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Abstract

Tauopahies are progressive neurodegenerative diseases characterised by the aggregation
of hyperphosphorylated tau protein into neurofibrillary tangles (NFTs). To date, the majority
of research has focused on NFT formation and neuronal death. However, mounting
evidence suggests that clinical symptoms precede aggregate formation andssellhus, a
period of cellular dysfunction precedes ad#lath. For further understanding, robust animal
models of taumediated neuronal dysfunction are urgently required. Irstthiesis, |

successfully model the early stages of tauopathid3rivsophila.

First, | show taumediated neuronal dysfunction (progressive loss of the ERG response and
abnormal visual behaviour in the flight simulator system) and neuronal death (progress

loss of the photoreceptor rhabdomeres) are temporally separableDncsophilaeye

model. | demonstrate isoforrspecific effects of different 4r tau proteins in my model. For

example, IGMR>2n4r tau, but not IGMR>0n4r tau, expression causeslatgs

progressive structural degeneration. | further suggest a role for PAR1 phosphorylation in
tau-mediatedneuronalR @ & Tdzy O A2Y | YR aK2¢g |!-mediated,td2 Sy (f &

neuronal dysfunction.

Circadian rhythm disruption is commoniinl dz2 LJ 6 KA S&4%X &dzOK & ! t£1 KS)
showDrosophilaexpressing human tau, recapitulate many of the features of circadian
dysfunction found in AD, including elevated niginte activity, gains in daytime sleep and
night-time sleep loss and ibD and progressive behavioural arrhythmicity in DD. | show that
distinct subsets of clock neurons mediate different-&toked circadian rhythm

disturbances. Tau expression in the PDF neurons, which are considered to be the master
pacemaker, prolongs thigee-running period and causes hyperactivity, but is insufficient to
induce progressive behavioural arrhythnmaDD All clock neurons is the most cleck
restricted domain required to produce behaviourallthmicity. The tau species and

extent of tau expession affects the circadian behavioural deficits. | find no loss of PDF
neurons in flies expressing tau in the clock system. Taken together, these result;xshow

independent neuronal populationtswu-mediatedneuronaldysfunction isseparabldrom



neuronaldeath. Collectively, these results suggest circadian dysfunction in AD is not due to
neuronal death in the master pacemaker, but neuronal dysfunction throughout the clock
system. In this thesis, | present parallel studies thralvide a platform for the future

dissection of the mechanisms underlying progressive functional and structural

degeneration, which bring about clinical symptoms in the earlyesta tauopathies.
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Chapter 1. General Introduction

1.1 Tauopathies

Tauopathies are a collection of neurodegenerative diseases characterised

neuropathologically by the aggregation of abnormally hyperphosphorylated tau into

neurofibrillary tangles (NFTs). At a neuropathological level, tauopathies contain only tau
aggregates (frontotemporal dementia (FTD), Picks Disease (PiD), cortical basal degeneration
(CBD) and progressive supranuclear palsy (PSP)) or the tau aggregaistsvatie amyloid
F33INBIFGSa 6! fT KSAYSNRA 5AaSIFHasS 6!150T AYAGAL
hgeydzOf SAYy F33INBIALGSa 6t NlAyazayQa RAASEHAS 6
binds to and stabilises microtubules in a phosglependent manner (Weingarten et al.,

1975). Tau also promotes microtubule assembly. Mutations in the tau gene have been

causally linked to FTD (Spillantini et al., 1998; Ghetti et al., 2015). Tau haplotypes driving

slightly higher tau expression are linkedAD (Allen et al., 2014) and PD (Kwok et al., 2004;

Tobin et al, 2008; Refenes et al., 200Fhus, tau abnormalities are sufficient to cause

neurodegeneration.

There are a range of tauopathies with overlapping, but distinct, clinical symptoms and
neuropathological features. In different tauopathies, the aggregates deposit in distinct brain
regions including the hippocampus/entorhinal cortex, cortical regions and mid/hindbrain.
The aggregates also consist of different tau proteins. In different tauogstkhe clinical
symptoms range from cognitive to motor deficits. However, common to all tauopathies are
aggregates of hyperphosphorylated and misfolded tau (Goedert et al., 1989; Weaver et al.,
2000). In tauopathies, an increase in tau phosphorylatiomeced microtubule binding

leading to destabilisation of the microtubule network and axonal transport defects
(Mandelkow et al., 2003; Dixit et al., 2008). Detached soluble tau missorts to the
somatodendritic compartment and sediggregates into oligomers drhigher order

aggregates in a series of steps (Maeda et al., 2007; Sahara et al., 2008xUSiHg

mutations often increase tau phosphorylation and thereby reduce microtubule binding

underscoring the toxicity of hyperphosphorylated tau (Igbal et al02@endron and



Petrucelli, 2009). It is currently unclear whether taediated neurodegeneration is due to
lossof-function or toxic gairof-toxic function (Trojanowski and Lee, 2005; Igbal et al.,
2009).

AD is the most common tauopathy. AD is clinycallaracterised by cognitive deficits (Burns
and lliffe, 2009). AD is neuropathologically characterised by slow and progressive
neurodegeneration and tau aggregates in the cortical regions (Kumar et al., 2015). Mounting
evidence suggests neuronal and sytaplysfunction often precedes neurodegeneration in

AD (Palop and Mucke, 2010; Marcello et al., 2012). As well as the cognitive deficits, a
substantial proportion of AD patients exhibit circadidythm disruption characterised by
daytime drowsiness and gint-time restlessness (Witting et al., 1990; Satlin et al., 1995;
Volicer, 2001). Circadian dysfunction have also been reported in other tauopathies such as
FTD (Anderson et al., 2009) and PD (Videnovic and Golombek, 2013; Videnovic and
Golombek, 2017). Ehcircadian disturbances appear at an early stage in the disease process
and may even precede the onset of cognitive abnormalities. Recent evidence suggests
circadian dysfunction may directly influence AD pathogenesis (Maywood et al., 2006;
Hastings and Gamlert, 2013; Musiek and Holtzan, 2016). Therefore, targeting sleep and
circadian alterations provides a promising opportunity to slow down or even halt disease
progression. So further understanding of circadian dysfunction in tauopathies may have
wide rangng implications that extend far beyond circadian biology. Because, currently there

is no effective disease modifying therapies for any tauopathies (Coughlin and Irwin, 2017).

Although tau is best known as a microtubule stabilising protein, mountingru&has

shown that tau has additional physiological roles in the neuron including synaptic plasticity,
regulation of genomic stability and cell signalling. This opens up the intriguing possibility
that multiple mechanisms mediate tau toxicity in tauop&thi However, despite much

research effort both the physiological and pathological roles of tau remain poorly
understood (Wang and Mandelkow, 2016; Guo et al., 2017). For further understanding of
neuronal dysfunction in tauopathies, robust animal modelsrageded that recapitulate the
early stages of the disease process. The development of such animal models would provide

a platform to identify ways to modulate tamnediated neuronal dysfunctioidrosophila



melanogasteiare well suited to model tauopathiesebause of the powerful genetic tools

available(Bilen and Bonini et al., 2005; Marsh and Thompson, 2006; Prussing et al., 2013).

1.2 Tau protein structure

Tau is encoded by the MAPT gene, located on chromosome 17 in humans. The tau primary
transcriptis composed of 16 exons, the majority of which are constitutively expressed, while
exons 2, 3 and 10 are alternatively spliced. In the human CNS, alternative splicing produces
six tau isoforms that vary in length from 352 to 441 amino acids. Exons 2eawh2ncode

an insert of 29 amino acids in the amino-tl)minal region of tau. Alternative splicing
produces tau isoforms that contain netBrminal inserts (On), one&&rminal insert (1n,

exon 2) or two Nerminal inserts (2n, exons 2 and 3). Exon$®,11 and 12 each encode a
30-31 amino acid highly conserved imperfect repeat in the carboxyte(@lnal half of tau.
These @erminal repeats comprise the microtubule binding domain of tau. Exon 10 is
alternatively spliced producing tau isoforms thaintain three (3r) or four (4r)-@&rminal

repeats Figurel.l). Tau expression is developmentally regulated. For example, in the adult
human brain all six isoforms are expressed, whereas in the foetal brain only On4r tau is
expressed (Sergeant et al., 2Q0QForensMatrtin et al., 2012). In the cerebral cortex of

healthy adults, the ratio of 3r to 4r tau is approximately 1:1 (Buee et al., 2000; Takuma et al.,
2003). Differential splicing of exons 2 and 3 results in the amount of the 2n tau isoform
(~9%) beig much less than the On (~37%) and 1n (~54%) tau isoforms in the human brain
(Deshpande et al., 2008). Tau expression also varies in different brain regions. For example,
the overall amount of tau is much higher in the neocortex than in the white mattdr an
cerebellum (Trabzuni et al., 2012). Splicing of the MAPT gene also varies in different brain
regions. For example, On3r tau levels are lower in the cerebellum than in other brain
regions (Trabzuni et al., 2012). These differences in tau expressiorcificspeain regions

most likely contribute to the region specific effects of distinct tauopathies.

. A2LKeaAO0rt addzRASa KFE@S NBGSEHE SR GKIFG GF dz
(Gamblin, 2005). Tau is composed of four domains. First, #erNinal acidic projection

domain, which contains zero, one or twet&minal inserts. Second, the central region,



which contains the prolingich domain. Third, the microtubule binding domain in the C
terminal half of tau, which is comprised of three oufdGterminal repeats. And finally, the

Gterminal basic tail (Figure 1.1).

The Nterminal projection domain of tau projects away from the microtubule surface and

can interact with other cytoskeletal elements, cytoplasmic organelles and the neural plasma
membrane (Buee et al., 2000). Theddminal domain of tau regulates the distance

between the axonal microtubules and thereby can increase the axon diameter (Chen et al.,
1992). The interaction of the-dérminal domain with other cytoskeletal elements dik
microfilaments, regulates the flexibility of microtubule lattices. The extrerterhhinal

region of tau plays a role in a signalling cascade that regulates axonal transport (Kanaan et
al., 2011). However, the specific function of theddminal insertss not well knownlIn

vitro, in the mouse brain different 4r tau isoforms show specific subcellular distributions (Liu
and Gotz 2013). Thus, the®érminal inserts seem to influence the subcellular distribution

of tau. Additionally, the Merminal inserts also seem to affect tau protgnotein

interactions, because different 4r tau isoforms show different protein interactiotneas.

C 2 NJ S E ksyfilidei Bindd On rather than 1n or 2n tau isoforms. In contrast,
apolipoprotein Al only binds to 2n tau isoforms (Liu et al., 2016). Moreoveitrothe N-
GSNXYAYLFE AyaSNlia |faz2z FFFSOG onelNtatnial ihsertst A G & U
promotes tau aggregation, whereas the inclusion of twteNninal inserts suppresses tau

aggregation (Zhong et al., 2012)

Tau binds through the proline rich domain to Sttitaining proteins, including Fyn, in a
phosphedependent maner (Lee et al., 1998). Microtubule binding is mediated by the
microtubule binding domain, located in thet€'minal half of tau. 4r tau isoforms binds

more effectively than 3r tau isoforms, which is probably because of variation in-the C
terminal repeatgButner and Kirschner, 1991; Lu and Kosik, 2001). Tauopathies can be
grouped according to the tau isoform found in the tau depositdadiopathies (including

PSP and CBD)Bruopathies (such as PiD), and 3rtduopathies (such as AD) (Irwin,

2016). Tle microtubule binding domain (and proline rich domain) also binds DNA and RNA



and lipid rafts (Qi et al., 2015). The function of thte@ninal region has not been

established.

Four-repeat (4R) tau isoforms
N PRD MTBD C

2N4R

1N4R

ON4R

Three-repeat (3R) tau isoforms

2N3R
1N3R

ON3R

Figure 1.1: Isoforms of tau in the human brai8ix isoforms of tau are pduced in the human CNS by
alternative splicing of the MAPT gene. Different tau isoforms contain zero, one or-tetorivhal inserts and
three or four Gterminal repeats. Tau is made up of thetdminal region, the prolingich domain (PRD),

microtubule bnding domain (MTBD) andt€rminal tail.

1.3 Tau phosphorylation

The longest human CNS tau isoform (2n4r, 441aa) contains 85 putative phosphorylation
sites (80 serines and threonines in addition to five tyrosine residues) (Hanger et al., 2009).
Becawse of the large number of phosphorylation sites, it is to be expected phosphorylation
will have a major effect on tau function. More than 39 of these sites are often
phosphorylated in NFTs (Buee et al., 2000). The overall phosphorylation status of tau is
tightly regulated by the combined balanced activity of various kinases and photospheres.
Phosphorylation levels of tau are dramatically higher (> fourfold) in brains from AD patients
than in brains from healthy controls (Kopke et al., 1993). Tau is phogakext at certain

sites in both normal and AD brains, whereas it is phosphorylated at others in only AD brains
(Sergeant et al., 2008). Under pathological conditions, tau phosphorylation increases, which

reduces microtubule binding resulting in cytoskeletestabilisation. For example, tau



phosphorylation at specific residues in theég@minalrepeats (including Ser262, Ser293,
Ser323 and Ser356) substantially reduces tau microtubule binding affinity (Drewers et al.,
1995). Detached soluble tau then mishtises to the somatodendritic compartment and

forms aggregates of increasing complexity in a series of steps. Currently, it is unknown the
order in which specific residues are phosphorylated in tauopathies. iBatitro andin vivo
studies havedentified several kinases that phosphorylate tau (for a complete list see recent
review by Guo et al., 2017). Intriguinglyge majority of these kinases have been shown to

phosphorylate tau in both physiological and pathological conditions.

Glycogen synthase kinase (GSK) has been shown to phosphorylate approximately half of the
tau phosphorylation sites, with the majority of them being phosphorylated in AD brains
(Hanger et al., 2007). The amount and activity of GSK in AD brains correldteshve
neurodegeneration and aggregate formation (Rankin et al., 2007). In mice, overexpressing
human tau, treatment with a GSK inhibitor reduces tau phosphorylation and rescues
neuronal death (Sereno et al., 2009). Tau phosphorylation byttosine kimse Fyn (at

Tyrl8) has been shown to regulate axonal transport (Cox et al., 2016). In mice, expressing
human tau, an increase in overall Tyr phosphorylation coincides with aggregate formation.
Thus, overall Tyr phosphorylation levels may contribute to eggpe formationln vitro

studies have shown protein phosphatase 1 (PP1), PP2A, PP2B, and PP2C dephosphorylate
tau (Avila et al., 2004; Braithwaite et al., 2012). Activity of PP2A the main phosphatase
(accounts for the majority of cellular phosphatase wtyiin the human brain) is reduced by

~50 % in the brain of individuals with AD (Gong et al., 1993; Liu et al., 2005). Tau is also
subject to other postranslational modifications (PTMSs), including acetylation, which

regulate tau function in both physiofjical and pathological conditions (Min et al., 2010;

Cohen et al., 2011; Irwin et al., 2012).



1.4 Physiological function

1.4.1 Microtubulerelated axonal transport

Tau is best known as a microtubule associated protein (MAP). In adult nethhemaajority

of tau localises to the axons, where it binds with the microtubules, the tracks for the
intracellular transport of organelles, proteins and mRNA, through the microtubule binding
domain. Thus, tau stabilises the microtubules and promotes mibide assembly. The
ability of tau to bind microtubules is regulated by phosphorylation. The phosphorylation
state of tau is highly dynamic and regulated by various kinases and phosphatases. Tau
considerably increases microtubule polymerisation and redntesotubule
depolymerisationn vitro (Drechsel et al., 1992). In normal neurons, the amount of tau
greatly exceeds the amount of tubulin (~tenfold), therefore nearly all tau is microtubule
bound in the cell (Igbal et al., 2009). Tau is also able todmitid through the Nlerminal
domain and crossink microtubules to microfilaments and thereby stabilise, regulate and
allow reorganisation of the cytoskeleton. This crbeking is disrupted in tauopathies (Fulga
et al., 2007).

In addition to regulatingnicrotubule dynamics, tau can regulate axonal transport by
influencing the function of the motor proteins, dynein and kinesin. Dynein transports cargo
in a retrograde direction (towards the cell body), whereas kinesin transports cargo in an
anterograde diection (towards the axon terminus). Tau can influence the binding of motor
proteins to both microtubules and cargo (Seitz et al., 2002; Vershinin et al., 2007).
Additionally, tau controls the release of cargo vesicles from kinesin chains by activating a
G signalling cascade via its extrem&eNninal domain (Kanaan et al., 2011).

Furthermore, tau can facilitate dynemediated transport by binding to its cofactor

dynactin, and thereby stabilising the interaction of dynein with the microtubules (Magnani
et al., 2007). However, because all of these studies were domgroor in cultured cells

and tau knockout mice show no obvious defects in axonal transport (Yuan et al., 2008), it is

not clear whether physiological tau influences the function of the metoteinsin viva



1.4.2 Function of dendritic and nuclear tau

A tiny amount of tau localises to the nucleus. Nuclear tau can bind to DNA through the
proline rich and microtubule binding domain (Camero et al., 2014). Tau
hyperphosphorylation compromes the ability of tau to enter the nucleus and bind to DNA.
Thus, tau hyperphosphorylation substantially reduces both microtubule and DNA binding
(Qi et al., 2015). Nuclear tau contributes to DNA protection in both physiological and
hypothermic stress contions (Sultan et al., 2011; Violet et al., 2014). Furthermore, nuclear
tau also been reported to be involved in the DNA repair mechanism (Rossi et al., 2013;
Violet et al., 2014). Nuclear tau has also been shown to regulate gene expression. Via the
proline-rich and microtubule binding domain, tau binds to the AT rich minor grove of DNA
causing a conformational change. The altered DNA conformation affects the activity of
multi-protein DNA complexes that control gene transcription (Sultan et al., 2011; éR0ssi

al., 2013; Qi et al., 2015). In support of this, ~20 genes have been identified whose
transcription is altered in a tau knockout mice (Gomez de Barreda et al., 2010). Finally,
nuclear tau has also been reported to be involved in chromosome stability an
processing/silencing of rRNA (Rossi et al., 2013). A tiny amount of tau localises to the
dendrites and dendritic spines (Ittner et al., 2010). In cell culture, pharmacological synaptic
activation causes endogenous tau to translocate from the dendrititesgnto the

excitatory postsynaptic compartment. These results suggest a role for dendritic tau in
synaptic plasticity, however the precise mechanisms are as of yet unclear (Frandemiche et
al., 2014).

1.4.3 Other functions of tau

Tau has been showto play critical roles in synaptic plasticity and neurogenesis. For

example, tau knockout mice show defective ldegn depression (LTD) in the hippocampus
(Kimura et al., 2014). Concurrently, a different study has shown tau knockout mice show
defective bngterm potentiation (LTP) in the hippocampus (Ahmed et al., 2014). Tau has
been reported to be involved in neurogenesis and neuronal migration (Hong et al., 2010;

FusterMatanzo et al., 2012). Recent evidence suggests tau regulates the speed of stress



granule formation and trafficking (Vanderweyde et al., 2016). Many studies have noted the
role of tau in mediating network hyperactivity in disease models. Knocking out tau rescues
G§KS SEOAG20G2EAOAGE LINRPRAzOSR o6& ! humanyAPYA OS
and PS1 (Roberson et al., 2007; Ittner et al., 2010). Similarly, reduction of endogenous tau
with antisense oligonucleotides (ASO) suppresses seizures in chemically induced seizure
models (DeVos et al., 2013). These studies suggest a role fior r@ediating pathological
network hyperactivity, however, it is currently unknown whether tau is involved in
regulating physiological network activity. A recent study has shown that tau modulates
cellular iron export. The interaction of APP with ferroport the cell surface is essential for
iron export and tau is involved in the trafficking of APP to the cell surface. In aged tau
knockout mice, iron accumulation results in neuronal death in the substantia nigra. In
tauopathies, there is an accumulatiohiron in brain regions with reduced soluble tau such
as the cortex in AD (Lei et al., 2014). A small amount of tau localises to glial cells, but the
role of tau in glia is as of yet unknown (Muller et al., 1997). Despite a vast amount of

research the phsiological role of tau remains poorly understood.

1.5 Pathological function

Currently, the underlying mechanisms of tenduced neurodegeneration are poorly
understood (despite a vast amount of research). Abnormal tau modifications including mis
splicing, various PTMs including phosphorylation and aggregation convert physidiagical
species into pathological tau species. In familial tauopathies (<5 % of cases), mutations in
the MAPT gene cause tau pathology, whereas in sporadic tauopathies, the cause of tau
pathology is unknown. It is unclear whether pathological tau causes degemeration by
lossof-function or toxic gairof-function (for recent indepth reviews see Wang and

Mandelkow, 2016 and Guo et al., 2017).

1.5.1 Tau mutations

Currently, around 80 mutations have been identified in the MAPT gene. These mutations

arelinked to various tauopathies including FTD, CSP and PSP, but not AD (Kouri et al., 2014;
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Coppola et al., 2012). They are either missense or splicing mutations. Missense mutations
tend to be located in the @&rminal half of tau (for example P301L, V337MR#406W) and

result in tau protein with reduced affinity for microtubules and increased propensity to
aggregate (Hong et al., 1998; Barghorn et al., 2000). Splicing mutations tend to promote the
inclusion of exon 10 and thereby increase the8dtau ratia It is unknown how altering the
3r-4r ratio triggers aggregation; it might be due to the different microtubule binding abilities

and phosphorylation susceptibilities of 3r and 4r tau.

1.5.2 Losof-function

Even though tau function to a certain extezan be compensated by MAP1A and MAP2,

aged (12month old) tau knockout mice show behavioural impairments. Thus, tau is

required for normal functioning of the brain (Lei et al., 2014). Furthermore, dementia

lacking distinctive histopathology (DLDH), whichharacterised by neuronal loss in the
absence of any brain lesions, is caused by reduced tau levels (Zhukareva et al., 2001).
Hyperphosphorylation of tau substantially reduces microtubule binding, which leads to
cytoskeleton destabilisation. Tau aggatign reduces the amount of soluble functional tau,
which also reduces microtubule binding and leads to cytoskeleton destabilisation. Thus, tau
lossof-function due to either hyperphosphorylation or aggregation can lead to a damaged
microtubule network. Anntact microtubule network is needed for efficient axonal

transport. Often in tauopathies, cargo accumulates in both the axons and cell body leading
G2 WOGNIFFAO 21 YaQ oaAffSOIFIYLA FyR Wd#Z ASy>
contribute to diseas@athogenesis. In support of this, one of the earliest abnormalities in
several animal models of tauopathies are defects in axonal transfoonteview see

Ballatore et al., 2007). For example, human tau expressi@masophildarval motor

neurons disrups axonal transport as evidenced by overaccumulation of transport vesicles in
the motor neuron axon (Mudher et al., 2004; Chee et al., 2005). Additionally, K3 mice, which
express human tau with the K3891 mutation, show impaired anterograde axonal tramdport

specific cargoes, which precedes neuronal loss (Ittner et al., 2008).
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Pathological tau disrupts axonal transport by interfering with the function of the motor
proteins, dynein and kinesin. Overexpression of tau inhibits access of the motor prateins t
the microtubule tracks (Seitz et al., 200R) vitro, tau is capable of reducing the velocity of
kinesinrmediated retrograde transport (Dixit et al., 2008). Overexpression of tau reduces the
amount of cargo bound to motor proteins by sequestering abéélanaors (Vershinin et al.,
2007).Protein levels of the components of the dynein and kinesin complexes are reduced in
brains from AD patients compared with brains from healthy controls (Seward et al., 2013).
Tau overexpression causes selective inhihitd kinesinmediated anterograde transport,
resulting in an accumulation of cargo, such as mitochondria, endoplasmic reticulum (ER) and
synaptic proteins in the cell body. Depletion of mitochondria and ER in the axon produces a
decrease in glucose anditipmetabolism and ATP synthesis that results in energy
RSLINAGI GA2Y FYR 2EARFGAGS aGNBaazr s6KAOK f SIR
example, human tau overexpression in theosophildarval motor neurons causes
morphological changes and perturbgnaptic transmission as a result of impaired axonal
transport of mibchondria (Chee et al., 200%)isruption of any of the various processes

that tau is involved in, including, neuronal activity, synaptic plasticity, DNA protection and

iron export may fay a part in the neurodegenerative process.

In post mortem brain tissue from individuals with AD tau in NFTs is always
hyperphosphorylated, and tau hyperphosphorylation precedes aggregation (Braak et al.,
1994). However, whether tau hyperphosphorylatidrives aggregation remains disputed.
vitro, hyperphosphorylated tau isolated from AD patient brains forms aggregates (Alonso et
al., 2001). However, tau hyperphosphorylation is not necessarily toxic as it occurs during
animal hypothermia and anaesthasnduced hypothermia (Arendt et al., 2003), and may
even have a protective effect (Schneider et al., 1999). Therefore, tau hyperphosphorylation
is not sufficient to cause aggregation in all circumstances. Furthernmovéro tau

hyperphosphorylation isot necessary for aggregate formation, (Goedert et al., 1996).
The ability of hyperphosphorylated tau to enter the nucleus and bind to DNA is

compromised (Camero et al., 2014). The lack of nuclear tau results in-stdesed DNA

damage and disrupted herochromatin organisation, which can lead to cell cyclengry,
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which is fatal to differentiated neurons (Seward et al., 2013). Loss of tau function in the
nucleus can also lead to altered gene expression, which in turn causes altered protein
synthesigFrost et al., 2014; Hernand€xtefa et al., 2016). However, it is also possible
hyperphosphorylated tau in the nucleus has a toxic gdifunction. Rodike tau aggregates
have been found in neuronal nuclei in tauopathies such as AD, FTD and HD (Metatal
1988; Fernandeklogales et al., 2014). Although the consequences of harbouring tau

aggregates in the nucleus are, as of yet, unidentified.

1.5.3 Neurotoxic toxic gaHof-function

In AD brains, the region distribution of NFTs correlates wigil cognitive deficits. So

initially the NFTs were thought to cause neurodegeneration. However, recent findings have
shown NFT formation is not required for, or sufficient to cause, neurodegeneration. In post
mortem brain tissue from AD patients, the nuertof NFTs greatly exceeds neuron loss,
indicating that most neurons die without having formed NFTs (Gelslazt al., 1997).
Additionally, neurons containing NFTs in AD can survive for up to 20 years (Morsch et al.,
1999). In mice overexpressing humarddaype or mutant tau, neuronal death does not
coincide with tau aggregation. Neurons can die without forming aggregates and neurons
which contain aggregates do not die and appear functional (Andorfer et al., 2005).
Additionally, mice overexpressing humarid-type or mutant show cognitive deficits,

impaired synaptic transmission and synapse loss before or without aggregation formation.
For example, Tg4510 mice, which overexpress inducible human tau with P301L mutation,
develop ageelated NFTs, neuronalde and cognitive abnormalities. Switching off tau
expression rescues the cognitive impairments even though the NFTs continue to form
(Santa&ruz et al., 2005). Similarly, mice, which overexpress regulatable human tau with the
nYwuyn Ydzil G depghient dglrégate formaiion, synapse loss, cognitive deficits
and loss of LTP. When tau expression is switched off, memory and LTP recover, even though
the aggregates remain (Sydow et al., 2011; Van der Jeugd et al., 2012). Furthermore,
Drosophilaoverexpressig human wiletype or mutant tau show neuronal loss and
behavioural impairments in the absence of aggregate formation (Wittmann et al., 2001;

Jackson et al., 2002; Mershin et al., 2004; Chee et al., 2005; Kosmidis et al., 2010). These
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studies suggest thaau-mediated neuronal dysfunction and degeneration is caused by a
soluble tau species, rather than NFTs. Different isoforms, mutations and PTMs lead to an
enormous number of different tau species, which mostly likely contribute to the clinical and
neuropahological heterogeneity found in tauopathies (Sanders et al., 2014). It has been
proposed that NFT formation is a protective cellular response because the NFTs can
scavenge toxic soluble tau species (Alonso Adel et al., 2006). Recent evidence shows that
tau oligomers rather than NFTs are the toxic species in tauopathies. Levels of soluble tau
oligomers are increased in brains from AD patients compared to brains from healthy
controls (LasagnReeves et al., 2012). Additionally, several studies have demdedtra
soluble tau oligomers are toxic in cultured mouse neurons (Tian et al., 2013; Tepper et al.,

2014).

Hyperphosphorylated tau is able to mediate its toxic effects independent of aggregation.
For example, hyperphosphorylated tau interacts with the sddififig protein, eJun N
terminal kinasenteracting protein 1 (JIP1) and impairs formation of the kinesin complex,
which thus disrupts axonal transport (Ittner et al., 2009). Additionally, in various animal
models of tauopathy, hyperphosphorylated tau protes neurodegeneration by causing
aberrant alignment and accumulation o&ltin filaments (Fulga et al., 2007).
Hyperphosphorylation of tau alters its degradation, through both the unfolded protein
response (UPR) and autophagosome/lysosomal system. Faonpéeaau phosphorylation at
Ser262 and Ser356 interferes with the binding of the ubiquitin ligaserminus of HSP70
interactingprotein (CHIP), which therefore protects tau from proteasemediated

degradation (Dickey et al., 2007).

Under normal ciramstances, only small amounts of tau localise to the dendrites.
Mislocalisation of tau to the dendrites occurs at an early stage of the disease process. Tau
modifications (PTMs and mutations) and increasing the level of tau can all lead to the
mislocalisaibn of tau into the somatodendritic compartment. For example, transfection of
tau in mature hippocampal neurons causes the redistribution of tau into the
somatodendritic compartment, which coincides with loss of dendritic spines (Thies and

Mandelkow, 2007)In Tg4510 mice, overexpressing human P301L tau, tau mislocalises and
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accumulates in the somatodendritic compartment. Overaccumulation of tau in the
dendrites interferes with the trafficking and anchoring of NMDA receptors to the post
synaptic membrane gsulting in defective synaptic transmission (Hoover et al., 2010).
Expression of the LRK2 kinase in adult dopaminergic neur@®gophilacauses
degeneration of the dendritic arborizations as a result of hyperphosphorylation and
mislocalisation of endanous tau into the somatodendritic compartment. LRK@diated
dendritic degeneration is rescued by knockdown of endogenous tau (using RNAI) and
enhanced by overexpression of human whighe tau. Thus, hyperphosphorylation and
subsequent mislocalisation &du is enough to cause dendritic degeneratiobirosophila

(Lin et al., 2010). Additionally, mislocalisation of tau to the somatodendritic compartment
results in a reduction in the amount of soluble functional tau to bind to and stabilise axonal

microtubues. The mechanisms of tau missorting are not well understood.

Recent evidence has demonstrated dendritic tau is involved in amgl&@di | -induted 0
YSAdINRPG2EAOAGED® C2NJ SEFYLIX S5 Ay Odzf G§dzNBR KA LIL
mislocalisation of mdogenous tau into the somatodendritic compartment, which leads to

dendritic spine loss (Zempel et al., 2010). Dendritic tau recruits the FYN kinase to the

postsynaptic compartment, where it phosphorylates the NDMA receptor subunit,

NR2B/GIUNRB, causin@iNB | a SR OF f OAdzy O2y RdzOGIF yOS yR {F
SEOAG2G2EAOAGE o6w20SNB2Y S I f dSindugedicelT LGGY S
cycle reentry. Exposure of cultured wid @ LIS y SdzNRPya G2 i 2f{A32YSN
entryandactva A 2y 2F @I NA2dza (AylasSad Ly O2y 0N} ad:

oligomers are unable to trigger cell cycleamtry (Seward et al., 2013).

1.6 Modelling neurodegenerative disease in Drosophila

Drosophilahave been used to study biologicalegtions for well over a 100 years. As such
Drosophileghave contributed to our understanding of a wide number of processes including
circadian rhythms, learning and memory and synaptic transmission (for a comprehensive
review see Bellen et al., 2010 andndey and Nichols, 2011). The conservation of

fundamental physiological processes between humansmdophila and remarkably high
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degree of conservation between the human a@brbsophilagenome (the majority of
diseaselinked genes havBrosophilaorthologues), suggests we may be able to use
Drosophilao investigate the underpinnings of mammalian disease (Bier, 20@5)ng the
last decade, sever&@rosophilanodels of neurodegenerative disease (including AD, PD and
HD) have been created (reviewed in Marsh and Thompson, 2006 andAijid@aand

lijiama, 2010). It is possible to study circadian rhythrmiBrimsophilaat both a cellular and
circuit level. IrDroophilait is possible to assess the consequences of manipulating small
groups of neurons or even individual neurons. Moreover, the anatomy and physiology of
Drosophilaare relatively well understoodrosophilahave a fully sequenced and highly
annotated gnome, ~13,600 protein coding genes located in only four chromosomes
(Adams et al., 2000). There is less genetic redundaridyosophilahan in humans.

Drosophilaare easy and inexpensive to maintain.

Drosophilehave been used to study circadian rhythms for nearly five decades (Konopka and
Benzer, 1971). IDrosophila circadian rhythms and sleep are studied by recording

locomotor activity using the DAM system (TriKinetics, Walthman, MA). In the DAM system,
individual flies are placed in glass tubes which are bisected by an infrared beam. When a fly
is active it breaks the infrared beam and this activity is recorded. The DAM system is placed
in light and temperature controlled incubators and activity is measunegt several days

(Chiu et al., 2010). In rodents, there are several different systems to monitor locomotor
activity, including wheels, cages with infrared beams and piezoelectric systems, which may
differentially influence circadian rhythms and sleep (8&pnd Takahashi, 2005; Bains et

al., 2018). Additionally, the genetic background of transgenic mice has a profound effect on
circadian behaviour and sleep (Banks et al., 2015). Thus, it is difficult to directly compare
RAFFSNBY (G &adi dzR AkSaw if dife@rcez@ars rea @ dantifbatet @iby

differing methodology or genetic background. Genetic background also has a major
influence on sleep iDrosophilaZimmerman et al., 2012). However, it is much quicker and
easier to outcross into a commomrigetic background iDrosophilahan in mice Drosophila
better recapitulate the sleepvake cycle in humans than rodents. Mice are nocturnal and
have fragmented sleep, whered3rosophilaare diurnal and have a period of conslaited

sleep during the nighfThis is particularly useful when modelling human neurodegenerative
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diseases, like AD, which are characterised by circadian rhythm and sleep disruption, in
addition to cognitive deficits. It is possible to combine the tools to study circadian behaviour
and model neurodegenerative diseaselmnosophilato shed light on the circadian

dysfunction in human tauopathies, such as AD (Chen et al., 2014, Long et al., 2014). There is
a panoply of tools to monitor neuronal function and deattbDirosophilafor reviewsee

Ugur et al., 2016 Drosophilehave a short lifespan {2 months) and so are well suited to

studying lateonset progressive neurodegenerative diseases.

The main advantage @frosophilas the extensive genetic toolkit (Adams and Sekelsky,

2002). InDrosophilagenetics, the Swiss army knife is the binary Gis system. Gal4 is a

yeast transcription factor that binds to Upstream Activation Sequences (UAS). Gal4 activates
UAStransgenes expression in all cells it is expressed in. Therefore, to prodsice specific
UAStransgene expression, Gal4 is placed under the control of a tseefic promoter.

There is a large collection of Gal4 drivers that express in single cells, groups of cells or entire
tissues (Brandt and Perrimon, 1993). Frequentduare the GMR driver, inducing pan

retina expression, and Elav driver, inducing jp@uronal expression (Brand and Perrimon,
1993). It is also possible to use the Gal4/UAS system to coexpress various different UAS
transgenes in the same tissue. It is gi®ssible to further restrict UABansgene expression

to a smaller number of cells by using the Gal4 repressor, Gal80 (Suster et al., 2004). Both
Gal4 and Gal80 are placed under the control of different tisspecific promoters whose
expression partiallpverlaps. Gal4 is only able to activate LABisgene expression in cells

in which it is expressed in but Gal80 is not.

Most commonly used Gal4 drivers activate ktirs®sgene expression during development.
When modelling adufbnset neurodegenerative dégise it is often necessary to restrict
expression to adulthood. Modifications of the Gal4/UAS system allows for combined spatial
and temporal control of UAS transgene expression. The TARGET system (McGuire et al.,
2003) uses a temperaturgensitive varianof the Gal4 repressor, Gal80 (Gd#g0At 18 °C
(permissive temperature), GalB@s active and inhibit Gal4 activity. Whereas, after shifting
the flies to 2930 °C (restrictive temperature), Gal8becomes inactive and permits Gal4

driven UASransgeneexpression. The GeneSwitch (GS) system uses a RU486 sensitive
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variant of Gal4 (Osterwalder et al., 2001). In the absence of RU458, RU486 sensitive Gal4 is
unable to activate UABansgene expression. When RU458 is present it binds to RU458
sensitive Galénd activates UABansgene expression. To activate RU458 sensitive Gal4
driven UASransgene expression, RU458 is added to fly f@rdsophilaare amenable ton

vivo (genetic or pharmacological) medium to hitfiroughput enhancer/suppressor screens
because of two main reasons. First, it is simple and inexpensive to set up 100s or even 1000s
of fly crossings. Second, several robust readouts of neuronal degeneration and dysfunction

exist inDrosophilaUgur et al., 2016).

1.7 Drosophila models of tauopathy

1.7.1 Neuronal toxicity

Tauopathies are neuropathologically characterised by brain deposits of aberrantly
phosphorylated and misfolded wiiype or mutant tau. Consequently, to create Drosophila
models of tauopathes the Gal4/UAS system has been used to overexpressypidor FTD
linked mutant tau in particular neurons (or glia) in larval or a@utisophila The effects of
overexpressing tau can be examined by studying neuronal death and neuronal function (for
review see Papanikolopoulou and Skoulakis, 2011; Cowan et al., 2011; Gistelinck at al.,
2012). William et al. (2000) was the first anatomical study to show that tau expression
causes neurotoxicity iBrosophila The authors showed expression of bovine tagefiiwith

GFP in larval sensory neurons causes axonal degeneration.

Subsequently, manRrosophilanodels of human tauopathy were then created by
transgenetically expressing human wiigoe or FTBinked mutant (R406W/V337M) tau.
Human wildtype tau (On4rsoform) expression throughout the CNS causes progressive age
related neurodegeneration and vacuolisation in neurons throughout the brain (Wittmann et
al., 2001; Nishimura et al., 2004). Texpressing flies also die a lot sooner than controls.
This most kely represents bona fide degeneration, because it only seems to affect adult
terminally differentiated neurons, because no neurodegeneration or vacuolisation was

found in newborn adult flies. Interestingly, vacuolisation is not commonly observed in either
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AD patients or in AD mouse models, however neurodegenerati@masophilas often
accompanied by vacuolisation. Vacuolisation probably reflects the rapid tempo of
neurodegeneration in flies. There is evidence of apoptosis iretquessing flies, as

indicated by the presence of TUNRdsitive cells. Tamediated neurodegeneration

coincides with a substantial increase in tau phosphorylation (including at the AT8 and AT100
epitopes). No aggregates were detectable immunohistochemically in fly neuronsyet e

in old flies. Thus, aggregates are not needed to cause neuronal death in this model.
Therefore, it appears soluble hyperphosphorylated tau species are intrinsically toxic. Thus,
Drosophilamodels of tauopathy recapitulate the early paggregate eventsf tau-

associated neurodegeneration. Flibked mutant tau precipitates a more severe

pathological phenotype than wiltype tau. Increasing tau dosage also enhances the severity
of the pathological phenotype. Tau expression throughout the CNS prefetgnéiejets
cholinergic neurons. This model successfully recapitulates many features of human

tauopathies, such as AD.

Tau expression throughout the CNS also dramatically affects the mushroom bodies (MBSs).
The MBs are composed of ~2,000 neurons and ptagsaential role in learning and memory
(functionally analogous to the hippocampus) (for review see Heisenberg, 2003). Pan
neuronal tau expression (On4r or 2n4r isoform) throughout development results in nearly
complete ablation of the MBs (other brain sttures are unaffected) (Kosmidis et al., 2010).
This was due to the toxic effect of hyperphosphorylated tau on the MB neuroblasts that
develop into MB neurons. Therefore, it does not reflect bona fide degeneration because tau
interferes with the developmet of MB neurons rather than causes the loss of extant adult
MB neurons. Tatmediated MB ablation requires tau phosphorylation. Expression of mutant
tau with a reduced ability to be phosphorylated does not cause MB ablation. In contrast,
expression of psedophosphorylated tau has a more dramatic effect on the MBs than-wild
type tau. The selective loss of MB neurons in fliespamronally expressing tau,
demonstrates the differential susceptibility of different neuronal types to tau pathology.
2n4r tau prodices a more severe effect on the MB neuroblasts than On4r tau. Whereas,
FTDIlinked mutant tau produces a weaker effect on the MB neuroblasts thantyile tau,

indicating isoformspecific effects (Kosmidis et al., 2010; Papanikolopoulou et al., 2010).
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Glal cells are commonly affected in tauopathies (lkeda et al., 1995; Berry et al., 2001;
Ballatore et al., 2007). Inducible expression of human tau in adult glia results in
neurodegeneration in both neurons and glia and decreased longevity. Tau becomes
hyperphosphorylated at the AT8 and AT100 epitopes (via the JAK/STAT signalling pathway)
and, in contrast to neurons, forms fibrillar glial aggregates, reminiscent of NFTs, and triggers
apoptosis. However, switchirgff tau expression results in a reductiontire number of

apoptotic cells, without any concurrent change in the number of glial tangles. These results
further suggest that soluble hyperphosphorylated tau species (rather than glial aggregates)

mediate taulinked neurodegeneration iBrosophilaColoder and Feany, 2010).

Tau expression in fly eye causes retinal toxicity, which manifests as a rough eye phenotype
(REP), characterised by a reduced eye size and disrupted ommatidial organisation. The REP
is also associated with degeneration and vacutibsain the optic lobe. The adult fly retina

is composed of ~800 identical units called ommatidia, arranged in a hexangular array. Each
ommatidia contains eight photoreceptor neurons and twelve accessory cells (Ready et al.,
1976; Wolff and Ready, 1991 xEession of various tau isoforms and proteins using GMR
Gal4, which is expressed throughout the eye, causes a REP (Jackson et al., 2002;
Grammenoudi et al., 2008). However, an important note is thatRhesophilaeye surface

is formed during late larvand pupal stages in development (Moses et al., 1991; Ellis et al.,
1993). This combined with the fact that GNBal4 is expressed during development, means
that a REP in newborn adult flies is probably caused bylégendent toxicity during
development (snilar to the toxic effects of tau on the MB neuroblasts), rather than bona

fide degeneration.

Whether tau phosphorylation is required for tau toxicity has been extensively studied using

the REP (Jackson et al., 2002; Nishimura et al., 2004; Steinhlilp2&0¥; Chatterjee et al.,

2009; Ambegaokar and Jackson, 2010). Jackson et al. (2002) demonstrated coexpression of
0KS {KIF33& o{DDX (KS Ffeée Kz2yvz2fz23& 2F D{Yoi 0
formation of large NFIlike aggregates in the ogtiobe. To date no other study in

Drosophilehas reported NFT formation apart from in glia. This study linked tau

phosphorylation with neurotoxicity. Chatterjee et al. (2009) provided further evidence
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though a series of elegant experiments that tau phogptadion is critical in tatmediated
toxicity. They showed coexpression of the PAR1 kinase with human tau increases its
phosphorylation at Ser262/Ser356 (12E site) and exacerbates the REP. In contrast, tau that
is unable to be phosphorylated at the PARDbgphorylation sites (2n4r t&4} which has

alanine substitutions at Ser262/Ser35%&i)s to cause a REP. Another study has shown that
expression of a phosphomimetic tau mutant (On4ri&ucauses a more severe REP, whilst

a nonphosphorylatable mutant (@n tau") fails to cause a REP (Fulga et al., 2007). The REP
is frequently used in unbiased highroughput enhancer/suppressor screens, because it is
easily quantifiable and provides a robust readout of tau neurotoxicity. Several independent
screens havsuccessfully identified numerous modifiers of tau neurotoxicity, a number of
which, perhaps unsurprisingly, were kinases (including SGG and PAR1) and phosphatases
(such as PP2A). However, several other novel modifiers have been identified, including
cytosleleton proteins, molecular cochaperones, ion transporting ATPases, transcription
cofactors and RNA binding proteins (Shulman and Feany, 2003; Blard et al., 2006; Blard et
al., 2007; Ambegaokar and Jackson, 2011).

1.7.2 Neuronal dysfunction

SeveraDrosophilamodels have shown tau expression causes substantial neurotoxicity,
however otherDrosophilamodels have shown behavioural abnormalities without any
apparent neuronal death. Cognitive deficits are a cardinal symptom of most tauopathies
(Irwin, 2016) Additionally, the cognitive deficits may first appear prior to overt NFT
formation and neuronal death (Oddo et al., 2003a; Oddo et al., 2003b). Mershin et al. (2004)
investigated the effects of tau overexpression in adult MB neuroiyasophila The MB

are required for learning and memory Drosophila Human wiletype tau (On4r or 2n4r
isoform) orDrosophilaau expressed in adult MB neurons precipitates olfactory associative
learning and memory deficits before or in the absence of obvious neurodegeneration
(Kosmidis et al., 2010). Neurodegeneration was detected in no flies updaytbof age and

in only afew flies over 4&days of age. Because the authors restricted tau expression to
adulthood they were able to circumvent the toxic effects of tau on MB neuroblasts during

development. Therefore, the associative learning and memory deficits represent tau
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dependent neuronal dysfunction, because they are not due tot@ediated toxicity on the
MB neuroblasts. No aggregates were detectable (neither biochemically nor
immunohistochemically) in the taaxpressing flies. Thus, these results suggest soluble tau
species mediate taudependent neuronal dysfunction iDrosophila FTDlinked mutant tau
precipitates a milder effect than witype tau on associative learning (Grammenoudi et al.,
2008). Similar findings were reported by Papanikolopoulou et al. (2010). Therauth
showed expression of human WT tau (On4r or 2n4r isoform) in the adult CNS (using the
TARGET system) impairs associative learning without affecting MB morphology. Collectively,
these results suggest the impaired olfactory learning is due to toxieajdimction effects
caused by tau overaccumulation in the adult MB neurons. Similar findings reported in a
mice model of tauopathy. Mice overexpressing human ayifae tau (2n4r isoform) display
cognitive impairments without any overt neuronal loss (Kimetral., 2007). Collectively,
these results show tau expression in the MBs produces temporally separable dysfunction
and degeneration. Tau expression in MB neuroblasts is toxic, whereas tau expression in

adult MB neurons causes neuronal dysfunction withoetironal death.

Tau expression in the larval motor neurons also leads to neuronal dysfunction (Mudher et
al., 2004; Chee et al., 2005; Ubhi et al., 2007). Mudher et al. (2004) showed expression of
human wildtype tau (On3r isoform) in larval motor neurodssrupts neuromuscular

junction morphology and axonal transport, which causes obvious defects in larval locomotor
function. Similarly, Chee et al. (2005) showed human-type tau (On4r isoform) or
Drosophilaau expression disrupts endo/exocytosis, riésig in dramatically reduced

synaptic potentials. The synaptic transmission perturbations are due to axonal transport
defects, resulting in a depletion of mitochondria in the presynaptic terminal. Behavioural
abnormalities coincide with an increase in galbosphorylation. Tau phosphorylation by SGG
is important for taulinked axonal transport defects. Reducing tau phosphorylation by LiCl
treatment (SGG inhibitor) mostly rescued the behavioural impairments. In contrast,
increasing tau phosphorylation by cqeression of SGG enhanced the behavioural
impairments, as it does for retinal toxicity, suggesting a common pathogenic mechanism
(Mudher et al., 2004). The authors found no detectable aggregates or cell loss in any of

these models. Thus, these results shmu-mediated dysfunction in the larval
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neuromuscular junction (NMJ) Drosophilas caused by soluble hyperphosphorylated tau
species. Collectively, this evidence from both the adult brain and larval neuromuscular

junction suggests that tamediated newonal dysfunction is separable from toxicity.

1.8 Circadian rhythms

Circadian rhythms are ~24 hour rhythms in behaviour and physiology. They are entrained by
environmental cues (e.g. light and temperature) but persist or free run without these cues.
Circadian rhythms are not passively driven by environmental cycles but generated by an
endogenous timekeeping mechanism, called the circadian clock. The circadian clock allows
organisms to adapt to and prepare for changes in the environment (e.g. thdiimesto

find food or a mate) (Hut et al., 2012). The importance of the circadian clock is underscored
by its ubiquity, clocks are present in organisms ranging from prokaryotes to mammals. In all
organisms, circadian systems are composed of three partdirttekeeper, input pathways

(e.g. from the eye) and output pathways (e.g. to the motor centres). Circadian rhythms
regulate a vast number of functions in the body, including sleep and wakefulness, body
temperature and hormone production. Slegyake cycle ad circadian rhythm disturbances
often compromise health. Many studies have shown damage to the circadian system leads
to accelerated aging (Kondratova and Kondratov, 2012). Furthermore, other studies in both
mice and humans have shown sleep and circadiaturbances lead to neurodegenerative
pathology, including AD (Kang et al., 2009). Finally, in humans the breakdown of daily
circadian rhythms, induced by shift work or jetlag for example, is a risk factor for the
development of cardiovascular diseasencar and metabolic syndromes (Kondratov and
Antoch, 2007; Takahashi et al., 2008; Sahar and Sa£3msg 2009; Bass and Takahashi,
2010).

1.9 Molecular circadian clock

In all organisms, circadian rhythms at a cellular and molecular level are Bedtby

interlocking autoregulatory transcription/translation feedback loops (TTHigu(el.2) (for

extensive review see Ozkaya and Rosato, 2012 and Hardin and Panda, 2013). In mammals, in
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the main TTL basic helxop-helix (bHLHPAS transcription faots, CLOCK (CLK) and

BMAL1 heterodimerise and activate transcription of 100s of genes by bindingés in

their promoters, includingperiod 13 (mPer)cryptochrome 12 (mCry. mPerandmCryare
translated in the cytoplasm. PER and CRY heterodimeriBeCRE heterodimers

accumulate in the cytoplasm. Following a delay, PER/CRY heterodimers enter the nucleus
and inhibit CLK/BMALhediated transcription. After another delay, PER/CRY heterodimers
are degraded, which allows CLK/BMAL1 heterodimers to bimakEs and start a new cycle

of transcription (Gekakis et al., 1998; Zheng et al., 1999; Shearman et al., 2000; Lee et al.,
2001). The timing of the nuclear entry of PER/CRY heterodimers is regulated by PER
phosphorylation by glucose synthase kinase (GSKBrasein kinase Il (CKIl). The stability
2F t9wk/w, KSGSNPRAYSNE A& NB3IdZ FGSR o6& tow
NEMO. PER is degraded via the proteasome following phosphorylation by CKI and

dzo A lj dzA { A-JrERL Ik thg’SCBl €mastecpmaker), light from the retinohypothalamic
tract (RHT) entrains the clock by activating transcriptiomBergenes (Hankins et al.,

2008).

In Drosophilain the main TTL bHEPAS transcription factors, CLOCK (CLK) and CYCLE (CYC)
heterodimerise and actate transcription of a vast number of genes by bindidgpkes in

their promoters, includingeriod (perjandtimeless(tim). Perandtim are translated in the
cytoplasm. PER and TIM heterodimerise. PER/TIM heterodimers accumulate in the
cytoplasm. Following a delay, PER/TIM heterodimers enter the nucleus and inhibit GLK/CYC
mediated transcription. After another delay, PER/TIM heterodinaeesdegraded, which

allows CLK/CYC heterodimers to birlbloikes and start a new cycle of transcription (Allada

et al., 1998; Darlington 1998; Rutila et al., 1998) . The timing of the nuclear entry of PER/CRY
heterodimers is regulated by PER phosphorylabgrEHAGGY (SGG) and casein kinase Il
(CKIlI). The stability of PER/CRY heterodimers is regulated by PER phosphorylation by
DOUBLETIME (DBT) and NEMO. PER is degraded via the proteasome following
phosphorylation by DBT and ubiquitination by SLIMB. At alaelevel Drosophilaentrain

the clock using the blukght sensitive photoreceptor, CRYTOCHROME (CRY-adtighted

CRY promotes TIM degradation via the proteasome (which affects the stability of PER) (Koh
et al., 2006; Peschel et al.., 2009).
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A seond interlocked TTL drives tlogclicexpression of Biallin mammals and I€in

DrosophilaLy Y I YYI faX ydzOf SINJ K2N¥Y2yS NBOSLIi2NA w
response elements (RRES) in Breallpromoter to activate and repre8mall
transcription,respectively (Guillaumond et al., 2005) Drosophila bZIP transcription

FI OG2NARA t5tm {k? | YR + Glkpfoindor to activatalandrdpggd? 5 06 2 E
Clktranscription, respectively (Cyran et al., 2003). Additionally, CLK/BMAL1 complexes in
mammals and CLK/CYC complexd3rosophilaactivate transcription oDec12 and

clockwork orangécwo), respectively. DEEC1and CWO feedback to repress the activity of

BMALL1 and CLK, respectively, by binding E boxes in their promoters (Honma et2al., 200

Kadener et al., 2007; Lin et al., 2007).
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Figure 1.2: Circadian molecular clockDmosophila(A) and mammals (BJA)In the main TTL, CLK/CYC
heterodimers activate transcription @ferandtim genes by binding to E boxes in their promotdétsrandtim

are translated in the cytoplasm. PER and TIM form heterodimers. PER/TIM heterodimers accumulate in the
cytoplasm and following a delay, enter the nucleus, and repress CLii€dated transcription. CLK/CLK
heterodimers also activate transcriptiait R LJv andwigenes by binding to-Boxes in their promoters.
CKkSELINB&&AZ2Y Aa NBIdz I 4GSR 6 eboxirbthe@lkpromoter. CLK Bnd €YiOlares K A O K
phosphorylated by DBT and SGG, which modulates the timing of nuclear entriahilitlysof CLK/CLK

heterodimers. At the cellular level, the clock is entrained by the photoreceptor, CRYatiyated CRY

promotes TIM degradation. (B) In the main TTL, BMAL1 and CLK heterodimers activate transcrigéen of m

and nCrygenes by bindig to Eboxes in their promoteranPerand mCryare translated in the cytoplasm. PER

and CRY form heterodimers. PER/CRY heterodimers accumulate in the cytoplasm and following a delay, enter
the nucleus, and repress CLK/BMAhddiated transcription. PER/CR&terodimers also activate transcription
ofw2 NJ andiv & &9 Ndenes by bbinding to-Boxes in their promotersBmallexpression is regulated by

ROR and REVERB which bind to aBRortheBmallpromoter. PER and CRY are phosphorylated by GSK3 and
CKJ] which modulates the timing of nuclear entry and stability of PER/CRY heterodimers. In the SCN at the
cellular level, the clock is entrained by light from the RHT, which activates transcriptiotPavfienes.

Modified from Zordan and Sandrelli, 2015.

1.10 Circadian clock at an organismal level

In mammals, the vast majority of cells express a molecular clock. All the molecular clocks
must be synchronised with each other and the environment for the circadian system to
function properly. In mammals, theaster pacemaker, the suprachiasmatic nucleus (SCN) is
responsible for synchronising all the circadian oscillators. All neurons produce ~24 h
oscillations in gene expression patterns. However, only SCN neurons receive photic input
from the RHT. SCN neurocai® electrically coupled (via gap junctions) to one another. They
also generate rhythmic neuronal activity. Thus, SCN neurons entrain talbgk{LD) cycles
and then synchronise all the circadiascillatorsin the body via various neuronal and

humoral pathways. Furthermore, in constant darkness (DD) the SCN neurons, as a result of
being coupled to one another, provide a circadian signal. This is required for normal
behavioural and physiological rhythms iedrrunning conditions. The SCN is found in the
hypothalamus just above the optic chiasma. The SCN is divided into several anatomical
subdivisions that express distinct neuropeptides and receptors. The arginine vasopressin

(AVP) and vasoactive intestinallpoeeptide (VIP) neuropeptides which are released from

26

(o]



distinct subsets of SCN neurons, paracrinely synchronise the molecular oscillations of other

cells (Welsh et al., 2010).

Compared to mammals in which all neurons in the brain express a molecularahbek
~150 neurons express a molecular clockisophila These neurons make up a neural
network that controls circadian behaviour. The ~150 neurons are subdivided into nine
groups based on their anatomical position. There are five groups of lateredbmgand four
groups of dorsal neurons. The ~150 neurons are comprised of eight large ventral lateral
neurons (ILNvs), eight small ventral lateral neurons (sLNvs), %t Svs, ~eight lateral
posterior neurons (LPNSs), 12 dorsal lateral neurons (LNds)afderior DN1 neurons
(DN1las), ~32 posterior DN1 neurons (DN1ps), four DN2 neurons (DN2s), and ~80 DN3
neurons (DN3s¥gurel.3). There is heterogeneity between groups and within groups,
similar to the mammalian SCN. Distinct subsets of the ~150 neurawve different roles in
circadian behaviour, driving activity at specific points in the LD cycle (reviewed in Allada and

Chung, 2010; Peschel and Helfrich Forster, 2011; Muraro et al., 2013).

In LD conditions, flies show two circadian ctooktrolled peaks of activity, a morning
activity peak around the time of lightsn and an evening activity peak around the time of
lightsoff. Flies anticipate the light transitions by gradually increasing their locomotor
activity in advance of both lightsn and lighscoff. Flies also exhibit neaircadian startle
responses, substantial transient bursts of locomotor activity in response to the light
transitions. In constant darkness (DD), the morning and evening activity peaks gradually
merge into a single activity pé& that reoccurs at roughly the same time every day (period
~24 hours). This single activity peak in DD is normally slightly in advance of the evening

activity peak in LD conditionBigurel.4).

Molecular oscillations in the ~150 clock neurons are syoriked (Yoshii et al., 2009;
Roberts et al., 2015). The clock cells exhibit cycling neuronal activity, peaks and troughs in
neuronal activity occur at different times for distinct clock neurons (Cao and Nitabach, 2008;

Sheeba et al., 2008; Flourakis et @015). The sLNvs, which control the morning activity
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peak, are called morning (M) cells and the LNds and DNs, which control the evening activity

peak, are called evening (E) cells (Grima et al., 2004; Stoleru et al., 2004).

Quiput Neurons DH44 DN 1 Clock Newrons

Figure 1.3: Clock neurons and output neurons in theosophilabrain. ~L50 neurons express a molecular

clock in the fly brain (blue circles). These ~150 neurons are divided into several groups based on their
anatomical position. Distinct subsets of the 8lfteurons have different functional roles in circadian

behaviour. All the LNvs except thE SLNv express the neuropeptide pigment dispersing factor (PDF), which
paracrinely synchronises the molecular oscillations of clock neurons. DH44 and LHLK cells (green circles) do not
express a molecular clock but exhibit cyclic neuronal activity, suggesdtiok input. DH44 and LHLK cells

express the neuropeptides Diuretic hormone 44 (DH44) and leuokinin (LK), respectively. DH44 and LK are

critical regulators of robust activity rhythms in DD. Reproduced from Dubowy and Sehgal (2017).
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Figure 1.4: Loamotor activity of a group of wildtype male flies in LD (A) or DD conditions (B) at 25(2CF.
Average daily activity histogram for three days of 12/12 h LD cycles with abrupt LD transitions. Flies exhibit a
morning activity peak around the time of light® (ZT0) and an evening activity peak arothmaltime of lights

off (ZT12)Flies anticipate lightsn and-off by graduallyincreasing their locomotor activity in advance of these
transitions. Flies also exhibit nanircadian startle responses, transidnirsts of locomotor activity in response

to the light transitions. (B) Average daily activity histogram and deplitted actogram for twelve days of
constant darkness (DD). Flies exhibit a single peak of activity that reoccurs at roughly the samehimayea

This activity peak is slightly in advance of the evening activity peak in LD conditions.

The neuropeptide pigment dispersing factor (PDF), is expressed by all the LNvs, except the
5% sLNv (~16 neurons). Ablation of the PDF neurons (hi)gr genetic deficiency in PDF

or its receptorsgdf®* and pdfr, respectively) affects the timing of the activity peaks and
anticipation in LD conditions and causes a rapid loss of behavioural rhythms in DD
conditions. The loss of behavioural rhythms coincides with reduced amplitude and
desynchronicity of molecular ythms throughout the ~150 clock neurons (Renn et al., 1999;
Lin et al., 2004; Mertens et al., 2005). Thus, PDF acts in both PDF aR®Rartock

neurons. Mechanistically how PDF alters the timing of molecular clocks is not well
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established (Shafer et aR008). However, PDF has the ability either slow down or speed up
molecular clocks (Yoshii et al., 2009). PDF neurons act on the LNds and a small number of
the DN1s (Eells) to affect the evening activity peak in LD and-fugening period (Lear et

al., 209). Despite the fact both sSLNvs and ILNvs express PDF, the sLNvs seem especially
important for normal freerunning rhythms. The sLNvs show strong molecular rhythms that
persist for several days in DD (Stoleru et al., 2005). Speeding up the moleclkgbygloc
overexpression of SGG) in only the sLNvs also speeds up the molecular clock in various other
groups of clock neurons, including the LNds, DN1s and DN3s, and alters behakighrasr
(Stoleru et al., 2005 he ability of the sLNvs to control behawial and molecular rhythms

is PDF dependent (Yao and Shafer, 2014). Because of the sLNvs ability to control the timings
of both behavioural and molecular rhythms in fraenning conditions, they are considered

to be the master pacemaker Drosophilalequvalent to the mammalian SCN). However,

recent data indicates the entire clock network works collectively to generate strong activity
rhythms in DD (Dissel et al., 2014; Yao and Shafer, 2014).

How does the central clock talk to downstream brain regiandrive robust circadian

locomotor behaviour? The DN1 neurons are connected to the sLNvs via synapses. DN1s play
an essential role in generating robust behavioural rhythms in constant darkness. DN1s
maintain rhythmic neuronal activity in DD conditions, piés a dampened molecular clock
(Yoshii et al., 2009; Roberts et al., 2015). DN1s are connected via synapses to specific
neurons in the pars intercerebralis (PI) (functionally analogous to the hypothalamus). These
cells in the PI do not express molecullrc&s, but exhibit rhythmic neuronal activity,
suggesting that they receive tir-day information from the clock system. Thus, DN1s
connect the central clock with output neurons. PI cells secrete several neuropeptides,
including Diuretic hormone 44 (DH@drosophilahomology of corticotrophin releasing
hormone). DH44 is critical for the generation of strong behavioural rhythms in DD
(Cavanaugh et al., 2014). DH44 receptors are expressed in various different brain regions,
including the lateral protoceralnm. The lateral protocerebrum has been associated with
stressinduced locomotor activity (Zhao et al., 2010). Moreover, stress glucocorticoids show
circadian production and act to synchronise molecular clocks (Cavanaugh et al., 2014).

Furthermore, two netwons in the lateral horn (LH) produce the neuropeptide, leucokinin
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(LK), which is necessary for the generation of robust behavioural rhythms. Jusitike
LH neurons exhibit rhythmic neuronal activity, suggesting that they receivedirday

information from the clock system (most likely the sLNvs) (Cavey et al., 2016).

A small subset of glia exhibit rhythmic expression of PER (Ewer et al., 1992). The close
proximity of the PERositive glial cells to the sLNvs indicates that they may interact to
reguate activity rhythms (Helfriclrorster, 1995; Suh and Jackson, 2007). It has been
proposed glia regulate PDF transport and release (Ng et al., 2011). These studies suggest
gliato-neuron signalling plays an important role in circadian behaviour. A siral&for

glial cells in circadian behaviour in mammals has been suggested (Slat et al., 2013).

1.11 Sleep in Drosophila

Drosophileghas been used to study sleep for nearly 20 years (Hendricks et al., 2000; Shaw et
al., 2000). During sleep, flies esitireduced activity/movement, sensory responsiveness

and brain activity, and an increased arousal threshold. It is widely accepted that the
underlying mechanisms of mammalian adcbsophilasleep are relatively similar (see for
review Cirelli, 2009). Lik@rcadian behaviour, sleep is studied using the DAM sysAdiy.is
characterisedas being asleep when it does not break the beam for at least five minutes.

Both behaviourally and electrophysiologically fly sleep intensity varies over the course of 24
hours. In laboratory LD conditions, witgpe flies have a midday nap and period of

consolidated sleep at nighFigurel.5).

Both the circadian and homeostatic systems regulate sleep (for review see Cirelli and
Bushey, 2008). Serotonergic and GABAergitating promotes sleep, whereas
dopaminergic and octopaminergic signalling promotes arousal and wakefulness. Multiple
brain regions have been shown to play a role in controlling sle&sosophilancluding the
MBs (which harbours both wakand sleeppromoting neurons), dorsal fashaped body,

pars intercerebralis (PI) (which harbours both weaded sleeppromoting neurons) and pars
lateralis (PL).
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Some clock genes seem to have a role in sleep regulation. Compared-typeiltlies, sleep

is reduced in IR and Cycmutant flies. Whereas, compared to wildtype flies, sleep is normal
in tim mutant flies (Hendricks et al., 2000; Shaw et al., 2002; Hekslgt al., 2003). The

clock circuitry also seems to play a role in sleep regulation. Distinct clock neurons promote
sleep or wakefulness at specific times of the day. The ILNvs promote wakefulness at specific
times of the day. The ILNvs neuronal actifiiigtuates throughout the day and is reduced
during the night (Cao and Nitabach, 2008; Parisky et al., 2008; Shang et al., 2008; Sheeba et
al., 2008; Liu et al., 2014). Changes in neuronal activity are mediated by clock driven
expression of wide awake, wdh interacts with the GABA receptor, Rdl, and thereby
modulates inhibitory currents ithe ILNvs (Liu et al., 2014ctivation of ILNvs disrupts
nightime sleep, whereas silencing them increases Hiig¢ sleep (Sheeba et al., 2008;
Parisky et al., 2008hang et al., 2008). ILNvs neurons also mediate their wake prompting
effects via PDF expression. PDF has wide ranging effdatesophilabecause several brain
areas express the PDF receptor. Of note, is the ellipsoid bodywEiBl is involved in
locomotioncontrol (Parisky et al., 2008). The role of ILNvs in controlling sleep is
independent from their role in the circadian system, since ILNvs maintain robust
behavioural and molecular rhythms, despite genetic manipulations that affect sleep
behaviour(Sheeba et al., 2008; Shang et al., 2013; Gmeiner et al., 2013). In contrast, the
sLNvs are sleeprompting neurons. The sLNVs promote sleep during the night via the
expression of the neuropeptide short neuropeptide F (SNPF) (Shang et al., 2013). ILNvs
express sNPF receptors, which are important for slLNw coordination (Shang et al., 2013).
The DN1 neurons promote wake in advance of ligintgZT2124) via expression of the

neuropeptide Diuretic hormone 31 (DH31). Knockdown of DH31 increases sleepawaher
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overexpression of DH31 decreases sleep specifically at the end of the night. The DN1
neurons also promote wake in advance of ligbtsin a PDilependent manner. Expression
of tethered PDF in DN1s also reduces sleep specifically duringRZ {Rinst eal., 2014).
Intriguingly, the DN1 neurons also promote sleep at different times of the day via
independent mechanisms. Because activating the DN1 neurons increases daytime sleep,

while silencing them decreases nigithe sleep (Guo et al., 2016).

1.12 Circadian and sleep disturbances in tauopathies

Memory deficits are the most common symptom of AD. However, the majority of AD
patients also exhibit disturbances in the slegpke cycle and circadian rhythms. A

substantial portion of AD patients displpyogressive disruption of the sleepake cycle,

typified by increased daytime naps, reduced and fragmented nightime sleep and increased
nighttime wakefulness (for review see Musiek et al., 2015). Sleep disturbances are one of
the earliest symptoms (prodme) of AD and may even precede cognitive abnormalities.
Similar fragmentation of the sleepake cycle has also been reported in FTD (Anderson et

al., 2009). Additionally, in AD patients daily rhythms of activity and core body temperature
show reduced amgide and marked phase shifts. AD patients show reduced daytime

activity (active phase) and increased niginte activity (inactive phase) compared to

healthy controls. Furthermore, peaks in activity and core body temperature occur
approximately four hoursater in AD patients compared to healthy controls (Satlin et al.,

1995; Volicer et al., 2001; Harper et al., 2001; Tranah et al., 2011). Similar disruption in daily
activity and body temperate rhythms haslso been reported in FTD (Harper et al., 2001).
Furthermore, many individuals with late/moderate AD display sundowning syndrome, which
is an obvious increase in behavioural symptoms in the late afternoon/early evening (Volicer
et al., 2001). Moreover, there is a strong link between sleep disorder®Bndror example,

the vast majority of individuals diagnosed with a REM sleep behaviour disorder will
ddzoaSljdzSyidte RSGSt 2L) G dz2-syhutlénip&iiolody BBaeReCeh I G SR
al., 2011; Bjgrnara et al., 2018). Disruption of sleep and canatiythms pose a difficult

challenge for caregivers and are a major factor leading to the institutionalisation of AD
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patients and increased healthcare cost (the current global cost for caring for AD patients

exceeds $800 billion annually see UsAgainsB®\khlYy SN & 6SoaAdSov o

Circadian dysfunction is traditionally regarded as a downstream effect of tauopathies, but
recent evidence has suggested it may in fact contribute to the disease process. For example,
disrupted daily activity rhythms in cognitively norhaalults increase the risk of developing

AD in later life (Tranah et al., 2011). Furthermore, three independent studies have identified
separate polymorphisms in theélkgene that are a risk factor for AD (Chen et al. 2013; Chen
et al., 2013; Yang et a2013). Collectively, these studies have established a link between
the circadian clock and neurodegeneration. These studies open up the exciting possibility
that treatment of the circadian and sleep disturbances in the early stages of tauopathies,
such asAD, may slow down the progression of the disease or even stop it. Thus, a current
priority is to develop therapeutics to target circadian misalignment and sleep disruption in
AD. However, in spite of their serious consequences, sleep and circadian distesha

tauopathies, such as AD, remain enigmatic.

It is not known whether sleep and circadian disturbances in tauopathies are caused by
damage to the central clock or by blocking its communication with output neurons. Several
studies have suggested thdégeneration of the SCN causes circadian dysfunction ifréD.
example, there is substantial atrophy of the SCN in post mortem brains of AD patients
(Swaab et al., 1985; Swaab et al., 1988; Zhou et al., 1995). There is a dramatic decrease in
the number ofVIR and AVRexpressing neurons in the SCN of AD patients when compared
with healthy controls. There is also a reduction in mMRNA and protein levels of AVP and VIP in
the brains of AD patients compared with healthy controls (Stopa et al., 1999; Wu et al.,

2007; Harper et al., 2008). However, amyloid plagues are not often found in the SCN ruling
them out as the cause of neurodegeneration (Stopa et al., 1999). This suggests that that
d2ftdzot S ' FyYyR (ldz aLISOASEA YI & BTamedal. OA NOI RA
(1992) showed grafting of PC12 cells overexpressing disease linked variants of APP (but not

control PC12 cells) in the SCN of adult rats causes behavioural arrhythmicity.
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However, other studies have suggested central clock output fathag cause circadian
dysfunction. For example, clock gene expression in the pineal gland (downstream target of
the SCN) is similar in post mortem brain tissue from AD patients and in rats in which the
pineal gland has been derived of SCN control (Wu g2@06). Moreover, clock gene
expression in various different clocks in post mortem brain tissue for AD patients is
rhythmic, but there are marked phase shifts between the clock, suggesting changes in their
relative synchronisation. The authors suggesteat tiis failure to successfully synchronise
the clocks is due to blocked communication between the clocks at a synaptic level

(Cermakian et al., 2011).

1.13 Animal models of Allnked circadian and sleep disturbances

M ® M o -@mwyloidosis

To undersand the mechanisms underlying the circadian and sleep disturbances in

tauopathies, such as AD, and to try to develop ways to ameliorate these problems robust
FYAYEFE Y2RSt & I NB Yy SWwiiesiehaseheed SeatetRoRSvariety 2 T i

of different ways. One option isto express wildé LJS 2 NJ Ydzil yd 'tt Ol Yeéf :
protein). A second option is to coexpress wijge or mutant APP and witype or mutant

t{mM OLINBASYAfAY mMO® t{m Aad I ASONBGI&aS GKI G
peptides. These mice models develop similar neuropathological and behavioural features to

those observed in human AD. However, it is important to note that no one AD mice model

fully recapitulates all the features of human AD.

Mice overexpressing diseatieked variants of APP exhibit abnormalities in daily activity
rhythms in LD conditions. PDAPP mice overexpressing human APP with the London
mutation (71749, show increased cage activity during the active dark phase but not the
inactive light phase pramyloid plaques 5 months old) but not posamyloid plaques (22
months old) (Huitron Resendiz et al., 2002) . Similar results reported in two studieshfeom t
Peter Deyn laboratory. APP23 mice, which overexpress human APP carrying the Swedish

double mutation (K670N, M671L), are hyperactive during the active dark phase up to 6
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months of age (Van Dam et al., 2003). Cognitive deficits precede amyloid depwsition
APP23 mice. APP23 mice begin to develop amyloid plaques in the cortex and hippocampus
by 6 months of age. Subsequently, Vloeberghs et al. (2004) reported in APP23 mice an age
dependent increase in cage activity during the second half of the activegptiade. This
resembles sundowning found in AD patients. In 3 month old mice, there are only minor
differences in cage activity, whereas 6 and 12 month old mice exhibit a bimodaitinight

activity pattern.

However, Wisor et al. (2005) reported in Tg257i6e, which overexpress human APP with
the Swedish double mutation (K670N, M671L), no differences in wheel running activity up
to 22 months of age. Amyloid deposits are present in Tg2576 micefliménths of age.
Cognitive impairments coincide with amydaleposition in Tg2576 mice. In contrast,
Gorman and Yellon (2010) reported in Tg2576 mice arratgpendent increase in cage
activity during the active dark phase-22 month old). Additionally, GBea et al. (2007)
reported an increase in spontaneoustiity in Tg2576 mice. Ambree et al. (2006) reported
similar findings in TJCRND8 mice overexpressing human APP with the Swedish
(K670N/M671L) and Indiana (V717F) mutations. TJCRND8 mice develop amyloid plagues in
the cortex and hippocampus by 3 monthsagfe. TJCRNDB8 mice are hyperactive both pre
and postamyloid plagues (4 month old) (Ambree et al., 2006). Collectively, these studies
show APP mice exhibit an agelependent increase in activity, particularly during the active

dark phase.

Studies on glep in APP mice have yielded confusing and contradictory findings. Huitron
Resendiz et al. (2002) reporteeb3nonth old PDAPP mice exhibit a reduction in sleep

during the inactive light phase but not during the active dark phase. Whereas, 22 month old
PDAPP mice exhibit a reduction in wakefulness and increase in sleep during the inactive light
phase and an increase in wakefulness and reduction in sleep during the active dark phase. In
contrast, Wisor et al. (2005) reported no difference in the amount efral sleep in Tg2576

mice up to 17 months of age. Contradictory findings were reported by Zhang et al. (2005).
The authors report Tg2576 mice exhibit an -aggpendent reduction in daily sleep, sleep is

normal in 2 month old mice but reduced in 6 and 12nttoold mice. Additionally, Tg2576
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mice exhibit ageelated abnormalities in a sleep electroencephalogram (EEG) (Wisor et al.,
2005; Zhang et al., 2005). Inconsistencies in findings in APP mouse models could be
attributed to differences in the level of ARRpression, different APP constructs, sex
differences, or differences in the method used to measure activity (either wheel running or

cage activity).

Similarly, mice expressing disease linkadiants of APP and PS1 also exhibit abnormalities

in sleep ad daily activity rhythms in LD conditions. APP/PS1 kitookice (uses

endogenous promoters to prevent supraphysiological levels of APP/PS1) exhibit a two hour
phase delay in wakefulness (Duncan et al., 2012), reminiscent of the phase delays in activity
and body temperature rhythms found in AD patients (Satlin et al., 1995; Harper et al., 2001,
Volicer et al., 2001). APP/PS1 knotknice also show a reduction in endogenooiBer

MRNA oscillations (but no change in VIP or AVP expression). Roh et alr¢poti2y in
APPY¢/PS1 ° fhice, which express APP with the Swedish mutation and exon 9 deleted PS1
mutation an agerelated fragmentation of the sleewvake cycle. Cognitive deficits and

amyloid deposits appear in APEPS1 ° fhice at about 8 months of ag. In 3 month old

mice, the sleepwvake cycle is normal, whereas in 6 and 9 month old mice, there is a
progressive increase in wakefulness and decease in sleep during the inactive light phase.
Additionally, Bano Otalora et al. (2012) reported an increasetivity specifically during

the second half of the inactive light phase in 2PPS? ° fhice. However, APPYPS1 0 ®

mice display normal daily body temperature rhythms (Bano Otalora et al., 2012). Taken
together, these studies show APP/PS1 mice exhibihcrease in activity and decrease in

sleep during the inactive light phase, reminiscent of human AD.

Only minor abnormalities in activity rhythms in constant darkness have been reported in
APP and APP/PS1 mice. Wisor et al. (2005) reportirbonthold Tg2576 mice display a
longer period (~0.25 h) in wheel running activity. However, Gorman and Yellon (2010)
reported Tg2576 mice up to 22 months of age display a normal period. Similarly, Bano
Otalora. (2012) reported APP/PS1 ° fhice exhibit a normaberiod. Inconsistences in the
findings could be attributed to differences in methodology (wheel running/cage activity or

length of recording), genetic background, or sex.
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3XTgAD mice, which overexpress disease linked variants of APP (SwedisiM,1B6Y) and
tau (P301), show increased activity during inactive light phase and reduced percentage of
overall activity during the active dark phase bothqaad postamyloid plaques. The
alterations in activity rhythms coincide with loss of A¥Rd VIP containing cells in the SCN
(Sterniczuk et al., 2010). This suggests that damage to the central clock may cause the
circadian dysfunction; a notion, which is supported by post mortem studies on brain tissue
from AD patients (Swaab et al., 1985; Zhou etl&95; Swaab et al., 1998). As with AD
patients and APP/PS1 mice, 33AIQ mice exhibit an increase in activity during the typically
inactive phase. Additionally, Knight et al. (2013) reported oscillations in daily body
temperature rhythms are phase advattin 3XTgAD mice. Sterniczuk et al. (2010) reported
3xTgAD mice display a shorter period (~0.25 h) in fnglening conditions both preand

postamyloid plaques.

DrosophilaY¥ 2 RSt 43X Ay GKAOKINRY S&H! 2Nk F BANSIW &S Ydzid I
expresseRA NBOGt & Ay (KS ySNW2dza aeaidisSyx KI @S 0S¢
amyloidosis mice models. Paeuronal expression (usingElBM- ft n0 2 F !'i nH 2 NJ !
causes progressive agependent behavioural arrhythmia in LD and DD conditions.

However, despé the behavioural arrhythmia, the central clock remains intact as indicated

by normal endogenouger mRNA and PER protein oscillations and normal morphology of

central clock neurons (Chen et al., 2014; Long et al., 2014). Thus, these studies suggest that
circadian dysfunction is not caused by damage to the central clock, but by blocking its

communication with output neurons.

¢ o0dzOKA Si Ifd 6HAamMpOd NBLR2NISR dzoAljdza G 2dza !
daughterlessGS) reduces niglmhe sleep, but daytne sleep is unaffected. Whereas,

dzo AljdzA 12dza ' i nHI NOD SELINB&&AA2Y RdzZNAYy3I | Rdzf (K2
fragments nighttime sleep. Reduced and fragmented sleep at night is characteristic of AD

and FTD (Harper et al., 2001; for review seesidki et al. 2015). The authors also showed

Ff GSNAYy 3 aftSSLI I FFSOGa !'i RSLIRaAdGA2y® wSRdzOA
AYONBI aAy3 &t SSLIJ NBRdzOSa GKS !'i o0dzZNRSy® ! RRA

markedly increases neuronal excitétly in the LNvs (Tabuchi et al., 2015). In contrast,
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Gerstner et al. (2017) demonstrated pghS dzZN2 y I £ ' i nH SELINB&aA 2y Rd:
elavGS) reduces and fragments daytime sleep, but #igle sleep is unaffected. There is
also a reduction in ght-time activity, but daytime activity is unaffected. Inconsistencies in
the findings could be attributed to differences in the expression system (ubiquitous or
limited to the nervous system), duration of expression, or sex diffeefihe authors also
showedpary SdzZNR y I £ ! i nH S ElaMBedutes any fragrdeatd b6t 9t | &
daytime and nightime sleep and increases nigtine activity (but daytime activity
unaffected). The sleep and activity abnormalities are already preséi8iday old flies,
whereas learning and memory abnormalities first appear-ihday old flies. Therefore, the
circadian and sleep disruption precedes the onset of the cognitive deficits, consistent with
findings in AD mice models. Additionally, Disse&llef2017) showed ubiquitous APP and

1/ 9 60aSONBGIasS GKIdG LINRGS2fedAOlrtte OfSIgSa
adulthood (using daughterlessGS) reduces and fragments-tigatsleep (but daytime
sleep is unaffected). Collectively, thesdi dZRA S& RSY2yaidN)> S GKI G !in

ubiquitous or limited to the nervous system) affects activity and sleep in LD conditions.

1.13.2 Tauopathy

In contrast to the large number of studies on circadian and sleep disturbances in mouse and
Drosophilay 2 R S f -amyBidosis, very few studies have investigated whether circadian
dysfunction exists in animal models of tauopathy. Circadian abnormalities have been
reported in daily activity and body temperature rhythms in 3@ mice (which

overexpress APPe, PSY146V and talr3°l). However, it is not possible to assess the specific
O2y NROdziGA2Y 2F (Il dz (2 G4&byloidosiNgdlskprdsgit R& & F dzy C
(Sterniczuk et al., 2010; Knight et al., 2013). The behavioural charactariségarly

transgenic tau mice was hindered by brainstem and spinal cord pathology, resulting in
motor deficits. But more recently, the use of region specific promoters (i.e. CaMKIIl) mostly
overcame this problem and allowed-ditepth assessment of behaviolHowever, to date

daily activity rhythms in LD and DD conditions have been characterised in only two mouse

models of tauopathy (Koss et al., 2016; Stevanovic et al., 2017)
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Tg4510 mice which overexpress HiflRed mutant P301L tau (On4r isoform), undiee

control of the forebrain specific CaMKII promoter, exhibit an increase in activity during the
inactive light phase (but activity during the active dark phase is unaffected) at an age when
NFTs and cognitive deficits are present (Stevanovic et al.)230ilar to AD patients and
3XTgAD mice, Tg4510 mice exhibit an increase in the percentage of total daily activity,
occurring during the inactive phase. In free running conditions, Tg4510 mice display a long
period (~1 h) in wheel running activity. Nisamge in overall daily activity in Tg4510 mice in

DD conditions. Behavioural abnormalities in Tg4510 mice coincide with the appearance of
hyperphosphorylated pathological tau in the SCN (and hippocampus) and disruption of
cyclic expression of PER (but BMALL1) in the hypothalamus and hippocampus. Thus, tau
expression impacts the clock at a molecular level (Stevanovic et al., 2017). In contrast,
knockin PLB2 mice, which express HiflRed mutant P301L and R406W tau (2n4r isoform)
under the control of theCaMKIl promoter, exhibit a reduction in activity during both the
inactive light phase and active dark phase. However, they exhibit increased wakefulness and
reduced sleep during the inactive light phase. Thus, they are more awake during the inactive
light phase despite reduced activity. Additionally, PLB2 mice exhibit abnormalities in a sleep
EEG (Koss et al., 2016).

To date no studies have described in detail circadian behavioural abnormalities in a
Drosophilamodel of tauopathy. Recently, Dissel et(@017) showed ibrosophila

ubiquitous expression of tau during adulthood (using daughterlessGS) causes a reduction in
daytime sleep (but nightime sleep is unaffected), opposite to what has been reported in

AD (Bonanni et al., 2005; Musiek et al., 2015).
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1.14 Aims of thesis

Chapter 2
1 Investigate whether different 4r tau isoforms and proteins have differential ability to
cause neuronal dysfunction and neuronal death.
1 Study whether tatmediated neuronal dysfunction is separable from neuronal death.
1 Test whether adutonset tau expressionausedunctional and structural
degeneration.
1 Analyse whethetau phosphorylation plays a causative role in-taadiated
neuronal dysfunction.
T ¢Sai 6KSGUKSNI O2SELIINBaEaAAZY 2F !mediaed 6 A (K

neuronal dysfunction.

Chapter 3

1 Develop a fly model of tauopathy that recapitulates theeadian rhythm disruption
in AD i.e. increased daytime sleep, reduced nighe sleep and reduced amplitude
circadian rhythms with phase shifts.

1 Investigate whether the circadian rhythm disturbances are due to dysfunction or
degeneration in the centralgcemaker or in neurons downstream of the central
pacemaker.

1 Test whether adufbonset tau expression is capable of causing circadian dysfunction.

1 Examine whether tau abnormalities in glial cells plays a role hnkBd circadian

dysfunction.
Chapter 4

1 Measure the limit of the spatial resolution Birosophilamotion vision through

optomotor behaviour in a flight simulator system.
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Chapter 2: Neuronal dysfunction is separable from neuronal death in a

Drosophilamodel of tauopathy

2.1 Introduction

ClFd2L GKASE FNB ' INRdzL) 2F YySdzZNPRSIASYSNI (A DS
CNRYG20SYLIR2NIf RSYSY(GAl 6C¢50 YR tIFIN]JAYyazygq
phosphorylation status, tau binds to and stabilises microtubules. In tauopathies tau
hyperphosphorylated and aggregates into neurofibrillary tangles (NFTs). Mutations in tau

lead to familial FTD; indicating, tau abnormalities give rise to neurodegeneration (Kouri et

al., 2014; Coppola et al., 2012). Hyperphosphorylated tau has redicdihg affinity for

microtubules, which leads to the breakdown of the microtubule network. Recent evidence

shows tau also regulates neuronal activity and synaptic plasticity (Wang and Mandelkow,

2016; Guo et al., 2017).

Tauopathies are clinicalbharacterised by cognitive decline. The presence of NFTs does not
correlate well with cognitive decline found in individuals with AD. Instead, analysis of AD
brains has revealed synapse loss correlates far better with cognitive decline. Memory
deficits inAD patients coincide with a reduction in the density of presynaptic glutamatergic
boutons. However, neuron death fails to account for the substantial synapse loss, thus
synapses must be lost prior to death (reviewed in Arendt, 2009). Furthermore, levels of
various synaptic proteins are dramatically reduced in brains from AD patients (Masliah et al.,
2001; Marksteiner et al., 2002). Similarly, analysis of PD brains has shown dopaminergic
terminal dysfunction precedes nigral cell death (Kordower et al., 20I8refore, the early
clinical symptoms in tauopathies, such as AD and PD, precede NFT formation and overt
neuronal death. Currently, much effort is being directed at identifying affected individuals

earlier, which would allow therapeutic intervention loeé irreparable neuronal damage.

Therefore, animal models of tamediated neuronal dysfunction are required. Mice models,
overexpressing human tau, show depletion of synaptic proteins, memory deficits, loss of

dendritic spines and impaired synaptic transeion, prior to or in the absence of aggregate
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formation and cell death (Schindowski et al., 2006; Kimura et al. 2007). Switching of tau
expression, in mice overexpressing human tau, rescues the cognitive deficits although
aggregates continue to form (Saecruz et al., 2005). Thus, overaccumulation of soluble tau
is capable of causing neuronal dysfunction in the absence of neurodegeneration and NFT
formation. However, the mechanisms of tawediated neuronal dysfunction remain poorly
understood. Hoover etla(2010) showed in Tg4510 mice, which overexpress human P301L
tau under the control of the forebrain specific CaMKIl promotor, tau mislocalises and
overaccumulates in the somatodendritic compartment. Dendritic tau interferes with NMDA
receptor traffickingand anchoring to the postsynaptic membrane, resulting in impairments
in longterm potentiation (LTP) in the hippocampus (8243 synapses). Whereas, other
studies have shown tau induces neuronal dysfunction by reducing the probability of
neurotransmitterrelease from the presynaptic terminal (Yoshiyama et al., 2007; Polydoro et

al., 2009; Tai et al., 2012).

Drosophilaare a valuable tool for studying neurodegenerative disease (for review see Lu
and Vogel, 2009). Overexpression of human yifge (WT) or FDlinked mutant
(R406W/V337M/P301L) tau in the developibgsophilabrain is associated with
neurotoxicity (Wittmann et al., 2001). Similarly, overexpression of tau in the developing
Drosophileeye is also associated with neurotoxicity, which manifesta eough eye
phenotype (REP) in adult flies (Jackson et al., 2002). In btiesophilanodels, tau
expression is associated with behavioural abnormalities in the absence of neuronal death
(Mudher et al., 2004; Chee et al., 2005, Ubhi et al., 2007; Tahmatr et al., 2011). Mudher
et al. (2004) showed overexpression of human tau in larval motor neurons disrupts
neuromuscular junction (NMJ) morphology and axonal transport, which causes severe
defects in locomotor function. Additionally, Chee et al. (260%®wed overexpression of
human orDrosophilatau in larval motor neurons causes a reduction in synaptic boutons and
perturbs synaptic transmission. Several studies have shown overexpression of human or
Drosophilaau in adult mushroom body (MB) neurons ieafs associative learning and
memory (Mershin et al., 2004; Kosmidis et al., 2010; Papanikolopoulou et al., 2010). No

neurodegeneration or aggregates were found in any of these models. TherBfiasophila
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models of tauopathy faithfully recapitulate theearonal dysfunction, observed in the early

stages of AD.

Spatiotemporally regulated alternative splicing of the MAPT gene creates six tau isoforms in
the human brain. These contain three or four carboxyté@ninal inserts and zero to two
amino (Njterminal inserts. The-@rminal inserts comprise the microtubule binding domain

of tau. In humans, 3r and 4r tau isoforms are normally expressed in the brain at a ratio of
1:1 (Goedert et al., 1989). Fdausing mutations increase the ratio of 4r to 3r tanfésms

in the brain. The function of the-dérminal inserts is not well known. Differential splicing
results in 2n tau being relatively sparse compared to the On and 1n tau isoforms. On, 1n and
2n tau isoforms are expressed at an approximate ratio of 29:sithe human brain

(Goedert and Jakes, 1990). Mutant and wiide tau are associated with different diseases
with distinct pathology, symptomology and molecular aetiology (reviewed in Guo et al.,
2017).In vitro,different tau proteins exhibit differeinphosphorylation susceptibilities

(Goedert and Jakes, 1990; Goedert et al., 1992; Buee et al., 2000), microtubule binding
capabilities (Kanaan et al., 2011; Matsumoto et al., 2015), subcellular distribution (Liu and

Gotz, 2013; Paholikova et al., 2015§anteraction partners (Liu et al., 2016).

It is not known whether different tau isoforms precipitate equivalent results when studied
in insolation. Several studies have investigated the toxic effects of different tau proteins in
the developingdrosophilavisual system (Jackson et al., 2002; Grammenoudi et al., 2008;
Chatterjee et al., 2009) and MB neuroblasts (Kosmidis et al., 2010; Papanikoloulou et al.,
2010). These studies have shown that specific tau isoforms have differential effects in
different neuonal populations. Other studies have investigated the ability of different tau
proteins to cause associative learning and memory deficits when expressed in adult MB
neurons (Mershin et al. 2004; Kosmidis et al., 2010; Papanikolopoulou et al., 2010), and
axonal transport defects when expressed in larval motor neurons (Mudher et al., 2004; Chee
et al., 2005; Ubhi et al., 2007; Talrf@mar et al., 2011). These studies show isoform
specific effects in taumediated neuronal dysfunction in different neuronal ggand at
different life stages. However, to date no study has compared the ability of different 4r tau

isoforms to induce neuronal dysfunction in the same neuronal population.
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In this study, we develop a model overexpressing human tau ibthsophilaretina. In our
model, tau is expressed at a low enough level, as to not produce a REP. Therefore, this
provides a powerful system to examine agdgpendent changes in function and structure.

We further restrict tau expression to adulthood; this allows usdmpare the effects of tau

in adult neurons versus developing neurons. In this study, we investigate whether different
human 4r tau proteins have a differential ability to cause functional and structural
degeneration in the fly eye. We further investigat@ether tauvmediated neuronal

dysfunction is separable from neuronal death.

In this study, we demonstrate isoforspecific differences in tamediated neuronal

dysfunction and neuronal death. We show human On4r tau causesedated progressive

functional degeneration without structural degeneration. On the other hand, human 2n4r

tau causes progressive functional degeneration, which precedes structural degeneration,

when expressed in the developilmgyosophilaeye. In contrast, mutant (R406W) and wild

type tau (On4r isoform) precipitate similar effects in our model. 2n4r tau expression in the

adult Drosophilaretina causes progressive neuronal dysfunction without neuronal death.

Thus, adult tatmediated toxicity requires a neurodevelopmental componentléctively,

these results demonstrate that taonediated neuronal dysfunction is independent from

neuronal death. We further show phosphodeficient S2A tau fails to cause dysfunction; this
suggests tau phosphorylation plays a role in-taediated neuronal dgfunction. Therefore,

{H! AYKAOAUZ2NER YI& 0S I @GFrftAR GKSNI LISdziAO ai
R2Sa y20 LINPRdzOS ySdz2NRPylf ReéaT¥Fdzy Mpoenhz o0 dzi C
exacerbates taumediated neuronal dysfunction. Thesesults suggest tau abnormalities

I NE NI dzA NBdRitedrn2uxanal dysiunction.
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2.2 Materials and Methods

2.2.1 Fly strains

All flies were reared on standard food (containing 0.8 % agar, 1.0 % soy flour, 8.0 % medium
cornmeal, 8.0 % malt extract, 1.8 % yeast, 4.0 % molasses, 2.5 % 10% Nipagin in absolute
ethanol and 0.4 % propionic acid) in a 12 h/12 h light/dark (LD) cy2e° &, except for

animals carrying tu@al8® which were reared at 18C.To obtain flies expressing human

G I dz 2 NJ Drdsoplilggye w&kuSed longGMRal4 (parretina) or RhiGal4 (RIR6
photoreceptors) to drive expression of Ufesi or UAS i & 2a& ® Wifain flies

expressing tau paneuronally we used ElaBal4 to drive expression of UA&I. The UAS

On4r tal'Ttransgene expresses the fildingth (383 amino acids) On4r isoform of human
wild-type tau. The UABN4r taur*%®Wtransgene expresses tHall-length On4r isoform of

human R406W tau (Wittmann et al., 2001). The 2A& tal'™ and UASn4r talV™2
transgenes express the fdéngth (441 amino acids) 2n4r isoform of human viyipge tau.

The UAn4r talb?L and UALN4r talP?2 transgenes exgss the fullength 2n4r isoform

of human wildtype with mutations at the two PAR1 phosphorylation sites (S262A and
S356A). The UAB4r taPlAtransgene expresses the fildngth 2n4r isoform of human
wild-type with mutations at 11 GSK/sgg phosphorylatsites (S46A, T50A, S119A, T202A,
T212A, S214A, T231A, S235A, S396A and S404A) (Chatterjee et al., 2009)-! TherJAS

transgene expresses the 42 amino acid fragment of human APP (lijima et al., 2004).

Tau expression in the adult retina was achieved singithe TARGET system: temperature
sensitive tubGal8® combined with longGMR&al4. At 18 °C (permissive temperature),

Gal8(¥ is active and represses the transcriptional activity of Gal4. After adult flies are shifted
to 30 °C (restrictive temperature(gal8® becomes inactive and no longer represses Gal4
activity (McGuire et al., 2003, McGuire et al., 2004). All transgenic lines were backcrossed
against Cantots for five generations to reduce the variation from genetic background.

ninak (Rh1&GFP wassed to visualise the photoreceptor rhabdomeres in live flies (Pichaud
and Desplan, 2001). The various HaAslines used were previously generated bgl@ment

mediated transgenesis. Therefore, they are susceptible to position effects which alter
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expresson levels and activity of transgenes. A summary of stocks used, including full

genotype, source and refereas, can be found in Table 2.1.

Stock

Canton-S
UAS-0n4r tau™
UAS-0n4r tauR4osw
UAS-2n4r tau™1
UAS-2n4r tauV™2
UAS-2n4r taus#1
UAS-2n4r taus2
UAS-2n4r taus™A
UAS-Ab 4 2
tub-Gal80*
Elav-Gal4
Rh1l-Gal4
IGMR-Gal4
nina(Rh1)-eGFP
ElavGS-Gal4

tim-Gal4

Pdf-Gal4

Pdf-Galg8o

repo-Gal80

Full genotype

+: 4+

W[*]; +; P{UAS-Hsap\MAPT.WT}

wW[*]; +; P{UAS-Hsap\MAPT.R406W}

w[1118]; P{w[+mC]=UAS-Tau.wt}1.13; +
w[1118]; +; P{w[+mC]=UAS-Tau.wt}7B

y[1] w[1118]; P{w[+mC]=UAS-TauS2A}1.13; +
w[1118]; P{w[+mC]=UAS-TauS2A}1.62; +
w[1118]; P{w[+mC]=UAS-TauS11A}1.2; +
w[*]; P{w[+mC]=UAS-Abetal-42.G}3

w[*]; +; P{w[+mC]=tubP-GALB8O[ts]}2/TM2
P{w[+mW.hs]=GawB}elav[c155]; +; +

w[*]; P{ry[+t7.2]=rh1-Gal4}2/Cyo; +

w[*]; P}w[+mC]=longGMR-Gal4}2; +

w[*]; P{w[+mC]=ninaE-EGFP.p}2; MKRS/TM2
y[1] w[*]; +; P[w[+mC]=elav-Switch.0}GSG301

y[1] w[*]; P{w[+mC]=GAL4-tim.E}62; +

w[*]; P{w[+mC]=Pdf-Gal4.P2.4}2; +

w[*]; P{Pdf-GAL80.S}96A; +

w[*]; +; P{repo-GALS80.L}N18

Table 2.1: Stocks used in Chapters 2 and 3.

2.2.2 Corneal neutralisation

Source

In house

Mel Feany (Harvard
Medical School, US)
Mel Feany (Harvard
Medical School, US)
Bloomington stock
centre (#51362)
Bloomington stock
centre (#51363)
Bloomington stock
centre (#51364)
Bloomington stock
centre (#51365)
Bloomington stock
centre (#51366)
Bloomington stock
centre (#32037)
Bloomington stock
centre (#7017)
Bloomington stock
centre (#458)
Bloomington stock
centre (#68385)
Bloomington stock
centre (#8605)
Bloomington stock
centre (#7460)
Bloomington stock
centre (#43642)

R. Stanewsky
(University of
Munster, Germany)
R. Stanewsky
(University of
Munster, Germany)
C. Forster (University
of Wurzburg,
Germany)

S. Schirmeier
(University of
Munster, Germany)

References
Wittmann et al., 2001
Wittmann et al., 2001

Chatterjee et al.,
2009
Chatterjee et al.,
2009
Chatterjee et al.,
2009
Chatterjee et al.,
2009
Chatterjee et al.,
2009
lijima et al., 2004

McGuire et al., 2003;
McGuire et al., 2004
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Flies were anesthetized using £0d placed in a 361m petri dish, haHilled with 1 %

molten agarose (~55 °C). The agarose was allowed to solidify and covered veitidice

water (4 °C). The petri dish was kept on icélumaging (Pichaud and Desplan, 2001). Eyes
photoreceptor rhabdomeres were imaged using an upright confocal fluorescent microscope
(Olympus Fluoview FV1000), equipped with a 40x water immersiordistance objective.

Images were obtained by opening thehole significantly wider than is usually
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recommended for the objective. Images were analysed using ImageJ and Adobe Photoshop.

Photoreceptor rhabdomeres were visually quantified.

2.2.3 ERGs

Flies were immobilised with low melting point wax inside a copper cone. ERGs were
recordedusingimn am 3JflF &ada YAONRStE SOGNRRS&a FTAffSR
5KCI, 10TES, 1.5CaCl2, 4MgClI2 and 30 sucrose) inserted in the distal retidar A simi
reference electrode was inserted into the ocellus. All flies tested were female. All flies were
dark-adapted for two minutes prior to recording. We used a hpgiwer white LED driven by

an OptoLED power supply as a light source, mounted on a cardasyatem. The stimulus

was composed of a one second light pulse preceded by 0.2 seconds of darkness and
followed by one second of darkness. The 2.2 second stimulus was repeated ~20 times. The
mean = SEM of all ERG responses for each genotype/age is shwoovof the three main
components of an ERG were quantified; the ON transient and photorecepfmendent
depolarization (Heisenberg, 1971). For each genotype and age, the mean and SEM were
calculated. For each genotype and age, at least eight flies wetedteBiosyst run in Matlab

was used for stimulus generation and data acquisition. Origin and GraphPad Prism were

used for data analysis and graphing.
2.2.4 Flight simulator system
In all experiments, -lto 3-day-old female flies were used. Flies weeared in bottles at a

low population density to prevent overcrowding and maximise size. Undefrar@dsthesia

(lasting <three minutes), a trianghaped coppewvire hook (diameter ~0.5 mm) was glued

O[20GAGS | £ 3t dzS0 (2 eéswérKprepared in theldte akesbdR | Y R

(four-six pm). They were then left overnight to recover individually in small moist chambers

i,

[j

with sugar. To studProsophil®@a 2 LJi2Y 202N 0 SKI @A 2dzNJ 6S dza SR

system (Wardill et al., 2012prophilawere connected to a small metal clamp by their
small triangular hooks. The small metal clamp was then connected to the torque meter

(Tang & Guo, 2001). A fly, connected to the torque meter was placed in the centre of a
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circular arena. Homogenouauithination of the arena was provided by a rgspaped light

tube (Philips, 35®00 nm). The arena forms a continuous (360°) scene of alternative black
and white vertical stripes around the fly. The arena is rotatable by the use of a stepping
motor. We usedan eight second stimulus which consisted of two seconds of
counterclockwise rotation and two seconds of clockwise rotation separated by two seconds
when the arena was stifl preceded and concluded by one second when the arena was still.
The eight secondtisnulus was repeated ~20 times. When presented with scene rotations,
flies attempt to follow them producing yaw torque responses (optomotor response). At
least 10 flies per genotype were tested. All experiments were performed in a dark room at
23 °C.

2.2.5 Statistical analysis

Statistical analysis was performed in Graph Pad Prism 7. Data distribution was normal
(KolmogorovSmirnov normality test). All graphs show individual datapoints with mean *
SEM. Data were analysed by ativd A £ SR {teit #2zRefeyivér@tivo glioups, vay
ANOVA if there were more than two groups with a single factor (genotype) -avai/2

ANOVA if there were more than two groups with two factors (genotype and age) followed
by posthoc tests. Multiple comparisons after ANOVArevperformed by a Tukey HSD test.
P levels are indicated as ns p>0.05, *p<0.05, **p<0.001 or ***p<0.0001. In all graphs,
asterisks (in black) show differences between the experimental genotypes and the control
genotype of the same age. Asterisks (in bjaddove horizontal lines show differences
between experimental genotypes of the same age. Numbers symbols (in red) show
differences between 5 10- or 30-day old flies and-tlay old flies of the same genotype.
Graphs were created in Graph Pad Prism 7. $&asipes are reported in figures. Sample
sizes were not predetermined by any statistical test. However, sample sizes are similar to
those used in previous publications (Gonzaedlido et al., 2009; Chouhan et al., 2016;
Hindle et al., 2017; Nippe et a2017).
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2.3 Results

2.3.1 0nd4r tau expression in the retina causes neuronal dysfunction

The transgenic models we used in this study used the binary Gal4/UAS system, in which
cDNA encoding different human tau isoforms is placed downstream of UAS sequences.
Using a Gal4 driver it is possible to drive W&Bexpression in a tissue specific manrirhe
shortGMRGal4 (sGM#&al4) driver is strongly expressed in all retinal cell types during
development (Freeman, 1996). However, expression of Gal4 in the developing eye under
the control of the sGMR promotor causes developmental defects; SGRIR epression
OFdzaSa | w9t Ay yS$062NYy IRdZ G FtASa gKSy NBI
therefore selected the longGMRal4 (IGMRGal4) driver, which has the same expression
pattern as the more commonly used sGN#al4 but lower expression levéRreeman,

1996; Wernet et al., 2003). To examine the toxic effects of different tau proteins in the eye
we used both functional and structural assays. We used electroretinograms (ERGs) and
visual behaviour in the flight system, to examine function (Hdaseg, 1971; Wang and
Montell, 2007), and we used the corneal neutralisation technique, quantified by counting
the number of photoreceptor rhabdomeres, to examine structure (Pichaud and Desplan,
2001).

UAStau transgenic lines, which express {ielhgth ruman wildtype or R406W tau (On4r
isoform), were crossed to the IGMRal4 driver (Wittmann et al, 2001). Both wiighe and
R406W tau (On4r isoform) cause adaitset progressive neurodegeneration and premature
death, when expressed in the developiDgosghilabrain (using ElaGal4), and a REP,
when expressed in the developilmgosophilaeye (using sGMEBal4). Previous studies have
reported R406W tau is more toxic than wilgpe tau when expressed in either the
developingDrosophilabrain or visual systerfWittmann et al., 2001; Jackson et al., 2002;
Nishimura et al., 2004; Khurana et al., 206

The external appearance of IGMR>0n4r'f¥aand IGMR>0n4r tdttWeyes was normal

(data not shown). To assess functionality, ERGs were measured to repeategtond Eght

50



pulses with an electrode inserted into the distal retina. IG&4 control flies exhibited a
strong rapid sustained photoreceptaiependent depolarization (~10 mV) in response to a
light stimulus, as well as second order neurons responseeimjitic lobe, detectable as ON
and OFF peaks (transients) before and after photorecegégendent depolarization
(indicated inFigure2.1A).

We found normal depolarization in young IGMR>0n4MHilies. There were no significant
differences in depolaration in  and 5day old IGMR>0n4r td(i flies compared with age
matched Gal4 control flies, indicating normal photoreceptor function in IGMR>0n¥ tau
flies early in life. However, in aged animals, the situation had changed dramatically.
IGMR>0n4r talf flies showed an ageelated progressive reduction in depolarization.
Quantification of the depolarization revealed that it wasaerately reduced (~20 %) in-10
day old IGMR>0n4r ta{J flies and severely reduced (~60 %) ird2y old IGMR>0n4r tad
flies, compared with agenatched controls. IGMR>0n4r t4lflies showed a significant age
related decline in depolarization. Depolarization in 46d 3Gday old IGMR>0n4r tafflies
was significantly smaller than inday old IGMR>0n4r tdlfflies. In contrat, depolarization
was stable in Gal4 control flies up to-88ys of age. We found no significant differences in

depolarization between age groups in control flieEg(re2.1A,B).

We observed normal ON transients in young IGMR>0n4¥"téies. No sigricant
differences in ON transients were seen wahd 5day old IGMR>0n4r td( flies with
respect to agematched controls, indicating normal synaptic transmission in IGMR>0n4r
tauTflies up to 5days of age. With aging, there was a rapid and progredsas of ON
transients in IGMR>0n4r td{i flies. We found a severe reduction in ON transients hulap
old IGMR>0n4r talf" flies (~1 mV compared to ~3.5 mV in control flies), indicating
compromised synaptic transmission.-@@y old IGMR>0n4r td{J flies exhibited a wide
range of ON transients: two flies displayed responses in thetwile range, 15 flies
displayed small transients and 15 flies displayed no transients. We found-day3ald
IGMR>0n4r talf flies exhibited an ON transient, indicating aaoblock of synaptic
transmission. IGMR>0n4r t4liflies showed a significant reduction in ON transients as a

function of age. ON transients were significantly smaller iab@ 3Gday old IGMR>0n4r
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tau"VTflies compared to day old IGMR>0n4r tdl flies. Whereas, no significant age

related differences in ON transients were seen in control fhegure2.1A,C).

Similarily, we also found normal depolarization in IGMR>0n4tdlflies up to 5days of
age. With aging, there was a progressive reductiodepolarization in IGMR>0n4r 3tV
flies. We found 1@lay old IGMR>0n4r t&d°®Vflies showed a ~40 % reduction in
depolarization and 3@ay old IGMR>0n4r t&i°Wflies showed a ~80 % reduction in
depolarization, relative to agematched controls. IGMPON4r talr4%%Wflies showed a
significant ageelated reduction in depolarization. Depolarization was significantly smaller
in 10- and 3Gday old IGMR>0n4r t&d°®Mlies compared to day old IGMR>0n4r t&i°oW

flies Figure2.1A,B). We observed normal @isnsients in iday old IGMR>0n4r t&4°6W

flies. With aging, there was a rapid and progressive loss of ON transients in IGMR>0n4r
tauR408%Wflies. A severe reduction in ON transients was seendaybold IGMR>0n4r t&dosW
flies (~2 mV compared to ~3.5 mV in control flies)ay old IGMR>0n4r t&i°WVflies

exhibited a wide range of ON transients: seven flies displayed responses in thgpeild
range, nine flies displayed small transients and one fly displayed no trandierfound

nearly a complete lack of ON transients inddy old IGMR>0n4r t&i%Wflies, 17 out of 20
flies recorded from had no ON transient. Furthermore, we found a complete abolishment of
ON transients in 3@day old IGMR>0n4r t&i°Wflies. IGMR>0m4tauR*°®Wflies showed a
significant ageelated decrease in ON transients. ON transients-jrii6 and 3Gday old
IGMR>0n4r tal*%®Wflies were significantly smaller than irdhy old IGMR>0n4r t&3°6W

flies Figure2.1A,C) .
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Figure 2.1: Ondtau expression in the retina causes neuronal dysfuncti¢gA) Measuring retinal function

using ERGs in control and taxpressing flies at various ages. ERG recordings in response to a one second light
pulse are shown from-15-, 10- and 30day-old IGMRGal4, IGMR>0n4r td(I and IGMR>0n4r tdii*®Veyes.

Normal depolarization (arrow) and ON transient (arrowhead) indicated, which reflect the phototransduction
cascade and synaptic transmission, respectively. Normal depolarizatiemau Bday old On4r ta-expressing

flies. Agerelated progressive reduction in depolarization in On4r-taqpressing flies. Moderate reduction in
depolarization in 1@lay old On4r tatexpressing flies and severe reduction in depolarization w&0old On4r
tau-expressing flis. Normal ON transients irday old On4r tatexpressing flies. Agelated rapid and

progressive loss of ON transients in On4r-tagressing flies. Tiny ON transients indey old On4r tau

expressing flies and no ON transients ind2 old On4r tatexpressing flies. ERGs are stable in control flies up

to 30-days of age. Each trace represents the mean response from >8 flies from the mean of ~15 responses per
fly. (B) Quantification of ERG depolarizatiow&/ ANOVA showed a significant effect of genetyp<0.0001)

and age (p<0.0001) on depolarization, with a significant interaction between factors (p<0.0001). (C)
Quantification of ERG ON transientsvdy ANOVA showed a significant effect of genotype (p<0.0001) and age
(p<0.0001) on ON transients, wighsignificant interaction between factors (p<0.0001). Graphs show individual
datapoints with mean + SEM. n =28 flies per genotype/age. ns p>0.05,**p<0.001, ***p<0.0001. Data were
normally distributed. Asterisks (in black) show comparisons with the obgénotype of the same age,

asterisks (in black) above horizontal lines show comparisons between experimental genotypes of the same age
and number symbols (in red) show comparisons witta¥ old flies of the same genotype by postc Tukey

HSD tests.

Thus, we found a similar but more severe phenotype in IGMR>0n&f&flies compared
to IGMR>0n4r tal{T flies. There was a more dramatic agsated reduction in
depolarization in IGMR>0n4r t&tf*Vflies compared to IGMR>0n4r t4Uflies.
Depolarization in 4and 5day old IGMR>0n4r t&°Wflies did not differ significantly from
agematched IGMR>0n4r td(f flies. On the other hand, depolarization in-Ehd 3Gday
old IGMR>0n4r taltf%®Wflies was significantly smaller than in ag@tched IGMR>0n4r
tau"Tflies. Additionally, there was an accelerated loss of ON transients in IGMR>0n4r
tauR4%®Wflies compared with IGMR>0n4r t4Uflies. We found ON transients were
significantly smaller in-Hay old IGMR>0n4r t&i°Vflies compared t@gematched
controls. Whereas, ON transients irday old IGMR>0n4r td( flies did not significantly
differ from agematched controls. We found a significant reduction in ON transients
between the ¥ and 5 day old age groups in IGMR>0n4r téi§"flies, but not in IGMR>0n4r
tau"Tflies. These transgenic UAB4r tau lines were generated bydkement mediated

transgenesis where constructs are inserted at random into the Drosophila genome.
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Therefore, positional effects on transgene activity and expressiay account for the

stronger phenotype in IGMR>0n4r #3%"flies compared to IGMR>0n4r t4lflies.

We also tested IGMR>0n4r 33T f A S4Q &aAIKG O0SKI GA2dzNI ffeaod L
data, young (4to 3-day old) tethered flying IGMR>0n4r #135Wflies in the flight simulator

system successfully followed scene rotations, generating rikexurns (optomotor

responses) to the left or the righFigure2.5A). When we quantified the optomotor

responses (mito-max) for IGMR>0n4rtai1°%"flies, they did not differ significantly from

Gal4 control fliesKigure2.5B). It is not possible to reproducibly test visual behaviour in

2f RSNJ oxmn RIFé& 2ftR0O FtASa Ay G(GKS FfA3IKG &aAyd
motivated to fly by airflow theydil to do so for long enough to collect sufficient data. Taken
together, these results demonstrate intact retinal function in both IGMR>0n4¥tand

IGMR>0n4r tal*®%"flies at a young age, as indicated by the normal ERG responses and

visual behaviour ithe flight simulator system in <8ay old On4r tatexpressing flies.

However, retinal function is severely compromised in aged flies, as indicated by the

progressive reduction in ERG depolarization, which coincides with the rapid and progressive

loss of RG ON transients, in sely old On4r tatexpressing flies.

2.3.2 No neuronatieathin On4r tauexpressing retina

Next, we investigated whether neuronal dysfunction in On4réxpressing eyes coincides
with neuronal death. To achieve this we assegbedsurvival of photoreceptor
rhabdomeres in living adult flies at various ages. Rhabdomeres are the expanded apical
domain of photoreceptors, which consist of many (~30,000) microvilli, which contain the
light sensing apparatus (Harris et al., 1976).this; we used the quantitative cornea
neutralisation technique, in which one visualises the photoreceptor rhabdomeres directly
though the cornea of a living water covered anesthetised fly with an immersion objective
(Franceschini and Kirschfeld, 1971). $keouter photoreceptors (RR6) are detected

based on the expression of eGFP using a Rh1(re@Hp transgene (Pichaud and Desplan,
2001).
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First, to ensure the presence of eGFP in the photoreceptors did not have an adverse effect
on function we recorded ERGs from |IGI@RI4; Rh32GFP flies. Depolarization and ON
transients in IGMR5al4; RhaGFP flies did not differ significantly from IGI@BH flies
(Supplementary Figure 1). Typicallbrosophilaeyes,ommatidia are regularly spaced and
within each ommatidium rhabdomeres are arranged in a precise asymmetric trapezoidal
pattern. In the eyes of IGMR>0n4r tdland IGMR>0n4r tdit°®Mlies thespatial

organisation of rhabdomeres appeared normal. Furthermore, rhabdomere morphology
(both size and shape) seemed to be similar in @adrexpressing and control flies (Figure
2.2A). Thus, IGMR>0n4r tau expression does not have a toxic effect on eteytor

development.

We found no evidence of structural degeneration in either IGMR>0n#/taulGMR>0n4r
tauR40%%Wflies up to 36days of age. All photoreceptor rhabdomeres were present in the eyes
of IGMR>0n4r tali’ and IGMR>0n4r tdtf%"flies up to30-days of age. The number of
rhabdomeres per ommatidium in IGMR>0n4r Ydand IGMR>0n4r tdtt5®Mlies did not
significantly differ from agenatched controls in all age groups. We found no significant age
related differences in the number of rhabdomengsr ommatidium within each genotype
(Figure 2.2A,B). We also quantified the percentage of ommatidia with a complete set of
rhabdomeres. The percentage of ommatidia with a full complement of rhabdomeres was 97
% in control flies, 95 % in IGMR>0n4r'fatlies and 94 % in IGMR>0n4r B4tP"flies at t

day of age. Similarily, in 3fay old flies, the percentage of ommatidia with a complete set

of rhabdomeres was 92 % in IGMR>0n4M&dlies, 93 % in IGMR>0n4r #4*Vflies and 95

% in control flies (Table2). Collectively, these results show tltat4r taunexpressing eyes

lose their responsiveness to light without loss of their photoreceptor rhabdomeres. This
evidence supports the notion that tamediated neuronal dysfunction is separable from

neuronal death
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Figure 2.2: No neuronal death in On4r teaxpressing retinaWater immersion microscopy images of Rh1l
eGFP fluorescence in the eyes gf10- and 3Gday-old IGMRGal4, IGMR>0n4r t and IGMR>0n4r tdt{%sW
flies. Outer (RR6) photoreceptor rhabdomeres are arranged in an asymmetric trapezoidal pattern. Normal
number and arrangement of rhabdomeres in the eyes of IGMR>0n4{ &nd IGMR>0n4F*"Vflies. No
apparent agerelated differences in the number ofiabdomeres per ommatidium. All photoreceptor
rhabdomeres are visible in the eyes of control, IGMR>0n4¥tand IGMR>0n4r tdtf*®Vflies up to 36days of
age. (B) Quantification of the number of photoreceptor rhabdomeres per ommatidiamay ANOVA showed
no significant effect of genotype (p=0.2954) and age (p=0.1063) onuimder of photoreceptor rhabdomeres
per ommatidium with no significant interaction between factors (p=0.9346). Graphs show individual
datapoints with mean + SEM. n = 6 flies per ggpetage from ~20 ommatidia per fly. ns p>0.05. Data were
normally distributed. Asterisks (in black) show comparisons with the control genotype of the same age,
asterisks (in black) above horizontal lines show comparisons between experimental genotypesarhe age
and number symbols (in red) show comparisons wittey old flies of the same genotype by pasic Tukey
HSD tests.

2.3.3 2nd4r tau expression in the retina causes temporally separable neuronal dysfunction

and death

Previous studies havempared the toxicity of 3r and 4r tau isoforms in different neuronal
types (Grammenoudi et al., 2008; Kosmidis et al., 2010; Papanikoloulou et al., 2010), but to
date no study has described in detail the consequences of expressing different 4r tau
isoformsin the same neuronal population. Therefore, next we sought to investigate
whether IGMR>2n4r tau expression precipitates equivalent results with IGMR>0n4r tau
expression. These isoforms differ in the number @gENninal inserts they carry in their-N
terminal domain; On4r tau carries notdrminal inserts, whereas 2n4r tau carries twe N
terminal inserts. The role of the-términal inserts is not well understooth vitro, different

4r tau isoforms exhibit different phosphorylation susceptibility (Goeded aakes, 1990;
Goedert et al., 1992; Buee et al., 2000), microtubule binding affinity (Kanaan et al., 2011,
Matsumoto et al., 2015), subcellular distribution (Liu and Gotz, 2013; Paholikova et al.,

2015) and interaction partners (Liu et al., 2016).

We moritored agerelated changes in function and structure in flies expressing the full

length 2n4r isoform of human wiltype tau under the control of IGMBal4. We used two
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independent UARn4r talVT transgenic lines, which were previously generated by P
element mediated transgenesis (Chatterjee et al., 2009). We found a small increase in
depolarization in iday old IGMR>2n4r talf1 flies compared with agmatched Gal4

control flies. With aging, there was a progressive reduction in depolarization in IGMR>2n4r
tau”1 flies consistent with progressive photoreceptor dysfunction. Quantification of the
depolarization revealed a ~10 % increase-oay old IGMR>2n4rtall1 flies, a ~40 %
decrease in 1@lay old IGMR>2n4rtaf1 and a ~70 % decrease in@ay old IGMR>2n4

tau"’™1 flies, compared to agmatched controlsKigure2.3A,B). The IGMR>2n4r ¥4l flies
showed a dramatic decline in depolarization as a consequence of aging. Depolarization was
significantly smaller in-510 and 3Gday old IGMRn4r tal'"1 flies, ompared to tday old
IGMR>2n4r talf™1 flies. Alongside the increase in depolarizatioway old IGMR>2n4r

tau"’™1 flies exhibited severe synaptic transmission defects, as indicated by the minute ON
transients (~0.2 mV compared to ~3.4 mV in contfi@s): seven flies displayed no ON
transient and eight flies displayed tiny ON transients. No aged.(band 30day old)
IGMR>2n4r talf"1 flies displayed ON transients, indicating a total block of synaptic
transmission. We found no significant diffes between age groups in IGMR>2n4Mt&u
flies, as a result of the minute ON transients iddly old IGMR>2n4r t(I1 flies Figure

2.3A,C).

Similarly, we found a small increase in depolarization entl 5day old IGMR>2n4r t3(i2
flies compared wittagematched controls. A weak reduction in depolarization became
apparent after 10 days and progressively worsened by 30 days in IGMR>212 thes.
Quantification of the depolarization revealed a ~10 % increasedaylold
IGMR>2n4rtalf2 flies, a ~& % increase in-8ay old IGMR>2n4r ta(2 flies, a ~10 %
decrease in 1@lay old IGMR>2n4rtddi2 and a ~60 % decrease in-@&ay old
IGMR>2n4rtalY2 flies, compared to agmatched control flies. IGMR>2n4r t4(R flies
showed a significant agelated reducton in depolarization. No significant differences in
depolarization were seen in IGMR>2n4rY4daflies between the 5and kday old age
groups. On the other hand, depolarization was significantly smaller-iaridD3Gday old
IGMR>2n4r talf™2 flies, compeed to J-day old IGMR>2n4r tai2 flies Figure2.3A,B). We
observed small ON transients irday old IGMR>2n4r ta(i2 flies (~1.3 mV compared to
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~3.4 mV in controls), only four out of 18 flies tested displayed no ON transient. No ON
transients were foundn aged (>&ay old) IGMR>2n4r td(2 flies. IGMR>2n4r ty(2 flies
showed a small, but significant, agelated reduction in ON transients. ON transients were
significantly smaller in-510- and 30day old IGMR>2n4r tali2 flies, compared to-tiay old
IGMR>2n4r tal? "2 flies (Figure 2.3A,C). Thus, in 2n4réxpressing retina, the loss of ERG
ON transients precedes the reduction in ERG depolarization, suggesting synaptic

transmission is more sensitive to IGMR>2n4Mbexpression than cell body function.

Thus, we found IGMR>2n4r t4li and IGMR>2n4r tati’2 expression produced a similar
reduction in depolarization as a function of age. No significant differences in depolarization
were seen between IGMR>2n4r #8ll and IGMR>2n4r tali2 flies at 10and 3Gdays of
age. However, the decline in depolarization began at an earlier age in IGMR>2{4Ir tau
flies compared to IGMR>2n4 t4? flies. Between the-land 5day old age groups, we
found a significant reduction in depolarization in IGMR>2n4Maulies,but not in
IGMR>2n4r talf™2 flies. In iday old flies, there was a more dramatic reduction in ON
transients in IGMR>2n4r t&{1 flies, than in IGMR>2n4r t4P flies, compared to age
matched controls. A highly significant increase in ON transientseeasin iday old
IGMR>2n4r talf™2 flies compared to agmatched IGMR>2n4r td(f1 flies. However, it is
possible the differences in phenotype strength between IGMR>2n4flaand IGMR>2n4r

tauV12 flies could be related to the positional effects of differéransgenes.

Next, we examined visual behaviour in youngt¢13-day old) IGMR>2n4r td(1 and
IGMR>2n4r talf2 flies in the flight simulator system. In the flight simulator system,
tethered flying IGMR> 2n4r td(1 flies failed to follow the scen®tations. Flight behaviour
appeared to be random and not coupled to the optomotor stimuli. Optomotor responses in
IGMR> 2n4r talf"1 flies were substantially smaller than in Gal4 control flies. In contrast,
IGMR>2n4r talf™2 flies seemed to follow the scemetations to some extent. However,

they also displayed much smaller optomotor responses than in control flies. Optomotor
responses in IGMR>2n4r 412 flies were larger than in IGMR> 2n4r Y4l flies, albeit

differences fell short of significancEigure2.5A,B). These results support the ERG data, in
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young flies (<®lays old) larger ON transients in IGMR>2n4#&ulies than in IGMR>2n4r
tau™ flies Figure2.3A,C).
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Figure 2.3: 2n4r tau expression in the retina causes neuronal dysfuncA@hERS recordings in response to a
one second light pulse are shown for %, 10- and 3Gday-old IGMRGal4, IGMRGal4>2n4r talf™1 and IGMR
Gal4>2n4r talf’2 eyes. Moderate increase in depolarization iddy old 2n4r tatexpressing flies. Lack of ON
transientsin 1-day old IGMRGal4>2n4r tali™1 flies. Small ON transients irday old IGMRGal4>2n4r taly™2

flies. Moderate increase in depolarization ir&y old IGMRGal4>2n4r talf2 flies. Lack of ON transients in 5
day old IGMR>2n4r t3(i2 flies. Agerelated piogressive reduction in depolarization in 2n4r fexpressing

flies. Moderate reduction in depolarization in-ty old 2n4r tatexpressing flies and severe reduction in
depolarization in 3@lay old 2n4r tatexpressing flies. Each trace represents the memponse from >10 flies
from the mean of ~15 responses per fly. (B) Quantification of ERG depolarizatialy. ANOVA showed a
significant effect of genotype (p<0.0001) and age (p<0.0001) on depolarization, with a significant interaction
between factors (g0.0001). (C) Quantification of ERG ON transientga)2 ANOVA showed a significant effect
of genotype (p<0.0001) and age (p<0.0001) on ON transients, with a significant interaction between factors
(p<0.0001). Graphs show individual datapoints with me&EM. n = 123 flies per genotype/age. ns p>0.05,
*p<0.05, **p<0.001, ***p<0.0001. Data were normally distributed. Asterisks (in black) show comparisons with
the control genotype of the same age, asterisks (in black) above horizontal lines show comzetsaen
experimental genotypes of the same age and humber symboils (in red) show comparisonslestiold flies

of the same genotype by pobibc Tukey HSD tests.

In order to assess if functional degeneration was associated with structural degeneration
we assessed photoreceptor rhabdomere structure in the eyes of 2ndexauessing flies
using the quantitative corneal neutralisation technique. In the eyesdadiyiold IGMR>2n4r
tau’™ and IGMR>2n4r talf2 flies the ommatidia appeared to contain a cdetp set of
rhabdomeres (Figure 2.4A). No significant differences in the number of rhabdomeres per
ommatidium were seen betweenday old 2n4r tatexpressing and control flies (Figure
2.4B). However, we found mild disorganisation in the trapezoidal patiterhabdomeres in
the eyes of iday old 2n4r tatexpressing flies. Additionally, some of the rhabdomeres were
abnormal in shape, they appeared rectangular or oblong rather than circular. Also, some of
the rhabdomeres were abnormal in size, some appeaocde smaller than in controls,
whereas others appeared to be larger than in controls. Additionally, a few of the
rhabdomeres appeared split. Finally, a small number of ommatidia had supernumerary
outer photoreceptors (Figure 2.4A). Thus, 2n4Maexpresson during development had a

mild toxic effect on photoreceptor development.
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As the IGMR>2n4r tdJ1 and IGMR>2n4r td(f2 flies aged, there was a progressive loss of
photoreceptor rhabdomeres. In IGMR>2n4r Y4t flies a small reduction in the number of
rhabdomeres per ommatidium was seen inddy old flies, and a large reduction in the
number of rhabdomeres per ommatidium was seen ird3 old flies, compared to age
matched controls. Similarily, a large reduction in the number of rhabdomeres per
ommatidium was seen in 3@ay old IGMR>2n4r tai2flies compared to agenatched
controls. The number of rhabdomeres per ommatidium ird&y old IGMR>2n4r t3(12

flies did not significantly differ from agmatched controls. By 3@ays of age, ommatidia in
the eyes of 2n4#tau expressing flies contained on average half the normal number of
rhabdomeres. Unlike in controls flies, there was a highly significantedgied reduction in
the number of rhabdomeres per ommatidium in IGMR>2n4Mduand IGMR>2n4r t3(2
flies. In IGMR>2n4r td(I1 flies, the number of rhabdomeres per ommatidium was
significantly smaller in 2@&nd 30day old flies compared to-day old flies. Likewise, in
IGMR>2n4r talf2 flies the number of rhabdomeres per ommatidium was significantly
smdler in 3Gday old flies compared to-day old flies (Figure 2.4B). We also quantified the
percentage of ommatidia that contained a full complement of rhabdomeres-daylold
flies, the percentage of ommatidia with a complete set of rhabdomeres wasi4 %
IGMR>IGMR>2n4r td{i1 flies, 93 % in IGMR>2n4r t4l2 flies and 97 % in control flies. On
the other hand, in 1@lay old flies, the fraction of ommatidia which had a complete set of
rhabdomeres was only 25 % in IGMR>2n4"fauflies and 84 % in IGMR>2rtauV2flies,
compared to 96 % in control flies. By-88y of age, <1 % of ommatidia had a full
complement of rhabdomeres in IGMR>2n4rtdli and IGMR>2n4¥"2 flies, compared to
95 % in control flies (Table 2.2).

IGMR>2n4r talf™1 and IGMR>2n4r talf2 expression produced a similar phenotype in 30
day old flies. In 3@ay old flies no significant differences in the number of rhabdomeres per
ommatidium were seen between IGMR>2n4r ¥dli and IGMR>2n4r tai2 flies. However,
there was an accelerated losspifotoreceptor rhabdomeres in IGMR>2n4r Y4 flies
compared to IGMR>2n4r ta{i2 flies. In 1&day flies, there were significantly fewer
rhabdomeres per ommatidium in IGMR>2n4r Y4l flies, but not in IGMR>2n4r t42

flies, compared to agenatched contras. Additionally, between the-land 1Gday old age
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groups, there was a significant loss of rhabdomeres in IGMR>2n%Fitdlies, but not in
IGMR>2n4r talf2 flies. We found synaptic transmission defects without detectable
photoreceptor rhabdomere loss iirday old 2n4r tatexpressing flies (Figure 2.3A,C and
Figure2.4A,B). Collectively, these results show IGMR>2n4r tau expression, unlike
IGMR>0n4r tau expression, is sufficient to causeratpted progressive structural
degeneration. However, it is uncleahether it is bona fide degeneration, because it is not
possible to determine whether adult structural degeneration is contributed to by tau
dependent toxicity during development. These findings show that 2n4r tau expression in our

model causes temporageparable functional and structural degeneration.
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Figure 2.4: Neuronal death in 2n4r taexpressing retinaWater immersion microscopy images of RiGFP
fluorescence in the eyes of,110- and 30day-old IGMRGal4, IGMR>2n4r td(I1 and IGMR>2n4au""2 flies.
Outer (R1R6) photoreceptor rhabdomeres are arranged in an asymmetric trapezoidal pattern. A normal
number of rhabdomeres is seen in the eyes @fay 2n4r tadexpressing flies. However, in 2Adu expressing
flies we see mild disruption ithe pattern of their rhabdomere spatial organisation. Additionally, some of the
rhabdomeres are slightly deformed in IGMR>2n4M&ilies. With aging, we find a progressive loss of
photoreceptors rhabdomeres in 2n4r t4liexpressing flies. A dramatic &ef rhabdomeres is seen in-8ay

old IGMR>2n4r talf" flies. (B) Quantification of the number of photoreceptor rhabdomeres per ommatidium.
2-way ANOVA shows a significant effect of genotype (p<0.0001) and age (p<0.0001) on the number of
rhabdomeres per ommatidium, with a significant interaction between factors (p<0.00@Graphs show

individual datapoints with mean £ SEM. n-23%flies per genotype/age from ~20 ommatidia per fly. ns p>0.05,
*p<0.05, **p<0.001, ***p<0.0001. Data were normally distributé&kterisks (in black) show comparisons with
the control genotype of the same age, asterisks (in black) above horizontal lines show comparisons between
experimental genotypes of the same age and number symbols (in red) show comparisonsiestiolt] flies

of the same genotype by posioc Tukey HSD tests.
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Figure 2.5: Visual behaviour in a fligistmulator system of tavexpressing flies(A) Optomotor responses

(yaw torgue) of tethered flying IGMBal4, IGMR>0n4r t&%" IGMR>2n4r tali"l and IGMR2n4r talV™2

flies to counterclockwise and clockwise (arrows) scene rotations recordeBiasaphilaflight simulator

system. IGMFGal4 and IGMR>0n4r t&t¥5"flies robustly follow the scene rotations. IGMR>2n4r't&uflies

fail to follow the scene rotapns. IGMR>2n4r tali2 flies partially follow the scene rotations. (B)

Quantification of the maximum torque response. Gmnay ANOVA shows a significant effect of genotype
(p<0.0001) on the maximum torque response. Graphs show individual datapoints with#r®aM. n =85

flies per genotype. ns p>0.05, *p<0.05, **p<0.001, ***p<0.0001. Data were normally distributed. Asterisks
show comparisons with the control genotype and asterisks above horizontal lines show comparisons between

experimental genotypes byogst-hoc Tukey HSD tests.

Elav>2n4r talf™1 expression caused a reduced and rough &jgufe2.6A). A rough eye has
been indirectly associated with photoreceptor viability (Feany et al., 1996; Wittmann et al.,
2001; Jackson et al., 2002; Chatterjee et2009). However, ERG recordings from these
eyes in 36day old flies revealed normal depolarization and ON transients, indicating adult

photoreceptor function is preserved in Elav>2n4r'fdLliflies Figure2.6B,C). Taken
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together, these results demonstrate that talependent toxicity during development is

independent from taumediated neuronal dysfunction in adult photoreceptors.

A Elav-Gal4 Elav>2n4r tau"™1 Figure 2.6: Elav>2n4r td(i expression is toxic
during development but des not compromise
adult photoreceptor function.(A) Eye pictures of
ElavGal4 and Elav>2n4r t4l flies. (B) ERG
recordings in response to a one second light

pulse are shown for 3@ay old ElaxGal4 and

B Elav>2n4r talf"1 flies. Normal depolarization anc
ONtransients in Elav>2n4r t&{11 flies. (C) No
) ' differences in depolarization are found in
- / _ Elav>2n4r tali™1 flies relative to controls. (D) No
V - 5va differences in ON transients are found in

= Elav>2n4r tali"1 flies relative to controlsGraphs

O
O

show individuabatapoints with mean + SEM. n =

124 & 51

° ns 10-12 flies per genotype. Data were normally
= o distributed. ns p>0.05; twai I A f SR {testd:
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2.3.4 Adultonset 2n4r talV'T expression causes neuronal dysfunction but not neuronal

death

The problem with the IGMi&al4driver is it induces expression of tau from early
developmental stages (Freeman et al., 1996). We have shown that 2ifre@apression

during development has both functional and structural effects in the eyes of newborn adult
flies (Figure 2.3 and Figu?ed). Therefore, it is not possible to determine whether 2n4r
tau"-evoked neuronal dysfunction and neuronal death in adult fly eyes, is related to
development defects. Previous studies on whether adui$et tau expression in the
Drosophileeye, is suffient to cause neuronal death have yielded a confusing and

contradictory picture (Chouhan et al., 2016; Gorsky et al., 2016; Malmanche et al., 2017).
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Therefore, it remains unclear whether 4r tatediated toxicity in adult flies requires a
neurodevelopmentatomponent. Surprisingly, whether tau expression in the adult
Drosophilaretina precipitates neuronal dysfunction has as of yet not been investigated. To
answer these questions we developed a model expressing tau throughout the adult fly
retina using the ARGET system (McGuire et al., 2003), to circumvent any developmental
defects due to tau expression during development and therefore analyse the toxic effects

exclusively related to tau expression during adulthood.

IGMR; tubGal8>2n4r tal’™ and IGMRtub-Gal8C control flies raised at 18 °C had
comparable ERGs. We found no significant differences in depolarization and ON transients
between IGMR; tukGal8(>2n4r tal'™1 and control flies raised at 18 “Edure2.7A,B,C).

Thus, retinal function wagreserved in IGMR; tulsal8®>2n4r tal'1 flies raised at 18 °C.

So, there was no leaky 2n4r tdlexpression during development. However, it was a
different story after shifting the flies to 30 °C. They exhibited anratged progressive

reduction in eéépolarization, indicating progressive photoreceptor dysfunction.

Quantification of the depolarization revealed a moderate reduction (~25 %) after 7 days at
30 °C and a severe reduction (~80 %) after 14 days at 30 °C in IGNG|8@>2n4r

tau"’™ flies,compared with agenatched controlsKigure2.7A,B). Moreover, shifting the

flies to 30 °C also caused a progressive and rapid loss of the ON transients. We found tiny
ON transients in IGMR; tuBal8(>2n4r tal'™ flies after 7 days at 30 °C (~0.7 mV
compared to ~3.4 mV in control flies), indicating severely compromised synaptic
transmission. Furthermore, we found a lack of ON transients in any IGMIGal#fr>2n4r
tau'T1 flies after 14 days at 30 °C, indicating a total block of synaptic transmissgjare(Fi
2.7A,C). IGMR; tuBal80>2n4r talf'1 flies showed a dramatic agelated decline in
depolarization and ON transients. In IGMR;-8hI80>2n4r talf"1 flies we found
depolarization and ON transients were significantly smaller end 14day old fliekept at

30 °C, compared to ageatched control flies kept at 18 °{D. contrast, both depolarization
and ON transients were well maintained in control flies after being shifted to 30 °C (Figure
2.7). Thus, up to 14 days at 30 °C does not normally have\arse effect on retinal

function.
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During the course of this work, Chouhan et al (2016) published a study demonstrating that
Rh1Gal4 driven On4r tali" expression causes an ageated progressive loss of the ERG
response. RhiGal4 is expressed in the @ntR1R6 photoreceptors in the late pupa after
development has finished (Kumar and Ready, 1995), so tau expression is restricted to
adulthood. Thus, this is in agreement with our findings using the TARGET system that adult
onset tau expression compromisextinal function. However, when we tried to replicate

these findings we were unable to do so. Instead, we found that ERG responses in Rh1>2n4r
tau"’™ eyes were indistinguishable from agetched controls in flies up until 3@ays of

age Figure2.8).

We rext investigated whether adutbnset 2n4r tall’™ expression leads to structural
degeneration by quantifying the number of photoreceptor rhabdomeres, using the corneal
neutralisation techniqgue. Ommatidia inrday old IGMR; tutisal8¢>2n4r talV'1 flies raisd

at 18 °C had a full complement of rhnabdomeres (Figure 2.9}daybld IGMR; tub
Gal8(>2n4r tal'"1 flies raised at 18 °C 97 % of ommatidia contained a full complement of
rhabdomeres, similar to 99 % in control flies of the same age (Table 2.2)dtiad s
organisation and roundness of rhabdomeres was normatdaylold IGMR; tub

Gal8®>2n4r tal'"1 flies raised at 18 °C (Figure 2.9A). After shifting the IGMR; tub
Gal8®>2n4r tal’"1 flies to 30 °C for up to 14 days, we observed no lopbatoreceptor
rhabdomeres. We found no significant differences in the number of rhabdomeres per
ommatidium in 7and 14day old IGMR; tutGGal8®>2n4r ta'™1 flies kept at 30 °C,
compared to agenatched control flies kept at 18 °C. Furthermore, we foundigaificant
agerelated differences in the number of rhabdomeres per ommatidium within each
genotype (Figure 2.9B). In-tidy old flies kept at 30 °C, the fraction of ommatidia with a
complete set of rhabdomeres was 94 % in IGMR:@atB8>2n4r talV"1 flies and 97 % in
control flies (Table 2.2).
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Figure 2.7: Adukonset 2n4r talf'" expression in the retina induces neuronal dysfunctiog) ERG recordings
in response to a one second light pulse are shown for I@4R; tubGal8® and IGMRtub-Gal8(>2n4r

tauVT1 flies. Flies were raised at 18 °C and after eclosion shifted to 30 °C for up to 14 days to induce 2n4r
tau"™ expression in the eye-day old IGMR; tugal8¢>2n4r tal' flies raised at 18 °C exhibit normal
depolarization and Oltansients. On the other hand, after shifting IGMR;48hI8%>2n4r tal'™1 flies to 30

°C, there is a progressive reduction in depolarization and rapid and progressive loss of ON transients.
Moderate reduction in depolarization after 7 days at 30 °C aselvare reduction in depolarization after 14
days at 30°C in IGMR; tBal8®>2n4r tal'™ flies. Tiny ON transients after 7 days at 30 °C and no ON
transients after 14 days at 30 °C in IGMR:@&d8¢>2n4r tal'"1 flies. Whereas, ERGs are well maintaiimed
control flies after shifting to 30 °C. (B) Quantification of ERG depolarizatisay 2ANOVA showed a significant
effect of genotype (p<0.0001) and age (p<0.0001) on depolarization, with a significant interaction between
factors (p<0.0001). (C) Quaintdtion of ERG ON transientsway ANOVA showed a significant effect of
genotype (p<0.0001) and age (p<0.0001) on ON transients, with a significant interaction between factors
(p<0.0001). Graphs show individual datapoints with mean + SEM-2vHligs @r genotype/age. ns p>0.05,
***p<0.0001. Data were normally distributed. Asterisks (in black) show comparisons with the control genotype
of the same age and number symbols (in red) show comparisons wi#ly dbld flies of the same genotype by

posthoc Tukg HSD tests.

A

Rh1-Gald Rh1>2ndr tau™ Figure 2.8: Rh1>2n4r t expression fails to
induce neuronal dysfunction(A)ERG recordings
in response to a one second light pulse are show
for 30-day old RhiGal4 and Rh1>2n4r t4{ flies.

Normal depolarization and Ofsansientsin

o 05 Rh1>2n4r talf™1 flies. (B) No differences in

B C depolarization are found in Rh1>2n4r ¥4l flies
. ' o o ® ns relative to controls. (C) No differences in ON
E o = g i - % transients are found in Rh1>2n4r ¥4l flies
'% 6 :S E 3 B relative to controls. Graphs show individual
g N § 2 datapoints with mean + SEM. n = 12 flies per
o 12 12 ° " » > genotype. Data were normally distributed. ns

o - p>0.05;twell I A f SR ftebtdzR Sy (i Q&

s RN 1>204r tau™™1
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Figure 2.9: Adukonset 2n4r tal'™ expression in

the retina does notcause structural degeneration.
Water immersion microscopy images of REGFP
fluorescence in the eyes 66MRGal4; tubGal8®
and IGMRtub-Gal8®>2n4r tal'"1 flies. Flies were
raised at 18 °C and after eclosion shifted to 30 °C
up to 14 days to induce 2n4r td{i expression in the
eye.Outer (R1R6) photoreceptorhabdomeresare
arranged in an asymmetric trapezoidal pattern.
Normal number and arrangement of rbdomeres

in the eyes of GMRtub-Gal8(>2n4r tal'"1 flies.
No loss of phatreceptor habdomeres is seen in
IGMR tub-Gal8®>2n4r tal'" flies after 14 days at
30 °C(B) Quantification othe number of
photoreceptor rhabdomeres per ommidium. 2-
way ANOVA showed no significant effect of
genotype (p=0.1441) and age (p=0.4816}loa
number of rhabdomeres per ommatidiunwith no
significant interaction between factors (p>0.9999).
Graphs show individual datapoints with mean +
SEM. n = 6 flies per genotype/age from ~20
ommatidia per fly. ns p>0.05. Data were normally
distributed. Agerisks (in black) show comparisons
with the control genotype of the same age and
number symbols (in red) show comparisons with 1
day old flies of the same genotype by pbsic
Tukey HSD tests.

Taken together, these results show that adoitset IGMR2n4r tal'T expression causes

progressive neuronal dysfunction, independent of overt neuronal death. Thereby, providing

further evidence that tatevoked functional degeneration is separable from structural

degeneration. Additionally, these results suggéstttdr taudependent toxicity in adult flies

requires a neurodevelopmental component.
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2.3.5 Varying the phosphorylation status of tau affects tenediated neuronal

dysfunction and toxicity

One of the earliest abnormalities detected in tauopathies, salAD, is an increase in tau
phosphorylation. Tau is phosphorylated by several kinases. One of the best studied is the
microtubuleaffinity regulating kinase (MARK)/PAR1 kinase. The PAR1 kinase has been
previously shown to regulate microtubule dynamics tau phosphorylation (Wang et al.,
2007). Tau phosphorylation at the PAR1 kinase sites (Ser262/Ser356) is required for the REP
(Nishimura 2004; Chatterjee et al., 2009). Therefore, we sought to investigate whether PAR1
function is also associated with tanediated neuronal dysfunction in our model. To this
end, we used the UAZn4r talP?Atransgene, in which the two PAR1 phosphorylation sites
(Ser262/SerS356) have been mutated to phosphoresistant alanine. We tested two well
characterised UA3n4r talP?Atransgenic lines, which were previously generated by P
element mediated transgenesis (Chatterjee et al., 2009). The depolarizdti@MR>2n4r
tauS?Aexpressing flies was normal. At both ages analysed, no significant differences in
depolarization were seeim IGMR>2n4r tat?l and IGMR>2n4r t&¥2 flies with respect to
agematched controls. No significant agelated differences in depolarization were seen
within each genotypeRigure2.10A,B). The ON transients were slightly smallerdaylod
IGMR>2n4tau>?A flies (~2 mV compared to ~3.4 mV in controls),rimrmal in 36day old
IGMR>2n4rau>?A flies, compared to agmatched controls. Regardless of age, normal ON
transients were found in IGMR>2nusS?2 flies relative to agenatched control fliesln
IGMR>2n4r tatr/l flies a small, but significant, agelated increase in ON transients was
seen. No significant agelated differences in ON transients were found in IGMR>2n4r
tauS?Aflies. Thus, IGMR>2n4r tédfexpression failed to produce an agelated decline in

ON transientsHigure2.10A,C). These results show that IGMR>2n4tf@xpression is
insufficient to cause neuronal dysfunction and suggest tau phosphorylation by th& PAR
kinase plays an essential role in tanediated neuronal dysfunmn. An alternative
explanation is a conformational change in 2n4r¥#as a result of the S262A and S356A
mutations, modifies its toxicity independently of PAR1 function. Another possible
explanation for the different levels of toxicity mediated by tH&S2n4r tal’Tand UAS

2n4r taP?Atransgenes are position effects altering transgene expression levels.
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Figure 2.10: Varying tau phosphorylation status affects tmediated functional and structural

degeneration.(A) ERG recordings fromdnd 306day otl IGMRGal4, IGMR>2n4r t&&1 and IGMR>2n4r

tauS??2 flies. Normal depolarization in &nd 3Gday old 2n4r tat”Aexpressing flies. No agelated reduction

in depolarization in 2n4r tait*expressing flies. Normal ON transients in 2n4ftaaxpressinglies, except for

a small reduction in-tlay old IGMR>2n4r t&é1 flies.(B) Quantification of ERG depolarizati@rway ANOVA
showed no significant effect of genotype (p=0.7178) and age (p=0.6102) on depolarization, with no significant
interaction between factors (p=0.9478). (C) Quantification of ERG ON transiemy. RNOVA showed a
significant effect of genotypg€0.0098) and age (p=0.0012) on ON transients, with a significant interaction
between factors (p=0.0098). n =-B2 flies per genotype/age. (D) ERG recordings froand 3Gday old
IGMRGal4 and IGMR>2n4r tati*flies. Severe reduction in depolarizatiotnlGMR>2n4r tatt'Aflies at both

ages analysed. Dramatic agaated decline in depolarization in IGMR>2n4r%#flies. Lack of ON transients

in IGMR>2n4r tatt'*flies at both ages analysed. @)antification of ERG depolarizatidiway ANOVA

showel a significant effect of genotype (p<0.0001) and age (p<0.0001) on depolarization, with a significant
interaction between factors (p<0.0001). Graphs show individual datapoints with mean + SEM24 fli&8

per genotype/age. ns p>0.05, *p<0.05, *p<0100**p<0.0001. (B,C,E) Data were normally distributed.
Asterisks (in black) show comparisons with the control genotype of the same age, asterisks (in black) above
horizontal lines show comparisons between experimental genotypes of the same age and rsymbeis (in

red) show comparisons with-day old flies of the same genotype by pbsic Tukey HSD tests. (F) Water
immersion microscopy images of ReGFP florescence in the eyes eddy old IGMRGal4 and IGMR>2n4r

tauSt'Aflies. Very few discernible photeceptor rhabdomeres in IGMR>2n4r tatfflies.

We next investigated whether the 2n4r t&d“construct (in which 11 glycogen synthase
kinase (GSK)/ shaggy (sgg) (serine/threonine) phosphorylation sites have been mutated to
phosphoresistant alanine) witincreased microtubule binding affinity precipitates a more
severe phenotype than 2n4r téd{lin the fly eye. Previous studies have demonstrated that
tauS*Ais more toxic than wildype tau when overexpressed in the developDigpsophila

visual system (Ctiterjee et al., 2009). At both ages analysed, depolarization in IGMR>2n4r
tauS'4flies was substantially reduced compared to both-aggtched IGMR>2n4r tA(J1

and control flies. Quantification of depolarization revealed a ~70 % reductiowlay dld
IGMR>2n4r tat'lies and a ~90 % redtion in 30day old IGMR>2n4at’S Alies,

compared with control flies of the same age. Also, quantification of depolarization revealed
a ~70 % reduction in-day old IGMR>2n4r tai'/flies and a ~60 % reduction if-8ay old
IGMR>2n4r tadtflies, compared with agenatched IGMR>2n4r td(f1 flies. Thus, there

was accelerated loss of the ERG response in IGMR>2r#4#ties compared to
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IGMR>2n4r taly"1 flies Figure2.10D,E). We found a lack of ON transients i an
IGMR>2n4r tadt'Aflies, indicating a total block of synaptic transmission (Figure 2.10D). We
observed severe structural defects irday old IGMR>2n4r t&i4flies as evidenced by a
complete loss of photoreceptor rhabdomeres in the vast majority of @tha Figure

2.10F). It is likely the functional and structural defects-olag old IGMR>2n4r t&i*4flies

are due to developmental toxic mechanisms. These results support the idea that the

microtubule binding properties of tau directly affect its toxicity.

H®do dc | | n H-m&atedh8uNabal dysfusction | dz

Some tauopathies like AD, are chamxeted by additional filamentous lesions. The

pathological hallmarks of AD are the aggregation of hyperphosphorylated tau protein into
AYGNI ySdz2N2yltf bC¢az yR GKS 33aINBIALGAZ2Y 2F |
neuritic plagues. We therefor@sdza K (2 Ay @SadA3alriS 6KSGKSNI !
SP21SR ySdaNPylf ReéafdzyOtAaAzyd . dzi FANBRIG 6S Ay
adzZFFAOASY O G2 OlFdzaS FdzyOdA2yltf RSISYSNIGA2Y ¢
Drosophilabrain resultan amyloid deposition, premature death, cognitive deficits and-age
dependent neurodegeneration, recapitulating several key features of AD (lijima et al., 2004,

Finelli et al., 2004; Crowther et al., 2005; lijima et al., 2008; Jahn et al., 2011).

We expessed the previously published and well characterisedUAST H f AYS OLAZ2AY
2004) usingthe IGMR I f n RNA @GSN 9wD NBO2NRAYy3Ia FNRBY fLC
any evidence of neuronal dysfunction. At both ages analysed, no significant differences
RSLEEINARTFGA2Y 6SNB aSSy A ymafchizd WAS controlHliesF £ A S &
Between the 1and 30Gday old age groups, no significant differences in depolarization were

found within genotypesKigure2.11A,B). The ON transients were adigimaller in 1and

30RIIe& 2fR fDawh! i nH FratkhS8diconddtsYWdIfodds Ro agefatedk | 3 S
RAFFSNBYyOSa Ay hb G NFigi@2a1$A/Q). ahud, if flids DpatoadBys i nH T
2F 383 tDawh! i nu S ELINBansmissloyi. Callecfivelythase2 A Y KA 6 A
results show that nlike IGMR>4r tau expressidn, Dawh! i nH SELINB&AaA 2y A&

cause significant neuronal dysfunction in our model.
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CAylfttes 6S IylteaSR 6KSiKIMe@eddadNE daA2y 21
mediated neuronal dysfunction. We coexpressed a single copy c2o#Sal'"1 and

UAS! i nH dzaAy3 | &aAi yGald BiveOAt bddh agedF analyked, wé Dumda

highly significant reduction in depolarization in IGMR>2n4MauT ! | mompafed A S &

with agematched control flies. Regardless of age, a significant reduction in depolarization

was seenin IGMR>2n4rtfiM T ! i nu T A S & -matkhedIGMRB2n4rJA G G2 | =
flies. A more substantial agelated reduction in depolarization waseen in IGMR>2n4r

taVm T !'inu FfASEA O2 YVES Quaidtgcatibndative Jepyfamizddoni | dz
revealed a ~15 % reduction irdhy old IGMR>2n4rtMm T ! i nu Ff ASa | yR | ¢
reduction in 36day old IGMR>2n4rtddim T ! i nH T f Wit dgEmatied datrolS R

flies Figure2.11D,E). We found minute ON transients iddy old IGMR>2n4rtdlim T ! i n H

flies (only four out of 15 flies tested had an ON transient. No ON transients were found in

30-day old IGMR>2n4rtdim T ! i nH  Tnf & t&al Blockiof/sinlapfid trérfsmission
OCAIdzNBE HOMMCO® ¢KS&S NBadzZ G6a RSY2™MI1aG NI S @K
aggravates tasmediated functional degeneration in our model. Different tau expression

levels as a result of UAS copy number ifabee may account for the stronger phenotype in
IGMR>2n4rtaf™ T ! i nu FfASa O2YVIMER (2 f DawbhHynNI
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CA3dzNBE HommY ! nu SE LINB-mediatedyheutdalidgsiiiction(A) ERG réx&rdidydini S& G | d
response to a one second light pulse efihd 30day old UAS i nu | yR f Dawh!inuw FEASAP b
RS LIt | NRA T ledipke8sifig files. Moderaterre@uil A 2y A Y h b -eliphebsifigifiieS Ndiage Ay ! |
NBfFiSR RAFTFSNBYyOSa Ay RSLIEft I NR ([B)Qlaktldichtion of BRGh b (i NJ yaA Sy
depolarization2-way ANOVA showed no significant effect of genotype (p=0.2228) and age (p=0.8609) o
depolarization, with no significant interaction between factors (p=0.8090Q(@htification of ERG ON

transients.2-way ANOVA showed a significant effect of genotype (p<0.0001) but not age (p=0.0596) on ON

transients, with no significant interactiorebween factors (p=0.7944). n =-P3 flies per genotype/ageD|

ERG recordings in response to a one second light pulseanfi13Gday old IGMR>2n4r tal1 and IGMR>2n4r

talWMT !inu FEASEAD [ O1 2 FWiwTb !{ Niny afAigiyansigsel, yedudmRaim<n HFy n NJ
depolarization in IGMR>2n4rt&tm T ! i nH T A S & -matehed dbrid and IGMR>Rn4ritA S

flies. Substantial ageelated reduction in depolarization in both IGMR>2n4r%&land IGMR>2n4r ta(f1;

i nwH (BQuarfifidation of ERG depolarizatio?:way ANOVA showed a significant effect of genotype

(p<0.0001) and age (p<0.0001) on depolarization, with a significant interaction between factors (p<0.0001). (F)
Quantification of ERG ON transierzsvay ANOVA showed gsificant effect of genotype (p<0.0001) but not

age (p=0.0826) on ON transients, with no significant interaction between factors (p=0.9535L&fle8 per

genotype/age Graphs show individual datapoints with mean + SEM. ns p>0.05, *p<0.05, **p<0.001,

***p<0.0001. Data were normally distributed. Asterisks (in black) show comparisons with the control genotype

of the same age, asterisks (in black) above horizontal lines show comparisons between experimental

genotypes of the same age and number symbols€d) show comparisons withday old flies of the same

genotype by poshoc Tukey HSD tests.
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Genotype

IGMR-Gal4
IGMR-Gal4
IGMR-Gal4
IGMR-Gal4
IGMR>0n4r tauV™
IGMR>0n4r tau™™
IGMR>0n4r tauV™
IGMR>0n4r tau™™
IGMR>0n4r tauR4osw
IGMR>0n4r tauR4osW
IGMR>0n4r tauR4osw
IGMR>0n4r tauR4osw
IGMR>2n4r tau"T1
IGMR>2n4r tauVT1
IGMR>2n4r tau"™1
IGMR>2n4r tau™T1
IGMR>2n4r tauVT2
IGMR>2n4r tau"T2
IGMR>2n4r tauVT2
IGMR>2n4r tau"T2
Elav-Gal4

Elav>2n4r tau"™1

IGMR-Gal4; tub-Gal80* (18 °C)
IGMR-Gal4; tub-Gal80* (30 °C)

Age

10
30

10
30

10
30

10
30

10
30
30
30
1
7

12
10
13
17
10

32
19
21
17
20
14
15
17
14
18
18
22
16
12
12
10

ERG ON transient
(mV £ SEM)

3.4+0.25
3.4+0.25
3.4+0.21
3.3+0.17
3.4+0.23
3.8+0.34
1.1+0.25
00
3.3+0.15
2.3+0.26
0.1+0.07
0+0
0.2+0.07
0+0
0+0
0x0
1.3+0.19
0x0
0+0
0x0
3.4+0.19
3.3+0.13
3.4+0.14
3.5+0.26

ERG depolarization
(mV = SEM)

9.5+£0.23
9.4+0.20
9.2+0.24
9.4+£0.25
9.2+0.26
9.0+ 041
7.1+0.23
4.1+0.17
10.1+£0.22
9.6+0.24
5.6+0.21
2.2+0.10
10.8 £0.14
9.4+0.19
5.7+0.26
25+0.15
10.4+£0.20
10.9£0.22
8.1+0.18
3.8+£0.19
8.4+£0.36
8.8+0.41
8.4+£0.20
8.3+£0.10

11
13

Number of
photoreceptor
rhabdomeres per
ommatidium

6.0 +0.01

6.0+ 0.01
6.0 +0.01
6.0+ 0.01

6.0+ 0.01
59+0.01
5.9 +0.02

5.9+0.04
5.9+0.03
59+0.01

4.7 +£0.09
29+0.18
6.0+ 0.04

5.8 +0.06

29+0.11

6.0 +0.01
6.0 +0.01

Percentage of
ommatidia with a
complete set of
photoreceptor
rhabdomeres

97

96
95
95

95
92
94

93
92
84

25
<1
93

81

<1

99
98

Colour

1



IGMR-Gal4; tub-Gal80' (30 °C) 14 8 3.4+0.27 8.5+ 0.09 6 6.0 + 0.02 97 _
IGMR; tub-Gal80'>2n4r tau¥1 1 8 3.1+0.22 8.3+0.41 6 6.0 + 0.02 97

IGMR; tub-Gal80ts>2n4r tau"1 7 27 0.7£0.20 6.5+0.23 6 6.0 + 0.02 96

IGMR; tub-Gal80ts>2n4r tau"1 14 11 00 1.6+0.16 6 5.9 + 0.02 94

Rh1-Gal4 30 12 4.2+0.13 9.3+0.23 _
Rh1>2n4r tau"™1 30 12 4.1+0.17 9.2+0.35 _
IGMR>2n4r taus?A1 1 28 2+0.13 9.4+0.19

IGMR>2n4r taus?*1 30 18 3.1£013 9.3+0.26

IGMR>2n4r taus?2 1 18 2.9+0.24 9.7+0.28

IGMR>2n4r tauS?2 30 31 3.5+0.18 9.5+0.15

IGMR>2n4r tauSiA 1 24 0£0 3.1+0.10 _
IGMR>2n4r tauSA 30 13 00 1.0 £ 0.07 _
UAS-Ab 4 2 1 16 2.8+0.15 8.3£0.49 _
UAS-Ab 42 30 10 3.1+0.24 8.4+ 0.40 _
| GMR>ADb 42 1 23 2.0£0.11 8.0+ 0.26 _
| GMR>Ab 42 30 18 2.2+0.13 7.9+0.26 _
IGMR>2n4rtau¥™ ; Ab 42 1 15 0.2+0.10 8.1+0.31 _
IGMR>2n4rtau"™ ; Ab 42 30 9 0+0 1.1+0.12 _

Table 2.2Quantification of ERG ON transients and ERG depolarization by genotype and age. Quantification of the number of photdralsdptoeres per ommatidium
and the percentage of ommatidia with a full complement of photoreceptor rhabdomeres by genotype and ageimber of flies tested per genotype/age. Colour

corresponds to the colour used in the graphs.
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2.4 Discussion

In this study we expressed different isoforms of human tau inDhasophilaretina and

performed asystematic assessment of the resulting functional and structural changes. First,
we show that On4r tau expression causes adulset progressive functional degeneration
without structural degeneration. Whereas, 2n4r tau expression causes progressive
functional degeneration, which precedes progressive structural degeneration. Thus, we
show 4r tau isoforrspecific differences. Next, we show adatiset 2n4r tau expression

causes functional degeneration in the absence of structural degeneration. Our resuilis sh
that one of the earliest manifestations of human tau expression irxtesophileeye is

neuronal dysfunction without neuronal death. Thus, 4#@ediated neuronal dysfunction is
separate from neuronal death. These results suggest thatadiated neuroml

dysfunction may underlie early symptoms in tauopathies, such as AD. Further understanding
of the contribution of tavevoked neuronal dysfunction, in the early stages of the disease
process, may provide novel therapeutic options to slow down or everdisgtse

progression. Next, we show that tau phosphorylation via the PAR1 kinase plays a role in tau
YSRAIFGSR ySdz2NPylf ReéaFfdzyOGAzy Ay 2dzNJ Y2RSf ¢

with 2n4r talV™1 exacerbates taevoked neuronal dysfunction.

2.41 Neuronal dysfunction in taexpressing eyes

We expressed several different isoforms of human tau inRhesophilaeye and monitored
agerelated changes in function using retinal ERGs. We selected a Gal4 driver that expressed
tau at low enough levelso as not to produce a rough eye, which allowed us to study age
dependent changes. This is the first study to compare the ability of different 4r tau isoforms
to produce neuronal dysfunction. We demonstrate that the overaccumulation of either On4r
or 2n4rtau in the fly eye causes neuronal and synaptic dysfunction. However, they produce
distinct pathological phenotypes. IGMR>0n4r tau expression causes@widgt progressive
neuronal dysfunction. We found intact retinal function in young fliesda$ old)as

indicated by the normal ERG respondégre2.1) and visual behaviour in the flight

simulator systemKigure2.5). Whereas, retinal function was compromised in aged flies (>5
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day old) as indicated by the progressive reduction in ERG depolarizatiarih, goincides

with the rapid and progressive loss of ERG ON transi€igarg2.1). These results clearly
show that human tau is capable of causing aduiset neuronal dysfunction. IGMR>2n4r

tau expression also causes progressive neuronal dysfuncievever, it is not adutbnset.

A clear phenotype was observed in the eyes of younglégbold) IGMR>2n4r ta( flies.

We found severe defects in synaptic transmission in young flieddy®ld) as shown both
electrophysiologically (lack of ERG ON tramsiefigure2.3) and behaviourally (abnormal
optomotor responses in the flight simulator systerR)gure2.5). We found that in

IGMR>2n4r talf" flies a progressive reduction in ERG depolarization occurs as a function of
age Figure2.3). The synaptic traamission defects in newly eclosed adult flies are likely
related to taudependent toxicity during development. These results show that 2n4r tau is
more toxic during development than On4r tau in the fly eye. And, synaptic transmission is
more sensitive toGMR>2n4r tau expression than IGMR>0n4r tau expression in newborn
adult flies. IGMR>2n4r tdI expression has a more marked effect on synaptic transmission
than the phototransduction cascade in young flies. Zhou et al. (2017) shovizrdsophila

larval NM§, mutant On4r tau binds to synaptic vesicles via #emhinal domain thereby
crosslinking them and restricting their mobilisation via presynaptic actin polymerization,
which reduces their release rate and interferes with synaptic transmission. A gossibl
explanation for the more dramatic effect of 2n4r tau on synaptic transmission compared to
Ondr tau, is 2n4r tau binds synaptic vesicles more strongly due to the presence of the two N
terminal inserts and therefore has a more of an effect on presynaptictions. The authors

did not compare the abilities of different 4r tau proteins to bind synaptic vesicles and
interfere with synaptic transmission. Witgipe and R406W tau are associated with different
tauopathies, which have distinct pathology, symptoowy and molecular aetiology

(Williams, 2006; Kovacs, 2015), however, they both cause a similar pathological phenotype
in our model. We found a stronger phenotype in IGMR>0n4r4&flies compared to
IGMR>0n4r talf" flies, as indicated by the acceleratadd more dramatic reduction in ERG

depolarization and the accelerated loss of ERG ON transieigisr€2.1).

The ability of tau to cause neuronal dysfunction has been investigated iDrtteophila

NMJ. Expression of human tau in larval motor neurons causes neuronal dysfunction,
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characterised by axonal transport and locomotor function defects (Mudher et al., 2004;
Chee et al., 2005; Ubhi et al., 2007; TakAatar et al., 2011). There is further esmte

from other experimental animals that tau is capable of causing neuronal dysfunction. Firstly,
injection of human tau blocks synaptic transmission in squid axons (Moreno et al., 2011).
Secondly, tau expression Aplysiamotor neurons disrupts axonalansport and synaptic
transmission (Erez et al., 2014). Finally, many murine studies have indicated expression of
human wildtype or mutant tau leads to synaptic and neuronal dysfunction (Polydoro et al.,
2009; Hoover et al., 2010; Crimins et al., 2012)weéler, this is the first study to show 4r

tau isoformspecific differences in mediating neuronal dysfunction. A major goal is to
delineate the mechanisms by which tau causes neuronal dysfunction in tauopathies. Our
model provides such an opportunity becauit allows the combination sophisticated

genetic manipulation with rapid and reproducible measures ofdggendent changes in
function and structure; something, which is not possible in other animal models of
tauopathy. Additionally, our model is saible for medium to highthroughput screening of

potential therapeutic agents.

All the UASau transgenic lines used in this study were created {®jefhent mediated
transgenesis, in which cDNA inserts at random into the Drosophila genome. We attempted
to standardise expression by using the same driver line and crossing all transgenic lines into
a common background. Despite this, it is still possible that positional effects on levels of
transgene activity and expression contribute to the different pathaabphenotypes, as
tau-induced neurotoxicity has been shown to be highly ddependent. For example, the

tau H1 haplotype which drives slightly higher expression of tau is associated with increased
risk for AD, PSD and PD (Houlden et al., 2001; Kwdk 2084; Refenes et al., 2009; Allen

et al. 2014). The use of site specific integration of tau transgenes (using the c31 system)
would eliminate position effects, and therefore allow for better control of the level of
transgene expression and permit ditaomparisons of the neurotoxicity mediated by

different tau proteins (Groth et al., 2004). However, because we obtained similar results
from two independently derived UA@4r tau and UAZn4r tau transgenic lines, it makes it
more likely the distinct pdtological phenotypes produced by different 4r tau isoforms are

not a consequence of differences in transgene expression levels due to position effects.
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However, the milder phenotype in IGMR>2n4r a2 flies compared to IGMR>2n4r tald

flies is most likel related to differences in transgene expression levéigure2.3 andFigure
2.5). We are unable to determine whether the stronger phenotype in IGMR>0n2{f4(

flies compared to IGMR>0n4r t4Uflies, is due to R406W tau being more toxic than wild
type tau or differences in transgene expression levieigure2.1). Previous studies have
reported On4r tal¥*%®Wis more than toxic than On4r td{I when ectopically expressed in the
developingDrosophilabrain or visual system (Wittmann et al., 2001; Jackson et al., 2002;
Khurana et al., 2006). However, all of these studies used the sam@nd8 and UAS

On4r taur*°®Wlines used in this study and as such did not control for position effects. It has
beena long held belief that the aggregates exert toxicity leading to neurodegeneration.
However, it is becoming clear that the aggregates are in fact relatively inert and instead
soluble tau monomers and oligomers are the toxic species. Therefore, highexpagssion
levels might not necessarily coincide with increased neurotoxicity, as they might promote
aggregate formation and thereby reduce the amount of toxic soluble tau species. However,
tau aggregates have not been observe®iwsophilamodels of taupathy (reviewed in
Cowan et al., 2011 and Gistelinck et al., 2012).

2.4.2 Neuronal death in tagexpressing eyes

Tau expression throughout development (using either s&dR or ElaxGal4) produces a
REP (Wittmann et al., 2001; Jackson et al., 200@n@enoudi et al., 2008). THarosophila

eye emerges during late larval and pupal stages from a monolayer epithelium, called the
eye-antennal imaginal disc (Moses, 1991, Ellis et al., 1993). Therefore, a rough eye in
newborn adult flies is probably as a v#tsof tau-dependent toxicityper serather than
degeneration. Bona fide degeneration would be when normal ommatidia in newborn adult
flies subsequently die. We next investigated whether we would find bona fide degeneration
in our model. To this end, we gutified the number of photoreceptor rhabdomeres at
different time pointsin vivg using the corneal neutralisation technique (Franceschini and
Kirschfeld, 1971; Mollereau et al., 2000; Pichard and Desplan, 2001; Gambis et al., 2011).
We found no structurbedegeneration in the eyes of On4r taaxpressing flies up to 3@ays

of age. Ommatidia in the eyes oftdhy old On4r tatexpressing flies had a normal number
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and arrangement of rhabdomeres. With aging, there was no loss of photoreceptor
rhabdomeres in theyes of On4r tatexpressing flies (Figure 2.2). It is possible

ultrastructural defects are present in the photoreceptors eddy old On4r tatexpressing

flies, however this was beyond the scope of this investigation. In contrast, we found age
related prayressive structural degeneration in 2n4r taxpressing flies. Ommatidia in the
eyes of newborn 2n4tau expressing flies contained a full complement of rhabdomeres, but
there were minor abnormalities in the spatial organisation of rhabdomeres and rhab@ome
roundness. A progressive loss of photoreceptor rhabdomeres occurs in the eyes of 2n4r tau
expressing flies as a consequence of aging. 4ta30old 2n4+#tau expressing flies,

ommatidia contained on average half their normal number of rhabdomeres. Funibre,

less than 1 % of ommatidia had a complete set of rhabdomeres-dag®@Id 2n4+tau
expressing flies. Whereas, 95 % of ommatidia contained a complete set of rhabdomeres in
30-day old control fliesKigure2.4 and Table 2.2). These results sugge&tats in

photoreceptor development due to 2n4r tadependent toxicity. Therefore, it is not

possible to determine whether the subsequent agdated structural degeneration is due to

the delayed contribution of developmental toxic mechanisms.

Our resultsshow isoformspecific effects in tatmediated neuronal dysfunction and

neuronal death. Manyn vitro studies have shown that different 4r tau isoforms display
different phosphorylation susceptibilities (Goedert and Jakes, 1990; Goedert et al., 1992;
Bueeet al., 2000), microtubule binding abilities (Kanaan et al., 2011; Matsumoto et al.,
2015), subcellular distribution (Liu and Gotz, 2013; Paholikova et al., 2015) and interaction
partners (Liu et al., 2016). These differences most likely contribute tolmerved isoform
specific effects. Our results suggest that different 4r tau isoforms should not be used
interchangeably when modelling tauopathies in animal models. These data show that
human 4r tau overaccumulation in thgrosophilaeye fails to cause bma fide structural
degeneration, but not functional degeneration. Thus, our results strongly suggest that tau
mediated neuronal dysfunction is independent from neuronal death. This opens up the
possibility that, at least partially, neoverlapping mechanms mediate tatevoked

functional and structural degeneration. Tuduced neuronal dysfunction before

irreversible neuronal death offers a promising avenue for therapeutic intervention. Several
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previous studies iDrosophilahave also reported tanediatedneuronal dysfunction in the
absence of neuronal death. For example, tau expression in adult MB neurons impairs
associative learning without overt neuronal loss (Mershin et al., 2004; Kosmidis et al., 2010;
Papanikolopoulou et al., 2010). Similarly, tapmssion in larval motor neurons disrupts

NMJ morphology, axonal transport and synaptic transmission without apparent cell death
(Mudher et al., 2004; Chee et al., 2005; Ubhi et al., 2007; TaAmetr et al., 2011).

Collectively, these results showbrophila irrespective of neuronal type or life stage,

human tau is able to cause functional degeneration separable from structural degeneration.

Elav driven tau expression caused a rough eye phenofjigere2.6A). The REP correlates
well with loss of rénal cells (Feany et al., 1996; Wittmann et al., 2001; Jackson et al., 2002;
Chatterjee et al., 2009). Elav>2nr Y4t photoreceptors retained functionality, as measured
using retinal ERGs, despite the REBUre2.6). Thus, despite tadependent toxiciy during
development, function is preserved in adult photoreceptors. It is unclear why Elav>2n4r
tau"VTexpression, unlike IGMR>2n4r ¥élexpression, fails to cause neuronal dysfunction;
but this could, for example, be due to different expression levetpatific stages of
development. These results provide further evidence thatitaduced neuronal dysfunction

is separate from neuronal death.

2.4.3 Adultonset tau expression causes functional degeneration without structural

degeneration

Most Drosoplila models of tauopathy have used Gal4 drivers that express during
development (for example, Elav and sGMR). Therefore, we were interested to know
whether human 2n4r tali"tau expression throughout the adult retina is sufficient to cause
neuronal dysfunctn and death. We found dramatic effects on retinal function that were
specifically attributable to adubnset 2n4r tal'" expression, as shown using retinal ERGs
(Figure2.7). However, adubnset 2n4r tall'™ expression failed to recapitulate the loss of
ERG ON transients and increased ERG depolarization founday bld IGMR>2n4r ta(0

flies Figure2.3). This suggests that talependent toxicity during development contributes

to the synaptic transmission defects seen in newborn IGMR>2n4{"fhes.
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During the course of this work, a study was published that expressed human O¥4r tau
exclusively in adult outer RR6 photoreceptors (using Riidal4) and monitored age

dependent changes in function using retinal ERGs. The authors showed that Rh1>®M4r tau
expression causes agelated progressive neuronal dysfunction (Chouhan et al., 2016).
However, we were unable to replicate these results. We found normal ERG responses in
Rh1>2n4r talTflies up to 36days of ageRigure2.8). Our experimental conditiongere

the same as Chouhan et al. (2016): we both recorded ERGs from flies with a single copy of
the Gal4 driver and UAS transgene which were raised at 25 °C. Both studies used different
tau isoforms; we used 2n4r, whereas Chouhan et al (2016) used Ondevdq it is unlikely

the different results can be attributed to this, as we have shown that both IGMR>0n4r tau
and IGMR>2n4r tau expression produce similar pathological phenotypes. BecauGaRh1l

is a very weak driver (compared to IGNHRI4) and the eéfcts of tau are highly dose
dependent, it is possible that tau expression levels were insufficient to cause neuronal
dysfunction. However, this does not explain Chouhan et al. (2016) findings. The other major
difference between Rh1 and IGMR is that wherB&d is expressed only in the outer-R@
photoreceptors, IGMR is expressed in all retinal cell types (including glia). The
overaccumulation of human tau in glial cells causes apoptotic cell death in both glia and
neurons and premature death (Colodner areany, 2010). However, whether glial

expression of tau causes neuronal dysfunction is not known. Although, it is possible that tau

expression in glia contributes to tavediated neuronal dysfunction in IGMR>4r tau flies.

We found 2n4r talYT expression thoughout the adult retina does not cause neuronal

death. We found IGMR; tu3al8®>2n4r talV'1 flies retained a normal number of
rhabdomeres per ommatidia after up to Hays at 30 °G~{gure2.9). Similarily, Malmanche
et al. (2017) showed no loss of pbotceptor rhabdomeres upon eyspecific late pupalor
adult-onset induction of 4r tau expression, using sGEi&4; tubGal8® or RhtGal4,
respectively. Likewise, Chouhan et al. (2016) reported no loss of photoreceptor
rhabdomeres in Rh1>0n4r t4Ufliesup to 30days old. However, conflicting results were
reported by Gorsky et al. (2016). The authors showedmeuronal adukonset 2n4r tal'™
expression, using the elav GeneSwitch driver, causes mild but progressive photoreceptor

rhabdomere loss. Thesesdrepancies could be due to differences in transgene expression
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levels. These results suggest a note of caution when interpreting results from models, which
use different expression systems. Our results show 4r tau expression during development is

requiredfor adultonset progressive retinal structural degeneration.

A few studies have shown that human tau expression in adult MB neurons precipitates
associative learning and memory deficits in absence of neurodegeneration (Mershin et al.,
2004; Papanikolopdau et al., 2010). However, MB neuron confined neurodegeneration
detected in a few animals over 4fays old (Mershin et al., 2004). Therefore, it is possible
that in our model, if we age our flies for longer, photoreceptor rhabdomere loss might
become detetable. These studies in combination with ours demonstrate that achset

tau expression, irrespective of the neuronal population, is capable of causing neuronal
dysfunction in the absence of neuronal death. Similarly, Kimura et al. (2007) showed mice
overexpressing human tau exhibit agelated place learning and memory impairments

without neuronal loss.

2.4.4 Varying the phosphorylation status of tanfluencestau-mediated neuronal

dysfunction and toxicity

The next question is to understand whagréates taumediated neuronal dysfunction. We
show a possible role for the PAR1 kinase initaluced neuronal dysfunction. Expression of
a 2n4r tai¥?* construct, which cannot be phosphorylated at the two PAR1 phosphorylation
sites (S262 and S356), in theosophilaeye fails to cause neuronal dysfunction, as shown
using retinal ERGEigure2.10). Similar findings reported by Papanikolopoulou et al. (2010),
who showed expression of 2n4r t&in adult MB neurons does not impair associative
learning and mmory. Results from mice models of tauopathy also suggest that tau
hyperphosphorylation is required for tamediated neuronal dysfunction (Kimura et al.,
2007). Another possible explanation for the lack of phenotype in IGMR>2n#/\fies
compared to IGNR>2n4r tall" flies are differences in transgene expression levels. However,
because we obtained consistent results from two independently derived2hastaP?A

and UASn4r tadVTtransgenic lines this is less likely.
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Mechanistically how hyperphosphoaged tau disrupts neuronal function is not well
understood. It has been proposed that hyperphosphorylated tau directly or indirectly
disrupts axonal transport and synaptic transmission. For example, overexpressing tau in
Drosophildarval motor neurons drsipts axonal transport, leading to vesicle aggregation in
the axon and a reduction in mitochondria in the presynaptic terminal (Mudher et al., 2004;
Chee et al., 2005). Similarly, expression of human t#piypsiaglutamatergic sensory

motor neuron synapss leads to reduced releasable presynaptic vesicles pools, as a result of
impaired axoplasmic transport (Erez et al., 2014). Additionally, human tau injected directly
into the presynaptic axon terminal of the squid giant synapse blocks synaptic transmissio
and causes synaptic vesicles to aggregate in the active zone (Moreno et al., 2011). The next
step is to study the ultrastructure of the photoreceptor terminals to see if any of these

pathological features exist in our model.

Other studies have shown RA phosphorylation is required for talependent toxicity in

the developing eye (Nishimura et al., 2004; Chatterjee et al., 2009) and MB neuroblasts
(Kosmidis et al., 2010). Taken together, these studies suggest PAR1 phosphorylation is a
common mechanismnderlying taumediated neuronal dysfunction and toxicity. Our model
LINE ARSE (GKS 2L NIdzyArAde (G2 SEFYAYS GKS NRf S
and PKA, which have been previously implicated in tauopathies (Avila, 2008; Guo et al.,
2017), n tau-mediated functional and structural degeneration. We found that IGMR>2n4r
tauSAexpression (with a higher microtubule binding affinity than 2n4M8uwprecipitated a
stronger phenotype than IGMR>2n4r ¥élexpression. The degenerative phenotype in
IGMR>2n4r tagit'Alies is likely related to tadependent toxicity during development, as it

is already established upon adult emergenEg(re2.10D,E,F). Similarily, On4r t&¢with a
higher microtubulebinding affinity than 0On4r tali") has a more dmaatic effect on axonal
transport in theDrosophildarval NMJ than On4r ta{f (TalmatAmar et al., 2011). These
results show the microtubule binding properties of tau directly influencertaadiated

neurotoxicity.
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HONdp I | n-mediatgdkeuybabdisfurictiodz

bSEGZ 6S Ay@SaidAal G§SR 6KSGKSNI KdzyYky i SELINEB
AAYAE LN SELISNAYSYyGlLf O2yRAGAZYyad 28 F2dzyR fC
ERG responsé&igure2.11A,B,C). Similar findings reported by Chouhan et al. (2016), who
daK26SR G(GKIG wKmB!inn SELINBaarzy | faz2z KLFLa fAd
Ad Ay O2y iGN} ad G2 LINSOA2dza aGdzZRASAI 6KAOK KI
neuronaldysfy OG A2y ® C2NJ SEIl YLIX ST %Kl 2 SiG [ fd 6HAMA
Drosophilagiant fibre system causes agelated synaptic transmission defects and

depletion of mitochondria from the presynaptic terminal (Huang et al., 2013). In addition,

patch clampanalysis revealed a depressionbsophilaO K2 f A Y SNHA O aeéyl LjJaSa
SELINB&aarzy oCly3a SiG |t dI HnawmH ODIosophileeyk tailsdzy 1 Y 2 6
to recapitulate the neuronal dysfunction observed in Besophilagiant fibre systenand

OK2ft AYSNHAO aéyl LASE dzLl2y !inu SELINBaairzyo |
YSdzZNR Y £ LI LJz | GA2ya | NB-eRied e@dd ¢gysiunttionf It & dza C
Ad L2aaArotsS GKIFIG AYyONBIl aAy3 addtisnalicdpi@sSofthez T ! |

Gal4 driver or UAS transgene, or aging the flies for longer might produce a phenotype.

28 F2dzyR GKI G O2SELIND & & AYyoterttlfexdcerbmtas taéi A (1 K K dzY |
mediated neuronal dysfunction in thBrosophileeye Figure2.11D,E,F). Expression levels of

tau are likely to differ in IGMR>2n4r t41l and IGMR>2n4rtdim T ! i nn FfA S& RdzS
copy number imbalance. These differences in the level of2n48talV™ expression may

contribute to the different phenotype strengthia IGMR>2n4r tai"l and IGMR>2n4r

talV™m T !'inH FEASAP ¢KSAS FAYRAYyIA adzaasSaild GKI
I l-mediated neuronal dysfunction. In support of this, Folwell et al. (2010) showed

coexpression of human tdiF Yy R ! i n H aSyiatgt @&igonakidysfunction in
Drosophildarval motor neurons. Similar findings have been reported in AD mice models.
C2NJ SEI YL ST NBRdzOGA2Yy 2F SyR23ISy2dza (Il dz Ay
dependent excitotoxicity and cognitive deficits (Radmn et al., 2011). Thus, in both mouse
andDrosophilay 2 RSt &> G F dz | 6y 2 NXY | -inédiatddéurohaNBE NI |j dzA NB |
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interact to cause neuronal dysfunction.

Much of the research in tauopathies, such as AD, has focused on aggregate formation and
neurodegeneration. However, recent evidence has shown clinical symptoms appear in the
absence of aggregate formation and prior to neuronal death (reviewed in Guo et al., 2017),
indicating a period ofellular dysfunction may precedmll death in the early stages of
tauopathies. There are a range of tauopathies with different clinical profiles, which are
characterised by abnormalities in specific tau proteins, suggesting pokésdfarm specific
differences. Currently, little is known about the ability of different tau proteins to

precipitate neuronal dysfunction in the same neuronal population. We shovbirogophila

eye model, On4r tau causes agdated progressive neurondlysfunction (Figure 2.1 and
Figure 2.5) in the absence of neuronal dedtlg(re2.2). Whereas 2n4r tau causes
progressive neuronal dysfunction (Figure 2.3 and Figure 2.5), which precedes neuronal
death Figure2.4). Thus, ouDrosophilamodel recapitulats the taumediated functional
degeneration without structural degeneration found in the early stages of human
tauopathies. We further show 2n4r tau expression in the abutisophilaretina is capable

of causing neuronal dysfunction (Figure 2.7), but redt death Figure2.9). Thus, adult tau
induced structural degeneration, but not functional degeneration, requires a
neurodevelopmental component. Collectively, these results demonstratertediated

neuronal dysfunction is uncoupled from neuronal deatte ®Wso suggest tau

phosphorylation by the PAR1 kinase is involved irnteadliated neuronal dysfunction,

because mutant tau that cannot be phosphorylated at the PAR1 phosphorylation sites fails
to cause neuronal dysfunction in our modElqure2.10). Findl 8 = ¢S RSY2y a i N} (S
SELINBaarz2y |t2yS A& AyaddFFAOASyd G2 OFdzasS Re@
tau"’Tpotently exacerbates tammediated neuronal dysfunctiorF{gure2.11). These results

8dz33840G G dz A& NBI dpatidénicefects! | nn (2 YSRAIFGS A
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Supplementary Figure 2.1: Presence of RE&FP does not interfere with retinal functiorfA) No differences

in ERG depolarization are found in IGI8RI4; Rh¥GFP flies relative to IGMRal4 flies. (B) No differences in
ERG ON transients are found in IGEBR4; Rh¥eGFP flies relative to IGMRal4 flies. Graphs show individual
datapoints withmean + SEM. n =67 flies per genotype/age. ns p>0.05; titdr A f SR {teStdaR&igkd Q &
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Chapter 3: Characterisation of sle@pake and circadian rhythm

disturbances irDrosophilamodels of tauopathy

3.1 Introduction

{1 KSAYSNDRa RAaSIaAS 6!'50 Aa GKS Yz2aid 0Oz2yvyz2y
estimatedtoaffecn ¢ YAt f A2y LIS2LX S 62NI R6ARS 06aSS (KS
increases in prevalence with age. Therefore, because of the aging human population it is
becoming more common. By 2050, it is expected to affect over 130 million people

worldwide. Curratly, there is no effective treatment to prevent, cure or inhibit AD

0/ 2dzZ3KEAY FTYR LNBAYI HAMTOD !'5 Aa KAadz2t23AC
FYef2AR2aAa42 GKS F2NXIGA2Y 2F SEGNI OS¢t f dzf | NJ
peptides, and tauopathy, the formation of intraneuronal neurofibrillary tangles (NFTs) due

to the accumulation of hyperphosphorylated tau protein (Braak et al., 1994; Braak and

Braak, 1994).

As well as the memory deficits that typify AD, the vast majorityfatients also exhibit
disturbances in their sleeprake cycle and circadian rhythms. In early AD, the sleep
disturbances are characterised by increased daytime naps and reduced and fragmented
nighttime sleep (Satlin et al., 1995; Volicer et al., 200iyiB¢, 2004; Bliwise et al., 2011).
Furthermore, a large number of AD patients display sundowning, which is a significant
increase in behavioural symptoms in the hours before bedtime (Volicer et al., 2001).
Additionally, a large proportion of individualstivAD also show reduced amplitude daily
rhythms of activity and body temperature with marked phase shifts (Satlin et al., 1995;
Harper et al., 2001; Volicer et al., 2001; Tranah et al., 2011). These sleep and circadian
disturbances are a massive burdem &D patients and their caregivers (Gallagher

Thompson, 1992; Gaugler et al., 2006).

At a cellular level, circadian rhythms are based upon autoregulatory interlocking
OGN YAONRLIGA2Y KON Yatlr A2y FSSRol O] t22L)a 27
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transcription factors BMAL1 and CLOCK, heterodimerise and activate transcription of a large
number of genes, includingeriod(Pef) andCryptochroméCry). PERIOD (PER) and
CRYPTOCHROME (CRY) after a timeideibif BMAL1 and CLOCK activity, resultingih ~
hour oscillations in gene expression (Mohawk et al., 2012; Hardin and Panda, 2013). In
mammals, the vast majority of cells in the body exhibit circadian oscillations, however the
~20,000 neurons in the suprachiasmatic nucleus (SCN) of the hypothalesrihe anaster
pacemakers. SCN neurons are divided into a dorsal shell (arginine vasopressin (AVP)
positive) and ventral core (vasoactive intestinal polypeptide (ptB)tive). Circadian
oscillators in the SCN receive direct photic inputs (from the regpothalamic tract) and
entrain to lightdark (LD) cycles. The SCN then synchronises through a variety of electrical,
endocrine and metabolic signalling pathways all the other circadian oscillators operating
throughout the brain and body, so that they aflaillate in phase with each other and the
environment (Reppert and Weaver, 2002; Welsh et al., 2010; Herzog et al., 2017). Free
running circadian rhythms persist in the absence of external cues (i.e. constant darkness)

because the circadian oscillatorstire SCN are seffustaining.

{GdzRASE 2F OANDIRALIY 202 Y 2aingoMbsis, Gdvd yiekleda > dza A
complex and confusing picture. For example, in LD conditions, mice overexpressing mutant
KdzYly !tt oFYef2AR i LINBOdzNE 2 NI 2INRINB RgzDS 6 KA C
peptides) display normal activity rhythms (Wisor et al., 2005; Ambree et al., 2006; Gorman

and Yellon, 2010). Whereas, mice overexpressing mutant APP and PS1 (presenilin 1;
AaSONBGFaS GKIG LINRPGS2t80AOl f beatdth@uitpdedBas !t t
delay in wakefulness (Duncan et al., 2012). Surprisingly, these APP and APP/PS1 mice have
relatively normal activity rhythms in constant darkness (Wisor et al., 2005; Gorman and

Yellon, 2010; Bano Otalora et al., 2012). However, twdistuhave shown thadrosophila

Y 2 R S f -amybidosi$ exhibit ageelated progressive behavioural arrhythmia in both LD

and DD conditions (Chen et al., 2014; Long et al., 2014).

Ly O2YLINR&azy G2 i LI GKz2f238z @SMBu FS¢ aildzR

pathology to sleepwake cycle and circadian rhythm disturbances in AD. Sterniczuk et al.

(2010) showed 3xF4D mice, which overexpress a combination of mutant human APP, PS1
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and tau, exhibit increased activity during the day (inactive phaselpinonditions, but only
minor deficits in activity rhythms in DD conditions. Additionally, aged-2J gnice exhibit
O2NB 02R@& GSYLISNI dzZNS NKeiGKY RAalddz2Nbdl yOSa
pathology is also present, it is not possible to itgrhow tau specifically contributes to the
observed circadian behaviour abnormalities. More recently, it has been shown that Tg4510
mice, which overexpress P301L tau in the forebrain (under the control of the forebrain
specific CaMKII promoter), exhilniicreased activity during the day (inactive phase) in LD
conditions and mild abnormalities in freenning behaviour (Stevanovic et al., 2017).
However, PLB2umice, which express P301L and R406W tau in the forebrain (under the
control of the CaMKII promtor), show normal activity rhythms but abnormalities in sleep
electroencephalograms (EEGs) (Koss et al., 2016). For these reasons, the role of tau in AD
linked sleepwake cycle and circadian rhythm disturbances remains elusii@dsophila,
disruption ofthe circadian Doubletime (Dbt) kinase causes cleavage of endogenous tau,
which leads to circadian behavioural deficits and a shortened lifespan. In addition,
disruption of Dbt also leads to enhanced neurodegeneration, produced by overexpression of
human & in theDrosophilavisual system (Means et al., 2015). These results establish a link

between the circadian clock and tau pathology.

Studies on posinortem brains of human AD patients show a dramatic loss of AMIPVIP
expressing neurons in the SCMW#&3b et al., 1985; Wu and Swaab, 2007), suggesting that
damage to the SCN might cause circadian behavioural deficits. In support of thi®y3xTg
mice exhibit substantial reductions in AAénd VIPcontaining neurons and APP/PS1 mice
have disrupted endogeusPer2mRNA oscillations in the SCN (Sterniczuk et al., 2010;
Duncan et al., 2012). Additionally, Tg4510 mice have disrupted PER2 protein oscillations in
the hypothalamus and hippocampus (Stevanovic et al., 201Drdsophila boosting the
cleavageof t t [ O0GKS 5NRA2LIKAf LI K2 Yadcratase dsfupts t t 0

activity rhnythms and PER expression in the central clock neurons (Blake et al., 2015).

oY

0e

However, results fronDrosophile2 S NB ELINS &a &aAy 3 KdzYly i &dzA3S53

output pathways, rather than disrupted oscillations in the central clock, are the cause of the

circadian behavioural abnormalities. For examplepsophile2 S NB ELINB a & Ay 3  KdzY |
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show ageinduced progressive behavioural arrhythmia in fre@ning conditions, dgste

normal oscillations in their master pacemaker neurons (Chen et al., 2014; Long et al., 2014).

The remarkable conservation of circadian mechanisms between humarBrasdphila

justifies the use oDrosophilaas a model organism (Bétedersen et al.2005). Circadian
locomotor activity inDrosophilas driven by ~150 neurons in the fly brain that express a
molecular clock. The ~150 neurons can be divided into several groups: small ventrolateral
neurons (SLNvs), large ventrolateral neurons (ILNvsyalateral neurons (LNds), lateral
posterior neurons (LPNs), and three groups of dorsal neurons (DN1s, DN2s and DN3s), based
on their anatomical position (Peschel and Helfsiabrster, 2011)The neuropeptide

pigment dispersing factor (PDF) is releasednfadl the ventrolateral neurons, except thé 5

sLNv (~16 neurons). PDF paracrinely synchronises the oscillations of the clock neurons so
that they oscillate in phase with one another (Renn et al., 1999; Hyun et al., 2005; Stoleru et
al., 2005; Cusumano at., 2009). The sLNvs are the master pacemakddsasophila

because in fregunning conditions they control the speed of behavioural and molecular
rhythms in a PDBependent manner (Stoleru et al., 2005; Yao and Shafter, 2014). Clock
neurons make syndjg contacts with specific neolock neurons in the pars intercerebralis

(PI) and lateral horn (LH), which show circadian production of the neuropeptides diuretic
hormone 44 (DH44) and leucokinin (LK), respectively. Correct signalling at these synapses is
needed for normal fregunning circadian behaviour (Cavanaugh et al., 2014; Cavey et al.,
2016).

NumerousDrosophilanodels of tauopathy have been produced by overexpressing human
wild-type (WT) tau or FHinked mutant (R406W/V337M) tau in the develogifty brain
(Wittmann et al., 2001)These fly models of tauopathy replicate many of the key features of
human AD, including progressive agdated neurodegeneration (Wittmann et al., 2001,
Nishimura et al., 2004), a reduced lifespan (Wittmann et al.12@0d associative learning
and memory deficits (Mershin et al., 2004 date, no studies have described in detail the

circadian dysfunction that can occurdrosophilaoverexpressing human tau
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First, we show pameuronal tau expression (either witgipe or R406W) in the fly brain
results in elevated nighime activity and daytime and nigitime sleep loss in LD

conditions, and progressive behavioural arrhythmia in DD conditions. Next, we show tau
expression exclusively in PDF neurons causes eleunahttime activity, daytime sleep
gains and nightime sleep loss in LD conditions, but is insufficient to induce progressive
behavioural arrhythmia in DD conditions. In contrast, tau expression in all clock neurons
causes progressive behavioural arrhyila in DD. We found no detectable loss of PDF
neurons in either Pdf>tau or tim>tau flies. These results suggest that theviaked

elevated nighitime activity, daytime sleep gains and nighmhe sleep loss in LD conditions
are as a result of dysfunctian the central pacemaker neurons. These results also indicate
that the nonPDF clock neurons are the primary target for mediatinglitaked progressive
behavioural arrhythmia in DD. In support of these ideas, suppression of tau expression in
PDF neuronsisufficient to rescue the elevated nigtitne activity and nightime sleep loss

in LD conditions, but not progressive behavioural arrhythmia in DD conditions-in tau
expressing flies. Tau expression in the PDF neurons also prolongs therfnésg period

and makes the flies hyperactive in DD. Collectively, these experiments show that distinct
groups of neurons mediate different taevoked circadian behavioural abnormalities.
Recent evidence has shown in tauopathies dysfunction in the circadian systenboted

to the disease process (Musiek et al., 2015; Hood and Amir, 2017). Thus, treating the
circadian misalignment and sleep disruption early in the disease process might not just
improve patient wellbeing but also clinical outcome. The developmentflgfraodel that
faithfully recapitulates ABinked sleepwake cycle and circadian rhythm disturbances
provides a platform to screen for potential therapeutic agents. Given the projected increase

in prevalence in AD and other tauopathies, effective treatmmptions are urgently needed.

3.2 Materials and Methods

3.2.1 Fly strains

All flies were raised on standard food (containing 0.8 % agar, 1.0 % soy flour, 8.0 % medium

cornmeal, 8.0 % malt extract, 1.8 % yeast, 4.0 % molasses, 2.5 % 10% iNipbgatute
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ethanol and 0.4 % propionic acid). Flies were raised under a 12 h light: 12 h dark (LD) cycle
at 25°C, except for flies carrying te®al8® which were raised at 18. Mated male flies of

5- or 25days of age were used in all experimentse Téillowing lines were used in the

study: CantorS, Ela¥'>2Gal4, ElavGGal4, timGal4, PdiGal4, PdiGal80, repeGal80, tub
Gal8®, UAS2n4r talVT, UASON4r talR4%%W UASON4r talVT and UAS2n4r tawbt) for

details see Table 2.1. To reduce the vaoiatirom genetic background all lines were
backcrossed against Canténhfor five generations. All lines have been previously described
(for references see Table 2.1). The various-t##3ines used were previously generated by
P-element mediated transgenesiThe pameuronal expression of tau is driven by Elav
Gal4. The paitlock expression of tau is driven by t{Bal4. Expression of tau exclusively in
PDF clock neurons is driven by {&#l4. The tinGal4, repeGal80 line which labels all
timelessclock newons was generated by combining two transgenes:@al4 and repo

Gal80. The Ela@al4, PdGal80 line which labels all neurons apart from the PDF clock

neurons was generated by combining transgenes:-BlaM and Pdal80.

Adult-onset panneuronal tauexpression was achieved by using the Elav GeneSwitch
(ElavGSYAS system (Osterwalder et al., 2008dult-onset panneuronal tau expression by
ElavGS was induced by treatment with 500 uM mifepristone (RU486) added to standard
food. Tau expression in thalalt clock neurons was achieved by using the TARGET system:
temperature sensitive tulGal8® combined with timGal4. At 18 °C (permissive
temperature), Gal88is active and represses Gal4 activity. After shifting adult flies to 30 °C,
Gal8® becomes inative and no longer represses Gal4 activity (McGuire et al., 2008).

same ElaaGal4, timGal4 and PdGal4 driver lines were used in all experiments.

3.2.2 Lifespan experiments

ElavGal4 females were crossed to males carrying either-2h¥8 talV"or UASONn4r

tauR408W yAStau flies served as controls. Crosses were set up in bottles. Adult males were
collected 048 h after eclosion and transferred under short-@@aesthesia to vials

containing standard food. All flies were kept in continuous LIesyd2 h: 12 h) at 25 °C and

70 % humidity. Flies were kept at an initial density of 20 individuals per vial and transferred
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without anaesthesia to new vials containing fresh food three times a week. Deaths were
scored every day, except for weekends. #ls/per genotype were used. L-oank analysis

of survivorship curves was performed using Graph Pad Prism 7.

3.2.3 Locomotor behaviour assay

Adult males were collected within a few hours of eclosion and no more than 20 were aged
on standard food and ®re tipped on to new food every twthree days. Flies were housed
individually in 65 mm x 5 mm glass tubes containing 5 % sucrose with 2 % agarose at one
end of the tube (approximately 1/3 of the tube). Cotton wool was used to plug the open end
of the tube Locomotor activity was collected withCaosophilaactivity monitor (DAM2)

system (TriKinetics, Waltham, US) in one minute bins. The glass tubes containing the flies
are placed in a DAM2 where an infrared beam bisects each tube. When the fly is active it
breaks this beam and activity is recorded (Chiu et al., 2010; Pfeiffenberger et al., 2010).
Monitors were placed in an incubator at 25 °C and/80% humidity (Panasonic Mirl55).

Flies were entrained in continuous LD cycles (12 h: 12 h) for-foredull days, after which

the lights were switched off and activity was monitored in constant darkness (DD) for-seven
nine full daysAverage daily activity histograms were produced from activity data from

three consecutive days of LD or sew@ne consecutive ays of DD. Daytime and nigtiine
activity is the total number of beam counts during the light and dark phase of LD, averaged
across three consecutive days. A fly was characterised as being asleep when it was inactive
for at least five minutes (Hendricks &., 2000; Shaw et al., 200@leep analysis was
conducted using a customritten Excel macro (Donlea et al., 2014). Average daily sleep
profiles were produced from activity data from three consecutive days of LD. Daytime and
nighttime sleep is the tal amount of sleep during the light and dark phase of LD, averaged

across three consecutive dayaraphPad prism was used for plotting.

Circadian rhythm strength (power, PN) was assessed by{Smaigle periodogram analysis
of the DD data using an Imagdelugin, Actogram J (Schmid et al., 2011). Flies were
characterised as rhythmic or arrhythmic based upon the presence or absence of any peak

above the 0.05 significance line (which is usually at 12.5 PN), respectively (Van Dongen et
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al., 1999). Average meer and period length were only calculated from flies with rhythmic
activity profiles. In flies with complex rhythms (more than a single peak above the 0.05
significance line), the largest peak was used for analysis. Activity in DD is the average
number ofactivity counts/24 h averaged across sevene days. For temperature shift
experiments, power and period length were calculated from the initial 6 days in DD at 20 °C
and the subsequent six days at 30 °C (flies were first entrained to LD cycles faldhisge

Graph Pad Prism 7 was used for plotting.

3.2.4 Immunohistochemistry

To visualise the clock neurons, we used-@al4 and PdGal4 to drive expression of a UAS
mCD8::GFP transgene. Fly brains were dissected in phosphate buffered salinAfteBS).
dissection, brains were fixed in freshly prepared 4 % paraformaldehyde in PBS for 30
minutes. Brains were rinsed three times in PBS with 0.5 % Triton X100 (?PB%6) and
mounted on microscope slides in Vectashield mounting media (Vector Labesatori
Burlingame, US). Slides were stored at 4 °C and imaged within a week. Images were taken
with an Olympus FV1000 confocal microscope, using Fluoview acquisition software. Images

were analysed using ImageJ and Adobe Photoshop.

3.2.5 Statistical analys

Graph Pad Prism 7 was used for statistical analysis. Sample sizes are reported in figures. Box
plots show median with interquartile range and the 10 % and 90 % percentiles as whiskers.
Data from flies which died before the end of the experiment wadugled from analysis. All

data were tested for normal or lognormal distribution by a Kolmogesavrnov test.

Activity (LD and DD) and power datasets were lognormally distributeetr&agformed

activity and power datasets were analysed by a-taited StizR S y-ieifitheie were two

groups, way ANOVA if there were more than two groups with a single factor (genotype)

and 2way ANOVA if there were more than two groups with two factors (genotype and age)
followed by posthoc tests. Multiple comparisorefter ANOVA were performed by a Tukey

HSD test. Sleep and period datasets were neither normally nor lognormally distributed,
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therefore we chose to use ngmarametric tests rather than parametric tests (i.g¢est and
ANOVA), which assume normal distrilouti Sleep and period datasets were analysed by a
Mann-Whitney Utest if there were two groups and Kruskéallis ANOVA if there were

more than two groups with a single factor (genotype) followed by {host tests. Sleep and
period datasets with more tharnwto groups with two factors (genotype and age) were
analysed in two ways. First, Kruskiallis ANOVA followed by pelsbc tests were used to

check for differences between different genotypes of the same age (eithar Z6-days

old). Multiple comparisons TG SNJ ! bh+! GgSNB LISNF2NX¥YSR-08& |
Whitney Utest was used to check for differences between different agearé 25day old)

of the same genotype. No statistical tests were done to predetermine sample size. However,
sample sizera consistent with previous publications in the field (Chen et al., 2014; Long et
al., 2014; Julienne et al., 2017). P levels are indicated as ns p>0.05, * p<0.05, ** p<0.001 or
*** p<0.0001.

3.3 Results

3.3.1 Pameuronal human wildtype tau (2n4r isoform) expression affects activity and

sleep in LD conditions

First, we expressed human fléingth wildtype tau (2n4r isoform) (Jackson et al., 2002) in
all neurons using the Gal4/UAS system (driverheypanneuronal ElaxGal4 driver) and
investigated whether the flies showed normal circadian behaviour by monitoring their
locomotor activity in LD and DD conditions. Several studies have shown huméawgpeild
tau overexpression in the developing Drosoaltitain or visual system results in
neurodegeneration, which resembles several key features of tauopathies, including age
dependency, cellype specificity, and accumulation and mislocalisation of abnormally
phosphorylated tau (Jackson et al., 2002; Mans#tial., 2004; Nishimura et al., 2004; Chen
et al., 2007; Kosmidis et al., 2010).

In LD conditiond)rosophilanormally exhibit a morning activity peak (centred around the

dark-to-light transition) and evening activity peak (centred around the lightlark
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transition). Flies anticipate the light transitions by gradually increasing their activity in
advance of them. The timing of the activity peaks is controlled by the clock. Independent of
the clock, flies also exhibit startle responses, which are tesmdiursts of activity in

response to the light transition®rosophilasshow a midday siesta between the two activity
peaks and a period of consolidated sleep at night (reviewed in Dubowy and Sehgal, 2017).
Both Gal4 control and Elav>2n4r Ydiflies showe a normal bimodal activity profilé={gure
3.1A, left column and middle column). However, Elav>2n4¥télies seemed to show
elevated basal activityelav>2n4r talf" flies appeared to show normal morning and evening
anticipation, but largely abolished morning and evening startle responses (Figure 3.1A). We
found that levels of daytime activity were unaffected, whereas levels of #igid activity

were substantiallyricreased, in both and 25day old Elav>2n4r talf flies compared to
agematched controls. Between the &nd 25day old age groups, we found no significant
differences in levels of daytime and nigfitne activity in either Elav>2n4r téd{i or control

flies Figure3.1B,C).

Next, we investigated whether the elevated nighthe activity in Elav>2n4r td( flies
coincides with sleep loss. We found a small loss of daytime sleep in Elav>2M4itiesu
compared to agenatched controls. The daytime sleep Iggst failed to reach significance
in 5-day old Elav>2n4r td{f flies. No significant ageelated differences in daytime sleep
were seen in Elav>2n4r t4lflies. On the other hand, we found a significant agkated
increase in daytime sleep in Gal4 cattilies. As a result, the daytime sleep loss reached
significance in 26lay old Elav>2n4r td(I flies (Figure 3.2A,C). Regardless of age, we found
a large loss of nigktme sleep in both 5and 25day old Elav>2n4r td{ flies, compared to
agematched catrols. Elav>2n4r tati" flies showed a significant agelated reduction in
night-time sleep (Figure 3.2A,D). These results demonstrate thateanonal human wild
type tau (2n4r isoform) expression promotes nigimie activity and suppresses daytime

andnighttime sleep in LD conditions.
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Figure 3.1: Locomotor activity of taaxpressing flies in LD conditionA) Average daily activity histograms

for three days of LD conditions are shown feafd 25day old Gal4 control (left column), Elav>2n4rfau
(middle column) and Elav>0n4r &3%(right column) flies. All genotypes exhibit normal bimodal activity
rhythms. Elevated baseline activity in taupressing flies. Vertical bars represent activity counts displayed in
30-min bins (mean + SEM). Ligluts (white bars). Lightsff (grey bars). () Quantification of daytime and
night-time activity. Elav>2n4r ta{f expression has no effect on daytime activity, but increases #igte

activity, relative to controls. Elav>0n4r f8®Vexpression decreasakmytime activity (in 2%lay old, but not in
5-day old flies), but increases nigtitne activity, relative to control€&Graphs show median with second and
third quartiles and 19 and 9¢" percentiles. n= 6259 flies per genotype/age from&independent
experiments. ns p>0.05; *p<0.05; ***p<0.0001. Data were lognormally distributed. Multiple comparisons
between different genotypes of the same age (asterisks in black) and different ages of the same genotype

(number symbols in red) by\®ay ANOVA and positoc Tukey HSD tests with liginsformed data.
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3.3.2 Pameuronal human wildtype tau (2n4r isoform) expression affects freenning

circadian rhythms

In DD conditions, Gal4 control flies maintained a rhythm of daytime activity and-tmggat
activity, with a period of nearly 24 hours. Similarly, Elav>2n4¥ties were more active
during the day than at night. However, in Elav>2n4MHlies relative nightime activity
appeared to be elevated, so the distinction between daytime activity and +iigie

inactivity was less clear. Average daily activity histograms and representative guothézl
actograms for Gal4 control and Elav>2tauVTfliescan be seen ifrigure3.3 (left column

and middle column). To quantify rhythm strength (power), we used l-8cdrgle
periodogram analysis (Van Dongen et al., 1999). The power of Elav>2W4fli@siwas
substantially reduced compared with@gatched controls at both ages analysédgiure
3.3B). By 2&lays of age, only 85 % of Elav>2n4M&ilies remained rhythmic, compared to
100 % of control flies (Table 3.1). A representative actogram for a rhythmic and arrhythmic
25-day old Elav>2n4r td'fly is shown irFigure3.3 (middle column, bottom row). Between
the 5 and 25day old age groups, all genotypes exhibited a significant reduction in overall

rhythmicity Figure3.3B).

Pantneuronal tau expression had no effect on the period lengtthgthms EFigure3.3C). It

is possible the dysrhythmia in Elav>2n4r'¥atlies could be due to reduced activity levels.
In support of this, Ali et al. (2011) showed paguronal tal)'" expression resulted in
locomotor activity deficits. However, we foundmpaeuronal 2n4r tal¥T expression resulted
in ageinduced hyperactivity in DD. We found normal activity levelsdap old Elav>2n4r
tau"VTflies, but increased levels of activity in-8&y old Elav>2n4r td(Jflies, compared to
agematched controls. A smlabut significant, ageelated decline in activity levels was seen
in control flies. Whereas, we found in Elav>2n4Maflies activity levels were well
maintained with agingRigure3.3D). Thus, the reduced rhythmicity in Elav>2n4'diies
was not & artifact of reduced activity levels. These results show that the overaccumulation
of human wildtype tau (2n4r isoformin all neurons causes progressive behavioural

arrhythmia and agenduced hyperactivity in DD conditions.
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3.3.3 Pameuronal human RO6W tau (On4r isoform) expression affects circadian

locomotor behaviour in LD and DD conditions

Different tau proteins are associated with different diseases with distinct pathology,
molecular aetiology and symptomology (reviewed in Guo et al., 20h@&)efore, it remains
unclear whether different tau proteins would precipitate equivalent results when studied in
insolation. To explore this we monitored the locomotor activity (in LD and DD conditions) of
flies panrneuronally expressing human witgpe orR406W tau (On4r isoform). Both human
On4r tal’Tand On4r taft*°®"Whave been previously shown to cause premature death, adult
onset progressive neurodegeneration and associative memory deficits when expressed
ectopically in theDrosophilabrain (Wittmann ¢ al. 2001; Kosmidis et al., 2010; Sealey et al.,
2017). We found Elav>2n4r tdliexpression reduced lifespan by 16 % and Elav>0n4r
tauR40Wexpression reduced lifespan by 20 % (Supplementary Figure 3.1). Previous studies
have shown that Elav>tau expressieesults in a more dramatic lifespan reduction

(Wittmann et al., 2001; Gorsky et al., 2016). This discrepancy could be due to differences in
the genetic background or experimental protocol, we used male flies kept on standard food
atalow populationderlsi @ 6 XXHn FfASaAa LISNI Al fox GALILISR
As the median lifespan of Elav>2n4r\tddlies was 57 days and Elav>0n4rit&iVflies was

63 days and we used flies up-8&ys old in our experiments, pareuronal tau expression

does not shorten lifespan sufficiently to influence our observations of circadian behaviour
(Supplementary Figure 3.1). As such, a similar number of Eldvt2'T, Elav>0n4r

tauR4%®Wand control flies survived to the end of the ten day experiment (Table 3.1).

Panneuronal On4r tali*®®Wexpression had little effect on the shape of the bimodal activity
profile in LD conditions. However, basal activity appdao be elevated in Elav>0n4r
tauR40®Wflies. The timing of morning and evening anticipation seemed to be normal in
Elav>0n4r tatf*®"flies. However, morning and evening startle responses were largely
abolished in Elav>0n4r t&tP*Wflies Figure3.1A right column). We found levels of daytime
activity were unaffected in#lay old Elav>0n4r t&i°Wflies, but slightly reduced in 28ay

old Elav>0n4r taftf%W compared to agenatched controls. On the other hand, levels of

night-time activity were substatally increased in Elav>0n4r t3¢Vflies compared to age
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matched controls at both ages analysed. No significantratzded differences in daytime or

nighttime activity were seen in Elav>0n4r t4tf"flies (Figure 3.1B,C).
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Figure 3.3: Pameurond tau expression causes behavioural arrhythm{@) Average daily activity histograms
and representative doublplotted actograms for seven days of DD conditions are shown-fand 25day old

Gal4 control (left column), Elav>2n4r ¥§middle column) ad Elav>0n4r takf%"(right column) flies. Flies

were entrained in standard LD cycles for three days and then monitored in DD for seven days. Control flies
exhibit robust rhythms of daytime activity and nigfitne inactivity, with a period of just under 24 Tau

expressing flies exhibit either weak rhythms with a normal period or are arrhytiMaitical bars represent

activity counts displayed in 3fin bins (mean + SEMB) Pameuronal tau expressioseverelyreduces

power, determined by LomiScarleanalysis. See Table 3.1 for the percentage of rhythmic flies. (€) Pan
neuronal tau expression has no effect on the period length of rhythms. (Dih@aonal 2n4r tal’™ expression
causes agénduced hyperactivity in DD. Pareuronal On4r tafi*®®"expressim has no effect on activity levels

in DD. Graphs show median with second and third quartiles afichid 9¢' percentiles. n = 5315 flies per
genotype/age from 46 independent experiments. ns p>0.05; *p<0.05; **p<0.001; ***p<0.0001. (B,D) Data
were logrormally distributed. Multiple comparisons between different genotypes of the same age (asterisks in
black) and different ages of the same genotype (humber symbols in rediay 2ANOVA and pos$toc Tukey

HSD tests with logransformed data. (C) Data weneither normally nor lognormally distributed. Multiple
comparisons between different genotypes of the same age (asterisks in black) by Kdadi ANOVA and
postKk2O 5dzyyQa (Sadacd /2YLINRARaA2Yya 0SG6SSy RhAERHBNBYI
MannWhitney Utests.

Elav>0n4r tatf*®Wexpression resulted in a small loss of daytime sleep. Daytime sleep loss
approached but did not quite achieve significance-uay old Elav>0n4r t&i°Wflies.

Between the 5and 25day old age groups, no significant differences in daytime sleep were
seen in Elav>0n4r t&%flies. Therefore, as a result of the agdated increase in daytime
sleep in Gal4 control flies, the daytime sleep loss reacigtficance in 25lay old

Elav>0n4r tatf*®Vflies (Figure 3.2B,C). Elav>2n4ritaand Elav>0n4r tdti®®Wexpression
produced a similar daytime sleep loss phenotype at both ages analysed (Figure 3.2C). We
found Elav>0n4r tdtf°Wexpression resulted in thloss of a large proportion of nigtime
sleep. The nightime sleep loss phenotype in Elav>0n4rt&i§“flies was not progressive
(Figure 3.2B,D). Elav>2n4r Ydwand Elav>0n4r tdit°®Vexpression produced similar night
time activity phenotypes (Figui21C). In &lay old flies, we found a stronger nigtine

sleep loss phenotype in Elav>0n4r té§Vflies compared to Elav>2n4r t4lflies. However,
we found a similar nighime sleep loss phenotype in 2fay old Elav>2n4r ta(J and
Elav>0n4r tatf*%%"flies, as a result of the agelated reduction in nightime sleep in

Elav>2n4r talf" flies (Figure 3.2D). Similar to Elav>2n4¥téexpression, Elav>0n4r tatyeW
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expression promotes nighitme activity and suppresses daytime and nigjhie sleep in LD

conditions.

Compared to Gal4 control flies, Elav>0n4rit&fiVflies appeared to show less distinction
between daytime activity and nighiime inactivity and relative nightime activity seemed

to be elevated in fregunning conditions. Average daily activity histograms and
representative actograms for Elav>0n4r #6"Vfliescan be seen ifrigure3.3 (right
column). Both 5and 25day old Elav>0n4r t&i°®Wflies showed a substantial reduction in
power compared with agenatched controlsKigure3.3B). Additionally, 5 % otday old
Elav>0n4r tatf*®Wflies and 15 %f 25-day old Elav>0n4r t&i°®Vflies were arrhythmic
(active around the clock), compared to 0 % of control flies (Table 3.1). Elav>0Ff#f%au
and control flies showed a similar agelated decline in rhythmicityin 5-day old flies,
Elav>0n4r tatf*®Vexpression produced a more severe reduction in overall rhythmicity
compared to Elav>2n4r td(i expression. We found a more substantial agiated

reduction in rhythmicity in Elav>2n4r t4liflies compared to Elav>0n4r t3tt%"flies. As a
result, in 25day old flies, Elav>0n4r t&tP5"and Elav>2n4r ta¥i expression produced a
similar reduction in rhythm strength (Figure 3.3Bhe period length of rhythms was normal
in Elav>0n4r takf%®Wflies Figure3.3C). No significant differences in levels of atstivi DD
were seen in Elav>0n4r t8t¥*Wflies compared with agenatched controls at both ages
analysed. Between the-and 25day old age groups, both Elav>0n4rit§Wand control
flies showed a small, but significant, reduction in activity levEtpue 3.3D). These results
show that Elav>0n4r t&d°®Wexpression reduces overall rhythmicity, but has no effect on

the period length of rhythms or activity levels in DD conditions.

3.3.4 Pameuronal On4r tal'T expression fails to induce behavioural dnythmia

Surprisingly, we found that Elav>0n4r Ydexpression exhibited robust behaviour, in
contrast to the behavioural arrhythmia produced by Elav>2n4¥{and Elav>0n4r t&tfosW
expression (SupplementaRigure3.2A,B,C). Regardless of age, poarmt period length did
not significantly differ between Elav>0n4r ¥alflies and agematched controls

(Supplementaryigure3.2B,C). The only remarkable difference between Elav>0n4"tau
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and control flies was activity levels in DD. In fraening conditons, we found a substantial
increase in levels of activity in Elav>0n4r‘tatlies compared to controls. As the Elav>0n4r
tau"Tflies aged the elevated activity levels were stable (Supplemeiftigiyre3.2D). Thus,
Elav>0n4r tatf*®Vexpression reduces evall rhythmicity without affecting activity levels, in
comparison Elav>0n4r téli expression fails to affect general rhythmicity but increases

activity levels.

3.3.5 Adultonset partneuronal human tau expression does not affect circadian

locomotor behaviour

To determine whether aduonset panneuronal tau expression can affect rhythmicity, we
employed the GeneSwitch (GS) inducible transgene expression system (Osterwalder et al.,
2001). To ensure the effectiveness of ElavGS, we induced tetanugwdmxah inactivates

the synaptic release machinery; Sweeney et al., 1995) using ElavGS. Flies, in which tetanus
toxin expression was induced by treatment with RU486, died within two days (data not

shown).

ElavGS>2n4r td flies were fed on RU48&r vehide-containing standard food from ore
two days post eclosion for ten days. Flies were subsequently loaded into the DAMs and their
locomotor activity was monitored in both LD and DD conditions. In LD conditions, RU486
fed flies exhibited bimodal activity rbbyms that were essentially identical to those found in
vehiclefed flies. Figure3.4A). No significant differences in activity and sleep were seen
between RU486and vehiclefed flies (Supplementarlyigure3.3A,B,C). In DD conditions,
both RU486and vehcle-fed flies maintained robust rhythms of daytime activity and right
time inactivity, with a period of just under 24 houfsdure3.4B). We found power and
period length did not significantly differ between RU486d vehiclefed flies Eigure

4.4C,D). évels of activity in DD in RU48% flies were not significantly different from in
vehiclefed flies Figure3.4E), but were dramatically reduced compared to other genotypes
(Table 3.1). This cannot be attributed to the effects of ethanol exposure aset\&ilf

(2002) demonstrated that low doses of ethanol increase locomotor activity. These results
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indicate that adukonset panneuronal 2n4r tal¥T expression (via ElavGS) is insufficient to

cause circadian behavioural deficits.
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Figure 3.4: Adulonset parrneuronal tau expression (via Ela8S) is insufficient to disrupt normal circadian
locomotor rhythms.ElavGS>2n4r tdi (A-E) and ElavGS>2n4r &tf\(FJ) flies were raised on standard food
during development and were transfedevithin two days of eclosion onto RU48% vehiclecontaining

standard food for ten days. Flies were subsequently loaded into the DAMs and their locomotor activity was
recorded during 3LD cycles followed by 8DD cycles. (A) Average daily activity histégréhree days of LD
conditions are shown for RU48énd vehiclefed ElavGS>2n4r téliflies. Activity rhythms are essentially

identical in RU486and vehiclefed flies. (B) Average daily activity histograms and representative double

plotted actogramsdr eight days of DD conditions are shown for RU486 vehiclefed ElavGS>2n4r t4l

flies. Both RU48@nd vehiclefed flies show robust rhythms of daytime activity and nighte inactivity, with

a period of just under 24 h. (C) Power. (D) Period len@hActivity in DD. n =48 flies per group from-3
independent experiments. (F) Average daily activity histograms for three days of LD conditions are shown for
RU486 and vehiclefed ElavGS>2n4r tati#flies. Activity rhythms are virtually identical RU486and vehicle

fed flies.(G)Average daily activity histograms and representative doytbdéted actograms for eight days of

DD conditions are shown for RU4&6hd vehiclefed ElavGS>2n4r tati*flies. Both RU486and vehiclefed

flies show robusrhythms of daytime activity and nighiime inactivity, with a period of nearly 24 h. (H) Power.

() Period length. (J) Activity in DD. n =2B6flies per group from a single experiment. Graphs show median

with second and third quartiles and #@nd 90" percentiles. ns p>0.05;twd | A f SR {teStadbhdoyg G Qa
transformed data for (C,E,H,J); M#¢hitney Utest for (D,I).

Next, we tested whether adultnset panneuronal expression of the highly toxic 2n4r
tauS''“construct could induce behaviourairhythmia under similar conditions. Previous
studies have shown that 2n4r tattAis more toxic than either On4r t3{I or 2n4r tal"'’

when expressed in thBrosophildarval neuromuscular junction (NMJ) or adult visual

system (Chatterjee et al., 2009; TalAmar et al., 2011). Indeed, Eldviven 2n4r tag*A
expression at both 18 °C and 25 °C, resulted in lethality at the pupal stage (data not shown).
Both RU486and vehiclefed ElavGS>2n4r tattAflies showed bimodal activity rhythms in

LD conditionsKgure 3.4F). We found no significant differences in levels of activity and sleep
between RU486and vehiclefed flies (Supplementarlyigure3.3D,E). In DD conditions,
RUA486fed flies retained significant rhythmic behaviotigure3.4G). No significant

differences in power, period length and activity in DD were seen between RdA86
vehiclefed flies Figure3.4H,1,J). Taken together, these results show adunftet pan

neuronal expression of either 2n4r t4lior highly toxic 2n4r tatt'A(via ElavGS) faito

induce circadian behavioural abnormalities. However, the lack of a phenotype is likely due

to insufficient tau expression levels, it is possible increasing the concentration of RU486,
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longer exposure to RU486, or introducing additional copies of GAl8/might produce a
phenotype. In comparison, TNT is effective in the nanomolar concentration range (Sweeney
et al., 1995; Thum et al., 2006).

3.3.6 Human wiletype tau (2n4r isoform) expression in the clock neurons affects activity

and sleep in LI2onditions

Studies on post mortem brains from AD patients have shown substantial cell loss in the SCN,
suggesting that damage to the master pacemaker might cause circadian behavioural
abnormalities (Swaab et al., 1985; Wu and Swaab, 2007). Becauseg ofehisnted to

explore the effects of restricting tau expression to the clock system. To achieve this, we

used the PdfGal4 and timGal4 driver lines to express tau either in the RiDBitive clock

neurons (~16 neurons) or in all clock neurons (~150 nes)raaspectively and recorded

locomotor activity in LD and DD conditions.

In LD conditions, both tim>2n4r t4liand Pdf>2n4r talf" flies showed normal bimodal
activity rhythms with morning and evening peaks. Except for a loss of morning anticipation
in 25-day old tim>2n4r talY" flies, morning and evening anticipation appeared to be normal
in tim>2n4r tal'Tand Pdf>2n4r talf" flies. Morning and evening startle responses seemed
to be normal in tim>2n4r tali" and Pdf>2n4r tali" flies. Baseline activity leveehppeared to
be slightly elevated in tim>2n4r t&iand Pdf>2n4r talf" (Figure 3.5A). We found levels of
daytime activity were unaffected in tim>2n4r t4land Pdf>2n4r ta{i" flies, whereas levels
of nighttime activity were substantially increased, comga to agematched controls at

both ages analysed (Figure 3.5B,C). No significantedgeed differences in daytime activity
were observed in tim>2n4r tdlf, Pdf>2n4r talYTand control flies (Figure 3.5B). Irday

old flies, tim>2n4r talfTand Pdf>2n4rau’T expression produced a similar nigfitne

activity phenotype. With aging, levels of nigithe activity were well maintained in

Pdf>2n4r tal¥ " flies, but not in tim>2n4r tali" flies. A severe ageelated reduction in night
time activity was seen in tir2n4r tal/Tflies. Therefore, in 28lay old flies the nightime

activity phenotype was milder in tim>2n4r t4lflies than in Pdf>2n4r ta¥f flies. Control
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flies showed a small, but significant, ageated reduction in nightime activity (Figure

3.5C).

Regardless of age, tim>2n4r tdlexpression had no effect on daytime sleep (Figure
3.7A,C). On the other hand, Pdf>2n4r'faexpression resulted in a small gain in daytime
sleep in 5day old flies, but not in 28ay old flies. We found a moderate redigst in
daytime sleep in Pdf>2n4r téliflies as a function of age (Figure 3.7B,C). Whereas, no
significant ageelated differences in daytime sleep were seen in either tim>2n4¥'tau
control flies (Figure 3.7A,C). At both ages analysed, tim>2n¥f taa Pdf>2n4r taly"
expression resulted in the loss of a large proportion of ntght sleep. In &ay old flies,
the nighttime sleep loss phenotype was stronger in tim>2n4't&flies than in Pdf>2n4r
tau"Tflies. We found levels of nighime sleep werestable in Pdf>2n4r tat" flies, but not
in tim>2n4r tal'" flies, with aging. As a result, in-24y old flies, the nightime sleep loss
phenotype was similar in tim>2n4r tdlland Pdf>2n4r tali" flies. No significant ageelated
differences in nightime sleep were seen in control flies (Figure 3.7A,B,D). These results
show that 2n4r tal¥ T expression in the clock system promotes daytime sleep in an age
dependent manner and promotes nigtime activity and suppresses nigtitne sleep in an

ageindependentmanner.

3.3.7 Human wildype tau (2n4r isoform) expression in all clock neurons is sufficient to

trigger behavioural arrhythmia in DD conditions

In DD conditions, UAS control flies were active during the day and inactive atFimgme(
3.8A, left column). Whereas, tim>2n4r ¥4lflies failed to show a clear distinction between
their daytime activity and nighiime inactivity because relative nighitne activity seemed

to be elevated Figure3.8A, middle column). Both-&nd 25day old tm>2n4r tal'" flies
showed a substantial reduction in power compared walyematched controls. All
genotypes exhibited an agelated decline in overall rhythmicityFigure3.8B). By 2&lays

of age, the fraction of tim>2n4r ta{f flies that remained rhythmic was only 70 %, compared
to 100 % of controls (Table 3.1). An example actogram for a rhythmic and arrhythiahay 25

old tim>2n4r tal'"fly is shown irFigure3.8 (middle column, bottom row). Surprisingly,
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tim>2n4r tal' flies were less rhythmic than Eta2n4r tal'" flies at the same ageas
shown by reduced overall rhythmicity and an increased arrhythmiepsydulation

(Supplementary Figure 3.7A and Table 3.1).

Furthermore, tim>2n4r talfT expression prolonged the freinning period. The average
period length of 5day old tim>2n4r talf" flies was 0.3.4 h longer than in control flies.
Similarly, the average period length of-8&y old tim>2n4r talf" flies was 1.1 h longer than
in control flies. Period lengths in tim>2n4r talflies were much more vable than in
control flies. For example, in 28y old tim>2n4r talf" flies period lengths ranged from
between 19.131.5 h, compared to 22-:Z4.7 h in the Gal4 control and 2226.1 h in the
UAS control. Between the &nd 25day old age groups, no sigu#nt differences in the
period length of rhythms were seen in either tim>2n4r\tdwr control flies Figure3.8C

and Table 3.1). We found a substantial increase in activity levels in D&aynd@d tim>2n4r
tau"VTflies with respect to controls. Tim>2ntu""flies showed a dramatic agelated
decline in levels of activity. In Zfay old tim>2n4r talY'flies, activity levels were reduced to
the point where they no longer significantly differed from agatched controls. On the
other hand, control flieshowed a moderate ageelated reduction in activity level§igure
3.8D). These results show that 2n4r tdwverexpression in all clock neurons causes
progressive behavioural arrhythmia and hyperactivity, and prolongs the period length of

rhythms in DD coditions.
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Figure 3.5: Locomotor activity of flies expressing 2n4r'tdin the clock system in LD condition) Average
daily activity histograms for three days of LD conditions are shownfamdb 25day old UAS control (left
column), tim=2n4r tal’™ (middle column) and Pdf>2n4r t4li(right column) fliesAll genotypes exhibit
bimodal activity rhythms. Elevated baseline activity in tim>2n4PMand Pdf>2n4r taliflies. Loss of

morning anticipation in 2&lay old tim>2n4r talf" flies. Vertical bars represent activity counts displayed in 30
min bins (mean + SEM). Ligiuts (white bars). Lightsff (grey bars)(B-C) Quantification of daytime and night
time activity. Tim>2n4r tali’ and Pdf>2n4r talf" expression has no effect on daytime adgiybut increases
night-time activity, relative to controls. Graphs show median with second and third quartiles dhantood"
percentiles. n = 3115 flies per genotype from-@ independent experiments. ns p>0.05; *p<0.05; **p<0.001;
***n<(0.0001. Datawere lognormally distributed. Multiple comparisons between different genotypes of the
same age (asterisks in black) and different ages of the same genotype (humber symbols in redyby 2

ANOVA and podioc Tukey HSD tests with krgnsformed data.
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Figure 3.6: Locomotor activity of flies expressing 0n4rti§"in the clock system in LD condition§l)
Average daily activity histograms for three days of LD conditions are shownaiod 25day old UAS control
(left column), tim>0n4r tal°®¥(middle column) and Pdf>0n4r t&PY(right column) fliesAll genotypes
exhibit bimodal activity rhythms. Elevated basal activity in tim>0n4F4&Yand Pdf>0n4r talf*®Vflies.
Vertical bars represent activity counts displayed im3@ bins (mean = SEM)ghts-on (white bars). Lighteff
(grey bars)(B-C) Quantification of daytime and nigtine activity. Tim>0n4r tatf*®Vand Pdf>0n4r talfsoW
expression decreases daytime activity i@y old flies, but increases daytime activity indy old flies,
relative to controls (albeit differences approached but fell just short of significance in Pdf>0rf4%Y4lies).
Tim>0n4r tafi*°*®Vand Pdf>0n4r taltf®Vexpression increases nigtime activity relative to controls. Graphs
show median with second and thiquartiles and 10th and 90th percentiles. n =28l flies per genotype
from 2-6 independent experiments. ns p>0.05; *p<0.05; **p<0.001; ***p<0.0001. Data were lognormally
distributed. Multiple comparisons between different genotypes of the same ager{gks in black) and
different ages of the same genotype (number symbols in redHvg2 ANOVA and postoc Tukey HSD tests

with log-transformed data.
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Surprisingly, Pdf>2n4r t&{i expression flies robust circadian behaviour, which was in
contrast to thebehavioural arrhythmia produced when 2n4r tduwas expressed pan
neuronally or parclock. Rhythm strength in Pdf>2n4r ¥aflies did not significantly differ

from agematched controls at both ages analys&iigure3.8A,B). We found a highly
significantincrease in overall rhythmicity in Pdf>2n4r Yédiflies, compared to tim>2n4r
tauTand Elav>2n4r tf flies at both ages analysed (Figure 3.8B and Supplementary
Figure 3.7A). It is possible that the lack of arrhythmicity is due to the weaker expregsion o
Pdf, as compared to tim and Elav lines. However, this is unlikely as Chen et al. (2014)
showed using a GFP reporter that expression levels specifically in the PDF neurons are very
similar for the Elav, Pdf and tim drivers. Furthermore, Pdf>2n4¥taxpression prolonged

the free-running period by 0.0.8 h in 5day old flies and 0-0.9 h in 25day old flies

compared to controls. Period lengths in Pdf>2n4/Maflies were less variable than in
tim>2n4r tal' flies. The periodengthening effects were wiilar in tim>2n4r taTand

Pdf>2n4r tal" flies Figure3.8C). Regardless of age, we found a substantial increase in
activity levels in DD in Pdf>2n4r ¥éulies compared to controls. The elevated activity levels
were well maintained in Pdf>2n4r t4lflies with aging. Thus, tim>2n4r tdliand Pdf>2n4r
tau"VTexpression produced a similar increase in activity levels in young flies, but not in aged
flies Figure3.8D). These data show that 2n4r Ydexpression in PBpositive clock neurons
lengthens the fee-running period and causes hyperactivity, but is insufficient to trigger

behavioural arrhythmicity in DD conditions.

3.3.8 0n4r tafi“*®*"Wand 2n4r tal'T expression in the clock system produce similar effects

on circadian locomotor behaviour

Next, we ested whether we would obtain similar results if we expressed On4t*Palin

the clock system. Both tim>0n4r t&tWand Pdf>0n4r tatf*®Wflies displayed bimodal
activity rhythms with elevated basal activity in LD conditions. Morning and evening
anticipation and startle responses appeared to be normal in tim>0n4%&%and Pdf>0n4r
tauR40%%Wflies (Figure3.6A). We found levels of daytime activity were reduced-ata$ old
tim>0n4r talk*%®Wflies, but increased in 28ay old tim>0n4r tat’**®Wflies, elative to age

matched controls. We found a similar daytime activity pattern in Pdf>0n4y*f&{fflies,
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although the differences fell just short of significance. Both tim>0n4f4&%and Pdf>0n4r
tauR4%®Wflies showed an ageelated increase in daytimactivity (larger in tim>0n4r tatfosW
flies). Whereas, levels of daytime activity were stable in control flies as they aged (Figure

3.6B).

Regardless of age, levels of nigime activity were substantially increased in both tim>0n4r
tauR40Wand Pdf8on4r talr4%%Wflies with respect to agenatched controls. We found no
significant ageelated differences in nightime activity in tim>0n4r ta*®*%“flies. Whereas,
we found a significant ageelated increase in nightime activity in Pdf>0n4r tdt#0Vflies.
Control flies showed a small, but significant, aigkated decrease in nightme activity.
Therefore, tim>0n4r tatf°®Vand Pdf>0n4r tatf%®Vexpression produced a similar increase
in nighttime activity in 5day old flies. Whereas, in 2fay old fies, Pdf>0n4r tafeowW
expression produced a stronger nigithe activity phenotype than tim>0n4r t&oW

expression (Figure 3.6C).

We found a mild gain in daytime sleep &y old tim>0n4r tat**®Wflies, but a large loss of
daytime sleep in 28lay ot tim>0n4r tar*°WVflies, compared to agenatched controls
(Figure 3.7E,G). Whereas, Pdf>0n4Ft&Vexpression had on effect on daytime sleep at
both ages analysed (Figure 3.7F,G). Regardless of age, we found strortgrmegdieep loss
in both tim>0nr tau?*°®Wand Pdf>0n4r taltf°Wflies compared to agenatched controls.
The nighitime sleep loss phenotype was progressive in both tim>0n4tt&¥and

Pdf>0n4r tafi*°®Vlies. In control flies levels of nigtime sleep were stable with aging.
Tim>0n4 tauR4%®Wand Pdf>0n4r tatf*®Wexpression resulted in similar nigtime sleep loss

phenotypes at both ages analysed (Figure 3.7E,F,H).

Tim>2n4r tal/Tand tim>0n4r tafi*®*Vexpression had differential effects on daytime
activity and sleep. Tim>2n4r tAliexpression had no effect on daytime activity and sleep,
whereas tim>0n4r tatf*Wexpression produced aggependent daytime activity and sleep
phenotypes (Supplementary Figure 3.5A,C). Tim>2n4ftand tim>0n4r taf*0sW
expression resulted in similarght-time activity and sleep phenotypes irday old flies. As

a result of aging, the nigkitme activity and sleep phenotypes weakened in tim>2n4"au
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flies, whereas the nighime sleep phenotypes strengthened in tim>0n4r tét"flies. As a
result, n 25day old flies, we found milder nighitme activity and sleep phenotypes in
tim>2n4r talV"flies compared to tim>0n4r tdii°®Vflies (Supplementary Figure 3.5B,D).
Regardless of age, no significant differences in daytime activity and sleep were seen
between Pdf>2n4r taliT and Pdf>0n4r taltf%®WVflies (Supplementary Figure 3.6A,C). At both
ages analysed, Pdf>2n4r ¥dland Pdf>0n4r taltf%®Wexpression predominately produced
similar elevated nightime activity and nightime sleep loss phenotypes (Supplentary
Figure 3.6B,D).

These results show that On4r t&$*Wexpression in the clock system affects daytime activity
and sleep in an agéependent manner, it suppresses daytime activity and promotes

daytime sleep in young flies, but promotes daytime activity and suppresses daytime sleep in
aged flies. Whereas, On#au?4%Wexpression in the clock neurons affects nigihte activity

and sleep in an agedependent mannec it promotes nighttime activity and suppresses

nighttime sleep in both young and aged flies.
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Figure 3.7: Tau expression in the clock systeromotes daytime sleep and suppresses nigfrhe sleep.(A)
Average daily sleep profile for three days of LD conditions are shown dmd=>25day old tim>2n4r talf"and

control flies. (B) Average daily sleep profile for three days of LD conditionk@sm $or 5 and 25day old

Pdf>2n4r tal¥Tand control flies. (@) Quantification of daytime and nigtime sleep. Tim>2n4r talf

expression has no effect on daytime sleep, but decreases-tiigktsleep, relative to controls. Pdf>2n4r ¥au
expression ineases daytime sleep (inday old, but not in 25lay old flies), but decreases nigfithe sleep,

relative to controls. (D) Average daily sleep profile for three days of LD conditions are showarfdrZeday

old tim>0n4r tal®*®®"and control flies. (FAverage daily sleep profile for three days of LD conditions are

shown for 5 and 25day old control and Pdf>0n4r t&#?%"and control flies. All genotypes display a bimodal
pattern, with peaks at midday and midnight and troughs at dawn and dusK) @uatification of daytime

and nighttime sleep. Tim>0n4r tati®*Vexpression increases daytime sleep iddy old flies, but decreases
daytime sleep in 28lay old flies, relative to controls. Tim>0n4r t4¥Vexpression decreases nigtite sleep

relative tocontrols. Pdf>0n4r tatf°Wexpression has no effect on daytime sleep, but decreases-tiight

sleep, relative to controls. The horizontal bars show when the lights were on (white) or off (blaBR)n(A

31-115 flies per genotype/age from@ indepenent experiments. () n = 28111 flies per genotype/age

from 2-6 independent experiments. (A,B,E,F) Graphs show mean + SEM. (C,D,G,H) Graphs show median with
second and third quartiles and #@nd 90" percentiles. ns p>0.05; *p<0.05; **p<0.001; ***p<0Q0OL. Data

were neither normally nor lognormally distributed. Multiple comparisons between different genotypes of the
same age (asterisks in black) by Krudkallis ANOVA andpokt2 O 5dzyyQa GSadd / 2YLI NR &2y
different ages of the same genotype fnber symbols in red) by MaAwhitney Utests.

UAS control flies were active during the day and inactive during the night in DD conditions
(Fig 3.9A, left column). Tim>0n4r t4Fflies maintained some observable rhythmicity in
DD. However, relative nighitime activity appeared to be elevated, so the distinction
between daytime activity and nighitime inactivity was less marke#&igure3.9A, middle
column). The power of both-&nd 25-day old tim>0n4r tat*°®“flies was substantially
reduced compared with agmatched controlsKigure3.9B). <5 % of-@and 25day old
tim>0n4r talk*%WVflies were arrhythmic (Table 3.1). Between theahd 25day age groups,
a decline in behavioural ytthmicity was seen in all genotypes (Figure 3.9B). At both ages
analysed, tim>2n4r tati" and tim>0n4r tafi*®*“expression produced a similar reduction in
overall rhythmicity (Supplementary Figure 3.5E). However, tim>2n4f"tdas showed an
increased afythmic subpopulation compared to tim>0n4r t&4605flies (Table 3.1).
Elav>0n4r tatf*®Vand tim>0n4r tafi*°®Vexpression resulted in a similar decline in overall

rhythmicity (Supplementary Figure 3.7B).
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Additionally, tim>0n4r tat’°®Wexpression prolonged the freinning period. The average
period length of &day old tim>0n4r taB*°®“flies was 0.4 h longer than in control flies.
Furthermore, the average period length of-88y old tim>0n4r tat**®“was 0.91.1 h

longer than in contrbflies Figure3.9C). There was a significant agéated increase in the
period length of rhythms in tim>0n4r t&}®Vflies, which was evident in the histograms and
actogramsItigure3.9A, middle column; rightward shift in the evening activity peakjiode
lengths in tim>0n4r taf*®“flies were much more widely variable than in control flies. For
example, in 2&lay old tim>0n4r tat*°®"flies period lengths ranged from between 18.6
30.9 h, compared to 22:Z4.7 h in the Gal4 control and 2322.7 h inthe UAS control
(Figure3.9C and Table 3.1). We found similar pefiieaigthening effects in tim>2n4 t&(

and tim> 0n4r taf***“flies (Supplementary Figure 3.5F). Tim>0n4Ftéi¥expression
caused a slight increase in levels of activity in DDday®ld flies, and a considerable
increase in levels of activity in DD in@&y old flies, compared to ageatched controls. We
found no significant ageelated differences in activity levels in DD in tim>0n4rtaeflies.
Regardless of age, tim>0n4r &R¢"Wand Pdf>0n4r takf%®Wexpression produced a similar
increase in activity levels in constant darkness (Fig 3.9D)d&y bld flies, tim>0n4r
tauR4%®Wexpression produced a more substantial increase in activity levels in DD with
respect to tim>2n4r taliTexpression. Whereas, in 2fay old flies we saw the opposite
(Supplementary Figure 3.5G). These data show similar teloak 2n4r tall ™ expression,
pan-clock On4r tai*®®Wexpression produces behavioural arrhythmicity and hyperactivity,

and lengthenghe free-running period in DD conditions.

We found a small reduction in power irday old, but not in 2&lay old, Pdf>0n4rauRo46W
flies compared to agenatched controls (Fig 3.9B). However, the actograms of Pdf>0n4r
tauR4%®Wflies showed that the vashajority of animals maintained a pattern of daytime
activity and nighttime inactivity similar to control flies. So, despite the reduced power,
Pdf>0n4r tafi*°®“flies clearly maintained a high degree of rhythmicity (Fig 3.9A, right
column). Furthermore, @ found no ageelated decline in rhythm robustness in Pdf>0n4r
tauR40%flies and no Pdf>0n4r t&i°Vflies were arrhythmicKigure3.9B and Table 3.1). At
both ages analysed, Pdf>0n4r E4tf\Vflies were more rhythmic than tim>0n4r t&tP*"and

Elav>0n#4tauR?4%®Wflies as evidenced by increased overall rhythmicity and a reduced

125



arrhythmic subpopulation (Figure 3.9B, Supplementary Figure 3.7B and Table 3.1). Rhythm
strength was significantly reduced irday old, but not in 2&lay old, Pdf>0n4r t&tf%Wflies
compared to Pdf>2n4r talf flies of the same age (Supplementary Figure 6E).

Pdf>0n4r tafi*®®Wexpression prolonged the freinning period by 0.5 h in both-and 25

day old flies, compared with agaatched controls. No significant agelated diferences in
the period length of rhythms was seen in either Pdf>0n4f#&Yor control flies. We found
similar periodlengthening effects in tim>0n4r t&*Vand Pdf>0n4r talf%®Vflies, despite

the significant ageelated increase in period length imt>0n4r talf*6®Vflies. Compared to
tim>0n4r talk*¢®Wilies, period lengths in Pdf>0n4r 2t§°Vflies were not as widely variable
(Figure 3.9C). We found similar peritehgthening effects in Pdf>2n4r tdliand Pdf>0n4r
tauRr4%®Miies (Supplementary Figei3.6F). Regardless of age, we found a dramatic increase
in activity levels in DD in Pdf>0n4r E4efVflies compared to agenatched controls. The
elevated activity levels were well maintained in Pdf>0n4ft&Y\flies with aging. At both
ages analysedimh>0n4r talf*%*Wand Pdf>0n4r taltf®“Vexpression produced a similar
increase in activity levels (Figure 3.9D). Regardless of age, Pdf>2{AanauPdf>0n4r
tauR4%®Wexpression triggered a similar increase in levels of activity (Supplementary Figure
3.6Q. Similar to Pdf>2n4r tflf expression, Pdf>0n4r t&"expression lengthens the
free-running period and causes hyperactivity, but is insufficient to produce progressive

behavioural arrhythmia in DD conditions.
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Figure 3.8: 2n4r talfT expression in the clock system disrupts normal circadian locomotor rhyth(ag.

Average daily activity histograms and representative doyihddted actograms for nine days of DD conditions

are shown for 5and 25day old UAS control (left column), tim>2rtdu"™ (middle column) and Pdf>2n4r

tau™T (right column) flies. Flies were entrained in standard LD cycles for three days and then monitored in DD
for nine days. UAS control flies exhibit robust rhythms of daytime activity and-tigétinactivity, witha

period of just under 24 h. Tim>2n4r t4lflies exhibit either very weak rhythms with a lepgriod (>24 h) or

are arrhythmic. Pdf>2n4r talfflies exhibit robust rhythms with a lorgeriod (>24 h)Vertical bars represent
activity counts displayed in 3@in bins (mean + SEMB) Tim>2n4r talf’ expression severely reduces power
relative to controls. Pdf>2n4r td(I expression has no effect on power relative to controls. See Table 3.1 for
the percentage of rhythmic flies. (C) Tim>2n4r'taand Pdf>2n4r ta"" expression prolongs the freminning
period. (D) Tim>2n4r talf and Pdf>2n4r tali” expression increases activity levels in DD relative to controls.
Graphs show second and third quartiles and 80d 90" percentiles. n = 3115 flies per genotype/agiEom

2-6 independent experiments. ns p>0.05; *p<0.05; ***p<0.0001. (B,D) Data were lognormally distributed.
Multiple comparisons between different genotypes of the same age (asterisks in black) and different ages of
the same genotype (number symbols in ydxy 2way ANOVA and pos$ioc Tukey HSD tests with tog

transformed data. (C) Data were neither normally nor lognormally distributed. Multiple comparisons between
different genotypes of the same age (asterisks in black) by Keugitis ANOVA and pebc5 dzy'y Qa G Sadao
Comparisons between different ages of the same genotype (number symbols in red) byWaimey U

tests.
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Figure 3.9: On4r tatf%Wexpression in the clock system disrupts normal circadian locomotor rhyth(Ag.

Average daily activithistograms and representative doubdotted actograms for nine days of DD conditions

are shown for UAS control (left column), tim>0n4rt&8"Y(middle column) and Pdf>0n4r t8t¢V(right

column) fliesFlies were entrained in standard LD cycles for three days and then released in DD for nine days.
UAS control flies show robust rhythms of daytime activity and Highe inactivity, with a period of nearly 24

h. tim>0n4r talf**“flies exhibit either veryveak rhythms with a long period (>24 h) or are arrhythmic.
Pdf>0n4r tafi**sWflies exhibit robust rhythms with a long period (>24Wgrtical bars represent activity

counts displayed in 3fin bins (mean £ SEMB) Severe reduction in power is found iarid 25day old

tim>0n4r talf*°®“flies relative to controls. Moderate reduction in power is found iddy old, but in not 25

day old, Pdf>0n4r tdt{°"“flies relative to controls. See Table 3.1 for the percentage of rhythmic flies. (C)
Prolonged freerunning period is found in tim>0n4r t&f°Vand Pdf>0n4r tatf°¢"flies relative to controls. (D)
Increased activity levels in DD are found in tim>0n4Rt&Wand Pdf>0n4rtal*c®“flies relative to controls.

Graphs show second and third quartiles and 20d 90" percentiles. n = 2109 flies per genotype/age from

2-6 independent experiments. ns p>0.05; *p<0.05; **p<0.001; ***p<0.0001. (B,D) Data were lognormally
distributed. Multiple comparisons between different genotypes of the same age (asterisksk) bhd

different ages of the same genotype (number symbols in red g2 ANOVA and postoc Tukey HSD tests

with log-transformed data. (C) Data were neither normally nor lognormally distributed. Multiple comparisons
between different genotypes of theame age (asterisks in black) by Kruskallis ANOVA and pehbc
5dzyyQa GSadaod /2YLINrazya o0S0i6SSy RAFTFSNByd -F3Sa 27F
Whitney Utests.

3.3.9 Highly toxic 2n4r tat?'“expression in the clockysteminduces behavioural

arrhythmia in DD conditions

Next, we tested whether panlock expression of the highly toxic phosphorylatiesistant
2n4r tawPtAconstruct is associated with a more severe phenotype thangack 2n4r
tau"VTexpression. We found a highly significant reduction in power in tim>2n4¥alies
compared to agenatched controls at both ages analysed. At both ages analysed, overall
rhythmicity did not significantly differ between tim>2n4r fad‘flies and tim:2n4r tauV"

flies (Supplementarffigure3.4A,B). However, an increased arrhythmic-palpulation was
found in tim>2n4r ta§*'Aflies compared to tim>2n4r talf flies. At 5days of age, 80 % of
tim>2n4r ta?*Aflies were rhythmic, compared to 95 % of tim42nau”" flies. By 2&days

of age, only 60 % of tim>2n4r t&d*flies remained rhythmic, compared to 70 % of

tim>2n4r tal' flies (Supplementary Figure 3.4A and Table 3.1). Tim> 2n#fau
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expression prolonged the freeinning period in an agdependentmanner. The period

length of rhythms was normal inday old tim>2n4r taé'“flies. Whereas, the average

period length of 2&day old tim>2n4r tad4flies was 1.0 h longer than in ageatched

controls. Period lengths in 2Bay old tim>2n4r tag'*fliesvaried greatly, they ranged from
between 18.632.6 h, compared to 22-:Z4.7 h in the Gal4 control and 2322.2 h in the

UAS control. By 28ays of age, the perioténgthening effects were similar in tim>2n4r
tauS'Aand tim>2n4r talf T flies (Supplementar Figure 3.4C). Tim>2n4r faifexpression

had no significant effect on activity levels in DD irrespective of age (Supplementary Figure

3.4D)

3.3.10 Tau expression does not cause structural degeneration of the central pacemaker

neurons

Next, we wishd to investigate whether structural damage to the central pacemaker
coincides with the behavioural abnormalities. We used a mCD8::GFP transgene to directly
visualise the morphology of the PIpBsitive clock neurons (sLNvs and ILNvs), which are the
master cemakers. We observed no obvious loss of sLNvs and ILNvs neurons in either
Pdf>tau or tim>tau flies up to 28ays of ageKRigure3.10B,C). The PDF neurons have dense
arborisations in the optic lobes (Helfri¢torster and Homberg, 1993). The density of the
arborisation pattern appeared to be similar in Pdf>2n4/Maand Gal4 control flied{gure
3.10B).
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3.3.11 Elevated nigkime activity and nighttime sleep loss in LD in taexpressinglies

is dependent upon tau expression in the master pacemaker neurons

We have shown that tau expression in all neurons, and exclusively in PDF neurons, causes a
similar increase in nigkitme activity and loss of nightme sleep (Supplementary Figure
3.8B,D). Therefore, we sought to investigate whether the nighé activity and sleep
phenotypes in tatexpressing flies are related to the effects of tau expression in the PDF
neurons. To achieve this, we used the pauronal ElaxGal4 driver combined ith Pdf

Gal80 to block Gal4 activity exclusively in the PDF neurons (Stoleru et al., 2004). We found
levels of both daytime and nighime activity in 5day old Elav, PdBal80>0n4r tat%Vflies

did not significantly differ from agmatched controls. Lels of nighttime activity were
significantly lower in Elav, R@&al80>0n4r tak**®“compared to Elav>0n4r t&F"Mlies

(Figure 3.11B). No significant differences in levels of daytime andtmggtsleep were seen

in 5-day old Elav, PdBal80>tafi**®flies relative to agenatched controls. Levels of night

time sleep were significantly higher in Elav,-Bdfi80>0n4r tat*6*“flies compared to
Elav>0n4r tatf5®“lies (Figure 3.11C). These results show blocking tau expression
exclusively in the PDF neumnescues the nigktime activity and sleep phenotypes in tau
expressing flies. These results suggest tau acts in the master pacemaker neurons to cause

elevated nighitime activity and nightime sleep loss in LD conditions.

3.312 Behavioural arrhythia in DD in tavexpressing flies is not dependent upon tau

expression in the master pacemaker neurons

We have previously shown that tau expression exclusively in the PDF neurons fails to cause
progressive behavioural arrhythmia (Figure 3.8 and Figure Bi@refore, we were

interested to know whether tau expression in all neurons apart from the PDF neurons was
sufficient to produce progressive behavioural arrhythmia in DD conditionsday ®Id Elav,
PdfGal80>tafi**®Wlies, relative nighttime activity seemed to be elevated, so there was

less distinction between daytime activity and nigime inactivity Figure3.11D). We found

that 5-day old Elav, PdBal80>0n4r tatf?%flies showed a substantial reduction in power
compared with controls of the sanmsge Figure3.11E). The period length of rhythms was
normal in 5day old Elav, PdBal80>0n4r takt°®“flies Figure3.11F). We found no
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significant differences in levels of activity in DDty old Elav, PdBal80>0n4r tattoeW

flies with respect to ge-matched controlsKigure3.11G). In DD conditions, Elav, Pdf
Gal80>0n4r talf%®Wflies were essentially identical to Elav>0n4ri&§"flies of the same

age¢ we found no significant differences in overall rhythmicity, period length and activity
levels Figure 3.11E,F)GThese results show that suppression of tau expression exclusively
in the PDF neurons is insufficient to rescue-éanked behavioural arrhythmia in DD
conditions. These data further highlight the contribution of neurons downstream of the

master pacemaker in tamediated circadian behavioural arrhythmicity.

3.3.13 Tau expression in thpositive glial cells plays a role in tagvokedcircadian

behavioural arrhythmia in DD conditions

We have already established that tim>2n4r\tddlies are less rhythmic than Elav>2n4r
tau"Tflies as shown by reduced ovdretythmicity and an increased arrhythmic sub
population (Supplementary Figure 7A and Table 3.1)-G&4 labels all neurons but not

glia, whereas tinGal4 labels PDF neurons, other nearby clock neurons and glia. Therefore,
we were interested to know whber tau expression in glia contributes to the more severe
phenotype in tim>2n4r tali flies. Colodner and Feany (2010) showed that tyifze tau
expression in glia causes aggregate formation and cell death of neurons and glia. We used a
repo-Gal80 transgee to block tau expression in the glial subset of-gositive cells

(Awasaki et al., 2008). At both ages analysed, tim,@pt80>2n4r taly" flies showed a
substantial reduction in power compared with agetched controls. We found a similar
reduction inoverall rhythmicity in Eday old tim, repeGal80>2n4r taliTand tim>2n4r tal¥'
flies. However, tim, rep&al80>2n4r tali” flies exhibited a less dramatic agelated

decline in rhythmicity compared to tim>2n4r tdlflies. Therefore, we found a signifidhn
smaller reduction in overall rhythmicity in 2y old tim, repeGal80>2n4r talf' flies

compared to agematched tim>2n4r talf" flies Figure3.12A,B). Additionally, in 2&ay old

flies, we found a reduced arrhythmic spbpulation in tim, repeGal80>2dr tau' flies
compared to tim>2n4r talf" flies (Table 3.1). These data suggest that 2n4¥taxpression

in the glial subset of tinpositive cells may contribute to the progressive behavioural

arrhythmicity in tim>2n4r talf" flies.
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Figure 3.11: Circadian locomotor behaviour in Elav,Bafl80>0n4r taf*®“flies in LD and DD conditions.

(A) Average daily activity histograms for three days of LD conditions are showddgrdid UAS control and
Elav, Pdf5al80>0n4r tatf*"“flies. Both genotypes exhibit bimodal activity rhythrigrtical bars represent
activity counts displayed in 3fin bins (mean + SEMB) Quantification of daytime and nigtitne activity for
Elav>0n4r tatf®®V Elav, Pdzal80>0n4r tatf°®"and corirol flies. (C) Quantification of daytime and night
time sleep for Elav>0n4r t&f°Y Elav, Pdf5al80>0n4r talf*®“flies and control flies. n = 3P06 flies per
genotype from 26 independent experiments. (D) Average daily activity histograms and repatisendouble
plotted actograms for nine days of DD conditions are shownfaybold UAS control and Elav, Pdf
Gal80>0n4r tatf*"flies. UAS control flies exhibit robust rhythms of daytime activity and figle inactivity,
with a period of nearly 24.tElav, Pd5al80>0n4r tatf*"flies exhibit weak rhythms with a normal period. (E)
Power is severely reduced in Elav>0n4rt&Vand Elav, PdGal80>0n4r tat’*®Vflies relative to controls. (F)
No differences in period length of rhythms are found lavB0n4r taf*¢®Vand Elav, PdGal80>0n4r tagtosW

flies relative to controls. (G) No differences in activity levels in DD are found in Elav>0H&ttand Elav,
Pd£Gal80>0n4r takf"flies relative to controls. n = 336 flies per genotype from-8independent
experiments. Box plots show median with second and third quartiles afican® 90" percentiles. ns p>0.05;
*p<0.05; **p<0.001; ***p<0.0001. (B,E,G) Data were lognormally distributed. Multiple comparisons between
different genotypes by vay ANOVA and postoc Tukey HSD tests with lignsformed data. (C,F) Data were
neither normally nor lognormally distributed. Multiple comparisons between different genotypes by kruskal
Wallis ANOVA andpet2 O 5dzyyQa (Sadao

The average circadian periodtoh, repo-Gal80>2n4r talf flies was 0.4 h longer inday

old flies and 0.70.8 h longer in 2&lay old flies than in agmatched controls. The peried
lengthening effects were similar in tim, ref@al80>2n4r tali’ and tim>2n4r talt’" flies
(Figure3.12C). Regardless of age, activity levels in DD in tim;@i@0>2n4r tali” flies did

not significantly differ from controls of the same age (Figure 3.12D). Thus, suppressing 2n4r
tauVTexpression in tirpositive glial cells rescues the hyperactivityoked by parclock

2n4r talVT expression. This is surprising because 2n4¥taxpression exclusively in PDF
neurons is sufficient to cause hyperactivity (Figure 3.8D). However, it is possible that the
repo-Gal80 transgene also affects Gal4 activity ackcineurons, which may contribute to

the milder phenotype in tim, rep&al80>2n4r tali" flies compared to tim>2n4r ta¥f flies.
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Figure 3.12: Circadian locomotor behaviour in tim, re@al80>2n4r tald" flies in DD conditions(A) Average

daily actvity histograms and representative doukiéotted actograms for nine days of DD are shown for 5

and 25day old UAS control (left column) and tim, re@al80>2n4r talf” (right column) flies. Flies were

entrained in standard LD cycles for three days and then monitored in DD for nine days. UAS control flies exhibit
robust rhythms of daytime activity and nigtilme inactivity, with a period of just under 24 h. tim, repo

GaB0>2n4r tal{'" flies exhibit weak rhythms with a long period (>24 h). (B) Substantial reduction in power is
found in tim>2n4r talfTand tim, repeGal80>2n4r tali flies relative to controls. See Table 3.1 for the

percentage of rhythmic flies. (C) Lengtherfegk-running period is found in tim>2n4r t4land tim, repe

Gal80>2n4r tali flies relative to controls. (D) Large increase in activity levels is founday 5Id tim>2n4r

tauTflies relative to controls. No differences in activity levels are fourtirinrepo-Galg80>2n4r taly” flies

and 25day old tim>2nr tat/" flies relative to controls. Graphs show second and third quartiles and 10th and

90th percentiles. n = 3215 flies per genotype/age from@ independent experiments. ns p>0.05; **p<0.001;

***n< 0.0001. (B,D) Data were lognormally distributed. Multiple comparisons between different genotypes of
the same age (asterisks in black) and different ages of the same genotype (number symbols in nedyby 2
ANOVA and podtoc Tukey HSD tests with lignsformed data. (C) Data were neither normally nor

lognormally distributed. Multiple comparisons between different genotypes of the same age (asterisks in

black) by Kruskalallis ANOVAandpokt2 O 5dzyy Qa (Saitad /2YLI NRa2ga 0SS S
genotype (number symbolsa ired) by ManAVhitney Utests.

3.3.14 Tau expression in adult clock neurons is sufficient to disrupt circadian behaviour in

DD conditions

Finally, we sought to investigate whether expressing 2n4¥'tauall clock cells during
adulthood (using the TARGET system; McGuire et al., 2003) is sufficient to disrupt locomotor
activity rhythms. Tim, tutGal8®>2n4r tal' flies were raised and maintained at 20 °C

(where Gal88 is active and blocks tau exprems). Activity rhythms of &lay old tim, tub
Gal8®>2n4r tal'Tflies were first measured in DD for six days at 20 °C (following three days
in LD) and then at 30 °C (where G&8ecomes inactivated and permits tau expression) for
six days. At 20 °C, tinub-Gal8®>2n4r talflies showed robust behaviour, consistent

with no tau expression. After shifting the flies to 30 °C, their overall rhythmicity substantially
reduced and their average circadian period lengthened by 1 h compared with controls.
Intriguingly, we found kifting control flies to 30 °C signifcantly increased their overall
rhythmicity and shortened their freeuning period. On the other hand, shifting tim, tub
Gal8®>2n4r tal’T flies to 30 °C had no effect on their overall rhythmcity, but signifcantly
lenghtend their freerunning period(Figure3.13). These results show that shagtrm 2n4r
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tau"Texpression in adult clock neurons is sufficient to disrupt normal circadian locomot

activity rhythms.
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Figure 3.13: Behavioural arrhythmia can be induced by 2n4rthexpression in the adult clock systerfA)
Representative doublplotted actograms are shown for ti@al4, tubGal8(¥ (left) and tim, tubGal8¢>2n4r
tau™T (right) flies. Flies were maintained at 20 °C (permissive temperature) until after eclosion and for three
days in LD (not shown) and the first six days in DD. The temperature was then increased to 30 °C (restrictive
temperature) for six days. (B) 2n4r tAlexpression in adult clock neurons reduces rhythmicity. (C) 2n4f'tau
expression in adult clock neurons prolongs the average circadian period. Graphs show second and third
quartiles and 10th and 90th percentiles. n =8®flies per genotype/age from 2dependent experiments. ns
p>0.05; *p<0.05; ***p<0.0001; twal I A f SR {teStslniitiSIggtransiormied data for (B); MarWhitney
U-tests for (C). Number symbols (in red) show differences between the same genotype at 20 °C and 30 °C.
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3.4 Discussion

3.4.1 Pameuronal tau expression affects activity and sleep in LD

Circadian rhythm and sleepake cycle disturbances are common in AD. However, it is not
clear whether tau abnormalities are sufficient to cause them. To answer this question, we
havelooked at the effect on circadian behaviour of paguronally expressing human tau in
the fly brain. We found that regardless of age, pauronal fulllength human tau (wile

type or R406W) expression (using E&zad4) had an effect on circadian locomobahaviour

in both LD and DD conditiongigure3.1, Figure3.2 andFigure3.3). In LD conditions, both
tau-expressing and control flies showed strong bimodal activity rhythms, with elevated
basal activity in tatexpressing fliesHigure3.1A). Pameuronaltau expression produced a
substantial increase in activity levels during the night (the inactive phasg)ré3.1B).

Similar findings reported in Tg4510 mice (express human On4#funder the control of

the forebrainspecific CaMKII promoter), wiichow a substantial increase in daytime
activity (the inactive phase as mice are nocturnal) (Stevanovic et al., 2017). Thus, both
Drosophilaand mouse models of tauopathy recapitulate the elevated activity during the
inactive phase and shift towards a hay percentage of total activity occurring during the
inactive phase found in individuals with AD (Satlin et al., 1995; Volicer et al., 2001; Harper et
al., 2004).

Although detailed analysis of sleep was beyond the scope of this investigation, we showed
tau-expressing flies slept legave saw a small daytime sleep loss and a large Higte

sleep loss (Figure 3.2). The niginte activity and sleep phenotypes inugxpressing flies

were neither agedependent nor progressive (Figure 3.1 and Figure 3.2). Currently, sleep has
not been examined in 3xI/D mice (express human APP, PS1 and tau) or in transgenic tau
mice. The reduction in sleep in AD patients and in Abhalmodels may contribute to the
observed memory deficits, because many studies have shown the important role of sleep in
memory consolidation (for review see Dickelmann and Born, 2010). Several studies have
shown sleep loss iDrosophilaand mouse modelg F-amyloidosis (Zhang et al., 2005; Roh

SG Ftft®d®X HAMHT DSNRGYSNI SG I o3 -amylvidosistare¢ K dza

present, they may be an additive effect in disrupting sleep. Gerstner et al. (2017) have
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shown that pameuronal human A § E LIN®D#sophi#iayausksytiramatic daytime and
nighttime sleep loss. Thus, pghS dzNR2 y I £ SELINB&aaA 2y 2F YySAGKSNI
Drosophilaecapitulates the increased propensity to sleep during the day reported in AD

patients (Bonanni et al., 2&; Musiek et al., 2015).

3.4.2 Pameuronal tau expression causes behavioural arrhythmia in DD

Panneuronal 2n4r talfTand On4r ta*°®Wexpression caused similar progressive
behavioural arrhythmia, as evidenced by reduced overall rhythmicity andcaeased
arrhythmic subpopulation in DD conditiorsigure3.3A,B and Table 3.1). In contrast, we
found that panneuronal On4r tal¥ " expression failed to induce behavioural arrhythmicity
(Supplementaryigure3.2A,B). This is surprising because 2n4¥fa0n4r talr4%%Wand On4r
tauThave all been shown to cause neurodegeneration when expressed ectopically in the
developingDrosophilebrain and visual system (Wittmann et al., 2001; Jackson et al., 2002;
Grammenoudi et al., 2008; Kosmidis et al., 20B@ause the changes in circadian
behaviour (in both LD and DD conditions) are already present in young flieays®Id),

they precede the onset of other traditionally established AD phenotypic markers, including
neurodegeneration. As previous work using game model has established
neurodegeneration first appears in Ay old flies, with a progressive increase in &%
50-day old flies (Wittmann et al., 2001). In DD conditiofig#510 mice show disrupted
activity rhythms (Stevanovic et al., 2017). Thusth ourDrosophilamodel and Tg4510 mice
recapitulate the dampening of circadian behaviour found in AD patients (Volicer et al., 2001,
Coogan et al., 2013). However, PtBaice (express human 2n4r t&if'tand 2n4r taf+6oW
under the control of the feebrain-specific CaMKII promoter) show normal activity rhythms,
despite abnormalities in sleep EEGs (Koss et al., 2016). We have shown thatupamal
expression of 2n4r tati' and On4r ta®*°®“moderately shortens lifespan (Supplementary
Figure3.1). Ths is consistent with previous reports (Wittmann et al., 2001; Gorsky et al.,
2016).

Panneuronal wildtype tau expression iDrosophilahas been previously associated with
locomotor activity deficits (Ali et al., 2011). In addition, motor deficits dreguent

occurrence in mouse models of tauopathy. However, these are mostly rescued by restricting
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tau expression to the forebrain (under the control of the CaMKII promotor) (Koss et al.,
2016). We found normal levels of activity in Elav>0n4Rtg¥flies up to 35days of age
(Figure3.3D). This indicates that the behavioural arrhythmicity is not an artifact of reduced
activity levels. Interestingly, we found agreduced hyperactivity in Elav>2n4r télflies

(activity levels were normal in youngei, but elevated in aged fliegjigure3.3D).

Therefore, Elav>2n4r téd{l expression reverses the agelated decline in levels of activity
normally observed ilbrosophilaFurthermore, we found agendependent hyperactivity in
Elav>0n4r talY' flies (Supm@mentaryFigure3.2D). Thus, tau expression can affect the
overall amount of activity independently of the distribution of activity; for example,
Elav>0n4t4%Wflies are arrhythmic but have normal activity levels, whereas Elav>0n%f tau
flies are rhythme but are hyperactive. These results show isof@pacific effects of tau to
produce behavioural arrhythmicity and hyperactivity when expressedrgamonally.

However, AD patients do not usually differ from healthy controls concerning overall activity
levels (van Someren et al., 1996; Harper et al., 2004). Although AD patients often exhibit
other behavioural symptoms including restlessness, wandering, agitation and pacing, and
perhaps these manifest as hyperactivity in @rosophilanodel. To the best adur

knowledge, this is the first study to show that human tau expression makes flies hyperactive

in constantconditions.

3.4.3 Adultonset parneuronal tau expression is insufficient to trigger circadian

abnormalities

We next investigated whether adhbod restricted ubiquitous neuronal tau expression

(using EI&aGS) is sufficient to cause circadian behavioural deficits. We found that neither

2n4r tadVTnor highly toxic phosphorylatieresistant 2n4r tag!'Aexpression had any effect

on circadian locomtor behaviour in either LD or DD conditiofsgure3.4 and
SupplementaryFigure3.3). The lack of a phenotype in ElavGS>2n4ftand ElavGS>2n4r
tauS'Alies is likely due to insufficient tau expression levels, it is possible that increasing the
concentration of RU486, longer exposure to RU486 or introducing additional copies of

Gal4/UAS might induce a phenotype. On the other hand, Tabuchi et al. (2015) showed that
adulthood restricted pasy SdzNB y' I £ 1 i | NO (i A@8) BdudedNdBdifiagmant 6 JA |

daytime and nightime sleep. We found that under similar circumstances both 2n4¥'tau
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and 2n4r tagd'Awere insufficiently potent to produce a sleep loss phenotype
(Supplementaryigure3.3). However, this discrepancy could be related to differencésein
genetic background or experimental protocol. During the course of this work, Dissel et al.
(2017) showed that adulthood restricted ubiquitous tau expression (using Daught&)ss
reduces daytime sleep. This inconsistency could be due to differémties expression

levels of the ElaGS and Daughterle€aS drivers.

3.4.4 Tau expression the clock systemaffects activity and sleep in LD

Next, we investigated how tau expression restricted to the clock system would affect
circadian locomotor behaviour. Human tau (wijghbe or R406W) expression in the clock
system affects activity and sleep in LD conditions. Tau expression in PDF neuranPdés
Gal4), or irtimelessclock neurons (using ti¥®al4), caused a substantial increase in right
time activity and decrease in nighime sleep in an agsmdependent mannerKigure3.5C,
Figure3.6C and Figure 3.7D,H). Pdf>2n4M&and Pdf>0n4r tal®W expression produced
similar nighttime activity and sleep phenotypes (Supplementary Figure 6B,D). The elevated
night-time activity in Pdf>tau flies is not caused by loss of PDF signallfdfamutants
(which lack the PDF peptide) have an advancezhmg peak of activity, which results in an
increase in daytime activity (Renn et al., 1999). Tim>2n#%tand tim>0n4r taft40sW
expression produced similar nigtime activity and sleep phenotypes in young flies. As the
flies aged, levels of nighime activity and sleep were well maintained in tim>0n4r t&§W
flies, but not in tim>2n4r talf" flies. As a result, the nighime activity and sleep
phenotypes were milder in tim>2n4r t&llflies than in tim>0n4r tatf*®Wflies

(Supplementary Figure 5B,D).

Elav>2n4r talfTand Pdf>2n4r talf" expression caused similar niglime activity and sleep
phenotypes (Supplementary Figure 8B,D).-tia§ old flies, we found similar nightime
activity and sleep phenotypes in Elav>0n4rit@fiVand Pdf>tafi*°®Wflies. Whereas, in 25
day old flies, we found a stronger nigtiine activity phenotype in Pdf>0n4r t&tP%Vflies
compared to Elav>0n4r t&Wflies. Elav>0n4r tdit®®Vand Pdf>0n4r talt*®expression

produced similar nightime sleep phenotypes (Supplemenyafigure 8F,H).

143



Furthermore, suppression of tau expression exclusively in the PDF neurons rescued the
night-time activity and sleep phenotypes in flies paguronally expressing talrigure
3.11B,C). Thus, tau acts in the PDF neurons to promote-tingatactivity and suppress
night-time sleep. We found most parental controls showed a small, but significant, age
related reduction in nightime activity, but no ageelated differences in daytime activity
(Figure 1B,C, Figure 5B,C and Figure 6B,C). Howthar studies have reported the
opposite (Metaxakis et al., 2014). Most parental controls showed ne@géed differences
in daytime and nightime sleep (Figure 2B,D and Figure 7C,D,G,H). On the other hand,
previous studies have reported an agdatedreduction in both daytime and nighime

sleep (Koh et al., 2006; Vienne et al., 2016).

Different tau proteins (2n4r tali" and On4r ta®*°®"y differentially affected daytime activity
and sleep when expressed in the clock system. Both Pdf>2n¥F gaua im>2n4r talV"
expression had no effect on daytime activity (Figure 3.5B). In contrast, tim>0n215¢4(
expression affected daytime activity in an aggpendent manner; in young flies daytime
activity was reduced, whereas in aged flies daytime activay imcreased. A similar, but
weaker, daytime activity phenotype was observed in Pdf>0n4fdflies. Tim>0n4r
tauR4Wand Pdf>0n4r talkf%Wflies showed a significant agelated reduction in daytime
activity levels (Figure 3.6B). Whereas, no-egjated differences in daytime activity levels
were seen in tim>2n4r tall, Pdf>2n4r tal'Tand control flies (Figure 3.5B and Figure 3.6B).
However,an increase in activity during the active phase as a function of age has not been
previously reported in either AD patients or in AD mice models. Tim>2n%f taud

Pdf>0n4r tafi*®®Wexpression had no effect on daytime sleep. In comparison, tim>0n4r
tauR®%W expression produced a small gain in daytime sleep in young flies and a large loss of
daytime sleep in aged flies. Similarily, Pdf>2n4faaxpression produced a small gain in
daytime sleep in young flies. In both tim>0n4rt&$Wand Pdf>2n4r ta{i" flies levels of
daytime sleep decreased with age (Figure 3.7). We found sleep gain does not always
coincide with reduced activity in taexpressing flies. For example, haéy old tim>2n4r
tau"VTflies levels of daytime activity were normal, but levelslaftime sleep were

increased (Figure 3.5B and Figure 3.7C). On the other hand, sleep loss does not always
coincide with increased activity. For example, ind2fy old Elav>2n4r td( flies levels of

daytime activity were normal, but levels of daytime sleegre reduced (Figure 3.1B and
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Figure 3.2C). Taken together, these data show tau expression in the clock system resulted in
agedependent daytime activity and sleep phenotypes, and-mgependent nighttime

activity and sleep phenotypes. In both tim>tandaPdf>tau flies the daytime activity and

sleep phenotypes were weaker than the nigime activity and sleep phenotypes.

Therefore, tau expression restricted to the clock system (in young flies) better recapitulates
the sleepwake cycle disturbances clateristic of AD (increased daytime naps, reduced

and fragmented nightime sleep and increased nighime wakefulness) than paneuronal

tau expression, which produced daytime and nighte sleep loss (Figure 3.2). Thus, tau
expression in the clock neune promotes daytime sleep and tau expression in other parts of
the brain blocks these slegmrompting effects. These data suggest that the slegke

cycle disturbances in AD are, at least in part, due to tau abnormalities in the SCN.

3.4.5 Tau expressin in the clock system is sufficient to produce behavioural arrhythmia
in DD

Surprisingly, flies were rhythmic when we expressed tau only in the PDF neurons. Whereas,
when we expressed tau in all clock cells, the flies became behaviourally arrhythritierNe
Pdf>2n4r ta¥"nor Pdf>0n4r taB*®Vexpression caused progressive behavioural

arrhythmia (Figure 3.8A,B, Fig 3.9A,B and Supplementary Figure 3.6E). Tim>%?hdntau
tim>0n4r talf*%Wexpression had similar effects on circadian behavioural rhythes.

found a similar ageelated decline in overall rhythmicity in teexpressing and control flies
(Figure 3.8D, Figure 3.9D and Supplementary Figure 5E). Flies expressing taumieléise

clock neurons, but not the tirpositive glial cells, were moréythmic than flies expressing

tau in all clock cells as evidenced by increased overall rhythmicity-@ay5ld flies, but

not in 5-day old flies) and a reduced arrhythmic sodpulation Figure3.12B and Table 3.1).
These results suggest glia are inealin regulating locomotor activity rhythms (Suh et al.,
2007; Ng et al., 2011). It has been proposed glial cells regulate PDF transport or release from
sLNvs projections (Ng et al., 2011), it is possible tau may interfere with these processes.
Furthermore panclock tau expression had more a more severe effect on circadian
behaviour than pameuronal tau expression (Supplementary Figure 7), it is possible that

this is due, at least in part, to tau expression in-positive glial cells.
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Suppression of aexpression exclusively in the PDF neurons was insufficient to rescue the
behavioural arrhythmia in flies pameuronally expressing tadrigure3.11D,E). Thus, tau

evoked behavioural arrhythmia in DD is independent of the PDF neurons. Another possibility
is that soluble tau migrates into the PDF neurons. However, this is unlikely as tau failed to
migrate into the PDF neurons and induce nitjiite activity and sleep phenotypes in LD
conditions Figure3.11B,C). Taken together, these experiments highlightcmtribution of
non-PDF clock neurons in mediating tauwoked circadian behavioural arrhythmia. Clock
neurons communicate with nenlock output neurons to give rise to robust locomotor

activity rhythms (reviewed in Dubowy and Sehgal, 2017). For exa®Nle neurons make
synaptic connections with a group of cells in the pars intercerebralis (Pl) that express the
neuropeptide, diuretic hormone 44 (DH44). DH44 is essential for normatureeng

behaviour (Cavanaugh et al., 2014; King et al., 2017). dsslge that tau mediates

behavioural arrhythmia in DD by disrupting the communication of the DN1 neurons or other
non-PDF clock neurons with output neurons, such as Rptéitive Pl cells. Several studies

have shown paOf 2 O1 ! I S E LINB & éufakayfhythihdiyRoudhs éthed S K| G A
KFyRY 1i SELINBaarzy SEOfdzaAgSte Ay (GKS ts5C
behavioural arrhythmia (Chen et al., 2014; Long et al., 2014). Taken together, these findings
suggest the primary target for both taay’ R -dvoked behavioural arrhythmia is the non

PDF clock neurons. Similarly, other studies have found a blockage in the communication
between the central clock and output neurons in both a mice model of HD (Pallier et al.,
2007) and AD patients (Wu et &2007; Cermakian et al., 2011).

3.4.6 Tau expression in the clock system prolongs the-fn@@ning period

Tau expression restricted to the clock system lengthened therinaaing period Figure
3.8,Figure3.9 and Table 3.1). Tim>tau and Rdtrexpression produced similar period
lengthening effects (Figure 3.8C, Figure 3.9C, Supplementary Figure 3.5F and Supplementary
Figure 3.6F). Period lengths in tim>tau flies varied greatly (Figure 3.8C, Figure 3.9C and Table
3.1). These longeriod rhythms are not caused by the loss of PDF signalling, because killing
the PDF neurons (using hid) results in skp@tiod rhythms. Similarily, flies mutant for PDF

and the PDF receptors show shperiod rhythms (Renn et al., 1999). However, we see the

oppositein our tauexpressing flies. The peridengthening effects in Pdf>tau flies were not
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caused by blockade of chemical synaptic transmission, because Pdf>TNT flies exhibit robust
behaviour in DD (Umezaki et al., 2011). fdaaronal tau expression had no eft on the

period length of rhythms (Fig 3.3C and Supplementary Fig 3.2C). The period length of
rhythms was normal in Elav, P@&al80>0n4r tatf*®“lies (Fig 3.11F). We show tau

expression exclusively in the PDF neurons has a prmgthening effect. Wareas, tau
expression in the nowlock neurons blocks the periddngthening effect of tau expression

in the PDF neurons. Similarly, Tg4510 mice showpenigd rhythms (Stevanovic et al.,

2017). However, period lengths were normal in PLB2 mice (Koks 2016).

3.4.7 Tau expression causes hyperactivity in DD

Tau expression in the clock system produces hyperactivity in DD (Figure 3.8D and Figure
3.9D). Different tau isoforms have differential effects on levels of activity in DD. Pdf>2n4r
tauTand RIf>0n4r talr*%®WVexpression produced a similar increase in activity levels. As the
flies aged, the elevated activity levels were stable in Pdf>2n4¥tand Pdf>0n4r talfosW

flies (Supplementary Figure 3.6G). Parental controls exhibited a small, bidicaign age
related reduction in levels of activity, which was inhibited by PDF>tau expression (Figure
3.8D, Figure 3.9D and Supplementary Figure 3.6G). Tau expression exclusively in the PDF
neurons has an activiigromoting effect in DD conditions. Tim»® tau’Tand tim>0n4r
tauR4%®Wexpression differentially effected levels of activity in DD.-tha$ old flies, Tim>2n4r
tau"VTexpression produced a mild increase in activity levels, whereas tim>0nZt4u
expression produced a strong increase in activity levels. As the flies aged, the elevated
activity levels were well maintained in tim>0n4r B6PWflies, but not in tim>2n4r talf"

flies (Figure 3.8D, Figure 3.9D and Supplementary Figure 3.5G). ThusAtirzz'T
expression results in a substantial agéated reduction in activity levels in both LD
(restricted to the dark phase) and DD conditions (Figure 3.5C and Figure 3.8D). Tau
expression in the no#®DF clock neurons blocks the actiptpmoting effects of tau

expression in the PDF neurons in aged flies. Differences in activity levels in tim>tau flies
cannot be attributed to the high proportion of arrhythmic flies, because activity levels in

rhythmic and arrhythmic flies did not significantly diffdata not shown).
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We found isoformspecific effects of ubiquitous neuronal tau expression on overall daily
locomotor activity in DD. Elav>2n4r ¥dlexpression resulted in agaduced hyperactivity,
whereas Elav>0n4r t&%Wexpression had no effect orctvity levels (Figure 3.3D). These
results suggest that tau expression, in other parts of the brain, blocks the agireityoting
effects of tau expression in the PDF neurons. For example, communication between the
master pacemaker and the brain regiansolved in locomotion control (i.e. the ellipsoid
body) could be inhibited by tau. In DD conditions, Tg4510 mice show normal daily activity
levels (Stevanovic et al., 2017). Currently, activity levels in constant conditions have not
been measured in othdransgenic tau mice. It is possible that in mouse models of
tauopathy, tau expression in the SCN has an actpritynoting effect, but this effect is
inhibited by tau expression in other parts of the brain. It is worth noting that tim>2n4r
tauSAexpresson caused behavioural arrhythmia without affecting activity levels
(Supplementaryigure3.4). This lends further support to the idea that tau expression can

affect the overall amount of activity, independently of the distribution of activity.

Collectiely, these results show pasiock human tau expression causes progressive
behavioural arrhythmia and hyperactivity and prolongs the freening period in DD. In
contrast, human tau expression exclusively in PDF neurons produces hyperactivity and
lengthensthe free-running period, but is insufficient to induce progressive behavioural

arrhythmia in DDKigure3.8 andFigure3.9).

3.4.8 Circadian and sleep disruption is due to neuronal dysfunction in the clock cells

Because tau expression in the clockiegscauses abnormalities in circadian locomotor
behaviour (in both LD and DD conditions), we investigated the status of the master
pacemaker neurons. We found no obvious loss of PDF neurons in either Pdf>tau or tim>tau
flies up to 25days of ageKigure3.10). This indicates that circadian behavioural rhythm
degradation in tim>tau flies occurs without neuronal death in the master pacemaker. These
results support the idea that tau expression outside of the PDF neurons is of primary
importance in tavevoked fehavioural arrhythmia in DD. This also suggests that the
circadian behavioural abnormalities in Pdf>tau flies (elevated Higte activity and night

time sleep loss in LD and hyperactivity in DD) are due to dysfunction, rather than
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degeneration, in the mster pacemaker neurons. A growing body of evidence shows that
human tau expression causes neuronal dysfunctiddrissophilaMudher et al., 2004; Chee

et al., 2005; Mershin et al., 2010; Papanikolopoulou et al., 2010). Recent work undertaken in
our labora@ory has demonstrated that expression of human wige or mutant tau in the

fly eye produces neuronal and synaptic dysfunction in the absence of neuronal death

(Chapter 2).

Recent work by Julienne et al. (2017) has shown electrophysiological abna@sialithe

ILNvs coincide with behavioural arrhythmicity iDeosophilanodel of PD. Specifically, the

ILNvs are hyperactive and do not show a day/night difference in firing rate. We suggest that
electrophysiological abnormalities in the PDF neurons uieltau-evoked elevated night

time activity, daytime sleep gains and nighme sleep loss in LD and hyperactivity in DD.

Whereas, electrophysiological abnormalities in the +RIDF clock neurons (possibly the

DN1s) underlie taxevoked progressive behavialrarrhythmia in DD. In support of this,

Sheeba et al. (2008) showed that hyperexcitation of the ILNvs neurons leads to sleep loss in
DrosophilaSimilarly, in ®rosophilay 2 RSt 2 F KdzYly 11 G2EAQOAGEI F
coincides with hyperexcitability dfie ILNvs neurons (Gerstner et al., 2017). Therefore, it is

possible that electrophysiological abnormalities in the clock neurons are common to both

GFrdz FyR i LI GK2f23ed CtASa ¢SNB y20 F3ISR LI
occur in older flis. Furthermore, it is likely that there are changes in the ultrastructure of

the clock neurons in taexpressing flies; like which have been reported in several different
neuronal populations in taexpressing mice (Yoshiyama et al., 2007; Polydoro €019;

Sydow et al., 2011; Jackson et al., 2017). However, this was beyond the scope of this

investigation.

In summary, we show human tau expression (either yijzte or R406W) ibrosophila
recapitulates the sleevake cycle and circadian rhythm distarices characteristic of AD.

In this study, we show a role for the PDF neurons iretanked elevated nightime activity,
daytime sleep gains and nigtime sleep loss in LD. We further establish a role for the-non
PDF clock neurons and tipositive gliakells in tavevoked progressive behavioural
arrhythmicity in DD. Thus, distinct groups of cells mediate differenttanked circadian

behavioural abnormalitied~gure3.14). We also show the circadian behavioural deficits do
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not coincide with structuratlegeneration of the PDF neurons. Additionally, tau expression
exclusively in the PDF neurons lengthens the circadianrtneeing period and makes the

flies hyperactive in DD. Finally, we show tau expression in adult clock neurons is sufficient to
induce kehavioural arrhythmia. Our fly model provides an opportunity to study the
mechanisms that underlie Alinked circadian behavioural abnormalities. Further
understanding, will facilitate the development of novel therapeutics that could improve

wellbeing anctlinical outcome in AD patients.

150



