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Abstract

The kinase domainLRRK2G2019Smutation is the most common cause of familial
OAOEET 01160 AEOAAOA jo0s$qQ8 371i A 03$ DAOE?Z
originate through the loss of dopaminergic (DA) signalling in the retina. Since
Drosophila like mammals, haveretinal DA neurons thein vivorole of ALRRKLRRK?2

was examined genetically and by usingotential therapeutic compounds to treat PD.

Here, it was showrthat old dLRRKIloss-of-function flies have a deficit in signalling in

the visual neurons, though photoreception is unaffected. This deficit is rescued with
expression ofdLRRK, hLRRK&r mLRRK1in the DA neurons, but also withdLRRK

expression in the nonrdopaminergic lamina neurons, photoreceptors or glial cells,
suggesting a role oéxtra-synaptic cell-cell signalling. Placing thelLRRKmutation in

a white-eyed background proved to be lethal.

In the gain-of-function assay, @ flies with DA expression ofLRRK2G2019Sshow a
second kind of visual defectreducedphotoreception, indicating cell-cell signalling of
LRRK2. Feeding these flies with mitochondrial res® agents or a kinase inhibitor
substantially improves the visual responsethe vision of control flies 5 unaffected.
Additionally, white -eyed flies with DA expression o RRKR-G2019S1o not show the

neurodegeneration seen in reeeyed 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 tthe production of the red/brown
pigment granules in the fly eye, as well as to exosomes. As fly pigment granules, like
melanosomes, are lysosomalelated organelles, our data provide an explanation for
the high sensitivity of DA neurons in PD. Finally, sudata 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 OAOEET Gkaked O A
111/ OAOOEAXx 1T £ BALEET 01 160 A

OAOEET 01160 AEOAAOA j0o$sq EO OEA OAATTA 11
AEOT OAAO AEOAO !'1 UEAEI AO6O AEOAAOGA8 )OO E
xT Ol ABO DI b0éd dyd & 6% with tiieApeevalénige increasingto 5% in
individuals over the age of 85 yeargFarrer, 2006). It is predicted that globally there

will be more than two billion people aged 60 years or over by 2050which is more

than double the 841 million elderly people recorded in 2013UnitedNations, 2013).

As ageing is the biggs risk factor for idiopathic PD, the number of PD cases is
expected to dramatically increase over the next 30 years. ConsequentRD will

become more of an economic drain due to both direct and indirect costs and will

continue to be an important health ssue.

Neuropathologically, PD is characterised by the loss of 580% of the dopaminergic
(DA) neurons most significantly, but not exclusively, from thesubstantia nigra pars
compacta(SNpc) region of the midbrain. The basal ganglia and related nuclei, whic
include the SNpg are a group of sulzortical cells primarily involved in motor control.
The resultant deficiency of dopamime within the basal gangliais thought to lead to
many of the classical motor symptoms thatr@ characteristic of PD Accompanying
the loss of DA neurons are histological abnormalitiesThese includehe presence of
proteinaceous inclusions known as Lewy bodies (LB) and Lewy neurites (LN) in the
surviving neurons of the SNpc and in other brain regionsuch asthe locus ©eruleus
and the cholinergic nucleus basalis of Meyner{Lewy, 1912, Lewy, 1923) The
primary stru ctural componentof LBEO OEA DPOAOUT AP OByAucléid OOT 1
(Spillantini et al., 1998). Light microscopy andimmunological 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
histologically diagnose PD, they can occur independently of one another and their

severity varies between individual patients.
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The ageing processtself is the biggest risk factor for PD however a number of
environmental risk factors have also been wgggested including exposure to
pesticides, pior head injuries, rural living (Noyce et al., 2012) AT A OEA - O 0A
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 ifé J -
synucleingene as the cause of their P@olymeropoulos et al., 1996, Polymeropoulos
et al., 1997) This suggested that PD could also be inherited with a genetic component
underlying the disease. Although the majority of PD cases are sporagicis 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 termedPARK and are numbered in
chronological order of when they were identifed (Klein and Westenberger, 2012) As
well as | -synuclein(PARK1/PARK) other genes that have been identified to cause
autosomal dominant forms of PD includdeucinerich repeat kinase ZLRRK2PARKS3
(Funayama et al., 2002, PaisaRuiz et al., 2004, Zimprich et al., 2004ubiquitin
carboxyterminal hydrolaselike 1 (UCHLL1; PARKY (Wintermeyer et al., 2000)
vacuolar protein sorting 35 (VP35; PARK1Y (Vilarino-Guell et al., 2011) and
eukaryotic translation initiation factor 4 gammal (EIF4AG1PARK1§ (Chartier-Harlin

et al., 2011) Genes have also been identified that cause an asamal recessive form
of PD includingparkin (PARK2 (Kitada et al., 1998) phosphatase and tensin homolog
(PTEN}induced kinase IPINK1, PARK® (Valente et al., 2004)DJ1 (PARKY (Bonifati

et al., 2003) and ATP13A2(PARKY (Di Fonzo et al., 2007) Homozygous lossof-
function (LOF) mutations in glucocerebrosidasg(GBA are known to cause the
1 UOT 0T 1 Al OOI1 OA ¢ Adisdage thet@dryyaus LOmG#i&na 0 t$hid
gene have also been linked to P{@zoker-Alpan et al., 2004) Of these gene4,RRK2s

the most common cause of familial PBnd also the focus of this thesis.
1.2 LRRK2

1.2.1 The structure of LRRK2

The LRRK2gene consists of 51 coding exons and encodes a large protein of 2527
amino acids known as LRRK2 or DardarifFigure 1.1). The presence of a conserved
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Ras of complex proteins (ROC) domain and itst€rminal of ROC (COR) bilomain
suggests that LRRK2 belongs to the large ROCO family of proteins. The ROC domain
of LRRK2 shows GTPase activity, as it @ble to bind and hydrolyse GTP. In
vertebrates, four ROCO proteins haw been identified includingLRRK2, leucinerich
repeat kinase 1 (LRRK1), de#tassociated kinasesl, and malignant fibrous
histiocytoma amplified sequences with leume-rich tandem repeats 1(Gilsbach and
Kortholt, 2014). LRRK2 ale 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 aséll largely unknown.

As such it is not yet clear which family of kin@es LRRK2 belongs t@lthough is has
been described as belonging tdhe mixed-lineage kinases the mitogenadivated
protein kinasesfamily, andto the receptor-interacting protein kinases.The presence

of both a GTPase and kinase domain led to trseiggesion 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 activignd the output

of LRRK2 was the phosphorylation of substrate protein@Vest et al., 2007) However,
more recent studies suggest that the relationship lheveen the GTPase and kinase
domains is more complex (Taymans and Cookson, 201 - APPEI C , 2:
autophosphorylation sitesin vitro has revealed a cluster of autophosphorylation sites
within its GTPase domainand indeed the LRRK2 kinase domain can phosphorylate
the ROC domairfGreggio et al., 2009, Kamikawaji et al., 2009, Gloeckner et al., 2010
Autophosphorylation at these sites causes structural changes to the GTPasenein
into a configuration that promotes kinase activity(Greggio et al., 2009, Kamikawaji
et al., 2009, Gloeckner et al.,, 2010, Xiong et al., 2012aJhis suggests that the
combination of GTP binding and LRRK2 autophosphorylatiom the GTPase domain
regulates GTPas&lependent activity, that in turn controls kinase activity (Xiong et
al., 2012a) Furthermore, mutation of an autophosphorylation site in the ROC domain
to a phosphothreaine-mimicking glutamate reducesGTP binding(Kamikawaji et al.,
2009, Berwick and Harvey, 2011)LRRK2 is also composed wérious protein-protein
interaction domains including N-terminal armadillo and ankyrin repeats, several
leucine-rich repeats and a @erminal WD40 domain. LRRK2 is found in multiple

regions of the brain and in a variety of 8sue types. Its cellular localiation is still
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unclear but biochemical studies along with internal reflection microscopy, have
provided evidence that LRRK2 cycles beteen a predominant cytosolicnonomeric
form with low activity, and a membraneassociated multimeric form with much
higher activity (Berger et al., 2010, James at., 2012, PaisarRuiz et al., 2013)

Figure 1.1 Schematic diagram of the human LRRK2 d omains and the PD pathogenic

mutations

Human LRRK2 is composed of several independent domains includiagmadillo repeats
(ARM), ankyrin-like repeats (ANK) leucinerich repeats (LRR),Ras of complex proteins
(ROC) GTPase-terminal of ROC (CORXinase and WD40. ANK, LRR and WD40 are protein

Domains ARM ANK LRR RQC CR Kinase WD40

hLRRK2

1291 1334 1507 1884 2135 2142 2498 2527

705 860983

Pathogenic PD R1441C Y1699C G2019S
R1441G 12020T

mutations

R1441H
N1437H

protein interaction domains, whilst the ROC and kinase domains are enzymatic. Multiple

mutations in LRRK2are found in PD patients. These mutations cluster within the central
enzymatic ROC, COR and kinase domains. The most commBRK2mutation is the G2019S
mutation found within the kinase domain. Adapted with permission fromLee et al. (2012a)

and Langston et al. (2016)
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1.2.2 The function of LRRK?2

Despite numerous efforts, the cellular functiofs) of LRRK2 still remain unclear. Due

to its large size and the presence of both enzymatic and proteprotein 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 npribtein
complex, which acts as a central component of multiple signalling pathwayRay 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 pathWayai et al.,
2008, Sancho et al., 2009, Dzamko et al., 2012, Brevan Pedro et al., 2013, Paisan
Ruiz et al., 2013) However, it has proven difficult to validate LRRK2s involveant 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 complexMatta et al. (2012)usedDrosophilato demonstrate that LRRK2 plays
an essential role in synaptic vesicle endocytosis through phosphorylating endophilin
A, an evolutionary conserved protein involved in clathriamediated endocytosis
Arranz et al. (2015) showed that LRRK2 phosphorylates the neuronaspecific
EndoAl in mammalian cells, further validating the results seen iDrosophila An
interaction between LRRK2 and Rab5b has also been described as regulating synaptic
endocytosis(Shin et al., 2008, Yun et al., 2015)sing siRNA knockdown of LRRKR
was shown that synaptic vesicle endocytosis was markedly reducdait this could be
reversed through the introduction of Rab5B(Shin et al., 2008) LRRK2 haslsobeen
shown to interact with a number of other synaptic proteins that modulate clathrin
mediated endocytosis of synaptic vesicles including Snapih and NSHPiccoli et al.,
2011, Yun et al., 2013, Piccokt al., 2014, Arranz et al., 2015)®me studies have
sugeested that LRRK2modulates synaptic vesicle exocytosis through interacting
with Snapin or through the regulation of presynaptic vesicle releaséPiccoli et al.,
2011, Yun et al., 2013)however other studies have been unabléo 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 traffickingdBiskup et al., 2006,

Higashi et al., 2009, Sanna et al., 2012, MacLeod et al., 20¥&)en LRRK2s silenced
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in cortical primary neurons, vesicle recycling dynamics are altered and vesicle
kinetics are increased which implicatesLRRK2 in the controlof vesicle pools within

the presynaptic bouton(Migheli et al., 2013, Wallings et al2015).

LRRK2 has Bo been implicated in autophagy pathwaysFor example, knockout of
LRRK2in mice leads to the impairment of the autophagyysosomal pathway with
dramatic increases in apoptotic cell death, oxidative damage and inflammatory
response(Tong et al., 2010, Tong et al., 2012)t has been suggested that LRRK2 may
be important in multiple systems that are asociated with protein disposal. This is
becausean interaction between LRRK2 and Rab7L1, a genetic risk factor &poradic
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, PaisaRuiz et al., 2013)

A role for LRRK2 in neurite outgrowth and branchinghas also been suggestedhis
was initially thought to be the consequence of apoptotic processesowever
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 compaents of the cytoskeleton, microtublues
and actin, is essential in maintaining the structural polarity of neuronswhich 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 perted to interact with tubulin, actin and
moesin, all key cytoskeletal proteingJaleel et al., 2007, Gandhi et al., 2008, Gillardon,
2009, Meixneretal., 20118 , 22+¢ 6 O ET OA OA A<éiatet witk thed E
modulation of microtubule stability and acetylation, which may be mediated via the
interaction of LRRK2 and the microtubuleassociated protein tau. LRRKZicapable
of phosphorylating tau in the presence of tubulin thereby altering micreubule-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)

19



There is increasirg evidence to suggest that LRRK2 hagutative role in the immune
system. Although LRRK2 is expressed ubiquitousliyigh 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 signdling (Moehle et al., 2012, Gillardon et al., 2013, Wallings et al., 2015)
In light of these very specific functions within the immune systemit has been
suggested that LRRK2 could havdifferent roles within various cells and tissues
(Wallings et al., 2015) Furthermore, theLRRK2ocus has also been associated with
#0OI ET60 AEOAAOA AT A OOOAAPOEAEI EOU Ol
immune disease(Zhang et al., 2009, Franke et al., 2010, PaisRuiz et al., 2013)

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

1.2.3 The role of LRRK2 in PD

The first link between mutations in LRRK2and PDwas discovered early in the 2%

AAT OOOU AEOAO &O1T AUAT AGO ¢cOl 6b OADPI OOAA

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 theRRK2gene were the
genetic cause underlying?ARK8associated PdPaisanRuiz et al., 2004, Zimprich et
al., 2004) To date over 100 mutations have been reported irLRRK2however only a
handful of these have been proven to cause PD. These mutations incl@2019$
12012T,12020T,N1437H R1441CJ H, Y1699C andS1761RPaisanRuiz et al., 2004,
Zimprich et al., 2004, Funayama et al., 2005, Kachergus et al., 2005, PaRaiz, 2009,
Ross et al., 2009, Aasly et al., 2010, LorerBetancor et al., 2012) The enzymatic
core of LRRK2 appearsto be of central importance with all of the established
pathogenic mutations clustering within the ROC/COR/kinase domains (Sdégure
1.1).

Of the LRRKZ2mutations, the dominant gainof-function (GOF) G2019Smutation

found within the kinase domain is the most frequentbeing accountable foup to 10%
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of sporadic PDcasesand upto 42% of familial PDcases(Correia Guedes et al., 2010,
PaisanRuiz et al., 2013) TheLRRK2G2019Snutation has a worldwide distribution
but it presents with a higher frequency in North African Arab (2%), Ashkenazi
Jewish (28%), and Portuguese (16%) population¢Bras et al., 2005, Lesage et al.,
2005, Ozelius et al., 2006, PaisaRuiz et al.,, 2013) The GTPase dmain LRRK2
R1441Gnutation presents with its highest frequency n the Basque population (2.5%
of sporadic cases and 46% of familial cased)owever it is barely present in other
European populations orin North and South AmericaGorostidi et al., 2009, Mata et
al., 2009, Yescas et al., 2010, PaisRuiz et al.,, 2013) The second most common
LRRK2mutation found within Europe is LRRK2R1441Candthis is the main cause of
familial PD in Belgian populations(Nuytemans et al., 2008) A small number of
families have been reported with the LRRK2[12020T mutation including the
Sagamhara kindred, which was the first reported family with LRRK2linked PD
(Funayama et al., 2005) The penetrance ofLRRK2mutations is age dependent
increasing from 17% at 50 years of age to 85% at 70 years of a@@aisanRuiz et al.,
2013). Somel RRK2G2019arriers do not manifest the disease until late into their

eighties.

Given the high frequency of LRRK2G2019S the majority of clinical reports
concerning LRRK2inked PD have focused on this mutation. Most of these reports
are in agreement that the phenotypic features dfRRK2G20193°D closely resemble
those seen in idiopathic PD. For example, a large collaborsi study has
characterised LRRKZinked PD as a tremospredominant Parkinsonism with
bradykinesia and rigidity that shows a good response to levodopa theragydealy et
al., 2008) Olfactory dysfunction, a welcharacterised non-motor feature of
idiopathic PD, has also been widely studied ihRRK2G2019Spatients and most
reports are in agreement that these carriers also manifest this symptorfPonsen et
al., 2004, SilveiraMoriyama et al., 2010, SaunderBullman et al., 2011, PaisaiRuiz
et al., 2013) Olfactory dysfunction has also been reported ibRRK2R1441Gnutation
carriers (Ruiz-Martinez et al., 2011) Although there areclose similarities between
idiopathic PD and LRRKz2inked PD, there are also slight differences between the two
forms. Unlike idiopathic PDpatients, in generalLRRK2mutation carriers are rarely

reported to show cognitive decline and psychiatric featureshowever they do show a
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high frequency of depression and anxietyGoldwurm et al., 2006, Alcalay et al., 2010,
Shanker et al., 2011, PaisaRuiz et al., 2013) A large number ofLRRK2G2019S
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(PaisanRuiz et al., 2013) A highfrequency 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 wn-carriers, suggesting that this
symptom may be independent ofLRRK2mutations, or occurs at a late stage in the

disease procesgPaisanRuiz et al., 2013, Sierra et al., 2013)

The neuropathologyseen inLRRK2nutation 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 caseand even the same mutation within LRRK2
can lead to diverseneuropathology. LRRKZinked PD has also beeshown to present

as tauh -synuclein-, or ubiquitin-positive pathologies (Wider et al., 2010, Paisan
Ruiz et al., 2013)

Since mutations in the kinge domain ofLRRK2were associated with neurotoxicity
and PD, the development of LRRK2 kinase inhibitors has been the focus of manygdr
discovery studies The first LRRK2 inhibitors that came from library screening efforts
were mostly ATRcompetitive, meaning that they had selectivity issues and inhibited
other kinases in addition to LRRKZKramer et al., 2012) Another common problem
seen with the published kinase inhibitors is that they fail to cross the blootirain
barrier (BBB) meaning that their therapeutic application in PD is greatly linted.
There are a few kinase inhibitors that show a high selectivity to LRRK2 including
LRRK2IN-1 and BMPPB32 (Deng et al., 2011, Afsari et al., 2014)he therapeutic
potential of LRRK2 kinase inhibitors is still relatively unknown and some may display
a loss of potency with the pesence of certailr.RRK2mutations. Furthermore, a pre
clinical safety study of highly potent and selective LRRK2 kinase inhibitors produced
by Genentech Ing.recently demonstrated that these small molecules cause adverse
side effects on kidney and lung function, thus further clinical trials were stoppe@Fuji

et al., 2015) Although the majority of investigations have primarily focused on the

kinase function of LRRK2, a number of studiesuggest that decreased GTPase
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activity, due to mutations in either the GTPase domain itself or in the kinase domain
of LRRK2 also play a key role in PD pathogenesi{ewis 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., 2012a, Xiong et al., 2012blpue 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, sectio.4.4for further discussions on

this topic.
1.2.4 Current clinical t herapies for PD

As yet there are no cures for PDonly symptomatic therapies. Current clinical
therapies are unable to prevent the orgoing neurodegeneration; rather they
alleviate some of the PD symptoms through compensating for the loss of DA neurons
(Fox et al., 2011)

Since becoming a licensed drug in the 19604.-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 dopame, the aromatic
amino acid levodopa an cross the BBBso when ingested it can beonverted into
dopamine via DOPAdecarboxylase torestore striatal dopamine concentrations.
When ingested approximately 70% oflevodopa is absorbed from the small intestine
and is metabolised in the liver, kidneys andblood (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 peripherd DOPAdecarboxylase inhibitor, carbidopa,
which prevents the conversion of levodopa to dopamine in peripheral tissues, the
proportion of the levodopa dose that entersthe brain, can be enhanced to 10%
(Cotzias et al., 1969, Jankovic, 2002Although levodopa is the most effective dmiin
the symptomatic treatment of PD prolonged use leads to the development of the
wearing-off phenomenon and levodopanduced dyskinesia (LID) (Cotzias et al.,
1969). The risk of developing LID is dependent on a variety of factors including
severity of PD,ageof-onset of PD and the dose and duration of levodopa therapy.
Youngonset PD is associatedvith a higher incidence of LID;50% of patients aged
between 4059 years develop LID after 5 years of levodopa treatment but only 16%

of patients with a disease-onset of over 70 yearsof ageare seen to develop LID
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(Kumar et al., 2005, Thanvi et al., 2007Drugs are available thatim to improve LID
without necessitating the reduction of the levodopa dosage. These drugs include
amantadine, clozapine, fluoxetine and fipamezol@ankovic, 2008) The addition of
dopamine agonist inhibitors, catecholo-methyl-transferase inhibitors or MAO-I

inhibitors is also used to alleviate levodopanduced motor abnormalities.

It is thought that levodopainduced complications are related to the duration of
treatment, therefore many parkinsonologists recommend that levodopa therapy
should be delayed. In order to achieve thiDA agonists are often used as the indi
or early form of DA therapy (Jankovic, 2008) DA agonists directly activate DA
receptors, enabling the presynaptic synthesis of dopamine to be bypsesd. 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 yogn
onset PD patientsHowever, a recent study provided evidence to suggest that the risk
and time-of-onset of disabling response fluctuations and dyskinesias is comparab
between PD patientsgiven an initial treatment of levodopaor 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 dherapy for PD should

be levodoparather than DA agonists.

Neurotrophic factors are small proteirs that are known for their role in neuronal
development and maintenancgHefti, 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 meld for
their potential therapeutic use in several neurodegenerative disorderfRamaswamy
and Kordower, 2009). Such rurotrophic factors include neurturin, glial celtine-
derived neurotrophic factor (GDNF) and brainrderived neurotrophic factor. Both
neurturin and GDNF have been tested in PD clinical tria{dlutt et al., 2003, Gill et al.,
2003, Slevin etal., 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
OEAO AEOAAO ApPDPI EAAOEIT O OEA DPAOEAT 060
and GDNF have thus far tn 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 adminstration of these factors to desired brain regions

(Ramaswamy and Kordower, 2009)

1.2.5 Clinical fe atures of PD

1.2.5.1 Motor symptoms

The classical motor gmptoms of PD have been recogdsA OET AA * Ai AO 0
initial description of PD as a neurological disorder was published in An Essay on the
Shaking Palsy in 1817reprinted in Parkinson (2002). Over 50 years laterthe French
neurologist Jean Martin Charcot more thoroughly described the clinical spectrum of

PD motor symptoms. Charcot lao disregarded terms such as shaking palsy and
DAOAT UOEO ACEOAT O AT A CAOGA AOAAEO O1 * Al f
OEA AEOAAOA AA OA £A OO AGoetD 2011 Charcoiiidektiicl OT 1 6
non-tremulous forms of PQ consequently suggesting hat slowness of movement
(bradykinesia) should be distinguished from weakness. The four cardinal motor
symptoms of PD can berguped 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 ben made to classify subtypes of the disease. Although a
consensus has not yet been establishetivo major subtypes have been suggested:
tremor-dominant PD and nontremor-dominant PD (Kalia and Lang, 2015) PD
patients may also display a rage of secondary motor symptomsbut again these are

very variable between patients. An example of a secondary motor symptom is
freezing of gait wheeby the person will hesitate before stepping forwards or turning.

Other examples include difficuly swallowing, speech problems, ystonia, stooped

posture and micrographia(Jankovic, 2008)

1.2.5.2 Non-motor s ymptoms of PD

Although PD is still often considered to be a movement disordeit is a complex mult-
system disorder with patients experiencing a wide range of symptomsith both

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

sensory dysfunction, pain and fatigu€Postuma et al., 2012)

Non-motor symptoms of PD can frequently be presenh patients before the onset of
the main motor symptoms. This prodromal phase of PD can be loosely characterised
by rapid eye movemen sleep behaviour disorder constipation, olfactory
dysfunction, depression and excessive daytime sleepineg8raak 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 originatevith in the SNpc. In 2003

Braak described a stagind UOOAT 1T £ 0% AAOAA OBynicleiOEA /

deposition patternswithin the brain (Braak etal., 20038 " OAAES O 1 1T AAI

] -synuclein deposits initially occur in the dorsal motor nucleus and the anterior

E

11 ZFAAOT OU 1 OA1 AOGOh O&EEO) EO3GACAT ¢ ADAGE]

pontomedullary regions including the caudal raphe nuclei and the locus coeruleus. It
EO 116 61 OEI 30ACA o OEAO OEA 3. -gyducldd A
deposits. During Stages -, cortical structures become affected. The idea that initial
PD pathology may occur outsid®f the SNpc in norDA structures of the brain stem
suggests a potential for screening noimotor symptoms as a way to detect premotor
PD (Postuma et al., 2012) This also provides a potentl temporal window in which
diseasemodifying therapies could be administrated to prevent or delay the

progression of the diseas€Kalia and Lang, 2015)
1.3 Vision and PD

1.3.1 The vertebrate r etina

Among the normotor symptoms of PD are visual disturbances, which may be linked
to changes in the retinal signalling pathwayThe 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 searated by two plexiform layers containing synapses but no cells
bodies (Sanes and Zipursky, 201Q)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 (GCLEigure 1.2). The
ONL contains the photoreceptos that can be broadly categoried into rods and cones
depending on their shape, distribution across the retina, the photopigments they
contain, and their synaptic connectionsRods are responsible for lowlight vision as
they are very sensitive to light and can detect even single photor(Sakitt, 1972,
Sampath and Rieke, 2004)Cones are not as sensitive to liglats rods however they
have amuch higher spatial resolution Cones are responBle 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)nlike other
neurons, light energy causes changes in membrane potentials of photoreceptors
rather than causing them to produce action potentials. When stimulated by lighthe
photoreceptors become hyperpolaried and the release of glutamate is reduced
(Archibald et al., 2009) Rod ad cone photoreceptors synapse onto seoal-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 Ilpolar cells can be suldivided into rod
and cone bipolar cells. Cone polar cells can either depolarise (ORbipolar) or
hyperpolarise (OFFbipolar) in response to increments in light intensity(Hoon et al.,
2014), whereas he rod bipolar cells are only OMbipolar cells. The bipolar cells
project into the IPL where they contact retinal ganglion cells (RGCs) and amacrine
cells. The synaptic connections withirthe 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 GNEDBT I AO -AAT 1 |
RGCs and amacrine cells. The outéamina contains synapses betweerthe OFF
bipolar cells, 0/ &®58s 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, 201Q) The gtic tectum, known as the
superior colliculus in mammals, is the main target of the RGCs in most vertebrates
(Sanes and Zipursky, 2010)Amacrine cellsmodulate the excitation of RGCs through

both feedfoward and feedback inhibition; amacrine cedl that synapseonto RGC

27



dendrites generate feedforward inhibition, whilst amacrine cells that synapsento

axon terminalsof bipolar cells generatefeedback inhbition (Hoon et al., 2014)

Figure 1.2 The organisation of the vertebrate retina

A simplistic diagram indicaing the principle cell types of the vertebrate retina(left) and the
histologically distinct layers that these cell types are organid 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 r etina

In 1963, a role for catecholamines inthe 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 DAFigure 1.2) (Frederick et al., 1982, Kolb et al., 1990)n
the retina the density of these A18 neurons is lonhowever due to their widespread
dendritic arborisation and long fine axonsa network with other amacrine and
bipolar cells is establishedKolb et al., 1990, Dacey, 1990, Kolb et al., 1991, Archibald
et al., 2009) DA neurons are depolarisd under both low and highlight levels
suggesting that they eceive imput from both depolarising rod- and conebipolars
(Zhang et al., 2007Archibald et al., 2009)

DA neurons also contact the All and A17 amacrine celtsoth of which belong tothe
rod pathway. The All anacrine cells are coupled to OMipolar cells via gap junctions
which allows rod signals to be transferred to cone circuit¢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 neuronsalso contain the neurotransmitter gamma
aminobutyric acid (GABA)(Wassle and Chun, 1988, Wulle and Wagner, 1990)he
All amacrine cells express D&bubtype dopamine receptors ad GABA receptors,
suggesting that both dopamine and GABA are involved in modulating amacrine
function (Wulle and Wagner, 1990, Archibald et al., 2009)DA neurons express
GABA receptors as well as AMPA subype 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 @ more type of bipolar cell and
inhibitory (GABAergic and glycnergic) 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 dopaminerelease (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 microngWitkovsky, 2004).
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Dopamine acts through five receptor subtypes (DD5), which belong to the
superclass of Grotein coupled receptors. The most common action of dopamine is
to regulate the production of cyclc adenosine monophosphateReceptors D1 and D5
are known asthe Dl-like receptors, whereas D1, D2 and D4 form the Bike
receptors. DZklike receptors are linked to the activation of adenylate cyclase and an
increase in cAMP production. D2ike receptors are linked to the inhibition of
adenylate cyclase and a decese in CAMP production. When the Dike receptors
are activated they inhibit the rod and cone photoreceptors. When the DBDlike
receptors are activated they excite the RGCs, bipoleells, horizontal cells, and the

amacrine cells.

Dopamine is known to bean 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 conecircuits 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 shownthrough postmortem studies, that patients with PD,
who were not receiving levodopatreatment at the time of death had a significant
reduction in the immunoreactivity of tyrosine hydroxylase (TH), the ratelimiting
enzyme in dopamine production(Nguyen-Legros, 1988, Harnois and Di Paolo, 1990)
In addition, treating monkeys with 1-methyl-1,2,3,6tetrahydropyridine ( MPTP was
shown to cause a doselependent but reversible reduction in amacrine cell TH
immunoreactivity (Tatton et al., 1990) The amplitude of the electroretinogram

i %2' @ OAS6 xAOA EO OAAOA kdof diférentight condibesAT OO
(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 thatepletion of
dopamine in the retina may result in attenuated ERG respaes to peak stimuli and it
has been shown that the pattern response ERG is sensitive to dopamine manipulation
(Tagliati et al., 1994, BodisNollner 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 levelsas seen in PDaffect the retina.

Visual dysfunction in PD can exist at several levels ofdhvisual pathway including
the retina and higher order visual cortical processing areaseviewed by Armstrong
(2015). PD generally affects older people meaning that a range of agdated 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 disturbancegBodis-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, Davidsdottiaet 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 m odels of PD

Due to the limitations of human experimentation, researcérs have turned to animal
models in order to study human diseasesincluding 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 dades
modelling PD in animals has provertio be invaluable inaiding researchers to better
understand the pathology, etiology and molecular mechanisms of the disease.
Typically, animal models of PD care divided into two main groups:the neurotoxin
models, which utilise environmental or synthetic toxins, andthe genetic models,
which utilise thein vivo expression of PDrelated mutations. It is important to note
that although animal models of PD have undoubtedly increased our understanding of

the disease @thogenesis, none of thecurrently existing animal models can fully
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recapitulate all of the key clinical and neuropathologic PD symptom®awson et al.,
2010).

1.4.1 Neurotoxin m odels

The classic newtoxin-based model of PD utlies the administration of 6
hydroxydopamine (6-OHDA). Although 60HDA h& 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 wherlngerstedt (1968) injected 6-OHDA into the SNpc of the
rat brain and observed a subsequent degeneration a@fie nigro-striatal DA system.
Since tis discovery, 60OHDAhas been extensively used in both roderdnd primate
models of PD. One of the main drawbacks of-©HDA is that it is unabldo cross the
BBB, meaning that direct injection into the brain is required. In genergl6-OHDA is
injected into one of three locations in he brain: the SNpc,the median forebrain
bundle, or the terminal region of the striatum (Duty and Jenner, 2011) Following
injection, 6-OHDA is &ken up into DA neurons viadopamine transporters. 66OHDA
also shows a high #inity for the noradrenaline transporter NET, therefore it is often
used in conjunction with a roradrenaline reuptake inhibitor such as desipramine,
which improves the specificity of the toxin to the DA neurongLuthman et al., 1989,
Duty and Jenner, 2011) Once inside DA neurons,-©®HDA initiates degenertion
through causing oxidative stress and mitochondrial dysfunction. Although the exact
mechanisms behind this are still uncleajit is known that once in the cytosol 6OHDA
readily oxidises giving rise toreactive 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 withboth complexes |
and IV of the mitochondrial electron transport chain, subsequently increasing
oxidative stress further (Glinka et al., 1997) Although injection of GOHDA into the
SNpcregion of the rodent brainleads to the degeneration of approximately60% 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 symptoniBlandini

et al., 2008, Jacksohewis et al., 2012) For exampleadministration of 6-OHDA does
not induce Lewylike inclusions or proteinaceous aggregates within neurons like
those seen in PD, although-6 ( $! EAO AAAT OET xisynudléin ET O

(Alves da Costa et al., 2006Pespite 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 nigrestriatal neurons

within animal models andin vitro.

Another widely used neurdoxin model of PDinvolves the alministration of MPTP.
MPTPis 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, Jacksbewis 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 compoui@hiueh et al.,
1984). Similarly to 6OHDA, administration of MPTP is unable to lead to the
formation of LBs.Some studies have shown LBike inclusions beingproduced ater
MPTP has been administerechowever these results have been difficult to replicate
(JacksonLewis et al., 2012)

The other neuraoxin models of PD involve thaise of pesticides such as rotenone and
paraquat. Rotenone is highly lipophili¢is able to cross the BBB and similarly to
MPTP, once in neurons it accumulatewith in mitochondria and inhibits complex |
activity. Rotenone is able to reproduce almost all @dhe key hallmarks of PD including
oxidative stress, inflammation, behavioural defects, and unlike MPTP anddHDA it
induces synuclein aggregation and Liike formation in mammalian models
(Greenamyre et al., 2010) Paraquat is also able to induce the formation of Lkke
inclusions in the DA neurons of the SNp@JacksonLewis et al., 2012) Although
MPTR and 6-OHDAinduced 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 iBrosophilaincluding
bradykinesia, resting tremors and rotational behaviours, which came as a result of
the selective loss of DA cluster@Chaudhuri et al., 2007) Although these moded are
important, in particular to study the formation of the LBlike inclusions in DA
neurons, they have drawbacks and the involvement of exposure to environmental
toxins in the etiology of PD is still largely unknown. Furthermorethere are no

recorded cases of rotenoneinduced PD in humans.
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1.4.2 Genetic models

The discovery of nutations in genes that cause PBuch as| -synuclein, parkin, LRRK2,
PINKland D31, has led to the development of genetic models of the disease. These
models are valuable as they mayédip to shed light on specific molecular events that
lead to the degeneration of the DA neurons in R&s well as representing potential
therapeutic targets(JacksonLewis 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. Thuge 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, autosomablominant transgenic models with muations in J-
synucleinor LRRKZ2and autosomairecessive models with knockout oPINK1, D31 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 J-synuclein mouse models have shown motor
AATT O Al EOEAONh | E @ynkieii-likedielasions, ghodisis Nél G |
other brain and spinal cord abnormalities, however there are no consistent reports

of a progressive loss of the nigral DA neuronfDawson et al., 2010) Despite this
drawback, theDA [T EAA 11T AAI O AOA OAmDrucleitihdddedd OAT C
neurodegeneration. Transgenic rat models expressing the humak30Por ! wyx 4 |
synucleinmutations under the TH promoter, also fail to show key PD symptoms
(Lelan etal., 2011) However, these rats dshow olfactory deficits that are alsoseen

in the early phases of PD in humans. It is interesting to note that thew x 4ynyclein
mutation causes PD in humans, whereaS3T is the wild-type (WT) amino acid
sequence n 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 expressthe human genes to model PD. LRRK2 transgenic mouse and
rat models are not very rdust as there is little evidence to suggest that expression of

the keyLRRK2nutations causeDA neuron degeneratior(Li et al., 2009, Li et al., 2010,
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Dawson et al., 2010, Walker et al., 2014However, most LRRK2 mouse models do
display DA dysfunction such as alterations inDA neurotransmission, as well as
behavioural defects that are levodopaesponsive (Lin et al., 2009, Duty and Jenner,
2011). For example, bacteaal artificial chromosome transgenic mice overexpressing
WT LRRK2show an increase in dopamine release in the striatum accompanied by
motor hyperactivity. Overexpressing the LRRK2G2019Smutation causes an age
dependent reduction of striatal dopamine content and a decrease in striatal
dopamine release and uptakesuggesting a role folLRRK2 in dopamine transmission
(Li et al., 2010) LRRKZknockout mice are viable but they fail to show abnormalities
in the DA system, DA neuronal loss, or susceptibility to MPT{Rndres-Mateos et al.,
2009, Hinkle et al., 2012) In addition, parkin-mutant and PINKImutant mice models
are also unable to show substantiaDA or behavioural abnormalities (ltier et al.,
2003, Perez and Palmiter, 2005, Gispert et al., 2009, Dawson et al., 2010)

Due to the difficulties of modeling PD in mice, alternative genét models have
emerged including the common fruit fly , Drosophila melanogasterthe 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 ithe PD
pathogenesis. Of these multicellular mode]Drosophilahas proven to be the most
successful. Mosbrosophilamodels are able to recapitulate DA neuron loss and motor
defects with a good level of reproducibility. Furthermorethey have highly conserve
orthologues of most of the PBelated genes includingparkin, PINK1, LRRK2DJ1 and
UCHLL1. A variety of Drosophilamodels with mutations in these genes have been
successfully developed. Although th®rosophilagenome does not encode a clegr
synucleinorthologue, the first PD fly model created byFeany and Bender (2000)
utilised overexpression of WT or mutant forms (A30P and A53T) of human -
synuclein This resultedin a progressive loss of @nbing ability, an agedependent
and selective loss of DA neurons, and filamentous intrdnO OT T-dynuclein
inclusions. Subsequent studies have been able to confirm these phenotypes and
although some discrepancies in DA neuron loss have been reporidiis is likely due

to differences in the sensitivity of the methods useqdMunoz-Soriano and Paricio,
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2011). Since theparkin gene is well conserved between flies and humana 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 braiiCha et al.,
2005, Whitworth et al., 2005, MunozSoriano and Paricio, 2011) These parkin
mutants also exhibit mitochondrial defects, severe deficits in motor ability,
degeneration of the indirect flight muscles, reduced lifesparand hypersensitivity to
oxidative and environmental stress(Greene et al., 2003, Pesah et al., 2004, Cha et al.,
2005, MunozSoriano and Paricio, 2011) The behavioural phenotype oftiese flies
can be rescued with levodopadministration (Cha et al., 205). PINKI-mutant flies
show many phenotypic similarities toparkin-mutant flies including a reduction in the
number of DA neurons, deficits in climbing ability and mitochondrial dysfunction
(Clark et al., 2006, Park et al., 2006, Wangadt, 2006) Unlike humans,Drosophilahas
two DJ1 orthologues,DJ3p Jwith its expression limited to the male germlineand D3

p [ which isubiquitously expressed like itshuman counterpart(Menzies et al., 2005)
Flies that are null forD3u 4 DJu | or both, are viable and do not have a reduced
number of DA neurons or a reduced lifespa(Meulener et al., 2005, Pdcet al., 2005)
Only two studies have shown that knockdown ofDJ1, utilising RNA interference
(RNAJ), can result in robust neurodegeneration and a selective agiependent loss of
DA neurons in the dorsomedial cluster(Yang et al., 2005, Lavar&ulebras and
Paricio, 2007, MunozSoriano and Paricio, 2011) Although DJ1 models can display
PD-like phenotypes they are more incorsistent than the other PD genetic fly models.
SuccessfulDrosophilamodels of LRRKZinked PD have also been generated by a

number of groups(see sectionl.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 PDpathogenesis.
Drosophilahas 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 orsusceptibility of PD and therapeutic componds that

may be able to alleviate PD symptoms in both flies and huma(i3awson et al., 2010)
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The next section will look at howDrosophilabecame to be such an important genetic
model organism in which to study a plethora of human diseasebefore focusing on
Drosophilamodels of LRRKZ2inked PD.

1.5.1 Drosophila as a model organism

At the beginning of the 2@ century, Thomas Hunt Morgan carefully selected to use
Drosophila melanogasterto study the chromosomal theory of inheritance. This
pioneering work has helped to establishDrosophilaas the mostpowerful genetic
model organism.Drosophilais 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 anditions,
although they do have to be continuously maintained because it is not possible to
freeze them. Seondly, they are ideal for highthroughput experiments as they have a
rapid generdion time of 10-12 days at 25°Cand females show high fecundity
producing large numbers of genetically identical progeny. The lifespan Bfrosophila

is between 40120 daysdepending on environment, stress levels and diet, making
them a suitable organism in which to study ageelated disorders. Although flies and
vertebrates diverged at the ProtostomeDeuterostome split ~700 million years ago,

a surprisingly large number of developmental processes are shared between
Drosophilaand humans(St Johnston, 2002) Since the entireDrosophilagenome of
~13,600 genesacross fourchromosomes (the first sex chromosomes [X and Yand
the second, third and forth autosomal chromosomes) was sequenced in 2000, the
extent of the similarities betweenDrosophilaand humans has been revealeghdams

et al., 2000) For example, 75% of all humamelated disease genes have orthologues
in Drosophila(Reiter et al., 2001) Furthermore, Drosophilahasorthologues 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
Drosophilaas a complex multicellular organism in which to studya plethora of gene

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

The most important asset settingDrosophilaaside from other animal models is its
extensive and evefincreasing genetic toolbox, which enables manipulation of
Drosmhila in a way that is unrivalled in other model organisms. Before the genome
of Drosophilawas 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 mutagenesishat 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 mutagenethyl 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 usingaXs,
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 eleme® OEAO AOA OEI DPPAASG OAT AT i
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 havingPeelement as a tag to easily
identify the affected gene can often outweigh the disadvantag€St Johnston, 2002)
Forward genetic approaches have proven integral in understanding the nature and
function of Drosophilagenes. As researchersontinue 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 theDrosophilagenome came an expansion in thBrosophila
genetic toolbox to include reverse genetic approachesThis 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 clsses. Firstly, those that utilie forward genetic
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approaches, such asransposable element mutagenesithat have been modified to
allow targeting of specific gene§Adams and Sekelsky, 2002)In this approach P-
elements inserted nearto agene of interest can be mobilied to generate specific null
mutants through creating deletions in the nearby genéAdams 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 thigsee sectionl.5.2.2. Various P-elements have
been generated that are suitable for reverse genetic studigfRkyder and Russell,
2003). For example P[PZ] and P[LacW] are enhancerftrap constructs, which allow
characterisation of the spatial and temporal expression of genes aJEP]-elements
were designed for misexpression of genefO'Kane and Gehring, 1987, Bier et al.,
1989, Rorth et al., 1998) Enhancertraps contain transformation markers, such as
the rosy or mini-White constructs, which display an external plenotype (e.g. altered
eye pigmentation) in the transformed fly to allow the identification of the
transformants. P-elementsalso often contain a transposase recognition sequence at
OEA uvd AT A o6 AT AO AT A AT AT OEAET OEA OA
genetic approaches are those that use directed approaches to specifically alter the
function of the relevant gengl/Adams and Sekelsky, 2002)For exampleRNAican be
utilised for targeted silencing of homologous genegHammond et al., D01). This
technique is based on the principle that doubletranded RNA will cause the
degradation of endogenous mRNA when the sequence of the douiskeanded RNA is

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

1.5.2.1 The UAS/GAL4 s/stem

A vaiation of the enhancertrap technique known asthe UAS/GAL4 system,
revolutionised the way in which biological processes are studied ibrosophila
Initially developed in 1993 by Andrea Brand and Norbert Perrimon, the UAS/GAL4
system has become one of thmost reliable and powerful genetic tools irDrosophila
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., RNAI), in a precise spatiotemporal patterigElliott and Brand, 2008). This
system requires GAL4, a transcriptional activator derived fromSaccharomyces

cerevisiagplaced under the control of a tissueor 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 expresed 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 enhandsap lines publically
available that expressGAL4in a vast array of celitype and tissuespecific patterns. In
order to regulate the temporal expression of this system a second yeast protein,
GALS8(Q can be uilised to selectively antagoni® 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 GAL86 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 expressi@tan et
al., 2000) When GAL4hormone 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 thdarvae 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/GALA4 system is a bipartite system. A fly line that expressesL4under the control

of a tissuespecific promotor is crossed to a second line that contains a gene of interest (in
this example dLRRHK downstream of the upstream activating sequencddAS) 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 proteinFly images designed using the Genotype Builder froRoote 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 iBrosophila.They
contain an array of multiply inverted chromosomal segrents thus preventing the
correct alignment and homologous recombination during meiosis. In additiorthese
balancers carry recessive lethal or recessive sterile mutationsmeaning that
heterozygous mutations can be maintained in stablBrosophilastocks. furthermore,
balancer chromosomes carry dominant markers that produce 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 usefulnesshalancers have been developed for the

X, 2d and 39 chromosomesof 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 (Ageh contain
one of the desired mutations (Mutation 1 or Mutation 2) on one copy of the second
chromosome and the balancer chromosom&yOon the alternative copy of the second
chromosome. TheCyOchromosome carries a dominant marker giving the adult fly cuy
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 chromosomavhilst 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 schemeBly images designed using the

Genotype Builder fromRoote ard Prokop (2013).
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1.5.3 Using Drosophila to study human neurodegenerative

disorders

Neurodegenerative disorders are a subgnap of human diseases characteresd by the
progressive loss of structure or function of specific neuronal populations within the
brain, which subsequently leads to cognitive, behavioural and physical defects.
PAl DI AO T £ OOAE AEOI OARODA he 1!1AIT WDAMERDAGD 600
Amyotrophic lateral Sclerosis and Lys®1 | Al 3 01 OA.Ghce ddvabde©iA A OB
human genetics ad genomics, researchers have been able to identify familial forms
of these neurodegenerative disorders and thus pinpoint the diseassssociated 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 molecdr pathways that contribute to the neurodegenerative
development and progressionLu and Vogel, 2009) Furthermore, neurgathological
studies that utilise humans tend to occuipostmortem, 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 reasonseviewed

in Cauchi and van den Heuvel (2006and Hirth (2010) . Firstly, as previousy
mentioned the short lifespan of flies allowsresearchersto follow the progression of
these agerelated neurodegenerative disorders. Flies haa a complex and well
characterised nervous system and are capable of displaying intricate neurological
behaviours such as learning and memory. Furthermore, theundamental 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 ofDrosophilaallows the ectopic expression

of human WT or mutant forms of neurodegenerativeassociated disease genes; ¢h
ability to study the consequence of the lossor gain-of function of the Drosophila
orthologues of these disease genes; and genetic screens that can identify enhancers
and suppressors that can modyf a phenotype caused by the mexpression of

neurodegengative-associated disease gene@irth, 2010). Fly models can also be
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useful in the screening dpotential 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 drufpod 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 thé RRKZyene are the most common cause of
genetic PDthus several groups have exploited the vast genetic toolbox Drosophila
to model LRRK2linked PD. Expressing WT or mutant forms of humamRRK2
(hLRRK2 in flies has produced inconsistent results. For example, some groups have
shown that flies expressinghe LOFR1441Gnutation in the ROC domain or th&sOF
G201938nutation in the kinase domain ohLRRKZ2havea reduction in climbing ability
accompanied by a decrease in TH staining or the number of DA neurgasd retinal
degeneration(Liu et al., 2008, Ng et al., 2009, Venderova et al., 2008pwever, other
groups have failed to find any significant neurodegeneration with LRRK2
overexpression (Lee et al., 2007) A progressive, ageelated loss of photoreceptor
function has been observed with the selective expression of theLRRK2G2019S
mutation specifically in the DA neurons(Hindle et al., 2013) there was no loss of
photoreceptor function with DA expression of the WThLRRK?2transgene or other
hLRRK2 mutations. Although the external structure of the fly eye was
uncompromised, the photoreceptors of old flies (28 days post eclosiofDPE))
showed extensive neurodegeneration imluding apoptosis, autophagy and
mitochondrial disorganisation (Hindle et al., 2013) Increasing neuronal energy
demands accelerated theneurodegeneration. This study suggests a spaeing
pathology of LRRKZinked PD as thehLRRK2G2019Snutation was expressed in the
DA neurons but anatomial and functional degeneration wa recorded in a different
cell type, the photoreceptorsA further study demonstratedthat young (1 DPE) flies
with DA expression ofhLRRK2G2019%have increased neural activity, which could
initiate an excitotoxic cascadéhus leading to the degeneration of the photoreceptors
reported in old flies expressing this mutation(Hindle et al., 2013, Afsari et al2014,
West et al., 2015b)The impact of overexpressing WHLRRK2or pathogenichLRRK2

G2019Son the fly neuromuscular junction has also been investigated The
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postsynaptic expression of either of these transgenes does nietad to a significant
alteration in mEJP frequency, amplitude, qantal content, or EJP amplitude. éivever
presynaptic expression causes a significant increase in mEJP frequency and a reduced
guantal 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, Drosophla also has DA neurons that branch into the visual
system (see sectiorl.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
PDrelated DA neuron loss. Thdollowing sections will describe the anatomy of the

Drosophilavisual system before comparing it withthe visual system of humans.

1.5.5.1 Anatomy of the Drosophila visual system

The visual system ofDrosophila comprises the retina and the optic lobewhich
contains approximately 60000 cells that can be divided into four neuropiles termed
the lamina, medulla, lobula and the lobula plat@~igure 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 contais eight different photoreceptor (R) cells
known as RER8 (Paulk et al., 2013) The R cells can be sublivided 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 et al., 1999, Ting and Lee, 200 Bach 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 absorbedefficiently for their specialised
function in motion detection (Salcedo et al.,, 1999) R7 and R8 are the inner
photoreceptor cells; they lave more complex patterns obpsingene expression than

R1-R6. R7 cells express either Rh3 or Rh4 both of which are ultvéolet absorbing
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visual pigments. R8 cells express Rh5, a bhksensitive opsin, or Rh6, a green
sensitive opsin. TheR7 and R8 photoreeptors function as sensory receptors and
they are required for colour vision. It is thought that R1R6 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 synapsesare 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 laminar in the second
optic brain region known asthe medulla. The modular organisation of the retina is
also seen in the lamina. Here, axons from FH6 cells target approximately 750
independent units known as cartridges and form the first synapses with downstream
neurons that are involved in motion pracessing (Paulk et al., 2013) The lamina
cartridges are composed of five different monopolar neuron cell types (L:LL5), as
well as three classes of widdield neurons including amacrire cellsand centrifugal
fibers from the medulla (T1, C2 and C3Sanes and Zipursky, 201Q)The axons of Rl
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 orientationof the photoreceptors within an individual
ommatidium means that each RAIR6 neuron detects light from a dferent point in
space, howeverdue to the cuvature of the eye, each R'R6 neuron will detect light
from the same point in space as one RR6 neuron in each of five neighbouring
ommatidia (Sanes and Zipursky, 201Q) This neural superposition enhances the
visual sensitivity through increasing the signalto-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 lama cell (Borst,
2009). As is seen in the vertebr& visual systemthere are multiple contact synapses
within the lamina, with a single presynaptic terminal (Meinertzhagen and O'Neil,
1991).

The R7 and R&ells 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, MEM10. The axons of R7 and R8 synapse
with interneurons and transmedullary neurons in the M3 and M6 layergespectively,
whilst the lamina neurons connect to various MiM5 layers. The axons from R7 and
R8 from a single ommatidiumand lamina neurons from a sintg 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 platEischbach
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 regons within the central brain, although there is not yet a full

account of this region of theDrosophilavisual system.
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Retina

Lamina cortex

Medulla cortex

Figure 1.5 The organisation of the Drosophila visual system

A simplistic diagram of theDrosophilavisual system showing the phtoreceptors (R1-R8),
the secondorder lamina neurons (L1 and L2) and amacrine neums (A), and two types of
third -order medulla neurons (C and T). The diagram also shows dopaminergic nenso(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 identifig&dwards
and Meinertzhagen, 2010) Glia cells are nomeuronal cells that provide support and
protection for the neuronal cells in both the central and peripheral nervous systems.
Some of the impeotant functions of glia include aiding neuronal developmentacting
asmarkers for axonal pathfinding, 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 laminathere 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 fenefrated 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 andthe 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 wetlharacterised than those found
within the lamina, a number of major glial celtypes 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 r esponse of Drosophila

Phototransduction is the process of converting light into electrical signals. Our
understanding of the molecular mechanisms that underlie phototransduction in
Drosophilahas been achieved through a variety of molecular and genetic techniques.
Both vertebrates and invertebrates carry out phototransduction via a specialised
form of a G proteincoupled 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 1Q00x 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 pigmentahich results in the

isomerisation of the light-sensitive vitamin A derivative 11-cis 3-hydroxyretinal to
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all-trans 3-hydroxyretin al; in vertebrates it is the isomerisation of the chromophore
2-dehydroretinal that is required instead of 3hydroxyretinal. In both cases this
isomerisation results in the adivation of rhodopsin, which forms metarhodopsin. In
flies, metarhodopsin acts on the alpha subunit of a heterotrimeric -@rotein (Gq),
leading to the exchange of GDP for GTP and the activation of thal@a subunit. The
active Galpha subunit activates fhospholipase C (PLGWwhich subsequently cleaves
phosphatidyl inositol 4,5 bisphosphate into inositol triphosphate (InsB) and diacyl
glycerol (DAG). There is an influx of calcium into the photoreceptors and two differing
models have been suggested texplain how this influx occurs. One of these models
proposes that the cation channels TRP and TRPL are activated when nbihds to
the InsPs-receptors, which are located in intracellular C&* stores. In turn, this leads
to the release of C& via a storeoperated mechanism. The second model proposes
that DAG indirectly gates the TRP and TRPL channeidich leads to an influx of C&
and Na into the photoreceptors. The influx of C& causesthe photoreceptors to
depolarise leading to a release of histame 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 Gorotein is a phosphodiesterasethat hydrolysA O -u ® 6

AUAT EA COATTOETA 117171 pPpEI OPEAGA jA'-0q OIi
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cGMRgated channels and hyperpolarisationHardie and Raghu, 2001, Hardie and
Juusola, 2015)

Vert ebrate Drosophila

+C&
Figure 1.6 Phototran sduction cascades in vertebrates and Drosophila

The encircled numbers (16) refer to the following steps: (1) Photoisomerisation; hodopsin

(R) is photoisomerised to metarhodopsin (M). IrDrosophila,M is stable and can be converted
back to R by longwavelength light; vertebrate M releases the bound chromophorall-trans
retinal. (2) GTP/GDP exchangeM catalyses the exchange of GDRr GTP on the
heterotrimeric G-protein (transducin in vertebrate rods, Gq inDrosophilg, causing the active

' 40 AT -8ubuAit tq dissociate. (3) Activation;' y AET AO O1 AT A AAOEC
enzyme (PDE in vertebate rods, PLC ilbrosophilg. In vertebrates, activated PDE hydrolyses

A' - 0 -GWP, which leads to the CNG channels closure. Dnosophilg activated PLC
hydrolyses phosphatidyl inositol 4,5 bisphosphate (PIP to diacyl glycerol (DAG) and
inositol triphosphate (InsPs). 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;n vertebrates, cGMP is resynthesised byugnylate
cyclase (GC) and Gertivating protein (GCAP)which is inhibited by C&+. In Drosophilg DAG

is converted to phosphatidic acid (PA) by DAG kinase (DGK). PA is converted to;RiR a
multienzymatic pathway.(5) Metarhodopsin inactivation; M is phosphorylated by rhodopsin
kinase (RK) and capped by arrestin (A). In vertebrates, RK is inhibited by m@eerin (Rec) in
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the presence ofCa-+. (6) Inactivation of G protein and effector; EA A Z£Z£ZAAOT O Al UU

are inactivated by the GTPase activity ohe G protein, which leads to the reassocation with

rh r8 4EEO EO AAAAI AOAOAA AU OEA /MAMDEREOU |
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 taamine 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 #hfly eye makes it relatively easy
to record the ERG and this technique has been utilised in flies for over 50 years. The
DrosophilaERG 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, theDrosophilaERG uses an extracellular electrode that records the summed
electrical response fom the photoreceptors depolarisng and the response of the
lamina to the release of histamine. The depolaration of the photoreceptors is
reflected in the sustained negative component of the complex ER@veform, whilst

the hyperpolarisation and depolarisation of the lamina monopolar ells is thought to
produce the on and off-transient components respectively (see Chapter 2Figure
2.1) (Heisenberg, 1971, Coombe, 1986Yhe contributions of these cellular layers to
the ERG waveform was determined through the use of mutants that setively
eliminate photoreceptor or lamina components. For example, null mutations of the
histamine-gated CI channel gendisCl2(ort) that causes the histamine A receptors
on the secondorder lamina neurons to become inactive, abolishes the synaptic
transients of the ERGPantazis et al., 2008, Edwardeind Meinertzhagen, 2010)
Similarly, the oral%84(outer rhabdomeres absent) mutantwas isolated in which the
R7 and R8 cells are the only functional receptorsneaning that the lamina receives
no input as it is only the R1R6 cells that synapse in the lamin@Harris et al., 1976)
Again, in this mutant neither an ontransient nor off-transient is observed
highlighting the importance of lamina signdling 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) flies (Afsari et al., 2014)is the steadystate
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visually evoked potential (SSVEP) assappSVEPSs are natural responses generated by
the brain in response to visual stimulation. Responses to flashing lights or flickering
patterns generated at specific frequencies stimulates thvisual 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 viahé¢
electroencephalographymethod that utilises an array of electrodes @ced 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 owdf-band noise is eliminated from tle

analysis(Afsari et al., 2014)

An SSVEP assay has been developed f@rosophila through utilising a pre-
programmed sequence of frequencyagged flickering light stimuli (Afsari et al.,
2014) (see Chapter Zigure 2.2). Through isolating the photoreceptor and neuronal
responsesit has been possible to determine the contributions of the different layers
of the fly visual system ingenerating the output frequency componentgAfsari et al.,
2014). For example, inort null mutant flies (in which the histamine receptors are
knocked out), the 1F1 response is still present but #n2F1 responses are completely
abolished, suggesting that this component is a result of synaig transient firing. The
forth -order intermodulation term 2F1 + 2F2 is also completelyabolished in these
flies andin flies in which synaptic transmission has ben eliminated through using
ort-GAL4to drive the expression of tetanus toxin. This suggests that the 2F1 + 2F2
signal is entirely neuronal. Taken together, hese data indicatethat the 1F1
component arises from the photoreeptors whereas the 2F1 and2F1 + 2F2
components depend on synaptic transmitter release from the photoreceptors
meaning that they arise from downstream signling within the lamina and medulla.
The DrosophilaSSVEP 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 stimulj 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 2011). Some systems also show
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a scaling of the outputs rather than the inputs known as response gaimhich causes
a downward compression of the response versus contrast curve. Theontrast
response functiors of Drosophilaclosely resembé 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 tiffdsari 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 shapetbé
ERG responsgStark, 1973). In 1910, the first eye colour mutant was isolated by
Thomas Hunt Morgan when he collected a whiteyed mutant male fly from a
population of WT red-eyed flies(Morgan, 1910). The white eye colour was caused by
a mutation in thewhite gene, whichMorgan (1910) discovered as the first sexinked
gene. There are two pathways inDrosophila that give rise to the coloured eye
pigments; these are the ommochrome pathway and the drosopterin pathwafgee
Chapter 5 for further details of these two pathways). Sincéhe discovery ofwhite
mutant flies, numerous other eye pigment mutants have been isolated in both of these
eye pigment pathwaygSummers et al., 1982)Thusflies with shades of white, yellow,
orange, red or brown eyes are all available. The powerful genetics @rosophila
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 he eye pigment pathways.

1.5.5.3 Similarities b etween the Drosophila and human visual

system

Over acentury agpOEA 3 DAT EOE 1T AOOT AT AOT T EGO 2A1 1
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). Howeverinstead of discovering a simple visual systen€ajal found
that flies have a complex and diverse visual system, which is strikingly similar to that
of vertebrates. A study inDrosophilalater showed that the complexity and cellular
diversity seen in largerflies 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 andy visual systems were
essentially identical with the main design principles being maintained and only a
small number of variationsof adaptations. H wrote, Gf from the visual organ of the
insect, we discount the crucial fact of the dislocation of thd s&a8 OEAT OEA Al
between the visual apparatus [of the vertebrates and insects] converts almost in
identity6 (Sanes and Ziursky, 2010, Cajal, 1915) Cajal reinforced his argument
through using silver staining to produce remarkable drawings of a fly and vertebrate
visual systemand 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@ OEA 0O&1 AOOA A FhdAld). MrdbeioC AT Al
modern cytochemical and ultrastructural techniques have been utilised to compare
the vertebrate and fly visual system and these have provided strong evidence in
OO0DPDPI 00 | A(FiyukeElB)l Soe obtRelstructural 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 mappng of neuronal arrays at each level onto those within the next level
(Sanes and Zipursky, 2010Q)
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B. Flertebrate C. Vertebrate

Lamina

Medulla

Protocerebrum

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 dIl), lamina (IV-V) medulla (M-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 synapticcontacts. 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 vetebrate 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 structu res underlying the first stages of visual

processing in flies and vertebrates

(A) The vertebrate visual system showing the retina with the mia 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) Thé®rosophilavisual 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, Dipgrammatic
representation showing similar steps in transfer of information through the early stages of
visual processing in vertebrates (C) an@®rosophila(D). Adapted with permission fromSanes
and Zipursky (2010).
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Similarly to humans,Drosophilaalso has DA neurons with axons branching into their
visual system (see Figure 1.5). Through SOAET E1 CTHxaBd dilising the
UASGAL4 system to drive the expression of various GFP reporters under the cootr
of two different DA GAL4 drivers TH-GAL4 andHL9-GAL4),three different kinds of
DA neurons have been found withinthe fly visual system:the PPL neurons, MC
neurons and the LA neurongHindle 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., 2010Q)

1.6 Aims

In order for us to understand how mutations inLRRKZ2ead to PDit 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 pathogenicLRRK2mutations. The main aim of this study is to advance our
understanding on the role of LRRKZ2n vivo using the model organismDrosophila
melanogaster Through using a genetic model such d3rosophila it is possible to
exploit both LOF aad GOFRapproaches 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 sop or null mutations have been found in LRRK2it is still
important for us to determine the LOFof this protein becauseoverexpressionstudies
may explore the consequences of producing too much LRRK2 rather than
investigating its normal physiological functon. The specific contributing aims of this

investigation are outlined below:

1. Determine if the LOFof dLRRK the Drosophilaorthologue of humanLRRK2 leads

to agerelated visual defects in adult flies.
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2. Establish if two chemically related compounds (UCA andDCA)can rescue the
visual response of fliesexpressing the GORLRRK2G2019S9nutation in the DA
neurons.

3. Examine the interaction of eye colour anddLRRKgenes with genetic and

physiological approaches
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2 Materials and Methods

2.1 Drosophila husbandry and t echniques

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 theDrosophila 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 inrable 2.1. Stocks that were obtained from outside sources
were quarantined for at least two gnerations and were transferred to fresh media at

least twice a week to ensurehat 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 raisatl 25°C, giving a

generation time of ~10-12 days.
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2.1.2 Drosophila media

Stocks were maintained in25x95 mm plastic vials (Dutscher Scientific, UK) plugged
with cotton wool (Fisher Scientific, UK)containing ~7 ml standard yeastsucrose
agar media: 25 g/l sucrose, 3.75 g/l agar, 0.125 g/l CaCD.125 g/l FeS@, 0.125 g/l
MnCk, 0.125 g/l NaCl, 2 g/l KNa@H4Os - 4H20; following autoclaving and cooling for
1 hrto ~45°C, the antifungal agents Bavistin (1.5 mg/l i100% ethand [EtOH]; BASF,
Auckland, New Zealad) 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 424%® instant Drosophilamedium (Camlina
Biological Supply Company, USA). The instant media was prepared by mixing 50:50
with dH20. 10 mM stocks othe drug dissolved in 100% EtOHvere kept at-20°C. The
appropriate volumes of these stocks were added to dHD to give a desired
concentration of 2.5 uM before the dHO was mixed with the instant media. Control
food had the appropriate volume of 100% EtOHadded with no drug. Experimental

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

Unless otherwise stated, experimerdl crosses were maintained in 1/3 pint glass
bottles on a richer maizebased 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 (04 mg/l in 100% EtOH Signa, UK) and propionic acid (0.4o 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 bdés was swirled to prevent an
agar layer setting on the surface. To enhance etgying, 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 Flgg¢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 transferredtvials

containing standard yeastsucrose-agar medium or 424® instant Drosophilamedia.
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Experimental flies were then aged at 29°C in constant darkness or with continuous

flashing blue LED lightsdepending on the experimental protocol.

2.1.3 Drosophila anaesthesia

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

observed using a dissecting microscope (Zeiss Stei2000, Carl Zeiss AG, Germany).

2.1.4 Drosophil a crossing techniques

Crosses were established through adding adult males to virgin female mates. As
female Drosophilaare capable of storing sperm it is essential for female flies to be
collected as virgins to ensure a controlled genetic cross. At 25°Qrfale 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 abdominaduticle, 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 featurgand 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. &flies were removed and transferred to fresh vials
or were euthanised after 7 days to prevent ovecrowding and specific selection of1

flies for further crosses or experiments.

2.1.5 Recombination s

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 omore genetic components on a single
chromosome. For example, this approach was used to recombine tdeRRK03680
piggyBac mutation with both TH-GAL4 and RepeGAL4 (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 componentsindividual 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 possiblghese 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 GEée
section2.3.2).

2.2 Physiological a nalyses

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 fom the tip. The fly was restrained
using nail varnish (Creative Nail Design). Glass pipette electrodes were filled with a
simple Drosophilasaline (130 mM NaCl, 4.7 mM KCI, 1.9 mM CaGHeisenberg,
1971)). A recording electrode wa placed on the surface of the eye and a second
reference electrode was placed on the mouthparts using micromanipulatorg-{gure
2.1A). Once in position, flies were drk-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, KAFS060PBESEEVGC, maximum emission wavelength
465 nm, Taipei, Taiwan) placed ~6 cm in front bthe 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.
DASY ab software was used to record the ERGs ardASYWiew (Version 2.1.6) was
used for analysis (DASMb customised software, C. J. H. Elliott, University of York).
The three to five stimuli were averaged for each fly. Each genotype/timpoint
sample is the average (xSEM) from at least ten flies. An examplRG trace is shown
in (Figure 2.1B) indicating the ontransient, photoreceptor response and off

transient components.
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Peak-to-peak

Light on Light off

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 salim®lution is
placed on the surface of the eye to record the response of the visual netwgnkilst 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@he ontransient 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 halivay along the recording. The offransient was
determined as the potential difference between the end of the photoreceptor response and
the minimum value of the ERG trace. The ped&-peak response was determined as the

potential difference between the maimum 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 seéti®drd) with a
computational approach that is based on human visual experiments, in which

Al EAEAOET C OOE(I 01 AGEIT EO -DETEAAS ODA OBIAT
SSVEP assay was cardeout asdescribedin Afsari et al. (2014) Briefly, adult female

flies were prepared for flash ERGss described in section2.2.1 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 Matb (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 wa 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 frequenies 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, re@® OAA O1 AO OEA ODPOI AA:Q
Ol AO OEA Oi AGEGQqh AT A rEAOITTEAY EO OEA
to 11 different contrast levels of the probe were also recorded. The caafst levels
ranged from O to 6% contrast in equalsteps. The effect of adding in the mask was

also examined. The mask was present in half of the trials and had a constant contras

of 30%. Trials containing different contrast levels were randomised across
presentations and the entire sequence of 22 trialsvas 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 phdseked responses are
evident. A  Fourier transform of the waveform was computed
(http:/ /github.com/wadelab/flyCode ) to obtain a frequencydomain representation

of the data Figure 2.2C). Contrast response function (CRF) data were calculated and

fitted using a 3parameter hyperbolic ratio function to achieve statistical
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independence as described idfsari 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 arerestrained 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 suréce 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 1FH an
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 ptetl. Harmonics of the
input frequencies (12 Hz and 15 Hz) are shown in the Fourier transform of the signal as blue
(first harmonic) and purple (second harmonic) bars. Loworder intermodulation terms (1F2-

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

2.3.1 Extraction of g enomic 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 TrHdCI pH
8.2, 1 mM EDTA) supplemented with fresh Proteinase K2@0 pg/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 particulateghe
homogenate was centrifuged at 13000 for 3 mins in a benchtop centrifuge. 12 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 A was extracted
from 15 adult flies using the Gentra Puregene DNA purification kit (Qiagen, UK) as
DAO OEA 1 Al O£AA G@adn(2019. 1-2 il 6f Gedddnkc ORA waused

per PCR reaction.

2.3.2 Polymerase Chain Reaction (PCR)

To amplify genomic DNAPCR reactions were run using PCR mastermix (Promega,
UK; 25 U/mITagDNA polymeraseTaqReaction buffer, 200 uM of each dNTP, 1.5 mM
MgCkh) with 1 uM of each primer and 0.5L mg of genomic DNA or 2 ng of plasmid
DNA. Reactions were run as a total volume of 20 ul 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 foundn Table 2.2.
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Table 2.2 Primer sequences

Primer Sequence

o 0 3 0-PB-SEQ ACG CAT GAT TATCTT TAAC

006 3 0-PB2+ CGATAA AAC ACATGC GTC
dLRRKe03680Reverse GGC TAA CCG ATG CAG AGG AA
c6D5! 34 ATC TCT GTAGGT AGT TTG TCC A
vob5! 34 CTG CAACTACTG 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.% and 1% agarose gels in TAE buffer (40 mM Tris
acetate, 1 mM EDTA, pH 8.3) ave used for large and small (¥kb) 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 pgane; NEB, UK) was loaded alongside the DNA.
Gels were run at ~8@100 V. PCR followed by gel electrophoresis were used to screen
stocks for the presence of thelLRRK93680piggyBacelement following recombination

or standard crossing procedures. One primewas designed from the PBac{RB}-P
element sequence and the other from theLRRKsequence. An example gel with WT
(w1l18)  homozygous dLRRKO3680 and successfully recombined RepeGAL4,
dLRRKO03689TM6b stocksis shown inFigure 2.3.
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Figure 2.3 PCR of mutant dLRRKe03680 recombinants

Primers designed to detect the presence of the PBac{RB}Rment in thedLRRKgene were
used during PCR to determine ifILRRK03680 and RepeaGAL4had successfully recombined.
The WT (w1118) stock was used as a negative control and the homozygodlsRRKo3680stock
was used as a positive control. The PCR products were run on a 1% agar gel in parallel
with a 100 bp DNA ladder (NEB, UK). There is no band present in thé18stock but the
expected 300 bp band is present in both the homozygoudl. RRKo3680stock and theRepo
GAL4,dLRRK03680 recombined stock, suggesting a successful gembination. Of note, the

presence ofRepeGAL4 in this stock was determined by confirmation of GFP expression.

2.3.4 DNA purification; Gel e xtraction

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

QlAquick® ' A1 %@ OOAAOQEITT EEO j1EACATh 5+ OE

(Qiagen, 2015) The DNA concentration was determined using a NanoDrop NIDOO
spectrophotometer (Thermo Scientific, DE, USA).

2.3.5 Restriction endonuclease d igestion

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
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DNA fragments during subcloning. This approach was used to exciseLRRK1land
cinnabar from their donor plasmids and cleave the recipient plasmid, in both cases
pPUAST 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 elecbphoresis. The required restriction enzymes were added to
the plasmid along with the appropriate bufferwith 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 postdigestion. 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 sectio.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 settagive 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 NELOOO spectrophotometer (Thermo Scientifc,

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 p  lasmid DNA

In order to generate new transgeniddrosophilalines, XL-1 Blue supercompetentE.

coli cells (Stratagene, CA, USA) were used to amplify plasmid DNA. Transformation
was achieved via heashock mostly in AAAT OAAT AA xEOE OEA
instructions (Stratagene, 2004) However, the protocol was modified and scad to

use 50 pl of cells instead of the recommended 100 ul. Furthermore, instead of SOC
media, Luria broth (L-Broth: 10 g/l tryptone, 10 g/l NaCl, 5 g/l yeast extract) was
used. For the transformation of plasmid from a ligation mix, 1 pl of the ligation
reaction was utilised as recommendedFor transformation of a plasmid from a

Whatman® FTA® disc, 50 pl of cells were added directly to the disc following TE
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washing. Post transformation cells were plated on tBroth agar plates (20 g/l agar in
L-Broth) containing the antibiotic ampicillin (200 pug/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 EBroth and ampicillin (200 pg/ml).

Cultures were incubated at 37°C for 126 hrs with vigorous shaking. Stocks of
transformed E. coliwere stored in 50% v/v glycerol at -80°C. Glycerol stocks were

used to streak fresh plates when required.

To check for the pesence 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
130009 for 2 mins in a benchtop microcentrifuge. After removal of the supernatant,

pellets were frozen at-20°C. To reduce the number of minipreps required and to
ascertain those colonies mst likely to have taken up the insert, the colony cracking
method could be performed through usindl5 pl of the overnight culture (see section

2.3.9.

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
OEAO AT1608 )1 OAOOO AO Oi Al AO ¢mnm AD

50 pl bromophenol blue loading dye and. ml resuspension buffer (50 mM TrisHCI

pH 8.0, 10 mM EDTA, 100 pug/ml RNaseA) was added to 1 ml of 5x cracking buffer (25
g sucrose, 5 ml 5 MNaOH, 2.5 ml 18 SDS, 40 mld20). 10 ul of this was mixed with
15 ul of overnight culture. The mixture was the loaded and run on an
electrophoresis gel(see section2.3.3). 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 ul 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 identifieénd the overnight culture from which

they came waspurified via miniprep (see section2.3.9.1).
2.3.9 Plasmid p urification

2.3.9.1 MiniPrep p urification

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
purification of up to 20 pg molecular biology grade plasmid DNA fronk. coli.
Concentrationsof purified plasmid DNA was ascertained using NanoDrop NB1000
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 transfornte
plasmids by restriction enzyme digest (see sectio.3.5) and/or by PCR §ee section

2.3.2), followed by gel electrophoresis (see sectio.3.3).

2.3.9.2 MidiPrep p urification

To provide a greater purity of plasmid DNA (up to 200 pg of transfectiegrade
plasmid DNA) and greater yields for microinjection oDrosophilaembryos, 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, PCRand gel electrophoresis, 100 ul of the
appropriate overnight culture (see section2.3.7) 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 @e section2.3.8) 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 incubatiqriiO0 ml
cultures were centrifuged at 6000 rpm for 15mins 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 t ransgenic Drosophila lines

To allow the ectopic expression of the mouseRRK1(mLRRKJ) transgene or of the
cinnabar transgene by the UAS/GAL4 systenmLRRK1pUASTattB and cinnabar-
pUASTattB were micro-injected into Drosophilaembryos to generate two separate

transgenic stocks.

2.4.1 Generation of mMLRRK1pUAST attB constructs

MLRRK1pUASTattB was generated through the excision of thehLRRKICDNA insert
from the pYXAsc 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 NetF and Xhol restriction
endonucleases in buffer 4 (NEB, UK). The excised 5284 iiph RRKICDNA insert was
ligated into the excisedpUAST attB vector (see sectio.3.6). The ligation reaction
was used to transformXL-1 Blue supercompetentE. colicells (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 section2.3.7). Colonies that were most likely to contain the insert
were determined via colony cracking (see sectiof.3.8). Those identified via cdony
cracking were purified by MiniPrep (see section2.3.9.1). The presene of the insert
was determined by restriction endonuclease assessment using NagF and KpntHF

in cutsmart buffer (NEB, UK; see sectio.3.5 and by PCR using pU&T primers.
After confirming the presence of the insert, 100 pl of the original 8 hr culture was
used to seel a 100 ml overnight culture incubatedat 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 sectidh3.9.2.
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2.4.2 Generation of cinnabar pUAST attB constructs

Before thecinnabar cDNA insert could be excised from the pFLCvector, the cDNA
clone first needed to be transformed from &hatman® 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 XEl Blue supercompetentE. coli cells
(Stratagene, CA, USA,; see secti@rB.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 amplificabn and purification using the MiniRep
method (see section2.3.9.1). Restriction endonuclease digest with NotHF and Kpni
HF in cutsmart buffer (NEB, UK) was used to ensure the pFL&ontaining the
cinnabar cDNA insert had been successfully transformed (see secti@3.5). After
confirming this, the excised1900 bp cinnabar cDNA insert was ligated into an excised
pUASTattB vector (Notl-HF, KpntHF; NEB, UK; see sectidh3.6). The ligation was
used to transform Xl-1 Blue supercompetat E. colicells (Stratagene, CA, USA; see
section 2.3.7). Colonies that were most likely to contain the insert were determined
via colony cracking (see sectior?.3.8). Those identified via colony cracking were
purified by miniprep (see section2.3.9.7). The presence of the insert was determined
by restriction endonuclease assessment using NeHF and KpniHF in cutsmart
buffer (NEB, UK; see sectioR.3.5) and by PCR using pUAST primers. After confirming
the presence of the insert, 100 ul of the original 8 hr culture was used to ska 100
ml overnight culture incubated at 37°C with shaking (see sectior2.3.9.2. 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 sectiod.3.9.2.

2.4.3 Ethanol precipitation of DNA

Following midipreps (see section2.3.9.2, the plasmid DNA concentraon of both
MLRRK1pUASTattB and cinnabar-pUASTattB was determined usinga NanoDrop
ND-1000 spectrophotometer (Thermo Scientific, DE, USA). For microinjections into
Drosophilaembryos, a plasmid concentration of 0.4 pg/ul is required. To achieve this
concentration, pUAST attB constructs were precipitated with a 1/1@ volume of
NaOA + 3 volumes 1006 ice cold EtOH (calculated after addition of NaOA@nd
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 benckop microcentrifuge. The supernatant was
decanted and the pellewas washed with 1 ml 706 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 resuspended in the appropriate volume of sterile nuclease
free HO. The concentration of the precipitated plasmid DNA was determined using a
NanoDrop NB1000 spectrophotometer (Thermo Scientific, DE, USA).

2.4.4 Microinjection of Drosophila embryos

For microinjections, the mLRRK1pUASTattB and dnnabar-pUASTattB 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
sequencespecific recombinase that is encoded within the genome of the phiC31
bacteriophage. The phiC31 integrase mediates reconmation 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 wasthe Bloomington stock 24482,
(genotype: y[1] M{vasint.Dm}ZH-2A w*; M{3xP32 & 0 8 A G%&1Q)dmhich(has an
attP site on the 2d chromosome (51C), marked with RFP to make it easier to identify
those stocks in which plasmid integration was seccessful. Successful lines were
balanced over a 24 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 WThLRRK2, hLRRK&2019S and control flies. The method used for

western blotting was adapted fromAbcam (2016).

2.5.1 Protein e xtraction

Protein was extracted from whole adult fly heads as previously describe(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 23 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 at80°C until all genotypes had been collected. To extract protein,
one complete mini protease inhibitor cocktail tablet (cOmplete tablet, Mini EDTA
free, EASYpck, Roche)was dissolved in 7 nh RIPA buffer (150 mM NaCl, 1%
IGEPAR CA630, 0.8 sodium deoxycholate, 0.% 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 thigprotease/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 13008 for 15 mins at 4°C. The supernatant was
removed and the protein concentrationwas quantified using the Bradford assay (see
Section2.5.2).

2.5.2 Quantification of protein concentration: Bradford a  ssay

Binding of protein to the Coomassie dye in thBradford reagent leads to a colour shift
from red/brown to blue. The absorbance of the reagenprotein 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 ul of each statard was loaded in
duplicate into a 96well plate. Protein samples were diluted 2 pl in 23 pl diD
(1:12.5). 10 pl of diluted protein sample were loaded into the 96vell plate in paired
duplicates. 200 pl of Coomassie Plus reagent (Thermo Fisher ScientRierce, 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
(SDSPAGE)

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

A 1 -mercaptoethanol in 900 pl 4x laemmli buffer) before heating to 85°C for 5 mins.
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Protein samples and a protein ladde(6 ul Color Prestained Protein Standard, Broad
Range [11245 kDa]; NEB, UK) were loaded inta 10% Mini-PROTEAR TGXMpre-
castgel (BIORAD, UK) placed ira tank containing running buffer (25 mM Tis, 192
mM glycine, 0.26 SDS). Protein samples were separated through runrgrthe gel at
100 V onice for ~1.5 hrs.

2.5.4 Protein transfer to a PVDF m embran e

Following SDSPAGE, a Minilrans-Blot® Cell was used to transfer the proteins from
the gel to a PVDF membrane (Amersham Hybond 0.45 um PVDF; GE Healthcare, UK).
Foam pads, 4 pieces oWhatman® gel blot paper (0.8 mm thick; Thermo Fisher
Scientific Pierce, UK and the SDSPAGE gel were soaked in transfer buffer (25 mM
Tris, 192 mM dycine, 20% [v/v] methanol, 0.1% [w/v] SDS). PVDF membrane was
cut to the same size & the gel then activated in 100% methanol for 3®0 secs
followed by a quick dip intothe 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 Whatmah gel blot paper, the gel, the activated PVDF membrane,
the remaining two pieces of Whatma# 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 Bielce Cooling unit that had been
stored at-80°C. Proteins were transferred to thd®VDF 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 mdmane 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 76, 150mM NaCl] supplemented with 0.% [v/v] Tween T™™-
20). This was followed by primary antibody incubationin 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 TBST. The appropriate sgcies of secondary antibody (conjugate to
HRP) was added in either 5% (w/v) BSA or & (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 TBST. All washes and antibody incubations were péormed on a rocking platform.
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Membranes were incubated in ECL reagent (GE Healthcare, UK) for 1 min- CL
XPosuréM x-ray film (Thermo Fisher Scientific Pierce, UK) was placed on the blot for
v OAIAUTTQET q T -OE Omph@Bhf-Akp). Exposed filmwas developed in
Carestrean® Kodak® autoradiography GBX Developer/Replenisher (Sigma, UKQr

1 min, rinsed in RO for 30 secs, then fixed in CarestredirKodak® autoradiography
GBX Fixer/Replenisher (Sigma, UKbr 1 min. Antibody concentrations can be fond

in (Table2.3).
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Table 2.3 Antibody Species, Source and Dilutions used for Western Blotting

Antibody Species Source Dilution
1 -Akt (pan) Rabbit monoclonal Cell Signaling 1/1000
(C67E7) Technology
1 -PhosphoAkt Rabbit monoclonal Cell Signaling 1/1000
(Sera73) (D9E) XP Technology
1-Myosin (MAC147) Rat monoclonal Abcam 1/50000
1 -Rabbit IgG HRP Goat CellSignaling 1/1000
linked Technology
| -Rat IgG HRP Goat Cell Signaling 1/1000
linked Technology

2.6 Measurement of mitochondrial complex a ctivity

2.6.1 Isolation of m itochondria

Mitochondria-enriched fragments were prepared from the headsfadult female flies
(7 DPB with the indicated genotype that had been kept in a 29°C flashing light
incubator on food containing drugor no drug, as previously described ifPogson 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 wes gently crushed in 200 ul chilled isolation
buffer (250 mM sucrose, 10 mM TrisHCI pH 7.4, 0.15 mM Mgg)l using a sterile
plastic pestle. Homogenised samples were centrifuged twice at 50§%or 5 min at 4°C
to remove debris, the supernatant was transferrd to a fresh tube between each cycle.
The supernatant was centrifuged at 5000g for 5 min at 4°C. The resulting pellet
containing mitochondrial-enriched fragments was resuspended in 20 pl isolation
buffer and stored at-80°C. The protein concentration okach sample was quantified
using the Bradford assay (see sectioR.5.2).
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2.6.2 Preparation of samples for recording mitochondrial complex

activity

The same sample was &l for all mitochondrial complex assays (Complex I, II, III, IV
and the citrate synthase assayjnd three repeats of each genotype/drug treatment
sample was used per assay. 250 gssay buffer (25 mM KHPQy, 5 mM Mgd, pH 7.2)
was added to each sample flowed by three cycles of rapid freezehawing 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 recordig the activity of complexes 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 | activit y

Complex | activity was determined by following the oxidation of NADH at 340 nm
xEOE A OAEAOAT AR xAOAI AT endEat 30% using a BMG | R
Labtech FLUOStar plate reader. The complex | assay buffer contained 3 mM KCN, 2.5
mg/ml BSA, 50uM ubiquinone, and 2 pg/ml antimycin A that were added fresh daily

to the stock assay buffer (25 mM KHPQ:, 5 mM MgQ, pH 7.2) 190 ul complete assay
buffer minus X pl mitochondrial extract was added per well of a 9&vell plate. For
each sample, O pl, 51u7.5 pl, 10 pl and 12.5 pl ahitochondrial 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 uM NADH and recordedor a further 80 cycles. To inhibit the reaction, 3 pg/ml
rotenone was added and measured for 225 cycles.The results are expressed as

pumol NADH oxidised/min/citrate synthase activity.

2.6.4 Complex Il activity

Complex Il activity was measured by followingth OAAOAQET 1T 1T £ $#0) (
19.2 mM? cmrl) at 30°C using a BMG Labtech FLUOStar plate reader. The electron
acceptor ubiguinone is linked to the dye DCPIP to increase the sensitivity of the assay.

The complex Il assay buffer contained 3 mM KCN a2 mM succinate added fresh
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daily to the stock assay buffer (25 mM KHPQy, 5 mM MgdJ, pH 7.2) 195 pl complete
assay buffer minusX ul mitochondrial extract was added per well of a 98vell plate.
For each sample, O ul, 5 pl, 7.5 pl, 10 pl and 12.5 profochondrial extract were used;
these volumes were added to the appropriate volume of complete assay buffer. After
a 10 min incubation at RT, 50 uM DCPIP, 2 pg/ml antimycin A, and 3 pg/ml rotenone
were added to each used well. After a 2 min incubation &T, the baseline was
recorded for 10 cycles. The reaction was started with the addition of 50 uM
ubiquinone and recorded for a further 80 cyclesThe results are expressed as pumol

DCPIP reduced/min/citrate synthase activity.

2.6.5 Complex Il activity

Complex Il 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 ubiguiol was made from adding EtOHacidified with pH 2.0

6 M HCI, to ubigunone followed by the addition of excess sodium borohydride. This
was left overnight onice then centrifuged for 10 minat 2000g at 4°C. The complex llI
assay buffer contained 2.5 mg/ml BSA, 2 mM KCN, 15 uM cytochrome ¢, 2 pg/ml
rotenone and 0.6 mM rDodedJ | -D-maltoside added fresh daily to the stock assay
buffer (25 mM KHPQ;, 5 mM Mg, pH 7.2) 193 ul complete assay buffer minuX pl
mitochondrial extract was added per well of a 96wnell plate and a baseline was
recorded for 10 cycles. 35 pM ubiquinolwas added to each well and the non
enzymatic reaction was recorded for 10 cycles. For each sample, O pl, 10 pl, 15 pl, 20
pl and 30 pl ofmitochondrial extract were used;these volumes were added to the
appropriate volume of complete assay buffer containig 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 -1%
cycles. The rates were calculated as a first order constanand 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

c at 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
KH2PQy, 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 stodk concentration was calculated using the extinction co
efficient 27.7 mM cml. The complex IV assay buffer contained 150 pug/miDodecyl

I -D-maltoside added fresh daily to the stock assay buffet97.5 pl complete assay
buffer minus X pl mitochondrial exract was added to each well of a S&vell plate. For
each sample, O ul, 12.5 pl, 15 pl, 17.5 pl and 20 phafochondrial extract were used;
these volumes were added to the appropriate volume of complete assay buffer and
the baseline was recorded for 10 ycles. Dependent upon the earlier calculation, the
appropriate volume of cytochrome ¢ 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 #hreaction was recorded for 1015 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. Thereformeasuring

the citrate synthase activity gives an estimate of the mitochondrial content of a
sample. The assay follows the production of 5 thi@-nitrobenzoate at 30°C using a
BMG Labtech FLUOStar plate reader. The citrate synthase assay buffer contains 50
UM acetylcoenzyme A, 0.1 mM DTNB and D% Triton X-100 added fresh daily to 100
mM Tris HCI (pH 8.0).197.5 pl complete assay buffer minus< pl mitochondrial
extract was added per well of a 9évell plate. For each sample, O ul, 5 ul, 7.5 pl, 10 pl
and 125 pul 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
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2.7 Statistical a nalysis

All statistical analyses wereAAOOEAA 1T OO0 ET )" - 308t&st 3 0A(
was performed to test for statistical significance between two groups; univariate
ANOVA followed by a Bonferroni poshoc test was performed to test for statistical
significance between multiple groups; and univariate ANOVA followed by a pelsbc
DunnAOO6 O AT I PAOEOIT xAO DPAOAE OiF AA xEAT Al
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 ANOVAsas previously described inAfsari et al. (2014),

rather than a multivariate approach. Ths decision was based on the idea that the

visual network would use feedbacko regulate signalling in each layer of the network

(Zheng et al., 2006, Tuthill et al., 2014, Hu et al., 2015tatistical significance was
defined asp<0.05 throughout.
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3 Transcellular Signalling is K ey to
LRRKs in vivo Role

3.1 Introduction

3.1.1 Drosophila LRRK

Drosophilahas a single orthologue (CG5483) othe hLRRK2andhLRRKIgenes known
as Drosophila LRRKALRRK Figure 3.1). dLRRKis composed of ~2400 anmo acids
and shares 24% identity and 38% similaity at the amino acid level with hLRRK2
(Wang et al., 2008, Langston et al., 201L6JLRRKcontains ankyrin repeats, several
leucine-rich repeats, a kinasedomain and a GTPase domajrbut it does not have a
WD40 domain (Wang et al., 2008) Interestingly, hLRRK1 also lacks the WD40
domain making the overall domain structure ofdLRRKmore similar to the smaller
hLRRK1 protein (1981 amino acids) han to the larger hLRRK2 (2527 amino acids).
The GTPase domain alLRRKshows 33% and 3% identity to the GTPase domain of
hLRRK2 and hLRRKIrespectively, and thedLRRKkinase domain shows 36% and
38% identity to the respective kinase domains of hLRRK2 arhLRRK1(Langston et
al., 2016)

There are broad similarities betweendLRRKand hLRRK2For example, like hLRRK2
dLRRKis also ubiquitously expressedand the dLRRK protein has been shown to
associate with membranous structures including exosomes, lysosomessynaptic
vesiclesand mitochondria (Imai et al., 2008, Lee et al., 2010b, Dodson et al., 2012, Lee
et al., 2012b, Lin et al., 2015)n addition, the critical residues that are mutated in
LRRK2linked PD are conserved between flies and humarismai et al., 2008) There
also appears to be at least partial conservation of function betweedLRRK and
hLRRK2; both are active kinases capable atitophosphorylation (Imai et al., 2008,
Greggio et al.,, 2009, Kamikawaji et al., 2009, Gloeckner et al01@); both are
suggestedto 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 asociate with Argonaue-1 of the RNAinduced silencing complexGehrke et

al., 2010} and there is evidence to sggest that they can both phosphorylate some of
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the same substrateqLee et al., 2010b, Matta et al., 2012, Martin et al., 2014, Arranz
et al., 2015) Furthermore, dLRRKknockdown and hLRRK2overexpression show
reciprocal effects(Matta et al., 2012, Martin et al., 2014)whilst overexpression of
dLRRKor overexpressionof hLRRKZhave the same effec{Lin et al., 2010) Several
studies using flies have also shown that transgenic expression of either mutant
dLRRKor mutant hLRRK2n the DA neuronsresults in the loss of DA neuronglmai

et al.,2008, Liu et al., 2008, Gehrke et al., 2010, Lin et al., 2016)owever, other
studies have failed to recapitulate the reduction in the number of DA neurons with
expression of mutanthLRRKZNg et al., 2009, Hindle et al., 2013)

hLRRKZ‘ ARM ~ANKH LRR m WD40
| |
22%

983 1291 1334 15071884 2135 2142 2498
| ——————1
hLRRK1 ‘ANKH LRR m

241 641 635 807 1248 1523

29|%

25/23% 33/30% 36/38%
———

|
dLRRK -ANKH LRR E

547 939 993

12111801 2095

Figure 3.1 Schematic diagrams of human LRRKZ2 the homologous human LRRK1and
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, ROOR
and kinase domains. These percentagesme written above the appropriate domain. For
hLRRK1percentages are given relative thLRRK2for dLRRKpercentages are given relative

to hLRRKZleft) and hLRRK(right). Adapted with permission from (Langston et al., 2016)
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Several studies have attempted to study the role aflLRRKusing flies in which the
expression ofdLRRKhas been ablatedhowever opposing results havebeen found
from different laboratories. Imai et al. (2008)and Wang et al. (2008)suggested that
dLRRKis not required for the survival and maintenance of DA neurons becausigey
found that loss ofdLRRKfunction did not lead to changsin the number or patterns
of the DA neuronslin one of these studies, lthough the overall DA neuron number
was unchangedthe dopamine content was increased in the brains a@lLRRKLOFflies
compared with WTs (Imai et al., 2008) As this could not be attributed to changes in
DA neuron number, it was thought thatalterations in dopamine transmission, storage
or metabolism were the cause Controversially, Lee et al. (2007)found that loss of
dLRRKfunction 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 exposindLRRK LOF mutants to
oxidative stress agents with some mutants being sensitive to hydrogen peroxide but
TTO0 O 01 OAT T iméchptottiaanAnkitdtdersiwere gignificantly more
resistant to hydrogen peroxide(Imai et al., 2008, Wang et al., 2008Biochemical and
genetic analy®gs have provided evidence to suggest thatLRRKphosphorylates 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 hat dLRRKmodulates the survival of DA neurons through
regulating protein synthesis whereas pathogenic forms ofILRRKor hLRRK2 lead to
a deregulation or misregulation of cell survival pathways(Imai et al., 2008, Dawson

et al., 2010)

Contrasting results havealso been found when studying synaptic transmission in
dLRRKLOF mutants;Lee et al. (2010bYound that ALRRKLOFflies have a significant
depletion in EJP amplitudes causing deficits in synaptic transmissipwhereasMatta

et al. (2012)found no differencein the EJP amplitude betweermLRRKLOF mutants
and WT flies. This discrepancy may be attributed to the fact that differed RRKLOF

mutant alleles were utilised by the two different groupg(West et al., 2015b)

92



In light of these discrepanciesthe role of dLRRK needs to be further clarified. e
visual system ofDrosophilaprovides an excellent representative mdel of the human
visual systemas previously discussed in Chapter.lFurthermore, the anatomy of tle
fly eye makes it relatively easy to record the ERGhus, n this studywe have utilised
the ERG as a rapid assay to study the roledifRRKwithin the fly visual sygem whilst

taking advantage of the powerful genetic toolbox dbrosophila

3.2 Aims

1. Examinethe role of dLRRK:in the visual response through recording the ERG
of flies with the LOFof dLRRK.

2. Determine wheredLRRKexpression is required for normal visual function

3. Establish if ALRRKorthologues can substitute as effectively adLRRKin the

visual response.
3.3 Results

3.3.1 Loss of dLRRK causes an ge-related, progressive | oss of

synaptic signalling from the photoreceptors to the| amina

In order to determine if dLRRKplays a key role within the visual system, the ERG was
utilised to record the visual response of flies in which the expression aiLRRKhad
been lost. As previously discussed in Chapter 1, ERGs measure teracellular
potential that is generated by thesummed neuronal activity from the photorecgtors
and the underlying secondorder lamina neurons in response to pulses of light.
DrosophilaERGs were recorded through placing a glass capillary electrode, filled with
a simple saline solution, on the surfacef one eye and a second reference electrode
against themouthparts (see Chapter 2,Figure 2.1). The potential difference between
the two electrodes was recorded in esponse to 35 pulses oflight. The RER6
photoreceptors show a maximum response to blue lighiHarris et al., 1976) thus a

blue LED was used to deliver the light pulses.

Two different AILRRKLOFfly lines were tested.The first fly line, dALRRK03¢680(referred
to asdLRRK/ dLRRKthroughout this thesis), is akinase-null mutant of dLRRKdue to

a piggyBacelement 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 thelLRRK protein consisting of ANK, LRR
and Rac domains. HomozygousL RRK3680mutant 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 counterpartsThe seconddLRRKLOFfly line
was thedLRRKx1line (Lee et al., 2007) This fly line was generated through imprecise
excision of an ERelement in a separate transgenic insertion stock known as
dLRRK745 Thisimprecise excision resultsn a 464 bp deletion that includes the stop
codon of the dLRRKcoding sequencewhich gives rise tothe dLRRKx! LOF line.
HomozygousdLRRKXI mutants show an agerelated reduction in fertility, fecundity
and impaired locomotive activity(Lee et al., 2007)For these reasos and to eliminate
possible secondsite mutations, the dLRRKXI mutant was not used as a homozygous
line but was crossed to the dLRRKO3680 |ine to generate a dLRRK LOF
transheterozygoteline (referred to as dLRRKxY dLRRKthroughout this thesis). The
Canton-S (CS fly line was outcrossed to a second WT liney!118 to generate the
C3w1li8 Jine that was used as the WT control for these experiments. Outcrossing
thesetwo WT lines to each other ensured that possible secorglte mutations due to
inbreeding were eliminated. CSand w118 flies were alsooutcrossed todLRRK03680
flies to generate two heterozygotedLRRK LOFlines referred to as C3dLRRK and
w1118/ dLRRK; respectively. All of these flies were raised on standard yeastucrose

agar media and aged at 29°C.

To determine if there is an agelependent deterioration in the visual response of
mutant or control flies, ERGs were recorded from adult flies at 3, 7, lahd 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 pigmef&tark, 1973). Due b the
variation in eye colour betweenthe genotypesused here (red for C3w!118 and
C3dLRRK; orange for dLRRK/dLRRK; light orange for dLRRKXY dLRRK and
w1118 dLRRK), the averagepeak-to-peak response (see Chapter 2Figure 2.1) for
each timepoint were plotted as a percentage of the 3 DPEesponsesfor each
genotype (Figure 3.2). The peakto-peak responss of WT (C3w 1118) and
heterozygote (C3 dLRRKand w118 dLRRK) flies showed a reduction of between 5
8% from 3 to 21 DPE and there wereno significant differencesin the responses from
these genotypes at any ageHowever, dLRRK LOF flies (dLRRK/dLRRK and
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dLRRK*Y dLRRK) showed a 2446 and 20% reduction in their peak-to-peak resppnses
from 3 to 14 DPEand a 44% and 3%o 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 botdLRRK/dLRRK and
dLRRKxY dLRRK flies were significantly lower than WTs (both p<0.001). This
suggests thatdLRRK LOFflies have a progressive,age-dependent deteriaration in

their visual response
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Figure 3.2 dLRRK LOF flies show an agerelated, progressive deterioration in their

visual response

The 3, 7, 14 and 21 DPERG peako-peak responses as a percentage of the 3 DPE value
recorded from WTs (C3w1118), dLRRK heterozygotes C3dLRRK and w118/ dLRRK), and
dLRRKLOF mutants LRRK/ dLRRKand dLRRKxY dLRRK). The peakto-peak response of
WT anddLRRKheterozygote flies weremaintained from 3 to 21 DPE, showing only a-B%
decrease in amplitude. ThelLRRKLOF mutants shoved an agedependent, progressive loss
of their visual response with the peakto-peak response decreasing by 24%
(dLRRK/dLRRK) and 20% @LRRK<Y dLRRK) from 3 to 14 DPE and a further 20%
(dLRRK/IdLRRK) and 17% (dLRRK<Y dLRRK) decrease from 14 to 21 DPE. At 14 DPE, the
peak-to-peak responsea weresignificantly lower in dLRRK/ dLRRKflies compared withWTs
(ANOVA with postET A $ Glconmb®iépd to WT control, p<0.05). At 21 DPE, both
dLRRK/dLRRK and dLRRKxY dLRRKflies had significantly reduced responses compared
with WTs (ANOVA withpostt T A $ 01T 1 AOO6 O Al i PAOE@D.001)Ohe 74 A
responses ofdLRRKheterozygotes did not differ significantly from WT controls at any age.

nl 15 for each genotype/ag combination. Data presented are mean SEMbars.

96



As previously discussed in Chapter 1, individual components of the ERG trace
represent output of certain componentsof the phototransduction cascade in the
visual system. Thereforevaluable 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 lamia can be determinedFigure
3.3 shows representative ERG trace from each genotype at 3, 14 and 21 DPE. The
traces are set to the same scale to aid comparison between genotypHEse difference

in size of the ERG traces between genotypes reflectsetldifference in eye colour;
willg dLRRK flies have the lightest coloured eyes and showthe biggest ERG
responses andC3 dLRRKflies havethe darkest coloured eyes and showhe smallest
ERG responses. The genotypes with lighter coloured eyesn!{l¥ dLRRK ,
dLRRK/ dLRRKand dLRRK*Y dLRRK) also show the characteristic negate voltage
deflection that immediately follows the ontransient, which hasbeensuggested 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 DPEall components
of the ERG (ortransient, off-transient and photoreceptorresponse were maintained

in the control and heterozygote genotypes. Althoughll components of the ER@/ere
evident in 3 DPEdLRRK LOF flies, by 14 DPE the offransient component was
severelyreduced andby 21 DPE itwas almost completely absent. A deterioration of
the photoreceptor response and ortransient alsobecameevident by 21 DPE in these
flies. The offtransient component reflects the depolarisation of the lamina in
response to the release of histamine from #photoreceptors following light-onset.
The initial loss of this component by 14 DPE suggests thdt RRKLOF flieshave an
agerelated 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 agerelated, 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$ w!118; dark

blue), dLRRKheterozygote (C3 dLRRK and w1118 dLRRK; shades of blue), andLRRKLOF

flies (ALRRK/dLRRKand dLRRKxY dLRRK; shades of red) ERGs are recordeth response

to 0.5 second blue light pulses. Thilue lines drawn below the bottom ERS traces represent

the duration of the light pulse The ontransient, photoreceptor responseand off-transient
components weremaintained in the WT anddLRRKheterozygote flies at all ages. The off
transient component of thedLRRKLOF flieswas severelyreduced by 14 DPE and waalmost
completely absent by 21 DPE (indicated by the black crosses). The-tansient and
photoreceptor responses were also reduced in thedLRRKLOF flies a21 DPE. Scale bars for

time (seconds) and potential (mV) are shown. E&& OOAAA EO OEA AOAOACA

to at least three flashes of light.
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Each component of the ERG was quantified separatdty each genotype using DASY
Viewsoftware and the average values were plotted for 3, 14 and 21 DPEdure 3.4A-
D,white bars, grey bars, and coloured bars, respectivélyAs indicatedby the example
ERG traces, there werao significant differences betweenany of the individual ERG
components from 3 to 21 DPE foC3w!!18 and C3 dLRRKflies. However, the ERG
off-transient recorded from w118/ dLRRK flies showed a 26% decrease ithe size
from 3 to 21 DPE which was found to be significan{p<0.01); the on-transient and
photoreceptor components were maintained with age in these flies The peakto-
peak response of both ALRRKLOFIines weresignificantly reducedfrom 3 to 14 DPE
(ALRRK/ dLRRK: 24% decrease [p<0.01]; dLRRK*/dLRRK 20% decrease
[p<0.001]), 3to 21 DPE (LRRK/ dLRRK: 44% decreasqp<0.001]; dLRRK*Y dLRRK:"
37% decrease [p<0.001]), and 14 to 21 DPE(dLRRK/dLRRK: 26% decrease
[p<0.05]; dLRRK*Y dLRRK: 21% decrease[p<0.05]). At 14 DPE, the decrease in the
ERG amplituderecorded from the dLRRK LOFfly lines was due to a significant
reduction in the off-transient component (ALRRK/ dLRRK: 56% decreasgp<0.001];
dLRRKXY dLRRK: 45% decrease [p<0.001]), as all other componeats were
maintained at this time-point. By 21 DPE both dLRRK LOF fly linesalso 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 hadreduced even further LRRK/dLRRK: 70% decrease[p<0.001];
dLRRK*Y dLRRK: 62% decrease[p<0.001]). The off-transient component showeda
greater reduction in size from 3 to 21 DPE in thedLRRKLOF flies compared to the
witlg dLRRKTlies (62-70% vs26%, respectively).As previouslymentioned, the loss
of the df-transient componen indicates that these flies have a deficiin 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 peako-peak responsa (A), ontransient (B), off-transient (C) and photoreceptor
responses (D) were quantified for WT (C@w!118), dLRRK heterozygote (C$dLRRK and
w1118/ dLRRK), and dLRRK LOF flies (ALRRK/ dLRRK and dLRRKxY dLRRK) at 3 (white
bars), 14 (grey bars) and 21 (coloured bars) DPE.A{D) All ERG components were
significantly reduced by 21 DPE indLRRK LOF flies The offtransient was the first
component to be lostshowing a significant reduction by 14 DPE, which wasollowed by the
loss of the ontransient and photoreceptor responses at 21 DPE. The d@ffansient component
of w1118/ dLRRKTlies wasalso significantly reduced by 21 DPE. Apart from the offransient
of wtiig dLRRKTlies, all ERG components werenaintained from 3 to 21 DPE for WT and
dLRRK heterozygotes. All statistics are ANOVA with pogdtoc Bonferroni correction:
***n<0.001, *p<0.01, Pp<0.05, N5, no significant differencep>0.05. Data presented are mean

+ SEM barsn numbers are displayed above the bars.
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3.3.2 Reduced gene expression of dLRRKIleads to a loss of synaptic

signalling from the p hotoreceptors

To confirm that the agerelated deterioration of visual function was due to the loss of
dLRRK activity, dLRRKRNAIi was utilised to generateflies with reduced gene
expression ofdLRRK The UAS/GA4 system was used to drivexpression ofdLRRK
RNAI either ubiquitously with Actin-GAL4 or panneuronally with elav-GAL4(these
flies are referred to asActin-GAL4>UASILRRKRNAI and elav-GAL4>UASILRRK
RNAI| respectively). As before, these flies were raised on standard yeasticrose-agar
media and aged at 29°C beforeRG were recordedat 3 and 21DPE.

Figure 3.5 shows representative ERG traces from flies expressing RRKRNAI at each
time-point, as well as representative tracepreviously recordedfrom WT anddLRRK
LOF flies for comparison.These ERG traces show thavhen dLRRKRNAIi was
expressed either ubiquibusly or panneuronally there wasa severe reduction in the
size of theERG offtransient and overall ERG amplitude from 3 to 21 DPEHowever,

the 21 DPE offtransient recorded form the dLRRKRNAIfly lines was observed to be
larger than the offtransient recorded from the dLRRK LOF flies,suggestng that

dLRRKRNAI wasnot being driven hard enough to generate a complete loss ¢f RRK

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 Wiies (C3w!118; dark blue),
dLRRKLOF mutants (ILRRK/dLRRK and dLRRKxY dLRRK; shades of red), and flies with
ubiquitous or pan-neuronal expression ofdLRRKRNAI (Actin-GAL4>UASILRRKRNAI and
elarGAL4A>UASILRRKRNAI, respectively; shades of dark red)ERGs are ramded in
response to 0.5 second blue light pulses. Th#ue line drawn below the bottom ERG traces
represents the duration of the light pulse As previously shown inFigure 3.3 and Figure 3.4,
all components of the WT ERG wemaintained, whereas all components of thdLRRKLOF
ERG wereeduced by 21 DPE. All ERG componentscorded from Actin-GAL4A>UASILRRK
RNAI andelav-GAL4>UASILRRKRNAI flies were reduced by21 DPE, but to a lesser extent
than those recorded fromdLRRKLOF mutants. Scale bars for time (seconds) and potential
(mV) are shown. Each trace is the average EA &£ U8 O OAODBPI 1T OA O

light. The black crosses indicate the absence of the -tfansient component.
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Again, each component of the ERG was quantified separately and the average values
plotted for 3 and 21 DPHFigure 3.6A-D). The ubiquitous expression odLRRKRNAI
causeda 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 ofdLRRKRNAI causeda 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 responsg33% decreasg p<0.001]), but not in the
on-transient. There were no significant differences between any of the ERG
components recorded at21 DPEfrom Actin-GAL4>UASILRRKRNAI flies andelav-
GAL4>UASILRRKRNAI 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 pealto-peak response (A), ortransient (B), off-transient (C) and photoreceptor
response (D) were quantified for WTflies (C3w118), ALRRKLOF mutants LRRK/dLRRK
and dLRRKxY dLRRK), and flies withubiquitous or pan-neuronal expression ofdLRRKRNAI
(Actin-GAL4>UASILRRKRNAI and elav-GAL4>UASILRRKRNAI, respectively) at 3 (white
bars) and 21 (coloured bars) DPE. (®) Similarly to ALRRKLOF mutants Actin-GAL4>UAS
dLRRKRNAI flies showed significant reductions in all ERG components by 21 DPEav-
GAL4>UASILRRKRNAI flies shoved significant reductions in the peakto-peak, off
transient and photoreceptor responsa by 21 DPEbut not in the on-transient response. WT
flies did not show significant differences in any of the ERG compents from 3 to 21 DPE.
There were no significant differences between any bthe 21 DPE ERG components between
flies with ubiquitous or pan-neuronal expression ofdLRRK2 . | E8 ' 11 OOAOEOOQE
t-tests: ***p<0.001, *1p<0.01, 1<0.05, NS, no significant differencgy>0.05.Data presented

are meanz SBV 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 LOFflies

To determine wheredLRRKis required with in the visual system for correct function,
the UAS/GAL4 system was utilised to allow tissuspecific expression ofdLRRK
within a dLRRK03680 homozygous mutant background. The long glass multimer
reporter-GAL4 driver (LongGMRGAL4) was used to drive the egression of dLRRK
specifically in the eye. Theglassgene 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 eygMoses and Rubin, 1991)The lamina monopolar cell 1 and B-
GAL4 driver L1L2B-GAL4)was used to drive the expression oflLRRKwithin the
lamina neurons. L1L2B-GAL4 has previously been shown to drive GFP expression
specifically in the L1 and L2 monopolar cells antb a lesser extentn the L5 neurons
(Rister et al., 2007) The tyrosine hydroxylaseGAL4 driver (TH-GAL4)was used to
drive the expression ofdLRRKspecifically in the DA neurons(Friggi-Grelin et al.,
2003). As previously mentioned in Chapter ITHencodesthe enzyme that is required
for the rate-limiting step in the synthesis of dopamingNguyen-Legros, 1988, Harnois
and Di Paolo, 1990) TheRhodopsin1GAL4 driver Rh1-GAL4) was used to drive the
expression ofdLRRKspecifically in the RXR6 photoreceptor cells(Mollereau et al.,
2000). The reversed polarityGAL4 driver (RepeGAL4) was usedto drive the
expression of dLRRKspecifically in the glial cells.The repo gene encodes alial-
specific homeadomain 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 dLRRKwas driven specifically in the somatic
muscle with Dmef2GAL4(Ranganayakulu et al., 1996pr G14GAL4(Shishido et al.,
1998), no progenyeclosed, though balancer flies were viableThus, both of these
proved lethal in combination with the homozygous dLRRK%3680mutation, and the

visual response of these flies could not be tested.

Figure 3.7 shows representative 3 and 21 DPEERG traces from flies expressing

dLRRKspecifically in the eyes, lamina neurons, DA neurons, photoreceptors or glial

cells in adLRRK LOF backgroundalongside representative ERG traces previously
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recorded from dLRRK LOF fliesfor comparison. At 21 DPE, here was little or no
deterioratio n observed in the visual response recorded from flies with tissuspecific
expression ofdLRRKin the eyes, lamina Burons, DA neurons, photoreceptors or glial
cells.Unlike in the dALRRKLOF ERGhe on-transients, photoreceptor response and
off-transients were all maintained at 21 DPE forall of these genotypesThe difference
in the size of he ERG traces between getypes reflects the diffeence in eye colour
LongGMRGAL4produces flies with dark red eyes thus the ERG amplitude recorded
from these flies is alwaydower than for other genotypes;the L1L2B-GAL4,Rh1-GAL4
and RepeGAL4produce flies with red eyeswhilst the TH-GAL4 produces flies with

orange eyes.
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Figure 3.7 dLRRKexpression 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) DPELRRK LOF mutants
(dLRRK/dLRRK; red) and flies expressingdLRRKspecifically in the eye LongGMRGAL4),

lamina neurons (L1L2B-GAL4), DA neurons TH-GAL4), photoreceptors Rh1-GAL4) orglial

cells (RepeGAL4) in adLRRK LOF background (shades of green). ERGs are recorded in
responseto 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 wemaintained at 21

DPE withdLRRKexpression 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

I £ OEA £I UBO OAODPITOA O AO 1 AAOGO OEOAA & AG
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Each component of the ERG was quantified separately and the average values plotted
for 3 and 21 DPHFigure 3.8A-D). There wereno significant differences from 3 to 21
DPEin any of the individual ERG componentsecorded from flies expressingdLRRK

in the eye, lamina neurons, DA neurons or photoreceptors in dLRRK LOF
background. Flies with glial expression ofdLRRKshowed a significant reduction in
both the on- and off-transient componentsat 21 DPE(both ~24 % [p<0.01]), whereas

the photoreceptor response of these flies wasignificantly increased at 21 DPE29%
increase p<0.05]). Althoughthere were significant differences between the3 and 21
DPEERG componentsvith the glial expression ofdLRRK each component wastill

evident in the ERG trace(seeFigure 3.7).

To comparethe visual response of expemental rescue genotypesvith the WT visual
response the variation in eye colour between genotypes must be taken in account.
Therefore, the average 21 DPEpeak-to-peak and off-transient responses were
plotted as a percentage of the 3 DPE responses for each ggpe (Figure 3.9A-B). As
previously described, by 21 DPE the peato-peak responseof WT flies decreasedy
8% whereas the peakto-peak response ofdLRRK/ dLRRKTflies decreasedby 44%
(p<0.001 compared to WT). The 21 DPE peako-peak response from flies with
expression ofdLRRKin the eye, lamina neurons, photoreceptors or glial celshowed
adecrease 0f2-9%, and expression ofdLRRKin the DA neurons causeao decrease
(all p>0.05 compared to WT;Figure 3.9A). Similarly, by 21 DPE the offransient
component of WT flies showeda 10% decreasewhereas in dLRRK/ dLRRK flies it
decreased by70% (p<0.001 compared to WT). The 21 DPE oftransients recorded
from flies with expression ofdLRRKn the eye, lamina neurons or DA neurons showed
a decrease 0f3-11%, and expression ofdLRRKin the photorecepors causedno
reduction (all p>0.05 compared to WT;Figure 3.9B). This suggeststhat the visual
response of these flies is equivalent to WT flies. The 21 DPE-wénsient of flies with
glial expression ofdLRRKshowed a decrease of 25%but this wasnot significantly
different compared to WTI's. Taken together these data suggesthat expressing
dLRRKin the eye, lamina neurons, DA neurons or photoreceptors is sufficient to
restore synaptic signallng from the photoreceptors to the lamina neuronswhilst

glial expression ofdLRRKmay 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 dLRRKexpression in the eye, lamina neurons,

DA neurons, photoreceptors and glial cells

The ERG pealto-peak response (A), ontransient (B), off-transient (C) and photoreceptor

response (D) were quantified for WT flieg C3w!118), dLRRKLOF mutants LRRK/ dLRRK)

and flies expressingdLRRKspecifically in the gre (LongGMRGAL4), Amina neurons (1L2B

GAL4), DAneurons (TH-GAL4), thotoreceptors (Rh1-GAL4) or dial cells (RepeGAL4) in a
dLRRKLOF background at 3 (white bars) and 21 (coloured bars) DPE.-(#) Expressing

dLRRKin the eye, lamina neurons, DA@urons or photoreceptors rescuedhe loss of all ERG
components at 21 DPE. ExpressindLRRKin the glial cells offereda partial rescue,as both

the o+ and offtransient components were significantly lower at 21 DPE, whereaghe
photoreceptor responses were significantly higher8 1 1 1 30A0EOORE AOR
***n<0.001, *p<0.01, 1<0.05, NS, no significant differenc@>0.05.Data presented ae mean

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

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

The 21 DPE pealo-peak (A) and offtransient (B) responses as a percentage of the 3 DPE
response for WTflies (C3w1118; blue), dLRRKLOF mutants ILRRK/ dLRRK; red) and flies
expressingdLRRKin the eye (LongGMRGAL4), amina neurons (1L2B-GAL4), DA neurons
(TH-GAL4), photoreceptors (Rh1-GAL4) or dial cells (RepeGAL4) in a dLRRK LOF
background (Green). (AB) There were no significant differences betweethe 21 DPE peak
to-peak or offtransient responsesof WT flies and rescue genotypes, whereas both were
significantly reduced in dLRRKLOF mutantscompared with WTs (ANOVA with posthoc
$O01TTAOO60 AT I BAOE Opd0.000INS, nhet sigiificantGidférdndep>0:05) s
There were no significant differences in the peako-peak and offtransient responses
between rescue genotypes (statistics not shown but all rescue genotypes showed
significantly bigger peakto-peak and offtransient responses thandLRRK LOF mutants
(ANOVA with posthoc Bonferroni correction, **p<0.001). Data presented are meat SBV

bars; n numbers are displayed above the bars.
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The UAS/GA4 systemA AT  OT 1 AOEI AO AAOOA OEA O1I AAEU(
gene in tissues others than those expressing the GALo determine if any of the

GAL4 drivers used for tissuespecific expression ofdLRRK(LongGMRGAL4,L1L2B
GAL4,TH-GAL4,Rh1-GAL4and RepeGAL4)allow low levels of expressionor leakin

the absence of the UA®ach GAL4 line was crossed into theL RRK3680homozygous
background. The UASALRRK transgene was also crossed into thalLRRIK03680
homozygous background in the absence of ap GAL4 (UASALRRHK+;

dLRRK/ dLRRK). Collectively, all of these genotypes will be referred to as negative
controls because none of them should exhibdLRRKexpression 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 frodLRRKLOF flies at 3
and 21 DPEAIl negative controlsshowed robust ERG responses at 3 DREowever
by 21 DPE the RG amplitude of each genotype was observed to be seversdguced
and the offtransient component was almost completely absentexcept for the flies
expressing RepeGAL4 in a dLRRK LOF background (+/+; RepeGAL4,

dLRRK/ dLRRK), where a smal off-transient was maintained.
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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) DPELRRK LOF mutants
(dLRRK/dLRRK; red), flies with the UASALRRK component only in a dLRRK LOF
background (yellow), and flies with the GAL4 component onlyLongGMRGAL4; L1L2B
GAL4; TH-GAL4;Rh1-GAL4;RepeGAL4) in adLRRK LOF background (shades of orange).
ERGs are recordeth 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 tii RRKLOF mutants,
flies expressing only one component of the UAS/GAL4 system &ilto maintain the
individual components of the ERG at 21 DRPEThe offtransient component was almost
completely absent in all of these flies (indicated by the black crosses), ap&om in flies
expressingRepeGAL4 only, where a small offransient response was still observed Scale
AAOGO £ O OEI A jOAAITAOGQ AT A Dpi OAT OEAI jie6q £

response to at least three flashes of light.
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Each commnent of the ERG was quantified separately and the average values plotted
for 3 and 21 DPEFigure 3.11A-D). Similarly to dLRRK LOF flies,the peakto-peak
responsesrecorded from all of the negative control genotypes shoed a significant
reduction from 3 to 21 DPE 85%-49% decreasdall p<0.001]). All ERG components
recorded from UASALRRHK+; dLRRK/ dLRRKTlies were significantly reduced by 21
DPE bu the off-transient component wasmost severelyreduced (on-transient: 45%
decrease[p<0.01]; off-transient: 68% decrease[p<0.001]; photoreceptor response:
24% decreasq p<0.09]). All fly lines expressing a GAL4 in the absence of UABRRK
in a dLRRK LOF background also shoved significant reductions in the ERGon-
transient (27%-72% decrease[pS0.001 or p<0.01 dependent upon genotypg), off-
transient (56%-70% decrease[all p<0.001]), and photoreceptor response (19%-
37%, decrease[pS0.001 or p<0.01dependent upon genotypé) by 21 DPE

To comparethe visual response of the negative controlswith the WT anddLRRK ™
LOF visual responseghe average 21 DPE peailto-peak and off-transient responses
were plotted as a rcentage of the 3 DPE responséor each genotype Figure 3.12A-
B). Both the peakto-peak and offtransient amplitudes of all negative controls were
equivalent to dLRRKLOF flies (allp>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 responsegscorded from the negative control genotypes.
Taken together, these data suggesthat the UAS/GAL4 system wasot allowing leaky
gene expressionbecausethere wasno rescue of visual functionwhen only one of
these components waspresent in adLRRK LOF background Thus, these flies all
showed a similar agerelated loss of synaptic signallingto the dLRRK LOF mutant
flies. Importantly, the expression odLRRKin a WT background using the same GAL4
drivers as for thedLRRKLOF mutant flies, or expression of the GAL4s in the absence
of UASALRRKin a WT background didnot cause any significantifference in the

visual responsecomparedto WT controls (seeAppendix 1 and Appendix 2).
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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 dALRRK LOF background

The ERG pealto-peak response (A), ortransient (B), off-transient (C) and photoreceptor
response (D) were quantified fordLRRKLOF mutants (ILRRK/ dLRRK), flies with the UAS
dLRRKcomponent only in adLRRKLOF backgroundand flies with the GAL4 component only
in a dLRRK LOF background LongGMRGAL4; L1L2B-GAL4; TH-GAL4; Rh1-GAL4; Repo
GAL4) at 3 (white bars) and 21 (coloured bars) DPE. {B) All comporents of the ERG were
significantly reduced in flies with only one component of the UAS/GAL4 present indh RRK
LOF background. All statistics are StudefitGtestO***p<0.001, *p<0.01, 1<0.05, NS, no
significant difference,p>0.05. Data presented are meat SBM bars; n numbers are displayed

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

UAS/GAL4 system in adLRRK LOF background is equivalent to that of dLRRK LOF flies

The 21 DPE pealo-peak (A) and offtransient (B) responses as a percentage of the 3 DPE
responsesfor WT flies (C3 w1118 blue),dLRRKLOF mutants ILRRK/ dLRRK; red), flies with
the UASALRRKcomponent only in adLRRKLOF backgroundUASdLRRKonly; yellow), and
flies with the GAL4 component only in alLRRKLOF background LongGMRGAL4;L1L2B
GAL4;TH-GAL4;Rh1-GAL4;RepeGAL4 orange). (A-B) The 21 DPE peailto-peak and off-
transient amplitudes were significantly higher in WT flies than in all other genotypes
(ANOVA with postET A $ 011 AOGOBS O AT I A QEC®DL). There wefeo AT T C
significant differences in the 21 DPEpeak-to-peak or offtransient responses between
dLRRK/ dLRRK flies and flies with expression of only one component of the UAS/GAL4
system in adLRRKLOF background there werealso no significant differences between any
of the negative control genotypes (ANOVA with pogioc Bonferroni correction, NS, no
significant difference,p>0.05). Data presented are meat SBM 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 p hotoreceptors in dLRRK LOF

flies

As previously discussed in Chapter 1dLRRKis the fly orthologue of hLRRK2and
hLRRK1To determine if various LRRK2or LRRK1orthologues can substitué for the
/Els bviin version ofLRRKthese transgenes were expressed in the DA neurons or glial
cells of ALRRKLOF flies usingTH-GAL4 orRepeGAL4, respectively, an€ERGs were
recorded at 3 and 21 DPE.

Fly lines expressing the WThLRRK2gene, the PErelated hLRRK2G2019Smutant
gene or a kinasedead version ohLRRKZhLRRK2D1994A, were all a kind gift from
Kenneth Vielsted Christensemat the Lundbeck pharmaceutical company in Denmark.
At Lundbeck these transgenes were cloned into @UAST attB vectoy which was
microinjected into the phiC31vasE 1 O N-51&f9 ne Bloomington Stock 24482)
at BestgeneWhenthe expression ofthese transgeness driven using the same GAL4
driver, both the WT and mutanthLRRKZransgenesare expressd at the same level

making them directly comparable to each other.

At the time of this study,human LRRK1cDNA was unavailable but mouseLRRK1
(mMLRRK) was already available as cDNAThus, a fly line expressingmLRRK1was
generated during this study(see Chapter 2 section2.4.1). mLRRK1cDNA was sub
cloned into the pUAST attB vector using standard swetloning techniques before
being microinjected into the same piC31vasE 1 O N-51&8) Gre &s the hLRRK2
constructsat the University of Cambridge, Department of Genetics, Fly Faciliggain,
this means thatmLRRK1is expressed at the same level as theL RRK2transgenes
when being driven by the same GAL enabling direct comparisons to be madeln
addition, all of these flies have the same orange eye colour meaning that differences
in the amount of screening pigment, which alter te shape and size of the ERG, were

eliminated.

Figure 3.13 shows representative ERG traces from flies expressiid RRK2hLRRK2
G2019ShLRRK2D1994A0r mLRRK1in the DA neurons(TH-GAL4)in a ALRRKLOF

background at 3 and 21 DPE. &resentative ERGraces previously recorded from
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flies with DA expression oftheir own version of ALRRKin a dLRRKLOF background
are also shown for comparison. As previously described insection 3.3.3 DA
expression ofdLRRKrescuedthe agerelated loss of synaptic signallingaused by the
loss ofdLRRKactivity, evidenced bythe presence of the oftransient component and
other components of the ERG trace aboth 3 and 21 DPE.Smilarly, all ERG
components weremaintained at 21 DPE with DA expression &VT hLRRK2The on

transient, off-transient and photoreceptor responses were evident in the21 DPEERG
traces from flies with DAexpression ofhLRRK2G2019ShLRRK2D1994A0or mLRRK1
However, the off-transient componentrecorded from these genotypeswas reduced

from that observed at 3 DPE, which may suggest that the mutant formsldfRRK2or

mMLRRK1only 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
dLRRKorthologues in a dLRRK LOF background

Representative ERG traces from 3 (left) and 21 (right) DPE flies with DA expressiordaRRK
(blue), human versions ofLRRK2:WT hLRRK2(dark green), PDmutant hLRRK2G2019S
(lighter green), kinase-dead hLRRK2D1994A(lightest green), or a mouse version oERRK1:
MLRRK(purple) in a ALRRKLOF background. ERGs are recordéuresponse to 0.5 seond
blue light pulses. The blue line below the bottom ERG traces represents the duration of the
light pulse. All components of the ERG wemmaintained at 21 DPE with DA expression of
dLRRKor hLRRK2 All ERG components weralso evident at 21 DPE with DA@ression of
hLRRK2G2019S, hLRRKR1994Aor mLRRK1put the off-transient component wasslightly
reduced. Scale bars for time (seconds) and potential (mV) are shown. Each trace is the
AOGAOAGCA 1T £ OEA E£I UBO OAODPITOA O AO 1 AAOGO
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In order to determine if any of the ERG componentwere significantly reducedfrom
3 to 21 DPE he individual ERG componerd were quantified separately for each
genotype (Figure 3.14A-D). As previously described,there were no significant
differences between any of thé8 and 21 DPE ERG components recorded froftres
with DA expression ofdLRRKin a dLRRK LOF background. DA expression of WT
hLRRK2in a dLRRKLOF bakground also completely rescuedhe loss ofsynaptic
signalling, as there wereno significant differences in any of the ERG componentsy
21 DPE This suggeststhat hLRRKZ2is able to rescue the visual response @iLRRK
LOF flies as effectively as thélyd @wn version of LRRK Flies with DA expression of
hLRRK2G2019%hadsignificantly decreasel peak-to-peak responsaby 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 hLRRK2D1994A also showed
significantly reduced peak-to-peak response 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 DPEon-transient: 21%decrease[p<0.01]; off-transient:
48% decreasd p<0.001]). The photoreceptor responses of these two genotypes were
maintained at 21 DPEDA expression of mLRRK1caused a small, but significant,
reduction in the peakto-peak responsesat 21 DPE (2% decrease[p<0.05]), which
was caused by a significant reduction ofhe off-transient component(33% decrease
[p<0.001)); neither the on-transient nor photoreceptor responsesshowed significant
reductions at 21 DPEin these flies Although flies with DA expression ofhLRRK2
G2019S, hLRRKR1994A0r mLRRKIall showed significant reductionsin the 21 DPE
off-transient amplitudes, the representative ERG traces from these genotypes
indicated that the off-transient component wasnot completely absent(see Figure
3.13). This suggests thaDAexpression of these transgenepartially restores the loss

of synaptic signallingfrom the photoreceptorsin dLRRKLOF flies

At 21 DPE the offtransient amplitude was significantly lower in flies with DA
expressionof mMLRRKIcompared with flies with DAexpression ofhLRRKZp<0.001).
The other ERG components didot differ significantly between these two genotypes.
Although DA expression ofmLRRKpartially rescued visual function in dLRRKLOF

mutants, DA expression ofhLRRK2completely rescuedvisual function, suggesting
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that the function of (LRRK2s more similar to the function of the fly& own version of
LRRK

Flieswith DA expressionof hLRRK2G2019Sad significantly reduced peakto-peak
and off-transient responses at 21 DPE compared witHies expressing WThLRRK2
(p<0.05 andp<0.01, respectively Figure 3.14). The photoreceptor and ontransient
responses didnot differ between these genotyps. All components of the ERG were
significantly reduced in flies with DA expression ofhLRRK2D1994Acompared with
those expressing WThLRRK2at 21 DPE (peako-peak, ontransient and off-
transient: all p<0.001; photoreceptor response:p<0.05). This suggests that only the
WT hLRRK2transgene is able to completely rescue the loss of synaptic signalling
when expressed in adLRRK LOF background. Both the gahof-kinase-function
(hLRRK2G2019% and loss-of-kinase-function (hLRRK2D1994A transgenes
partially rescued the visual response ofdLRRK LOF flies and there were no
significant differences in any of the2l DPEERG components between these two
genotypes This suggests that the kinase domain may ndie the key domain in

mediating this rescue

Comparisons were also made between flies expssing their own version ofdLRRK
and those expressing the WThLRRK2transgene (Figure 3.14). Neither the peakto-
peak amplitude northe off-transient amplitude was significantly different between
these two genotypesat 21 DPEHowever, the 21 DPE ortransient was significantly
reduced in flies expressingdLRRK(p<0.001) and the photoreceptor response was
significantly increased(p<0.001) compared withflies expressinghLRRK2The UAS
dLRRKand UAShLRRK2transgenes weregenerated at different times and were
microinjected into different regions of the fly genome Thismeansthat they will likely
be expressed at differing levelseven when driven by the same GALATH-GAL4 in this

case)which may result insome of the differenceseen 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 dLRRKorthologues in a dLRRK"
LOF background

The ERG pak-to-peak response (A), oftransient (B), off-transient (C) and photoreceptor
response (D) were quantified for flies with DA expression oiLRRKWT hLRRK2, hLRRK2
G2091S, hLRRKR1994A0r mLRRK1in a dLRRKLOF backgroundat 3 (white bars) or 21
(coloured bars) DPE. (AD) All ERG components were maintained from 3 to 21 DPEtwiDA
expression of dLRRKor hLRRK2 All ERG components, apart from the photoreceptor
response, were significantly lower at 21 DPE thaat 3 DPE with DA expression ofiLRRK?2
G2019Sor hLRRK2D1994A. Only the peakto-peak and offtransient responses were
significantly reduced at 21 DPE with DA expression aiLRRK1 At 21 DPEthe on-transient
and photoreceptor responseswere significantly different with DA expression ofhLRRK2
compared with DA expression ofdLRRK Some or all of the ERGomponents were
significantly higher with DA expression ohLRRKZomparedwith DA expression ofhLRRK?2
G20199peak-to-peak and offtransient), (LRRKZ2D1994A(all ERG components) omLRRK1
(off-O0OAT OEAT O 1T1T1Uq AO ¢p $0%8 30A@ESQEKRD xECQC
between multiple genotypes are ANOVA with pogtoc Bonferroni correction: ***p<0.001,
**n<0.01, 1<0.05, NS, no significant differencg>0.05. Data pesented are meart SBV bars;

n numbers are displayed above the bars.

3.3.5 Glial expression of dLRRKorthologues partially r escues the
loss of synaptic signalling f rom the photoreceptors in dLRRK"
LOF fies

Figure 3.15 shows representative ERG traces from flies expssinghLRRK2hLRRK2
G2019ShLRRK2D1994A0r mLRRK1in the glial cells RepeGAL4) in adLRRKLOF
background at 3 and 21 DPE. &resentative ERG traces previously recorded from
flies expressing their own version ofLRRKin a dLRRK LOF backgroundare ako
shown for comparison. For each of these genotypes,lla3 and 21 DPE ERG
componentswere evidentin the ERG tracesHowever, the size ofeachindividual ERG
componentwas reduced by 21 DPE in all genotypesuggesting that the expression

of thesetransgenes in the glial cells only grtially 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

Representatve ERG traces from 3 (left) and 21 (rightDPEflies with glial expression of
dLRRK(blue), human versions ofLRRK2:WT hLRRK2(dark green), PDmutant hLRRK2
G2019S(lighter green), kinasedeadhLRRK2D1994A(lightest green), or a mouse version of
LRRK1ImMLRRK(purple) in a dALRRKLOF background ERGs are recordeth response to 0.5

second blue light pulses. The blue line below the bottom ERG traces represents the duration

of the light pulse. Althowgh all components of the ERG wemmaintained at 21 DPE foeach
genotype, the overall size of the responseas smaller than at 3 DPE. Scale bars for time

i OAATTAOGQ AT A DI OAT OEAI ji6q AOAR OEI x18 %AAE

least three flashes of light.

125



The individual components of the ERG were quantified separately for each genotype
and the 3 and 21 DPEaverages plotted Figure 3.16A-D). As previously mentioned,
flieswith glial expression ofdLRRKshowed significant reductions in the on and off
transient responses by21 DPE (bothp<0.01), whereasthe photoreceptor response
was significantly increased (p<0.05; Section 3.3.3); the overall peakto-peak
amplitude of these flies wasmaintained at 21 DPE. In contrast, the peato-peak
amplitude of flies with glial expression of WThLRRK?2was significantly reduced by
21 DPE (9% decrease p<0.01]). The off-transient responses of these flies were also
significantly decreased(33% decrease p<0.01]), but both the ontransient and
photoreceptor responses weremaintained at 21 DPE. Flies with glial expression of
mutant forms of hLRRK2 (hLRRK2G2019S or hLRRK2D1994A also showed
significant reductions in ther peak-to-peak amplitudes by 21 DPE 27% and 36%
decrease, respectively, HJoth p<0.001]). The hLRRK2G2019S flies also had
significantly reduced on- and off-transient components 5% decrease p<0.01] and
49% decreasg p<0.001], respectively). ThehLRRK2D1994Aflies showed significant
reductionsin all three of the ERG components (onand off-transients: 34% decrease
and 51% decrease, respectivelyjboth p<0.001]; photoreceptor response: 23%
decrease [p<0.05]). Similarly to the flies with glial expression of hLRRK2 flies
expressing mLRRK1in the glial cells showed significantly reduced peakto-peak
amplitudes by 21 DPE (9% decrease p<0.001]). These mLRRK1flies also had
significantly reduced on- and off-transient components by 21 DPE(15% decrease
[p<0.05] and35% decrease p<0.001], respectively), but the photoreceptor response

was maintained.

At 21 DPE there wereno significant differences betweenany ofthe ERG components
recorded from flies with glial expression of hLRRK2or mLRRK1(Figure 3.16),
suggestingthat the partial rescue of visual function wasimilar with glial expression
of either of these two transgenes. WhLRRK2was more efficient at rescuingthe
visual function compared with the mutant forms of hLRRK2 the peakto-peak
(p<0.01), ontransient (p<0.05) and off-transient (p<0.001) responses were all
significantly lower with glial expression of hLRRK2G2019Scompared with glial
expression ofWT hLRRK2 all ERG componentsvere significantly reduced with glial
expression ofhLRRK2D1994Acomparedwith glial expression ofWT hLRRK2peak-
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to-peak: p<0.001; ontransient: p<0.01; offtransient: p<0.001; photoreceptor
response:p<0.05). There wereno significant differences betwen any of the21 DPE
ERGcomponents recorded from flies with glial expression of hLRRK2G2019Sor
hLRRK2D1994AThese data indicatehat the kinase domain may not the key domain
for rescuing visual function, which was also suggested witlDA expression ofthese

transgenes (®esection 3.3.4).

Comparisons were also made between flies expressing their own version @f RRK
and those expressing the WhLRRKZ2ransgene (Figure 3.16). At 21 DPE, the peak
to-peak and photoreceptor responses wersignificantly higher with glial expression
of dLRRK compared with glial expression of hLRRK2 (p<0.05 and p<0.01

respectively). Neither the on- nor off-transient responses weresignificantly different

between these two genotypesHowever, as previously mentoned the expression
levels of these two transgenes may not be directly comparable to oranother (see
section3.3.4).
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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 dLRRKorthologues in a dLRRK LOF
background

The ERG pealto-peak response (A), ortransient (B), off-transient (C) and fhotoreceptor
response (D) were quantified for flies with glial expression 08LRRKWT hLRRK2, hLRRK2
G2091S, hLRRKR1994A0r mLRRK1in a dLRRKLOF backgroundat 3 (white bars) or 21
(coloured bars) DPE. (AD) For all genotypes, some or &lof the ERG components were
significantly reduced from 3 to 21 DPE (fordLRRK on-transient, off-transient and
photoreceptor response; forhLRRK2 peakto-peak and offtransient; for hLRRK2G2019S
peak-to-peak, ontransient and offtransient; for hLRRK2D1994A all components; for
MLRRK1 peakto-peak, ontransient and off-transient). At 21 DPE, there weresignificant
differences in the peakto-peak and photoreceptor responses between flies with glial
expression ofhLRRK2r dLRRK Someor all of the ERGomponents weresignificantly higher
with glial expression ofhLRRKZomparedwith glial expression ofhLRRK2G20199peak-to-
peak, ontransient and off-transient) or (LRRK2D1994A(all ERG components). There were
no significant differences between any othe 21 DPE ERG components with glial expression
of (LRRK2or mMLRRKB 3 OAOEOOEAO x E OE E1 -test, AthtiktiCslbetedn A O A
multiple genotypes are ANOVA with poshoc Bonferroni correction: **p<0.001, *¥p<0.01,
*p<0.05, NS, no significant dfierence, p>0.05. Data presented are mean + SEM bars;

numbers are displayed above the bars.

3.4 Discussion

3.4.1 Expression of dLRRK is essential to maintain s ynaptic

signalling f rom the photoreceptors in aged flies

The first key observation in this chapter was that LRRK is essential forthe
maintenance of normal visual function in aged fliedt was shownthat old ALRRKLOF
flies have severdy reduced ERG responsecompared with old WT flies. The loss of
the ERGoff-transient component in dLRRKLOF fliessuggeststhat the flaw is in the
adaption of lower-order visual neurons, possibly the L1 and L2 interneurons, rather
than in the photoreceptors (see Chapter 1Figure 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 o of the photoreceptors, and(2) that

dLRRK regulates dopamine transmission.

3.4.1.1 Hypothesis 1: LRRKactivity r egulates the axonal growth and
retraction of the L1 and L2 i nterneurons or of the

photoreceptors

As previously mentioned in Chapterl, LRRK2 has been implicated iraxonal
outgrowth. Indeed, this was one of the first phenotypes repoed in primary neuronal
cultures whereby overexpression of PD-associated mutations inLRRK2caused 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 ofRRK2has the opposite
effectleading to prominent increasesm neurite length and branching compared with
controls (MacLeod et al., 2006, Parisiadou et al., 20Q9)herefore it is possible that
LRRK has a role in mediating the growth and retraction of the L1 and L2 axongh in
the fly visual system. As knockout df RRKZhas previously been reported to increase
axon length,it is possible that the L1 and L2 axons in thdLRRKLOF fly modelare
unable to shrink during the course of the dayThis may causé¢he visual responseof
these fliesto remainin an activestate, unlike WT fliesThis would likely increase the
energy demands on the visual system and in particular on the lamina neurons, which
may over time cause degneration leading to the eventual loss of synaptic signalling
that was observed in the old, but not youngdLRRKLOFflies. In support of this idea,

it has previously been shown that increasing the energy demands of the visual system
acceleratesthe visual degeneration caused by DA expression ¢fLRRK2G2019S
(Hindle et al., 2013) However, hLRRK2G2019Sinduced visual degeneration
originates in the photoreceptors not the lamina, but this could be due to thHeLRRK?2
G2019Snutation having the opposite effect orthe L1 and L2 axonal growth than the
dLRRK LOF mutation LRRKZ knockout mice also display altered synaptic
transmissionin striatal projection neurons, such that the amplitude of glutamatergic
miniature excitatory postsynaptic currents (MEPSCs) aresignificantly increased
whereas the frequency of mMEPSCs as@nificantly reduced compared with controls

(Parisiadou et al., 2014) Interestingly, these LRRK2 mice also showdefects in
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neurite outgrowth as they exhibita significant decrease of dendritic spinesand 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 theLRRK2 mouse, this studyprovides support for our
hypothesis, that removal of LRRK causes alterations imeurite 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, 1999have been reported, so
neurite outgrowth and retraction occurs here on a daily basisNotably, 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 nightand later shrink during the course of the day and night, respectivel{Pyza
and Meinertzhagen, 1999) These axonal changes persist under constant darkness
conditions but are absent in the null mutant of the clock gengeriod (per?),
indicating a circadian origin for these rhythms. As wik as this happening in
Drosophila these neuron types have also been shown to change the size of their axons
in two other fly species, namelyMusca domesticdPyza and Meinertzhagen, 1995)
and Calliphora vicinaj 0 U |- ddCymbbrowski, 2001) The pattern of daily changes of
L1 and L2 axon sizes correlates with the pattern of locomotor activity and is specific
to each specieg O UK A AT A # Ul A lin@restingli Eetent data fr@mCpur
lab has also suggested that tlere is a circadian rhythm in WTDrosophila ERG
responses, with responses being low at night and in the middle of the day and high in
the morning and early evening (Nippeand Elliott, unpublished). Again, the aily
pattern of ERG responses correlates with the daily pattern of L1 and L2 axon swelling
and shrinking. Therefore, it is possible thatshrinking of the L1 and L2 axons during
the course of the day and nighkeads to reduced synaptic transmission betweethe
photoreceptors and the lamina, causinghe observed reduction in the RG response

during these hours.

To test this hypothesiselectron microscopycould be utilised as previously described
(Pyza and Meinertzhagen, 19990 observe axonal growth and retractionin 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 t ransmission

The loss of synaptic signalling in the lamina suggesthat LRRKmay havea role in
regulating dopamine transmission because it isknown that dopamine regulates
visual responses in both flies and humanghyb et al., 1999, Witkovsky, 2004)This
idea was initially attractive because dopamine regulates the kinetics tfe individual
photoreceptor responses to light, and because hLRRKZhas previously been
suggestedto regulate DA transmissionin several rodentstudies. It has been shown
that mice overexpressinga murine WT LRRK2BAC haveelevated striatal dopamine
release and are hyperactive whereas miceoverexpressinga murine LRRK2BAC
containing the &2019S mutation have an agedependent decrease in striatal
dopamine content, releaseand uptake(Li et al., 2010). Murine G2019BAC mutants
also have reduced extracellular dopamine levels, which can be detected without
pharmacological intervention (Melrose et al., 2010) ROC domain mutant human
R1441@BAC andR1441nock-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 n a mouse modelParisiadou et al., 2014)
However, other mousemodes have failed to find an interaction between LRRK2 and
dopamine transmission suggesting the need for further researctio resolve these
discrepancies(Hinkle et al.,2012). In Drosophila transgenic expression of PBelated
mutant dLRRKsignificantly reduced brain dopamine contenf whereas dopamine
content was elevated indLRRK LOF flies compared withWT controls (Imai et al.,
2008). There was no difference in the number of DA neurons in control amdLRRK
LOF flies suggesting that dLRRK negatively regulates steagjate dopamine levels
through affecting dopamine transmission, storage or metabolisrimai et al., 2008)
On theother hand, a separate study found a reduction in TH staining L RRKLOF
flies as well asevidence of DA neuron degeneratioiiLee 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 welknown 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 dopameativity is
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higher during light exposure and/or during daylight hours (luvone et al., 1978, Doyle
et al., 2002b) A number of mammalian studies have reported dailyrhythms 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, Dge et al., 2002b) These studiessuggestthat dopamine
mediates lightadaptive mechanisms and dayphase circadian processes in retinal
function. In support of this, mice in which the expression ofTH is selectively
disrupted in the retina exhibit deficits in light-adapted ERG responses, contrast
sensitivity, acuity and retinal circadian rhythms(Jackson et al., 2012)urthermore,
mammalian visual contrast sensitivity shows aircadian rhythm, which is regulated
through interactions of the retinal dopamine D4 receptor with the clock gen&lpas2
and the clockcontrolled gene adenylyl cyclasel (Hwang et al., 2013) Dopamine is
also a key neurotransmitter of the fly visal systemand flies deficient in dopamine
show visual defects. For exampldong-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 furtherevidenced by theDrosophilaTH
gene,ple, exhibiting rhythmic transcription (Ceriani et al., 2002) Thus, dopamine s
a key neurotransmitter in maintaining circadian rhythms inboth the vertebrate and

fly visual systens and altered levels of dopamine can lead tasual deficits.

Putting these ideas togetheyit is hypothesised that the loss ofdLRRK function affects
dopamine release within the fly visual systemcausing deficits in circadian
photoreception. Thusthe lossof visual function observed in dLRRKLOF flies may ke
the consequence of altereddopamine signalling causing these flies to experience
nocturnal visual acuity during the day.However, it would be surprising if this was
linked to DA transmission becausehte lamina neurons and photoreceptors do not
release dopamine andt was observed during this studythat specific expression of
dLRRKn these tissues rescud the visual response. Thusve would have to postulate
that expression ofdLRRKwithin these tissues would somehow be able to affect the

levels of dopaminewithin the visual system and this may prove difficult to explain.
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However, in order to explorethis hypothesisfurther, TH-RNAIi or overexpressionof
an extra copy ofTH in the dLRRKLOF fliescould be utilisedto 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 theDrosophila vesicular monoamine
transporter, a protein that transports monoamines including dopamine and

histamine into the synaptic vesicles of presynaptic neuron§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 thee might disrupt normal visual function.

3.4.2 LRRK is exported and secreted in exosomes

The second key observation in this chapter wathat expression ofdLRRKin the DA
neurons or photoreceptors was as effective at rescuingthe visual response as
expression inthe lamina neurons ExpressingdLRRKin the glial cells also improved
the visual response ofdLRRK LOF flies but this rescue was incompletewith
components of theERG still showing reductions from 3 to 21 DRPEXxpression ofUAS
dLRRKin the absence ofGAL4 or expression of GAL4 in the absence of UABRRK
did not offer any rescue to the isual response ofdlLRRKLOF flies.This suggestghat
the UAS/GAL4 system wasgunctioning as desired and the expression adLRRKwas
limited to the specific neuronsof our choice.Taken together, these data indicates a
role for transcellular signalling by LRRK or by a downstream moleculénterestingly,
DA expression of thhLRRK2G2019Snutation in flies has previously been shown to
cause a progressive loss of photoreceptor functiofHindle et al., 2013) Again, this
suggests a role for transcellular signalling by LRRK as the expression ifRRK2
G20193n one kind of neuron(DA neuron) leads to los-of-function and degeneration
of a different type (photoreceptor), thus the degeneration spreaddrom 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 thatj-synuclein deposits
spread throughoutthe brain of PDpatients (see Chapter 1, sectiot.2.5.2). Our data
AOA ET EAAPEI ¢C xEOE " OAAEGO EAAA 1T £ A
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One possibility, which could explain how LRRKs action spreads from ceab-cell in
the fly visual systemjs that LRRKis exported in exosomesas it is already known that
LRRK2 is releasd in exosomes by the mammalian kidneyfGonzales et al., 2009,
Fraser et al., 2013) Exosomes are a class of small (320 nm) extracellular vesicles
originating from the endomembrane system when membrane derived from
multivesicular bodies (MVBs)fuses with the plasma membrane. They ardought to
play key roles in celito-cell communication, reviewed inBang 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 raechanism to export
potentially toxic proteins to avoid their build up in the lysosomal systen{Bellingham
et al., 2012) In PD, there is increasing evidence to suggest an exosomal role in-cell
AAT 1T OOAT Gsynadeid Desblats effl.,j2009, Emmanouilidou et al., 2010,
Alvarez-Erviti et al., 2011). Importantly, a number of studies have placetRRK2 in
the right places to be exported in exosomegor example, LRRK2 has been showrot
interact with a number of vesicle types, including endosomes, lysosomes,
autophagosomes, thelrans-GolgiNetwork and intraluminal vesicles within MVBs
(Biskup et al., 2006, AlegréAbarrategui et al., 2009, Higshi et al., 2009, Herzig et al.,
2011, Dodson et al., 2012)Consistent with this, there is a lot of evidence to suggesst
role for LRRK2 in the endocytic pathway including retrograde vesicle trafficking from
endosomes to the Trans-GolgiNetwork and modifying chaperonemediated
autophagy(Biskup etal., 2006, AlegreAbarrategui et al., 2009, Dodson et al., 2012)
LRRK2 also associate 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 surfacef specific subcellular compartments of the
endocytic and excytic pathways and have key roles in all forms of intracellular
vesicular trafficking events.As previously mentioned in Chapter 1LRRK2 has been
implicated in regulating synaptic endocytosis & an association with Rab5Shin et
al.,, 2008, Yun et al., 2015)In Drosophila dLRRK was found tolocalise to the
membranes of late endosomes and lysosomes where it was shown paysically
interact with the late endosomal protein Rab{Dodson et al., 2012)Consistent with
this, a physical interaction between mammalia LRRK2 and Rab7L1,raorthologue
of Rab7, has also been foun@acLeodet al., 2013, Beilina et al., 2014Peficiencyof

RabrL1in primary rat neurons, or of theRab/L1 orth ologue inDrosophila caused DA
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neuron denegation, wherea®verexpressionof Rab/L1was able to rescue DA neuron
loss and reduced lifespan caused hyRRK2mutations in Drosophila(MacLeod et al.,
2013). PD-associated defects in eithet RRK2or Rab/L1 were also shown to cause
deficiency of VPS35 and Golgi apparatus sorting defects, which could be rescued
through expression of WTVPS35MacLeod et al., 2013)VPS35is a core component
of the retromer complex and is involved in retrograde trafficking of cargos from the
endocytic pathway to theTrans-Golgi-Network. Interestingly, Rab7L1is a genetic risk
factor for sporadic PD and mutations inVPS35have been identified in PD families
(Vilarino-Guell et al., 2011, Zimprich et al., 2011jurther implicating disruption of
the retrograde pathway as potentially leading to PDDrosophilaLRRK has also been
shown to interact with Rab9(Dodson et al., 2014)dLRRKLOFflies show defects in
the endolysosomal and autophag pathways including an accumulation of enlarged
lysosomes, autophagosomesand erly endosomes laden with moneubiquitylated
cargo proteins. These lysosomal abnormalities arsuppressed through expression of
a constitutively active form ofRab9(Dodson et al., 2014)Furthermore, a recent study
utilised modern phosphoproteomicscoupled with biochemical and pharmacological
approaches to identify a subset of Rab GTPases as bdide LRRK2 targets these
included Rab10, Rablb and Rab8&teger et al., 2016) LRRK2 phosphorylates these
substrates on an evolutionary onserved threonine residue found in the switch I
domain in human and murine cells and in the mouse braiill of the PDassociated
missense mutations inLRRKZhave been shown to increas¢he phosphorylation of at
least three Rab GTPases, which stgly decreases their affinity for regulatory
proteins (Steger et al., 2016)It would be interesting to overexpresssome of the Rab
proteins in our dLRRKLOF fly model to determine if they are able to res@uthe visual
dysfunction observed in these flies or to use flies that are mutant in certain Rab
proteins to examine if this causes visual dysfunctionn addition to an association
with Rab GTPases]|.RRK and LRRK2 havelso been shown to phosphorylate
Drosophilaendophilin A and the mammalian orthologue EndoAXgespectively,which
is a protein involved in clathrin-mediated endocytosis(Matta et al., 2012, Arranz et
al., 2015)

Putting these ideas togetherit is hypothesised that in the dALRRKLOF fly model the

spread of dLRRKaction is mediated by exosomal releaseas LRRK secretion from
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exosomes provides a possible mechanism by which LRRK action can extén cells
that lack autonomous LRRK expression. It has previously been showrat exosomes
mediate the progression of prion diseasegFevrier et al., 2004, Vella et al., 2¥,
Coleman et al., 2012and 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, hLRRK2G2019Snduced degeneration could
spread by the release of priodike proteins in exosomes, eithehLRRK2G2019Stself,

or by the G2019Snutation affecting exosomal release of some other component that
leads to neuronal dysfunction and degeneration.To explore this hypothesis further
the genetic toolbox ofDrosophila could be exploited to introduce genes that are
known to manipulate exosomal release includingrkt6 (Gross et al., 2012) Rab35
(Hsu et al., 2010) Rab27a/b (Ostrowski et al., 2010)and Evi Wntles (Korkut et al.,
2009) into both the dLRRK LOF and hLRRK2G2019Smutant backgrounds. In
addition, flies that are transgenic fordLRRK, hLRRK2 or hLRRK2G2019&tagged
with a fluorescent reporter could be generaéd to determine if LRRK2 is secreted and
found in exosomesit will also be interesting to determine if the expression ofiLRRK
in a cell type that is not found within the visual system is also able to rescue visual
function. Unfortunately, as previously nentioned, initial attempts at this using

Dmef2GAL4 orG14GAL4to drive expression in somatic musclevere unsuccessful.

3.4.3 The function of dLRRK in the f ly visual system is more similar
to the function of LRRK2 than LRRK1

In this study it was shownthat DA expression, or to a lesser extenglial expression,

ofthe humanLRRKXC AT A xAO AO A ££AA OE O ARRKI®DresCuhd /1l U
the visual response ofdLRRKLOF flies.As previously shown inFigure 3.1, many of

the residues present inhLRRK2are conserved indLRRKand the two proteinsshare

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 section3.1.1). Thus it is perhaps unsurprising thathLRRK2vas able to
substitute as effectively asiLRRKin our fly model, and our data certainly indicates a

conserved functional role ohLRRK2and dLRRKwith in the visual responseAlthough
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hLRRKZ2rescued visual dysfunction in thedLRRK LOF fly mode] there were some
differences in the ERG response between flies expressing.RRK2and those
expressingdLRRKat 21 DPE. As previously mentioned, tis® 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. Tottiésis, western

blot analysis could be performed to detect differences in expression levelsiifRRK2
and dLRRKin our dLRRKLOFfly model.

Unlike the DA expression ofhLRRK2 DA expression ofmLRRK1was unable to
completely rescue thevisual response ofdLRRKLOF flies. This suggests that the
function of dLRRKmay be more similar tohLRRKZhan mLRRK1 at least in terms of
the visual response.This is slightly surprisingly as structural and phylogenetic
analyses suggest thatLRRKis actually more closey related to LRRK1than 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 dALRRKshows more similarity to hLRRK2(33% and
25%, respectively) than to hLRRK1(30% and 23%, respectively), but the kinase
domain shows more similarity to hLRRK1than 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 causahvolvement of LRRK1 in the disease
pathogenesis(Schulte et al., 2014) Unfortunately, due tothe non-pathogenic nature
of LRRKZ1it has not beenas intensively studied as LRRKand a comparison between
transgenic expression ofLRRK1and LRRKZ2has 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 conseed between

humans and flies.

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

domain for maintenance of normal visual f unction?

Here, it was shownthat neither DA nor glial expression of the GORLRRK2G2019S
transgene or the kinasedead hLRRK2D1994Atransgene were able to completely

rescue the loss of synaptic signalling @fLRRKLOF flieslnterestingly, although these
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two mutations are opposing (one increases kinase activity whilst the other decreases
kinase activity) they showed simiar 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 responseAs briefly mentioned in Chapter
1, there is increasing evidence tesuggestthat decreased GTPase activity due to
mutations in LRRKZalso plays a key role in PD pathogenesis. For example, thBRRK2
R1441C/Gnutations consistently lead to decreased GTP hydrolysis but cause either
an increase or no obvious effect on GTP bindir{¢tewis et al., 2007, Li et al., 2007,
West et al., 2007, Xiong et al., 2012bYhe LRRK2G2019Smutation has also been
shown to cause a decrease in the GTPase activitiythe protein (Liu et al., 2011a,
Xiong et al., 2012b) TheLRRK2Y1699C0mutation found within the COR domain also
leads to decreased GTPase activitwhich is thought to be as a corequence of
weakening the dimerisation of LRRK2 at the ROCOR tandem interfac€Daniels et
al., 2011, Xiong et al., 2012apue tothe lack of reproducible LRRK2 substratedt has
been suggested that the GTPase domain, which contains autophosphorylation sites,
might be the onlyin vivotarget for LRRK2 kinase activityBerwick and Harvey, 2011)
This model proposes that autophosphorylation would be required for the GTRa
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 theLRRK2G2019Snutation on GTPase activity(Xiong et al., 2010) It would

be expectd that the higher auophosphorylation levels of the LRRK2G2019S
mutation would cause a decrease in the activity of the GTPase domaind elicit a
very similar effect to the ROC and COR mutatisiR1441Cand Y1699Cwhich it fails

to do (Berwick and Harvey, 2011) It would be interesting to examine how Pbrelated
mutations in the GTPase domain dfRRK2affect the visual response of flies. This may
help to reveal if the kinaseor 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, reterozygote w118 dLRRK flies showed a significant
reduction in the off-transient component of the ER®y 21 DPE It has previously been

suggested that mutations inwhite cause neurodegeneration within the visual system;
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data collected from our lab (Petridiand Elliott, unpublished) and by a separate group
have shown a reduction in the ERG response white mutant flies with age (Perez et
al., 2014) Furthermore, althoughwhite mutants are positively phototactic they have
been shown to lack optomotor responsefKalmus, 1943)and tohave 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 pigmentbecause
albino mammals also lackng screening pigmentsshow similar neurological and
retinal defects (Guillery, 1986, Jeffery, 1997, Dorey et al., 2003, Thomas et al., 2005)
Thus, the wlll8 mutation may cause the eduction of the 21 DPEoff-transient seen
here in the w1118 dLRRKTlies, rather than the presence of only one mutant copy of
dLRRK This is possiblébecausethe visud response was maintained in thalternative
C3dLRRKheterozygous line.

3.5 Conclusion

Flies that lack expression ofiLRRKdevelop severe visual defects with age. Tissue
specific expression ofiLRRKin the eye, lamina neurons, DA neurons, photoreceptors

or glial cells is sufficient to rescue the ageelated loss of visual function observed in
dLRRKLOF flies. This suggests key role for transcellular signalling of LRRKn vivo,

which may be linked b exosomes.The WT human orthologue ofdLRRKcan also
rescue the loss of visual function oflILRRK LOF flies and is able to substitute as
AEEAAOEOAT U AO OERRKVBUSBLRRKIdr kinase-Outadi@dimisiof 1
human LRRKZ2only partially restore visual function, suggestinghat the function of
dLRRKn the fly visual system is more similar to thdunction of hLRRKZhan 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 E xpression of hLRRK2
G2019S in vivo

4.1 Introduction

4.1.1 Mitochondrial d ysfunction in PD

One of the most common observations of PD and animal models is mitochondrial
dysfunction. Mitochondria are ovalshaped semicontinuous organelles of
approximately 1-2 um long and 0.51 um wide. They are often referred to as the
Opi xAOET OOA 1T &£ OEA AAI16 AO OEAU AOA
triphosphate (ATP), which is the cells primary energy cuency. 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 membraneand the internal matrix, enclosed by the
inner membrane. The inner membrane is usually highly convolutedorming a
number of infoldings known as cristae that project into the matrix thus greatly
increasing the surface area. Mitochondria utiliee pyruvate and fatty acids as fuel.
Pyruvate is produced during glycolysis, a series aytosolic reactions that oxidies
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 processtwo molecules of ATP are hydrolysd 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 energyrich activated carrier molecules known as NADH
are also produced per mlecule of glucose. Glycolysis is the key pathway to produce
ATP in many anaerobic organisms. In the mitochondrjghe metabolism of sugars can
be completed and this allows approximately 15 times more ATP to be produced than

by glycolysis alone. Both pyruate 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 thearbon atoms of the actyl groups are completely
oxidised to produceCQ. The acetygroups are not directly oxidid, rather this group

is transferred to oxaloacetate to form a sbcarbon tricarboxylic acid known as citric
acid, for which the subsequentycle of reactions is named. The citric acid atecule is
then gradually oxidised through a series of reactions giving rise to three molecules of
NADH, one molecule of FAD+and one molecule of GTP. The higgnergy molecules
that are carried by NADH and FADHare transferred to the inner mitochondrial
membrane, where they enter the electron transport chain (ETCFigure 4.1B). NADH
is oxidised by complex | (also known as ADH dehydrogenase) of the ETC and FARH
is oxidised by complex Il (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 ofdox 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 protogradient drives the
synthesis of ATP, via the membranbound enzyme ATP synthase, in a process known

as oxidative phosphorylation.
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Figure 4.1 The mitochondrial electron transport chain

A diagrammaticrepresentation of (A) a mitochondrion and (B) the flow of electrons through
mitochondrial complexes HV, ubiquinone (Q) and cytochrome ¢ (Cyt c¢), and the flow of
protons (H*) from the matrix to the intermembrane space then through the ATP synthase
complexto drive the synthesis of ATP. Dashed blue lines show the flow of electrons, dashed
pink lines show the flow of protons and greenarrows show the products of reactions with

respiratory complexes.
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Early evidence for a link between mitochondrial dysfunabn and PD came in the
p w1t d Oa ghodpOak Arug users intravenouly injected the neurotoxin MPTP
(Langston et al., 1983, Burns et al., 19857 his subsequently caused them to develop
Parkinsonism-like symptoms with inhibited mitochondrial respiration. MPTP is a
highly lipophilic compound that is able b rapidly cross the BBBupon administration
(Duty and Jenner, 2011) In the brain it is taken up by astrocytes where it is
metabolised to its active metabolite tmethyl-4-phenylpyridinium (MPP*). When
MPP* is released from astrocytesit is taken up in the DA neurons vidhe dopamine
transporter (Blandini and Armentero, 2012). Here it utilises vesicula 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 spacedlopamine carbe metabolised to a number of
toxic compounds. In the neuron the majority of MPTP accumulates in the
mitochondria where it inhibits complex | of the ETOeading to an increase irreactive
oxygen speciesiROS and a decrease in ATP productiofNicklas et al., 1987) Thisis
likely to lead to the initiation of cell deathrelated signdling pathways such as p38
mitogen activated khase am c-Jun Nterminal kinase, which have both been shown
to be activated upon MPTP administratior{Saporito et al., 2000, Karunakaran et al.,
2008, Duty and Jenner, 2011)Subsequent studies angostmortem analysis reveal
that the activity of complex | is also significantly reduced (by approximately 30%) in
the SN of sporadic PD patient§Schapira et al., 1989, Exner et al., 201.2Complex |
deficiencies have also been foundnithe frontal cortex of PDpostmortem brains
(Parker et al., 2008)

Several of the PErelated genes includingPINK1, parkin, D31, ; -synucleinand LRRK2
have been linked to the mitochondria. For example, mutations IRINK1have been
shown to cause a plethora of mitochondrial defects including decreases in
mitochondrial membrane potential (MMP), reduced activity of complexes | and 1V,
reduced ATP production, decreased mitochondrial import and mtDNA levels,
increased production of ROS, and alenmal mitochondrial morphologies (Exner et

al., 2007, Hoepken et al., 2007, Gautier et al., 2008, Piccoli et al., 2008, Dagda et al.,
2009, Gegg et al., 2009, Gispert et al., 2009, Grunewald et alDXMorais et al., 2009,

Winklhofer and Haass, 2010) There are also consistent findings frorparkin-mutant
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patient tissue, which shows decreases in complex | activity (up to 45%MMP (up to
30%) and ATP production (up to 58%), as w# as altered mitochondrial morphology
(Mortiboys et al., 2008) PINK1 and @rkin 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 dmaged mitochondria. The PINKparkin 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 eletron microscopy have been utilised to show the
localisation of endogenous LRRK2 to mitochondria in mammalian brain tissue
(Biskup et al., 2006, Exner et al., 2012Mitochondrial pathology has been observed
in transgenic mice expressing thd RRK2G2019Smutation (Ramonet et al., 2011)
Furthermore, skin fibroblasts derived from patients carrying the LRRK2G2019S
mutation show decreases inMMP 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 LRRK2or pathogenic LRRK2mutants 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 mechanismghat are involved.

4.1.2 Bile acid mitochondrial rescue a gents

A recentin vitro drug screen performed in fibroblasts derived fromparkin-mutant PD
patients identified a number of compounds that were able to rescue reducedMP
and cellular ATP levelg(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 perdcyclic triterpene, were selected for further assessment to
determine their effect on the activitiesof complexes HV of the ETC(Figure 4.2A-B).

Both UCA and DUA wer found to significantly rescue and increase the activitie®f
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complexes HV 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 abdished the mitochondrial rescue effects of

these compoundgMortiboys et al., 2013)

Neither DUA nor UCA are FDAcensed drugs and there is little information available
concerning their bioavailability and safety in humans. Following atiérature search,
the chemically related compounds ursodeoxycholic acid (UDCA), a bile acid, and
ursolic acid (UA), a pentacyclic triterpene, wee identified (Figure 4.2GD). Unlike
DUA and UCA, the clinical pharmacokinetics of UDCA are well characterised and it
has been used in the clinical treatment of primgy biliary cirrhosis for over 30 years
(Poupon et al., 1994) In addition, UDCA is ow considered as the firstline of
treatment for other cholestatic conditions including primary sclerosing cholangitis
and intrahepatic cholestasis of pregnancySepe et al., 2014)UDCA has a high safety
profile, and its clinical history reveals minimal side effectsThe derivative of UDCA,
tauroursodeoxycholic acid (TUDCA), is able to prevent neuropathology in animal
models of HI OET ¢cOT 1860 AEOAAOA AT A 3001 EAnh AT,
function of nigral transplants in a rat model of PO0Duan et al., 2002, Keene et al.,
2002, Rodrigues et al., 2003) Another sudy has revealed that UDCA is
neuroprotective in DA neurons via the modulation of antioxidative molecules and
attenuation of mitochondria-mediated programmed cell death pathwaygChun and
Low, 2012). UA is a naturally occurring compound that is present in many plants. The
bioavailability of UA and its dosedependent 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 pérkin-
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 leveld RRK2G2019Smutant
fibroblasts with a similar effect to that observed inparkin-mutant patient tissue
(Mortiboys et al., 2013) Therefore, the benefi@l 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 lacbne (DUA) C.ursolic acid (UA) -

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

Figure 4.2 Structures of four chemi cally 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 (UD&) as two structurally similar compounds. The
structural similarities are shown in red. All structures are represented in stadard chemical
format and the 3Dorientation of the groups are displayed. Hydrogens are onlglisplayed if
they affect the 3Dorientation of the molecule. Where no group is shown, a methyl group is

attached. Adapted with permission fromMortiboys et al. (2013).
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The LRRK2G2019S mutation shows an agedependent, reduced penetrance,
suggesting the presence of biological rescue mechanisms in some individuals. If
suitable biological targets can be identifiedit may be possible to reducehe risk or
even prevent currently asymptomatic or nonmanifesting LRRK2G2019S (NM-
LRRK2G2019% carriers from undergoing phenotypic conversion and developing
clinically manifest PD (MLRRK2G2019%. We recently reported that intracellular
ATP levels and bsal mitochondrial oxygen consumption are similarly decreased in
both M-LRRK2G2019Sand NM-LRRK2G2019Scarriers (Mortiboys et al., 2015)
Treatment with UDCA was able to recover intracellular ATP levels in NMRRK2
G20194ibroblasts similarly to that previously seen in MLRRK2G2019ibroblasts
(Mortiboys et al., 2013, Mortiboys et al., 2015) Unlike in parkin-mutant patient
tissue, the activitiesof complexes| and Il were normal in both M-LRRK2G2019Snd
NM-LRRK2G2019Scarriers compared with controls, whereas complex IV activity
was markedly decreagd in both. A significant decrease in complex Il activity was
recorded in MMLRRK2G2019&arriers, and an intermediatenon-significant decrease
was recordedin NM-LRRK2G2019&arriers. The specific impairment of complex IV
activity in LRRK2G2019%assocated PD delineates this form of familial PD from the
early-onset forms of POUEOPD) caused bymutations 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.RRK2G2019&associated PD,

UDCA is an effective therapeutic compound in both scenarios.

4.1.3 DUA and UCA rescue mitochondrial function through

increasing the p hosphorylation of Akt Ser473

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, tanscription 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 3kinase (PI3K). These lipils serve as

docking sites and recruit Akt and its upstream activator PDK1 to the plasma
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membrane. PDK1 phosphorylates Akt at TK?8, which leads to partial activation of
Akt. mTORC2 phosphorylates Akt at SEP 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
'l UEAEI AO8 O AT A ((SlinGEal., Qab, IGoffd et/aE CORSAMdE
recently, defective Akt signalling has been implicated in the neurodegenerative
process of PDwith a number of studies reporting that drugs used to treat PD through
targeting the DA system are neuroprotective via Akt activatio(Sagi et al., 2007, Chen
et al., 2008Lim et al., 2008, Nair and Olanow, 2008, Yu et al., 2008urthermore, 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 signing

is promoted by parkin (Fallon et al., 2006, Yang et al., 2008d DJ1 (Kim et al., 2005,
Yang et al., 2005)both of which are implicated in autosoral recessive forms of PD.
Finally, the expression of Akt and phosph&e473Akt, which are both normally
expressed at high levels in the DA neurons of human brains, are found to be

significantly decreased in the PD braifTimmons 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 S&73 (Kunkel

et al., 2011) UDCA has been reported to suppress mitochondrependent cell death
in SHSYS5Y cells and simildy 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 Ak#e473 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 iparkin-mutant fibroblasts, thus further implicating the Akt
pathway in the mitochondrial rescue effect exerted by these compoundMortiboys

et al., 2013)

4.1.4 Mitochondrial d ysfunction in the hLRRK2-G2019Sfly m odel

The selective expression of thlLRRK2G2091Sransgene in the DA neuron®f flies
(TH>G2019% leads to a progressive, ageelated loss of photoreceptor function
(Hindle et al., 2013) The functional decline in the ERG response of old (28 DPE)

149



TH>G2019Sflies 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 swien (70% increase n area) with
wider cristae (~80% wider), and are increasingly more broken, fragmented and
rounded (Hindle et al., 2013) The degeneration causedy the DA expression of
hLRRK2G2019Ss accelerated through increasing the demands on the visual system
to adapt, or through increasing the activity of the DA neurong.H>G2019Slies kept
in vials with the light pulsed on and off at random intervals showa significant
reduction in ERG amplitde by 10 DPEEompared with flies with DA expression ofthe
WT hLRRK2transgene Mitochondrial degeneration has also been reported in the
flight muscles of flies expressing thdélLRRK2G2019Sransgene under the controlof

a musclespecific 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 fliga\fsari et al., 2014)
This highly sensitive assay allows the isolation ofthe responses from the
photoreceptors, secondorder lamina neurons and third-order medulla neurons. The

fly SSVEP is designed to deliver stimuli that ssep through different contrast levels,
enabling the measurement and analysis afontrast response functions CRFs see
Chapter 2 section2.2.2for a complete desdption of this assay).The SSVEP assay has
proved sensitive enough to be able to detect abnormaisual phenotypes caused by
DA expression ofhLRRK2G2019Sin 1 DPE flies. Raising larvae on the previously
published LRRK2IN-1 kinase inhibitor or a novel knase inhibitor, BMPPRB32,
rescued the SSVEP 6L RRK2G20199 DPE flieqAfsari 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 thein vivoeffects of two mitochondrial rescue agents, namely UCA
and UDCA, on neuronal function in flies with DA expression of tHe.RRK?2
G2019S3nutation.

2. Assess the effects that OA and UDCA have on the activitied complexes HV
of the mitochondrial respiratory chain in the hLRRK2G2019Sly model.

3. Establish whether UCA and UDCA interact with Akh vivo as previously
describedin vitro.

4. Asses whether overexpression of parkin in the DA neurons provides
protection againsthLRRK2G2019Snduced visual dysfunction.

5. Determine if the kinase inhibitor, BMPPB32, can rescuehLRRK2G2019S

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 Jli&t C, Bandmann O. UDCA exerts
beneficial effect on mitochondrial dysfunction inLRRKZ2019Scarriers and in vivo.
Neurology2015;10(85):846752

West RJ, Furmston R, Williams CA, Elliott CJ. Neurophysiologypodsophilamodels
I £/ 0AOEET ObParkingons Di2(14;280(0R18

4.3 Results

4.3.1 Incr easing the energy demands of the visual system leads to a
rapid loss of visual function in flies with DA e xpression of
hLRRK2G2019Shy 7 DPE

Here, thesensitive SSVEP assay was used to determine thevivo effects of the bile
acid derivatives UCA and UDCA when they weffed to hLRRK2G2019Sransgenic
flies. First, the progession of visual degeneration oflies expressing the mutant
hLRRK2G2019Sransgene in the DA neurons TH>G2019% was comparedto flies
expressng the WThLRRKZransgene (TH>hLRRK?2 or to control flies expressingno
transgene (TH/ warricot) . DA expression ofhLRRK2G2019Sor WT hLRRK2was
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achieved as previously describedHindle et al., 2013, Afsari et aj 2014). Both the WT
and mutant hLRRK2transgenic fly lines have orange eyestherefore the non-
transgenicwarricotfly |[ine, also with orange eyes, was chosen as an ey@our matched

control (Figure 4.3). This eliminateddifferences in the amount of screening pigment

between genotypes, which is known to alter the shape and size of the ERG, and

enableddirect comparisons to be maddetween genotypes

B.TH/ writ

A.TH>G2019S

C. TH>hLRRK2

b

Figure 4.3 A comparison between the eye colour of flies with DA expression of hLRRK2
G2019S WT hLRRK2or no transgene

Flies with DA expression of (A) the PEassociatedhLRRK2G2019Sransgene (TH>G2019%,
(B) no transgene {[TH/ warricot), or (C) the WT hLRRK?2transgene (TH>hLRRK} all have a

similar orange eye colour. The amount of screening pigment between these three genotypes

is similar, thus any differences inthe CRFs between genotypes should not be due to eye

colour.
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To speed up te life cycle and to accelerate visual degeneration, newly emerged
female flies were transferred to instart food supplemented with 100% EtOH and
xAOA EAPO ET A DOI OAOEI C 1T ECEO ET AOAAOQT GO
flies were transferred to fresh vials every 23 days. Flies were prepared for ERG
analysis as previously describedseeChapter 2, sectior?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 pesd during

the flash ERG, the fly was discarded. If a robust response was recorgige SSVEP
assay was run using a pr@rogrammed sequence of frequencyagged flickering
stimuli as described inAfsari et al. (2014) The temporal contrast of the probe stimuli

(12 Hz) was sweptthrough a range of values (869%). The visual response to this
stimulus was measured both in isolaton, and in the presence of a 3@ contrast mask

at a different temporal frequercy (15 Hz). This enabledhe 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 phdoreceptors (1F1) and the lowerorder lamina (2F1) ard
medulla (2F1+2F2) neurons, wereseparated and plotted on individual graphs
against theprobe contrast level. Gaphs wereplotted on the same scale for each age

and genotype tested to aid comparisons between data sets.

At 3 DPErobust CRFs weraecorded from TH/ wapricot controls and from transgenic
TH>hLRRK2and TH>G20195flies (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 irthe presence of the constant 3@ contrast mask (masked) a
the contrast o the probe increases from 0 t&9%. 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 kvel at around the point where the contrast ofie mask and
probe are equal (3®6 contrast), which haspreviously beendescribedin 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 flairle. The CRFs recorded fromTH/ warricot,
TH>hLRRK2and TH>G2019Sflies were also plotted on the same graph to aid
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comparisons between genotypeqFigure 4.4B). Thesegraphs 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 genotypeigure 4. 5A-D). These
plots show that there were no significant differencesin the peak CRFsecorded from
control and TH>G2019Sflies at 3 DPE (allp>0.05). There were no significant
differences observed for the 2F1+2F2 unmasked responses between genotypes,
suggesting thatthe baseline noise levelwas similar between experiments(Figure
45D).
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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 h(LRRK2-G2019Sand controls

(A) 3 DPE CRFs recorded from (i) H/ warricet| (ii) TH>hLRRK?2and (iii) TH>G2019Slies for

1F1 (first row), 2F1 (second row) and 2F1+2F2 (third row) with(pink) and without (grey) a

30% mask as the probe comast is increased from 0 to 6%6. (B) Combined plos 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 (83ta are meant SEMbars. The black arrows point

to the responses from flieswith DA expression ofhLRRK2G219S which indicate thatthe
responses of these flies wersimilar to control flies.nl ¢ &£ O AAAE CAT 1T OUDPAS
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