH>G2019S5/Akt1 flies. Both isoforms were also lower in lysates from untreated TH>G2019S
flies but were increased following treatment with UDCA or UCA. Again, levels of myosin were
lower in lysates from TH>G2019S flies, regardless of drug treatment, and also in
TH>G2019S/Akt1 flies compared with controls. Exposure time: 20 sec (a-Akt or a-phospho-
Akt), 5 sec (a-Myosin).
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4.3.6 Overexpression of parkin in the DA neurons increases the

visual response of flies with DA expression of hLRRK2-G2019S

Mitochondrial dysfunction is a key feature of both LRRK2- and parkin-associated PD
(Mortiboys et al.,, 2008, Mortiboys et al., 2010). Previous studies have reported a
genetic interaction between LRRK2 and PINK1/parkin (Smith et al.,, 2005, Ng et al,
2009, Venderova et al., 2009). A study in Drosophila showed that co-expression of
human parkin in LRRK2-G2019S-expressing flies provided a significant protection
against LRRK2-G2019S mutant-induced DA neurodegeneration (Ng et al., 2009). We
wanted to determine if overexpression of parkin in the LRRK2-G2019S fly model

offered some protection and improved the weak CRFs recorded from these flies.

To determine if overexpressing parkin could rescue the visual response of
TH>GZ2019S flies, UAS-parkin was crossed into the UAS-G2019S background and both
genes were driven in the DA neurons using TH-GAL4 (these flies are referred to as
TH>parkin; G2019S from hereon in). As controls, UAS-parkin was also crossed into
the TH>hLRRKZ (TH>parkin; hLRRK2) and TH/we@pricot (TH>parkin/wapricot)
backgrounds. Females were transferred to instant fly food supplemented with 100%
EtOH on the day of emergence and kept under the same conditions (29°C, pulsating
light incubator) as previous experiments to enable direct comparisons to be viable.
CRFs were measured by SSVEPs at 3 and 7 DPE. The presence of the extra UAS-parkin
transgene in the TH/werricot, TH>hLRRKZ or TH>GZ2019S backgrounds caused a darker
eye colour (Figure 4.20A-C), so when comparisons were made to flies that did not
express the extra UAS-parkin transgene, the difference in eye colour was taken into

consideration.
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A TH/werriot TH>parkin/writ

B TH>hLRRK2 TH>parkin; hLRRK2

C TH>G2019S TH>parkin; G2019S

Figure 4.20 Flies with DA expression of UAS-parkin and a second transgene have

darker coloured eyes than flies with DA expression of one or no transgenes

Example images of (A) flies expressing no transgene (left) compared to flies with DA
expression of UAS-parkin (right), (B) flies expressing UAS-hLRRKZ only (left) compared to
flies with DA expression of UAS-parkin and UAS-hLRRK?Z (right), and (C) flies expressing UAS-
hLRRK2-G2019S only (left) compared to flies with DA expression of UAS-parkin and UAS-
hLRRK2-G2019S (right). Flies expressing two transgenes had darker coloured eyes than those

expressing just one transgene or no transgene.
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Figure 4.21Ai-iv shows the peak 3 DPE CRFs recorded from TH>parkin/wapricot,
TH>parkin; hLRRK2 and TH>parkin; G2019S flies. To aid comparisons, 3 DPE CRFs
previously recorded from TH/we@pricot, TH>hLRRKZ2 and TH>G2019S flies are plotted
on the same graphs. At 3 DPE, overexpression of parkin in the TH>hLRRKZ or
TH>G2019S backgrounds did not cause any significant changes to the visual response
(Figure 4.21Ai-iv). When parkin was overexpressed in the TH/werricot background, the
photoreceptor responses were not affected but the lower-order neuronal responses
were slightly increased compared with TH/weapricot flies (lamina response: 42%
increase; medulla response: 31% increase; both p<0.05). A comparison between
TH>parkin /wepricot, TH>parkin; hLRRKZ2 and TH>parkin; G2019S flies revealed that the
lamina (p<0.05) and medulla (p<0.01) responses recorded from TH>parkin /wapricot
flies were slightly higher than those recorded from TH>parkin;, hLRRKZ flies. The
lamina responses were not significantly different between TH>parkin/weapricot and
TH>parkin; G2019S flies, but the medulla responses recorded from TH>parkin /wapricot
flies were slightly higher (p<0.01) than those recorded from TH>parkin; G2019S flies.
The photoreceptor responses did not differ significantly between these three

genotype.

Figure 4.21Bi-iv shows the peak 7 DPE CRFs recorded from TH>parkin/we@pricot,
TH>parkin;, hLRRKZ2, TH>parkin; G2019S flies and for comparison TH /wa@pricot,
TH>hLRRKZ2 and TH>G2019S flies. At 7 DPE, overexpression of parkin in the
TH>GZ2019S background significantly increased both the photoreceptor and lamina
responses (both p<0.05; Figure 4.21Bi-iii). In contrast, overexpressing parkin in the
TH/wepricot or TH>hLRRKZ backgrounds caused significant reductions in all three
components of the neuronal visual response (TH>parkin/we@pricot; photoreceptor
response: 39% decrease, p<0.01; lamina response: 38% decrease, p<0.05; medulla
response: 45% decrease, p<0.05; TH>parkin; hLRRKZ; photoreceptor response: 40%
decrease, p<0.01; lamina response: 62% decrease, p<0.001; medulla response: 58%
decrease, p<0.01). These reductions could have been due to the darker eye colour of
flies expressing UAS-parkin. A comparison between TH>parkin/werricot, TH>parkin;
hLRRK2 and TH>parkin;, G2019S flies revealed that there were no significant
differences between the CRFs recorded from TH>parkin; hLRRK2 and TH>parkin;
G2019S flies, but the lamina responses recorded from TH>parkin; G2019S flies were
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slightly lower than those recorded from TH>parkin/wepricot flies (p<0.05).
Overexpressing parkin in the TH>hLRRKZ background had a more severe effect on
the visual response than overexpressing parkin in the non-transgenic background;
both the lamina (p<0.01) and medulla (p<0.05) responses recorded from TH>parkin;
hLRRKZ flies were significantly lower than those recorded from TH>parkin/weapricot
flies. It is unsurprising that TH>parkin/wepricot flies gave better responses than
TH>parkin; hLRRK2 and TH>parkin; G2019S flies because they only express one
transgene, whereas the other two genotypes both express two transgenes causing

them to have darker eyes (see Figure 4.20).
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Figure 4.21 Overexpression of parkin in the DA neurons increases the CRFs of flies with

DA expression of hLRRK2-G2019S, but reduces the CRFs of controls

Figure legend overleaf.
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Figure 4.21 Overexpression of parkin in the DA neurons increases the CRFs of flies with

DA expression of hLRRK2-G2019S, but reduces the CRFs of controls

Peak CRFs recorded from flies with DA expression of parkin in a non-transgenic background
(TH>parkin/wepricot; light purple), in combination with WT hLRRKZ (TH>parkin; hLRRKZ;
dark purple), or in combination with hLRRK2-G2019S (TH>parkin; G2019S; dark red) at (A)
3 DPE and (B) 7 DPE. CRFs of flies with DA expression of no transgene (light blue), hLRRKZ
only (dark blue), or hALRRK2-G2019S only (red) are also shown for comparison. Peak CRFs are
shown for (i) 1F1, (ii) 2F1, (iv) 2F1+2F2, without a 30% mask and (iii) 2F1+2F2, with a 30%
mask as the probe contrast is increased from 0 to 69%. (Ai-iii) At 3 DPE, co-expression of
parkin with either hLRRKZ2 or hLRRK2-G2019S did not cause significant changes to any of the
CRFs, whilst DA expression of parkin in a non-transgenic background significantly increased
some components of the neuronal visual response. (Bi-iii) At 7 DPE, co-expression of parkin
with hLRRKZ2-G2019S significantly increased CRFs from 1F1 and 2F1. However, co-
expression of parkin with hLRRKZ or expression of parkin in a non-transgenic background,
significantly reduced all CRFs. (Aiv and Biv) At both 3 and 7 DPE, there are no significant
differences in the unmasked 2F1+2F2 responses, thus the baseline noise level was similar
between experiments. Statistics between two genotypes are Student’s t-test and statistics
between multiple genotypes are ANOVA with post-hoc Bonferroni correction: ***p<0.001,
**p<0.01, *p<0.05, NS, no significant difference, p>0.05. Data presented are mean = SEM bars;

n numbers are displayed above the bars.

4.3.7 Treatment with the kinase inhibitor BMPPB-32 rescues the
visual response of flies with DA expression of hLRRK2-G2019S
at 7 DPE

As previously mentioned in Chapter 1, since mutations in the kinase domain of LRRKZ
were associated with PD, a major area of focus has been on developing LRRKZ kinase
inhibitors in the hope that these could be used as a treatment for LRRKZ-associated
PD. Itis important to determine both the in vivo and in vitro effects of these inhibitors
thus two of them, LRRK2-IN-1 and BMPPB-32, have been tested in the LRRK2-G2019S
fly model. Whilst LRRK2-IN-1 has previously been identified as a LRRKZ kinase
inhibitor (Deng et al.,, 2011), BMPPB-32 was a novel LRRK2 inhibitor synthesised by
our collaborators at the Neuroscience Drug Discovery department at Lundbeck

(Afsari et al., 2014). Using the SSVEP assay it was shown that the contrast sensitivity
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of young (1 DPE) TH>G2019S flies was dramatically increased compared with
controls expressing WT hLRRKZ or no transgene in their DA neurons (Afsari et al.,
2014). The increased visual sensitivity is thought to originate in the photoreceptors
and is then inherited by the second- and third-order lamina and medulla neurons.
The initial hyperactivity of 1 DPE TH>G2019S flies could be rescued through feeding
with either LRRK2-IN-1 or BMPPB-32, resulting in photoreceptor and neuronal
responses that were comparable to control flies. The dLRRK¢03680 fly line (described
in Chapter 3), which does not express LRRK, was used to test for off-target effects of
the two kinase inhibitors. The SSVEP responses of dLRRK¢03¢80flies were significantly
increased when they were fed LRRK2-IN-1, suggesting that this compound is binding
to other kinases. On the other hand, feeding BMPPB-32 to dLRRK?93680 flies did not
cause any significant changes to the SSVEP response, suggesting that this compound
does not have any severe off-target effects (Afsari et al,, 2014). During the initial
study, BMPPB-32 was fed to flies throughout their entire lifespan (from larvae to
adult fly). In the current study, we wanted to determine the in vivo effect of
administrating this drug at the start of adult life only, which is when a
neurophysiological phenotype is observed. This will hopefully mimic the situation of
a PD patient more accurately, as they are likely to only start taking drugs later in life

when symptoms become apparent.

Food containing BMPPB-32 was made through dissolving BMPPB-32 in 100% EtOH
and then diluting into deionised water to achieve a final concentration of 2.5 uM. The
drug solution was then mixed with instant fly food. Larvae were raised on drug-free
food and female adult flies were transferred to food containing 2.5 uM BMPPB-32 on
the day of eclosion. These flies were kept in the same conditions as previous drug
experiments (29°C, pulsating light incubator) so the BMPPB-32 treatment could be
compared to untreated flies. CRFs were measured by SSVEP at 3 and 7 DPE.

Figure 4.22A-D shows the peak 3 DPE CRFs recorded from control TH/wepricot and
TH>hLRRKZ flies and mutant TH>G2019S flies that had been fed control food or food
supplemented with BMPPB-32. For each genotype, the photoreceptor response was
unchanged following treatment with BMPPB-32 (Figure 4.22A). Treatment with
BMPPB-32 caused no significant changes in the neuronal responses of TH>hLRRKZ or

TH>G2019S flies (Figure 4.22B,C). In contrast, BMPPB-32 significantly reduced the
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lamina (p<0.05) and medulla (p<0.01) responses of TH/weapricot flies. A comparison
between BMPPB-32 treated TH/wapricot flies and BMPPB-32 treated TH>hLRRKZ flies
revealed that all three components of the neuronal visual response were significantly
higher in TH>hLRRKZ flies (photoreceptor response: 49% of TH>hLRRKZ flies,
p<0.01; lamina response: 25% of TH>hLRRK?Z flies, p<0.001; medulla response: 29%
of TH>hLRRKZ flies, p<0.001). BMPPB-32 treated TH>hLRRKZ flies also showed
significantly higher CRFs than BMPPB-32 treated TH>G2019S flies (photoreceptor
response: 58% of TH>hLRRKZ flies; lamina response: 54% of TH>hLRRKZ flies;
medulla response: 62% of TH>hLRRKZ flies; all p<0.05). There were no significant
differences recorded between BMPPB-32 treated TH/wepricot flies and BMPPB-32
treated TH>G2019S flies. A small difference in the unmasked 2F1+2F2 response was
observed between TH>hLRRKZ flies fed control food and those fed BMPPB-32 food
(Figure 4.22D; p<0.05). This suggests that the baseline noise level was slightly
different between these two conditions. This could have been caused by slight
differences in the electrodes between experiments. No significant differences in the
unmasked 2F1+2F2 responses were found between any of the other genotype/drug

combinations (Figure 4.22D).
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Figure 4.22 At 3 DPE, treatment with BMPPB-32 does not alter the CRFS of flies with
DA expression of hLRRK2-G2019S or hLRRK2, but slightly reduces the CRFs of flies

expressing no transgene

The 3 DPE peak CRFs recorded from flies expressing no transgene (light blue), WT hLRRKZ2
(dark blue) or hLRRK2-G2019S (red) in the DA neurons, after being fed control food or food
supplemented with BMPPB-32 (light green). Peak CRFs are shown for (A) 1F1, (B) 2F1, (D)
2F1+2F2, without a 30% mask and (C) 2F1+2F2, with a 30% mask as the probe contrast is
increased from 0 to 69%. (A-C) Treatment with BMPPB-32 did not affect the CRFs recorded
from TH>G2019S or TH>hLRRK?Z flies. However, the 2F1 and masked 2F1+2F2 responses of
TH /wavricot flies were both reduced after treatment with BMPPB-32. CRFs of BMPPB-32
treated TH>hLRRK?Z flies were significantly higher than those recorded from TH>G2019S and
TH /wavricot flies also treated with BMPPB-32. (D) The unmasked 2F1+2F2 response of
TH>hLRRKZ flies was significantly reduced following BMPPB-32 treatment. There were no
significant differences in the unmasked 2F1+2F2 responses between genotypes following
BMPPB-32 treatment, thus the baseline noise level was similar between experiments.

Statistics within genotypes are Student’s t-test and statistics between multiple genotypes are
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ANOVA with post-hoc Bonferroni correction: ***p<0.001, **p<0.01, *p<0.05, NS, no
significant difference, p>0.05. Data presented are mean * SEM bars; n numbers are displayed

above the bars.

Figure 4.23A-D shows the peak 7 DPE CRFs recorded from TH/wepricot, TH>hLRRKZ2
and TH>G2019S flies that had been fed control food or food supplemented with
BMPPB-32. At 7 DPE, treatment with BMPPB-32 continued to reduce the
photoreceptor and medulla responses recorded from TH/werricot flies (Figure
4.23A,C; both p<0.05). The lamina responses were also reduced, but not significantly
(Figure 4.23B). Treatment with BMPPB-32 did not change the photoreceptor or
lamina responses recorded from TH>hLRRKZ flies, but it caused a slight reduction in
the medulla responses (p<0.05). As previously described in section 4.3.1, the visual
responses of untreated TH>G2019S flies are dramatically reduced by 7 DPE. Feeding
TH>GZ2019S flies food supplemented with BMPPB-32 significantly increased all three
components of the neuronal visual response (photoreceptor response: 158%
increase, p<0.001; lamina response: 258% increase, p<0.01; medulla response: 187%
increase, p<0.01). A comparison between TH>G2019S flies fed BMPPB-32 with
TH/wapricot and TH>hLRRKZ flies also fed BMPPB-32, revealed that there were no

significant differences in the CRFs recorded from these flies.
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Figure 4.23 At 7 DPE, treatment with BMPPB-32 increases the CRFs of flies with DA
expression of hLRRK2-G2019S, but reduces the CRFs of controls

The 7 DPE peak CRFs recorded from flies expressing no transgene (light blue), WT hLRRKZ
(dark blue) or hLRRK2-G2019S (red) in the DA neurons, after being fed control food or food
supplemented with BMPPB-32 (light green). Peak CRFs are shown for (A) 1F1, (B) 2F1, (D)
2F1+2F2, without a 30% mask and (C) 2F1+2F2, with a 30% mask as the probe contrast is
increased from 0 to 69%. (A-C) Treatment with BMPPB-32 significantly increased all CRFs
recorded from TH>G2019S flies. However, treatment with BMPPB-32 significantly reduced
some, but not all, components of the neuronal visual response recorded from TH>hLRRK2
and TH/wearricot fljes. The 1F1, 2F1 and masked 2F1+2F2 CRFs were not significantly different
between genotypes following treatment with BMPPB-32. (D) The unmasked 2F1+2F2
responses of BMPPB-32 treated TH/wepricet flies were significantly higher than TH>hLRRKZ
and TH>G2019S treated flies. Statistics within genotypes are Student’s t-test and statistics
between multiple genotypes are ANOVA with post-hoc Bonferroni correction: ***p<0.001,
**p<0.01, *p<0.05, NS, no significant difference, p>0.05. Data presented are mean = SEM bars;

n numbers are displayed above the bars.
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4.4 Discussion

The ectopic expression of the dominant PD-associated hLRRK2-G2019S mutation in
the DA neurons of flies has previously been shown to cause severe visual defects
(Hindle et al., 2013, Afsari et al., 2014). In this chapter, the first key finding was that
the chemically related mitochondrial rescue agents, UCA and UDCA, are able to
dramatically improve the visual response of flies with DA expression of hLRRKZ2-
G2019S. Secondly, parkin was shown to offer some protection against hLRRK2-
G2019S induced visual dysfunction. Finally, the kinase inhibitor, BMPPB-32, which
has previously been described to rescue the visual response of young (1 DPE)
hLRRKZ2-G2019S flies, was shown here to also rescue the visual response of older (7
DPE) hLRRK2-G2019S flies after being administrated on the first day of eclosion. The
results presented in this chapter build upon and reinforce the data from previous
studies, whilst providing promising in vivo data for potential therapeutic compounds

that should be considered for future PD-related drug trials.

4.4.1 hLRRK2-G2019S-induced visual dysfunction can be rescued
through treatment with UCA or UDCA

In the present study, the SSVEP approach was adopted to test for abnormal
physiology of the visual system of flies with DA expression of hLRRK2-G2019S. The
flies were kept in a pulsating light incubator to accelerate the decline in visual
function, which enabled SSVEPs to be recorded from flies at younger ages. At 3 DPE,
the visual responses recorded from flies with DA expression of ALRRK2-G2019S were
robust, but by 7 DPE they had substantially decreased and were significantly lower
than those recorded from control flies. At 7 DPE, the photoreceptor responses
recorded from flies expressing WT hLRRKZ were also slightly lower than flies
expressing no transgene, which may be attributable to the increased kinase activity
caused by the expression of hLRRKZ in addition to the flies own version of LRRK.
Previously, Liu et al. (2008) found that overexpression of WT hLRRKZ caused age-
related retinal degeneration, locomotor impairment and DA neuron loss compared
with WT flies, but expression of hLRRKZ2-G2019S caused even more severe
phenotypes. This is in accordance with the SSVEP data recorded during this study,

whereby visual dysfunction was evident is flies expressing WT hLRRKZ but was much
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more severe in those flies expressing the mutant hLRRK2-G2019S. By 14 DPE, the
effect of increasing the energy demands on the visual system became apparent in
control flies as well as flies expressing hLRRK2-G2019S, and the visual responses of
all genotypes were substantially reduced. Afsari et al. (2014) previously identified
that young (1 DPE) flies expressing G2019S in the DA neurons have increased
contrast sensitivity compared with control flies, whilst Hindle et al. (2013) showed
that old (28 DPE) flies expressing G2019S in the DA neurons have reduced flash ERG
responses, which could be accelerated through increasing the energy demands of the
visual system. The results presented in this chapter, along with those previously
reported by Hindle et al. (2013) and Afsari et al. (2014), suggest that the period of
hypersensitivity of 1 DPE flies starts an excitotoxic cascade due to the selective
expression of G2019S in the DA neurons. This quickly leads to severe visual
dysfunction by 7 DPE when flies are kept under conditions that increase DA neuronal
energy demands, or a progressive loss of vision (between 10 and 28 DPE) when flies
are kept in constant darkness, reviewed in West et al. (2015b). In old flies, the visual
dysfunction caused by DA expression of G2019S is accompanied by apoptosis and
autophagy (Hindle et al., 2013). Although evidence of apoptosis and autophagy were
not investigated in the present study, it is likely that these degenerative events are
accelerated with increased energy demands to the visual system and thus played a

key part in the visual defects observed here.

The defective visual response of 7 DPE flies expressing hLRRK2-G2019S could be
equally rescued through treatment with UCA or UDCA, however these compounds
only rescued visual function to ~65-70% of control flies. It is possible that the 2.5 uM
dose administered to the flies in the current study was too low to provide a complete
rescue. A dose response curve generated for a kinase inhibitor, BMPPB-32, revealed
2.5 uM to be the most efficient concentration to improve the visual response of
TH>G2019S flies (Afsari et al., 2014), thus we also chose to use 2.5 uM UDCA or UCA.
However, excellent safety and tolerability of UDCA were reported in patients with
motor neuron disease with doses of up to 50 mg/kg per day (Parry et al., 2010).
Therefore, our fly model may be able to tolerate much higher doses, which could offer

a complete rescue.
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Hindle et al. (2013) found that the visual defects caused by G2019S are associated
with mitochondrial deformity in the photoreceptors therefore similar mitochondrial
dysfunction may contribute to the reduced SSVEPs recorded from 7 DPE TH>G2019S
flies. Both UDCA and UCA are known to increase the activities of complexes I-1V of the
mitochondrial respiratory chain in LRRK2-G2019S- and parkin-mutant fibroblasts
(Mortiboys et al., 2013). Using the same mitochondrial activity assays as previously
described, activities of complexes I-IV were also examined in the hLRRK2-G2019S fly
model. Complex IV was of particular interest because specific impairment of this
complex has previously been recorded in both M-LRRK2-G2019S and NM-LRRKZ-
G2019S carriers (Mortiboys et al., 2015). Unfortunately, we were unable to record
any significant differences in the activities of complexes |, Il or IV, between hLRRKZ-
G2019S flies and controls. In addition, we also found no significant effect of UCA or
UDCA treatment on the activities of complexes I, Il or [V in hLRRK2-G2019S or control
flies. Due to the small number of repeats, especially for complexes I and IV, the error
bars were very large, thus further repeats may help to reduce the size of the error
bars and differences between genotypes/drug treatments may become apparent.
However, at this stage we are unable to provide evidence of a specific impairment of

complex IV in the fly model of hLRRK2-G2019S.

Interestingly TUDCA, the derivative of UDCA, has been shown to prevent
photoreceptor cell death with decreases in oxidative stress and caspase activity in a
rat model of photoreceptor detachment (Mantopoulos et al., 2011). It also provides
cytoprotective effects against light-induced or oxidative stress-induced retinal
damage in various mouse models (Boatright et al., 2006, Phillips et al., 2008, Oveson
et al.,, 2011). Thus, it is possible that the neuroprotective effects of UDCA and UCA
operate through a similar mechanism in our Drosophila model of LRRK2-G2019S PD.
The defective visual response of TH>G2019S flies may occur through photoreceptor
cell death and increased oxidative stress, which may be prevented with

administration of UDCA or UCA.
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4.4.2 Do UDCA and UCA mediate their beneficial effects through

increasing the phosphorylation of AktSer473?

Reducing the gene expression of Akt using the strong pan-neuronal driver nsyb-GAL4
to drive expression of Akt-RNAi caused visual defects by 7 DPE; both UDCA and UCA
were able to significantly increase the responses from all three components of the
neuronal visual response. The visual response was also slightly reduced when Akt-
RNAi was expressed using the weaker pan-neuronal driver elav-GAL4; UCA didn’t
offer much of a beneficial effect on neuronal signalling, but UDCA increased all three
components of the visual response. Driving expression of Akt-RNAi with nsyb-GAL4
caused a more severe loss of visual function than driving expression with elav-GALA4.
Although nsyb-GAL4>Akt-RNAi flies have darker coloured eyes than elav-GAL4>Akt-
RNA:i flies, which could have played a part in the reduced visual response of these
flies, we believe that nsyb-GAL4 was driving the expression of Akt-RNAi more
strongly than elav-GAL4. CRFs recorded from 7 DPE TH>Aktl/G2019S
transheterozygote flies were also reduced. Again, UDCA significantly improved the
responses from the photoreceptors, lamina and medulla of these flies, but the
beneficial effects of UCA were only observed in the photoreceptor response.
Interestingly, the DA expression of one mutant copy of Akt1 did not appear to worsen
the visual response of flies also expressing hLRRKZ2-G2019S. A more severe phenotype
may have been observed if two mutant copies of Akt1 had been expressed, or if the
expression of mutant Akt had been ubiquitous rather than limited to the DA
neurons. The neuronal visual response of flies with DA expression of hLRRKZ2-G2019S
was improved with DA overexpression of WT Akt. However, overexpressing WT Akt
in the DA neurons of control flies reduced their visual response. This could have been
due to the darker coloured eyes of these flies. However Akt is involved in a number
of different pathways so increasing the expression in vivo could lead to adverse
effects in some or all of these pathways. It would be interesting to overexpress Akt
either pan-neuronally or globally to produce survival curves for these vs WT flies,
which may help us to determine if overexpression of Akt does cause adverse side

effects.
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It is possible that UCA and UDCA increased the phosphorylation of Akt in our LRRK2-
G2019S fly model. UDCA and UCA both rescue mitochondrial dysfunction in parkin-
mutant patient tissue through increasing the phosphorylation of Akt (Mortiboys et
al., 2013), and TUDCA offers a partial neuroprotective effect on MPTP-induced DA
cell death in a PD mouse model via activation of the Akt pro-survival pathway
(Castro-Caldas et al., 2012). There is increasing evidence to suggest that alterations
in Akt activation play a part in the pathogenesis of both familial and sporadic PD.
Failure of Akt signalling has previously been described as the ‘common core’ that
underlies neuronal degeneration and cell death in both familial and sporadic forms
of PD (Greene et al,, 2011). Immunostaining of post-mortem brains shows that Akt
phosphorylation is reduced in DA SN neurons from sporadic PD patients (Malagelada
etal., 2008, Timmons et al., 2009). Mutations in LRRKZ, or deficiency of Parkin, PINK1
or DJ-1 all result in decreased Akt phosphorylation (Yang et al., 2005, Murata et al,,
2011, Ohta et al., 2011). On the other hand, overexpression of parkin or PINK1 has
been shown to increase the levels of phosphorylated Akt (Murata et al.,, 2011, Yasuda
et al, 2011). Akt activation is also reduced through increased expression of a-
synuclein or through mutations in the SNCA gene (Chung et al., 2011). Whereas, in
transgenic mice overexpressing human a-synuclein, virally-induced overexpression
of B-synuclein enhanced Akt activity and reversed the neurodegeneration
(Hashimoto et al., 2004b). In line with this, the protective effect of 3-synuclein against
rotenone in cultured neuroblastoma cells, was also mediated via increased Akt
phosphorylation (Hashimoto et al., 2004a). As previously mentioned, a number of
drugs used to treat PD through targeting the DA system have also been found to be
neuroprotective via Akt activation (Sagi etal., 2007, Chen et al., 2008, Lim et al., 2008,
Nair and Olanow, 2008, Yu et al., 2008). Taken together, these studies provide strong

evidence to implicate Akt signalling in PD pathogenesis.

The results presented in this chapter, suggest that a reduction of Akt causes visual
defects, whilst increasing Akt levels through overexpression of Akt or possibly via
UDCA/UCA, improves the visual response of hLRRK2-G2019S mutant flies. However,
these results do not directly show that UDCA and UCA increase the phosphorylation
of AktSer473 as previously reported in parkin-mutant fibroblasts (Mortiboys et al.,

2013). To investigate this further, western blotting was used to detect total Akt levels
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and phospho-AktSer473 Jevels in flies that had been treated with no drug or those that
had been treated with UDCA or UCA. Although total Akt levels were equivalent
between all genotypes tested, phospho-AktSer473Jevels appeared to be reduced in flies
with DA expression of G2019S compared with controls. Treating the TH>G2019S flies
with either UDCA or UCA increased phospho-AktSer473 Jevels. Although our data is
inline with that previously reported by Mortiboys et al. (2013), at this stage it is
inconclusive because in both blots the myosin loading control levels were variable
between lysates. Interestingly, in both cases levels of myosin were lower in lysates
from TH>G2019S flies compared with control flies. A QUICK (quantitative
immunoprecipitation combined with knockdown) screen in NIH3T3 cells has
previously revealed that LRRK2 interacts with myosins (Meixner et al., 2011).
Furthermore, LRRK2 has been associated with other components of the cytoskeleton
including tubulin, actin and moesin (Jaleel et al., 2007, Gandhi et al., 2008, Gillardon,
2009, Meixner etal., 2011). There is also increasing evidence to suggest that assembly
of cytoskeletal components is a major characteristic of neurodegenerative disorders,
including PD. Therefore, the G2019S mutation may affect the interaction of LRRK2
and myosins or other cytoskeletal components, which may in turn affect their
expression. Although this is a possibility, loading errors between wells cannot be
ruled out. It would be interesting to use a different cytoskeletal component as a
loading control, such as tubulin or actin, to see if the levels of these proteins are also
reduced in the presence of the hLRRK2-G2019S mutation. Unfortunately, we were
unable to detect an increase in the level of total Akt or phospho-AktSer473 in lysates
from the positive control (TH>UAS-Akt) compared to the other genotypes. The major
Akt phosphorylation sites in Drosophila are Ser505 and Thr342; these sites are
homologous to the mammalian Ser473 and Thr308 activation sites, respectively
(Scanga et al, 2000). Although the mammalian phospho-AktSer473 antibody has
previously been shown to detect Drosophila phosphorylated AktSers05 perhaps it was
unable to detect slight alterations in the levels of phosphorylated AktSerS05in our fly
model. A phospho-AktSer505 antibody may have been more appropriate to use during
this investigation. Further work is needed to determine whether UDCA and UCA

increase the phosphorylation of Akt in our LRRK2-G2019S fly model.
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4.4.3 The therapeutic potential of UDCA for treatment of PD

The results presented here, along with those reported by our collaborators,
demonstrate a strong class effect for bile acids and their derivatives in providing a
marked rescue effect on a biologically relevant pathomechanism for LRRK2-G2019S-
linked PD, both in vitro and in vivo (Mortiboys et al., 2013, Mortiboys et al., 2015). As
there is strong evidence of mitochondrial dysfunction in both sporadic and familial
forms of PD, drugs that target the mitochondria offer a promising strategy for
disease-modifying therapy in PD. The potential of UDCA is particularly exciting,
because it is already an FDA-licensed drug that has been in clinical use for several
decades to treat primary biliary cirrhosis (Poupon et al., 1994). Drug repositioning
can be a time- and cost-saving strategy in comparison to de novo drug synthesis.
Furthermore, cerebrospinal fluid (CSF) penetrance of UDCA has been established.
One study reported that oral administration of UDCA is safe, tolerable and can
penetrate into the CSF in a dose-dependent manner in patients with Amyotrophic
lateral sclerosis (ALS) (Parry etal., 2010). A separate study used Yoo’s solution, a well
characterised increased water solubility version of UDCA, enabling it to penetrate the
BBB (Min et al., 2012). When Yoo’s solution was administered orally to ALS patients,
CSF penetrance was also reported (Min et al., 2012). The efficacy and tolerability of
TUDCA in ALS patients is already being tested in clinical trials (Clinical Trials
registration: NCT00877604). Our data suggest that UDCA, or possibly the closely
related UA, UCA and DUA, are promising candidates for future PD clinical trials.

4.4.4 Parkin may offer some protection against hLRRK2-G2019S-

induced visual dysfunction

DA overexpression of parkin at 7 DPE offered partial protection against hLRRK2-
G2019S induced visual dysfunction. In contrast, the visual responses of control flies
were reduced with DA overexpression of parkin. A previous study found that pan-
neuronal overexpression of parkin in WT flies significantly increased longevity
without causing any obvious physiological trade-offs (Rana et al., 2013). Thus, it is
possible that the reduced visual response of control flies in this chapter was due to
the darker coloured eyes of these flies compared to those not expressing parkin,

rather than parkin directly affecting visual function. However, further studies will be
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required to examine the role of parkin within the fly visual system. It has previously
been shown that expression of human parkin in hLRRK2-G2019S flies provides a
significant protection against LRRK2-G2019S mutant-induced DA neurodegeneration
(Ng et al., 2009). Therefore, our data are in agreement with the data from earlier
studies, which showed an interaction between parkin and LRRK2 (Smith et al., 2005,
Ngetal,, 2009, Venderova et al., 2009).

Parkin belongs to a family of proteins that have conserved ubiquitin-like domains and
RING finger motifs (Deshaies and Joazeiro, 2009, Dawson and Dawson, 2010). It
functions as an ubiquitin E3 protein ligase (Imai et al., 2000, Shimura et al., 2000,
Zhang, 2000). Mutations in parkin cause autosomal recessive PD and are the most
common identifiable genetic cause for EOPD (Kitada et al., 1998, Lucking et al., 2000).
Skin biopsies taken from parkin-mutant PD patients have shown that parkin
mutations cause mitochondrial dysfunction, with specific impairment of complex I
(Mortiboys et al., 2008). Mitochondrial pathology is also observed in the absence of
parkin in a Drosophila model (Greene et al., 2003, Pesah et al., 2004); parkin knockout
mice have features of mitochondrial dysfunction and oxidative damage (Palacino et
al., 2004); and parkin-deficient patients show decreased lymphocyte mitochondrial
complex I activity (Muftuoglu et al., 2004). Together, these studies implicate parkin
in regulating mitochondrial function. Several other ubiquitin E3 ligases are known to
have roles in the regulation of mitochondrial fusion and fission, thus parkin may also
have a role in mitochondrial dynamics, related to its E3 ligase activity (Karbowski et
al., 2007, Mortiboys et al., 2008). A number of studies have revealed a conserved
function of parkin, in which it acts downstream of PINK1 to protect mitochondrial
integrity and prevent oxidative stress-induced apoptosis (Clark et al., 2006, Park et
al., 2006, Yang et al., 2006, Exner et al., 2007). Studies in Drosophila have also shown
that Drosophila parkin and PINK1 interact with components of the mitochondrial
fission and fusion machinery (Deng et al., 2008, Yang et al., 2008, Park et al., 2009,
Ziviani et al., 2010). PINK1 and parkin deficient Drosophila show enlarged and
swollen mitochondria, suggesting that the PINK1/parkin pathway is also involved in
regulating mitochondrial morphology (Poole et al., 2008). Although there is strong
evidence to suggest that parkin plays a key role in regulating mitochondrial

homeostasis/morphology, the precise mechanisms by which it does this remain
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elusive. However, it is possible that parkin improves the visual response of our
hLRRKZ2-G2019S mutant flies through helping to restore or prevent LRRK2-G2019S

induced mitochondrial dysfunction.

It has already been shown that a class of bile acid mitochondrial rescue agents can
completely rescue mitochondrial dysfunction in both parkin- and LRRKZ-mutant
fibroblasts (Mortiboys et al., 2013, Mortiboys et al., 2015). Furthermore, parkin is
known to closely interact with PINK1, and mutations in PINK1 can also cause PD.
Therefore, compounds targeting the mitochondria or that are able to increase the
expression of parkin may be effective therapeutic compounds in multiple forms of

familial PD.

4.4.5 hLRRK2-G2019S induced visual dysfunction can be rescued
through treatment with BMPPB-32

In addition to testing the effect of mitochondrial rescue agents, a LRRK2-specific
kinase inhibitor, BMPPB-32, was also tested for its neuroprotective effect on visual
function. Using the SSVEP approach, it was found that BMPPB-32 significantly
improved all three components of the neuronal visual response recorded from 7 DPE
flies with DA expression of hLRRK2-G2019S. However, at 3 and 7 DPE, BMPPB-32
caused reductions in the visual function of control flies. This may have been caused
by BMPPB-32 also targeting dLRRK, the fly orthologue of hLRRKZ. It was previously
shown in Chapter 3 that old dLRRK™ LOF flies have severe visual defects, thus
inhibiting the kinase function of dLRRK through BMPPB-32 may cause a similar, albeit

less severe, phenotype.

Elevated kinase activity is a consistent feature of LRRKZ-G2019S in biochemical
assays and in animal models, reviewed in Greggio and Cookson (2009). Inhibition of
LRRK2 kinase activity has been reported to protect against LRRK2-induced toxicity
in both in vitro and in vivo studies (Lee et al., 2010a). Thus, it is unsurprising that a
plethora of potential LRRK2 kinase inhibitors have been previously investigated
(Covy and Giasson, 2009, Lee et al., 2010a, Deng et al., 2011, Liu et al.,, 2011b,
Ramsden et al,, 2011, Kavanagh et al.,, 2013). Unfortunately, only a handful of these
kinase inhibitors are selective for LRRK2. For example, LRRK2-IN-1 has been found
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to interact with only 12 other kinases in an analysis that included more than 470
kinases (Dengetal., 2011, Kavanagh etal., 2013). However, when this compound was
given to dLRRK null flies, in which the homologous dLRRK gene had been knocked-
out, a severe change in the visual response was observed, suggesting that LRRK2-IN-
1 binds to other kinases (Afsari et al., 2014). A second inhibitor, CZC25146 was found
to have only 5 off-target enzymes when it was profiled against 185 kinases (Ramsden
etal,, 2011). The physiochemical and pharmacokinetic properties of LRRK2-IN-1 and
CZC25146 have both been investigated in mice, but unfortunately neither were
detected to cross the BBB to a substantial extent, limiting their use in both murine PD
models and eventual translation to human clinical trials (Kavanagh et al.,, 2013). A
previously reported inhibitor of anaplastic lymphoma kinase, namely TAE684, has
also been shown to be a potent inhibitor of LRRK2 (Zhang et al., 2012). Although
TAE684 demonstrated a favourable pharmacokinetic profile in mice, it was found to
be considerably less selective than LRRK2-IN-1 and CZC25146 (Zhang et al.,, 2012).
As previously mentioned in Chapter 1, recent clinical trials with a highly potent and
selective LRRK2 kinase inhibitor produced by Genentech Inc. had to be stopped due
to adverse side effects on kidney and lung function (Fuji et al., 2015). Thus, none of

these currently available LRRK2 kinase inhibitors are viable for the treatment of PD.

Initial studies with BMPPB-32 have shown that it has no major off-target effects in
the hLRRK2-G2019S fly model, and it has a clean kinase selectivity profile in
mammalian cells (Afsari et al.,, 2014). Taken together, the data presented in this and
previous studies suggest that BMPPB-32 could be a promising compound for disease-
modifying therapy in LRRK2-related PD (Afsari et al., 2014, West et al., 2015b), either
given independently or perhaps in combination with mitochondrial rescue agents
such as UDCA. However, further studies will be required to determine the
physiochemical and pharmacokinetic properties of BMPBB-32, as well as additional

studies to assess any off-target effects.

4.5 Conclusions

In this chapter, we provide exciting in vivo evidence to show that a class of
mitochondrial rescue agents can rescue visual dysfunction in the hLRRK2-G2019S fly

model. Unfortunately, we were unable to provide sufficient evidence to suggest that
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UDCA and UCA mediate their beneficial effects through increasing the
phosphorylation of AktSer473, but preliminary experiments indicate a role for Akt in
the visual response and these can hopefully be built upon in the future. We believe
that UDCA and/or UCA are promising candidates for future PD-related drug trials. We
also provide evidence to suggest a neuroprotective effect of parkin in LRRK2-induced
PD, but again further studies are required to confirm this. Finally, we show that a
novel LRRK2-specific kinase inhibitor can rescue hLRRKZ-G2019S induced visual
dysfunction after being administrated to adult flies and further studies profiling its

pharmacokinetics and pharmacodynamics should be considered.
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5 A Possible Interaction Between
dLRRK and the Eye Pigment Pathways

5.1 Introduction

In order to ensure data compatibility between genotypes, transgenic and control flies
with matching eye colour should be utilised. In this chapter we considered
transforming all fly lines so that they had uniform white eyes to improve the
signal/noise ratio, as flies with white eyes produce larger ERG responses due to the
absence of screening pigment (Stark, 1973). In doing this, we found some
combinations of eye pigment genes and dLRRK that were lethal. This chapter explores
the basis of the interaction between dLRRK and eye pigment genes, starting with an

overview of fly eye pigmentation.

5.1.1 Drosophila eye pigment pathways

The Drosophila eye contains pigment cells that provide a layer of optical insulation
from the exterior of the eye to the basal lamina (Summers et al.,, 1982). This insulating
layer ensures that light entering through the lens remains isolated to one
ommatidium thus preventing lateral transfer of light rays, which enhances contrast
sensitivity and visual acuity (Tomlinson, 2012). The pigments that perform this
function are known as screening pigments and the colour of a fly’s eye is determined
by the nature of the screening pigments that they contain (Summers et al., 1982). In
Drosophila there are two key classes of screening pigment, the brown ommochromes
and the red drosopterins (Summers et al., 1982). Although the biosynthetic pathways
of the ommochromes and drosopterins are distinct and do not share enzymes, there
is evidence to suggest developmental and biochemical interdependence between the
two, such that variations in the level of one of the pigments affects the level of the
other (Ryall and Howells, 1974, Reaume et al., 1991). As WT flies produce both

ommochromes and drosopterins they have a dull red eye colour.

There are two types of pigment cell in the fly visual system, the primary and
secondary pigment cells (Summers et al., 1982). The primary pigment cells surround

the dioptric apparatus, whilst the secondary pigment cells surround the retinula cells
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and the primary pigment cells. Ommochromes are present in both primary and
secondary pigment cells and are usually found within distinct membrane-bound
organelles of 0.2-1.0 uM in width, known as the pigment granules (Summers et al.,
1982). Shoup (1966) referred to these ommochrome-containing granules as Type |
granules. The drosopterins are thought to only occur in the secondary pigment cells
but are also found in membrane-bound pigment granules, referred to as Type II

granules by Shoup (1966).

5.1.1.1 The kynurenine pathway

The ommochromes include the brown eye pigments xanthommatin and it’s reduced
form dihydroxanthommatin, thus eyes expressing only these pigments are brown in
colour. Xanthommatin is biosynthetically derived from tryptophan via a series of
oxidation reactions involving the intermediates formylkynurenine, kynurenine and
3-hydroxykynurenine (3-HK; Figure 5.1A). In Drosophila, the four eye colour genes,
white (w), scarlet (st), vermilion (v) and cinnabar (cn) are crucial for the production
of xanthommatin because null mutations at these loci abolish the production of
brown pigment entirely (Searles and Voelker, 1986, Warren et al., 1996, Mackenzie
et al,, 1999). The v gene encodes tryptophan oxygenase, the first enzyme in the
kynurenine pathway, which converts tryptophan to formylkynurenine (Searles and
Voelker, 1986). The cn gene encodes the third enzyme in the pathway, kynurenine-3-
hydroxylase, which is responsible for converting kynurenine to 3-HK (Warren et al,,
1996). Flies that are null mutants of v or cn are unable to synthesise xanthommatin,
thus they have eyes that are a much brighter red than WT flies. Both st and w encode
products that are involved in the uptake and storage of xanthommatin precursors
(Howells and Ryall, 1975, Sullivan and Sullivan, 1975). Both of these genes have been
cloned and shown to belong to the ATP-binding cassette (ABC) super-family of
membrane transporters (Mount, 1987, Higgins, 1992, Ewart and Howells, 1998).
Mackenzie et al. (2000) provided evidence that the gene products of w and st are
localised at the membrane of the pigment granules, suggesting that the white/scarlet
complex is involved in the transportation of 3-HK from the cytoplasm into the
pigment granules. Once in the pigment granule, phenoxazinone synthetase converts

3-HK to xanthommatin (Phillips et al., 1970, Summers et al., 1982). The role of the
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kynurenine pathway is conserved from flies to humans, with the pathways both

playing a central role in the formation of UV filters in the lens (Roberts, 2001).

5.1.1.2 The pteridine pathway

The drosopterin (or pteridine) pathway produces the drosopterins, which include
the red-orange pigments neodrosopterin, drosopterin, isodrosopterin,
aurodrosopterin, and fraction e, the yellow pigments sepiapterin and
deoxysepiapterin, and UV pigments (Summers et al.,, 1982, Kim et al,, 2013). Eyes
expressing only drosopterins are bright red in colour. The drosopterins are
composed of a pteridine moiety and a pyrimidodiazepine (PDA; 6-acetyle-2-amino-
3,7,8,9-tetrahydro-4H-pyrimido[4,5-b][1,4]diazepin-4-one) moiety in a pentacyclic
ring system (Yim et al,, 1993, Kim et al., 2013). They were first isolated in 1940 and
the five red-orange pigments have since been separated by cellulose thin layer
chromatography (Ferre et al., 1986). Drosopterin and isodrosopterin are considered
as the major pigments, whilst aurodrosopterin and neodrosopterin are the minor
pigments, such that aurodrosopertin constitutes <10% of total drosopterins found in
WT flies (Yim et al., 1993). There is still little known about neodrosopterin and

fraction e.

In contrast to the well-characterised biosynthetic pathway of the ommochromes, the
biosynthetic pathway of drosopterins has not yet been fully established. The
drosopterins are biosynthetically derived from GTP via a series of enzymatic and
non-enzymatic reactions (Kim et al., 2013) (Figure 5.1B). The initial and rate-limiting
step of the biosynthesis of drosopterins involves the conversion of GTP to 7,8-
dihydroneopterin triphosphate (H2-NTP) with the release of formic acid by GTP
cyclohydrolase I (GTPCH I) (Mackay and O'Donnell, 1983). Drosophila GTPCH I, which
is encoded by the punch gene, shares approximately 80% similarity with the human
GTPCH I protein (McLean et al, 1993). H2-NTP is converted into 6-
pyruvoyltetrahydropterin (6-PTP) by 6-PTP synthase, which is encoded by the purple
gene (Krivi and Brown, 1979, Park et al., 1990). 6-PTP is then converted into PDA by
PDA synthase, which is encoded by the sepia gene (Kim et al., 2006). Drosopterin and
isodrosopterin are produced non-enzymatically with the one-to-one condensation of

7,8-dihydropterin with PDA under acidic conditions (Kim et al, 2013).
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Aurodrosopterin is also produced non-enzymatically but with the one-to-one
condensation of 7,8-dihydrolumazine with PDA, again under acidic conditions (Yim
et al, 1993). The gene products of w and brown (bw) are thought to form an ABC
transporter on the membrane of the Type II granules to transport drosopterin

precursors into these pigment granules (Dreesen et al., 1988, Borycz et al., 2008).

214



Type I granules

:Em-f

A. Kynurenine pathway

Tryptophan Tryptophan mssss)) Kynurenine mmsssl)> 3-hydroxy- ) Xanthommatin
Kynurenine (brown)
[ 0
0 . >
0 ] ‘ \“
: : e Type II granules
0 ] Ve e
0 0 Q
[ ] R\ \ J
0 9 J
e 0 0
[ 0 Drosopterin/ 0
: : pDA — Isodrosopterin
¢ o Q
e 0

(red/orange)
\\» L \

GTP -H NTP - 6-P - Sepiapterin = Dihydropterin )’

ll[

GTP # Pa
0 1 K
[ 0 .
- . Pteri
0 0 Biopterin
: : Tetrahydroblopterm (blue) -\‘
e o Isosepiapterin Xanthopterin
: : (vellow) Isoxanthopterin

B. Pteridine pathway (violet/blue)

Figure 5.1 Schematic of the eye pigment pathways in Drosophila

(A) The kynurenine pathway degrades tryptophan to the brown pigment xanthommatin. (B)
The pteridine pathway utilises GTP to generate the red-orange drosopterins. The green boxes
indicate the enzymes required for each step and the purple boxes indicate the gene that
encodes the key enzyme, or transporter, in Drosophila. Abbreviations: GTP cyclohydrolase I
(GTPCH I); dihydroneopterin triphosphate (H2-NTP); 6-pyruvoyl-tetrahydropterin (PTP);
pyrimidodiazepine (PDA); phenylalanine hydroxylase/ tetrahydropterin oxidase (PAH);
Sepiapterin reductase (SPR); dihydropterin oxidase (DHPO); xanthine dehydrogenase
(XDH). Adapted with permission from Croucher et al. (2013).
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5.2 Aims

The aim of this chapter was to determine the nature of the interaction between the
eye pigment pathways and dLRRK. This was achieved through using both genetic and
physiological approaches in the complementary dLRRK™ LOF and hLRRKZ2-G2019S

GOF models. The specific aims of this chapter are outlined below.

1. Determine if dLRRK interacts with both the kynurenine and pteridine
pathways through combining the dLRRK LOF mutation with mutations in
either the kynurenine or pteridine pathways.

2. Establish whether overexpression of genes in the kynurenine or pteridine
pathways in the DA neurons or glial cells can rescue the visual dysfunction of
dLRRK LOF flies.

3. Assess the effect of expressing the GOF hLRRK2-G2019S mutation in the DA

neurons of a white-eyed mutant background.

5.3 Results

5.3.1 Mutations in the Kkynurenine or pteridine pathways are

synthetically lethal with LOF mutations in dLRRK

To generate flies with white eyes, mutations are required in genes from both the
kynurenine and pteridine pathways. The cnlbw! fly stock (Bloomington stock 264)
has a null mutation in cn, the gene that encodes kynurenine-3-hydroxylase in the
kynurenine pathway, and a null mutation in bw, the gene that is involved in
transporting the pigment precursors into the pigment granules in the pteridine
pathway. Flies that are homozygous for the cn’bw! mutations are viable and have
white eyes, whereas heterozygotes (cn’bw!/+) have red eyes, allowing easy

identification of cn’bw! homozygotes.

Here, cnlbw! flies were crossed with dLRRK?93680 flies with the aim of selecting flies
that were homozygous for both the cn’bw? mutation on the second chromosome and
homozygous for the dLRRKe%3680 mutation on the third chromosome. Figure 5.2 shows
a diagrammatic representation of the crossing scheme that was used and the possible

progeny of this cross. The presence of the balancer chromosomes Cy0, which gives
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the fly curly wings, and TM6B, the humeral marker, are shown. The expected eye
colour (either red or white) of each genotype is also indicated. Although cnlbw!
homozygotes are viable and dLRRK¢3680 homozygotes are also viable, no progeny
were found in the current cross that were homozygous for both of these mutations in
combination (cn’bw!/cn’bw?!; dLRRK /dLRRK; indicated with a blue outline in Figure
5.2). In addition, no progeny were found that were cn’bw! heterozygous and dLRRK"
homozygous (cn’bw!/CyO; dLRRK /dLRRK"). This cross was repeated three times to
ensure that no errors had been made during the crossing scheme, but each time the
result was the same. This was unexpected but it highlighted a possible interaction

between dLRRK and genes in the eye pigment pathways.
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X 7 cn'bw!; dLRRK
0 TM6B

cn'bw!; dLRRK
Cy0O TM6B

Py

cn'bw!; dLRRK cn'bw!; dLRRK cn'bw!; dLRRK cn'bw!; dLRRK
Cy0 TM6B cn'bw! TM6B CyO dLRRK cn'bw! dLRRK™
Viable Viable Not viable Not viable
n=162 n=116

Figure 5.2 Homozygous or heterozygous cn’bw! mutations are synthetically lethal with

homozygous dLRRK LOF mutations

(A) An experimental cross with adult virgin female and male flies with the genotype
cnlbw!/Cy0; dLRRK /TM6B was set up. (B-E) The possible progeny of this cross are shown.
The expected eye colour of each genotype (red for the heterozygous cnlbw! mutation; white
for the homozygous cn’bw! mutation) is indicated. The phenotypes produced by the presence
of the CyO (curly wings) and TM6B (humeral marker) balancer chromosomes are also shown.
The blue box around (E) indicates that this was the desired genotype from this cross. Flies
that were heterozygous for the dLRRK™ mutation were found whether in combination with
the heterozygous cnlbw! mutation (B) or the homozygous cn’bw?! mutation (C). Flies that
were homozygous for the dLRRK™ mutation were not found when in combination with the
heterozygous cnlbw! mutation (D) or the homozygous cnlbw! mutation (E). n numbers of

genotypes (B) and (C) are shown.
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To determine if dLRRK interacts with genes from both of the pigment pathways,
dLRRKe03680flies were crossed with flies with null mutations in either the kynurenine
pathway (cn?) or the pteridine pathway (bw?). Homozygote cn3 or bw! flies are viable
and have red eyes. Interestingly, in all of these crosses no progeny were collected that
were dLRRK™ homozygous and homozygous for the mutation in the corresponding
eye pigment gene (Figure 5.3; cn?/cn3; dLRRK /dLRRK or bw!/bw?; dLRRK /dLRRK").
Flies that were dLRRK™ homozygous and heterozygous for the corresponding eye
pigment gene were also not found (Figure 5.3; cn®/CyO; dLRRK /dLRRK" or bw!/CyO0;
dLRRK /dLRRK"). Taken together, the results of these crosses suggest an interaction

between dLRRK and components of both the kynurenine and pteridine pathways.

Figure 5.3 Homozygous or heterozygous cn? or bw! mutations are synthetically lethal

cn’®; dLRRK cn’; dLRRK”
cn® dLRRK CyO0 dLRRK
Not viable Not viable

bw! ; dLRRK bw! ; dLRRK
bw! dLRRK CyO dLRRK
Not viable Not viable

with homozygous dLRRK™ LOF mutations

Progeny from experimental crosses that were homozygous or heterozygous for the
mutations (A) cn?or (B) bw! were not viable in combination with the homozygous dLRRK"
LOF mutation. Progeny that were heterozygous or homozygous for any of these mutations in
combination with the heterozygous dLRRK™ LOF mutation were viable. For each cross the

total number of progeny collected was n>212.
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5.3.2 cn'bw! heterozygous flies are viable in a homozygous dLRRK"

LOF background in the absence of the CyO balancer

Many balancer chromosomes carry other genetic elements such as dominant or
recessive visible markers, which can be useful when identifying which progeny
inherit the balancer during a crossing scheme, or to score for recombination events
(Greenspan, 2004). For example, the Cy0O balancers carry Cy and the recessives dumpy
(dp™1), purple (pr1) and cinnabar (cn?) (Greenspan, 2004). In the previous crossing
schemes (Figure 5.2 and Figure 5.3), the eye pigment mutations were balanced with
Cy0. Thus it is possible that flies thought to have been heterozygous for the cn
mutation were actually homozygous due to the presence of the second cn? mutation
carried on the CyO balancer. Therefore heterozygous cn’bw! mutant flies without the
CyO balancer in the background were crossed into the dLRRK™ LOF homozygous
background (cnlbw!/+; dLRRK /dLRRK"). These flies were viable, suggesting that
either the cn mutation or another mutation on the CyO balancer was contributing to
the lethality of the previous heterozygous stock. ERGs were recorded from these flies
at 3 and 21 DPE. The 3 and 21 DPE ERG responses were also repeated for WT
(CS/w1118) and homozygous dLRRKe¢03680 (dLRRK /dLRRK") flies to ensure that all

ERGs were recorded at a similar time for all genotypes utilised in this chapter.

Figure 5.4 shows representative ERG traces from WT, dLRRK"/dLRRK and cnlbw!/+;
dLRRK /dLRRK" flies at 3 and 21 DPE. As previously observed in Chapter 3, all
components of the WT ERG response were maintained at 21 DPE whereas the off-
transient component of the dLRRK™ LOF ERG was severely reduced by 21 DPE. As
expected, the off-transient component of the cn’bw!/+; dLRRK /dLRRK ERG was also
dramatically reduced from that recorded at 3 DPE. Both the on-transient and
photoreceptor responses of the cn’bw!/+; dLRRK /dLRRK ERG were also reduced by
21 DPE, but as with the dLRRK"/dLRRK flies, the loss of the off-transient was the most

severe.
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Figure 5.4 dLRRK LOF flies with heterozygous cnlbw! mutations show the

characteristic age-related, progressive loss of visual function

Representative ERG traces from 3 (left) and 21 (right) DPE WT (CS/w!118; blue), dLRRK LOF
mutants (dLRRK /dLRRK"; bright red), and flies heterozygous for the cnlbw! mutation in a
dLRRK™ LOF background (cn!bw!/+; dLRRK /dLRRK"; dark red). ERGs are recorded in
response to 0.5 second blue light pulses. The blue line below the bottom ERG traces
represents the duration of the light pulse. The on-transient, photoreceptor response, and off-
transient were all maintained at 3 and 21 DPE in WT flies, whereas in both dLRRK"/dLRRK"
and cn’bw!/+; dLRRK"/dLRRK mutant flies all components of the ERG were reduced by 21
DPE. The loss of the off-transient component at 21 DPE was the most striking (indicated by
the black crosses). Scale bars for time (seconds) and potential (mV) are shown. Each trace is

the average of the fly’s response to at least three flashes of light.

In order to determine if any of the ERG components were significantly reduced from
3 to 21 DPE, the individual ERG components were quantified separately for each
genotype (Figure 5.5). As previously described, there were no significant differences
between the 3 and 21 DPE ERG components recorded from WT flies, whereas all ERG
components recorded from dLRRK™ LOF flies were significantly reduced by 21 DPE
(all p<0.001). Similarly, all components of the cnlbw!/+; dLRRK /dLRRK ERG
response were significantly reduced by 21 DPE (peak-to-peak, on-transient and off-

transient: p<0.001; photoreceptor response: p<0.05).
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Figure 5.5 Quantification of the individual ERG components showing the progressive

loss of visual function in dLRRK™ LOF flies with heterozygous cnlbw! mutations

The ERG peak-to-peak response (A), on-transient (B), off-transient (C), and photoreceptor
response (D) were quantified for WT (CS/w?118), dLRRK LOF mutants (dLRRK /dLRRK"), and

flies heterozygous for the cnlbw! mutation in a dLRRK LOF background (cnibw!/+;
dLRRK /dLRRK") at 3 (white bars) and 21 (coloured bars) DPE. (A-D) All ERG components
were significantly reduced from 3 to 21 DPE in the dLRRK LOF mutants and cnlbw!/+;
dLRRK /dLRRK" flies. All ERG components were maintained at 21 DPE in WT flies. All

statistics are Student’s t-tests: ***p<0.001, *p<0.05, NS, no significant difference, p>0.05. Data

presented are mean + SEM bars; n numbers are displayed above the bars.

222



5.3.3 DA or glial expression of brown or cinnabar rescues the visual

dysfunction of dLRRK™ LOF flies

If dLRRK does operate within the same pathway as cinnabar or brown, then it is
possible that expression of these genes in a dLRRK™ LOF background could rescue the
loss of synaptic signalling that was previously observed in dLRRK"/dLRRK flies (see
Chapter 3). To determine if these transgenes were able to improve the visual
responses of dLRRKLOF flies, the UAS/GAL4 system was utilised to express cinnabar
or brown in the DA neurons (TH-GAL4) or in the glial cells (Repo-GAL4) in a dLRRK"
LOF background, and ERGs were recorded at 3 and 21 DPE.

A fly line expressing the brown transgene was a kind gift from Stephan Schneuwly. As
we were unable to obtain a UAS-cinnabar fly stock at the time of this study, a fly line
expressing the cinnabar transgene was generated (see Chapter 2, section 2.4.2).
cinnabar cDNA was sub-cloned into the pUAST attB vector using standard sub-
cloning techniques, before being microinjected into the phiC31 vas-int; attp’-51C fly
line (Bloomington Stock 24482) at the University of Cambridge, Department of
Genetics, Fly Facility. The UAS-brown and UAS-cinnabar transgenes were crossed
separately into the dLRRK LOF background and their expression was driven with TH-
GAL4 or Repo-GAL4.

Figure 5.6 shows representative ERG traces from WT, dLRRK /dLRRK and flies
expressing brown or cinnabar in the DA neurons or the glial cells in a dLRRK™ LOF
background at 3 and 21 DPE. All components of the ERG trace were evident with DA
or glial expression of brown or cinnabar at 3 and 21 DPE. However, the off-transient
components of flies with glial expression of brown or cinnabar, or DA expression of
cinnabar, were reduced at 21 DPE compared to those recorded at 3 DPE. This
suggests that brown and cinnabar may partially rescue the visual function of dLRRK"

LOF flies.
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Figure 5.6 DA or glial expression of brown or cinnabar in a dLRRK™ LOF background,

completely or partially rescues the loss of visual function

Representative ERG traces from 3 (left) and 21 (right) DPE WT flies (CS/w118; blue), dLRRK
LOF mutants (dLRRK /dLRRK", bright red), and flies expressing brown or cinnabar
specifically in the DA neurons (TH-GAL4) or glial cells (Repo-GAL4) in a dLRRK™ LOF
background (shades of green). ERGs are recorded in response to 0.5 second blue light pulses.
The blue lines drawn below the bottom ERG traces represent the duration of the light pulse.
As previously described, all ERG components were maintained at 21 DPE in WT flies, but all
ERG components were significantly reduced in dLRRK LOF mutants. All components of the
ERG response were also maintained with DA or glial expression of brown or cinnabar,
however the off-transient component was still reduced at 21 DPE in flies with glial expression
of brown or cinnabar or DA expression of cinnabar. Scale bars for time (seconds) and
potential (mV) are shown. Each trace is the average of the fly’s response to at least three

flashes of light.
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In order to determine if any of the ERG components were significantly reduced from
3 to 21 DPE, the individual ERG components were quantified separately for each
genotype (Figure 5.7A-D). DA expression of brown in a dLRRK™ LOF background
completely rescued the loss of synaptic signalling, as there were no significant
differences between the 3 and 21 DPE ERG responses recorded from these flies.
However, when brown was expressed in the glial cells, only the on-transient
component was maintained at 21 DPE; all other components showed a significant
reduction in size (peak-to-peak and off-transient: p<0.001; photoreceptor response:
p<0.05). Neither the DA nor glial expression of cinnabar was able to completely
rescue the loss of synaptic signalling, as the peak-to-peak (both p<0.05), on-transient
(both p<0.01) and off-transient responses (DA expression of cinnabar: p<0.01; glial
expression of cinnabar: p<0.001), were all significantly reduced by 21 DPE. However,
the photoreceptor responses of flies with DA or glial expression of cinnabar was

maintained at 21 DPE.
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Figure 5.7 Figure legend overleaf.

226



Figure 5.7 Quantification of the individual ERG components showing the complete or
partial rescue of visual function with DA or glial expression of brown or cinnabar in a

dLRRK LOF background

The ERG peak-to-peak response (A), on-transient (B), off-transient (C) and photoreceptor
response (D) were quantified for WT flies (CS/w?118), dLRRK LOF mutants (dLRRK"/dLRRK"),
and flies expressing brown or cinnabar specifically in the DA neurons (TH-GAL4) or glial cells
(Repo-GAL4) in a dLRRK" LOF background, at 3 (white bars) and 21 (coloured bars) DPE. (A-
D) Expressing brown in the DA neurons of dLRRK™ LOF flies, rescued the loss of all ERG
components at 21 DPE. Some, but not all, of the ERG components were significantly reduced
at 21 DPE with glial expression of brown (peak-to-peak, off-transient and photoreceptor
response), or DA or glial expression of cinnabar (both peak-to-peak, on-transient and off-
transient). All statistics are Student’s t-tests: ***p<0.001, **p<0.01, *p<0.05, NS, no significant
difference, p>0.05. Data presented are mean * SEM bars; n numbers are displayed above the

bars.

To compare the visual responses of flies expressing brown or cinnabar in the DA
neurons or glial cells in a dLRRK™ LOF background to the visual responses of WT and
dLRRK" LOF flies, the average 21 DPE peak-to-peak and off-transient responses were
plotted as a percentage of the 3 DPE responses for each genotype (Figure 5.8). Both
the peak-to-peak and off-transient responses of dLRRK™ LOF flies were significantly
lower than WT flies and all rescue genotypes (all p<0.001). Neither the peak-to-peak
nor off-transient responses were significantly different between WT flies and flies
with DA expression of brown in a dLRRK™ LOF background. In contrast, both the peak-
to-peak and off-transient responses of flies with glial expression of bhrown were
significantly reduced compared with WT flies (p<0.01 and p<0.001, respectively). In
addition, the peak-to-peak and off-transient responses of flies with glial expression
of brown were significantly lower than those recorded from flies with DA expression
of brown (both p<0.001). The peak-to-peak responses of flies with DA or glial
expression of cinnabar were not significantly different from WT flies, but the off-
transient responses of these genotypes were both significantly reduced compared
with WT flies (both p<0.001). There were no significant differences between flies
with DA or glial expression of cinnabar. These data suggest that when brown
expression is driven in the DA neurons, the loss of synaptic signalling caused by the

loss of dLRRK function is rescued. Glial expression of brown or cinnabar or DA
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expression of cinnabar appeared to offer a partial rescue of visual function. However,
the visual response of flies with DA or glial expression of cinnabar or brown in a WT
background have not yet been recorded, thus we do not know if expression of these

transgenes affects the WT visual response at this stage.
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Figure 5.8 The visual responses of flies with DA or glial expression of brown or
cinnabar in a dLRRK"LOF background are significantly better than those of dLRRK LOF

flies

The 21 DPE peak-to-peak (A) and off-transient (B) responses as a percentage of the 3 DPE
responses for WT flies (CS/w?118; blue), dLRRK LOF mutants (dLRRK /dLRRK’; red), and flies
expressing brown (dark green) or cinnabar (light green) specifically in the DA neurons (TH-
GAL4) or glial cells (Repo-GAL4) in a dLRRK™ LOF background. (A-B) The 21 DPE peak-to-
peak and off-transient responses of 21 DPE flies with DA expression of brown were not
significantly different from WT flies, whereas both were significantly lower in 21 DPE flies
with glial expression of brown compared with WT flies or compared with flies with DA
expression of brown. Although the 21 DPE peak-to-peak responses of flies with DA or glial
expression of cinnabar did not differ significantly from WT flies, the off-transient responses
of both of these genotypes were significantly lower than WT flies. The peak-to-peak and off-
transient responses of 21 DPE dLRRK™ LOF flies were significantly lower than all other
genotypes. Comparisons to WT are ANOVA with post-hoc Dunnett’s comparison;
comparisons between other genotypes are all ANOVA with post-hoc Bonferroni correction:
**p<0.001, **p<0.01, NS, no significant difference, p>0.05. Data presented are mean + SEM

bars; n numbers are displayed above the bars.
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5.3.4 Mutations in the eye pigment genes prevents the visual
neurodegeneration caused by DA expression of hLRRK2-

G2019S

To determine if flies with DA expression of the GOF hLRRK2-G2019S mutation were
viable in a cn’hbw! homozygous mutant background, a cross was set up to generate
flies with the genotype, cn’bw!/cnibw?; TH/G2019S. Unlike flies with LOF of dLRRK,
flies expressing the GOF hLRRK2-G2019S mutation were viable in the white-eyed
background. To determine if these flies had similar defective visual responses to 7
DPE flies with DA expression of hLRRK2-G2019S in a WT red-eyed background (see
Chapter 4), the SSVEP was examined. WT hLRRKZ was also expressed in the DA
neurons of cn’bw! homozygous flies (cnlbw!/cnlbw!; TH/hLRRKZ). Additional
controls included a cross between TH/wearricot and cnlbw! flies (cnlbw!/cnlbwl;
TH/wepricot)  and cn’bw! homozygous flies expressing no transgene or GAL4
(cnlbw!/cnlbw?). Due to homozygous mutations in both the kynurenine (cn?) and
pteridine (bw!) pathways, all of these flies have white eyes. The SSVEP assay was
utilised to record the visual response off all genotypes at 3 and 7 DPE. All flies were
transferred to instant food supplemented with 100% EtOH on the day of eclosion and
were kept in a 29°C pulsating light incubator; these are the same conditions
previously used when recording the visual response of red-eyed TH>G2019S flies in

Chapter 4.

At 3 DPE, robust CRFs were recorded from all genotypes (Figure 5.9A). CRFs recorded
from the photoreceptors (1F1 masked), lamina (2F1 masked) and medulla (2F1+2F2
masked and unmasked) from flies with DA expression of hLRRK2-G2019S in the
white-eyed cnlbw! homozygous mutant background (cnibw!/cnlbw?; TH/G2019S
flies), were similar to those recorded from all other control genotypes (indicated by
the black arrows in Figure 5.9). At 7 DPE, there was more variation in the CRFs
recorded from the different genotypes (Figure 5.9B); surprisingly, the
cnlbw!/cnlbw!; TH/G2019S mutant flies showed the largest CRF responses
throughout the visual system, closely followed by flies with DA expression of WT
hLRRKZ (cnlbw!/cnlbw!; TH/hLRRKZ flies).
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Figure 5.9 Neural responses to swept contrast flicker are increased at 7 DPE in white-
eyed flies with DA expression of hLRRK2-G2019S or WT hLRRK2 compared with

controls

(A) 3 DPE CRFs and (B) 7 DPE CRFs recorded from white-eyed control flies (cn’bw!/cnlbw!:
light blue), white-eyed flies expressing no transgene in the DA neurons (cnlbw!/cnlbwi;
TH/wapricot: darker blue), white-eyed flies expressing hLRRKZ in the DA neurons
(cnibw!/cnlbw?; TH/hLRRKZ: darkest blue), and white-eyed flies expressing hLRRK2-G2019S
in the DA neurons (cnibw!/cnibw?; TH/G2019S: red) for 1F1 (first row), 2F1 (second row)
and 2F1+2F2 (third row). (A) At 3 DPE, the CRFs were similar for all genotypes. (B) At 7 DPE,
the 1F1, 2F1 and 2F1+2F2 masked responses were all higher in white-eyed flies with DA
expression of hLRRK2-G2019S or hLRRKZ compared with control white-eyed flies. The black
arrows point to the responses from white-eyed flies with DA expression of hLRRK2-G2019S.

Data are mean * SEM bars. n29 for all genotypes.
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To determine if the differences in the CRFs were significantly different between
genotypes, the peak CRFs recorded from the photoreceptors, lamina and medulla
neurons were plotted for each genotype. Figure 5.10 shows the peak CRFs recorded
at 3 DPE. As expected from the CRF curves in Figure 5.94, there were no significant
differences between genotypes. The 2F1+2F2 unmasked response, which can be
utilised as an indication of the baseline noise level, did not differ significantly
between genotypes, suggesting that the baseline noise was similar between

experiments.

Figure 5.11 shows the peak CRFs recorded at 7 DPE. As indicated by the CRF curves
in Figure 5.9B, there was more variation in the CRF responses between genotypes.
Throughout the visual system, the CRF responses recorded from cnlbw!/cnlbwi;
TH/G2019S flies were significantly higher than those recorded from flies expressing
no transgene (1F1: p<0.05; 2F1: p<0.001; 2F1+2F2 masked: p<0.01). The lamina and
medulla responses recorded from cnlbw!/cnlbw?l; TH/G2019S flies were also
significantly higher than those recorded from flies expressing TH-GAL4 but no
transgene (p<0.001 and p<0.01, respectively), but the photoreceptor responses of
these two genotypes did not differ significantly. There were no significant differences
in the CRFs recorded from cnlbw!/cnlbwl; TH/G2019S and cnlbw!/cnlbwl;
TH/hLRRKZ flies. The lamina responses of cn’bw!/cnlbw!; TH/hLRRKZ flies were
significantly higher than those recorded from cnlbw!/cnlbw! and cnlbw!/cnlbw?;
TH /wapricotflies (both p<0.001), whereas the medulla and photoreceptor responses of
these flies were only significantly higher than those recorded from the cnlbw!/cnlbw?

flies (p<0.05 and p<0.01, respectively).
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Figure 5.10 At 3 DPE, peak CRFs do not differ between white-eyed flies with DA
expression of hLRRK2-G2019S or white-eyed controls

The 3 DPE peak CRFs recorded from white-eyed control flies (cnibw!/cnibw!: light blue),
white-eyed flies expressing no transgene in the DA neurons (cnlbw!/cnlbw!: TH/wapricot,
darker blue), white-eyed flies expressing hLRRKZ in the DA neurons (cnlbw!/cnlbwil;
TH/hLRRKZ2: darkest blue), and white-eyed flies expressing hLRRK2-G2019S in the DA
neurons (cn!bw!/cnlbw!; TH/G2019S: red) for (A) 1F1 photoreceptors, (B) 2F1 lamina, (D)
2F142F2 medulla, without a 30% mask and (C) 2F1+2F2, with a 30% mask as the probe
contrast is increased from 0 to 69%. (A-C) There were no significant differences in the CRFs
between genotypes. (D) There were no significant differences in the 2F1+2F2 unmasked
responses between genotypes, thus the baseline noise level was similar between
experiments. All statistics are ANOVA with post-hoc Bonferroni correction: NS, no significant
difference, p>0.05. Data presented are mean + SEM bars; n numbers are displayed above the

bars.
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7 days post eclosion
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Figure 5.11 At 7 DPE, peak CRFs are generally higher in white-eyed flies with DA
expression of h(LRRK2-G2019S or WT hLRRK2 compared with white-eyed controls

The 7 DPE peak CRFs recorded from white-eyed control flies (cnlbw!/cnlbw!: light blue),
white-eyed flies expressing no transgene in the DA neurons (cnlbw!/cnlbw?!: TH/wapricot,
darker blue), white-eyed flies expressing hLRRKZ in the DA neurons (cnlbw!/cnlbw?!;
TH/hLRRKZ: darkest blue), and white-eyed flies expressing hLRRK2-G2019S in the DA
neurons (cnibw!/cnibw?; TH/G2019S: red) for (A) 1F1 photoreceptors, (B) 2F1 lamina, (D)
2F1+2F2 medulla, without a 30% mask and (C) 2F1+2F2, with a 30% mask as the probe
contrast is increased from 0 to 69%. (A-C) The peak 1F1, 2F1 and 2F1+2F2 masked CRFs
recorded from white-eyed flies with DA expression of hLRRK2-G2019S were significantly
higher than those recorded from white-eyed controls, and both the 2F1 and 2F1+2F2 masked
CRFs were also significantly higher than those recorded from white-eyed flies expressing no
transgene in the DA neurons. The peak 1F1, 2F1 and 2F1+2F2 CRFs recorded from white-
eyed flies with DA expression of WT hLRRKZ, were also all significantly higher than those
recorded from white-eyed controls. Only the peak 2F1 responses recorded from white-eyed

TH>hLRRKZ flies were significantly higher than the 2F1 responses recorded from white-eyed
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flies expressing no transgene in the DA neurons. There were no significant differences
between white-eyed flies with DA expression of hLRRK2-G2019S or hLRRKZ2. There were no
significant differences between white-eyed control flies and white-eyed flies expressing no
transgene in the DA neurons. (D) There were no significant differences in the 2F1+2F2
unmasked responses between genotypes, thus the baseline noise level was similar between
experiments. All statistics are ANOVA with post-hoc Bonferroni correction: NS, no significant
difference, p>0.05. Data presented are mean + SEM bars; n numbers are displayed above the

bars.

These results were unexpected because flies expressing hLRRK2-G2019S in the DA
neurons in a red-eyed background showed severely reduced visual responses
compared with controls at 7 DPE (see Chapter 4, Figure 4.6), whereas expressing
hLRRK2-G2019S in the DA neurons in a white-eyed background led to significantly
higher CRF responses at 7 DPE compared with controls (Figure 5.12). The 7 DPE peak
photoreceptor responses of 7 DPE white-eyed flies with DA expression of hLRRKZ-
G2019S were significantly higher than red-eyed flies with DA expression of hLRRK2-
G2019S (p<0.001; Student’s t-test). There were no significant differences between the
7 DPE peak photoreceptor responses of red- or white-eyed flies with DA expression
of hLRRKZ2 (p>0.05; Student’s t-test). The 7 DPE peak photoreceptor responses of
white-eyed flies expressing no transgene in the DA neurons were significantly lower
than red-eyed flies expressing no transgene in the DA neurons (p<0.001; Student’s t-

test).
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Figure 5.12 At 7 DPE, the neurodegeneration seen with DA expression of hLRRK2-

G2019S is prevented through mutations in eye colour genes

7 DPE CRFs recorded from flies with DA expression of hLRRK2-G2019S (TH>G2019S; red
line), hLRRKZ (TH>hLRRKZ2; dark blue line), or no transgene (TH/wearricot; light blue line), in a
WT red-eyed background (left) or in a white-eyed mutant background (right). Red-eyed flies
expressing hLRRK2-G2019S showed reduced visual responses compared with flies
expressing hLRRKZ2 or no transgene, indicating that red-eyed TH>G2019S flies have a severe
loss of visual function. White-eyed flies expressing hLRRK-G2019S did not show a loss of
visual function, rather their responses were very similar to flies expressing hLRRKZ and were

better than flies expressing no transgene. Data are mean + SEM bars. n=8 for each genotype.
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5.4 Discussion

In this chapter, the first key observation was that mutations in the kynurenine gene,
cn, or in the pteridine gene, bw, were synthetically lethal with LOF mutations in
dLRRK. The second key observation was that DA or glial specific overexpression of
bw or cn in a dLRRK™ LOF background, completely or partially rescued the loss of
visual function caused by LOF mutations in dLRRK. The final key observation was that
mutations in the eye pigment genes, cn and bw, prevented the loss of visual
neurodegeneration induced by DA expression of hLRRK2-G2019S. Taken together,
our data identify novel, potent genetic interactions between LRRK2 and eye pigment

mutations.

5.4.1 The kynurenine and pteridine pathways have links with PD

Like mammalian melanosomes, the Drosophila eye pigment granules are lysosome-
related organelles (Dell'Angelica et al., 2000). This specialised group of organelles
also includes platelet-dense granules, lytic granules of cytotoxic T lymphocytes, MHC
class Il compartments of antigen-presenting cells, and neutrophil primary granules
(Dell'Angelica et al., 2000). Melanosomes are found in mammalian eyes, skin and in
the human substantia nigra (Wasmeier et al., 2008, Wu and Hammer, 2014). If LRRK2
plays a key role in regulating lysosomal-related organelles, then disruption of the
formation of the melanosomes in the substantia nigra may explain why the DA
neurons are so sensitive to LRRK2-G2019S expression in humans. Furthermore, it
may also explain why mice, which have no melanosomes in the substantia nigra

(Marsden, 1961), have shown relatively limited success as a model of PD.

As previously described in section 5.1.1, the two pathways in flies that generate the
eye pigments are the kynurenine pathway and the pteridine pathway. Imbalances in
absolute and relative levels of neuroactive metabolites of the kynurenine pathway
have been strongly associated with the pathogenesis of several neurodegenerative
diseases including Huntington’s disease (Jauch et al., 1995, Guidetti et al., 2004,
Guidetti et al., 2006, Campesan et al,, 2011, Green et al., 2012), Alzheimer’s disease
(Bonda et al.,, 2010, Gulaj et al., 2010, Schwarz et al., 2013), and importantly for this

study, PD (Ogawa et al., 1992). Pharmacological and genetic manipulations in flies,
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mice and worms have also indicated that an elevated kynurenic acid/3-HK ratio is
neuroprotective in a range of neurodegenerative models, including PD (Campesan et
al., 2011, van der Goot et al.,, 2012, Breda et al., 2016). Mutations in the pteridine
pathway have also been linked to PD, including GTPCH I (Mencacci et al,, 2014), the
fly orthologue of punch, and Sepiapterin reductase (Tobin et al., 2007, Lohmann et al,,
2012), the fly orthologue of Sptr. Interestingly, both GTPCH I and Sepiaterin
reductase are required for the synthesis of tetrahydrobiopterin (BH4). BH4 helps to
regulate dopamine synthesis, as it is an essential cofactor for TH. The activity of TH
depends on the availability of its cofactor BH4, however excess BHa4 is toxic to DA
neurons, suggesting that mutations that lead to the breakdown of the feedback
between GTPCH I, BHs4and TH, may be particularly toxic to the SNPc. Recent evidence
from the Elliott lab has shown that a mutation in punch (pu®?) is also synthetically
lethal in combination with LOF mutations in dLRRK (Cording and Elliott,

unpublished).

5.4.2 The granule pathway and dLRRK/LRRK2

Unfortunately, it is still unknown how changes in metabolites of the kynurenine or
pteridine pathways are linked to cell death. Taking data from previous studies along
with the data that is presented in this chapter, we propose a key role for
dLRRK/LRRK2 in the regulation of lysosome-related organelles. Our reasoning for

this is outlined below.

There are two key routes by which lysosomes receive proteins; firstly, internalised
proteins that are destined for degradation go through the early and late endocytic
compartments before they reach the lysosomes; secondly, a number of resident
lysosomal proteins can be delivered via the biosynthetic route from the Golgi without
first appearing on the cell surface (Lloyd et al., 1998). It is known that the mammalian
melanosomes receive proteins through both of these pathways and there is genetic
evidence to suggest that the biogenesis of the Drosophila pigment granules involves
molecular components that are required for protein delivery to lysosomes. Thus,
mutations that affect vesicular transport to lysosomes can alter the eye colour in flies
(Lloyd et al., 1998). The first evidence of a role for the vesicular trafficking pathway

in the biogenesis of lysosome-related organelles was the discovery that the
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Drosophila eye-colour gene garnet encodes the §-subunit of the adaptor protein-3
(AP-3) complex (Ooi et al., 1997, Simpson et al.,, 1997), which is implicated in the
Golgi-to-lysosome pathway in both yeast (Cowles et al.,, 1997) and mammalian cells
(reviewed in Odorizzi et al. (1998)). Furthermore, garnet mutant flies have abnormal
pigment granules. Subsequently, a number of other eye-colour genes have been
identified to function in the delivery of proteins to lysosomes and pigment granules,
rather than in the biosynthesis of pigments. Collectively these genes are known as the
granule group (Lloyd et al., 1998). The granule group genes ruby, carmine, and orange
were found to encode the remaining 33, u3, and ¢3 subunits of the AP-3 complex,
respectively (Mullins et al., 1999, Mullins et al., 2000). In addition, three of the other
granule group genes encode the Drosophila homologs of the yeast vacuolar protein
sorting (VPS) gene products; the product of light is an orthologue of yeast Vps41p
(Warner et al., 1998), which interacts with the AP-3 6-subunit (Rehling et al., 1999);
and the products of deep orange and carnation are orthologues of yeast Vps18p and
Vps33p, respectively (Shestopal et al, 1997, Sevrioukov et al.,, 1999). In yeast,
mutations in any of these subunits results in the accumulation of pre-vacuolar MVBs
and impaired transport to the vacuole from both the biosynthetic and endocytic
pathways (Rieder and Emr, 1997). Similarly, in flies it has been shown that mutations
in deep orange result in the accumulation of MVBs and defective trafficking of an

internalised ligand to lysosomes (Sevrioukov et al., 1999).

The key question raised in this chapter is how changes in the eye pigment metabolites
are linked to cell death? One answer could be provided by the observation of Shoup
(1966) that unfilled vesicles breakdown by autophagy. Shoup (1966) observed that
failure to traffic ABCG transporters (notably white and scarlet proteins) from the
Trans-Golgi-Network (TGN) to newly forming vesicles along the granule pathway, led
to the production of autophagosomes and subsequent autophagy. Autophagy is a key
theme in LRRK2-G2019S PD. Recently, electron micrographs have shown that flies
with DA expression of hLRRK2-G2019S have fewer pigment granules, with many
engulfed by autophagosomes (Cording and Elliott, unpublished), which extends the
observations made by Shoup (1966). Furthermore, feeding these flies with LRRK2
kinase inhibitors ameliorates the loss of pigmentation (Cording and Elliott,

unpublished). Interestingly, the granule pathway has already been linked to PD
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through Rab7L1 and VPS35, a core component of the retromer complex (MacLeod et
al.,, 2013). The fly orthologue of Rab7L1 is lightoid, and flies with mutations in lightoid
have no pigment granules (Ma et al., 2004).

Taking these observations together, we hypothesise that the synthetic lethality
reported in the present study arises from the intersection of the pigment synthesis
pathways with a role for dLRRK/LRRKZ in the traffic of cargo to the granules (Figure
5.13). It has recently been shown that cardinal/dLRRK™ LOF double mutants are not
lethal, implying that the lethal interaction between the kynurenine pathway and
dLRRK must arise before cardinal (Cording and Elliott, unpublished). As cardinal is
the last enzyme in the kynurenine pathway and acts inside the pigment granule, we
believe that the intersection of the kynurenine pathway and dLRRK must be on the
pigment granule membrane, somewhere between cinnabar and cardinal It has
previously been shown that a mutation in the cardinal gene (cd?) increases levels of
3-HK without increasing levels of neurodegeneration in the eye, thus suggesting that
the cd! mutation is neuroprotective (Campesan et al., 2011). The hypothesis that we

propose, could explain this surprising observation.

5.4.3 PD and melanoma

Melanoma has consistently been associated with PD, especially LRRKZ2-linked PD
(Saunders-Pullman et al., 2010, Pan et al,, 2011, Inzelberg et al., 2012, Huang et al,,
2015, Inzelberg et al., 2016). Although there are well-documented links between PD
and melanoma, the mechanisms of this association remain to be elucidated. A number
of studies have suggested that levodopa may increase the risk of melanoma (Skibba
et al,, 1972, Przybilla et al., 1985, Sandyk, 1992), however subsequent studies have
shed doubts about any link between levodopa and melanoma (Sober and Wick, 1978,
Pfutzner and Przybilla, 1997). Furthermore, it has been found that melanoma occurs
at higher than expected rates in PD patients even before onset of PD and thus before
the initiation of levodopa therapy, which strongly argues against an association
between levodopa and melanoma (Zanetti et al., 2006, Olsen et al., 2007, Vermeij et
al,, 2009, Pan et al,, 2011). It has since been suggested that the positive association
between PD and melanoma may be explained by pigmentation changes in melanin

and/or melanin synthesis enzymes (Pan et al, 2011, Herrero Hernandez, 2009).

240



Interestingly, two of the genes that are involved in the synthesis of melanin, namely
tyrosinase and tyrosine hydroxylase, also have links to both PD and melanoma,
suggesting that the link between these two diseases resides in genes that regulate
pigmentation (Herrero Hernandez, 2009). Furthermore, the risk of PD has been
shown to increase with decreasing darkness of hair colour, which again suggests a

potential role of pigmentation in PD (Gao et al,, 2009).

If LRRK2 does have a role in regulating lysosomal-related organelles, such as the
melanosomes, then the hypothesis that is proposed here could explain why there is
an increased risk of developing melanoma in LRRKZ-linked PD. Thus melanocytes

might be an interesting mammalian cell line in which to study PD.

5.4.4 Determining the interaction between dLRRK/LRRK2

mutations and the eye pigment and granule pathways

The data presented in this chapter suggest an interaction between dLRRK/hLRRK2
and the eye pigment or granule pathways, however these data are very preliminary
and further investigations will be required to fully characterise these interactions.
Experiments that could be carried out to further define the interactions between
dLRRK™ LOF or hLRRK2-G2019S mutations and mutations in the kynurenine and

pteridine pathways are outlined below.

Firstly, to define the interaction between mutations in the kynurenine pathway and
dLRRK LOF, the UAS/GAL4 system could be utilised to express UAS-cinnabar both
globally or specifically in the eye, as cinnabar also synthesises 3-HK in larval
Malpighian tubules (Tearle, 1991), to test for a rescue. In addition 3-HK, which is the
missing metabolite in cn3; dLRRK™ double mutants, could be fed to larvae to try and
rescue lethality. Initial experiments have indicated that 1 mg/ml of 3-HK is enough to
rescue both cinnabar and vermilion LOF mutants (Cording and Elliott, unpublished).
Caspase antibodies and UAS-atg-GFP constructs (Hindle et al., 2013) can be utilised
to observe the autophagic response of cn3; dLRRK™ double mutants by confocal
microscopy, or through examining electron micrographs of the retina for

autophagosomes.
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Secondly, to define the interaction between mutations in the pteridine pathway and
dLRRK LOF, a range of punch mutants could be examined in combination with dLRRK"
LOF for lethality. With regards to PD, punch is the most interesting gene in the
pteridine pathway, thus would be a valid starting point to determine the interaction
between the pteridine pathway and dLRRK. UAS lines, which carry mutated forms of
punch, could be used to achieve isoform-specific rescues. These lines can be crossed
with lines in which TH expression is increased or decreased by RNAi, and ERGs
recorded whilst dopamine levels are monitored via HPLC. The pharmacological
effects of BH4, the cofactor of punch, and other related compounds could be tested in
the pu; dLRRK double mutants. As with the kynurenine pathway, confocal and
electron microscopy could also be used to examine the retina for evidence of
autophagy. Together, these experiments would help to determine if pu; dLRRK"
double mutant lethality is caused by excess BH4 or TH, or through changes in

autophagy.

It will also be important to demonstrate interactions between dLRRK™ LOF mutations
and the granule pathway to strengthen our hypothesis. Genes that are involved in the
pigment granule or melanosome pathways encode proteins that have diverse
functions. Some of these proteins are members of the AP-3 or BLOC sorting
complexes (Lloyd et al., 1998, Cheli et al., 2010), others are GEFs or GTPases (Ma et
al., 2004, Harris et al, 2011). As previously mentioned, the GTPase encoded by
lightoid (Itd) is the homolog of the mammalian gene Rab7L, which is a risk factor in
PD. RAB7L1 interacts with LRRKZ, thus lightoid may physically interact with dLRRK
or hLRRK2-G2019S in our fly model (MacLeod et al., 2013, Beilina et al., 2014). In a
similar manner to the previous kynurenine and pteridine pathway mutations, a LOF
strategy could be used to examine the interaction between Iltd and dLRRK™ LOF
mutations. Other granule pathway mutants could also be examined in combination
with dLRRK™LOF mutations including the Itd-GEF, claret, and mutations in garnet and
ruby to determine if the interaction occurs in the AP-3 or BLOC pathway (Ma et al,,
2004).

Here, it was shown that eye pigment mutations in cn’bw! prevent the loss of vision
seen in old, red-eyed flies with DA expression of hLRRK2-G2019S. It has since been

shown that the cn! mutation on its own is also protective for G2019S-induced loss of
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vision (Cording and Elliott, unpublished). Interestingly, cn mutations have also been
shown to be neuroprotective in an a-synuclein model of PD (Breda et al., 2016). Using
the UAS/GAL4 system, the effect of co-expressing UAS-cinnabar in TH>G2019S flies
could be examined; we would predict that this would lead to a more severe
phenotype. In addition, an interaction between cn and other LRRKZ mutants,
including the kinase-dead version (D1994A), the GTPase dead version (Y1699C) and
the neuroprotective (RI1398H) mutant, could be examined. It would also be
interesting to express the hLRRK2-G2019S mutation in the brown background, to
determine if the brown mutations are as effective as cinnabar, or if the rescue of the
hLRRK2-G2019S induced visual response if entirely due to the action of cinnabar. The
hLRRK2-G2019S mutation could also be expressed in other eye pigment mutant
backgrounds, for example punch as this shows a strong interaction with hLRRKZ-
G2019S. To compliment these genetic experiments, available inhibitors of eye
pigment genes, including inhibitors of cinnabar: 680C91 (Breda et al., 2016), punch:
DAHP (Funderburk et al., 2006), and a more potent inhibitor of BH4 synthesis: SPRil
(Latremoliere et al., 2015), could be used to test for rescue of visual dysfunction in

old TH>G2019S flies.

5.4.5 Conclusions

In this chapter, two converging pathways that intersect to provide a critical
opportunity to understand the action of LRRK2 have been identified. The data
presented in this chapter, together with the future experiments that we propose will
be able to demonstrate which eye pigment mutants interact with dLRRK. From this,
we will be able to determine exactly how dLRRK interacts with eye pigment
metabolites, granule synthesis pathways or autophagy. Thus key sites for
intervention in hLRRK2-G2019S and pharmacological studies can be identified. We
hope that our findings will reveal a new role for eye pigment mutations in LRRK2
pathology and will bring to light new targets in these pathways that could provide a

new class of drug treatment to ameliorate visual deficits in PD.
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6 Discussion and Future Research

6.1 Introduction

The main aim of this investigation was to advance our understanding of LRRK2 in
vivo through using complementary loss-of-function and gain-of-function approaches
in Drosophila. In order to achieve this, the following primary questions were

investigated:

1. Does the loss of dLRRK function lead to age-related visual defects in adult
flies?

2. Can two chemically related compounds, UCA and UDCA, rescue the visual
response of flies expressing the GOF hLRRK2-G2019S mutation in the DA
neurons?

3. What is the nature of the interaction between eye colour genes and dLRRK?

This final chapter looks to determine which of these questions have been answered
through providing a succinct overview of the key data generated in this thesis, and

looks to pose further research questions that have arisen as a result of this study.

6.2 LRRKZ2, prion-like proteins and exosomes

Here, it was shown that old dLRRK™ LOF mutant flies and flies with DA expression of
the hLRRK2-G2019S mutation have abnormal ERGs. Although a loss of photoreceptor
function has previously been described as the cause of the abnormal ERG of hLRRK2-
G2019S flies (Hindle et al., 2013), a specific early loss of the ERG off-transient
component in the dLRRK™ LOF model indicated that the defect was in the adaptation
of lower-order visual neurons rather than in the photoreceptors. The visual response
of dLRRK™ LOF flies could be rescued with expression of dLRRK specifically in the
lamina, but also in the DA neurons, photoreceptors or glial cells, suggesting that
LRRKs action can extend to cells that lack autonomous expression of LRRK and that
transcellular signalling is key to LRRKSs in vivo role. Hindle et al. (2013) previously
identified a role for LRRK2 in transcellular signalling. She expressed hLRRK2-G2019S

in the DA neurons of flies and found that it caused a progressive loss of photoreceptor
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function. Through using fly head sections, it was shown that the DA expression of
hLRRK2-G2019S led to extensive neurodegeneration throughout the visual system,
including regions that are not directly innervated by DA neurons. Expressing the
normal human form of hLRRKZ did not affect photoreceptor function or cause
neurodegeneration in the visual system. Thus, expression of hLRRK2-G2019S in one
kind of neuron (DA neurons) caused a LOF and degeneration of another type
(photoreceptors). Similarly, here it was shown that expression of dLRRK in one kind
of tissue (photoreceptors, DA neurons, glial cells) could rescue the LOF of another

type (lamina neurons).

The key question posed by these data is how does LRRKSs action spread from cell-to-
cell? The possibilities in the literature include alterations in the release of dopamine
or another neurotransmitter, changes in secretion of growth factors, or diffusion of
free radicals. However, due to LRRKSs close association with the endocytic pathway,
we are drawn to the possibility that LRRK is either secreted by exosomes or it affects
the release of some other component. The neuronal and functional degeneration seen
in the hLRRK2-G2019S PD fly model may spread through the G2019S mutation
causing the release of mis-folded, prion-like proteins in exosomes. Exosomes are a
class of small extra-cellular vesicles that are derived from MVBs within the
endomembrane system. They have already been shown to mediate the progression
of prion diseases, and similar mechanisms are thought to occur in other
neurodegenerative disorders (Fevrier et al.,, 2004, Vella et al., 2007, Coleman et al,,
2012). Interestingly, the concept of prion-like propagation has previously been
described for a-synuclein (Mougenot et al., 2012, Masuda-Suzukake et al., 2013,
Kovacs et al., 2014, Bernis et al., 2015, Chu and Kordower, 2015). This came after two
studies showed that intra-striatal transplants of fetal ventral mesencephalic
progenitors in PD patients developed a-synuclein-positive LB-like inclusions, a
decade after transplantation (Kordower et al., 2008, Li et al., 2008). Although the
mechanisms by which the a-synuclein amyloidogenic proteins transmit from a
diseased neuron to its connective neuron are unknown, there is evidence for cell-to-
cell spreading of pathogenic a-synuclein through exosomes (Emmanouilidou et al,,
2010). Furthermore, prion-like tau proteins have also shown a spreading pathology,

which has been linked to travel through exosomes and the endocytosis and
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exocytosis pathways (Aguzzi and Rajendran, 2009, Frost and Diamond, 2010,
Goedert et al., 2010). Thus, it is possible that the spread of mis-folded proteins in
exosomes and subsequent aggregation, deposition and propagation are common
mechanisms of neurodegeneration and common events in neurodegenerative

disorders.

Our findings provide a platform to further investigate if there is a relationship
between the spreading neurodegeneration seen in the hLRRKZ2-G2019S fly model of
PD and exosomal release of hLRRK2-G2019S. Interestingly, a recent clinical trial
started, which aims to determine if there are biomarkers associated with PD
susceptibility and/or progression in exosome-proteomes and to determine if LRRK2
expression and/or phosphorylation are significantly lowered in the exosomes of
individuals treated with a potent LRRK2 kinase inhibitor (Clinical Trials registration:

NCT01860118).

6.3 LRRK2 and rab GTPases

Not only has LRRK2 been placed in the right places within the cell to be exported in
exosomes, it has been shown to interact with a number of vesicle types and Rab
proteins, which have key roles in all forms of intracellular vesicular trafficking events.
For example, LRRK2 has been shown to physically interact with Rab7L1, which is
itself a genetic risk factor for PD (Dodson et al,, 2012, MacLeod et al., 2013, Beilina et
al, 2014). It has also been shown to associate with Rab5b to regulate synaptic
endocytosis (Shin et al., 2008, Yun et al,, 2015), and Rab10, Rab1b and Rab8a have all
been suggested as bona-fide LRRK2 targets (Steger et al., 2016). Aside from Rab7L1,
several other members of the Rab GTPase family have been associated with PD
pathogenesis; mutations in Rab39b predispose to PD in humans (Wilson et al., 2014,
Rivero-Rios et al., 2015), while overexpression of Rab8a, Rab1, and Rab3a attenuate
a-synuclein induced cytotoxicity in animal and cellular models of PD (Cooper et al.,
2006, Gitler et al., 2008). In Chapter 5, it was shown that LRRK interacts with
members of the eye pigment pathway. In light of this, a role for LRRK in the traffic of
cargo to the lysosomal-related pigment granules was proposed, and interestingly
Rab7L1 has also been linked to the granule pathway (MacLeod et al., 2013). LRRK2

has been implicated in the regulation of a variety of intracellular vesicular trafficking
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events, which seems to be in a manner dependent on various Rab proteins. Moving
forwards, it will be important to determine which LRRK2/Rab interactions are
important in PD. Members of the Rab family of proteins with links to LRRK2 and PD,
which are involved in the granule pathway or other vesicular trafficking pathways,

may provide novel therapeutic targets for preventing the disease progression.

6.4 LRRK2 and potential therapeutic interventions for PD

As previously discussed in Chapter 1, there are currently no cures for PD and the
clinical therapies that are available are wunable to prevent on-going
neurodegeneration. With an ageing population, the number of PD cases is expected
to substantially increase over the next 30 years. Therefore, there is a need to identify
new potential therapeutic targets and in turn ascertain promising drug candidates
that will not only alleviate PD symptoms but will also prevent further

neurodegeneration.

In this thesis, I have worked with our collaborators in Sheffield to explore the
potential of a class of mitochondrial rescue agents in the hLRRK2-G2019S PD fly
model. Exciting in vivo evidence showed that both UDCA and UCA are able to prevent
visual dysfunction in hLRRK2-G2019S flies (Mortiboys et al,, 2015). UDCA and UCA
have previously been shown to rescue mitochondrial function in both LRRK2- and
parkin-mutant fibroblasts, thus their beneficial effects are not limited to just one form
of familial PD (Mortiboys et al., 2013). Other PD fly models including parkin, PINK1,
DJ-1, and a-synuclein could be used to explore the in vivo effects of these compounds
in the other forms of familial PD. Confocal and electron microscopy work would also
be important to determine if these compounds can prevent the neurodegeneration of
the photoreceptors previously reported in the hLRRK2-G2019S fly model. Although
an optimal dose of UDCA and UCA in the hLRRK2-G2019S fly model still needs to be
determined to achieve a complete rescue of visual function, and the mode of action of
these compounds still needs to be confirmed, both UDCA and UCA are promising
candidates that should be considered in future PD-related drug trials, especially given

that UDCA is already a licensed drug.
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The well-documented elevated kinase activity of LRRK2-G2019S, has led to the
investigation of a plethora of potential LRRK2 kinase inhibitors. However, as
previously discussed in Chapter 4, there has been little success with the currently
available LRRK2 kinase inhibitors. As inhibition of LRRK2 kinase activity has been
reported to protect against LRRK2-induced toxicity (Lee et al., 2010a), this is still an
important avenue to progress down. Not being selective for LRRK2 kinase activity
and adverse off-target effects have been the downfall of many of the current LRRK2
kinase inhibitors (Ramsden et al.,, 2011, Zhang et al., 2012, Kavanagh et al., 2013,
Afsari et al,, 2014, Fuji et al., 2015). A novel compound, BMPPB-32, identified by our
collaborators at Lundbeck has thus far shown a promising potential to overcome
these downfalls, through showing no major off-target effects in the 1 day old hLRRKZ2-
G2019S fly model and a clean LRRK2 kinase selectivity profile in mammalian cells
(Afsari et al., 2014). In Chapter 4, I expanded on the previously published hLRRKZ2-
G2019S fly studies through feeding BMPPB-32 to newly emerged flies and testing the
visual response of adult flies, which more closely mimics the situation in PD patients
who would not start taking these compounds until later in life when PD symptoms
become apparent. It was shown that BMPPB-32 has a neuroprotective effect on visual
function when given to adult flies with DA expression of hNLRRK2-G2019S (West et al,,
2015b). Given that a recent clinical trial with a highly potent and selective LRRK2
kinase inhibitor had to be stopped due to adverse side effects on kidney and lung
function, it will be important to fully characterise the physiochemical and
pharmacokinetic properties of any future LRRKZ2 kinase inhibitors and identify

potential off-target effects before they enter into human clinical trials.

As well as examining the in vivo effects of promising drug candidates, potential
therapeutic pathways, which may provide future therapeutic targets, have also been
identified in this thesis. Firstly, as discussed in section 6.2, there is evidence to
suggest that the exosomal, endocytosis or exocytosis pathways are key to LRRK2s
spreading pathology. Thus, members of these pathways, in particular the Rab
GTPases, should be further investigated and their links to PD fully characterised.
Secondly, in Chapter 3 it was shown that DA or glial expression of the gain-of-kinase-
function hLRRK2-G2019S or the kinase-dead hLRRK2-D1994A transgenes rescued the

visual response of dLRRK" LOF flies to a similar extent. Thus, it was suggested that the
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GTPase domain of LRRK2 might be more important than the kinase domain in
maintaining the visual response and there is increasing evidence to suggest that
decreased GTPase activity of LRRK2 also plays a key role in PD pathogenesis (Lewis
etal, 2007, Lietal, 2007, West etal.,, 2007, Xiong et al., 2012a). The LRRK2-R1441C/G
or LRRK2-Y1699C GTPase domain mutations could be expressed in the dLRRK™ LOF
fly model to determine if they can rescue the visual response, which would provide
some indication as to whether the GTPase domain is more important than the kinase
domain in the fly visual system. In terms of the therapeutic potential of the LRRK2
GTPase domain, there are already increasing efforts to study potential therapeutic
strategies that target LRRK2 GTP binding and GTPase activity (Xiong et al., 2012a),
and our data provides support for these investigations to continue. Thirdly, in
Chapter 4 further evidence was provided to suggest that parkin provides a
neuroprotective effect in LRRK2-induced PD. There is strong evidence to suggest that
parkin, along with PINK1, plays a key role in regulating mitochondrial homeostasis
and morphology (Clark et al., 2006, Park et al., 2006, Yang et al.,, 2006, Poole et al,,
2008). It is already known that UDCA and UCA have the potential to be effective in
both parkin- and LRRK2-linked PD, but other compounds that target the
mitochondria or are able to increase the expression of parkin, may also prove to be
effective therapeutic compounds for multiple forms of PD. The neuroprotective
effects of parkin on LRRK2-induced PD need to be further investigated. Finally, in
Chapter 5 synthetic lethality of mutations in the eye pigment pathways and LOF
mutations in dLRRK were shown. [t was also shown that mutations in the eye pigment
genes prevent loss of visual neurodegeneration induced by DA expression of hLRRKZ-
G2019S. These data identify novel potent genetic interactions between LRRK2 and
the eye pigment and/or granule pathways. Although the genetic interaction between
LRRK2 and eye pigment mutations needs to be further characterised, this pathway
may provide an exciting therapeutic potential to prevent neurodegeneration in

LRRK2-linked PD.

6.5 Conclusion

Throughout this thesis, flash ERGs and SSVEPs have been utilised to record the visual
response of flies with mutations in dLRRK or hLRRKZ. Together, these approaches

have provided us with a rapid assay of LRRKs function and have given us a
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quantitative readout from both young and old flies, something that has been difficult
to achieve in other PD models. Furthermore, they have proven to be a robust and
stable platform for assessing the effectiveness and selectivity of drug development
candidates. As previously described in Chapter 1, the neuronal networks of the fly
visual system are complex and the main design principals are essentially identical to
the human visual system. Importantly for PD, and providing a further similarity to
humans, the fly visual system also contains DA neurons. Thus, through studying the
role of LRRK within the visual system of flies, we may also begin to understand the
role that LRRK plays within the human visual system. Currently, the same SSVEP
approach used during this thesis is being used to record the visual response of
humans in Tunisia, which is an area where the hLRRK2-G2019S mutation is common.
This will enable us to confirm if the findings seen in our hLRRK2-G2019S fly model
directly relate to LRRK2-linked PD in humans. Furthermore, Afsari etal. (2014) found
that very young 1 day old flies expressing hLRRKZ2-G2019S have abnormal SSVEPs,
thus if successful in humans, the SSVEP approach may be able to identify people who
are at risk of PD before PD symptoms, and more importantly DA neuron loss, have
started to occur. Although visual defects have been reported as a feature of PD, not
all PD patients suffer with contrast sensitivity issues. This may be due to the
underlying cause of their PD and the SSVEP approach could be used to identify which
forms of PD are more closely associated with visual deficits. In accordance with this,
an initial study in Drosophila has provided evidence that different forms of genetic
PD affect DA visual signalling pathways in differing ways (West et al., 2015a). It has
also been shown that there is an increased risk of melanoma in PD, especially LRRK2-
linked PD (Pan etal.,, 2011, Huang et al.,, 2015, Inzelberg et al.,, 2016), and it is possible
that this relates to the findings described in Chapter 5, that LRRK2 interacts with the
eye pigment pathways. Thus, melanocytes could provide an interesting mammalian
cell line in which to test, for example, for exported LRRK2, or to transfect with

G2019S.

Given the extensive toolbox of Drosophila, both LOF and GOF approaches have been
used to examine the function of LRRK. Although the GOF hLRRKZ2-G2019S mutation is
the most common cause of familial PD, there are no reports of PD patients with a LOF

of hLRRKZ. In fact, in a recent study using zebrafish it was found that even a ~50%
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knockdown of LRRKZ was enough to cause severe neuronal loss, developmental and
ocular abnormalities, and synuclein aggregation (Prabhudesai et al, 2016).
Furthermore, LRRK2 knockout mice have shown impairment in synaptic
transmission, with abnormal dendritic spine morphology (Parisiadou et al., 2014). In
view of these deficits, it is not surprising that LRRK2 null humans have not been
identified and studied. In contrast, dLRRK null flies are viable, fertile and do not have
any obvious external developmental abnormalities. Therefore, these dLRRK null flies
provide us with an important opportunity to explore the normal physiological
function of LRRK, rather than investigating the consequences of producing too much
LRRK, which may be the case in overexpression studies. Through using
complementary GOF approaches with expression of the PD mutant hLRRK2-G2019S
transgene, it can determined how LRRKs function is altered by this pathogenic
mutation and the findings can be related back to the disease progression in humans.
Although there are currently no animal models of PD that are able to fully recapitulate
all of the key neuropathologic and clinical features of human PD, the fly model has

proven to be a valuable model in which to study PD.

The findings presented in this thesis expand on currently published data of LRRK2
and have posed further research questions, which may bring us a step closer to

understanding how mutations in this gene lead to PD.

6.6 Summary of key findings
The key results and conclusions of this study are summarised as follows:

1. Loss of dLRRK function in the visual system of Drosophila leads to a
progressive, age-related loss of synaptic signalling from the photoreceptors to
the underlying lamina neurons.

2. Tissue-specific expression of dLRRK, hLRRK2 or mLRRK1 in the DA neurons or
expression of dLRRK in the non-dopaminergic lamina neurons,
photoreceptors or glial cells completely or partially restores visual function in
aged flies, suggesting that transcellular signalling, possibly through exosomes,

is key to LRRK’s in vivo role.
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. The mitochondrial rescue agents UDCA and UCA rescue the loss of
photoreceptor function in flies with DA expression of hLRRK2-G2019S.

. The kinase inhibitor BMPPB-32 rescues the loss of photoreceptor function
when fed to adult flies with DA expression of hLRRK2-G2019S.

. Mutations in the eye pigment pathways are synthetically lethal with LOF
mutations in dLRRK.

. Mutations in the eye pigment pathways prevent LRRK2-induced
neurodegeneration in the visual system.

. LRRK may be involved in the traffic of cargo to the pigment granules and novel
therapies to treat PD could result from targeting members of the eye pigment

pathways.
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7 Appendix
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Appendix 1 Peak-to-peak responses from WT flies, dLRRK LOF flies, and flies
expressing either one or both components of the UAS/GAL4 system in a WT or dLRRK"
LOF background

The 21 DPE peak-to-peak response of dLRRK" LOF flies were substantially reduced compared
with WT flies (p<0.001). Flies with the expression of one or both components of the
UAS/GAL4 system in a WT background had similar peak-to-peak responses to WT flies (all
p>0.05 compared to WT; all p<0.001 compared to dLRRK /dLRRK"). Tissue-specific
expression of dLRRK in the eyes (LongGMR), lamina neurons (L1LZ2B), DA neurons (TH),
photoreceptors (Rh1) or glial cells (Repo) in a dLRRK™ LOF background rescued the peak-to-
peak responses of dLRRK™ LOF flies (all p>0.05 compared to WT; all p<0.001 compared to
dLRRK /dLRRK"). Expression of only one component of the UAS/GAL4 system in a dLRRK"
LOF background did not rescue the peak-to-peak responses of dLRRK™ LOF flies (all p<0.001
compared to WT; all p>0.05 compared to dLRRK/dLRRK"). All statistics are ANOVA with
Bonferroni correction: ***p<0.001, **p<0.01, NS, no significant difference. Data presented are
mean * SEM; n numbers are displayed above the bars.
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Appendix 2 Off-transient responses from WT flies, dLRRK™ LOF flies, and flies
expressing either one or both components of the UAS/GAL4 system in a WT or dLRRK™
LOF background

The 21 DPE off-transient responses of dLRRK"LOF flies were substantially reduced compared
with WT flies (p<0.001). Flies with the expression of one or both components of the
UAS/GAL4 system in a WT background had similar off-transient responses to WT flies (all
p>0.05 compared to WT; all p<0.001 compared to dLRRK /dLRRK’). Tissue-specific
expression of dLRRK in the eyes (LongGMR), lamina neurons (L1L2B), DA neurons (TH),
photoreceptors (Rh1) or glial cells (Repo) in a dLRRK™ LOF background rescued the off-
transient responses of dLRRK™ LOF flies (all p>0.05 compared to WT; all p<0.001 compared
to dLRRK"/dLRRK"). Expression of only one component of the UAS/GAL4 system in a dLRRK"
LOF background did not rescue the off-transient responses of dLRRK™ LOF flies (all p<0.001
compared to WT; all p>0.05 compared to dLRRK/dLRRK"). All statistics are ANOVA with
Bonferroni correction: ***p<0.001, NS, no significant difference. Data presented are mean *

SEM; n numbers are displayed above the bars.
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Abbreviations

°C

ng

ul

pm

uM

3D
3-HK
4E-BP
6-OHDA
6-PTP
ABC
Acetyl CoA
Akt
ANOVA
AP-3
ARM
ATP
BAC
BBB
BH4
BLOC

CNS
CO:
COR
CRF
CS

DA
DAG
DCPIP
dH:20
dLRRK
Dmef2
DNA
dNTP
DPE

Degrees Celsius

Microgram

Microlitre

Micrometre

Micromolar

Three dimensional
3-hydroxykynurenine
4E-binding protein
6-hydroxydopamine
6-pyruvoyltetrahydropterin
ATP-binding cassette
Acetyl coenzyme A

Protein kinase B

Analysis of variance
Adaptor protein-3
Armadillo repeats
Adenosine triphosphate
Bacterial artificial chromosome
Blood brain barrier
Tetrahydrobiopterin

Biogenesis of lysosome-related organelles complex

Base pair

Bovine serum albumin

brown

Calcium

Calcium chloride

Cyclase adenosine monophosphate
Complimentary deoxyribonucleic acid
Cyclic guanosine monophosphate
Chloride

Centimetre

cinnabar

Central nervous system

Carbon dioxide

C-terminal of ROC

Contrast response function

Canton-S

Dopaminergic

Diacyl glycerol
Dichlorophenolindophenol

Distilled water

Drosophila Leucine-rich repeat kinase
Drosophila myocyte enhancer factor-2
Deoxyribonucleic acid
Deoxynucleotide triphosphate

Days post eclosion
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DTNB
DUA
ECL

E. coli
EDTA
EJP
elav
EOPD
ERG
ETC
EtOH
Fo

F1
FADH:
FeSO4

8

)
GABA

GBA
GCL
GDNF
GFP
GOF
GTP
GTPCH 1
H+
H2-NTP
H20

HC]

HF
hLRRK1
hLRRK2
hrs

HRP

Hz

INL
InsP3
IPL

kb

KCl

KCN
kDa
KH2PO4
KNaC4+H406-4H20
1

L1L2B
LB
L-Broth
L-DOPA

5,5’-Dithiobis-(2-nitrobenzoic acid)
Dehydro (11,12) ursolic acid lactone
Enhanced chemiluminescence
Escherichia coli
Ethylenediaminetetraacetic acid
Excitatory junction potential
Embryonic lethal, abnormal vision
Early onset Parkinson’s disease
Electroretinogram

Electron transport chain

Ethanol

Parental generation

First generation

Flavin adenine dinucleotide

Iron sulphate

Gram

Gravity

Gamma-aminobutyric acid
Glucocerebrosidase

Ganglion cell layer

Glial cell-line-derived neurotrophic factor
Green fluorescent protein
Gain-of-function

Guanosine triphosphate

Guanosine triphosphate cyclohydrolase I
Proton

7,8-dihydroneopterin triphosphate
Water

Hydrogen chloride

High fidelity

Human leucine-rich repeat kinase 1
Human leucine-rich repeat kinase 2
Hours

Horseradish peroxidase

Hertz

Inner nuclear layer

Inositol triphosphate

Inner plexiform layer

Kilobase

Potassium chloride

Potassium cyanide

Kilodalton

Monopotassium phosphate
Potassium sodium tartrate

Litre

Lamina monopolar cell 1 and 2 B
Lewy bodies

Luria broth
L-3,4-dihydroxyphenylalanine
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LED Light emitting diode

LID Levodopa-induced dyskinesia

LN Lewy neurites

LOF Loss-of-function

LongGMR Long glass multimer reporter

LRR Leucine-rich repeat

Itd lightoid

mEPSCs Miniature excitatory postsynaptic currents

mg Milligram

MgCl: Magnesium chloride

min Minute

ml Millilitre

mLRRK1 Mouse leucine-rich repeat kinase 1

mm Millimetre

mM Millimolar

MMP Mitochondrial membrane potential

MnCl: Manganese chloride

MPP+ 1-methyl-4-phenylpyridinium

MPTP 1-methyl-1,2,3,6-tetrahydropyridine

mRNA Messenger ribonucleic acid

ms Millisecond

mt Mitochondria

mV Millivolts

MVBs Multivesicular bodies

n/a Not applicable

nA nanoampere

NaCl Sodium chloride

NADH Nicotinamide adenine dinucleotide

NaOAc Sodium acetate

NaOH Sodium hydroxide

ng Nanogram

nm Nanometre

NM Non-manifesting

NS Non-significant

nsyb Neuronal synaptobrevin

ONL Outer nuclear layer

OPL Outer plexiform layer

PCR Polymerase chain reaction

PD Parkinson’s disease

PDA 6-acetyle-2-amino-3,7,8,9-tetrahydro-4H-pyrimido[4,5-
b][1,4]diazepin-4-one

PDK1 Phosphoinositide-dependent kinase-1

pH Power of hydrogen

PI3K Phosphatidylinositol 3-kinase

PINK1 Phosphatase and tensin homologue (PTEN)-induced
putative kinase 1

PLC Phospholipase C

pu punch

PVDF Polyvinylidene fluoride
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R cells Photoreceptor cells

Repo Reversed polarity

RFP Red fluorescent protein

RGC Retinal ganglion cell

Rh1 Rhodopsin-1

RNA Ribonucleic acid

RNAIi Ribonucleic acid interference
ROC Ras of complex protein

ROS Reactive oxygen species

rpm Rotations per minute

RT Room temperature

sec Second

SDS Sodium dodecyl sulfate
SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis
SEM Standard error of the mean

Ser Serine

SN Substantia nigra

SNpc Substantia nigra pars compacta
SOC Super optimal broth with catabolite repression
SSVEP Steady state visually evoked potential
TBS Tris buffered saline

TAE Tris acetate EDTA

TE Tris-EDTA

TH Tyrosine hydroxylase

Thr Threonine

Tm Melting temperature

TRP Transient receptor potential
TRPL Transient receptor potential like
TUDCA Tauroursodeoxycholic acid

UA Ursolic acid

UAS Upstream activator sequence
UCA Ursocholic acid

UDCA Ursodeoxycholic acid

\' Volts

Vs Versus

v/v Volume per volume

WT Wild-type

w/v Weight per volume
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