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Age is the single biggest risk factor for Alzheimer’s Disease (AD). It is currently unclear how
cellular changes that occur during ageing predispose people to the formation of the tau and
AB pathologies found in AD. Recently, the same cellular pathways that are implicated in
ageing have also been found to be altered in AD. These pathways include those involved in
the maintenance of protein turnover such as mTORCI signalling and autophagy. To
understand how ageing contributes to the risk of developing AD we sought to analyse how

these pathways change with age and how they can impact on the tau pathology found in AD.

To initially understand age-related changes in tau, different tau isoforms of human tau were
expressed in Drosophila to assess age-related changes in tau-mediated phenotypes and
pathologies. Htau™™" expression caused reduced lifespan and deficits in age-related climbing

ability compared with controls. Htau™*®*

induced less severe effects on both longevity and
climbing than htau”™* flies. Specific phosphorylation sites were also found to be altered, with
age, in htau™" but not in htau”™*" flies, implicating phosphorylation in age-related phenotypes.
Both isoforms of htau were found to accumulate with age, suggesting dysfunction in pathways
that regulate protein turnover. In addition, htau”™™* flies were assessed for changes in circadian

thythms. Expression of htau™™" in the central clock neurons induced slowing of the circadian

ON3R

clock. htau was also demonstrated to induce deficits in short term memory tested using a

new high throughput adaptation of a learning and memory assay.

To understand how pathways involved in regulation of protein turnover are altered in normal
ageing, components of both mTORCI1 signalling and autophagy pathways were assessed
biochemically for age-related changes in human cortical brain tissue resected from differently
aged patients undergoing neurosurgery. The mTORCI signalling pathway was found to be less
active with age and this was correlated with increased levels of autophagy and reduced total
and phospho tau levels. Genetic up-regulation of autophagy in htau”™™ Drosophila similarly
resulted in reduced deficits in locomotion and memory, together with reduced age-related

accumulation of total and phospho htau”™*

protein. These studies demonstrate the
importance of pathways that regulate protein turnover, such as mTORCI signalling and
autophagy, in both ageing and disease. Understanding how these pathways become

dysregulated in disease has the potential to lead to new therapeutic targets for AD.
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3xTg
4E-BP1
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ADNP
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AMPA
AN
ANOVA
APOE
APP
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Atg
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AVP

A
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C. elegans
CBD
CHO
CK1
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CRY
DAM
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dtau
dTOR
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elF4G1
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GAlL4
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GSK-3
HC1
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h t au0N4R
LTP
MARK

ON3R

3-repeat

Triple transgenic

Eukaryotic initiation factor E-binding protein 1
4-repeat
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Chapter 1

11 Alzheimer’s Disease

Alzheimer’s Disease (AD), first described in 1907 by Alois Alzheimer (Stelzmann et al.,
1995) is the most common cause of dementia in the world. There are an estimated 46.8
million people with dementia worldwide and this number is set to double to 74.7 million by
2030 (Prince et al., 2015). Age is the biggest risk factor for AD and therefore the ageing
global population is driving this striking increase in AD cases. Understanding why age
increases the risk of AD is vital to understanding the mechanisms that underlie the disease

and it is this which will form the main focus of the research presented here.

AD begins as minor deficits in short term memory, such as, forgetting recent names and
faces or regularly misplacing items. These symptoms progress over time to patients being
unable to carry out daily activities and a worsening of cognitive abilities. Patients often go
on to develop deficits in orientation, language and decision making (Yiannopoulou &
Papageorgiou, 2013). Other symptoms such as changes to sleep/wake cycles and
disruptions to circadian rhythms have also been found to manifest early in AD patients
(Prinz et al., 1982, Hatfield et al., 2004). Due to the highly debilitating nature of this disease
and the need for high levels of care, the total estimated worldwide cost of dementia in 2015
is $818 billion (Prince et al., 2015). This will be a continuing burden on the global economy

unless a disease-modifying treatment is found.

Currently, there is no cure for AD and there are very few effective treatments. The
treatments that are available are restricted to treating the symptoms of AD. One type of
treatment consists of the cholinesterase inhibitors that target the loss of the
neurotransmitter acetylcholine. Cholinesterase inhibitors inhibit acetylcholinesterase which
is an enzyme that degrades the neurotransmitter acetylcholine, thereby increasing the levels
of acetylcholine in the synaptic cleft. Cholinesterase inhibitors that are on the market for
treatment of AD are donepezil (Pfizer), rivastigmine (Novartis) and galantamine (Birks,
20006). An alternative treatment for AD is memantine. This is an N-methyl-D-aspartate
(NMDA) receptor antagonist and believed to protect cholinergic neurons from
excitotoxicity (Rogawski & Wenk, 2003). In addition, antispsychotic and antidepressant
treatments are also used to treat the behavioural and psychological symptoms of the
disease. These drugs have shown some benefits to patients in mild to moderate forms of
AD but not in late stages or in severe AD. These drugs are also not disease-modifying and
therefore will only delay the decline in cognitive abilities. With AD on the rise and there
being a lack of disease-modifying treatments, there is a drive to understand the

pathogenesis of the disease so that new therapeutic interventions can be found.
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The first clues to understanding the pathogenesis of AD lie in the changes that have been
found in AD brains. One major difference in AD is that the brain shows increased atrophy
(Figure 1-1a). In addition two main pathologies are found in the brains of people with AD,
namely extracellular plaques (Figure 1-1b) made up of amyloid beta (AB) protein (Masters
et al., 1985) and intracellular neurofibrillary tangles (NFT's) (Figure 1-1c) made up of tau
protein (Grundke-Igbal et al., 1986a). Understanding how these pathologies form in AD is
a key focus of AD research. This thesis will form part of this research and will investigate
how ageing contributes to the accumulation of these pathologies in AD, with a specific

interest in how ageing impacts on tau pathology.

A

Healthy Severe
Brain  AD

»

Figure 1-1. The pathological hallmarks of AD.

A) Atrophy of the brain in AD compared to control brain B) An intracellular neurofibrillary tangle
made up of hyperphosphorylated tau. C) Extracellular plaques made up of AB protein. (Image s
courtesy of National Institute on Aging/ National Institute of Health).
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1.2 The pathological hallmarks of AD: A

Although the main focus of this thesis will be on tau pathology, the pathogenesis of tau is
inherently linked to AP and therefore requires some introduction. A has long been
thought to be a key initiator of AD. This hypothesis was based on studies conducted on
rare genetic forms of the disease that cause between 1-5% of all AD cases. Some of these
genetic forms of the disease are caused by mutations in the amyloid precursor protein
(APP) gene (Levy et al., 1990), which AB is cleaved from (Haass et al., 1992). In addition,
mutations in genes that affect APP processing, such as presenilin 1 and 2 have also been
found to cause genetic forms of AD (Scheuner et al, 1996). The finding that these
mutations cause genetic forms of the disease has led to the generation of the amyloid
cascade hypothesis. This postulates that the pathogenesis of AD is initiated by increased
levels of AB. AB then aggregates to form oligomers that are thought to cause detrimental
effects to a range of cellular processes and functions including synaptic function, axonal
transport and the proteasome. These deficits then accumulate to produce progressive

injury to synapses and neurons and, over time, are thought to induce oxidative stress

(Hardy & Selkoe, 2002).

How tau becomes involved in this cascade of events is currently unclear. However, there is
evidence to suggest that tau is required to mediate AP toxicity. A has been demonstrated
to induce deficits in long term potentiation (LTP) when applied to mouse hippocampal
neurons. However, one such study demonstrated that when AB oligomers were added to
hippocampal slices from tau knockout mice AB no longer induced deficits in LTP (Shipton
et al., 2011). Studies have also investigated reducing AB pathology by using antibodies that
target AB. This study demonstrated that A immunisation significantly reduced plaque
pathology from the brains of mice (Maeda et al., 2007). Therefore, immunisation against
AB was investigated as a potential therapeutic intervention and was taken forward into
clinical trials. However, clinical trials utilising immunisation against A have been largely
unsuccessful. One such study showed that immunisation against A in AD patients was
found not to improve clinical prognosis, although it did lead to the removal of plaques
from the brain (Holmes et al., 2008). A follow-up investigation revealed that although
immunisation against AB cleared the plaques, tau-containing NFT's remained (Boche et al.,
2010). These studies collectively demonstrate the importance that tau has in mediating Af3
toxicity in AD. Therefore, understanding the roles that tau plays in mediating disease is of

paramount importance to unravelling the mechanisms that underlie AD.
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1.3 The pathological hallmarks of AD: Tau

Tau was first discovered in 1975 in porcine brain (Weingarten et al., 1975). Tau was found
to localise to axons (Binder et al., 1985) and bind to tubulin inducing microtubule assembly,
in vitro (Kempf et al., 1996). Interest in the role of tau in dementia gathered pace after the
discovery that genetic mutations in tau cause certain types of Frontotemporal dementia
with Parkinsonism linked to chromosome 17 (FTDP-17) (Hutton et al., 1998, Poorkaj et
al., 1998, Spillantini et al., 1998). These diseases are characterised by the accumulation of
pure tau pathology, whereas AD exhibits both A and tau pathology. These studies provide
clear evidence that mutations in tau can directly cause dementia, fuelling investigations in to
how tau is potentially involved in AD. Since then there have been a wealth of studies that
have demonstrated tau’s involvement in not just AD but in a number of other diseases,
collectively known as tauopathies. However, to understand how tau becomes pathological

in disease, it is important to first consider how tau normally functions in the human brain.

The human microtubule-associated protein tau (MAPT) gene, localised to chromosome
17q21.1 is encoded by a single gene composed of 16 exons (Neve et al., 19806). Alternative
splicing of exons 2, 3 and 10 results in 6 different isoforms of tau (Figure 1-2) all of which
are found in the adult human brain. These isoforms range in size from 352 to 441 amino
acids long and are between 45 kDa- 65 kDa in size (Buée et al., 2000). These different
isoforms can be separated into two main types, namely 3-repeat (3R) and 4-repeat (4R)
isoforms. This refers to the number of tandem repeat sequences contained within the
carboxyl terminal (C-terminal). These are the microtubule binding repeats that bind to
tubulin. The number of which is determined by alternative splicing of exon 10. The
alternative splicing of exons 2 and 3 determines the expression of the N-terminal repeats
with different isoforms containing 0,1 or 2 repeats (Himmler et al., 1989). The N-terminal
repeats are thought to be involved in interacting with the plasma membrane/cytoskeletal

proteins and also in signal transduction (Brandt et al., 1995).
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Figure 1-2. The MAPT gene is alternatively spliced into 6 tau isoforms in the human brain.

The different isoforms are referred to as either 3R or 4R tau, depending on the number of
microtubule binding repeats (R1-4) in the C-terminus. 3R and 4R isoforms of tau are further
classified depending on the presence of N-terminal inserts (ON, 1N and 2N).

The different isoforms of tau have been implicated in different diseases, collectively
referred to as tauopathies, that develop tau pathology. For example, in some diseases, such
as AD, both 3R- and 4R-isoforms make up the tau pathology, whereas Pick’s Disease (PiD)
is characterised by pathology made up of 3R-isoforms. Progressive supranuclear palsy
(PSP) and Corticobasal degeneration (CBD) are examples of tauopathies that contain only
4R-isoforms (Sergeant et al., 2005). This suggests that the different isoforms have different
roles in disease. It is possible that the different isoforms have different physiological roles
as well. For example, the shortest isoform of tau (ON3R) is the only tau isoform expressed
in foetal brain, whereas all six isoforms are expressed in adulthood (Kosik et al., 1989).
There is also evidence to suggest that different tau isoforms are differentially expressed in
different subsets of neurons, for example only 3R-isoforms are found in granular cells of
the dentate gyrus (Goedert et al.,, 1989). The alternative expression of the N- and C-
terminal repeats potentially underlies the differences in functions of the different isoforms.
For example, it has been demonstrated that 4R-isoforms bind to and stabilise microtubules
more strongly than 3R-isoforms (Goode et al., 2000, Panda et al., 2003). These studies
demonstrate distinct differences between tau isoforms and how this may underlie the
different tauopathies. However, more research is required to understand the differences in

3R- and 4R-isoforms and how they are implicated in the different tauopathies.
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Table 1. List of tauopathies and the isoforms of tau that are found in the pathology of each disease.
Disease Isoform of tau

Alzheimer’s Disease (AD) 3R & 4R isoforms
Amyotrophic lateral sclerosis/ parkinsonism-dementia complex of = 3R & 4R isoforms
Guam (ALS)

Argyrophilic grain disease (AGD) 4R isoforms
Corticobasal degeneration (CBD) 4R isoforms
Dementia pugilistica 3R & 4R isoforms
Down’s Syndrome 3R & 4R isoforms
Familial British dementia 3R & 4R isoforms
Frontal lobe degeneration Loss of tau protein

Frontotemporal ~dementia with  parkinsonism linked to 3R & 4R isoforms
chromosome 17 (FTDP-17)

Globular glial tauopathy (GGT) 4R isoforms
Hippocampal tauopathy in cerebral ageing 3R & 4R isoforms
Neurofibrillary tangle-only dementia (NFT-dementia)/ 3R & 4R isoforms
Niemann-Pick disease type C 3R & 4R isoforms
Parkinsonism with dementia of Guadeloupe 3R & 4R isoforms
Pick’s Disease (PiD) 3R isoforms
Postencephalitic parkinsonism 3R & 4R isoforms
Progressive supranuclear palsy (PSP) 4R isoforms

1.4 Mechanisms of tau pathogenesis

141 Tau phosphorylation

This thesis will investigate how ageing impacts on tau pathogenesis, therefore, it is
important to understand the different mechanisms in which tau becomes pathogenic in
disease. These mechanisms, among others, include phosphorylation, misfolding and
aggregation. Phosphorylation is thought to be an eatly event in tau pathogenesis occurring
prior to misfolding and aggregation (Noble et al., 2013). Tau was first identified as a
phospho protein in 1977 (Cleveland 1977). Interest in tau phosphorylation and its
relevance to pathology grew with the discovery that the paired helical filaments (PHF)s
found in AD are made up of phosphorylated tau (Grundke-Igbal et al., 1986a, Grundke-
Igbal et al., 1986b). PHFs are thought of as the predecessor step to the formation of NFT's
and will be discussed further below. It has been demonstrated that phosphorylation is
involved in regulating tau’s ability to bind to microtubules. For example, dephosphorylation
of tau, in vitro, causes increased polymerisation of microtubules (Lindwall & Cole, 1984).

This suggests that phosphorylation of tau inhibits its ability to bind to microtubules.

In AD, tau has been found to be highly phosphorylated relative to control brains. Studies
in human AD brain have demonstrated that the tau found in PHFs is phosphorylated 3-4
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fold more than that of tau in control brains (Ksiezak-Reding et al., 1992). This suggests an
integral role of tau phosphorylation in the pathogenesis of AD. In addition, there are over
85 potential phosphorylation sites of tau, approximately 10 of which are phosphorylated in
tau in control brains (Hanger et al., 2007). Whereas in AD, 45 sites have been reported to
be phosphorylated (Noble et al., 2013). These sites are mostly found in the proline-rich
domain in tau or flanking the microtubule binding domains, as depicted in Figure 1-3.
Specific sites of phosphorylation have been identified as being important not only in the

functions of tau but also in how tau becomes pathogenic in AD.

proline rich domain
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Figure 1-3. The 45 phosphorylation sites that have been shown to be phosphorylated in AD brain
(Noble et al., 2013).

Specific phosphorylation sites on tau have been found to be regulated by a number of
different kinases and phosphatases in the human brain. The kinases known to
phosphorylate tau can be broadly separated into two main classes. The first class, the
proline-directed kinases, include glycogen synthase kinase-3 (GSK-3) (Hanger et al., 1992),
cyclin-dependent kinase 5 (cdk5) (Baumann et al., 1993) and 5’ adenosine monophases-
activated protein kinase (AMPK) (Thornton et al., 2011). The second main class of kinases
that are known to phosphorylate tau are the non-proline-directed kinases that include
casein kinase 1 (CK1) (Hanger et al, 2007), microtubule affinity-regulating kinases
(MARKSs) (Drewes et al., 1995) and cyclic AMP-dependent protein kinase A (PKA)
(Andorfer & Davies, 2000). Tyrosine kinases such as Fyn (Lee et al., 2004) have also been
implicated in phosphorylating tau. In addition to kinases that phosphorylate tau,
phosphatases that de-phosphorylate tau have also been implicated in regulating tau
phosphorylation. These include the protein phosphatases -1 (PP1), -2A (PP2A) and -5
(PP5) (Liu et al.,, 2005). The dysregulation of these various kinases and phosphatases is
thought to be key in the pathogenesis of AD.

One such kinase that is thought to be dysregulated in tauopathies is GSK-3. GSK-3 is
known to phosphorylate 26 of the 45 of the sites phosphorylated in AD brains (Noble et
al., 2013). There are two isoforms of GSK-3 found in mammals, namely GSK-3a and
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GSK-38 (Doble & Woodgett, 2003). GSK-38 has been found to co-localise with NFT's in
AD brain (Yamaguchi et al., 1996, Pei et al., 1997). In addition, the active form of GSK-33
(phosphorylated at Tyr326) has been found to be increased in the frontal cortex of AD
brains. These studies demonstrate that GSK-3 activity is increased in AD. Additionally in
mice, overexpression of GSK-3@ induces hyperphosphorylation of tau and subsequent
neurodegeneration in the hippocampus (Lucas et al., 2001), suggesting a role of GSK-38 in
mediating tau-toxicity. Others have also demonstrated that inhibition of GSK-38 can
reduce tau phosphorylation and alleviate tau-mediated toxicity. For example, lithium, which
is a GSK-38 inhibitor has been used to reduce tau phosphorylation and in addition caused
decreased neurodegeneration in a mutant tau mouse model (Noble et al., 2005). Similarly,
studies in flies that overexpress a human 3R-isoform (htau™™) found that both lithium and
a specific GSK-38 inhibitor (AR-A014418) reduced tau phosphorylation. These studies also
reported that this rescued tau-mediated locomotor and axonal transport deficits in
lithium/AR-A014418 treated flies (Mudher et al., 2004). These studies collectively
demonstrate the importance of GSK-38 in the pathogenesis of tau and highlights it as a

possible therapeutic target for the treatment of tauopathies.

1.4.2 Misfolding

Phosphorylation is also implicated in causing conformational changes and the misfolding
of tau. Tau normally does not have a particularly ordered secondary structure (Schweers et
al., 1994). Studies have shown that tau, in solution, has a loose “paperclip” or double
hairpin conformation, where the protein folds so that the C-terminus is next to the
microtubule binding domain and the N-terminus is folded back towards the C-terminus, as
shown in (Figure 1-4) (Jeganathan et al., 20006). It has been demonstrated that
phosphorylation induces a tighter folding of this conformation, inducing its reactivity to
conformational specific antibodies, such as Alz50 and MCI1. Interestingly, these
conformational antibodies bind more readily to tau found in AD brains compared to in
control brains (Nukina et al., 1988, Weaver et al., 2000), suggestive of misfolding being an
important aspect to tau pathogenesis. These antibodies have been demonstrated to bind to
a discontinuous sequence of tau which includes the N-terminus and the microtubule
binding domain (Carmel et al., 1996). In addition, Alz50 is only reactive to tau that is also
phosphorylated at Ser396 (Mondragon-Rodriguez et al, 2008), suggesting that
phosphorylation at Ser396 is necessary for conformational changes in tau. In addition, in
vitro studies have demonstrated that phosphotylation at specific sites (Ser202/Thr205 and

Ser396/Ser404) also induce conformational change in tau. This study suggested that
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phosphorylation of these sites induces a tighter folding of tau and renders the tau reactive
to the MC1 antibody (Jeganathan et al., 2008). These studies collectively demonstrate the
involvement of phosphorylation in causing conformational changes in tau. Some studies
have also demonstrated how misfolding of tau can induce toxicity. One study found that
misfolding exposed a section of the N-terminus of tau, termed the phosphatase-activating
domain (PAD) (Kanaan et al, 2011). This domain triggers a signalling cascade that
activates GSK-3 and consequently has been shown to disrupt axonal transport in squid
axoplasm. In addition, an antibody that binds specifically to PAD binds more readily to the
tau found in AD brains (Kanaan et al., 2011). This study demonstrates the importance of
misfolding in the pathogenesis of tau and the toxic-mediated effects of tau on axonal

tr ansport.
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Figure 1-4. “Paperclip” conformation of tau, taken from (Jeganathan et al., 20006).

Phosphorylation at AT8 (Ser202/Thr205), PHF-1 (Ser396/Ser404) and AT100 (Thr212/Ser214)
sites induces a tighter folded conformation which is reactive to conformational specific antibodies,
Alz50 and MC1.

1.4.3 Aggregation

In addition to misfolding, tau is also known to aggregate into a number of different species.
It is currently unclear what the toxic species of tau are that might mediate the pathogenesis
of AD. Tau can be present (in ascending size order) as monomers, dimers, trimers, soluble
oligomers, granular insoluble oligomers, filaments, PHFs and NFTs (Cowan & Mudher,

2013), (Figure 1-5). It was originally thought that the toxic species of tau were the larger
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species, namely PHFs and NFTs. Evidence that corroborates this includes the spread and
accumulation of NFTs across the brain correlating with the severity of dementia of
symptoms in AD (Arriagada et al., 1992). Neuronal loss is also found to correlate with
NFTs in mutant tau mouse models (Lewis et al., 2000). The human tau expressed in this
particular mouse model contains the P301L. mutation which has been found to cause
FTDP-17. Similar studies where large insoluble aggregates were removed by immunisation
against tau improved locomotor phenotypes in P301L mice (Asuni et al, 2007). In
addition, using recombinant tau, the P301L mutation has been demonstrated to cause tau
filaments to form faster than WT tau (Nacharaju et al., 1999), suggesting a causal role of
filaments in dementia. However, there have been studies that also implicate the smaller
species of tau in inducing toxicity. In mouse models of tauopathy where tau expression is
switched off, memory deficits were found to improve but NFTs were still found to
accumulate (SantaCruz et al., 2005, Spires et al., 2000), suggesting a different species is
responsible for tau-mediated deficits in memory. In addition, various models of tauopathy
including many Drosophila models present neurodegeneration and neurodysfunction
mediated by tau without the presence of NFT's and PHFs (Wittmann et al., 2001, Mudher
et al., 2004, Mershin et al., 2004, Kosmidis et al., 2010). Also, the appearance of oligomeric
tau coincides with memory deficits that manifest before any NFTs develops in mouse
models of tauopathy (Berger et al., 2007). These studies demonstrate the complexity that
different tau species may mediate in disease. The general consensus is that the most likely
toxic species in AD are small soluble oligomers, as PHFs and NFT's are not necessary to
induce tau-mediated phenotypes. However, it remains unclear whether other species may

also confer toxicity as well.

30



Chapter 1

Tau monomer Phosphorylation

N Misfoldin
> 9

Neurofibrillary
tangles

%@:ﬁ Dimers/Trimers

Aggregation

Oligomers

Paired helical filaments
(PHFs)

Figure 1-5. The generation of different tau species; phosphorylation, misfolding and aggregation.
Tau monomers become increasingly phosphorylated at specific phosphorylation sites, which
induces misfolding of tau. Misfolding is hypothesised to preclude aggregation into dimers, trimers
and larger aggregates termed oligomers. These are then thought to aggregate to form larger species
termed paired helical filaments (PHFs) and neurofibrillary tangles (NFT's).

1.5 Mechanisms of tau toxicity

1.5.1 Microtubule destabilisation

It has been described above that tau becomes increasingly phosphorylated, misfolded and
aggregated in AD but how do these pathogenic alterations in tau lead to tau-mediated
toxicity of neurons? Phosphorylation of tau is thought to be key to tau’s role in stabilising
microtubules. It is hypothesised that in disease, phosphorylation of tau causes decreased
binding to microtubules and consequently leads to a breakdown in axonal transport
(Figure 1-6) (Cowan et al., 2010). In support of this hypothesis, a reduction in stable
microtubules has been demonstrated in AD brain (Hempen & Brion, 1996).
Phosphortylation of tau at specific sites has been implicated in reducing the ability of tau to
bind to microtubules. These include, among others, phosphorylation at sites Ser262,
Thr231, Ser235 and Ser214 (Sengupta et al., 1998, Schneider et al., 1999). For example, site-
directed mutagenesis studies have been carried out that mutate Ser262 to either an alanine
(rendering  the site  unphosphorylatable) or to a glutamate (mimicking

hyperphosphorylation). Ser262 phosphorylation has been demonstrated, in vitro, to inhibit
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the binding of tau to microtubules (Sengupta et al, 1998). Similarly, mimicking
phosphorylation of Ser262, Ser293, Ser324 and Ser356 sites caused significantly reduced
binding of tau to microtubules (Fischer et al., 2009). Importantly, phosphorylated tau
isolated from AD patient brains has been demonstrated to inhibit the assembly of
microtubules in vitro. Additionally, when this phosphorylated tau was treated with alkaline
phosphatase, the tau was able to induce assembly of the microtubules (Alonso et al., 1994).
In addition, studies performed in cells have also demonstrated that phosphorylation is vital
in tau’s role to bind to microtubules. CHO cells transfected with mutant tau that was
unphosphorylatable at Ser396 increased tau’s affinity for microtubules and subsequently
increased stability of the microtubules (Bramblett et al., 1993). In a different approach,
COS cells were transfected with both tau and GSK-3(3 and found this to also reduce tau’s
binding to microtubules (Lovestone et al., 1996). These studies demonstrate that
phosphorylation of certain sites on tau are important for its role in binding to and
stabilising microtubules. Increased phosphorylation of tau has been demonstrated to cause

decreased binding of microtubules, leading to microtubule destabilisation.

Microtubule destabilisation has been demonstrated in a number of different tau models.

ON3R;
)

For example, in Drosophila where the shortest isoform of tau was expressed (htau found

that htau™" did not bind efficiently to the microtubules. It was also found that the hyper-

ON3R

phosphorylated htau sequesters endogenous Drosophila tau (dtau) away from the
microtubules by binding to dtau (Figure 1-6). Using electron microscopy, a loss of
microtubular structure was demonstrated in htau™™ expressing flies. It was also found that

™R mediated a breakdown in axonal transport (Mudher et al., 2004,

expression of htau
Cowan et al., 2010, Quraishe et al., 2013). Similar findings were also gathered from a mouse
model that also expressed htau”*. This study found a reduction of intact microtubules and
loss of axonal transport (Ishihara et al, 1999). These studies demonstrate that
phosphorylation of tau can cause microtubule destabilisation and subsequently a

breakdown in axonal transport. This would inhibit the necessary transport of materials

from the soma to the synapse, potentially triggering the initiation of neurodegeneration.
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Figure 1-6. Tau microtubule hypothesis adapted from (Cowan et al., 2010).

Tau is hypothesised to cause neurodegeneration through (1) becoming hyperphosphorylated, (2)
reducing tau’s normal function of binding to microtubules. This (3) destabilises the microtubule
network causing (4) axonal transport to become disrupted which leads to synaptic dysfunction. The
tau that detaches from the microtubules then (5) accumulates in the cytosol and aggregates.

The implication of tau-mediated microtubule destabilisation in disease has led to
therapeutic strategies that target the re-stabilisation of microtubules. For example,
Epothilone D is a microtubule stabilising compound which has been demonstrated to
increase numbers of intact microtubules, reduce numbers of dystrophic axons and
consequently cause improvements in learning and memory in a mouse model of tauopathy
(P301S) (Brunden et al., 2010). A different microtubule stabilising agent paclitaxel, has also
been found to have similar effects in a different mouse model of tauopathy that expressed
htau”™*. This study demonstrated that paclitaxel rescued axonal transport deficits induced
by htau”™* expression and this was correlated with improvement in tau-mediated deficits in
locomotion (Zhang et al., 2005). However, agents such as paclitaxel do not easily cross the
blood brain barrier (BBB) and are toxic to neurons (Scuteri et al., 2006). Therefore, other
agents have been recently investigated that are non-toxic and do permeate the BBB
(Heimans et al., 1994). Such an agent is a small peptide, NAPVSIPQ (NAP) which is
derived from activity-dependent neuroprotective protein (ADNP) (Bassan et al., 1999).
NAP has been shown to stabilise microtubules and improve axonal transport in htau”™*
expressing flies (Quraishe et al., 2013). Collectively, these studies demonstrate microtubule
destabilisation is key to tau-mediated toxicity and also highlights this mechanism as a

promising avenue for new therapeutic targets.
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1.5.2 Tau propagation

Another mechanism of tau-mediated toxicity is in its propensity to propagate and spread
across the brain, affecting a number of different brain regions (Braak & Braak, 1995). It has
been demonstrated that NFTs accumulate and propagate across the brain in a characteristic
pattern as AD progresses. This is termed as Braak staging and involves 6 different stages
(Braak & Braak, 1995). In stages I-II tangles begin to appear in the transentorhinal regions
of the brain. This occurs in clinically silent patients, where symptoms have not begun to
appear. In stages III-IV, NFTs can also be found in the limbic regions of the brain with
AD symptoms beginning to manifest at this stage. In stages V-VI, AD symptoms are fully
developed and NFTs are found to have spread to the neocortical structures of the brain
(Braak & Braak, 1995). This shows that the spread of NFTs closely correlates with the
severity of disease symptoms demonstrating a clear link between tau propagation and the

pathogenesis of AD.

But how does tau propagation occur? It has been demonstrated that tau can spread from
cell to cell and cause normal tau to become pathogenic. This was demonstrated by injecting
tau filaments from mutant (P301S) tau mice into the hippocampus of mice only expressing
wild-type (WT) tau. The P301S model, similar to the P301L model, expresses a form of
mutant tau that causes FTDP-17. WT mice do not normally develop filaments however,
after injection of the P301S human tau filaments, WT mouse tau was also found to
aggregate. Interestingly, this did not just occur at the injection site but also in adjacent cells
and even in distant cells that were synaptically connected (Clavaguera et al., 2009). This not
only demonstrates that tau can spread from cell to cell but pathogenic tau has the ability to
convert normal tau. This has been replicated in a model where human mutant (P301L) tau
was expressed genetically only in the entorhinal cortex. This study subsequently found tau
pathology that had spread to other regions of the brain that were synaptically connected
including the dentate gyrus, hippocampus and cingulate cortex (de Calignon et al., 2012). In
addition it was found that human tau pathology seeded mouse tau aggregation by binding
to mouse tau (de Calignon et al., 2012). This suggests that pathogenic tau can bind directly
to normal tau inducing a conformational change in the normal protein, therefore acting
prion-like. This has also been demonstrated in cells where intracellular tau fibrils are
released and then taken up by adjacent cells. This study used FRET microscopy to
demonstrate that tau fibrils could bind to naive (non-pathogenic) tau inside cells and
induce fibrillisation (Kfoury et al., 2012). Therefore, these studies suggest that the spread of
pathogenic tau occurs between synaptically connected cells and causes normal tau to

become pathogenic through a prion-like templating mechanism.
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1.5.3 Neurodegeneration

But how does pathogenic tau cause neurodegeneration? This is currently unclear, however
there are a number of theories. One theory is that tau causes synapses to become
dysfunctional, causing a breakdown in communication between cells, ultimately triggering
the neuron to degenerate. This is particularly relevant to AD as synaptic loss is thought to
be an early event in neurodegeneration in AD (Terry et al., 1991, Masliah et al., 2001). This
may well be caused due to loss of axonal transport mediated by tau-induced microtubule
destabilisation, as discussed above. However, it has also been found that phosphorylation
of tau causes mis-localisation of tau from axons to the somatodendritic compartment
(Hoover et al.,, 2010) This study, in P301L tau-expressing mice also found that expression
of tau caused decreased synaptic expression of AMPA and NMDA receptors (Hoover et
al., 2010). Similarly, in a Drosophila model, hyperphosphorylated tau was found to cause
changes to the morphology, alterations in exo/endocytosis and deficits in transmission at
the neuromuscular junction (NMJ) (Chee et al., 2005). These studies demonstrate how tau

can be toxic in synapses, potentially being an early event in neurodegeneration.

A different theory of tau-mediated toxicity is through cell-cycle re-entry. A number of
different studies have demonstrated increased expression of cell-cycle proteins in neurons
prior to degeneration in AD (Busser et al., 1998, Ding et al., 2000). Cell-cycle re-entry has
been demonstrated to trigger neuronal apoptosis. In a Drosophila model expressing mutant
human tau, cell-cycle activation resulted in increased TUNEL staining, indicative of
apoptotic cells. Furthermore, this study demonstrated that if cell-cycle is inhibited,
TUNEL staining was found to be reduced (Khurana et al., 2006). Caspase activation which
activates apoptosis has been found in neurons in AD brains (Stadelmann et al., 1999, Rohn
et al.,, 2001), providing evidence that apoptosis may be occurring in AD neurons. However,
a study conducted in a mouse model of tauopathy used 2-photon imaging on living mouse
brains to follow caspase- positive cells over time but did not find these neurons to undergo
apoptotic neurodegeneration (Spires-Jones et al., 2008) therefore complicating the role that

tau has in initiating apoptosis.

Collectively tau has been demonstrated to become increasingly phosphorylated, misfolded
and aggregated in AD. These changes in the tau protein are closely linked with loss of
function, through loss of the cytoskeletal structure, causing a breakdown in axonal
transport and dysfunction of neurons. In addition, misfolding and aggregation are thought
to lead to a toxic gain of function, where toxic aggregates cause neurodegeneration. These

findings have led to the generation of possible therapeutic interventions that target these
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pathogenic alterations in tau. However, it is still unclear what causes tau to become
pathogenic initially. To investigate this, it is important to consider the risk factors of AD
and how these potentially highlight pathways and mechanisms that cause tau to become

pathogenic over time.

1.6 Risk factors for AD

Sporadic AD, which accounts for approximately 95% of all AD cases, has a range of
genetic and environmental risk factors associated with it, examples of which are listed in
Table 2. The greatest risk factor for AD is age, with the vast majority of patients being
diagnosed at >065 years of age. Data from the World Alzheimer Report 2015 found that the
risk of developing dementia increases exponentially as people age. This report combined
many studies from around the wortld to find that the incidence of dementia doubles every
6.3 years of ageing. It was found that 3.9 people out of 1000 aged between 60-64 had
dementia whereas 104.8 people per 1000 had dementia when aged 90+ (Prince et al., 2015).
Investigating why ageing increases the risk of AD could lead to a better understanding of
how AD is initiated potentially highlighting pathways upstream of tau pathogenesis.
Therefore, this study will investigate pathways involved in ageing and how they impact on

tau.

However, other risk factors, other than age, associated with AD also highlight certain
cellular pathways that are implicated in the mechanisms that underlie the disease, which
may also be relevant to tau. One such risk factor is Diabetes mellitus type 2 being
diagnosed in middle to later ages. This can lead to approximately a 50% increase in the risk
of developing AD (Profenno et al., 2010). This is a metabolic disorder characterised by
increased blood glucose levels and insulin resistance. Therefore, implicating the insulin
signalling pathway in AD. Other lifestyle risk factors for AD include smoking and obesity
with protective factors including increased exercise and a mediterranean diet (Winblad et
al., 2016) demonstrating an involvement of metabolic, respiration and nutrient-sensing
pathways in AD. Interestingly, these pathways are also pathways that are implicated in

ageing, providing more evidence for a strong correlation between ageing and AD.
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Table 2. List of risk and protective factors for late onset sporadic AD (Winblad et al., 2016)

Risk factors for sporadic AD Protective factors for sporadic AD

Increasing age Genetic factors (APOE &2 allele)

Genetic  factors (APOE  e4  allele, Psychosocial factors (High education and

susceptibility genes CR1, PICALM, CLU, socioeconomic status, mentally stimulating

TREM2 etc.) occupation, rich social network and social
engagement)

Vascular disease (cardiovascular, cerebral Physical activity

macrovascular and microvascular lesions)

Diabetes mellitus type 2 Light-moderate alcohol intake

Obesity Mediterranean diet

Lifestyle  factors  (sedentary lifestyle, Vitamins (A, B6, B12 C, D, E and folate)

smoking, heavy alcohol consumption)

Diet and nutritional factors (saturated fats, Drugs (antihypertensive drugs, statins, non-

hyperchmocysteinaemia,  deficiencies in = steroidal anti-inflammatory drugs)

vitamin B6, B12 and folate)

1.7 Introduction to ageing

To be able to understand why ageing increases the risk of AD it is important to firstly
understand the ageing process. There are various theories of ageing that shed light on the
potential cellular pathways involved in ageing and age-related disease. Age-related diseases,
such as AD, are increasingly prevalent around the globe due to the world’s increasingly
ageing population. The 20™ century has seen a huge leap in average lifespan of people from
33 to 80 years of age. This has been attributed to the various improvements seen in public
health, hygiene, nutrition and availability of vaccines and antibiotics. These advances have
meant decreases in infantile mortality and improved treatment of a great number of
diseases. However, an increased average lifespan has resulted in an ageing population.
Between 2015 and 2030 the number of people in the world that will be 60 years and older
is predicted to increase by 56%, from 901 million to 1.4 billion people (United Nations
2015).

Ageing can be defined as a progressive decline in function which coincides with decreased
fertility and increased probability of disease and mortality (Kirkwood & Austad, 2000).
Ageing can also be thought of as a general wearing of bodily functions that reach a peak
during development and maturation of an individual and then decline (Vina et al., 2007).
Ageing is one of the few processes that affects most organisms - from unicellular
organisms to plants, insects and mammals including humans. Understanding the
mechanisms that underpin ageing is one of the biggest challenges for scientific research.
For a long time, ageing was thought of as an inevitable process that could not be

manipulated by extrinsic factors. However, studies on rats in the 1930’s disproved this
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when McCay et al., (1935) restricted food intake in rats, resulting in extended lifespan
(McCay et al., 1935). This was the first convincing piece of evidence that ageing can indeed
be regulated. Furthermore, genetic screens were conducted in C. elgans (Hamilton et al.,
2005) where long lived mutants were identified. These studies highlighted possible
candidate pathways involved in the regulation of ageing such as insulin signalling,
metabolism, signal transduction, protein turnover and gene expression (Hamilton et al.,
2005). Studies such as these have led to a number of different theories of ageing, some of

which are also linked to age-related disease.

1.8 Theories of ageing

1.8.1 Mitochondrial theory of ageing

One such theory of ageing which has also been implicated in AD is the “free-radical theory
of ageing”. This theory postulates that reactive oxygen species (ROS) accumulate during
ageing resulting in increased damage to cells and tissues, eventually leading to the death of
the organism (Harman, 1955). As dysfunctional mitochondria are the main source of ROS
in the cell, this theory evolved into “the mitochondrial theory of ageing” (Harman, 2009),
implicating dysfunctional mitochondria as being integral to the ageing process. For example,
age-related reductions in mitochondrial DNA (mtDNA) copy number have been found in
the skeletal muscle of rats (Barazzoni et al., 2000). In addition, a study in rhesus monkeys
demonstrated an age- related decrease in mitochondrial respiratory complex activities in the
cerebral cortex (Bowling et al, 1993). In addition, genes involved in oxidative stress
response and DNA damage repair are upregulated in ageing human cortex (Lu et al., 2004).
Neurons are particularly susceptible to age-related dysfunctional mitochondria as they
require higher levels of adenosine triphosphate (ATP) than other cell types. Therefore,
accumulations of dysfunctional mitochondria, with age could well be catastrophic for
neurons. Collectively these studies implicate dysfunctional mitochondria in ageing.
Furthermore, as dysfunctional mitochondria are a key feature of AD as reviewed in
(Castellani et al., 2002) mitochondrial dysfunction is a clear mechanism that connects both
ageing and AD. Although mitochondrial dysfunction and ROS generation will not be a
focus of the research here, it is inherently linked to other age-related pathways that will be

studied here.
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1.8.2 Dysregulation in protein turnover

An alternative theory of ageing that is also very relevant to tauopathies is that protein
turnover becomes increasingly dysregulated with age. Protein turnover is dependent on two
opposing processes; protein synthesis and protein degradation. A shift in the balance of
these two processes could well underlie the accumulations of damaged proteins that build
up in disease. New synthesis of proteins is important to replace proteins that have become
damaged, for example, by oxidation. However, protein synthesis is generally though to
decline with age (Makrides, 1983), although this has not been directly measured in the
human brain. Much of the evidence that protein synthesis declines with age is dependent
on findings in C. elegans. For example, Stable isotope labelling of mutant long-lived worms
found decreased protein synthesis in older worms compared with young controls (Visscher

et al.,, 2016).

Protein degradation is also an important aspect to protein turnover as this allows for
damaged proteins to be removed from the cell. A number of pathways in the cell can lead
to protein degradation, these include the ubiquitin proteasome system (UPS) and
autophagy. Autophagy will be described in more detail below, as it will form part of the
focus of this research. The UPS targets proteins for degradation by ubiquitination which
acts as a degradation signal to the proteasome. The proteasome contains a hollow cavity in
which protease activities act to breakdown proteins. Interestingly it has been found that
proteasomal activities decline with age, for example in Drosophila (Vernace et al., 2007) and
in rodents (Shibatani et al., 1996). Collectively, a down regulation of protein synthesis with
age and reduced degradation could potentially lead to accumulation of damaged proteins,
such as the AP and tau pathologies found in AD. This demonstrates a clear link between
pathways that implicated in both with ageing and tauopathies. Therefore, protein turnover

is an important avenue of research to understand why ageing increases the risk of AD.

1.8.3 Hyperfunction theory

Another theory of ageing that is connected to protein turnover is the hyperfunction theory.
This theory postulates that hyperactivity of processes that contribute to development
continue later on in life at an inflated level, leading to the accumulation of pathologies
(Blagosklonny 2008). These processes include those that regulate protein synthesis, namely
the nutrient-sensing pathways such as mammalian Target of Rapamycin (mTOR) and
insulin signalling. For example, senescence in cells can be inhibited if treated with

rapamycin, an inhibitor of the mTOR pathway (Demidenko et al., 2009). In addition, if
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nutrients are reduced by dietary restriction, lifespan can be extended. This has been
reproduced in many different species such as C. elegans (Walker et al., 2005), Drosophila
melanogaster (Partridge et al,, 2005), rodents and non-human primates as reviewed in
(Fontana et al., 2010). It is currently unclear whether dietary restriction can slow ageing in
humans, however, there are some studies to suggest this. One such study investigating
cardiac function (which normally declines with age) found this to be improved in patients
that were calorie restricted (Meyer et al, 2006). The hyper-function theory therefore
highlights nutrient sensing pathways in ageing. This theory appears to be only part of the
overall ageing process as it does not explain the damage that accumulates in ageing
organisms, such as from oxidative stress. A model that integrates both damage
accumulation and hyper-function would lead to a more encompassing model of ageing, as

shown in (Figure 1-7).

This model of ageing proposed by Bishop et al., (2010) demonstrates an integration of the
different theories discussed above. Mitochondria become increasingly dysfunctional with
age, producing ROS that damage both proteins and DNA. Increasingly damaged proteins
are not cleared away due to decreased clearance through the proteasome and autophagic
pathways. Nutrient sensing pathways such as mTOR signalling affect both protein

synthesis and autophagic clearance, as will be discussed further below (Bishop et al., 2010).
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Figure 1-7. Hyperfunction and damage model of ageing, adapted from (Bishop et al., 2010).

This model hypothesises that mitochondrion become increasingly damaged with age, resulting in
increased ROS. ROS causes damage to both DNA and proteins. Damaged proteins should be
cleared/ broken down by the proteasome or autophagy. However, dysregulation of these clearance

pathways could lead to the accumulation of aggregated proteins, such as those found in diseases
like AD.
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1.9 Cellular pathways implicated in ageing

The various theories of ageing have highlighted a number of different pathways, depicted
in (Figure 1-8), that potentially regulate ageing. These include those pathways involved in
accumulation of damage caused by stress, such as through mitochondrial dysfunction and
production of ROS. In addition, pathways involved in regulation of protein synthesis and
hyper-function such as insulin signalling and mTOR signalling have also been implicated in
ageing. Lastly, those pathways involved in protein clearance, such as autophagy and the
UPS are also thought to be important in the ageing process. All of these pathways have
been reported to have a demonstrated role in ageing and interestingly are all potentially
involved in the pathogeneis of AD. However, this is not an exhaustive list of pathways that
are thought to be implicated in both ageing and AD. Others, in particular inflammation are
also likely to be involved. In fact inflammation has been found to interact with a number of
the pathways depicted here. For example, ROS can trigger inflammatory pathways and the
accumulation of damaged mitochondria with ageing is thought to be an important cause of
inflammation, as reviewed in (Green et al.,, 2011). Inflammation has also been inherently
linked to mTOR signalling. For example inhibition of mTOR has anti-inflammatory effects
in a number of different settings, such as chronic kidney disease and lung infection,
reviewed in (Johnson et al., 2013). It is clear that inflammation plays an important role in
ageing and interacts with a number of the different pathways here. However ageing related
inflammation is outside the scope of the research presented here. This thesis, will focus on
the mTOR and autophagy pathways and how these are both implicated in ageing and AD,
however it is important to consider that these pathways do not act in insolation and that

many other pathways that interact can influence age-related changes in these pathways.
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Mitochondrial
dysfunction

Figure 1-8. Cellular pathways implicated in ageing, including those pathways implicated in the
mitochondrial theory, hyperfunction theory and regulating protein turnover.

110 mTOR signalling

The mTOR signalling pathway is a key regulator of cell growth, responding to a range of
environmental cues. This pathway has been found to be important in many human diseases
including cancer and also neurodegenerative diseases such as AD. mTOR was identified
after the discovery of the antifungal agent and immunosuppressant rapamycin, which was
found to inhibit proliferation of mammalian cells. Studies performed in yeast showed that
mutations in TOR conferred resistance to the growth inhibition properties of rapamycin
(Heitman et al., 1991). mTOR was then purified and found to be the target of rapamycin
(Sabatini et al, 1994). mTOR is a serine/threonine kinase that belongs to the
phosphatidylinositol 3-kinase-related kinase protein (PIKK) family (Keith & Schreiber,
1995) and is highly conserved across many species including plants (Arabidopsis thaliana),
Saccharomyces cerevisiae (yeast), C. elegans, Drosophila melanogaster and mammals. mTOR
interacts with a number of different proteins to form two different complexes, mTORC
complex 1 (mTORC) and 2 (mTORC2). mTOR is highly sensitive to rapamycin when
bound in the mTORC1 complex. Whereas mTORC2 signalling is thought as being
predominantly rapamycin insensitive although it can also be inhibited by rapamycin after
long term exposure, in certain cell types (Sarbassov et al., 2006). mTORC2 signalling has
been implicated in regulating the actin cytoskeleton (Sarbassov et al., 2004). However,
mTORC1 signalling has been studied in more detail in terms of ageing and

neurodegenerative disease and so will be the focus here.
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mTORCI responds to a wide range of stimuli including oxygen levels, amino acids, stress,
energy levels and growth factors, among others. mTORCI signalling can also be activated
by insulin signalling. Growth factors and insulin activate the PI3K-Akt signalling cascade.
Downstream of the PI3K-Akt cascade is TSC1 and TSC2 that bind to form a complex that
negatively regulates mTOR signalling. Once activated Akt will phosphorylate TSC2 (Inoki
et al, 2002) which leads to the inactivation of the TSC1/2 complex. TSC2 acts as a
GTPase-activating protein (GAP) to promote the inherent GTP hydrolysis activity of the
GTPase Rheb for the small GTPase Rheb. Activated GTP-bound Rheb will then bind to
and activate mTORCI, reviewed in (Laplante & Sabatini, 2012, Jewell & Guan, 2013).

mTORCI signalling impacts on a number of different downstream processes such as
protein synthesis, autophagy, cell cycle progression, growth and metabolism (Laplante &
Sabatini, 2012). The best studied downstream effectors of mTORCI1 are the ribosomal
protein S6 kinase (SOK) and eukaryotic initiation factor 4E-binding protein 1 (4E-BP1)
(Hay & Sonenberg, 2004). It is thought that it is through these two targets that mTOR
signalling can act on protein synthesis. S6K is activated by mTORCI1 via phosphorylation
of the Thr389 site. Activated S6K phosphorylates and activates the 40S ribosomal protein
S6. S6K has also been demonstrated to phosphorylate and inhibit the activity of eukaryotic
elongation factor 2 kinase (eEF2K) (Wang et al., 2001). eEF2K in turn inactivates eEF2
through phosphorylation of Thr56 (Heise et al., 2014). eEF2 then promotes ribosomal
translocation along the mRNA, allowing for translation (Heise et al., 2014). mTORCI1 also
phosphorylates 4E-BP1 at a number of different serine and threonine residues including
Thr70 and Ser65. Phosphorylation of 4E-BP1 inhibits its binding to eIF4E which is a
translation initiation factor. If bound, 4E-BP1 inhibits eIF4E from interacting with its
binding partners such as elFF4G1 which is involved in a number of different roles in
translation of mRNA (Proud, 2014). Collectively these downstream components all
converge on mRNA translation with increased activation of the mTORCI1 pathway

inducing increased mRNA translation.

Another downstream effect of mTORCI signalling is in regulation of autophagy, through
phosphorylation of the ULK-1 autophagy regulatory complex. When mTORCI is activated
it associates with the ULK-1 complex, phosphorylating ULK-1 and Atgl3 inactivating
them. When mTORCI is deactivated it dissociates with the ULK-1 complex, resulting in
dephosphorylation and initiation of the autophagic pathway. Autophagy will be further

described below in Section 1.11.
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Figure 1-9. Schematic of mTORC1 signalling pathway.

The mTORCI1 pathway is activated by a number of different nutrients such as glucose, amino acids
and growth factors. Inhibition of TSC1/2 complex allows for activation of the GTPase Rheb which
in turn activates mMTORC1 complex, phosphorylating downstream components S6K1 and 4E-BP1.
These converge on mRNA translation. In addition, mTORCI1 activation inhibits the ULK.Atgl
complex, inhibiting autophagy.

1.10.1 mTORCI1 signalling in ageing

TORCI signalling has been identified as a pathway that regulates ageing and has also been
implicated in age-related diseases such as AD. Therefore, it is possible to suggest that age-
related changes in TORCI signalling could be involved in the mechanisms that underlie
AD. TORC1 signalling was first demonstrated to be implicated in ageing when genetic
screens in yeast identified long-lived mutants, many of which contained mutations in the
TORCI signalling pathway (Powers et al., 2006). Furthermore, inhibition of the TORCI1
signalling pathway either genetically or pharmacologically leads to an increase in lifespan of
a number of different species. One such study in Drosgphila found that overexpression of
dTSC1 and dTSC2, which inhibits Drosophila TORC1 (dTORC1) signalling resulted in a
significant increase in lifespan (Kapahi et al., 2004). In this same study, expression of a

dominant negative form of dS6K, a downstream effector of dTORC1, was also found to

44



Chapter 1

increase lifespan in flies. Furthermore, over-expression of the constitutively active form of
dS6K caused a decrease in lifespan (Kapahi et al., 2004). Inhibition of the TORCI
signalling pathway in C. elegans, using RNAi knockdown of let-363 (homolog of mTOR)
and rsks-1 (homolog of S6K) similarly caused an increase in lifespan (Hansen et al., 2007).
These findings were also corroborated in mouse models where genetic deletion of S6K1
extended lifespan, specifically in female mice (Selman et al., 2009). This study also found
improvements of other age-related physiological characteristics, such as locomotion and
bone density, on deletion of S6K1 (Selman et al., 2009). These studies demonstrate that
genetic inhibition of the TORCI signalling pathway, in a number of different species, is

associated with an extension in lifespan.

In addition to genetic inhibition the TORCI1 pathway has also been inhibited
pharmacologically by using rapamycin. Bjedov et al., (2010) found that rapamycin
efficiently reduced dTORCI signalling in Drosophila and consequently increased the lifespan
of WT female flies in a dose responsive manner. Rapamycin-mediated extension of lifespan
was suggested to be due to downregulation of mRNA translation and upregulation of
autophagy. This study found that rapamycin mediated an increase in Lysotracker stained
lysosomes and autolysosomes in the gut of the flies, indicative of autophagy induction.
They also found a significant decrease in the incorporation of **S-methionine implying that
inhibiting dTORCI1 signalling also inhibits translation (Bjedov et al., 2010). Similar findings
have also been found in other invertebrates, such as in C. elgans, where administering
rapamycin increased lifespan and additionally improved oxidative stress resistance (Robida-
Stubbs et al., 2012). In addition, rapamycin has also been used to inhibit mTORC1 in mice
and found significant increases in lifespan (Anisimov et al.,, 2010, Miller et al., 2011).
Interestingly, one study found that if rapamycin was administered from later in life (mice
were fed from 600 days old) this caused an increase in lifespan (Harrison et al., 2009).
These studies collectively demonstrate that pharmacological inhibition of mTORCI1

signalling, similarly to genetic inhibition, also increases lifespan.

These studies suggest that inhibition of the TORCI1 signalling pathway is associated with an
extension in lifespan. However, what is not clear is how the TORCI1 signalling pathway
changes with age. This is important to investigate as this would lead to a better
understanding of how ageing contributes to age-related disease. There are very few studies
that have investigated how mTORCI signalling changes with age. Of these studies some
have found an increase in mTORCI signalling with age. For example, increased
phosphorylation of S6 was found in the liver of old mice compared with younger mice

(Leontieva et al., 2014). Whereas others have found decreased activation of the mTORCI1
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signalling pathway. Houtkooper et al., (2011) found that phosphorylation of S6K (pS6K)
was decreased in both muscle and liver of mice (Houtkooper et al., 2011). There are also
very few studies that have investigated how the mTORC1 pathway changes in the brain.
However, one study found an age-related decrease in mTORCI signalling in the
hippocampus of WT mice (Yang et al., 2014). As these studies have demonstrated
conflicting results it will be important to further assess how mTORCI signalling changes
with age, particularly in the brain. Understanding how mTORCI signalling changes with
age in the brain will provide a better understanding of why this pathway is implicated in

age-related diseases such as AD.

1.10.2 mTORCI1 signalling in AD

The mTORCI signalling pathway has been implicated in several neurodegenerative diseases,
including AD. For example, in human post-morten brains a 3-fold increase in mTOR auto
phosphorylation at Ser2481 (indicative of increased mTOR activation) was found in AD
brain homogenate compared with control brain. Increased Ser2481 phosphorylation was
also found to correlate with progression of Braak staging and co-localised with NFTs.
Downstream of mTORCI, p4E-BP1 (Thr70 and Ser65) was also found to be increased
with Braak staging progression (Li et al., 2005). This suggests that increased activity of
mTORCI1 signalling is correlated with an increase in tau pathology in AD patients. A
different study found levels of pS6K were elevated in the brains of AD patients (An et al.,
2003), indicative of increased mTORCI signalling. Subsequently, elevated pSOK levels were
found to be associated with neurofibrillary tangles in AD brains (An et al., 2004). These
studies suggest that increased activity of the mTORC1 pathway are correlated with AD
pathology and progression but they do not give an indication of whether this is a cause or

effect. Therefore, animal models have been utilised to further understand the connection

between AD and TORCI1 signalling.

Animal models of AD expressing AR and/or tau have been used to further understand the
contribution of TORC1 signalling to the disease. Berger et al., (2006) used EGFP-P301L
transfected COS-7 cells and treated them with rapamycin. It was found that this reduced
levels of the insoluble fraction of tau but not the soluble fraction (Berger et al., 2006). This
is suggestive that rapamycin induces clearance of aggregated tau. This same study also used
WT and mutant tau expressing Drosophila. Rapamycin treatment caused decreased tau-
mediated degeneration in the fly eye and caused an increase in lifespan in tau-expressing
flies. It was found that rapamycin in this study also decreased total levels of tau (Berger et

al., 2006). This could suggest that tau translation and/or clearance is affected by rapamycin-
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mediated inhibition of the dTORC1 pathway. Similarly, in another Drosophila model that
expressed WT human tau, dTORC1 signalling was inhibited both genetically and
pharmacologically. This resulted in reduced tau-mediated toxicity in the eye (Khurana et al.,
20006). This study also found that activation of TOR by co-expression of Rheb caused
increased tau-mediated neurodegeneration (Khurana et al., 2006). These studies have
demonstrated that inhibition of the dTORC1 pathway can reduce tau-mediated toxicity.
However, tau-toxicity in the Drosophila eye is mediated, in part, developmentally (Kramer &
Staveley, 2003). Therefore, it is still unclear whether inhibition of the dTORC1 can reduce

age-related tau-mediated toxicity.

Studies have also been conducted in mice that have investigated how manipulations of the
mTORC1 pathway effect on tau and AB-mediated phenotypes and pathologies. For
example, Caccamo et al., (2010) using a triple transgenic mouse model of AD, that develop
both plaques and NFTs, (3xTg) demonstrated that rapamycin increased the lifespan of
these mice. Furthermore, rapamycin treatment reduced both tau and AB pathology and
improved learning and memory deficits. Rapamycin was also found to cause an increase in
autophagy in these animals, suggestive of autophagy being involved in the clearance of the
tau and AP pathologies (Caccamo et al, 2010). However, as tau levels have been
demonstrated to be affected by expression of AR it was not possible to elucidate whether
mTORCI1 could affect tau directly or whether these effects were through AB. Subsequent
studies have demonstrated that mTORCI signalling can indeed affect tau directly. Genetic
upregulation of the mTORC1 pathway via inhibition of TSC2 was found to decrease total
and phospho tau levels in mice (Caccamo et al., 2013). This same study also treated a
mutant tau (P301S) mouse model with rapamycin and found an improvement in tau-
mediated motor deficits which coincided with decreased tau pathology (Caccamo et al.,
2013). This study also found that autophagy was increased in the mice treated with
rapamycin but proteasomal activities were unchanged (Caccamo et al, 2013),
demonstrating autophagy in mediating mTORCs effect on tau protein. Further studies
have also demonstrated that translation may also mediate mMTORC1’s effect on tau. A study
where S6K was genetically downregulated in 3xTg mice rescued tau-mediated deficits in
LTP and synaptic deficits, together with improvement of learning and memory deficits
(Caccamo et al., 2015). Therefore, in mice inhibition of mTORCI results in reduced tau

and AB-mediated phenotypes and pathologies.

The studies, discussed here, demonstrate that inhibition of mTORCI signalling pathway is
associated with extended lifespan and alleviates both AB and tau-mediated phenotypes and

pathologies. These studies have also demonstrated that both inhibition of translation and
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increased autophagy underlie these effects. However, what is currently not known is
whether age-related changes in mTORCI signalling can directly lead to the accumulations

of AP and tau pathologies in AD.

1.11  Autophagy

As discussed above, autophagy has been implicated in mTORC1’s role in both ageing and
AD. Therefore, autophagy is also an important avenue of research for understanding the
association between ageing and AD. Autophagy is a proteolytic process that degrades
misfolded proteins and damaged organelles such as mitochondria (Wang & Klionsky, 2011).
It involves a multi-step process which is initiated by the formation of the double
membrane-bound phagophore which forms around cytoplasm that contains the target
proteins and organelles. A number of autophagy-related (Atg) proteins have been identified
that regulate this process (Klionsky, 2005), for example Atgl (ULK-1 in mammals) is
required for phagophore formation. In addition, the class III PI-3 kinase, Vps34 and its
binding partner Atg6/Beclin-1 is also required for phagophote formation. The phagophore
then expands to form the autophagosome. This is in part regulated by the processing of the
microtubule-associated protein light chain 3 (LC3). Upon induction of autophagy LC3 is
proteolytically cleaved by Atg4 to generate LC3-1. LC3-I is then transferred Atg3 where it
is conjugated to phosphatidylethanolamine (PE) to form LC3-II. The autophagosome then
fuses with a lysosome to form the autolysosome. The autolysosome is where the
encapsulated contents are degraded and subsequently breakdown products are released (e.g.

amino acids) into the cytosol (Mizushima, 2007).
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Figure 1-10. The autophagic clearance pathway taken from (Rubinsztein et al., 2011).

The main stages of autophagy are depicted here. Initiation of autophagy by Beclin-1 and
Atgl /ULK-1 through formation of the phagophore. The immature autophagosome will engulf
damaged proteins and organelles, and forms the mature autophagosome. This will then fuse with a
lysosome to produce the autolysome where the contents are degraded and recycled.

1.11.1 Autophagy in ageing

Similarly, to mTORCI signalling, autophagy has also been implicated in regulating ageing.
In a genetic screen for short lived mutants in yeast, ten mutants were found that had
defects in autophagy-related genes (Matecic et al., 2010), suggestive that downregulation of
autophagy leads to a shorter lifespan. Other studies have investigated autophagy in long
lived mutants of different species, for example, the daf-2 C. elgans model. This is a long
lived mutant that has reduced insulin signalling. It was found that the increased lifespan
induced by knockdown of daf-2 was abolished if autophagy-related genes were also
knocked down (Meléndez et al., 2003), suggesting that upregulation of autophagy is
required for mediating extension of lifespan. In a Drosgphila model where lifespan was
extended by feeding flies rapamycin, autophagy was also found to be increased. In addition,
knocking down Atg5 (involved in autophagosome elongation) expression using RNA
interference (RNAI) inhibited the extension of lifespan induced by rapamycin (Bjedov et al.,
2010). A study conducted in Drosophila also found that mRNA levels of autophagy-related
genes decreased in older flies compared to younger flies. This was correlated with an age-
related decrease in Atg8 protein (Simonsen et al., 2008). Corroborating this, Atg5 was

overexpressed in mice and enhanced autophagy was found together with increased lifespan
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and motor function (Pyo et al.,, 2013). Loss of function mutations in autophagy-related
genes such as Beclin-1 and Atgl (both of which are required for initiation of the formation
of the autophagosome) were found to reduce the lifespan of C. elegans (To6th et al., 2008).
Collectively these studies suggest that upregulation of autophagy can extend lifespan,

highlighting autophagy as an important pathway in the regulation of ageing.

Autophagy’s role in extension of lifespan is hypothesised to be through the removal of
damaged proteins. This will be discussed in further detail below. However, autophagy is
also involved in the removal of dysfunctional organelles, such as mitochondrion, from the
cell. As discussed above in Section 1.8.1, mitochondria become dysfunctional with age
producing increasing amounts of ROS. Autophagy has been demonstrated to degrade
dysfunctional mitochondria. For example, mitochondria were isolated from skeletal mouse
muscle where autophagy had been genetically knocked down and found to have impaired
mitochondrial respiration and increased ROS (Wu et al., 2009). These studies collectively
demonstrate that increased autophagy is associated with increased longevity. This effect is
potentially mediated by its ability to remove dysfunctional organelles, such as
mitochondrion and damaged proteins from the cell. The fact that many diseases, including
AD are characterised by accumulations of misfolded and damaged proteins implicates the

autophagy pathway in the pathogenesis of these diseases.

1.11.2 Autophagy in AD

Autophagy is a particularly important process in post mitotic cells, such as neurons, as cell
turnover does not happen which would usually perturb the accumulation of intracellular
debris. Therefore, a decrease in autophagic clearance in neurons could be potentially
damaging. In AD brains, autophagy has been found to be downregulated. For example,
decreased levels of Beclin-1 mRNA and protein levels have been found in the entorhinal
cortex and dentate gyrus of AD patients (Pickford et al., 2008). As Beclin-1 is involved in
the initiation of the formation of the autophagosome, this implies that the initiation of
autophagy is inhibited in AD. In addition, studies in AD patients have reported that
markers of autophagy co-localise with the plaques and NFT's found in the brain (Ma et al.,
2010). This suggests that autophagy is upregulated in AD but is not able to aid in the

clearance of these pathologies implying that autophagy is dysfunctional in AD.

Animal models have been utilised to further understand the relationship between
autophagy and AD pathologies. Studies conducted in the 3xTg mouse model of AD found

that after treatment with rapamycin the tau and AB pathologies that accumulate in this
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model, were reduced. This was correlated with an induction of autophagy. This study also
demonstrated specifically that tau and AP are degraded by lysosomes as indicated by
immunohistochemistry showing localisation of AB and tau with Lamp2A, a lysosomal
marker (Caccamo et al., 2010). A follow-up study from this group found that rapamycin
needed to be administered before plaques and tangles are established to reduce pathology
and related cognitive deficits in mice (Majumder et al., 2011). This suggests that autophagy
is capable of removing smaller species of tau inhibiting the formation of large aggregates
but is not able to degrade the larger aggregates once they are formed. In addition,
methylene blue has been demonstrated to induce autophagy, both in vitro and in vivo
(Congdon et al., 2012). Methylene blue was incubated with organotypic brain slices from
P301L mice. This was found to reduce levels of aggregated insoluble tau, coinciding with
increased levels of autophagic markers such as Beclin-1 and LLC3-II which are involved in
the formation of the autophagosome membrane. This study further showed that if
autophagy was blocked by knocking down Beclin-1, methylene blue could no longer reduce
levels of the insoluble fraction of tau (Congdon et al.,, 2012). These studies demonstrate
that pharmacological agents can activate autophagy and reduce AB and tau proteins,

preventing the formation of large aggregates.

Autophagy has also been genetically manipulated by the inhibition of specific components
of the pathway. For example, a study conducted in Drosophila genetically knocked down
cathepsin-D, a lysosomal aspartyl protease. This caused exacerbation of tau-mediated
neurodegeneration and reduced lifespan (Khurana et al., 2010). Similarly, in a separate
study in cells chloroquine was used to inhibit lysosomal hydrolases causing reduced tau
clearance and subsequently causing tau to accumulate into insoluble aggregates (Hamano et
al., 2008). This is evidence that autophagy can inhibit the accumulation of tau pathologies.
Interestingly, it has also been found that tau can inhibit autophagy. Expression of tau in the
Drosophila eye generated the formation of large autophagic intermediates which were not
found in control flies. These autophagic intermediates were found to contain partially
degraded tau (Bakhoum et al., 2014), suggesting that tau induces a gridlock in autophagic
flux, inhibiting the autophagic process from completing. These studies demonstrate that
autophagy is defective in AD and down-regulation or dysfunction of autophagy can result

in the accumulation of tau pathology.

Autophagy has been shown to act downstream of mTORCI1 signalling. Inhibition of
mTORCI signalling causes upregulation of autophagy and this has been demonstrated to
increase lifespan, in a number of different species. This is thought to occur by autophagy-

mediated removal of damaged proteins. Therefore, if mMTORC1 pathways and autophagy
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pathways become dysregulated with age this could lead to the accumulations of aggregated
proteins seen in disease. To be able to investigate this hypothesis it will be important to

assess how these pathways are altered in both ageing and tauopathy.

112 Drosophila as a model organism for studying ageing and

tauopathy

To be able to investigate the roles of mTORCI signalling and autophagy in ageing and
tauopathy a model is required as it is not possible to manipulate these pathways in the
human brain. Drosgphila are a particularly good model for use in this study because they
have been used extensively in both ageing and tauopathy research. Their relatively short
lifespan and genetic tractability has made Drosophila particularly attractive for use in
assessing regulators of ageing, including the TORCI signalling and autophagy pathways.
These pathways are also highly conserved between Drosgphila and humans (Partridge et al.,
2011, Chang & Neufeld, 2010). Not only this but approximately 70% of disease causing
genes in humans are conserved in Drosophila, including those that cause AD (APP and
presenilin) and tauopathies such as FTDP-17 (tau) (Reiter et al., 2001). In addition, genetic
tools have been generated in Drosogphila that have made it possible to express different

ageing and tauopathy mutants in a temporal and spatial dependant manner.

1.12.1 Temporal and spatial expression

The UAS/GALA4 system, pictured below in Figure 1-9, is an elegant expression system that
allows for spatial expression of specific transgenes in Drosophila. This involves the crossing
of two Fly lines that contain either a UAS or GAL4 element. GAL4 is a gene transcription
regulator, that will bind to an upstream activating sequence (UAS) to activate transcription.
The GALA4 lies upstream of a tissue specific promoter. Many different tissue specific GAL4
driver lines have been made that allow for the targeted expression of a specific protein of
interest in any cell, subset of cells or whole tissues (Brand & Perrimon, 1993). For example,
the Elav-GAL4 line has been created that drives expression of proteins pan-neuronally

(Brand & Perrimon 1993).

Adaptations of the UAS/GAL4 system have also been generated that allow for temporal
expression of proteins. One of these adaptations, known as the TARGET expression
system, uses a tempetature-sensitive variant of a repressor of GAL4, namely GALS0". At
29°C-30°C the Gal80" is deactivated and allows for GAL4 expression of UAS-responder
lines. At 18°C the Gal80" is activated and represses GAL4, inhibiting the UAS-transgene
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from being expressed (Suster et al., 2004). An alternative to the TARGET system is
GeneSwitch which also allows for temporal and spatial expression of genes. Similarly, to
TARGET, GeneSwitch is based on the UAS/GAL4 system. However, the GAL4 in
GeneSwitch is fused to a progesterone receptor chimera which is hormone-inducible. This
type of expression system requires the drug RU486 (also known as mifepristone) for GAL4
binding to UAS (Burcin et al., 1998). An advantage of using GeneSwitch over TARGET is
that it is not reliant on a change in temperature, which can strongly affect flies” behaviour.
Both the TARGET and GeneSwitch systems allow for expression of proteins both
spatially and temporally. Importantly for this study, this allows for expression of transgenes
only in adulthood and not during development. This is particularly useful for when
studying pathways such as TORCI signalling as this pathway has an important role in
growth and development, as reviewed in (Laplante & Sabatini, 2012). Therefore, expression
of manipulators of this pathway could well disrupt normal development. As this research is
concerned specifically with ageing it will be important to determine that any potential
effects of manipulating these pathways are not due to effects on development. This is made

possible by the use of these expression systems.
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Figure 1-11. Gene expression systems in Drosophila.

The UAS/GAL4 system involves a tissue specific driver put upstream of the GAL4 element. When
crossed with a fly containing a gene attached to a UAS then transcription occurs. The TARGET
system is an adaptation of the GAL4/UAS system as this involves another element the GALSOs
which is activated at low temperatures (18°C) and binds to GAL4, inhibiting the binding to UAS.
At 29°C the GALS8O® is inhibited and cannot bind to the GALA4, allowing for transcription. The
GeneSwitch system works in a similar way but transcription occurs only in the presence of RU486

drug.
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1.12.2 Drosophila as a model of ageing

Due to their genetic tractability Drosophila have been used extensively in exploring the
pathways that underlie ageing. This means that a wide range of genetic mutants have been
made available to study ageing. For example, as with mice (McCay et al., 1935) dietary
restriction has been demonstrated to also extend the lifespan of flies (Chippindale et al.,
1993, Chapman & Partridge, 1996). Using a number of different genetic mutants’, pathways
that underlie this phenomenon have been identified and explored in Drosophila. These
pathways include, among others, insulin and TORCI signalling. For example, the loss of
the Drosophila insulin receptor substrate, chico, causes extension of lifespan (Clancy et al.,
2001). This was found to be dependent on the concentration of dietary nutrition
administered to the flies. The ¢hwo mutation was not able to induce extended lifespan in
flies fed lower concentrations of diet (Clancy et al., 2002). This suggests that dietary

restriction mediated extension of lifespan is dependent on the insulin signalling pathway.

Drosophila have also been used to demonstrate that the dTORC1 pathway is involved in
extension of lifespan by dietary restriction. For example, overexpression of dTSC2, that
inhibits dTORCI1 signalling, was found to increase lifespan when ubiquitously expressed in
all tissues of the fly. Again, this was found to be dependent on the nutritional content of
the diet. The greater the concentrations of nutrients in the diet, the greater the increase in
lifespan mediated by the mutant (Kapahi et al., 2004). This suggests that the dTORCI1
signalling is also a pathway through which dietary restriction extends lifespan (Kapahi et al.,
2004). This highlights the importance of this pathway in ageing and how Drosophila can be

used to explore this.

Other studies have also demonstrated that an inhibition of the dTORC1 pathway causes an
extension of lifespan in Drosophila. These studies have shed light on the mechanisms that
underlie the effect of the dTORC1 pathway on ageing. For example, one study treated WT
flies with rapamycin which induced extension of lifespan. This effect was correlated with
decreased mRNA translation and increased autophagy (Bjedov et al., 2010). In addition,
downregulation of autophagy has been independently demonstrated to decrease lifespan of
Drosophila (Simonsen et al., 2008). This was carried out by expressing Atg8 (homolog of
LC3) mutants in the nervous system of the flies. Interestingly, this effect was correlated

with an increase in sensitivity to ROS (Simonsen et al., 2008).

Collectively these studies demonstrate how Drosophila have been used to understand age-

related pathways and how these regulate ageing. These studies have generated not only
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knowledge about the mechanisms that underpin ageing but also provided a range of genetic

mutants that can be used to manipulate these pathways.

1.12.3 Drosophila as a model of tauopathy

In addition to studying ageing, Drosophila have also been used to further understand the
role of tau in disease. Drosophila have provided various different insights into how tau
becomes pathogenic and causes toxicity to neuronal cells. To do this, a number of different
Drosophila models have been generated that express both WT and mutant forms of tau,
which will be discussed further in Chapter 2. By udlising the UAS/GAL4 system, the
expression of tau proteins has been targeted to specific neuronal populations. For example,
tau expression has been demonstrated in all neurons using the Elav-GAL4 driver (Folwell
et al,, 2010). In addition, tau has been expressed in subsets of neurons including the motor
neurons (D42-GAL4) (Mudher et al., 2004) and the mushroom body neurons (Kosmidis et
al., 2010). In addition, a number of different assays have been used to assess the impact
that tau expression has on these different populations of cells including behavioural
readouts dependent on these neuronal populations. These include assays such as, lifespan
(Folwell et al.,, 2010), larval locomotion (Mudher et al., 2004), adult locomotion (Roy &
Jackson, 2014) and learning and memory (Mershin et al., 2004).

Drosophila models of tauopathy have also been used to examine aspects of tau pathogenesis
such as in mediating destabilisation of microtubules (Cowan et al., 2010), defects in
synapses (Chee et al., 2005) and axonal transport deficits (Mudher et al., 2004). Tau
Drosophila models have also been used to demonstrate the effects that tau has on
neurodegeration, both in the Drosophila eye (Jackson et al., 2002) and in the whole brain
(Witmann et al., 2001). Using the ‘rough eye’ phenotype that is generated when toxic
proteins are expressed in the eye has been particularly useful in identifying
enhancer/suppressors of tau-mediated toxicity. For example, one such study that expressed
a mutant form of tau (V337M) used the rough eye phenotype to investigate modifiers of
tau toxicity (Shuman & Feany 2003). Collectively these studies demonstrate the rich history
of using Drosophila to study tauopathies, providing a wealth of different models and assays

that can be used in this study.
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1.13 Research Aims

The overarching aim of this study is to understand how ageing can lead to a greater risk of
AD. Specifically, this research will investigate how age related changes in cellular pathways
can impact on tau pathology. The cellular pathways that will be investigated are TORC1
signalling and autophagy which have been implicated in both ageing and AD. Both
Drosophila and human brain tissue will be used to study the connection between age-related

pathways and tauopathy. This investigation will be broadly separated into four aims:

1. To investigate age-related changes in tau-mediated phenotypes and

pathology

It is important to firstly understand how tau changes with age. To do this, two different

ON3R ON4R

isoforms of human tau, htau and htau™ ", will be expressed in the nervous system of
Drosophila and assessed for changes in established ageing phenotypes, longevity and
climbing. Any potential changes in these phenotypes will be correlated with changes in
total tau levels, tau phosphorylation and tau solubility. This work will provide a clear

understanding of how tau is affected during ageing.

2. To characterise complex behaviours, relevant to AD, in tau-expressing

Drosophila

It is possible to model behaviours in Drosgphila that better correlate with AD symptoms
than longevity and climbing phenotypes. These behaviours include circadian rhythms and

ON3R

learning and memory. These will be characterised in htau™ " expressing flies by expressing

ON3R

htau ™" in subsets of neurons pertaining only to circadian and memory functions in the

Drosophila brain. This will provide an understanding of how expression of htau”™" can
directly alter these behaviours. This work could potentially demonstrate some of the

mechanisms that underlie these symptoms in AD.

3. To measure how the mTORCI signalling and autophagy pathways change

with age.

It is currently unclear how mTORCI1 and autophagic pathways change in the normal ageing
brain. Human cortical tissue will be used for this, using patients of different age to measure
how the activity of these pathways change with age. There is very little research conducted
in this area, particularly in the human brain. This work is necessary to be able to understand
fully, how these pathways are involved in the ageing process. Is it that age related changes

in these pathways lead to the accumulations of proteins found in disease?
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4. To investigate how manipulations of the dTORC1 and autophagy pathways

can affect tau mediated phenotypes and pathologies

The final aim of this study is to understand whether manipulations of dTORC1 and

IN3R . :
N expressing flies and

autophagic pathways affect age-related tau phenotypes in htau
whether this correlates with changes to tau protein. If these manipulations are able to
reduce tau-mediated phenotypes this work will have implications for possible therapeutic

interventions that impact tau.
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Characterisation of ageing phenotypes in

tau expressing Drosophila.
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2.1 Introduction

The overall aim of the research described in this Thesis is to understand how pathways
implicated in ageing contribute to tau-mediated phenotypes and pathologies. To do this, it
is important to firstly characterise potential age-related changes in tau-mediated phenotypes,
which are associated with changes in tau pathology. Drosophila melanogaster lends its self as a
particularly good model organism for this study as they have been used extensively in the

past to study both ageing and tauopathy.

2.11 Tau mediated behavioural phenotypes

Different tau-mediated behavioural phenotypes have been investigated in various Drosgphila
models of tauopathy (Table 3). For example, several studies have found that expression of
human tau reduces lifespan (Wittmann et al., 2001, Khurana et al., 2010, Folwell et al., 2010,
Colodner & Feany, 2010). Deficits in locomotion have also been found with expression of
human tau, both in larvae (Mudher et al., 2004, Sinadinos et al., 2012, Quraishe et al., 2013)
and in adult flies (Folwell et al., 2010, Roy & Jackson, 2014). In addition to locomotion,
expression of human tau has been found to cause defects in more complex behaviours,
such as learning and memory (Mershin et al.,, 2004, Kosmidis et al., 2010). In fact, the
mushroom bodies appear to be particularly vulnerable to the expression of human tau, with
some isoforms of tau causing complete or partial ablation of the mushroom bodies
(Kosmidis et al., 2010). Collectively these studies show that tau can induce behavioural
phenotypes but often these behavioural phenotypes cannot be attributed to ageing in the
studies conducted so far. Lifespan is clearly an age-related phenotype but testing
locomotion, for example, in larvae can only assess tau-mediated defects at a single time
point early on in the fly lifecycle. Often adult climbing has only been tested at a single time
point or only tested in young to middle-aged flies. In addition, learning and memory assays,
although tested in adult flies, are often not assessed for age-related changes. This
demonstrates the need for longitudinal studies in Drosophila to be able to assess the

contribution of age to tau-mediated behavioural phenotypes.
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Table 3. Phenotypes produced in different Drosophila models of tauopathy.

Isoform of
tau

expressed

Tau-mediated phenotypes and

pathologies

Larval locomotor defects

Dysfunction/
Degeneration?

Age-related?

Reference

s i e s aTsden Dysfunction Larval model (Mudher et al., 2004)
Defects in NMJ morphology
ﬁtigizi :;T{:ﬂi;ﬁ?f;?;;&?Mj Dysfunction Larval model (Chee et al., 2005)
Defects in mitochondria
Microtubule breakdown Dysfunction Larval model (Cowan et al., 2010)
ON3R Adult driven
No ablation of mushroom bodies, / expression but only  (Kosmidis et al.,
mushroom body function normal. n/a one time point 2010)
tested
Larval locomotor defects Dysfunction Larval model (255;1;;1111 osetal,
Larval locomotor defects ishe et al
Microtubule destabilisation Dysfunction Latval model gQurms eetal,
Axonal transport defects 013)
p
Reduced lifespan
Age-related neurodegeneration (Wittmann et al.,
Age-related loss of cholinergic Both Age-related 2001)
neurons
Rough eye phenotype D . Devel ! K 12002
Vacuolisation in medulla egeneration evelopmental (Jackson et al., )
(Nishimura et al.,
2004, Steinhilb et al.,
Rough eye phenotype Degeneration Developmental 2007, Iijima et al.,
2010, Tijima-Ando et
al., 2010)
Rough eye phenotype Degenerati Developmental Fulga et al., 2007
Increased filamentous actin cgencration evelopmen (Fulga etal, )
Accumulation of high molecular
weight and insolubl% tau species n/a Age-related (Blard et al, 2006)
ON4R E;rﬁnjg; ;r;zsifgggg olfactory Dysfunction géltlgfdyoung adults o fershin et al., 2004)
Age-related accumulation of
insoluble, phosphorylated tau Both Age-related g((;(fg))dner & Feany,
Glial fibrillary tangle formation
Axonal transport dysfunction Climbing and
Morphology defects in NM] Both longevity (Folwell et al., 2010)
Climbing phenotype phenotypes are
Reduced longevity age-related
Reduced lifespan (Khurana et al.,
Increased apoptosis Both Age-related 2010)
Age-related decline in memory
performance
Age-related vacuolisation Both Age-related (Ali et al., 2012)
Age-related increase in tau
phosphorylation
I\I\/h/hzigigﬂz jsz:zz: in NMJ Dysfunction Larval model (Xiong et al., 2013)
(Chattetjee et al.,
Rough eye phenotype Degeneration Developmental 2009, Roy &
Jackson, 2014)
Adult driven
Ablation of mushroom bodies Degeneration expression b.Ut oally (ol el
one time point 2010)
2N4R tested
Reduced climbing phenotype
Microtubule/ cytoskeleton
disorganisation Both Larvae and young (Roy & Jackson
Reduced axonal transport adults used only. 2014)

Reduced synapsin in synaptic
boutons
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2.1.2 Tau-mediated neurodegeneration

The mechanisms that underlie how tau mediates behavioural phenotypes have also been
investigated in Drosophila. One of these potential mechanisms is that tau can directly cause
neurodegeneration. Neurodegeneration is one of the major hallmarks of AD and is thought
to be a primary reason for the symptoms of the disease, as reviewed previously (Ballatore et
al, 2007). Therefore, one line of research has investigated how tau can cause
neurodegeneration, for which Drosgphila models of tauopathy have been particular valuable.
For example, human tau has been expressed in the Drosophila eye, with this found to cause
a rough eye phenotype (Jackson et al., 2002, Nishamura et al., 2004, Fulga et al., 2007,
Steinhilb et al., 2007, Chatterjee et al., 2009, lijima et al., 2010, Iijima-Ando et al., 2010, Roy
& Jackson 2014). Although these studies demonstrate that expression of human tau can be
toxic to neuronal cells, this particular phenotype is generated using the GMR-GAL4 driver,
which drives expression during development, and so is not caused by age-related changes
in tau. However, others have expressed human tau pan-neuronally using the post-mitotic
Elav-GAL4 driver and therefore not driven developmentally. These studies found age-
related vacuolisation across the brain (Wittmann et al., 2001, Dias-Santagata et al., 2007)
suggesting that tau-induced neurodegeneration is not only a consequence of developmental

expression, but is also age dependent.

2.1.3 Using Drosophila to determine the mechanisms that underpin

tauopathies — microtubule destabilisation

Another mechanism by which tau may be inducing behavioural phenotypes is by becoming
dysfunctional. Tau normally binds to and stabilises microtubules, allowing efficient axonal
transport to the synapse. It is hypothesised in AD that tau becomes hyperphosphorylated
rendering it no longer able to bind to microtubules, causing the microtubules to become
destabilised and to break down (Alonso et al., 1994). This has been demonstrated in
Drosophila models of tauopathy (Cowan et al., 2010, Xiong et al., 2013, Quraishe et al., 2013,
Roy & Jackson et al., 2014). As a consequence of microtubule destabilisation it has been
found that expression of human tau causes disruption to axonal transport (Mudher et al.,
2004, Folwell et al., 2010, Quraishe et al.,, 2013, Roy & Jackson 2014). It is thought that
without the proper trafficking of organelles and proteins along the axon, synapses are likely
to fail causing a break down in synaptic transmission and ultimately a loss of cell to cell
communication. This has also been demonstrated in flies in the neuromuscular junction

(NM]J) where defects have been seen after expression of human tau, such as reduction of
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the overall size of NMJs, the appearance of satellite boutons and reduced synaptic

transmission (Chee et al., 2005, Xiong et al., 2013, Roy & Jackson et al., 2014).

2.1.4 Using Drosophila to determine the mechanisms that underpin

tauopathies — biochemical properties of tau

Alternatively, to dysfunction, tau could potentially mediate behavioural phenotypes and
degeneration through a toxic-gain-of function. The tangles found in AD brains contain
hyper phosphorylated, misfolded and aggregated tau, as reviewed previously (Goedert &
Spillantini, 2006). Consequently, these particular biochemical properties have been assessed
in Drosophila models of tauopathy. Many of the studies that have investigated tau
phosphorylation have not investigated how phosphorylation of tau changes with age.
However, those few studies that have investigated age-related changes in tau
phosphotylation found an increase with age in phosphorylation at the Ser202/Thr205
(ATS8), Ser262/Ser356 (12ES8), Thr212/Ser214 (AT100) and Thr231 (AT180) sites
(Wittmann et al., 2001, Colodner & Feany 2010). Although others have not assessed how
phosphorylation of tau directly changes with age, they have demonstrated the important
role that phosphorylation has in toxicity. For example, it has been observed that if certain
tau kinases such as PAR-1 and GSK-3 are co-expressed with tau then the rough eye
phenotype, induced by the expression of human tau, is enhanced (Nishamura et al., 2004,
Chatterjee et al., 2009). Similatly, if specific serine sites on tau are mutated to alanines
(rendering them unphosphorylatable), such as in the case with Ser262 and Ser356, then this
abolishes the rough eye phenotype (Chatterjee et al., 2009). Other studies have shown that
if GSK-38 is inhibited then tau induced locomotor, synaptic and axonal transport deficits
are improved (Mudher et al., 2004). In addition, most studies in Drosgphila have found that
tau-induced dysfunction and degeneration occurs in the absence of large aggregates of tau
such as the PHFs and NFTs found in AD brains. However, when expressing human tau in
glial cells, it was found to be possible to induce age-related accumulation of structures that
resemble NFTs (Colodner & Feany 2010). This same study also showed that tau becomes
insoluble (Colodner and Feany 2010) and others have shown that tau also becomes
increasingly misfolded with age (Wittmann et al., 2001). Collectively these studies suggest
that the species of tau that mediate the majority of tau phenotypes in Drosgphila are soluble,
misfolded and phosphorylated forms of tau and are unlikely, in most cases to be large

aggregates.
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2.1.5 Aims

As described above, expression of human tau in Drosophila mediates behavioural
phenotypes that are underpinned by changes to cytoskeletal structure and the degeneration
of neurons. However, the majority of studies have only investigated these effects at single
time points, usually either in larvae or young adult flies, (Table 1). Further to this, age-
related phenotypes do not correlate well with the underlying changes in biochemical
properties of tau such as phosphorylation and aggregation. Therefore, there is a lack of
research into how tau phenotypes and pathologies change with age in Drosophila. There are
also discrepancies between studies that appear to show different types/isoforms of tau
producing different phenotypes. For example, different types of tau produce differential
effects on the rough eye phenotype (Chen et al., 2007) and the ablation of the mushroom
bodies (Kosmidis et al., 2010). Due to the discrepancies seen in these different models it

was decided for this study that two, previously used, Drosophila lines would be assessed, one

ON3R; ON4R;
) )-

expressing 3R (htau and one expressing 4R human tau (htau Adult flies expressing

ON3R ON4R

either htau or htau"", pan-neuronally using the Elav-GAL4 driver, were assessed for
both longevity and locomotor deficits as they aged. The biochemical properties of tau were
then assessed for total levels, phosphorylation state and solubility changes in both young,
0-3 days’ post eclosion (0 week old) and old (6 weeks old) flies. This longitudinal study will
provide a comprehensive understanding of the effect of tau expression on age-related

phenotypes and the pathology that underlies any potential age-related changes.
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2.2 Methods

2.21 Fly stocks

Assays were conducted using male progeny from genetic crosses of female Elav*'*-GAI4
flies with either UAS-htau”™*, UAS-htau™"", or Oregon R (W'T controls) male flies. For
tull genotypes and details of fly stocks used, see Appendix E. Flies were raised on standard
fly food (Bloomington recipe, see Appendix D) at 23°C, 12-hour light:dark cycle. w''"* flies

were used for backcrossing htau”™* and Elav-GAI 4 flies.

2.2.2 Longevity assay

Three cohorts of 10 male flies of each genotype were separated 0-3 days’ post eclosion and
then were transferred to new food twice a week and scored for any deaths three times a
week. Survival analysis was carried out using GraphPad Prism software and a Kaplein-Meir

curve was plotted. A Log-rank (Mantel-Cox) test was performed on the data.

2.2.3 Climbing assay (locomotion)

The climbing ability of adult male flies was tested weekly. Three cohorts of 10-15 flies were
used for this assay. Flies were anesthetised with CO, and placed in 50ml measuring
cylinders and left to recover and acclimatise for 15 mins. Assay was conducted by tapping
flies to the bottom of the cylinder and recording the flies climbing up the sides of the
measuring cylinder. The distance climbed by the flies was recorded at 10 s. The assay was
repeated three times, with 1 minute rest between each trial and the mean was calculated.
GraphPad Prism software was used for statistical analysis and a two-way analysis of
variance (ANOVA) was performed on the climbing data with the Bonferroni correction

used for multiple comparisons.

2.2.4 Tau solubility

A total of 10 fly heads were homogenised in 40 ul of TBS/sucrose buffer (50 mM Tris-HCl
pH 7.4, 175 mM NaCl, 1 M sucrose, 5 mM EDTA). The samples were then spun for 2 min
at 1000 g and the pellet discarded. The supernatant was spun at 186,000 g for 2 h at 4°C.
The resulting supernatant was “S1” — the aqueous soluble fraction. The pellet was
resuspended at room temperature in 5% SDS/TBS buffer (50 mM Tris-HCl pH 7.4, 175
mM NaCl, 5% SDS and protease inhibitor cocktail) and spun at 186,000 g for 2 h at 25°C.

The resulting supernatant was “S2” — the SDS-soluble, aqueous-insoluble fraction. The
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pellet was resuspended at room temperature in 5% SDS/TBS buffer (50 mM Tris-HCl pH
7.4, 175 mM NaCl, 5% SDS and protease inhibitor cocktail) and spun at 186,000 g for 2 h
at 25°C as a wash spin; following which the supernatant was discarded. This pellet was then
resuspended in 8 M urea, 8% SDS buffer (50 mM Tris-HCl pH 7.4, 175 mM NaCl, 8%
SDS, 8 M urea and protease inhibitor) and agitated for 12-18 h at room temperature (“S3”).
All samples were diluted in 2 x Laemmli buffer and boiled for 5 min. “S1” and “S2” were

loaded equally whereas double the amount of “S3” was loaded compared to “S1”” and “S2”.

2.2.5 Western Blotting

Western blotting was performed to assess total tau levels, phosphorylation and tau
solubility state. Adult fly heads were homogenised in buffer in a ratio of 1 head: 10pl buffer
(150 mM NaCl, 50 mM MES, 1% Triton-X, protease inhibitor cocktail, 30 mM NaF pH7,
40 mM 2-glycerophosphate pH 7, 20 mM Na pyrophosphate pH7, 3.5 mM Na
orthovanadate, 1% SDS, 10 uM staurosporine). Samples were centrifuged at 3000 g for 2
min and unhomogenised material was discarded. Then 2 x Laemmli buffer was added to
the supernatants and samples were boiled at 95°C for 5 min. These samples and those
prepared for the tau solubility assay were run on 10% SDS PAGE gels and transferred to
nitrocellulose membrane. Total tau levels were detected using anti-human tau polyclonal
antibody (1:15,000, Dako), and anti-kinesin (1:5000, Cytoskeleton) was used as a loading
control. The conformation and phosphorylation antibodies used were pS262 (1:1000,
Invitrogen), MC1 (1:200) and PHF1 (1:500), (both gifts from Peter Davies), AT8 (1:800),
AT100 (1:1000), AT180 (1:100), (all from Source Biosciences) and Tau-1 (1:2000,
Millipore). Levels of all phosphorylated and conformational variants of tau were compared
to total tau levels. Drosophila tau levels were detected using anti-dtau (gift from Prof St.
Johnstone, University of Cambridge, UK) used at 1:2000 and compared to levels of
kinesin. Signal was detected using fluorescent secondary antibodies against rabbit (IRDye,
LI-COR) or mouse (Alexa-Fluor, Invitrogen), both used at 1: 20,000. A LiCor scanner with
Odpyssey software was used to detect the signal and Image] software was used to measure
band densities. GraphPad Prism was used for statistical analysis and unpaired, two-tailed t

tests were performed on the data.

2.2.6 Backcrossing (relevant to Figure 2-6)

Htau™" and Elav-GAl 4 flies were backcrossed to w''™® flies for seven generations. At each

generation the mating females were snap frozen for DNA extraction. Genomic PCR was

ON3R

then carried out to check that htau™ " gene was present in each generation.
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2.2.7 Genomic PCR

Flies were homogenised in lysis buffer (10 mM Tris pH 8, 10 mM EDTA, 100 mM NaCl
and 0.1% SDS and 2% proteinase K), then incubated at 55°C for one hour prior to
homogenisation. The samples were spun at 13,000 rpm for 10 min to pellet undigested
material. The supernatant was removed and mixed with equal volumes of isopropanol. The
samples were then spun at 10,000 rpm for 5 min to pellet the DNA. The DNA pellet was
then washed twice in 70% ethanol by centrifuging for 5 min at 10,000 rpm each time. After
drying, the samples were resuspended in distilled water. A Nanodrop was used to ensure

that each sample contained sufficient quantities of non-contaminated DNA.

2.2.8 PCR amplification

A total of 12.5 pl of redtaq and 9.5 yl distilled water was used per sample with 1 pl each of
the forward and reverse primers and 1 pl of the DNA. The primer sequences used for
detection of htau”™" were forward 5-GGAGCCCAAGAAGGTGGC-3 and reverse 5-
TGCTCAGGTCAACTGGTTTG-3. The programme for detecting htau™™ included an
initial denaturing step of 30 s at 94°C and then 30 cycles of denaturation for 30 s at 94°C,
annealing for 60 s at 60.6°C and extension for 60 s at 68°C. There was a final extension of
5 min at 68°C after which the samples were kept at 4°C. 2% agarose gels were used to run
PCR products. Agarose gels were made up in TBE buffer with 0.01% Gel Red. 12 pl of
PCR product was added to each lane of the gel. DNA bands were visualised using a Gel
Doc XR+ Gel Documentation System (BIO-RAD).

2.2.9 Statistical analysis

All values are presented as the mean T standard error of the mean. To compare differences
between groups, statistical analysis was performed using GraphPad Prism 6.0 (GraphPad
Software, Inc.). The statistical test used for each assay is indicated separately. p<0.05 was

considered to indicate a statistically significant difference.
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2.3 Results

2.31 Htau”™"® produces greater deficits in age-related phenotypes compared

with htau™®

The primary aim of the studies described in this Chapter was to characterise tau
phenotypes that are relevant to ageing. Age-related phenotypes, such as lifespan (Wittmann
et al.,, 2001) and climbing (Folwell et al., 2010) have been used previously to determine how
tau expression can affect ageing. Therefore, longevity and climbing phenotypes were
assessed using two different human tau expressing Drosophila lines, one expressing ON3R

™% and another expressing ON4R human tau (htau™*). (Figure 2-1a)

human tau (htau
shows that htau™™ flies die significantly quicker than both htau”™*" and W'T control flies
(Mantel-Cox test, p=0.0001). WT and htau™*" flies do not have significantly different
lifespans. WT and htau”™** have similar median lifespan ages of 82 and 87 days respectively,
whereas htau”™" has a median lifespan of 42 days. This shows that htau expression

shortens lifespan and that htau™™ flies have a significantly shorter lifespan compared with

htau™*® flies.

Measuring the climbing ability of flies has been used previously to assess how locomotor
function declines with age (Folwell et al., 2010, Roy & Jackson 2014). The climbing ability
of the different isoform expressing lines was tested once a week for a total of 6 weeks due
to the vast majority of flies not being able climb after this point (Figure 2-1b). A 2-way
ANOVA was conducted on the three different groups (WT, htau™" and htau”™"") and the
difference was found to be significant (p=0.0002). Multiple comparisons following the
Bonferroni correction revealed that htau™" flies were significantly worse than WT flies at
weeks 2, 3, 4 and 5. Whereas htau”™"" flies were found to be significantly worse than WT at
weeks 2 and 3 only. Htau™™* and htau™" flies did not display significant differences in
climbing ability at any time point, but there was a trend for htau™*" flies to be better than
htau™™ flies. Collectively these data show that both htau expressing lines exhibit age-
related declines in climbing ability. However, htau”™* flies have more severe age-related

behavioural deficits compared to htau™* flies.
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Figure 2-1. Different isoform expressing flies have different ageing phenotypes.

(A) Htau"™3R flies have a significantly shorter lifespan than both WT flies (p=0.0001) and htau"™N4k
(p=0.0001) (n=30). The lifespan of htau™N4R flies is not significantly different to that of WT flies.
Mantel-Cox test was used to analyse the data. (B) Climbing ability of htauN3R htau™NR and WT

flies 1s significantly different between the 3 groups (two-way
bars are plotted as = S.E.M.
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2.3.2 Htau™" and htau™*" flies express different levels of human tau

Previously, increased tau expression has been shown to cause a worsening of tau induced
phenotypes (Ubhi et al., 2007, Chen et al., 2007) and so the next step was to ensure that the

ON3R ON4R :
and htau flies were not

differences seen in behavioural phenotypes between htau
due to differences in tau expression. Human tau expression was probed both in young (0
week, 0-3 day old) and old flies (6-week old) in both lines, shown in (Figure 2-1a). It was
observed that htau™* flies have higher expression levels of human tau compared with
htau”™* at 0 weeks (t test, p=0.0001) and at 6 weeks (p=0.0066). It was also found that tau
expression in htau”™" flies was significantly higher in 6 week old flies, compared with

ON3R

expression in htau at 0 weeks (p=0.0045). There was also found to be a significant

increase in human tau expression (p=0.0251) when comparing htau”™** 6 wks to htau™* 0
wks (Figure 2b). Overall, the htau”™" flies exhibited higher tau expression levels compared
with htau”™** flies, indicating a possible underlying reason for the differences in behavioural

phenotypes. In addition, these data show that both tau isoforms accumulate with age.

Given the finding that tau accumulates with age, the next step was to understand whether
this only occurred with the human tau or also with Drosophila tau (dtau) in WT flies. It was
also important to understand whether human tau expression alters the expression of dtau.
Dtau expression was therefore probed in WT, htau™® and htau™*® flies , 0 and 6 weeks
old (Figure 2-2c). Dtau expression was observed to increase with age in both WT
(p=0.0193) and htau™* flies (p=0.0419), but not in htau™* flies. There was also found to
be more dtau at 0 weeks in WT flies compared with htau™*" flies (p=0.0022) and
significantly more dtau was found at 6 weeks compared with htau”™* flies (p=0.0309).
These data show that in WT flies endogenous dtau also accumulates with age, similar to

human tau. Furthermore, human tau expression appears to alter the levels of dtau.
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Figure 2-2. Expression of both human tau and Drosophila tau differs for htau™3R and htau®™4R
expressing flies.

(A) Expression of human tau in heads of young flies (0 wks old) and old flies (6 wks old) in both
htau™3R and htau'N4R flies (n=7-14). Htau"N3R total human expression was found to be significantly
higher than htau'™N*R at 0 wks (p=0.0001) and at 6 wks (p=0.0066). There is significantly more tau in
htau™N3R 6 wk flies compared with htau™3R O wk flies (p=0.0045). (B) Fold change of htau/N4R
expression (6 wk) compared to htau™*R (0 wk) (p=0.0251). (C) Expression of dtau in heads of
young (0 wk) and old (6wk) WT, htau'N3R and htau™“R flies. Dtau accumulates with age, when
comparing 0 and 6 wk old files in both WT' (p=0.0193) and htau™*R (p=0.0419), but not in
htau”™3R flies. Unpaired, two-tailed t tests were used for statistical analysis. Error bars are plotted as

+ S.EM.
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2.3.3 Isoform specific differences in behavioural phenotypes not due to

differences in expression

Due to previous findings that increased amount of tau correlates with phenotype severity
(Ubhi et al., 2007) it may well be the case that the differences in the phenotypes
(Figure 2-1) are due to differences in protein level (Figure 2-2). Therefore, an alternative

htau”™*® line was used that when assessed for human tau expression level via western blot

(Figure 2-3a), showed similar human tau expression levels to htau™™ expressing flies. This

N4Rhigh ON3R ON4Rhigh

alternative line is referred to as htau' from here after. Htau and htau

expressing flies were assessed for longevity and climbing, as performed previously for the
low expressing htau”™*" line in Figure 2-1. In this case, htau”™" flies still had significantly
decreased lifespan compared with htau™*""" flies (p=0.0001), with median lifespan ages of
46 days for htau™™" and 64 days for htau™**"*" flies (Figure 2-3b). Assessment of climbing
ability (Figure 2-3c) showed that htau”™™" flies performed significantly worse than

ON4Rhigh

htau flies (ANOVA, p=0.0001). Analysis using the Bonferroni correction revealed

ON3R ON4Rhigh

that htau was significantly worse that htau flies at weeks two and four. This

ON3R

suggests that the differences in phenotypes between htau and htau™* flies are not

caused solely by differing levels of human tau expression.
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Figure 2-3. Comparison of htau”N3R and htau’N*R lines that have equal tau expression.

(A) A representative western blot with quantification of homogenates of heads from newly eclosed
flies (0-3 days old) showing no significant difference in the expression of human tau when
comparing htau/N3R and htau'™™N4Rhigh, (B) Comparison of longevity of htauN3R and htau/N4Rhigh
expressing flies (n=30), htau'N4Rhigh expressing flies live significantly longer than htau®™3R flies
(p=0.0001). (C) Climbing ability of htau®™3R and htauONRhigh flies was found to be significantly
different (2- way ANOVA; p=0.0001) (n=30). Analysis using the Bonferroni correction revealed

that htau'N3R was significantly worse than htau®™*Rhigh flies at weeks 2 and 4. Error bars are plotted
as = S.E.M.
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2.3.4 Htau”™"" and htau”™*® expressing flies have different phosphorylation

profiles

The phosphorylation of tau is thought to be important in tau toxicity so it was crucial to
assess any potential differences in the phosphorylation state of the tau expressed in the

ON3R
htau

and htau”™*" lines (Figure 2-4). Five disease-associated phosphorylation epitopes
were assessed using PHF-1  (Ser396/Ser404), AT8 (Ser202/Thr205), AT100
(Thr212/Ser214), AT180 (Thr231) and pSer262 antibodies. Tau-1, an antibody which
recognises tau when it is not phosphorylated at Ser199/Ser202/ Thr205 sites was also used
and MC1 was used to assess conformational changes in tau protein. The phosphorylated
level of tau (Figure 2-4) was measured as a ratio of phosphorylated tau to total human tau
expression. No differences were observed with age or with isoform with the PHF-1, AT8
and AT180 antibodies. pSer262 was increased with age in htau”™* flies (p=0.0089). There
was a significant reduction in signal observed with the AT100 antibody, with age, in
htau™™ flies (p=0.0001), with an increase seen in Tau-1 expression in htau™" flies
(p=0.0258). There were no age-related changes in phosphorylation at any site assessed in
the htau™" flies. These data show that there are differences in the phosphorylation

profiles, with age, between the different isoforms, offering a possible explanation for the

differences in age-related phenotypes.
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Figure 2-4. Western blots assessing phosphorylation state in htau~N*R and htau®™NR young (0 wk) and
old (6 wk) flies.

The quantification shown represents the amount of phosphorylated tau relative to total tau levels
and to htau'N3R O wk samples (n=5-12). No significant difference with age at PHF-1, ATS, and
AT180 sites in either htau”™3R or htau"™4R expressing flies. htau"N3R flies show significant increase,
with age, in phosphorylation at the pS262 site (p=0.0089). Also, in htau'™3R flies, there is a decrease,
with age in the phosphorylation at the ATI100 site (p=0.0001). Dephosphorylation at
Ser199/202/Thr 205 site (Tau-1) is increased in htau™3R flies. Tau reactive for MC1 increases with
age in htau™3R flies (p=0.0258) Unpaired, two-tailed t tests were used for statistical analysis. Error

bars are plotted as = S.E.M.
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ON3R ON4R

2.3.5 Tau solubility is similar between htau™ ™" and isoforms htau

In AD brains, it has been shown that tau forms insoluble aggregates including PHFs and
NFTs, so it was important to understand the solubility state of the human tau expressed in
htau™™" and htau”™*" flies. Htau™" and htau™" heads were homogenised and separated
into three fractions using a series of centrifugation steps. The three fractions contained the
soluble fraction “S17”, SDS soluble fraction “S2” and SDS insoluble fraction “S3”.
(Figure 2-5) shows that the majority of tau in both lines was present in the S1 fraction with
less in the S2 fraction and very low amounts in the S3 fraction. It was also observed that
the amount of insoluble tau found in the “S3” fraction did not increase with age or with
the isoform being expressed. Although there appeared to be a trend for a decrease in the
amount of insoluble tau in htau”™* flies and a trend for an increase in htau”™* flies, with
age. These data suggest that the age-related phenotypes in longevity and climbing are not

due to large insoluble aggregates of tau and are induced by smaller soluble species of

human tau.
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Figure 2-5. Differences in tau solubility between htau™N3R and htau®N4R,

(A) Western blots of adult heads from young (0 wk) and old (6 wk) flies in the soluble (§1), SDS-
soluble (52) SDS-soluble and SDS-insoluble (S3) fractions. (B) Quantification of S3 fraction
compared with the sum total of all fractions (n=4). There is no significant difference in the amount
of insoluble tau between htau™3R and htau®N4R lines or with age in either line. Unpaired, two-tailed t
tests were used to test for significance. Error bars are plotted as = S.E.M.
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2.3.6 Backcrossing alleviates genetic background differences but maintains tau

expression

It was decided that subsequent experiments would be carried out using only htau™™" flies

due to htau™*®

not having strong age-related phenotypes. It was possible that some of the
differences seen in phenotypes between different tau expressing lines could be due to
genetic background differences, hence the process of backcrossing was explored. The
process of backcrossing to the same genetic background can be used to ensure that the
different phenotypes exerted by different lines are only due to the genetic manipulation and
not due to differences in genetic background. To do this, the htau”™* flies were crossed
with w''"® flies, a white-eyed control line widely used for backcrossing, for seven
generations. (Figure 2-6a) shows data from a genomic PCR performed on flies from each
generation to ensure that the tau gene expression was not lost with each back-crossed
generation. (Figure 2-6b and c) illustrate the reasons for backcrossing lines. When assessing
the lifespan of the Elav-GAL4 (driver line) uncrossed and htau”™" parent lines before
backcrossing (Figure 2-6b), Elav flies lived significantly longer than htau™" flies
(p=0.0001). After backcrossing (Figure 2-6¢), Elav-GAL4 and htau”™" flies do not have

significantly different lifespans. This demonstrates that the process of backcrossing

alleviates the genetic background effects that contribute to longevity phenotypes.
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Figure 2-6. Backcrossing alleviates differences in genetic backgrounds, allowing comparisons of

different lines.

(A) Genomic PCR demonstrated that with every backcrossed generation, tau expression was
retained. (B) Longevity of parent non-driven Elav and htau'N3R flies before backcrossing. Elav flies
live significantly longer than htau”™3R flies (n=30) (p=0.0001). (C) After backcrossing Elav and
htauN3R flies do not have significantly different lifespans (n=30). Longevity analysed by Mantel-

Cox test.
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2.4 Discussion

241 Summary

Age-related changes in tau-mediated phenotypes and pathologies were demonstrated here,

ON3R

by the pan-neuronal expression of two different human tau isoforms (htau and

()N4R) ON3R

htau It was shown that these lines caused different ageing phenotypes with htau
having a more severe effect on lifespan and climbing compared with htau™*. It was found
that, although there were differences in levels of human tau expression, this was not found
to be the only contributing factor to the differences in age-related phenotypes. The
different htau-expressing flies also showed different tau phosphorylation profiles, with age.
The different lines, however did not show any differences in the solubility of the human

tau protein being expressed, suggesting that the species of tau responsible for age-related

tau phenotypes in Drosophila are small soluble phosphorylated forms.

2.4.2 Different isoforms of tau exert different phenotypes

ON3R ON4R

Although there has been little research to directly compare htau™ " and htau ™" expression

ON3R ON4R

in Drosophila previously, it has been found that htau and htau isoforms exert

different phenotypes when expressed in the mushroom bodies. Htau™* induces loss of the
mushroom body structure whereas htau™* does not cause the same toxicity (Kosmidis et
al., 2010). This could be construed as a contradiction to the results shown here, however it
is possible that the different isoforms exert differential levels of toxicity depending on the
tissue in which they are expressed. When comparing learning and memory in the same lines
used in this study, htau™*™ flies performed worse than htau™™" flies in a learning and
memory assay, see Appendix A (Sealey et al., unpublished), most likely due to htau™*"
being more toxic in the mushroom bodies (Kosmidis et al., 2010). In a different study,
although not comparing between 3R and 4R isoforms the differences in the expression of

MR in the eye were compared. Here they found that htau™*" had a worse

dtau and htau
rough eye phenotype compared with the expression of dtau. This study also investigated
potential modifiers of tau; and interestingly they found that, although some modifiers

® other modifiers only affected

altered the rough eye phenotype of both dtau and htau™
one or the other type of tau (Chen et al., 2007), suggesting that different types of tau may

be functionally different and interact with different proteins.
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Many of the studies that have investigated the expression of human tau proteins in
Drosophila, expressed human tau in the eye to produce a rough eye phenotype, as in the
study discussed above (Chen et al., 2007). These studies have been conducted using either
wild-type or mutant 4R tau which cause toxicity in the eye (Jackson et al., 2002, Fulga et al.,
2007, Steinhilb et al., 2007, Ijjima et al., 2010, Ijjima-Ando et al., 2010), but no studies have

ON3R

directly compared htau and htau™*" expression in the eye. Previous data from the

ON3R ON4R

Mudher laboratory demonstrated that when htau " and htau™"" were expressed in the eye,

ON4R

htau”™*" induced greater toxicity than htau”™"

, suggesting that the expression of different
tau proteins in different tissues can induce a variety of phenotypes, see Appendix A (Sealey
et al., unpublished). The reasons that underpin this may be due to structural differences
between 3R and 4R tau isoforms. It has been demonstrated that 4R isoforms bind to
microtubules more strongly than 3R isoforms (Butner & Kirschner, 1991) (Goode et al.,
2000), with this due to the 31-amino acid insertion containing the second microtubule
binding domain being absent in 3R isoforms. Goode et al., (2000) also observed that the
way in which 3-repeat and 4-repeat isoforms bind to microtubules differs, as depicted in
Figure 2-7. Although tau is thought to have very little secondary/tertiary structute in
solution, when tau binds to microtubules the secondary structure is induced depending on
the specific interactions of tau with the microtubules. As there are specific differences
between the ways 3R and 4R isoforms bind to microtubules, the secondary structures
formed are quite different (Goode et al., 2000). The distinct structures formed by the
different isoforms may well alter how other proteins interact with tau when tau is bound to
microtubules. It may also mean that other proteins may not be able bind to the

microtubules as efficiently causing differences in transport of cargo up and down the axon.
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Figure 2-7. The binding of 3R and 4R isoforms to tau differs taken from (Goode et al., 2000).

Tau, in solution, has little secondary structure but upon binding to microtubules becomes more
ordered, forming a secondary structure that depends on the interactions that the specific isoform
has with the microtubules. As the 3R and 4R isoforms bind differently to microtubules the
subsequent secondary structures formed also differ.

243 Tau accumulates with age

It has been shown here that tau accumulates with age in the brains of Drosophila, observed
in both the isoforms investigated as well as for the native dtau. Much of the research that
has been conducted in Drosophila using expression of human tau has not investigated how
the tau protein levels change with age. Wittmann et al. (2001) reported that no change in
tau protein levels were observed, with age, when human tau was expressed. However, in
that study, flies were only aged for ten days (Wittmann et al., 2001) and this is too early to
assess any real age-related changes in tau protein levels as flies can live up to 3 months.
Studies conducted in brains taken from an inducible rTg4510 mouse model that expresses
P301L mutant human tau, have shown that total tau levels increase, with age, from 1
month to 4.5 months (Berger et al., 2007). Similarly, in a mouse model that over-expresses

a mutant form of 4R tau (R406W mutation) very little human tau was observed when using
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immunohistochemistry on the whole brain at 3 months. However, by 6 months, staining
was detected in the hippocampus and amygdala. By 8 months, human tau was also found in
the neocortex and caudate putamen as well as the hippocampus. By 14 months, the
accumulation of human tau was seen in the whole neocortex and subcortical regions (Ikeda
et al., 2005). Collectively, this demonstrates that tau does accumulate with age although it is

not clear why this occurs.

Increased tau expression has been reported in human AD brains. However, much of this
work has been conducted using CSF (Sunderland et al., 2003, Green et al., 1999), meaning
that it is difficult to decipher whether this is due to increased tau in the brain or whether
more tau is being released into the CSF. There have, however, been other studies that have
directly investigated tau levels in brain homogenates and observed that the amount of total
tau is at least 4 fold increased in AD brains compared with control brains (Khatoon et al.,
1992). Genetic studies have found that different haplotypes of tau drive higher tau
expression correlating with an increased risk of AD (Igbal et al., 2005). What is not clear is
why tau expression increases in AD. Two possible hypotheses for the increase in tau in AD
are that either there is more tau being produced through translation. Alternatively, less tau
is being cleared. Most studies do not report an increase in the amount of tau mRNA found
in AD brains (Mah et al, 1992). However, some studies have reported increased tau
mRNA in selected regions of the brain, for example, in the hippocampus (Barton et al.,
1990) There is more evidence for the accumulation of tau being due to reduced clearance.
Two clearance mechanisms have been identified as potentially becoming dysfunctional in
AD; the UPS and autophagy. Ubiquitin has been found to accumulate in the tangles in AD
brains (Perry et al., 1987), suggesting that although tau protein is being targeted by
ubiquitination for degradation by the proteasome, the UPS is not able to clear away the tau.
In support of this, deficits in proteasome activity have been found in the hippocampus of
AD brains (Keller & Markesbery, 2000). Similarly, components of autophagy, such as
Beclin-1, have been found to be decreased in the entorhinal cortex and dentate gyrus of
AD brains (Pickford et al., 2008). Other studies in human AD brains have found that
markers of autophagy co-localise with neurofibrillary tangles (Ma et al., 2010). This suggests
that autophagy is activated by the accumulation of tau but is not able to clear the tau found
in tangles. This could be because tau becomes gridlocked, getting stuck and not being
cleared away, as shown in (Bakhoum et al., 2007). Collectively these studies provide
evidence that total tau levels are increased in AD brains, consistent with what has been
shown here in Drosophila, and that this could well be due to increased synthesis or reduced

clearance of tau.
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2.4.4 Differences in phenotypes are not due to expression level

Studies have shown that tau can induce toxicity in a dosage-dependent manner. For
example, when two copies of dtau are expressed, this increases the rough eye phenotype
compared with the expression of a single copy of dtau (Chen et al., 2007). Similar dose-
dependent effects on both axonal transport and larval locomotion were observed when

two copies of dtau were expressed. (Ubhi et al., 2004). In the current study, htau”™" was

ON4R

observed to be expressed at higher levels compared with htau™"", and it is possible that

this directly caused the reduced lifespan and greater climbing defects. Although it is not

possible to rule out a contribution of the higher expression of htau™*

, 1t 1s certainly not
the only factor involved. When assessing a different htau™" line (htau”™""") which
exhibited similar levels of human tau expression to htau™", lifespan and climbing
phenotypes were still greatly different to each other, with htau”™" flies consistently

ONRRER flies, In addition, as discussed above, the lower-

performing worse than htau
expressing htau™* line was used for studies on learning and memory and eye toxicity (see
Appendix A Figure 6-1 and Figure 6-2). Although it showed lower tau expression, the line
exhibited more potent phenotypes in these tissues than the htau”™" line (Sealey et al,

unpublished). Overall, this suggests that the level of tau expressed is less important than

the tau isoform and the tissue it is expressed in.

2.4.5 Specific phosphorylation residues are important for phenotypes

The phosphorylation state of tau, which was shown to differ between isoforms, could also
play a role in the differences seen between the different transgenic lines. Increased
phosphorylation at Ser262 was observed in htau”™"* flies but not in htau”™** flies. Ser262
has been reported to be a site that is phosphorylated early in NFT development (pre-tangle)
(Augustinack et al., 2002). This site has also been found to be one of the eartly
phosphorylation sites that can trigger the downstream phosphorylation of other sites on
tau (Nishamura et al., 2004). In addition, if the Ser262 is mutated to an alanine, tau toxicity
is reduced (Nisamura et al., 2004). In that study, a form of mutant 4R htau (R4O6W) was
used which causes moderate eye degeneration. On mutating Ser262 and Ser356 to alanines

R406W

(htau™*""**Y) the rough-eye phenotype caused by the expression of htau was found to

be reduced. Conversely, co-expression of PAR-1 kinase, which directly phosphorylates tau

at Ser262 exacerbated the rough-eye phenotype caused by expression of htau™**"

(Nishimura et al., 2004, Chatterjee et al., 2009). In addition, the htau™*%** line showed less

toxicity in the mushroom bodies (Kosmidis et al., 2010). Blocking phosphorylation at

R406W

Ser262 reduced ablation of the mushroom bodies by the expression of htau and
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consequently improved memory deficits back to control levels (Kosmidis et al., 2010).
There has also been research conducted to further understand the importance of Ser262.
Fischer et al, (2009) mutated the Ser262 to glutamate, in vitro, which mimics
phosphorylation, and found that this resulted in tau being unable to bind to microtubules
(Fischer et al., 2009). This suggests that the phosphorylation of Ser262 impairs binding of
tau to microtubules, resulting in microtubule destabilisation. Taken together, these studies
show the importance of the Ser262 site and suggests how increased phosphorylation of this

site, with age, could contribute to the worsened ageing phenotypes seen in the htau”™™ flies.

A decrease of AT100 immunoreactivity, with age, was also observed in the htau™" flies.
This has also been reported in the rTg4510 mouse (Dickey et al., 2009). These researchers
showed that, although they did see an initial increase in AT100 positive tau in the brains of
3 and 5.5 month old mice, at 9 months there was sharp decline in AT100 immunoreactivity.
They suggested that this may be caused by conformational changes or other post-
translational modifications that lead to reduced access of the AT100 antibody to this site
(Dickey et al., 2009). This may well be the case, as it was shown in this work that there was
an age-related increase in MC1 staining, a conformation specific antibody that only binds to
tau when the N-terminal of tau has folded back on its self and interacts with the
microtubule-binding domain (Weaver et al., 2000). Age-related increases in MC1 were
found and coincided with age-related decreases in the htau™™* flies, but not in the htau™*®
flies. Other studies have also reported age-related changes in MC1 tau immunoreactivity
both in flies (Wittmann et al., 2001) and in mice (Dickey et al., 2009). It was also shown in
this current study that there was an increase in Tau-1 immunoreactivity, which recognises
non-phosphorylated tau. This has also been reported in a different fly model of tauopathy,
where it was shown that the phosphorylation of tau at Ser262 stabilised de phosphorylated
tau unbound to microtubules (Ando et al., 2016). Collectively, these data suggest that
increased phosphorylation at Ser262 could be driving the age-related phenotypes in
htau™™* flies by reducing binding to microtubules, triggering conformational changes and

stabilising non-phosphorylated tau.

2.4.6 Phenotypes seen in the absence of insoluble tau

There is much debate in the field about which species of tau exerts toxic effects. It has
been demonstrated here that expression of human tau in Drosophila can produce age-related
phenotypes without the production of large insoluble aggregates, such as NFTs. Whilst
from the work here it is not possible to state the exact species of tau that causes the

observed phenotypes, it has been demonstrated that these species are soluble or SDS-
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soluble forms of tau. This echoes what others have reported in other fly models that
overexpress human tau. Wittmann et al., used electron microscopy to show that expression
of 4R tau, though causing neurodegeneration, showed no evidence of NFTs or large
filamentous structures of tau. (Wittmann et al., 2001). In fact, very few studies have
reported finding filamentous tau in the brains of tau-expressing flies, suggesting that the
phenotypes, at least in flies, are caused by smaller, soluble forms of tau. There have been
similar findings in mouse models expressing 4R tau with the P301L. mutation, both in the
rTg4510 and JNPL3 mouse models. 1Tg4510 mice show memory deficits at 3.5 months
although no noticeable NFT pathology is found in the mouse brains at this time. These
researchers did, however, see higher molecular weight species of tau, migrating on western
blots at 140 kDa/170 kDa, which they termed “multimers” (Betger et al., 2007). This study
therefore again demonstrated that NFTs are not necessary for tau-induced phenotypes, but
that smaller aggregates, such as oligomers, are the toxic species. Future work should
include determining the exact species of tau that is present in the fly models used here and

how these species evolve over time.

2.4.7 Genetic background is important when studying ageing phenotypes

One can suggest that the differences seen in the phenotypes of the flies expressing
different isoforms (Figure 2-1) may be due, at least in part, to the genetic background of
the flies. Lifespan can be very different depending on the genetic background of the flies
(Partridge & Gems, 2007). This is clearly shown in (Figure 2-6b) when assessing the
different parent lines, Elav-GAL4 and htau”™®, which have significantly different lifespans.
After backcrossing, however, these lines no longer showed significantly different lifespans.
By backcrossing lines, it is possible to more accurately measure the contribution of a
specific perturbation on lifespan, such as the expression of human tau. It is not only
lifespan that may well be affected by genetic background; other studies have also shown
that genetic background also significantly affects climbing phenotypes (Gargano et al.,
2005). In future work, it will be important to decipher the contribution of genetic
background to the differences in the phenotypes seen in the htau™* and htau™*" flies by
backcrossing both lines to the same genetic background. Additional controls could also be
used, to strengthen the data, that better match the genetic background of the experimental
flies used here, for example crossing w1118 with either isoform would produce control
flies that contain one copy of the htau but with a genetic background that closely resembles

the experimental line.
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2.4.8 Conclusions and future directions

It has been demonstrated here that different isoforms of tau cause differences in age-
related phenotypes, which are underpinned by changes in the biochemical properties of tau.
This may well have implications for human diseases as different isoforms are found to
underlie different tauopathies. For example, both 3R and 4R isoforms are found in the tau
pathology in AD, Down’s Syndrome, ALS and certain forms of FTDP-17, whereas only 4R
isoforms are found in CBD, PSP and different forms of FTDP-17. Conversely, in PiD the
tau pathology is made up of only 3R isoforms, reviewed in (Buée et al., 2000). The reason
why different isoforms of tau underlie different diseases is likely due to their different
biochemical properties. Differences in properties such as phosphorylation, conformation
and aggregation could well underlie the selectivity of these isoforms in causing distinct

effects in different tissues.

In this thesis, now that age-related changes in tau-mediated phenotypes and pathologies in
Drosophila have been characterised, it is now possible to assess the contributions that age-
related pathways have on tau-mediated phenotypes and pathologies. It would be interesting
to investigate whether other, more complex behaviours are also vulnerable to human tau
expression, therefore this will be explored in the next Chapter. Only the htau™™ line will
be used in subsequent experiments due to the stronger age-related behavioural phenotypes

of this isoform.
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Chapter 3: Characterisation of AD relevant complex

behaviours in tau expressing Drosophila
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3.1 Introduction

The previous chapter demonstrated how lifespan and locomotive behaviours can be used
to measure the effect that expression of human tau has on ageing phenotypes. However,
these behaviours do not closely represent the complexity of the symptoms experienced by
AD patients. The primary symptom of AD is a deficit in memory, beginning with short
term memory and progressing in later stages of the disease to deficits in long term memory.
In addition, early on in disease, AD patients have disruptions in circadian rhythms and, as
the disease progresses, patients can experience other symptoms such as depression, anxiety,
language or communication problems and decreased locomotor abilities. Although it is not
possible to model all of these symptoms, some of the complex behaviours that are core to
these symptoms can be modelled in Drosgphila, such as learning and memory and circadian

rhythms. This Chapter will assess the impact that htau”™ " has on these behaviours.

3.1.1 Circadian rhythms

Circadian rhythms are defined as any biological process that has an endogenous daily
oscillation. Circadian rhythms are highly conserved across most organisms including
Drosophila and humans. Drosophila, similarly to humans have a ~ 24-hour cycle that is
synchronised by external environmental cues such as light and temperature and a central
internal body clock (Panda et al., 2002). In humans a central clock is contained within the
hypothalamic suprachiasmatic nuclei (SCN). The SCN is made up of around 20, 000
neurons and is broadly separated into two main compartments, the dorsal shell and the
ventral core. The dorsal shell contains neurons positive for arginine vasopressin (AVP) and
the ventral core neurons are positive for vasoactive intestinal polypeptide (VIP). AVP and
VIP are neuropeptides that are transmitted across the SCN network allowing for
synchronisation of the clock neurons. The network that governs circadian activity in
Drosophila is less complex than the mammalian SCN, containing around 150 neurons. The
central clock, in Drosophila, is governed only by around 18 neurons, these neurons contain
the neuropeptide (pigment dispersing factor) Pdf, which acts like AVP and VIP in the
mammalian clock, to synchronise the Drosophila central clock. The molecular clock that
governs circadian rhythms in Drosophila and humans is highly conserved with minor
differences, with transcription-translation negative feedback loops being at the core of the
molecular clock, as shown in (Figure 3-1). In the SCN in humans, the transcription factor
CLOCK dimerises with  BMAL1, and this heterodimer (CLOCK: BMAL1) then
translocates to the nucleus and activates transcription. CLOCK: BMALI1 activates the

transcription of PERIOD (PERs) and CRYPTOCHROME (CRYs) via E-box elements.
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PERs: CRYs then hetrodimerise in the cytoplasm and subsequently translocate to the
nucleus leading to the inhibition of CLOCK: BMALl-mediated transcription, thereby
inhibiting the transcription of PERs and CRYs. This mechanism is very similar in
Drosophila, although some components are different, see Figure 3-1. In Drosophila CYCLE
(CYC), an orthologue of BMALI, performs a similar function and dimmerises with
CLOCK. Also, in Drosophila, TIMELESS (TIM) performs the role that CRYs does in the
mammalian clock (Gertsner & Yin 2010).

D. melanogaster M. musculus

i
~CRE(3E-box BMAU S Pery —\'\_‘ \
\ ®

- E-bo§ EMXL Cryl Cry2 (=

——Z____ Nucleus

Cytoplasm

R L

Nature Reviews | Neuroscience

Figure 3-1. Comparison of the Drosophila and mammalian central clock oscillator, taken from
(Gerstner & Yin, 2010).

In both mammals and Drosophila, a transcription-translation negative feedback loop controls the
central molecular clock. Transcription factor CLOCK dimerises with BMAL in mammals and CYC
in Drosophila, and heterodimers (CLOCK: BMAL) translocate to nucleus and activates the
transcription of PERs (in both mammals and Drosophila) and CRYs (in mammals)/TIM (in
Drosophila).

3.1.2 Measuring circadian rhythms in Drosophila

In both humans and Drosophila, the circadian oscillations are able to entrain to
environmental cues such as light and temperature but they are also self-perpetuating. This
means that it is possible to assess the rhythms of the central clock without environmental
cues by putting animals onto constant darkness and temperature. This is termed “free
running conditions” and can be used to measure the behavioural output of the central
clock. In order to do this, the locomotor activity of flies can be measured using specifically

designed equipment that can measure activity constantly for days or even weeks at a time.
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To do this, individual flies are placed in small glass tubes and inserted into devices that pass
an infrared beam down the middle of the tube. The breaking of this beam by the flies’
movement can then be recorded. In using this experimental setup, it is possible to see that
flies, similar to humans, operate a 12:12 activity cycle, being active during the day and
resting/ sleeping during the night. Flies also have anticipatory peaks of activity at both
dawn and dusk, with a relatively low level of activity in between these two peaks of activity,

see Figure 3-2 (Grima et al., 2004).

104108
{n=16)
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’{ I . |

Figure 3-2. Daily activity profile of wild type Drosophila, adapted from (Grima et al., 2004).
Conducted in a light:dark 12:12 cycle, with the dark bars indicating the flies’ activity in the dark part
of the cycle and the light bars indicating activity during the light part of the cycle. The arrows on
the profile indicate the beginning of both the morning anticipatory peak (black arrow) and the
evening anticipatory peak (white arrow).

Monitoring locomotor activity in this way has been instrumental in being able to
understand the mechanisms that underlie circadian rhythms. These systems are ideal for
testing different mutant flies and assessing their contribution to circadian rhythms. For
example, flies with a null mutation in the clock gene per (produces PERIOD protein; per’)
were found to have arrhythmic behaviour, meaning that the flies did not have the
characteristic 12:12 cycles of activity and rest (Konopka & Benzer, 1971). Studies such as
these have paved the way in identifying and characterising the now established molecular

oscillations of the highly conserved central clock.

Due the relative simplicity of being able to measure the locomotor behaviour readout of
the central molecular clock, flies lend themselves as an ideal model to identify the
underlying mechanisms of disease associated disruptions in circadian rhythms. AD is a
particular disease in which disruptions in circadian rhythms have been shown to be an early
symptom of the disease. AD patients experience disruptions in their sleep/wake cycles with
patients being less active during the day and more active nocturnally (Hatfield et al., 2004,
Prinz et al., 1982). AD patients also experience what is known as “sundowning”, where AD

symptoms are exacerbated at specific times of day, usually late afternoon or early evening
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(Volicer et al., 2001). To attempt to understand what underlies these circadian disturbances
in AD patients, animal models of AD have been used to assess changes in circadian
rhythms on expression of disease-associated proteins, Af and tau. Recently, studies
conducted in flies that overexpress Af peptides have been assessed for changes in circadian
disturbances with age. These studies found that A@ expression resulted in the loss of
circadian behavioural rhythms which became progressively worse with age (Chen et al.,
2014, Long et al., 2014). In a different approach, it has been demonstrated that disruption
to the regulation of the molecular clock enhances neurodegeneration and tau mediated
phenotypes in Drosophila. Price et al., (1998) utilised a kinase-dead mutant of double time
Dbt*/R a key regulator of the molecular clock, in Drosophila, that mediates Per degradation

(Price et al., 1998). Co-expression of Dbt"/* with htau™* was found to enhance htau”™*

mediated neurodegeneration in the eye and htau”™*™"

mediated deficits in longevity and
climbing phenotypes (Means et al., 2015). Although this demonstrates that circadian
rhythms can affect tau-mediated phenotypes, it has not yet been demonstrated whether tau
is able to disrupt circadian behaviours, as has been shown with AB. Therefore, this is an

important avenue of research left to fully understand the mechanisms that underlie

circadian rhythm disturbances in AD.

3.1.3 Learning and memory in Drosophila

Although disruption of circadian rhythms is an early symptom of AD, the main symptom
that is most prominent in the disease is loss of memory, and it is this that is the central
focus of disease-modifying therapies. The mechanisms that underlie the different forms of
learning and memory in humans are highly complex and involve various regions of the
brain. These memory-associated regions of the brain, such as the hippocampus, are also
found to be particularly susceptible to tau and AR pathology in AD. This suggests that tau
and AB have important roles in the mechanisms that underlie the memory deficits in AD.
This has also been demonstrated in various mouse models that express both tau and A

proteins (Oddo et al., 2003, Schindowski et al., 20006).

To further elucidate how tau affects learning and memory, researchers have utilised
Drosophila models. The majority of these studies have used olfactory classical conditioning
assays where flies associate an odour with a negative stimulus (e.g. electric shock), or with a
positive stimulus (e.g. food reward). After a period of training, if the flies have learnt the
association, they will avoid the odour associated with the negative stimulus and favour the
odour that is associated with a positive reward (Beck et al., 2000). Genetic and

pharmacological manipulations have been conducted in conjunction with these assays.
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These studies found that the region of the Drosophila brain responsible for this type of
learning is the mushroom bodies (MB) (de Belle & Heisenberg, 1994, McGuire et al., 2001).
The mushroom bodies, depicted in (Figure 3-3) are made up of 2500 neurons contained
within each of the two brain hemispheres. Using the classical olfactory assay, it was found
that expression of htau™*" caused a 25-30% deficit in learning ability compared to control
flies. htau™*" expression also caused deficits in memory at both 90 and 180 minutes’ post
training (Mershin et al., 2004). A different study found that 4R-isoforms of tau, driven
throughout the CNS, selectively caused ablation of the mushroom bodies (Kosmidis et al.,
2010). Few studies have investigated the impact that htau™™ has on learning and memory

and so it is important to understand this.

Figure 3-3. Anatomical organisation of the Drosgphila mushroom bodies (MB).

The mushroom bodies (in blue) are made up of parallel bundles of fibres, namely the Kenyon cells.
Odour information travels along the antennal nerve (AN) to the antennal lobe (AL). This
information is then relayed to the calyx (C) of the mushroom body (MBC). The antennocerebral
tract (ACT) connects individual glomeruli in the antennal lobe to the calyx. There are three distinct
classes of neurons that make up the MBs: o/, /B and y, which make up the different MB lobes.
(Heisenberg et al., 2003). Image, courtesy of Ron Davies laboratory.

An alternative assay for learning and memory that has been used previously involves
aversive phototaxic suppression (APS). These assays involve an aversive stimulus being
associated with light. Flies are instinctively phototaxic (Hirsch & Boudreau, 1958); when
given a choice, flies will always move towards a lit area and away from a darkened area.
Therefore, it is possible to take advantage of this instinctive behaviour for use in a learning
assay. The APS assay consists of two chambers, one light and another dark (Figure 3-4).
The light chamber is teamed with an aversive stimulus, for example quinine, which is a
bitter-tasting chemical. After a period of training, flies with intact learning capabilities will

be able to associate the light with this aversive stimulus and will avoid the light, remaining
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in the dark chamber. The APS assay has been used previously to investigate how
expression of human tau in the mushroom bodies of flies effects learning and memory.
Seugnet et al.,, (2009) found that expression of 4R human tau in the mushroom bodies
causes deficits in short term memory (Seugnet et al., 2009). Although APS assays are
currently used less in the field than the olfactory assays discussed above, they do have the
advantage of being simpler, making them more cost effective to run. In the past these
assays have only been used to assess single flies, meaning that it is very time consuming to
assess ample numbers of flies. Therefore, in this study, it was important to investigate

whether it is possible to test populations of flies in this assay.

3.1.4 Aims

The aims of this Chapter will be to explore both circadian rhythms and learning and

ON3R

memory, as AD-relevant complex behaviours, in htau expressing flies. To do this,

ON3R

htau will be expressed in the Pdf neurons (central clock neurons) to understand

ON3R

whether htau can directly induce deficits in core circadian clock function. In addition,

ON3R

htau" will be expressed in the mushroom bodies and using an APS assay will elucidate

ON3R

the contribution that htau™ " makes to learning and memory. These behaviours will also be

assessed in flies expressing htau™™ for changes that may occur with age.
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3.2 Methods

3.21 Fly Stocks

The circadian rhythm experiments were conducted using unmated females and male
progeny from genetic crosses of Pdf-GAL4 (Renn et al., 1999) or Pdf-GAL4; tubulin-
GAL80"™ (McGuire et al., 2003) drivers crossed with UAS-htau™*, w'''"® flies were crossed
with UAS-htau”™" to be used as undriven controls. Additional controls were Pdf-GAL4
and PAf-GAL4; tubulin-GALS0" crossed with w''"™® as a control for the driver background.
Pdf-GAL4 driven experiments were performed at 23°C. For the temperature sensitive
experiments flies were reared at 17°C and then moved after eclosion to 29°C to induce

expression in adulthood.

The learning and memory assays were carried out using OreR flies (wild type flies).
Mushroom body (MB) GeneSwitch flies were crossed with UAS-htau™" For full
genotypes and details of fly stocks used, see Appendix E. MB GeneSwitch will drive
expression in the mushroom bodies if the drug RU486 is present in the food. RU486 was
only added to the food in adulthood and not during development, allowing for adulthood

expression.

The flies in all experiments were kept on “SYA” diet containing in 1 litre (100g yeast, 50g

sucrose, 50g cornmeal, 10g Agar, with propionic acid and nipagin).

3.2.2 RU486 treatment

After eclosion, 0-3 day old flies were moved to either food containing RU486 or to control
diet that did not contain RU486. A 100 mM stock solution of RU486 was made up in
100% ethanol. Diet containing RU486 was then made up to a final concentration of 200

M.

3.2.3 Circadian locomotor assays

Individual flies were lightly anaesthetised and put into glass tubes containing SYA diet.
These glass tubes were placed in monitors that make up the Drosophila Activity Monitoring
System (DAM System, TriKinetics). Monitors were then placed in light controlled boxes
and were entrained for at least 3 days of 12:12 light: dark cycle at the relevant temperature
for the experiment and then moved to constant darkness. The flies’ locomotion, in free

running conditions, by recording infra-red beam breaks in 5 minute bins. The flies’
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locomotion was monitored until the flies died, seen as a disappearance of any spikes on the
actograms and recorded as a measure of longevity. Median actograms were produced per
week of recording in free running conditions, any flies that died within the week of testing
were discounted from the results. Period lengths and relative rhythmic power were
calculated for individual flies using ClocklLab software (ActiMetrics, Willmette, 1L, USA).
Period length was determined by chi-square periodgram analysis for 7-day intervals.
Relative rhythmic power was determined by calculating the ratio of the peak amplitude
divided by the significance threshold. Flies were deemed strongly rhythmic if the relative
rhythmic power ratio was found to be higher than 1.5 and deemed weakly rhythmic if 1.5
or less. GraphPad Prism was used for statistical analysis and to plot average values for
period lengths and rhythmic power (£S.E.M). Average activity profiles for when flies were

in 12:12 light dark conditions were also generated using ClocklLab Software.

3.24 Learning and memory assay

The APS assay was adapted from assays used previously (Le Bourg & Buecher, 2002) see
(Figure 3-4) for set up. The day before the assay, flies were anaesthetised and cohorts of
10-15 flies were separated and put into 15mL falcon tubes containing SYA diet. The assay
was then performed on the next day between 2-4 hours after the lights were switched on.
The assay was conducted in the dark with exception of a red light to aid the experimenter.
A goose necked light source was used to illuminate the light chamber of the apparatus.
Each cohort was tested by firstly tapping the flies directly into the dark chamber (wrapped
in foil to stop light penetrating the tube) and fastened into the side of the apparatus that is
away from the light source. Flies were left to acclimatise for 1 minute in the dark before
commencing the phototaxic phase of testing. As the assay is dependent on a phototaxic
response, the phototaxic phase was used as a screening process to remove cohorts of flies
that were deemed not to be phototaxic. The phototaxic phase was made up of 4 trials and
performed using an agar coated light chamber with no aversive stimulus. Each trial
involved tapping flies down to the bottom of the dark chamber, switching on the goose
necked lamp, releasing the trap door that separates the two chambers and counting the
number of flies that enter the light chamber within 15 seconds. This process was repeated
an additional 3 times. There needed to be at least 50% of flies on average across the four
trials, of the phototaxic phase, entering the light chamber in 15 seconds for the cohort to
be deemed as being phototaxic. Cohorts deemed not to be phototaxic were not then used
for the learning phase of the assay. The learning phase of the assay was made up of 4

blocks of 4 trials (16 trials in total) and each trial was conducted in the same way as the
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phototaxic trials with the addition of light chambers containing quinine in the agar coating
for when the aversive stimulus was being used. The 16 trials were performed immediately
one after the other. At the end of the learning phase flies were left in the light before the 4
trials that made up the test phase of the assay. Different amounts of time were left between
the learning and test phases of the assay depending on the memory time point assessed (1-
30 minutes). Results of the assay were analysed by calculating the mean number of flies
entering the light chamber for each phase of the assay. This was then converted to a
performance index by finding the proportion of flies that were avoiding the light chamber
during the test phase of the assay compared to the proportion of flies originally deemed to
be phototaxic. To compare experimental conditions Mann-Whitney statistical tests were
conducted on the data, using GraphPad Prism. These assays were performed in
conjunction with a masters student, Jemma Knight. I designed , set-up and developed the
assay. Jemma tested the flies, used here, and collected the data. I then analysed and

interpreted the data with Jemma.

3.2.5 Statistical analysis

All values are presented as the mean + standard error of the mean. To compare differences
between groups, statistical analysis was performed using GraphPad Prism 6.0 (GraphPad
Software, Inc.). 2-way ANOVAs with Bonferroni multiple comparisons were used for
testing differences with age. Unpaired Student’s t tests were performed on pairwise

comparisons. p<0.05 was considered to indicate a statistically significant difference.
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Figure 3-4. APS assay experimental setup and study design.

(A) Schematic of the APS apparatus, showing the central partition with a trap door separating the
dark and light chambers. The light source is angled towards the light chamber. (B, left) Photograph
of the actual setup. (B, right) Experimental setup in the dark, during testing. Red light used while
the testing is being carried out. (C) Study design comprising of 4 phototaxic trials where the light
chamber does not contain quinine. The phototaxic block is followed by 16 trials of training, this is
the learning phase. The light chamber in the training phase contains the aversive stimulus, quinine.
A set period of time then separates the training phase and the 4 trials of the testing block. This
period of time depends on the memory time point to be assessed. In the test block the chamber is
swapped for an empty chamber that does not contain quinine.
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3.3 Results

3.31 Circadian rhythms decline with age

As discussed above, disruptions to circadian rhythms are an early symptom of AD
(Hatfield et al., 2004, Prinz et al., 1982). Others have also found that disruptions in
circadian rhythms are found in normal ageing as well (Weitzman et al., 1982), therefore it is
important to understand the relative contributions of both age and tau to distruptions in
circadian rhythms. The first step was to analyse how circadian rhythms change with age. To

investigate this, control flies (non-expressing htau™")

were put into constant darkness and
monitored for locomotive changes, with age, until the flies died. By qualitatively analysing
weekly median actograms it was shown that free running rhythms started to breakdown by
week 4 in male flies (Figure 3-5a). By week 6, all flies were arrhythmic shown in
(Figure 3-5a) quantified in (Figure 3-5b). All female flies were shown to become arrhythmic
by week 5, shown in (Figure 3-6a) and quantified in (Figure 3-6b). Comparing between
genders, females appeared to be, overall, less rhythmic than males shown by a decrease in
the amount of strongly rhythmic flies across all time points (Figure 3-5b and Figure 3-6b).

These data show that during normal ageing flies’ circadian rhythms decline with age and

that female flies, in general, have weaker circadian rhythms than male flies.

3.3.2 Tau-expressing flies have disruptions to circadian rhythms at early time

points

As it has been shown here that normal flies” rhythms decline with age, the next step was to
understand whether tau expression in the Pdf neurons could alter this age-related decline in
thythms. To do this, htau™™" was expressed in Pdf neurons using the PAdf-GAL4 driver.
Flies were entrained for at least 3 full days in light: dark, 12:12 hour cycle and then put into
constant darkness and monitored for their locomotion until they died. Again, rhythmic
power was used as a quantitative readout of rhythmicity and flies were scored for being
strongly rhythmic, weakly rhythmic and arrhythmic. Similar to controls, the median
actograms showed rhythms until week 4 in male htau™" expressing male and female flies
(Figure 3-5c,d) and (Figure 3-6¢,d) but there were less strongly rhythmic flies at eatly time
points, compared to controls. It was found that in younger ages (weeks 1 & 2) there were

ON3R

less strongly rhythmic flies with htau™ " expression in both male and females (Figure 3-5d

and Figure 3-6d). However, there were less htau”™®

arrhythmic flies when comparing older
ages (weeks 5&6) with controls. This suggests that htau”™" does not exacerbate age-related

decline in rhythms but does notably disrupt the rhythms of young flies.
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Figure 3-5. Assessment of rhythmicity with age of male control and htau”™N3R expressing flies.

Week 1 corresponds to (5-12d) flies, week 2 (13-19d), week 3 (20-26d), week 4 (27-33d), week 5
(34-39d), week 6 (41-48d). (A) Median actograms showing the locomotor activity of male control
(htau™3R crossed with w!!'® flies) flies (starting n=27) over 6 weeks. (B) Quantification of
rhythmicity in male control (non-expressing) flies. (C) Median actograms showing locomotor
activity of male htau™3R expressing flies using Pdf-GAL4 driver (starting n=23) over 6 weeks. (D)
Quantification of rhythmicity Pdf expressing htau'N3R male flies.
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Female flies
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Figure 3-6. Assessment of thythmicity with age of female control and htau'NR expressing flies.
Week 1 corresponds to flies 5-12-day old (d) flies, week 2 (13-19d), week 3 (20-26d), week 4 (27-
33d), week 5 (34-39d), week 6 (41-48d). (A) Median actograms of the free running locomotor
activity of female control (htau®3R crossed with w'l18) flies (starting n=26) over 6 weeks, (B)
Quantification of rhythmicity for female non expressing controls. (B) Median actograms showing
locomotor activity of female htau'™N3R expressing flies using Pdf-GAL4 driver (starting n=21) over 6
weeks, (D) Quantification of rhythmicity for male Pdf expressing htau/N3R flies.
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ON3R

3.3.3 Expression of htau™ " in Pdf neurons increases period length

™R could affect circadian rhythms, other than

Another way in which expression of htau
changing the distribution of rhythmicity, is by altering the period length. Period length is
defined as the duration of a full circadian cycle ie. the reciprocal of its frequency (Refinetti
et al., 2007). Period length was determined using ClockLab for each individual fly for weeks
1-4. Weeks 5 and 6 were not analysed as there were not enough rhythmic flies left alive to
be able to generate a period length for these older time points. A 2-way ANOVA revealed
that expression of htau™™" in Pdf neurons significantly extended period length in both
males (p=0.0001) (Figure 3-7a) and in females (p=0.0282) (Figure 3-7b). Multiple
comparisons revealed that period length was significantly increased in males at each time
point (Figure 3-7a) compared with controls. It was also found that the period length was
significantly increased, with age, comparing weeks 1 and 4 in males (Figure 3-7a). In
females, period length was found to be significantly increased at weeks 2, 3 and 4

ON3R -
in Pdf neurons can

(Figure 3-7b). These data demonstrate that expression of htau
increase period length, slowing the internal clock of flies. This extension of period length is

increased, with age, in male flies but not in female flies.
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Figure 3-7. Assessment of period length with age in both male and female flies.

Week 1 (5-12d) flies, week 2 (13-19d), week 3 (20-26d), week 4 (27-33d). Period length was
determined for rhythmic flies. (A) Male htau"™3R flies (n=20) were found to be significantly different
to control flies (n=27) (2-way ANOVA, p=0.0001). Age was also found to be a significant factor
(p=0.0282). (B) Female htau'™3R flies (n=13) were found to be significantly different to control flies
(n=24) (2-way ANOVA, p=0.0001), age was also found to be a significant factor (p=0.0001). Error
bars are plotted as + S.E.M.
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ON3R

3.3.4 Expression of htau™ " in Pdf neurons decreases rhythmical power

ON3R

It has been shown here that htau ™ alters the proportions of strongly, weakly rhythmic

ON3R

and arrhythmic flies (Figure 3-5 and Figure 3-6) but to understand how htau™ ™ expression
in Pdf neurons affects the strength of rhythms, rhythmic power needs to be quantified.
Relative rhythmic power was computed for individual flies that were classified as either
strongly or weakly rhythmic for weeks 1-4 of flies being in free running conditions
(Figure 3-8). A 2-way ANOVA was conducted on the data. It was found that htau™™ flies
were significantly different to control flies (p=0.0017) (Figure 3-8a). Multiple comparisons
revealed that for male flies at week 1, controls had a higher rhythmic power than htau™"
expressing flies. There was also a trend for male control flies to have a stronger rhythmic
power than htau™" flies at week 2 but this was not found to be significant. At weeks 3 and

4 thythmic power was found to be similar between male control and htau™*

expressing
flies due to the significant decrease in rhythmic power with age in the control flies. Multiple
comparisons revealed a significant decrease in rhythmic power at weeks 3 and 4 in male
flies compared to week 1 in male flies. In female flies (Figure 3-8b) htau™™ expressing flies
were found to be significantly different to control flies (2-way ANOVA p= 0.0239).
Multiple comparisons did not reveal that female htau”™™" expressing flies were different to
controls at any single time point. There was, however, a trend for female htau™* flies to
have a lower rhythmic power compared to control flies, at each time point. There was also
a trend for female control flies to have a decrease in rhythmic power, with age, but not for

ON3R

htau expressing females.
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Figure 3-8. Assessment of relative rhythmic power, with age, in both male and female flies.
Relative power was determined for weakly and strongly rhythmic flies. Week 1 (5-12d), week 2 (13-
19d), week 3 (20-26d), week 4 (27-33d). (A) Male htauN3R flies (n=20) were found to be
significantly different to control male flies (n=27) (2-way ANOVA, p=0.0017). Relative power in
female flies (B) htauN3R flies (n=13) was found to be significantly different to control female flies
(n=24) (2-way ANOVA, p=0.0239).
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3.3.5 htau”™"® expressing flies have disrupted sleep/wake rhythms

An eatly and prominent symptom of AD is distuptions to sleep/wake rhythms, with
patients becoming more active during the night. It is currently not clear what causes this
disruption, therefore, it was important to understand the role that tau might play in this

ON3R

particular symptom of AD. To investigate this, 3-5 day old htau ™ expressing flies were

assessed for activity for 3 days of light: dark cycles. Average activity profiles were generated

MN3R hale and female

using ClockLab software for both control (non-expressing) and htau
flies. Average activity profiles, shown in (Figure 3-9), were generated for male control flies
(a) and htau”™™" flies (b), as well as female controls (c) and htau”™™ flies (d). Quantification
of the percentage of total activity that occurred nocturnally is presented in (Figure 3-9e¢).
Control flies were found to have characteristic daily activity profiles with morning and
evening peaks with a period of low activity in between and low activity at night. Htau”™"
expression significantly increased nocturnal activity both in males (p=0.0157) and in
females (p=0.0002), compared with controls. This result demonstrates that expression of

h tau0N3R

in Pdf neurons increases nocturnal activity, particularly in female flies. These data
demonstrate that expression of human tau causes disruptions in sleep/wake circadian
thythms, offering a possible mechanism for the disruptions in sleep/wake cycles that

develop in patients with AD.
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Figure 3-9. Htau™N3R expression increases nocturnal activity of young (newly eclosed flies).
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Average activity profiles for 3 days of 12:12 light: dark cycle of 0-3day old flies. presented in A-D.
(A) Unexpressed males (n=27), (B) Pdf expressed males (n=22), (C) unexpressed females (n=38),

(D) Pdf expressed females (n=21). Nocturnal activity is shaded grey. (E) Average nocturnal activity

accounts as a % of total activity accounts. Pdf expressed htau”™3R males have significantly increased
nocturnal activity compared to controls (p=0.0157). Pdf expressed htau™3R females have
significantly increased nocturnal activity compared to controls (p=0.0002). Unpaired two-tailed t-
tests were performed on the data.
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3.3.6 htau™"® induced extension of period length is independent of

developmental defects

It has been shown here that htau”™®

expression using the Pdf-GAL4 driver causes an
extension of period length. This was demonstrated in week 1 of flies being in constant
darkness (Figure 3-7). As Pdf-GAL4 drives expression during development, from late

embryonic stage onwards, it is possible that htau”™"

mediated period extension could be a
developmentally driven phenotype. To understand the contribution of expression of
htau”™* during development circadian locomotor behaviour was assessed in flies where
htau”™* was expressed only in adulthood. This was done using the TARGET expression
system, using a driver line that contains both Pdf-GAL4 and Tubulin-GAL80". The
GALS80" inhibits expression of tau at low temperatures (17°C), by binding to the GAL4
element (McGuire et al., 2003). Whereas at higher temperatures, GAL80"is no longer able
to bind to GAL4 and allows expression of htau”™®. Therefore, if flies are kept at 17°C
during development and moved to 29°C during adulthood, then it is possible to express

h tau0N3R

only in adulthood. As an additional control where expression is not induced during
adulthood, flies were also assessed at 17°C where expression is not induced. Flies have a
much shorter lifespan at 29°C so they could only be analysed for the first week of being in

constant darkness.

It was found that rhythmicity was not affected in htau™" flies of either gender at 17°C

ON3R

(Figure 3-10a). This was to be expected as expression of htau " is not induced at this

temperature using the TARGET expression system. Rhythmicity was also similar between

htau™*"

and control flies at the 29°C, when expression is induced (Figure 3-10b). Period
length was also found to be similar between control and htau™* flies at 17°C in either
gender (Figure 3-10c). At 29°C period length was found to be significantly extended in
male flies when htau™™ expression was switched in adulthood (p=0.0002) (Figure 3-10d).
No difference in period length was found in female flies at 29°C. Relative power was not
found to be different in either male or female flies at either temperature (Figure 3-10e and
Figure 3-10f). It was noted that an increase in temperature correlated with increased
relative power in male flies but decreased relative power in female flies, regardless of
genotype. Collectively, these data show that although some aspects of the circadian
phenotype in htau”™"* flies may be in part due to developmental expression, the extended
period length, at least in males, can be induced with short term adulthood expression of
htau”™*. Other aspects of circadian behaviour may also be affected by adulthood

ON3R

expression of htau™ " at older ages, but it was not possible to assess this here due to high

levels of mortality at 29°C.
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Figure 3-10. Period length is still extended if htau'™™3R is expressed only in adulthood.

Pdf-GAL; Tubulin GAL80s driver was used to express htau’NR in Pdf neurons in adulthood by
keeping flies at 17°C during development and moving flies to 29°C during adulthood. Results
presented here are on 3-10 day old flies (n=11-43). (A) No difference in rhythmicity of htau®N3R
expressing flies compated to control flies at 17°C. (B) No difference in rhythmicity at 29°C.(C) No
differences in period length at 17°C with either gender or genotype. (D) At 29°C there is a
significant increase in period length with expression of htau™3R in males (p=0.0002) but not in
females. There are no differences in relative power for either gender or genotype at either (E) 17°C
or (F) 29°C.
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3.3.7 Development of a high throughput APS assay to measure learning and

memory in Drosophila

Although disruption of circadian rhythms is an early deficit reported in AD, the primary
symptom of AD is a decline in memory. Expression of human tau has been found to
disrupt learning and memory in both flies (Mershin et al., 2004, Kosmidis et al., 2010) and
in mice (Tatebayashi et al., 2002, Schindowski et al., 2006). Therefore, it was important to

understand the effects of htau™*®

used here, in learning and memory. To do this, an
adaption of an APS assay was developed that has high throughput capabilities. This assay,
shown in (Figure 3-4) trains flies to associate an aversive stimulus (quinine) with light. Flies
that learn this association, during the testing phase, will avoid the light chamber by

remaining in the dark chamber.

This part of the work was done in conjunction with a master’s student, Jemma Knight. The
first step in developing this assay was to investigate quinine as the aversive stimulus and to
assess whether cohorts of wild type flies can learn to avoid the light chamber due to the
presence of quinine. Cohorts containing 10-15 wild type flies were put through the assay
and exposed to different concentrations of quinine. A range of doses of quinine has
previously been used for these assays, therefore, concentrations were used that
encompassed these variations (Seugnet et al., 2009, Ali et al., 2011). 0.025M, 0.05M and
0.1M quinine concentrations were added to the agar that was used to coat the inside of the
light chambers. Plain agar with no addition of quinine was used for control light chambers.
It was found that wild type flies responded to quinine shown by increased avoidance of the
light chamber in a dose responsive manner (Figure 3-11). The higher the performance
index (PI), the more flies that were associating the light chamber with quinine and
therefore remained in the dark chamber during the test phase of the assay. The PI of flies
exposed to the 0.025M dose of quinine was not found to differ from flies exposed to the
control chamber (no quinine). Both 0.05M (p=0.0198) and 0.1M (p=0.0006) quinine
concentrations were found to significantly increase PI. These data demonstrated that
quinine does act as an aversive stimulus and that to maximise response of flies’ behaviour,
higher concentrations of 0.5M and 0.1M should be used. Therefore, it was decided that all

subsequent experiments were to be performed using the 0.1M dose of quinine.
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Figure 3-11. Effect of increasing dose of quinine in learning and memory assays on wild type flies.
Performance index is a measurement of the flies’ ability to associate the light chamber of the assay
with quinine, measured by the fly’s avoidance of the light chamber. n= 8-11 cohorts of 15 flies.
0.05M quinine was found to significantly improve performance of wild type flies (Mann-Whitney
p=0.0198) compared to there being no quinine present in the light chamber. 0.1M quinine was also
found to significantly improve performance compared to there being no quinine (p=0.0006). Data
produced in conjunction with Jemma Knight.

Quinine concentrations were assessed using a test/memory phase that was 1 minute after
the training phases had been completed. The next step was to understand whether this time
interval between training and testing could be increased. As short term memory is an
important aspect of AD, memory was primarily investigated at time points associated with
the short term memory timeframe in flies. Short term memory in Drosophila has been found
to encompass time points of up to 1 hour in length (Mcguire et al., 2005), therefore 1, 5,
10, 15 and 30-minute time points were primarily assessed, as shown in Figure 3-12. It was
found that the performance index of WT flies significantly decreased the longer the interval
was between the learning and test phase. Using a Mann-Whitney statistical test it was found
that even at 5 minutes there was a significant decrease in performance (p=0.0253),
although this result was due to an outlier cohort that without it the 5-minute time point
would not have been significantly different to the 1-minute time point. The 10-minute time
point did not affect the performance of the flies compared to the 1-minute time point.
However, by 15 minutes there was a significant decrease in performance compared to 1
minute (p=0.0017) and also when comparing the 30-minute time point with the 1-minute
time point (p=0.0001). These data demonstrate that the association of light with the bitter
tasting quinine diminishes relatively quickly with time after the training phase. Therefore,
this assay is useful in testing short term memory up to between 10-15 minutes from

training.
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Figure 3-12. Assessing the time that memory of quinine aversive stimulus is retained for in WT
flies.

Performance index is a measurement of the flies’ ability to associate the light chamber of the assay
with quinine, measured by the flies’ avoidance of the light chamber. Cohotts of flies were tested
containing 15 flies each. After 5 minutes (n=11 cohorts) there is a significant decrease in
performance compared to the 1-minute time point (n=41 cohorts) (p=0.0253) but at the 10-minute
time point (n=10 cohorts), the performance index is not significantly decreased compared to the 1-
minute time point. Performance continues to decline at 15 minutes (n=10 cohorts) (p=0.0017) and
at 30 minutes (n=10 cohorts) (p=0.0001). Data produced in conjunction with Jemma Knight.
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ON3R

3.3.8 Expression of htau™ " induces impaired memory in high throughput APS

assay

This assay was developed so that it would be possible to investigate how the expression of

ON3R

htau ™" affects short term memory, therefore this was the next step. The MB GeneSwitch

ON3R

driver was used to express htau in the mushroom bodies for 1-week post eclosion.

Expression of htau™" caused a significant reduction in PI (Figure 3-13) (p=0.0006 n=90).

ON3R

This demonstrates that htau expression in the mushroom bodies, in adulthood, causes

deficits in short term memory.
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Figure 3-13. Adult expression of htauN3R in the MBs induces short term memory deficits.

The MB GeneSwitch driver was used to express htau™N3R only in the mushroom bodies during
adulthood. Female progeny was either kept on food with RU486 (expressed) or without RU486
(unexpressed) for 1 week prior to testing. 6 cohorts of 15 flies for both conditions were used.
Significance was assessed using a Mann-Whitney test (p=0.0000).
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34 Discussion

3.441 Summary

The data presented here show that it is possible to model AD relevant behaviours, namely
circadian rhythms and learning and memory, in Drosgphila. 1t was shown here that normal
flies become less rhythmic, with age, and that tau expression in the Pdf neurons disrupts
this normal decline by causing changes to the proportions of rhythmic flies, particularly in
early ages. Tau expression was also found to increase period length in both male and
female flies if expressed during development and throughout life. This extension of period
length was still found in male flies when tau was expressed only in adulthood suggesting
this phenomenon is not entirely developmental in nature. It was also found that tau causes
disruption to sleep/wake cycles, with tau expressing flies being more active during the
night than control flies. In addition, learning and memory was also assessed in Drosgphila. A
high throughput APS short term memory assay was developed that is based on teaming
quinine as an aversive stimulus with phototaxic behaviour. Flies were trained to learn and
remember an association between light and quinine and to avoid the light chamber of the
assay. This assay was found to be effective in measuring short term memory, the primary

ON3R

symptom of AD, and also revealed that expression of htau " in the mushroom bodies

caused a deficit in short term memory of the flies.

3.4.2 Circadian rhythms: Ageing causes disruption to circadian rhythms

Here it was shown that in control flies, not expressing htau™*, circadian rhythms declined
with age. Flies became increasingly arrhythmic and had decreased rhythmic power, with age.
This has been shown before in various species from invertebrates to humans. In Drosophila,
Luo & Sehgal (2012) found with age, both decreased rhythmicity in free running conditions
and an increase in period length (Luo & Sehgal, 2012). The reported extension in period
length with age differs from what was found here, where no change in period length was
seen in control flies. This may be due to the way in which the study was conducted. Luo et
al., (2012) were able to assess much older ages as they did not monitor the rhythms
constantly throughout the flies’ life, instead analysing flies for a few weeks at three different
ages. This meant that the flies were aged outside of the monitoring system and therefore
lived to much older ages (60-70d) than were tested here (41-48d). This means that it is
possible to see an increased period length in flies with age if older flies can be examined.
Others have also found increased arrhythmia with age in Drosophila and interestingly, in

addition, fragmented sleep (KKoh et al., 2006). Sleep was not assessed here but this would be
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an interesting future investigation as in humans it is well documented that sleep/wake
cycles become disrupted with age in people. Older people exhibit increased periods of time
sleeping during the day and increased wakefulness during the night (Bliwise, 1993). In
addition, other disruptions in circadian rhythms have been found in aged people
exemplified by a decrease in the amplitude of core body temperature rhythms and a
decrease in period length, with age (Weitzman et al., 1982). Others have also found reduced
amplitude in human circadian melatonin rhythms with age (Kloeden et al, 1993).
Additionally, disruptions in circadian rhythms with age have also been found in rodents. A
study in rats reported a shortening of the free running period in circadian output
behaviours such as water drinking and body temperature (Witting et al., 1994). Collectively
these studies demonstrate the highly conserved nature of declining circadian rhythms with

age. What is currently unknown, is which mechanisms underlie these age-related changes.

Age-related changes in the SCN have been suggested to underlie age-related declines in
rhythmicity. Altered functionality of the SCN with age has been demonstrated by decreased
electrophysiological output and decreased levels of the neuropeptides, vasoactive intestinal
polypeptide (VIP) and arginine vasopressin (AVP) as reviewed in (Froy, 2011). In addition,
in a study where the SCN was transplanted from young rats into old rats, circadian rhythms
in corticotrophin-releasing hormone (CRH) and locomotor activity were restored (Li &
Satinoff, 1998). An age-related decrease has also been found in clock gene expression in
various species including zebrafish (Zhdanova et al., 2008), rats (Asai et al., 2001), hamsters
(Kolker et al., 2003) and in mice (Wyse & Coogan, 2010). These studies show that an age-
related decrease in clock gene expression may well underlie changes in clock neurons in the

SCN and therefore in circadian rhythm outputs. What causes this remains elusive.

Another interesting avenue of research is how age-related changes in the clock may well
underlie the ageing process. For example, mice lacking the clock protein BMALIL have a
reduced lifespan and have increased age-related pathologies such as osteoporosis, cataracts
and reduced muscle mass (Kondratov et al., 2006). Similarly in flies, a null mutation in the
clock gene Per gives rise to increased accumulation of reactive oxidative species, and
reduced lifespan (Krishnan et al., 2009). It has also been found that loss of BMALL1 leads to
increased neurodegeneration in mice (Musiek et al., 2015). These studies demonstrate that
not only can disruptions to the circadian clock cause accelerated ageing but may well have

implications for neurodegenerative diseases as well.
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343 Circadian rhythms: tau expression causes increased period length

It has been shown here that tau expression in the central clock neurons causes an increase
in period length. This is the first study to investigate that the expression of tau alters
circadian rhythms in flies. However, others have assessed circadian rhythms in the triple
transgenic mouse model (3x Tg) of AD, which has both plaque and tangle pathology. They
found that the transgenic mice had decreased nocturnal activity and increased daytime
activity compared to control mice and that this preceded plaque and tangle pathology
(Sterniczuk et al., 2010). This echoes what was found here as mice are usually nocturnal
animals. However, as the mouse model exhibits both AB and tau pathology it is not
possible to understand which of these pathologies is contributing to the disruptions in
circadian rhythms. To date, no other group has investigated directly how tau expression in
clock neurons affects circadian rhythms, in Drosophila, but others have investigated other
disease related proteins such as AB. Expression of AB with the arctic mutation, causes flies
to become less rhythmic and have decreased rhythmic power in free running conditions
(Chen et al,, 2014). Chen et al., (2014) also found that AB induced toxicity in the clock
neurons, and suggested that this may well underlie the AB induced deficits on circadian
behaviours (Chen et al., 2014). Others in our group have investigated the morphology of
the Pdf neurons after the expression of tau and found axonal swellings. This is thought to
be an early stage of degeneration of axons. Future work should include assessing the
impact of tau on Pdf neurons with age and whether tau can also cause degeneration of the

Pdf neurons, as previously shown with AR (Long et al., 2014).

Tau or indeed AP toxicity in clock neurons may well underlie the defects in circadian
thythms seen in AD patients. AD patients have fragmented sleep/wake cycles where they
exhibit decreased daytime activity and disrupted night time sleep, similar to what is found
in normal ageing but with exacerbated symptoms (Bonanni et al., 2005). It is shown here
that tau expression in the Drosophila central clock neurons is enough to cause disruptions in
the sleep/wake cycles demonstrating a mechanism that could undetrlie the distuptions in
sleep/wake cycles in AD patients. In addition, AD patients experience a phenomenon
known as sun downing which is an exacerbation of other AD symptoms at particular times
of the day, typically late afternoon and evening (Martin et al., 2000). These disruptions to
circadian rhythms in patients are seen early in the pathogenesis and have even been
investigated as a predictive or diagnostic tool to track AD pathology. For example, a study
conducted in over 1000 older women found that disruptions in circadian activity rhythms
were associated with the development of MCI and dementia (Tranah et al., 2011). These

studies open the question of whether AD pathology perpetuates disruptions in circadian
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rhythms or vice versa that disruptions in circadian rhythms can propagate AD pathology
and related symptoms. Here it has been demonstrated that tau overexpression can disrupt
circadian rhythms in a Drosophila model but further research is required to find out whether

this is an early event in AD.

As there have been very few studies that express tau in the clock neurons, it is not currently
known what mechanisms may underlie tau-induced disruption of circadian rhythms. It is
possible that expression of the highly phosphorylated htau”™" causes destabilisation of
microtubules in the Pdf neurons. This would have a knock-on impact on axonal transport,
causing disruptions to Pdf signalling. Pdf is a circadian output signal and synchronises the
central clock neurons (Park et al., 2000). Therefore, disruptions in the release of Pdf from
central clock neurons could well disrupt circadian behavioural rhythms. Future work is
needed to confirm that disruption of microtubules in the clock neurons is what underlies
the tau induced disruptions in behavioural rhythms. To do this, one could over express
other agents that are involved in stabilising microtubules. One such protein, known as
Short stop (Shot) crosslinks actin and microtubules. Mutations in Shot cause microtubule
destabilisation similar to hyperphosphorylated tau (Sanchez-Soriano et al.,, 2009) and
therefore it would be interesting to investigate whether these mutations also increase period
length. Additionally, in support of this theory, analysis of AD brains have shown alterations
to the cytoskeleton of SCN neurons (Swaab et al., 1985). These studies demonstrate the
potential role of microtubule destabilisation in tau-mediated disruption of circadian
rhythms. This also highlights the potential therapeutic benefit of microtubule stabilising

agents for treatment in early stages of AD.

A different possible mechanism that may underpin tau induced disruption to circadian
rhythms involves GSK-33, a key kinase that phosphorylates tau. GSK-38 (sgg in flies)
performs many different roles in addition to phosphorylating tau, including
phosphorylating TIM and regulating period length in the molecular circadian clock. A study
conducted in Drosgphila found that overexpression of sgg causes a shortened period length
in Drosophila, whereas reduction of sgg function lengthens period (Martinek et al., 2001).
This was found to be due to advanced entry of PER into the nucleus, occurring 2-3 hours

catlier than controls when sgg is overexpressed. It is possible that htau”™"

expression
decreases the amount of sgg available to phosphorylate TIM, resulting in delayed nuclear
translocation of PER/TIM. Other members of our laboratory have demonstrated that

h tau(JN 3R

expression causes a delayed nuclear translocation of PER. Phosphorylation of TIM
promotes nuclear translocation of PER/TIM complexes and therefore decreased

phosphorylation of TIM would result in decreased or delayed nuclear translocation of
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PER/TIM increasing petriod length (Martinek et al., 2001). Further evidence of the
involvement of GSK-3 includes using lithium (an inhibitor of GSK-3) which has been used
in range of species and shown to increase period length in hamsters (LeSauter & Silver,
1993), rats (Kripke & Wyborney, 1980) and primates (Welsh & Moore-Ede, 1990). This
suggests that increasing GSK-3 activity could in theory rescue the lengthened period seen

ON3R . .
. However, this has been shown to increase

with overexpression of htau
phosphorylation and therefore toxicity of htau”™*. This means that attempts to rescue the
circadian disruptions in tau using GSK-38 activation could cause potentially toxic effects in
other parts of the brain and should be explored cautiously. Regardless of this, it is
important to fully understand the link between tau, GSK-38 and the circadian molecular

clock.

3.4.4 Learning and memory: High throughput APS assay developed to assess

short term memory

An APS assay was developed here that involves flies remembering an association of light
with an aversive stimulus, in this case quinine. It was demonstrated here that avoidance of
the light chamber was dependent on the quinine concentration. This type of assay that has
utilised quinine as an aversive stimulus was first demonstrated in (Le Bourg & Buecher,
2002). Since then, another study established that memory mutants are deficit in this assay
and this was due to mutants not being able to learn an association between light and
quinine (Seugnet et al., 2009). The assay developed here was based on a previous design
(Ali et al., 2011) with the addition of testing cohorts instead of individual flies. This
important addition allows for many more flies to be tested in a shorter time frame,
increasing the capabilities of the assay. These are important characteristics when designing
an assay that is able to screen a number of different mutations. Classical olfactory
conditioning assays have often been used to measure large cohorts of between 50-100 flies,

therefore providing scope for further increasing the number of flies used in this assay.

This assay was demonstrated here to be a measure of short term memory, as performance
was found to significantly decrease within 15 minutes. Others have also shown that this
assay can be used as a measure of short term memory (Seugnet et al., 2009). However, it
has been reported that this assay may be used to measure longer term memory (Ali et al.,
2011). These investigators tested memory after 6 hours post training, but we could not
reproduce this here. Assessment of memory at 3 hours post training showed that flies
could not remember the association between light and quinine (data not shown). It is

possible that minor differences in the set-ups underlie these discrepancies, such as the
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mode of administering the quinine and also the strength of the light source. It is also
possible that if the amount of training trials was increased, this could well elicit a longer
term memory in the flies (Malik & Hodge, 2014). These aspects of the assay could be

explored in future work to improve the sensitivity of the assay.

ON3R

3.4.5 Learning and memory: htau™ " expression in mushroom bodies induces

deficits in short term memory

MN3R ih adult mushroom bodies caused

It was demonstrated here that expression of htau
learning deficits with expression of htau™*. Others have also shown that expression of
htau in flies can cause deficits in learning and memory. This has been demonstrated both
when expressed pan neuronally (Kosmidis et al., 2010, Ali et al., 2011) and also when
localised only to the mushroom bodies (Mershin et al., 2004, Seugnet et al., 2009). All but
Kosmidis et al.,, (2010) utilised 4 repeat isoforms of human tau. Kosmidis et al., (2010)
found that pan neuronal expression of htau”™" did not cause deficits in olfactory learning.
This is the contrary to what we found here, where expression of htau”* did cause deficits.
This could be because of different neurons being activated in the two assays. The APS
assay is based on taste and therefore has inputs from the gustatory system. It is known that
within the gustatory system there are specific cells that recognise bitter tastes, such as
quinine, namely the Gr66a cells (Wang et al., 2004). When activated, these cells elicit
responses in specific regions of the mushroom bodies (Harris et al.,, 2015). It is possible
that the APS assay and classic olfactory assays involve different neurons in the mushroom
bodies. It was highlighted in Chapter 2 that different isoforms of tau could well have

different effects in different cells and tissues. The fact that htau™*

expression causes
deficits in APS learning and memory and not in olfactory learning highlights the
importance of understanding exactly which neurons in the brain are susceptible to certain

isoforms of tau and what underlies this.

Studies conducted in both humans and mice have also demonstrated that tau pathology
correlates with cognitive deficits. Various studies conducted in AD patients demonstrated
that severity of dementia is positively correlated to the number of neurofibrillary tangles in
the brain (Arriagada et al., 1992, Bancher et al., 1993, Guillozet et al., 2003). Memory has
also been found to decline with increasing Braak staging (Braak & Braak, 1995, Grober et
al., 1999). Various mouse models of AD have been created that display memory deficits
(Oddo et al.,, 2003). However, many of these models involve both A8 and tau pathology
and so it is difficult to tease out the relative contribution that tau has on learning and

memory. Recent years have seen the emergence of pure tau pathology mouse models. A
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mouse model that expresses a P301S mutant form of 4R-tau developed NFTs together
with spatial memory deficits (Schindowski et al., 2006). Others have also found that if
transgenic tau (P301L) expression is suppressed, then tau-mediated spatial memory deficits
are improved (Santacruz et al., 2005). This particular study found that, although levels of
tau expression were suppressed, NFTs still accumulated. This suggests that the tau species
involved in inducing learning and memory deficits are not NFTs. It was shown in Chapter
2 that, even in aged flies, htau™® does not form large insoluble aggregates. Therefore, it is
likely that the htau”™"- mediated deficits in learning and memory, seen here, are caused by

ON3R

small soluble species of htau , particularly given the finding that these deficits are

induced within 1 week of expression. It will be important to investigate whether the

: ON3R
expression of htau

is causing neurodegeneration or toxicity in the mushroom bodies.
However, this is not believed to be likely because others have shown that htau™ does not
cause overt neurodegeneration in the mushroom bodies (Kosmidis et al., 2010). This
therefore suggests that the learning and memory deficit seen here is more likely to do with

dysfunction of tau as opposed to tau-mediated degeneration.

3.4.6 Conclusions and future directions

Two different behavioural assays have been used here to measure htau”™™" deficits. These
assays are highly relevant to this study as they closely model, aspects of AD. It is also
possible to measure these different behaviours with age, although this was not done for
learning and memory, due to time constraints. It has been demonstrated here that htau™™"
expression causes deficits in both of these behaviours in Drosgphila. This study, together
with others, demonstrates that tau expression is directly related to the symptoms of AD.
This highlights the importance of discovering therapeutics for AD that target pathogenic
tau. Now that htau”™" deficits have been characterised here, it will possible to use these

assays in subsequent experiments. It will be possible to assess how manipulations to ageing

pathways can affect these phenotypes.
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41 Introduction

The aim of this chapter is to understand how cellular pathways implicated in ageing firstly,
change with age and secondly, how they impact on tauopathy. There are various pathways
that have been implicated in both ageing and AD but the work presented here has focused
on the roles of certain pathways that are involved in protein turnover, specifically
mTORC1 signalling and autophagy. Here, studies conducted in both humans and
transgenic Drosgphila models will be used to explore these two pathways both in relation to
ageing and tauopathy, to further understand how age-related changes in these pathways

contribute to tauopathy.

4.1.1 The role of mTORCI signalling in ageing and AD

mTORCT signalling is a key regulator of many processes involved in cell growth including,
among others, protein synthesis, metabolism and autophagy. Due to mTORC1’s role in
these vital and diverse processes, it is not surprising to find this pathway has been
implicated in a range of diseases, such as cancer, metabolic diseases, and also
neurodegenerative diseases such as AD (Laplante & Sabatini, 2012). The mTORCI1
pathway has also been found to be important in regulating the ageing process. For example,
pharmacological inhibition of the TORCI1 pathway, using the drug rapamycin, leads to an
increase in lifespan of various different species including Drosgphila (Bjedov et al., 2010), S.
cerevisiae (Powers et al., 2000) C. elegans (Robida-Stubbs et al., 2012), and mice (Harrison et
al., 2009). Similarly, when the mTORCI1 pathway has been genetically down-regulated an
increase in longevity is found in Drosophila (Kapahi et al., 2004), S. cerevisiae (Bonawitz et al.,
2007), C. elegans (Hansen et al., 2007) and in mice (Selman et al., 2009). Collectively these
studies demonstrate that inhibition of the TORC1 pathway increases longevity and that this
is highly conserved between species, implicating the TORC1 pathway as an important

regulator of ageing.

mTORCI1 signalling has also been implicated in AD. Li et al.,, (2005) found increased
activity of the pathway in AD brains, demonstrated by increased phosphorylation of
components of the mTORC1 pathway (mTOR and 4E-BP). A separate study also found
that another downstream component of the mTORCI pathway, pSOK, co-localises with
phospho tau (ATS) in tangles and dystrophic neurites in AD brains (An et al.,, 2003). In
animal models of AD, rapamycin has been found to reduce tau-mediated phenotypes, such
as the rough eye phenotype in flies (Berger et al., 2006). Rapamycin has also been shown to

reduce AB-mediated deficits in learning and memory in a mutant APP mouse model of AD
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(Spilman et al., 2010). Similarly, in the 3xTg mouse model of AD, treatment with
rapamycin was shown to significantly improve learning and memory and reduce both tau
and AP pathology (Caccamo et al, 2010). These studies demonstrate that mTORCI1
signalling is closely associated with AD and that inhibition of the mTORC1 pathway

appears to ameliorate both tau and-Af mediated phenotypes and pathologies.

4.1.2 Autophagy in ageing and AD

Autophagy is inhibited by the mTORC1 pathway and is intrinsically linked to the effects of
mTORC1 pathway on both ageing and AD. In yeast, a genetic screen for short lived
mutants identified ten mutants that all had defects in autophagy-related genes (Matecic et
al., 2010). In Drosophila, it was found that rapamycin-mediated an extension of lifespan and
this was correlated with an increase in autophagy in the fly gut (Bjedov et al., 2010). Loss-
of-function mutations in autophagy-related genes, such as Beclin-1 and Atgl, (both
involved in the initiation of autophagy) were found to reduce the lifespan of C. elegans
(Toth et al., 2008). Additionally, caloric restriction, which has been shown to consistently
reduce lifespan, requires autophagy to mediate its effects on lifespan in C. elegans (Jia et al.,
2007). These studies demonstrate the importance of the autophagic pathway in the

regulation of lifespan.

Autophagic clearance has been implicated in AD, with markers for autophagy co-localising
with the plaques and tangles found in AD brains (Ma et al., 2010). Additionally, induction
of autophagy using rapamycin, in the 3xTg mouse model of AD, improved learning and
memory deficits and ameliorated tau and AB pathology. This was correlated with increased
autophagy in these animals (Caccamo et al., 2010, Majumder et al., 2011). In a separate
study, organotypic brain slices from P301L mutant tau mice were incubated with methylene
blue which induces autophagy and reduced tau levels (Congdon et al., 2012). In a fly model

R406W
)

of tauopathy (htau , removal of the lysosomal aspartyl protease (cathepsin D),
exacerbated tau-mediated neurodegeneration and correlated with a reduction in lifespan
(Khurana et al., 2010). These studies demonstrate that autophagy is associated with both
ageing and AD. It is not clear whether age-related changes in both mTORCI1 signalling and
autophagy contribute to the build-up of toxic aggregates of tau and AB, and consequently

increase the risk of AD.
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4.1.3 Aims

Although it is clear that both mTORCI signalling and autophagy are intrinsically linked to
both ageing and AD, it is not known how age-related changes in these pathways impact on
tauopathy. Therefore, the aims of this Chapter are to firstly understand how mTORCI1
signalling and autophagy change in normal ageing in the human brain. This is currently a
neglected area of research, particularly in the ageing human brain. To be able to investigate
this, human cortical brain tissue resected from living patients of different ages will be used.
These patients are undergoing neurosurgery for a number of different inflictions including
epilepsy and glioma. The tissue is resected from the cortical region of the brain outside the
focal area and is classed as non-pathological. This type of tissue is useful for this study, as
to be able to measure the activity of the mTORCI1 pathway, the phosphorylation of various
mTORCI1 pathway components need to be probed. It is known that phosphate groups are
rapidly removed from proteins during post-morterz delays (Matsuo et al., 1994) and therefore
data from post-mortens brain may well not be representative of the situation in the living
brain. In addition to assessing how the mTORC1 and autophagy pathways change with
age, this same resected tissue will be used to correlate potential changes in these pathways

with total and phosphorylated tau levels.

Although using resected human cortical tissue is useful for measuring how pathways
change with age, it is not possible to manipulate these pathways in this tissue and
investigate resultant changes in tau protein. Therefore, transgenic Drosophila have been

generated that express htau”™}

(as used in Chapters 2 and 3) together with genetic
manipulations of the dTORC1 pathway and autophagy pathways, shown in (Figure 4-1).
The dTORC1 pathway will be manipulated by co-expression of the GTPase Rhebyy,; to
knock down Rheb expression. Overexpression of Rheb has been shown to activate the
dTORC1 pathway (Stocker et al.,, 2003) and to increase tau-mediated neurodegeneration
before in a Drosgphila model of tauopathy (Khurana et al, 2000), therefore knocking down
Rheb expression is expected to reduce tau-mediated phenotypes. Separately to this, the

autophagic initiator Atgl will be co-expressed with htau”™"

to upregulate the autophagy
pathway. Atgl is the Drosgphila homolog of ULK-1 and is a regulatory kinase that controls
the initiation of autophagy (Scott et al., 2007). To ensure that these genetic manipulations
do not affect the development of the flies, the GeneSwitch expression system will be used.
This system, shown in (Figure 4-6a), only induces gene expression if RU4806 is administered
to the flies. The RU486 will only be added to the fly diet post eclosion and not during

development, ensuring any resultant phenotypes are not confounded by developmental

effects. Genetic manipulations of the dTORC1 and autophagy pathways will be expressed
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MR and resultant tau-mediated phenotypes and

in this way, with co-expression of htau
pathologies will be measured. These studies aim to understand the relative contribution
that these manipulations have on age-related tau-mediated phenotypes and pathologies.
These studies, together with the data from the human cortical tissue will provide a better
understanding of how age-related changes of these two pathways potentially contribute to

tau pathology.

Amino acids Insulin or IGF Glucose

Cell membrane

Autophagy

mRNA
Translation

Figure 4-1. Probing the TOR and autophagy pathways in humans (mTOR) and Drosophila (dTOR).
This diagram highlights the downstream components of the TORC1 signalling pathway that will be
assessed in human brain tissue and Drosophila including pSOK, pS6 and peEF2 (light blue boxes).
Also highlighted are where the pathway has been maniuplated using transgenic Drosgphila lines. Flies
will express both htau and Rheb (upstream of TORC1 complex) and Atgl, where TOR signalling is
known to inhibit the autophagic pathway (shown in purple boxes).
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4.2 Methods

4.2.1 Human tissue processing

The use of human tissue was carried out in collaboration with the laboratory of Dr.
Mariana Vargas-Caballero. REC Reference: 12/NW/0 794, HTA LN: 12009. Study
reference number: SRB002/14. All procedures on human tissue were petformed in
accordance with the Human Tissue Act 2004 with approval from the Faculty of Medicine
Ethics Committee of the University of Southampton and the Southampton Research
Biorepository. The cortical tissue used in this study was resected from living patients
undergoing neurosurgery for the removal of deeper structures following written informed
consent. All patient data was anonymised. The patients were being treated for medial
temporal epilepsy, dysembryoplastic neuroepithelial tumour, malformation (cavernous or
arteriovenous), or glioma, see (Table 4) for further details. This surplus tissue that would
normally be discarded during such procedures was taken from outside the epileptic focus
or tumour. Following resection in theatre, the cortical tissue was put into artificial
cerebrospinal fluid (ACSF) immediately after resection. ACSF contained 110 mM choline
chloride, 26 mM NaHCO,, 10 mM D-glucose, 11.6 mM sodium ascorbate, 7 mM MgCl,,
3.1 mM sodium pyruvate, 2.5 mM KCI, 1.25 mM NaH,PO, and 0.5 CaCl,. The tissue was
then snap frozen on dry ice within 10 min of removal from the patient. The tissue sample
was then homogenised as a 10% tissue solution in homogenisation buffer that contained 10
mM Tris Base, 150 mM NaCl, 0.05% Tween-20, 1 mM Na orthovanadate, 10 mM NaF, 10
uM Staurosporine,lx protease inhibitor cocktail and 1 mM Tyrophostin. Samples were
briefly spun at 3000 g for 2 min and the pellet was discarded. A protein assay was then
conducted on the samples and protein concentration was normalised across samples. The

samples were then boiled in 2 x SDS sample buffer at 95°C for 5 mins.
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Table 4 Patient information for human samples used.
Patient Age of Gender Diagnosis Resected tissue Used to probe
no. atient

19
10

18
14
16
11
9

21
4

12
5

17
13
20
8

19
28

30
32
36
42
45
49
52

55
60

62
69
70
71

T BRRMAERRE R

Z ™™

Arteriovenous Malformation

Hippocampal  Sclerosis/Atrophy

in the left hippocampus
Cavernous Malformation
Hippocampal Sclerosis
Hippocampal Sclerosis
Glioma

Arteriovenous Malformation
Hippocampal Sclerosis
Epilepsy/Right
Amygdalohippocampectomy
Glioma

Epilepsy/Left
Amygdalohippocampectomy
Hippocampal Sclerosis
Right Glioblastoma (GBM)
Arteriovenous Malformation
Right Glioblastoma (GBM)

Left frontal lobe
Left anterior temporal cortex

Right temporal lobe

Left temporal lobe

Right anterior temporal lobe
Right anterior temporal lobe

Right temporal lobe
Right anterior temporal lobe

Left parietal lobe
Left anterior temporal lobe

Right anterior temporal lobe
Right frontal lobe

Left posterior temporal lobe
Right temporal lobe
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S6, S6K, p62, Total tau, PHF-1
S6, S6K, p62, Total tau, PHF-1

S6, S6K, p62, Total tau, PHF-1
S6, S6K, PHF-1

PHEF-1

S6, S6K, p62

S6, Total tau, PHF-1

p62, Total tau, PHF-1

S6K, p62

S6, S6K, p62, Total tau, PHF-1
p62, Total tau, PHF-1

S6K, p62, Total tau, PHF-1
S6, S6K, Total tau, PHF-1
S6, p62, Total tau, PHF-1
S6, Total tau, PHF-1
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4.2.2 Fly stocks

The following fly stocks were used for this study: Elav-GeneSwitch, Elav-GALL4, UAS-
htau”™*, UAS-Atgl, UAS-Atgz,, UAS-Rheb and UAS-Rhebgy, (Bloomington Stock
Centre) and MB-GeneSwitch (a kind gift from Ron Davis lab). Full details of all fly stocks
used here can be found in Appendix E. Double transgenic flies were made by a series of
crosses using a double balancer line (Bloomington Stock Centre #3703), details of which
can be found in the Appendix C (Figure 6-4). Flies were raised and maintained at 25°C on

SYA diet. Only female flies were used for these studies.

4.2.3 RU486 treatment

After eclosion, 0-3 day old flies were moved to either food containing RU486 or to control
diet that did not contain RU486. A 100 mM stock solution of RU486 was made up in
100% ethanol. Diet containing RU486 was then made up containing final concentrations
of 100 uM and 200 pM RU486 for dose response experiments. The high dose of 200 uM

RU486 was then used for all subsequent experiments.

4.2.4 Climbing assays

Climbing assays were performed as previously described in 2.2.3, with some minor
differences. Five cohorts were used here, instead of three, each containing 10 flies in each
cohort. The climbing ability of these flies was then tested on a weekly basis for four weeks.
Flies were transferred to the measuring cylinders without use of anaesthetisation. Distance
climbed was recorded at 10 seconds after tapping down. The assay was repeated three
times per day of testing. A 2-way ANOVA was performed on the data with Bonferroni

multiple comparisons using GraphPad Prism.

4.2.5 Longevity assays

Longevity assays were performed as previously described in 2.2.2, with some minor
differences. Five cohorts were used, instead of three cohorts, containing 10 flies in each
cohort. Flies were transferred to new food containing RU486 twice a week and scored for
deaths three times a week. Survival was plotted as a Kaplan Meir curve. For statistical

analysis a Mantel-Cox test was used.
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4.2.6 Learning and memory

Short term learning and memory was assessed as has been described previously in Chapter
2. Briefly, flies were tested in cohorts of 15 flies in the APS assay. Flies were tested for
phototaxia in 4 trials and were then exposed to the aversive stimulus quinine for 16 trials.
Testing of memory was conducted 1 min after the last training trial. Performance index
(PI) was calculated as the proportion of flies that avoided the light chamber in the test
phase relative to the number of flies found to be phototaxic. A Mann-Whitney statistical
test was used to compare experimental flies to non-expressing controls, using GraphPad

Prism.

4.2.7 Fly sample preparation for western blot

Fly samples for running on western blots were made as follows. Adult flies were snap
frozen in liquid nitrogen and heads were dissected. Heads were then homogenised in buffer
in a ratio of 1 head: 10 ul buffer (150 mM NaCl, 50 mM MES, 1% Triton-X, protease
inhibitor cocktail, 30 mM NaF pH7, 40 mM 2-glycerophosphate pH7, 20 mM Na
pyrophosphate, 3.5 mM Na orthovanadate, 1% SDS, 10 uM staurosporine). Samples were
centrifuged at 3000 g for 2 min and the pellet was discarded. Samples were then made up
with 2x SDS sample buffer and boiled at 95°C for 5 min.

4.2.8 Western blotting

For western blots using resected human tissue samples, 20 pg of protein was loaded onto
SDS-PAGE gels. Western blots were carried out as previously outlined in Chapter 1. The
table below (Table 2) shows the primary antibodies used to probe the different samples,
including the percentage gel used in each instance. All SDS-PAGE gels were transferred to
0.45 uM nitrocellulose membrane using wet transfer. Blots were blocked for 1 hour at
room temperature in 5% BSA 0.1% tween PBS (tPBS). Primary antibody was incubated at
4°C overnight at the dilutions stated in Table 2. Blots were then washed in 0.1% tPBS for 3
x 5 min washes. Blots were then probed with secondary antibodies against rabbit (IRDye,
Licor) or mouse (Alexa-Fluor, Invitrogen), both used at 1: 20,000, for 1 hour at room

temperature. Blots were visualised using LI-COR.
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Table 5. Antibodies used in western blots in Chapter 4.

Antibody Dilution Source Percentage gel
pS6K (Thr389) 1:500 Cell Signalling 10%
S6K 1:1,000 Cell signalling 10%
pS6 (Ser240/244) 1:1,000  Cell signalling 10%

S6 1:1,000  Santa Cruz 10%
p62 1:1,000  ProSci 10%
Atg8 1:500 Kohler Lab 15%
eEF2 1:1000 Cell Signalling 10%
peEF2 (Thr56) 1:1000 Cell Signalling 10%
Rheb 1:1,000  Abcam 15%
Human tau 1:15,000 @ Dako 10%
PHF-1 human tau 1:500 Peter Davies Lab 10%
Actin (loading control) 1:5,000 = Abcam 10%/15%

4.2.9 Statistical analysis

Where appropriate values are presented as the mean * standard error of the mean. To
compare differences between groups, statistical analysis was performed using GraphPad
Prism 6.0 (GraphPad Software, Inc.). The statistical test used for each assay is indicated

separately. p<0.05 was considered to indicate a statistically significant difference.
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4.3 Results

4.3.1 mTORCI signalling decreases with age in resected human cortical tissue

It is currently unclear how mTORCI signalling changes in normal ageing. There are mixed
results about how mTORCI signalling changes with age as reported in (Baar et al., 2016).
Very few studies have investigated how mTORCI signalling changes with age in the brain
therefore we attempted to assess this in human brain tissue. It is possible to measure the
activity the mTORC1 pathway by measuring the phosphorylation state of downstream
components of the pathway, such as SOK and S6. Phosphorylation of proteins have been
found to decrease rapidly post-morters (Matsuo et al., 1994), making it difficult to accurately
measure signalling pathways such as mTORCI. Therefore, instead of using post-morten
tissue this study utilised resected human cortical tissue from living patients. This normally
discarded tissue from differently aged patients was processed and run on western blots to
be probed for pS6K and pSo6. It was found that pSOK levels relative to total SOK levels
decreased significantly with age (Figure 4-2 a, b), quantified as a linear regression r’=
0.05031, p=0.0324 (n=9). Levels of pS6 compared to total S6 tended to decrease with age
but this was not found to be significant (Figure 4-2 c, d) (= 0.03043, p= 0.0983 n=10). As
S6K and S6 are phosphorylated with increased activity of the mTORCI1 pathway, pS6K
and pS6 levels decreasing with age are indicative of decreased mTORCI signalling in the

ageing cortex.

4.3.2 dTORCI1 signalling also decreases with age in Drosophila

As it was demonstrated here that mTOR signalling decreases in the human cortex, and
since the next stages of this work included manipulating this pathway in Drosophila, it was
important to assess whether this age-related decrease in mTORCI1 also occurred in flies.
For this, peEF2 levels, relative to total eEF2 levels were probed in young (0-3 days) and old
(4 weeks old) Elav-GAL4; htau”™" expressing and non-expressing flies (Figure 4-3 a, b).
There was found to be wide variability when this was tested in the flies. However, there

was a trend for an increase in peEF2 levels with age in both htau™™*

expressing and non-
expressing flies. The trend was stronger in the htau™" expressing flies. Increased peEF2
levels are indicative of decreased dTORCI signalling there this implies that dTORC1

signalling also decreases with age.
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Figure 4-2. mTORCI1 signalling activity decreases with age in human resected cortical tissue.

Linear regression showing the ratio of pS6K/total S6K significantly decreases with age, 12=0.5031,
p=0.0324 (n=9) (B) representative blots of pSOK/total SOK. (C) Lineatr regression showing the
ratio of pS6/total S6 decreases with age, 12 = 0.3043, p=0.0983 (n=10). (D) Representative blot of
pS6/total S6.
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Figure 4-3. dTORCI1 signalling decreases with age in Drosophila.

Elav GALA4-expressing htau™3R flies and htau”N3R non-expressing control flies were tested at 0 wk
(newly eclosed) and at 4 wks for peEF2 levels relative to total eEF2 levels. (A) Trend seen for an
increase in peEF2 levels relative to total eEF2 levels (n=3). (B) Representative blot of total and
peEF2.
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4.3.3 Trend for autophagy to increase with age in resected human cortical

tissue

It has been shown here that mMTORCI signalling decreases with age in the human cortex.
Therefore, as mTORCI signalling is known to inhibit autophagy, a decrease in mTORCI1
signalling should induce an upregulation of autophagy. To test this, p62 levels were probed
in the resected human cortical tissue. p62 is an autophagic adaptor protein that binds to
cargo, such as misfolded proteins. Once bound to its cargo, p62 becomes internalised
together with the cargo into the autophagosome and degraded in the autolysosome, as
depicted in (Figure 4-4a). This means that a decrease in p62 levels would be indicative of
increased autophagy. (Figure 4-4 b, c¢) show that there was a trend for p62 levels, relative to
actin levels, to decrease with age, although this was not found to be significant (linear
regression 1°=0.2766, p=0.1184). These data suggests that autophagy may increase with
age, however with the limited number of samples available for this study this was not
found to be significant. This data therefore suggests that the basal level of autophagy may

also remain constant during normal ageing.
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Figure 4-4. A trend seen for autophagy to increase with age in resected human cortical tissue.

(A) p62 is used as a marker of autophagy, p62 binds to cargo destined to be degraded by the
autophagic pathway and becomes internalised along with cargo into the autophagosome and
degraded in the autolysome, meaning that a decrease in p62 levels is indicative of increased
autophagy. (B) A trend for a decrease in p62 levels relative to actin levels is found in resected
human cortical tissue with age, r2= 0.2766, p= 0.1184 (not significant (n=10). (C) Representative
blot of p62 and actin.

4.3.4 Decreased mTORCI signalling with age is correlated with decreased tau

pathology

It is predicted that a decrease in mTORCI signalling with age should lead to a decrease in
the amount of human tau, due to reduced protein translation and/or increased autophagic
clearance. Therefore, the next step was to assess how tau protein changed with age in the
resected human tissue. To investigate this, both total and phosphorylated tau at S396/5404
sites (PHF-1) were probed. It was found that that there was a decreased level of tau protein,
relative to actin levels, with age. A significant correlation between age and total tau levels
was observed, linear regression: r'= 0.4178, p=0.0231 (n=12) (Figure 4-5a, b). It was also
shown that phospho tau levels relative to total tau decreased with age, with a significant
correlation found between age and ptau: = 0.3100, p= 0.0386 (n=14) (Figure 4-5c, d).
This means that both total and phospho tau levels are decreased in the aged brain

correlating with a decrease in mMTORCT1 signalling.
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Figure 4-5. Decreased total tau and phosphorylated tau (PHF-1) found, with age, in resected human

cortical tissue.
(A) Total tau levels relative to actin found to significantly decrease with age, linear regression 12=

0.4178, p=0.0231 (n=12). (B) Representative blot of total tau/actin. (C) Significant decrease in
PHF-1 levels relative to total tau, linear regression, r?= 0.3100, p= 0.0386 (n=14). (D)
Representative blot of PHF-1/total tau.
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4.3.5 GeneSwitch expression system allows for expression of proteins in

adulthood

It is shown here that in human cortex, mMTORCI signalling activity significantly decreases
with age and this correlates with decreased total and phospho tau protein in healthy ageing
cortex. Although there was a trend seen for an increase in autophagy with age, this did not
reach significance suggestive of basal levels of autophagy not changing with age. What
cannot be evaluated using this tissue from human brains is whether decreased mTORCI1
causes this decrease in tau protein. Therefore, it is important to investigate whether this is
the case in a model where these pathways can be manipulated and resultant tau phenotypes
and tau protein levels can be assessed. Here a Drosophila model was used that expresses

ON3R

htau under GeneSwitch control. This system allows for the conditional expression of

proteins when the drug, RU480, is present in the food of the flies (Figure 4-6). This means

that htau™"®

expression and the genetic manipulations of the dTORC1/autophagy
pathways are induced only in adulthood. This removes any confounding effects that the

expression of these proteins could have during development.

The GeneSwitch system is demonstrated in (Figure 4-6), where Elav-GeneSwitch
(ElavGS);htau™ " flies were fed on RU486 in adulthood. (Figure 4-6 b, ¢) demonstrate that
when these flies were given control diet (without RU486) there was no expression of
htau™™ demonstrated using western blotting. Whereas when these flies were fed on diet

ON3R
1

containing either 100 uM or 200 uM dose of RU486, this induced expression of htau n

a dose-dependent manner. It was noted that the 200 pM dose of RU486 still induced lower

ON3R

expression than the Elav-GAL4 driver, shown in (Figure 4-6¢). Expression of htau™ ™ only
during adulthood resulted in a subtle yet significant reduction in climbing ability compared
to control flies that were fed drug-free diet, (Figure 4-6d), (2-way ANOVA p=0.0291,
n=50). Controls flies that only expressed the driver (ElavGS) were also treated RU486 and
assessed for climbing over 4 weeks. Addition of RU486 to the diet of controls did not
induce any deficits in climbing ability. This demonstrates that there is no direct effect of

RU486 on climbing ability, see Appendix C (Figure 6-3).

Longevity was also assessed in ElavGS and ElavGS expressing htau™* flies, shown in
Appendix C (Figure 6-5). RU486 treatment did not result in a difference in lifespan
compared to flies not treated with RU486 for either ElavGS or ElavGS; htau™™ flies. This
is proposed to be because the expression level of using this driver is not high enough to
induce a reduction in lifespan. Futher work could include testing higher concentraions of

RU486 on htau™* expressing flies.
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This data demonstrates that the GeneSwitch expression system can be used to express
proteins in a dose response manner conditionally expressed only in adulthood. Expression

ON3R
of htau

only in adulthood still produced a deficit in climbing ability but not in longevity.
Therefore, it was possible to test whether manipulations of the dTORC1/autophagy

pathways were able to impact on htau™*-mediated climbing.
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Figure 4-6. GeneSwitch expression system allows for htau™3R expression in adulthood, in a dose
dependent manner.
(A) GeneSwitch allows for transcription only if RU486 is present in the food given to the flies. If
RU486 is not present transcription cannot occur and htau™3R is not expressed. (B) Increasing doses
(100 and 200 uM) of RU4806, induces increased htau™3R expression relative to the amount of drug
present in the food (n=3 n.s.). (C) Representative blot of total human tau expression. (D)
Expression of htau™3R using 200uM dose of RU486 only in adulthood induces a significant
reduction in climbing ability (2-way ANOVA p=0.0291, n=50).
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4.3.6 Expression of Rhebg,,;improves tau-mediated climbing deficits

As shown above, the GeneSwitch system allows for expression of proteins in adulthood.

ON3R

Expression of htau " in this way causes a subtle yet significant reduction in climbing

ability. The next step was to investigate whether manipulation of the dTORCI signalling

pathway would impact on this htau”™"

-mediated climbing deficit. To do this, double
transgenic flies were made that expressed both htau”™" and Rhebygy,. Rheb lies upstream
of the dTORCI1 signalling pathway and has been shown to activate the pathway (Stocker et
al., 2003). Therefore, expression of Rhebgy,; should knock down Rheb and consequently

cause a reduction in dTORCT signalling.

Both Rheb and htau”™* expression was assessed in 2 weeks old htau™, Rheby,,; and

ON3R ON3R,

htau™; Rhebgy,; flies. htau™™" expression was confirmed in both htau and htau™
Rhebgy,; flies (Figure 4-7). It was not clear from these blots Rheb expression was
significantly reduced in htau™; Rhebgy,; flies. This could be due to the fact that whole
heads were used to probe for Rheb. Rheby,; was only expressed here in neuronal cells,
therefore as Rheb is an endogenous protein it will be found in other cells in the head. This
could well mask any alterations in Rheb expression. To overcome this, two different
experiments can be conducted. Firstly, dissected brains can be used instead of whole heads
for running on western blots. Secondly, it is possible to express Rhebyy,; using a ubiquitous
driver that expresses Rhebgy,; in all cells in the body. Heads of these flies can then be used

to test the knockdown of Rheb. Time constraints did not allow for these experiments to be

done, however this will be followed up in future work.
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Figure 4-7. Rheb and htau™3R expression in htau®™3R; Rhebrna; flies.

A) Expression of htau'N3R, Both htau'™3R and htau'™N3R; Rhebrnai 2 week old flies express htau/™N3R,
no expression seen in Rhebrnai flies. B) Rheb expression in Rhebrnai, htau™3R and htau/N3R;
Rhebrnailines. Expression of UAS-Rheb is used as a positive control (far left).

Although knockdown of Rheb expression could not be confirmed here, the climbing
behaviour did show a potentially interesting result. (Figure 4-8a) shows that Rhebpy,;
expressed alone caused a significant improvement in climbing ability (2-way ANOVA
p=0.0033 (n=50)). Post-hoc multiple comparisons revealed that Rheby,,; expression was
significantly different to non-expressing controls at weeks 3 and 4. Interestingly when
htau”™™* and Rhebgy, were expressed together (Figure 4-8bi) there was no significant
difference between expressing and non-expressing flies. To be able to compare between
the three lines: htau”™", Rhebygy,; and htau™"; Rhebyy,; the height that the expressing flies
climbed was divided by the average height climbed of their relevant, non-expressing
controls. This controls for any potential differences in the genetic background of the
different lines, allowing one to compare between the different lines. When comparing the
three lines in this way (Figure 4-8bii) expression of Rhebyy,; significantly improved the

ON3R

climbing ability of htau™* flies, compared to the expression of htau alone (2-way

ANOVA p=0.0001, n=50), post-hoc multiple comparisons revealed that htau™; Rhebgy;

ON3R

flies were significantly different to htau at each time point tested. Longevity was

conducted on both Rheb and Rhebg, ;- expressing flies, with and without co-expression of

ON3R

htau (Appendix C, Figure 6-6). None of these manipulations caused a difference in

longevity relative to non-expressing (-RU480) flies.

These data show that expression of Rhebygy,;, appears to decrease tau-mediated defects in
climbing. However, as Rhebgy,; expression induces a greater improvement in climbing,

. 3R -
when expressed alone, the improvement seen when htau”™" is also expressed may be due
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to a general improvement of the health of the flies. This may not be a specific interaction
of the dTORC1 pathway and htau”™". In addition, Rheb knockdown also requires further

investigation in these flies.
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Figure 4-8. Expression of Rhebrnai improves climbing when expressed alone and also rescues
htau™3R induced deficits in climbing when co-expressed with htau"™3R,

(A) Expression of Rhebrnaialone significantly improves climbing ability p= 0.0033 (n=50) of adult
male flies when using Elav-GeneSwitch in adulthood compared to controls, Rhebrnai not
expressed (RU486 not present in food). Multiple comparisons reveal that expression of Rhebryai is
significantly improved compared to controls at weeks 3 and 4. (Bi) Climbing ability of flies that
express both htau”™N3R and Rhebrnai. (Bi) Comparison of three lines, htau™3R Rhebrnai and
htau'™3R; Rhebrnai relative to their relevant non-expressed controls. Co-expression of Rhebrnai
compared with expression of htauN3R alone significantly improved climbing (2-way ANOVA
p=0.0001).
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4.3.7 Upregulation of autophagy through expression of Atgl improved tau-

mediated deficits in climbing ability

3R .
MR mediated

As downregulation of dTORCI1 signalling was shown above to improve htau
defects in climbing, it was investigated whether this may be due to an up-regulation of
autophagy. To do this Atgl was co-expressed with htau”™". Atgl is the Drsophila homolog
of the mammalian Ulkl and is a key initiator of the autophagic clearance pathway,
therefore expression of Atgl should increase the level of autophagy. (Figure 4-9) shows
that co-expression of Atgl caused increased Atg8Il compared with expression of htau”™"
alone. Atg8Il is the Drosophila equivalent of LC3II, levels of which increase when there is
increased numbers of autophagosomes, which may be correlated with enhanced
autophagosome synthesis. However an increase in Atg8II levels may also be due to a block
in ATGS8II degradation (Rubinsztein et al., 2009). Therefore to understand fully the state of

autophagic flux in these flies future experiments should include the use of electron and

fluorescent microscopy to visualise autophagic vesicles.
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Figure 4-9. Atg8II staining is increased with expression of Atgl, showing activation of autophagy.

4 week old flies were used in this representative blot. Atgl expressing flies were used as a positive
control. Atg8Il staining is negligible in htau®™3R expressing flies. Upon co-expression with Atgl
however there was increased Atg8lI staining, indicative of increased autophagy in these flies.

(Figure 4-10a) shows that expression of Atgl alone did not induce alterations to the
climbing ability of flies compared to non-expressing control flies. However, (Figure 4-10b)

shows that when htau”™?

and Atgl were co-expressed the climbing ability of the flies was
significantly improved compared to non-expressing controls (2-way ANOVA p=0.0481,
n=50). Post-hoc multiple comparisons showed that htau”™"; Atgl expressing flies were
significantly different to controls at week 3. Comparing the three lines: htau”™", Atgl and
htau™; Atgl by dividing by their relevant controls (Figure 4-10bii) it was found that

htau™; Atgl flies were significantly different to htau”™" flies at weeks 2, 3 and 4.
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Longevity was conducted on both Atgl and Atgl,; expressing flies, with and without co-

ON3R

expression of htau (Appendix C, Figure 6-7). Expression of Atgl alone significantly

extended lifespan (Mantel-Cox p=0.0334) (Figure 6-7). However co-expression of htau”™"
with Atgl significantly reduced lifespan relative to non-expressing controls (p=0.0126)
(Figure 6-7c). These data demonstrate that expression of Atgl induces an improvement in
climbing only when htauON3R is expressed. However longevity Atgl expression alone
extends lifespan but reduces lifespan when co-expressed with htauON3R. The longevity
results are apparently contradictory to the climbing results, however this suggests that
upregulation of autophagy has differential effects in earlier life (when climbing assays were
conducted) relative to inducing autophagy later in life. This suggests that there is a direct

interaction between an upregulation in autophagy and the htauON3R phenotype.

Therefore, the next step was to investigate this interaction.
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Figure 4-10. Co-expression of Atgl with htau”™N3R improves htau™3R induced deficits in climbing

ability.

(A) Expression of Atgl alone using Elav-GeneSwitch driver does not alter climbing ability
compared to unexpressed Atgl controls (RU486 not present). (Bi) Co-expression of htauN3R and
Atgl significantly improves climbing ability (2-way ANOVA p= 0.0481) compared with controls.
(Bii) Comparison of the three lines: htau™3R Atgl and htauN3R; Atgl relative to their relevant
controls. Co-expression of Atgl and htau™3R compared with expression of htau™3R alone

+* %
ko ON3R

@ htau
= Atg1
mm htau”™;Atg1

' Controls

significantly improved climbing ability (2-way ANOVA p=0.0001).
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ON3R

4.3.8 Upregulation of autophagy rescues htau " -mediated deficits in learning

and memory

ON3R ON3R

As co-expression of Atgl with htau " was demonstrated to improve htau " -mediated

climbing deficits we also wanted to investigate whether this could additionally improve

htau”™?

- mediated learning and memory (shown in Chapter 2) As in Chapter 2, an APS
assay was used to measure learning and short term memory (1-min post training) of adult
flies. The MB GeneSwitch driver was used to express transgenes in the mushroom bodies.
Expression was restricted to adulthood by the adding of RU486 to the food once the flies

™R and htau™™;Atgl expressing flies were

had eclosed. The short term memory of htau
assessed relative to non-expressing controls (Figure 4-11). Htau™" has previously been
shown in this thesis to cause deficits in learning and memory performance, these data are
presented again here for comparison (Figure 4-11a). Expression of Atgl alone did not
cause a significant change in memory compared with controls (Figure 4-11b). Expression
of htau™; Atgl also did not alter memory compared with controls (Figure 4-11c). It was
noted, however, that the htau™"; Atgl controls had a lower PI than htau”™" and Atgl
controls. When comparing the three lines relative to controls, there was a clear trend for

ON3R

both Atgl and htau™*; Atgl to have improved memory compared with htau”*, although

this was not found to be significant. These data imply that upregulation of autophagy

ON3R

through co-expression of Atgl reduces htau™"-mediated deficits in short term memory.
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Figure 4-11. Co-expression of Atgl with htau™3R improves htau'N*R-mediated deficits in learning
and memory.

Performance index is the number of flies that are able to associate the quinine with the light
chamber, relative to number of phototaxic flies. (A) htau™R expressing adult flies (n=105) (+
RU486) compared with non-expressing controls (- RU486) (n=105). (B) Atgl expressing flies
(n=90) compared with non-expressing controls (n=120). (C) Htau™3R; Atgl expressing adult flies
(n=060) compared with non-expressing controls (n=75). (D) Comparison of the 3 lines by dividing
the PI of expressed flies by the average of the relative non-expressing controls. Dotted line at 1.0
represents that data has been divided by relative controls.

4.3.9 Up-regulation of autophagy reduces age-related accumulation of htau”™"

An up-regulation of autophagy through the co-expression of Atgl was found to cause an

ON3R

improvement in the htau™ ™ climbing phenotype. As up-regulation of autophagy has been

shown previously to reduce tau levels in mice (Majumder et al., 2011), it was therefore

assessed for whether this was what underpinned the improved climbing phenotype. In

ON3R

Chapter 2, it was shown that htau™"" accumulates with age when expressed using the Elav-

GAILA4 driver. To investigate whether this was the case when using the Elav-GeneSwitch
g g

driver, total human tau levels were probed in 1, 2 and 4 weeks old htau”™* flies. It was

found that there was a significant increase in expression of htau™® from weeks 1-4,

(Figure 4-12a and b), 1-way ANOVA p=0.0460, n=3. Next, it was investigated whether

ON3R

this could be attenuated by upregulation of autophagy. When htau" and Atgl were co-

ON3R

expressed there was no age-related accumulation of htau™ ™ (Figure 4-9). However, it was
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noted, that there was more htau™" expression at weeks 1 and 2 in the double transgenic
flies compared to expression of htau™" alone. These data suggest that upregulation of the

autophagic clearance pathway by over-expression of Atgl results in reduced accumulation

of htau”™®? with age. This correlates with the improvement seen in the htau”"-mediated
g p
climbing phenotype.
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Figure 4-12. Co-expression of Atgl and htau™3R prevents age-related accumulation of htau/™3R
protein.

(A) Representative blot of htau®™3R and htau™3R; Atgl adult heads at weeks 1, 2 and 4 of age,
probed for total human tau and actin as a loading control. (B) Quantification of htau”™3R expression
in htau™3R adult flies, 1-way ANOVA p=0.0460 (n=3), multiple comparisons revealed that
expression is significantly different between the 1 and 4-week time point. (C) Quantification of
htau'N3R expression in htau™3R; Atgl adult fly heads, expression does not change with age.
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4.3.10 Up-regulation of autophagy reduces age-related accumulation of

ON3R

phosphorylated htau

As upregulation of Atgl was shown to cause a decrease in tau accumulation, it was
investigated next whether this reduced accumulation was due to a reduction in the amount
of phosphorylated tau. In the resected human tissue, it was shown that increased autophagy
correlated with a reduction in phosphorylated tau at Ser396/Ser404 (PHF-1) sites,
therefore this same site of phosphorylation was examined in the double transgenic flies. It

ON3R

was found that there was a trend for an increase in phosphorylated htau™ " with age in

htau”™*-expressing flies (Figure 4-13). In the double transgenic htau™; Atgl flies there

was a reduced accumulation of phosphorylated htau”™*

with age. This demonstrates that
upregulation of autophagy appears to clear the phosphorylated tau in the double transgenic

flies.

152



Chapter 4

70Kd
Human Tau
%m----.-
NN » S
@& & @ NO) ‘({@\) &@.\?’3
N o \a
= htau™* C htau”™; Atg1
2.51 2-
) o 1.57
()] ()]
c C
2 2
] G 17
k) o
o o
[T
" 0.5+
0 .
1 wk 2 wk 4 wk 1 wk 2 wk 4 wk
Age (weeks) Age (weeks)

Figure 4-13. Co-expression of Atgl and htau'NR decreases age-related accumulation of PHF-1 tau

(8396/5404) in htau'N3R fly heads.

(A) Representative blot of htau™3R and htau™3R; Atgl adult heads at weeks 1, 2 and 4 of age,
probed for PHF-1 tau and total human tau. (B) Quantification of PHF-1 tau expression relative to
total human tau levels in htau'N*R expressing flies, a trend for an increase of PHF-1 with age. (C)
PHF-1 levels, relative to total tau, increases slightly with age in htau"™3®; Atgl expressing flies but
not to the same extent as when htau™N3R is expressed alone.
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4.4 Discussion

4.41 Summary

It has been demonstrated here, using resected cortical tissue from living patients, that
mTORCI signalling decreases with age in the human cortex. There was also a trend found
for autophagy to increase and a decrease in tau protein with age. What cannot be
determined by using this tissue is whether a decrease in mTORC1 directly causes the age-
related decrease in both total and phospho tau protein. To understand this interaction
turther Drosophila models were used whereby both the mTORC1 and autophagy pathways
were manipulated to recapitulate the decreased mTORCI and increased autophagy found
in the human cortex, with age. Rheby,; was used to attempt to knock down Rheb
expression, a known activator of the dTORC1 pathway. Co-expression of Rhebyy

resulted in an improvement in htau”™}

mediated deficits in climbing. It was not, however,
clear whether this was due to a general improvement in health of the flies or a direct
interaction with htau”™*. Alternatively, when autophagy was increased via co-expression of
Atgl there was no difference in climbing relative to controls. Only when htau™* was co-
expressed with Atgl that climbing deficits appeared to be improved. Indeed, biochemical
assessment of the tau protein demonstrated that co-expression of Atgl reduced the age-

related accumulation of both total and phospho htau”™*,

4.4.2 mTORCI signalling decreases with age in the human cortex

It was shown here, in human resected cortical tissue, that mTORCI1 signalling decreases
with age with a trend shown for autophagy to increase with age. How pathways such as
mTORCI1 and autophagy change with age is a neglected area of research, with few studies
investigating this, particularly in the brain. Of the studies that have been conducted in mice,
conflicting results have been found. For example, some studies have reported that
mTORCI1 signalling increases with age in mice (Rice et al.,, 2005, Sengupta et al., 2010,
Leontieva et al., 2014), whereas others have found an age-related decrease in mTORCI1
signalling (Linford et al., 2007, Houtkooper et al., 2011). The disparity found between these
studies may be due to differences in the tissue used, age of mice, diet regime and gender.
Therefore, one study attempted to reconcile these differences by investigating mTORCI1
signalling in different tissues in the same mice in both male and females of the same genetic
background, C57BL/6]. This study found that there ate indeed differences in age-related
changes in mTORCI1 signalling depending on the tissue being assessed. mTORCI1

signalling was found to decrease in both female and male liver tissue but to increase in both
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male and female adipose tissue. Whereas in heart tissue mMTORCI signalling was reduced in
only females and remained unchanged in males (Baar et al., 2016). These studies
collectively demonstrate the complicated nature of this particular pathway and that
mTORCI1 plays different roles in different tissues. This indicates that further studies are

required to understand how this pathway is altered with age in the brain.

There are few studies that have demonstrated how the mTORC1 pathway changes in the
normal ageing brain. However, one study did report a decrease in mTORCI signalling in
the hippocampus of ageing mice (Yang et al., 2014), with the authors suggesting that this
was due to a decrease in the PI3K/Akt pathway which lies upstream of mTORC1
(Figure 4-1). The decrease in mTORCI signalling correlated with a decline in the cognitive
ability of these mice (Yang et al., 2014). This highlights an important role of the mTORCI1
signalling pathway in learning and memory, a process that is reliant on protein synthesis.
This has been demonstrated in rats injected with rapamycin injected in the hippocampus,
with this found to reduce mTORCI signalling and consequently reduces the ability of the
rats to retain memories long term (Bekinschtein et al., 2007). Corroborating these results, a
separate group reported that rapamycin applied to cultured rat hippocampal neurons
reduced late phase LTP. L'TP is known to require new protein synthesis (Tang et al., 2002).
However, a number of other studies have found that rapamycin treatment of mice
improves tau and AR mediated learning and memory deficits (Caccamo et al., 2010,
Majumder et al., 2011). These apparent conflicting results can be potentially explained by
the fact that learning and memory requires the right balance of mTORC signalling. These
studies highlight the importance of the mTORCI signalling pathway and its impact on
protein synthesis and learning and memory. These studies suggest that a reduction in
mTORCI1 signalling reduces protein synthesis that is vital for learning and memory.
Therefore, it is possible that an age-related decrease in the mTORCI signalling pathway

underlies the decline in cognitive ability found in normal ageing people.

What causes this decrease in mTORCI signalling is not currently known but various
studies have suggested that the BDNF/PI3K/Akt axis also declines with age, and that this
is a key regulator of the mTORCI1 pathway (Takei et al., 2004). This axis has also been
found to decrease with age, as demonstrated in mice (Yang et al., 2014). Oxidative stress
has also been implicated in the age-related decline in the mTORC1 pathway. Hydrogen
peroxide applied to PC12 cells and primary murine neurons resulted in decreased
mTORCI1 signalling, as measured by phosphorylation of S6K and 4E-BP (Chen et al.,
2010). Similar results were found when hydrogen peroxide was applied to C6 glioma cells,

also causing a decrease in mTORCI signalling activity and activation of autophagy (Byun et
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al., 2009). These data suggest that the age-related increase accumulation of ROS and
subsequent oxidative damage could well lead to inhibition of the mTORCI1 pathway.
Future work should investigate in the human brain whether there is a correlation between
reduced mTORCI signalling and upstream mediators of mTORCI signalling to address

what potentially is causing this age-related reduction in mTORCI signalling.

One possible implication of decreased mTORCI1 signalling with age is that this should
result in an increase in autophagy, as mTORCI is a known inhibitor of autophagy. Here it
was found that autophagy potentially increases with age in the human brain, shown by
decreasing levels of p62, although this did not reach significance. More samples are needed
to elucidate whether this is truly the case or whether in fact autophagy levels remain
constant throughout normal ageing. Other readouts of the autophagy pathway could also
be probed such as LC3II levels and elctron microscopy could be used to visualise
autophagic vesicles. These experiments will help to further understand how autophagy
changes with age. An age-related increase in autophagy is unexpected as others have found
at the transcriptional level, autophagy is down-regulated with age. For example, studies
have reported decreased levels of Atg5 and Atg7 gene expression (Lipinski et al., 2010) and
decreased levels of Beclin-1 gene expression (Shibata et al., 2006). However, transcriptional
down-regulation of autophagy does not necessarily equate to decreased autophagic levels.
How lysosomal biology changes with age in the human brain has not been investigated and
further studies are required to understand this. Electron and confocal microscopy could be
used to visualise whether there is accumulation of autophagic vesicles with age in the brain.

This will lead to a better understanding of how autophagy changes in the ageing brain.

4.4.3 Age-related decrease in tau

An age-related decrease in mTORCI signalling and potential increase in autophagy could
result in decreased tau protein expression due to decreased tau mRNA translation and
increased clearance of tau. Indeed, we have shown here that both total and phospho tau do
decrease with age in human cortex. Previous studies have shown that if mTORCI1
signalling is down-regulated, this can lead to a reduction in the levels of tau protein. For
example, in a Drosophila model of tauopathy, rapamycin treatment was found to reduce the
tau-mediated rough eye phenotype (Berger et al., 2006). Additionally, in a mouse model
that expresses the P301S mutation of tau, rapamycin treatment was shown to reduce NFT
pathology, with a decrease seen in both AT8 and AT100 positive staining (Ozcelik et al.,
2013, Caccamo et al.,, 2013). Alternatively, the dTORC1 pathway has been upregulated in

Drosophila by co-expression of Rheb, which was shown to enhance tau-mediated
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neurodegeneration, but this study did not report a reduction in tau levels, perhaps because
only one time-point was assessed (Khurana et al., 2006). These studies demonstrate that
inhibition of the mTORC1 pathway can reduce tau levels. It is currently unclear whether
this is through decreased mRNA translation, increased autophagy or a combination of

both.

It is possible that an age-related decrease in tau levels may be caused by an upregulation in
autophagy. It has been demonstrated here that if autophagy is upregulated by genetic

ON3R s reduced.

overexpression of Atgl, then the age-related accumulation of htau
Treatment of P301S mice with rapamycin showed that treatment correlated with increased
autophagy and reduced levels of tau (Ozcelik et al., 2013, Caccamo et al., 2013). Others
have shown that when autophagy was directly upregulated through treatment with
trehalose, both total and phospho tau levels were reduced (Rodriguez-Navarro et al., 2010).
Collectively, these studies demonstrate that an age-related decrease in mTORCI signalling

and increase in autophagy could well underlie the decreased levels of tau seen with age.

Others have also reported that there is a decrease in tau mRNA expression in human
frontal cortex, with age, which is correlated with decreased tau protein with age, similar to
what was found here (Lu et al., 2004). Other genes in this study that were observed to be
down-regulated with age were grouped into three main cellular roles, including synaptic
plasticity, vesicular transport and mitochondrial function. Additionally, they also found an
increase in stress responses with age, including antioxidants and genes involved in DNA
repair. This was suggested to be due to increased oxidative stress with age, with this leading
to increased DNA damage with age that was impacting on particularly vulnerable genes.
Indeed, this same study also found increased DNA damage in the promoters of genes
reported to be down-regulated, including tau (Lu et al., 2004). Although Lu et al., (2004)
did not investigate whether genes involved in the mTORC1 pathway were downregulated,
it is possible that this is the case and should be investigated in future work. mTORC1 has
been shown to regulate mitochondrial oxidative function; reducing mTORCI using
rapamycin was found to cause a significant decrease in mitochondrial gene expression and
consequently mitochondrial respiration (Cunningham et al., 2007). This could imply that a
decrease in mTORCT activity could cause reductions in mitochondrial expression, increase
the levels of oxidative damage and of DNA damage, reducing gene expression of
vulnerable genes such as tau. This demonstrates an alternative mechanism of how reduced

mTORCIT signalling with age may reduce tau levels in the ageing brain.
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The implication of reduced tau with age also needs further consideration. Tau’s main role is
to stabilise microtubules. Therefore, a reduction in tau levels with age could well cause a
breakdown of the cytoskeleton. We have demonstrated in our own laboratory that the

: ON3R
expression of htau

, a highly phosphorylated form of htau with reduced microtubule
binding leads to a breakdown of microtubules (Cowan et al., 2010). Little is currently
known about how the cytoskeleton changes with age in the human brain during normal
ageing, however one study did investigate microtubule density in biopsy control brains. The
authors found that there was reduced microtubule density with age (Cash et al., 2003). This

would be an important line of investigation for the future, to further understand the

implications of decreased tau levels with age.
p g

4.4.4 Is mTORCI1 signalling dysregulated in AD?

Multiple studies have reported that the mTORCI1 pathway is upregulated in the brains of
people with AD. For example, increased pS6K was found to correlate with Braak staging
and that pSOK co-localises with AT8 positive stained tangles and dystrophic neurites in AD
brains (An et al., 2003). Similarly, levels of other downstream components of the mTORCI1
pathway such as p4E-BP and peEF2K have been found to be upregulated in AD and that
this again correlated with increased levels of phospho tau and total tau levels (Li et al.,
2005). It is clear, therefore, that there is a disparity between how the mTORCI signalling
pathway is regulated during ageing and AD. This disparity may undetlie why it is that AD is

not simply an extension of normal ageing.

Although much of the work surrounding mTORCI1 signalling and AD has investigated the
impact that manipulation of mTORC1 has on tau and A, there is also evidence to suggest
that tau and AP can upregulate the mTORC1 pathway. This was demonstrated in a
Drosophila model that overexpressed human tau with the R406W mutation, which induced
increased phosphorylation of S6K (Khurana et al, 2000). It has also been shown in a 3xTg
mouse model that mTORCI signalling is upregulated (Caccammo et al., 2010). How this
occurs is currently unknown although it is possible that the expression of AB increases the
PI3K/Akt pathway in cells (Bhaskar et al., 2009). Although it is not clear that this is how
tau upregulates the mTORC1 pathway, this would be important to investigate in future

work.
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4.4.5 Increased autophagy leads to reduced tau-mediated phenotypes and

pathology

It has been demonstrated here that upregulation of autophagy, through the expression of
Atgl, results in improved tau mediated-climbing, and learning and memory phenotypes.
This correlates with a decreased accumulation of both total and phospho tau, in line with a
number of previous studies in which rapamycin was used to treat 3xTg mice, with
increased autophagy found to correlate with decreased AB and tau pathology (Majumder et
al., 2011). Interestingly, we have found here an increase in total tau in younger flies (1 and 2
weeks old), with a subsequent decrease in tau levels at 4 weeks. It would be interesting to
see if this decrease continued at older ages. Many other studies have not investigated how
upregulation of autophagy alters tau levels at different ages, instead just testing at a single
time-point (Caccammo et al., 2010, Majumder et al., 2011). Why autophagic clearance
would lead to greater levels of tau in the early weeks is not clear, but it is possible that
autophagic clearance at early ages increases the levels of amino acids available for protein
synthesis. It has been shown here that dTORCI signalling is increased at younger ages,
suggesting greater levels of protein translation occur in younger flies. This, together with
increased availability of amino acids from the induction of autophagy in Atgl expressing
flies, may lead to more tau being synthesised in younger ages. At older ages, dTORCI
signalling is decreased meaning that less mRNA translation is occurring, but autophagy is
still increased, producing a reduced level of tau at older ages. The increased level of

htau”™*

at early ages did not correlate with worsened phenotypes in the flies. We have
demonstrated a similar phenomenon before where increased levels of tau correlated with
an improvement in phenotype. When htau™" flies were treated with lithium, an
improvement in larval phenotypes was observed, however an increase in the levels of tau
was also seen. This was shown to be caused by an accumulation of non-toxic, non-
phosphorylated tau oligomers (Cowan et al., 2015). This demonstrates the importance of
the species of tau involved, such as whether this tau is phosphorylated, misfolded or
aggregated. Therefore, it is important to further analyse the specific species of htau”™®
being expressed in the flies used here. These data also demonstrate the complex nature of

the interplay between autophagic recycling and protein translation that occurs in the cell

and how this balance is disrupted with age.

ON3R

As expression of Atgl has been reported here to improve htau " phenotypes, it would

appear that autophagic flux is either down regulated or dysfunctional in htau™™ flies. It is
possible that the htau”™" is inhibiting the autophagic pathway in some way. This has been

shown previously, where the expression of tau in the Drosophila eye was shown to cause the
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formation of large autophagic intermediates, which were not seen in control flies
(Bakhoum et al., 2014). The authors suggested that this was a tau-induced gridlock of
autophagic flux whereby tau was blocking the maturation stage of autophagy. However, the
study was conducted in larvae and young adults and so does not indicate the contribution
of ageing to this phenotype, which should be investigated in future studies. We reported
here that in 4 weeks old htau™" flies, there is decreased autophagic flux, exemplified by
low Atg8Il staining. It could be hypothesised that upregulating autophagy worsens the
phenotypes due to increased tau-induced gridlock. However, this does not appear to be the
case, with a previous study reporting that rapamycin improved the tau-mediated rough eye
phenotype (Bakhoum et al, 2014), and in being shown here, where upregulation of
autophagy improved the tau-mediated climbing and memory phenotypes. Therefore, it is
possible that tau-induced gridlock of autophagic flux is not toxic and could be a
compensatory mechanism to attempt to sequester the pathological tau (Bakhoum et al.,
2014). It is clear though, from work presented here and from others (Caccammo et al.,
2010, Majumder et al., 2011, Bakhoum et al., 2014), that autophagy is an intriguing target

for drugs to prevent or delay the progression of AD.

4.4.6 Using human resected brain tissue to study ageing

This work, in addition to demonstrating how mTORCI signalling and autophagy impact
on ageing and tauopathy, has also exemplified the advantages of using resected human
tissue. Using this type of tissue has particular advantages over using post-mortens tissue,
which is more traditionally used for studies of this type. Phosphorylation has been shown
to be rapidly reduced upon post-mortens delay (Matsuo et al., 1994), for example, in biopsy-
derived brain tissue where different phosphorylation epitopes of tau were probed in tissue
that was kept at room temperature for different time intervals. It was reported that by 4
hours, almost all phosphorylation was lost from the tau protein (Matsuo et al., 1994). This
decrease in phosphorylation could well apply to other proteins as well and so, when
assessing phosphorylation of components of the mTORCI1 pathway as an indicator of the
pathway’s activity, resected tissue from living patients is favoured over that from post-
mortem-brains. However, due to the increased accessibility of brain banks, the amount of
available post-mortem samples greatly outweighs those that have come from resected tissue
or biopsies. A limitation of the work presented here is the relatively low n numbers used to

investigate changes with age.

Probing for tau in the resected cortical tissue showed, surprisingly, that young patients had

high levels of tau phosphorylated at Ser396/Ser404 (PHFE-1). This site is frequently used to
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stain for tau in AD brain as it does not react with tau in control brains from post-mortem
tissue (Bramblett et al., 1993). This demonstrates a disparity in tau phosphorylation in
tissue derived from biopsy or resected tissue and that from post-morters material. Matsuo et
al. (1994) also found PHF-1 positive tau in biopsy derived brain, along with a number of
other traditional AD associated epitopes (Matsuo et al., 1994). In a separate study the
Ser262 site was also shown to be phosphorylated in control biopsy brain (Seubert et al.,
1995). Various other sites in addition to PHF-1 were tested using the samples presented in
this chapter, but very little signal detected using other tau phospho-specific antibodies. This
included probing for Ser262 (data not shown). It is possible that this was because these
phosphorylated epitopes are present at levels too low to detect. Therefore, if these samples
were enriched for tau it may be possible to detect other phospho epitopes. Due to the low
level of tissue in the samples used here, this was not possible but would be important to
investigate in the future. The data presented here suggest a possible explanation for why
tau phosphorylation is increased in AD brains compared with age-matched controls,
because tau phosphorylation decreases with age in control brains. An alternative reason
suggested for this is due to down-regulation of relevant protein phosphatases in AD brains.
In control brains during post-mortens, phosphatases rapidly dephosphorylate tau whereas
these phosphatases are down-regulated in AD brain tissue (Matsuo et al., 1994). This
means that less tau is dephosphorylated during post-morters delays in AD brain compared
with control brains. These studies, together with ours, demonstrate the importance of using
rapidly processed resected or biopsy brain tissue to accurately determine the biochemical
properties of proteins. At a minimum, it is very important to avoid the use of post-morten

tissue with long post-mortem delays for studies such as this.

4.4.7 Conclusions and future directions

It has been discussed here how a decrease in mTORCI signalling and increase in
autophagy with age could underlie the age-related changes in cognitive ability seen in
healthy ageing. This down-regulation of the mTORC1 pathway may be driven by increased
oxidative stress with age. This study has also shown that there is a disparity in the changes
in these pathways during ageing and AD, as the mTORCI signalling pathway has been
shown to have increased activity in AD brains. This study implies that AD is not an
inevitable extension of normal ageing and disease-associated mechanisms must cause a
switch from a healthy ageing decline in mTORCI signalling to a disease-related increase.
What causes this switch is not clear and warrants further investigation. It is possible that

the presence of abnormal proteins such as A and tau could alter the healthy decline in
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mTORC signalling. Additionally, it may well be that pathways upstream of mTORCI, such
as insulin signalling and oxidative stress, are important in causing this dysregulation in AD.
This work has also corroborated what others have found, that increasing autophagic flux
can improve tau-mediated phenotypes and this is correlated with decreased levels of tau. It
has been shown consistently that upregulation of autophagy can improve AD-associated
phenotypes and pathologies. Therefore, autophagy is an exciting area of research for

possible novel drug targets for AD and other neurodegenerative diseases.
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Chapter 5: Discussion

The ever growing ageing population has led to a global rise in age-related diseases such as
AD. As there is currently no disease modifying treatment for AD there is an increasing
need to understand the underlying mechanisms of the disease in order to find new
therapeutic interventions. Therefore, investigating how ageing contributes to the
mechanisms that underlie AD has the potential to fuel this search for new drugs. The data
described in this thesis has contributed to this investigation by exploring cellular pathways
that are implicated in ageing and how they may impact on tau pathology. Specifically,
pathways involved in mTORCI signalling and autophagy were investigated for how they
change with age and how they impact on tau pathology. This has been investigated here by

utilising Drosophila models of tauopathy and also human cortical tissue.

5.1 Investigating how tau-mediated phenotypes and pathologies

evolve with age: identification of isoform specific differences

To be able to understand how pathways such as mTORC1 and autophagy impact on
tauopathy it was important to, firstly, explore how tau-mediated phenotypes and
pathologies change with age. To do this, Drosophila expressing 3R and 4R isoforms of
human tau were assessed for age-related changes in longevity and climbing. It was found

that expression of htau”™}

caused severe deficits in lifespan and age-related decline in
climbing ability. This was correlated with an age-related accumulation in soluble tau protein

and age-related changes in phosphorylation. Interestingly, it was found that expression of

ON3R ON4R

htau™" caused more severe age-related behavioural phenotypes compared with htau
expressing flies. Biochemical analysis of the tau protein demonstrated that both tau
isoforms accumulated with age, suggestive of protein turnover becoming dysregulated with

age.

We also found that htau”™" and htau”™** had different age-related phosphorylation profiles.
htau™™ flies had increased phosphorylation at Ser262 with age. This site has been
identified as being key in tau-mediated toxicity (Nishamura et al., 2004) and for binding tau
to microtubules (Fischer et al., 2009). Tau phosphorylated at Ser262 has also been found to
stabilise de-phosphorylated tau unbound to microtubules (Ando et al.,, 2016). This may
explain why there was decreased phosphorylation, with age, at the Thr212/Ser214 site.
ON4R

Interestingly, these age-related changes in phosphorylation were not found in the htau

flies which did not exhibit as severe age-related phenotypes. These data implicate Ser262 in
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mediating tau toxicity and demonstrates the significance of certain phosphorylation sites in
isoform-specific tau toxicity. Differences such as these could explain why different tau

isoforms are implicated in different tauopathies.

Further investigation in to the different roles and toxicities of the different isoforms of tau
will lead to a better understanding of these different tauopathies. For example, it would be
interesting to assess the localisation of different isoforms of tau. Tau has been
demonstrated to mis-localise to the somatodendritic compartment when phosphorylated
(Gotz et al.,, 1995), but it is unclear whether some isoforms of tau are more prone to this
mis-localisation than others. In addition, it would be important to investigate the ability of
different isoforms to bind to and stabilise microtubules as this was not assessed here. Also
it would be interesting to investigate the other isoforms that have the addition of the 1N or
2N repeats as this study has only investigated the ON isoforms. It has been demonstrated
here that Drosophila are a useful model for studying tau-mediated phenotypes and
pathologies. However, future studies should take into consideration the genetic background
of the flies and tau protein expression levels. New lines can be generated that have
different UAS-htau isoforms inserted in to the Drosophila genome at specific sites.
Previously transgenes have been inserted randomly in the Drosophila genome whereby
different insertions can have dramatic effects on the same transgene. For example, the
phiC31 integrase has been used to generate landing sites that are optimised to express
transgenes in the nervous system (Knapp et al., 2015). This is potentially a very useful
genetic tool for studying tauopathy in Drosophila neurons that could be used in future

experiments.

5.2 What is the species of tau that underlies age-related tau

phenotypes?

Investigation of the age-related changes in tau protein, reported here, also provided insight
into what the species of tau is that causes toxicity. The data shown in this thesis
demonstrated that the tau-mediated phenotypes in the different Drosgphila models were due
to small, soluble species of tau, as very little insoluble tau was found, even in aged flies.
What the toxic species of tau are has been the cause of much debate in the AD field. This
is because there is evidence for both large aggregates, such as NFT's and PHFs, and also for
smaller oligomeric species being responsible for neuronal dysfunction and degeneration, as
reviewed in (Cowan & Mudher, 2013). Other studies in Drosgphila corroborate these
findings. Tau-mediated dysfunction and neurodegeneration has been shown to occur in a

number of different Drosophila models without the appearance of PHFs and NFTs
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(Wittmann et al.,, 2001, Mudher et al., 2004, Mershin et al., 2004, Kosmidis et al., 2010).
This is not to say that PHFs and NFTs do not also have roles in inducing tau-mediated
dysfunction and degeneration, it is just clear that they are not required for the toxic effects
of tau. To understand the relative contributions of different species of tau will be
challenging as, both, in humans and animal models a range of different species of tau are
present together at the same time. Separating out these different species and testing their
relevant functions and toxicities in neurons will be vital to understanding which tau species

are important to target for therapeutic intervention.

5.3 How does tau affect age-related changes in circadian rhythms?

In addition to studying tau-mediated changes in phenotypes such as longevity and
locomotion, circadian rhythms were also assessed in ageing htau”™" flies. As the Drosophila
and mammalian molecular clocks that drive circadian rhythms are highly conserved it is
possible to use Drosgphila to model age-related changes in circadian rhythms. Others have
found that disruption of the normal oscillation of the molecular clock causes exacerbation
of tau-mediated phenotypes (Means et al., 2015), but until now the effect that tau has on
circadian rhythms has not been assessed in flies. We demonstrated here that htau™"
expression causes period lengthening and slowing of the circadian clock. This effect was
exacerbated with age in male flies. It was also shown that htau”™" expressing flies exhibited
more nocturnal activity than non-expressing controls. Using the TARGET system, it was
possible to restrict expression of htau”™™" to adulthood. We found that 1 week of adult
expression was sufficient to cause an increase in period length in male flies. Therefore, this
suggests that this is mediated by a soluble non-aggregated tau species. This effect
potentially could be due to phosphorylated tau disrupting the axonal transport of PDF.
These results are particularly relevant to AD since patients exhibit disruptions in circadian
rhythms early on in disease progression (Hahn et al., 2014). Although changes in daily
sleep/wake cycles is an eatly symptom in disease, it is often overlooked due to the
debilitating nature of the other symptoms of AD, such as loss of memory. Unravelling the
mechanisms that underlie this may provide a biomarker target for early diagnosis of the
disease. An important line of enquiry is how AB and tau potentially cause dysfunction and
degeneration to neurons that control the circadian clock in the brain. These studies provide

evidence that expression of these two proteins can disrupt circadian rhythms.

Future work will include investigating the mechanisms of how tau can cause disruptions to
clock neurons. For example, it will be important to understand whether tau-mediated

dysfunction of Pdf neurons is due to microtubule-destabilisation. Drosgphila mutants of
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other microtubule stabilising proteins can be used to investigate this. If mutations in other
microtubule-stabilising proteins, for example, showed a similar period lengthening
phenotype it may suggest that microtubule destabilisation does indeed underlie this effect
of htau™*. In addition, it would be important to further characterise changes to Pdf
neurons with age. Using confocal microscopy, it would be possible to image how

: ON3R
expression of htau

potentially causes degeneration to Pdf neurons with age. These
studies will lead to a fuller understanding of how tau can impact on circadian biology and

why circadian rhythms become dysregulated in AD.

5.4 How do pathways that affect protein turnover change with age?

Age-related deficits in Drosophila behaviour were also correlated with accumulation of tau
protein with age, demonstrated both in Chapters 2 and 4. This suggests that tau turnover
becomes dysregulated with age. Protein turnover is regulated by different pathways that
control mRNA translation and protein clearance. Specifically, the mTORCI signalling and
autophagy pathways were probed here. To be able to understand whether these pathways
contribute to age-related dysregulation of tau turnover it was important to, firstly,
understand how these pathways change in normal ageing. To do this, human cortical tissue
that was resected from differently aged living patients was used. We found that mTORC1
signalling appeared to decrease and autophagic clearance remained constant although there
was a trend for an increase in autophagic flux. This was correlated with an age-related
decrease in total and phospho-tau. Therefore, it is possible that an age-related down-
regulation of the mTORC1 pathway is a consequence of normal ageing. The fact that
neurons are extraordinarily long lived, relative to other cell types in the body, means that
they require mechanisms that conserve energy and survival. Decreased mTORCI signalling
with age leads to decreased mRNA translation and protein synthesis and increased
autophagic clearance of damaged proteins from the cell. Autophagy was not found here to
significantly change with age in the human brain, this suggests that down regulation of
mTORCI signalling effects tau via decreasing mRNA levels rather than through increased
clearance via autophagy. It would be important to examine tau mRNA levels using qPCR
in the human brain samples to further demonstrate this. Others have shown that inhibition
of the TORC1 pathway is associated with extension in lifespan (Kapahi et al., 2004,
Hansen et al., 2007, Selman et al., 2009). Is it possible then that human neurons require the

mTORCI pathway to be downregulated with age to be able to survive for many decades?

Alternatively, it is also possible that mTORCI signalling is downregulated by age-related

increases in ROS accumulation. ROS has been reported to reduce the activity of mTORCI1
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signalling in cells (Chen et al., 2010, Byun et al., 2009). Therefore, it will be important to
understand how regulators of the mTORCI1 pathway, such as oxidative stress, also change
with age in normal ageing, to provide a broader understanding of how the brain ages. This
is an ongoing project and the enrolment of more patients to this study will provide a clearer
indication of how pathways such as mTORCI1 and autophagy change during ageing. Future
work, using this tissue, could potentially assess other age-related pathways, such as
oxidative stress, insulin signalling and the UPS. In addition, although the tissue used here
was classified as “non-pathological” this tissue was resected from patients with a number
of different inflictions. Therefore, it will be important to compare tissue between disease
types to ensure that any changes seen here are not due in part to the underlying diseases in
these patients. It would also be interesting to assess this tissue relative to age matched post-
mortem tissue to further characterise the differences between using fresh tissue compared

with tissue that has been exposed to variable post-mortens delays.

5.5 Is the mTORCI signalling pathway dysregulated in AD?

Although mTORCI1 signalling has been suggested here to be reduced in normal ageing it
has been documented in a number of studies that the mTORC1 pathway has increased
activity in AD (Li et al., 2015, An et al., 2003, An et al., 2004). This suggests that mTORC1
signalling becomes dysregulated in the AD brain, resulting in activation of the mTORCI
pathway. Increased activation of mTORCI signalling could lead to increased tau translation
and reduced autophagic clearance, allowing tau to accumulate (Figure 5-1) and form the tau
pathology seen in AD. This could occur for a number of different reasons as the mTORC1
pathway is regulated by a wide range of factors. Some of these factors have also been
implicated in the pathogenesis of AD such as insulin signalling and oxidative stress. It is
also possible that increased levels of tau and AB can induce increased mTORCI activity.
This has been shown both in flies (Khurana et al., 2006) and in 3xTg mice (Caccammo et
al., 2010). How and why tau and AB increase mTORCI activity is currently unknown,
however it has been found that AB oligomers can activate the PI3K-Akt signalling
transduction pathway which lies upstream of mTORCI signalling (Bhaskar et al., 2009).
Tau’s effects on the PI3K-Akt pathway will be an important line of investigation for the

future to understand whether tau can also affect mMTORCI signalling in this way.
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Figure 5-1. Schematic of differential mMTORCI signalling in healthy ageing and AD.

In healthy ageing mTORCI signalling pathway is downregulated to maintain low levels of protein
synthesis and high autophagic clearance, resulting in low levels of tau protein. In AD increased
mTORC1 signalling increases protein synthesis and inhibits autophagic clearance, resulting in
accumulation of tau pathology.
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If increased mTORCI signalling and decreased autophagy do cause tau pathologies to
accumulate in AD, it should be possible to reduce these pathologies by inhibiting the
mTORC1 pathway and upregulating autophagy. This was attempted here by using
transgenic Drosgphila that expressed Rhebgy ;, however it could not be fully elucidated that
Rheb was knocked down in these flies and this will need to be fully investigated in future
experiments. However, co-expression of Rheby,,; did appear to reduce tau-mediated
climbing deficits. Other mutants of the dTORC1 pathway could similarly be used such as
S6K mutants as used in (Bjedov et al, 2010). In addition, htau”™" deficits were
characterised here in both circadian rhythm and memory assays. These assays can now be

used to test these mTORC1 mutants.

5.6 How is autophagy involved in the pathogenesis of tauopathies?

Here it was demonstrated that if autophagy initiation is up-regulated by expression of Atgl

in Drosophila then htau™"

-mediated deficits in locomotion and memory phenotypes were
improved. Expression of Atgl also caused reduced total and phospho tau accumulation
with age. This corroborates what others have found, both in mice (Caccammo et al., 2010,
Majumder et al,, 2011) and in flies (Bakhoum et al., 2014) that up-regulation of autophagy
alleviates tau pathology and improves tau-mediated phenotypes. However, what remains
unclear is how autophagy is implicated in the pathogenesis of tauopathies. Others have
suggested that autophagy is down-regulated in AD (Pickford et al,, 2008). Conversely
others have demonstrated that the prescence of tau may trigger autophagy but the process
is dysfunctional, unable to clear aggregates of tau. For example, in the human brain
markers of autophagy have been found to co-localise with the NFTs found in AD brains
(Ma et al., 2010). Bakhoum et al., found that the expression of human tau in Drosophila
induced the accumulation of large autophagic bodies containing partially digested tau
fragments (Bakhoum et al., 2014). This suggests that autophagy becomes dysfunctional in
tauopathies. Future work is required here to demonstrate the state of autophagic flux in
this model presented here. Bakhoum et al., only demonstrated the prescence of autophagic
bodies during a stage in development and not in the adult ageing fly and therefore this
would be important to explore. There is some suggestion from the analysis of Atg8II levels
in the flies used here that autophagic flux is inhibited, however, this needs to be
corroborated using a number of additional readouts of the autophagy pathway. These
should include investigating Ref(2)B levels (homolog of p62) and the use of confocal and

electron microscopy to visualise potential autophagic bodies.
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These studies collectively demonstrate autophagy as a potential therapeutic target for the
treatment of tauopathies. This has generated a lot of interest in finding drugs that target
autophagy, see review (Levine et al, 2015). Some of these drugs, such as lithium and
Metformin, are already FDA approved for other diseases, such as Bipolar Disorder and
Diabetes respectively. However, translating these drugs to clinical research in
neurodegenerative diseases will be particularly challenging as assessment of autophagic
clearance cannot be performed in living people without neurosurgery. A biomarker is
therefore required that can measure autophagic flux for it to be possible to assess the
efficacy of potential drugs in patients (Levine et al.,, 2015). However, there is evidence to
suggest that autophagic activity can be increased by non-pharmacological interventions.
Exercise, for example has been shown to stimulate autophagy in both skeletal muscle
(Grumati et al., 2011) and in the cerebral cortex of mice (He et al., 2012). In addition,
autophagy via dietary restriction is required to extend lifespan in a number of different
species including C. elegans (Morselli et al., 2010). These studies imply that diet and exercise
can prevent the formation of disease-related pathologies in humans. Autophagy, therefore,
remains an enticing target for therapeutic intervention and future research into this could

benefit a wide range of diseases that involve the accumulation of toxic aggregated proteins.

5.7 Future directions in age-related research in relation to AD

Studying the pathways that underlie ageing and how these pathways interact with age-
related disease is highly complex. This is due to there being many inter-connected pathways
that regulate both ageing and AD. However, investigating how these pathways converge on
both ageing and AD have led to a clearer understanding of why age increases the risk of
AD. Here we suggest that the normal age-related reduction in activity of mTORCI1
signalling and increased autophagy is dysregulated in AD. This implies that dysregulation of
these pathways increases the risk of AD. Further investigation of the pathways that
regulate mTORC1 and autophagy will be vital in the discovery of therapies that prevent

and treat age-related diseases such as AD.
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Chapter 6: Appendices

Appendix A Supporting data for Chapter 2
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Figure 6-1. Learning and memory in olfactory learning assay of htau”™3R and htau'NR expressing
flies.

Data produced by Skoulakis laboratory. (A+B) Htau™4R expressing flies show significant
impairments in both learning and memory compared to non-expressing htau'N*R flies and Elav
controls. (C + D) Htau™3R expressing flies are not significantly different to either htau'N*R non
expressing and Elav controls.
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Figure 6-2. htau'N3R and htau'N*R have different toxic effects in the eye.

The outlines of sensory neurons in the eye are visualised by a tagged membrane bound (myr-REP)
was co-expressed with each tau isoform. (A-C) No degeneration was seen at 5 days in either
isoform or in myr-RFP controls. (D-F) Day 20 degeneration seen in both isoforms. (I-K) Day 40
htau™*R neurons have almost completely degenerated but some htau™R neurons remain. (G)
Increased expression of htau™3R seen at 20 days relative to (H) htau/™N4R,
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Appendix B Supporting data for Chapter 3.

Table 6. Circadian data of all lines tested using Pdf-GAL4 driver, both genders for 4 weeks.

1-way ANOVA performed on data with Bonferroni multiple comparisons, statistical significance
indicated if Pdf>+ or +>htau”™3R are significantly different to Pdf>htau™3R, * P<0.05, **P=<0.01,
#HP=<0.001, ¥+ P<0.0001.

Age of  Genotype Gender

flies
Pdf>htau™®  Males 24.70 1.56 87 23
Females 24.65 1.36 62 21
. Pdf>+ Males 24.18 1.48 97 32
Females 24.70 1.50 73 26
+>htau™" Males 23.91+ 2. 26w+ 100 27
Females 24.29 1.78+ 92 26
Pdf>htau™® Males 25.13 1.50 100 12
Females 24.73 1.49 88 17
Pdf>+ Males 24.50 1.72 94 32
R Females = 23.55%+ 1.74 81 26
+>htau™* Males 23.59 1.93 92 12
Females 22.90 1.87 77 13
Pdf>htau™® Males 25.05 1.65 91 11
Females 24.36 1.34 69 16
Pdf>+ Males 24.10 1.76 92 26
AL Females 23.84 1.68 86 22
+>htau™" Males 23.86 1.61 82 11
Females 23.30 1.59 50 10
Pdf>htau™®  Males 25.28 1.56 90 10
Females 24.71 1.27 73 11
Pdf>+ Males 24.30+ 1.69 92 25
PSR Females 23.92 1.54 63 19
+>htau™" Males 24.07 1.55 88 8
Females 23.50 1.41 50 6
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Appendix C  Supporting data for Chapter 4
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Figure 6-3. The effect of RU486 on control flies' climbing ability.
Flies tested here are the driver line (ElavGS) without being crossed to a UAS-responder. Climbing

assessed for 4 weeks (n=50). No significant difference in climbing ability in flies given RU486 and
those not given RU486.
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Step 1
UAS-htau™" : + X Scu ; Stub
UAS-htau™™ : + CyO ; Tub
Step 3
UAS-htau™" ; + X Scu ; Stub
CyO; Tub CyO: Tub
Step 5
UAS-htau”™™" ; Stub
CyO ; Tub
Step 6

UAS-htau™™ ; Tub
CyO ; Rhebg,,

Step 2
+; RhEbRNAi X Scu y Stub
+; Rhebg,, CyO; Tub
Step 4
+; Rheby,, Scu ; Stub
CyO: Tub CyO ; Tub

Stub ; Rhebyg,,
CyO ; Tub

UAS-htau”™™® : Tub
CyO ; Rhebgy,

+—— X +— X

Double transgenic flies
UAS-htau™" ; Rheb,,,

UAS-htau™™" ; Rhebg,,,

Figure 6-4. Schematic for making double transgenic lines.

Demonstrated here is how htauN3R; RhebRNAi and htau®™3R; Atgl flies were made. but the same
scheme was also applied to making the htau'N3R; Atgl flies. UAS-htau™3R is homozygous on
chromosome 2, UAS-Rhebrnai is homozygous on chromosome 3. The double balancer line
wl1118/Dp (1; Y) y+; CyO/nubl bl snaSco 1t1 stw3; MKRS/TM6B, Tb1 was used to track
inheritance. On chromosome 2 the balancer chromosomes contains the phenotypic markers; curly
wings (CyO) and reduced scutellar bristles (Sco). On chromosome 3, the markers on the balancer
chromosomes are stubble bristles (MKRS or Stub) and tubby larvae/pupae (Tb ot tub). In steps 1
and 2 each of the homozygous lines is crossed onto the balancer line, with the resultant progeny
crossed back onto the double balancer line in steps 3 and 4. The balanced single heterozygotes are
then crossed with each other in step 5. The resultant double heterozygote progeny are crossed
together in step 6 and progeny are selected that do not show any markers. These are then used to
establish the homozygous double transgenic line.
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Figure 6-5. Longevity of female ElavGS flies and htau®™3R flies.

Comparison between expressing flies (+RU4806) and non expressing flies ((RU486). A) ElavGS flies
used as control. +RU486 does not affect longevity. B) ElavGS; htau™3R flies, expression of
htau'N3R does not affect lifespan. Statistical analysis performed using Mantel-Cox test (n=>50).
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Figure 6-6. Longevity of female Rheb mutant flies.

Comparison between expressing flies (+RU486) and non-expressing flies ((RU486). A) Expression
of Rheb does not alter longevity. B) Expression of Rhebrnai does not alter longevity. C) Co-
expression of htau™R and Rheb does not alter longevity. D) Co-expression of htau™3R and
Rhebrnai does not alter longevity. Statistical analysis performed using Mantel-Cox test (n=50).
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Figure 6-7. Longevity of female Atg]l mutant flies.

Comparison between expressing flies (+RU486) and non-expressing flies ((RU486). A) Expression
of Atgl signifcantly increases lifespan (p=0.0334) B) Expression of Atglrnai does not alter
longevity. C) Co-expression of htau'™3R and Atgl significantly reduces lifespan (p=0.0126). D) Co-
expression of htau™3R and Atglrnai significantly increased lifespan (p=0.0001). Statistical analysis
performed using Mantel-Cox test (n=50).
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Appendix D  Additional methods/ recipes

Standard Bloomington fly media (1L)

dH,O (ml) 1
Agar (g) 6
Yeast (g) 17.5
Soya flour (g) 10
Yellow maize meal (g) 73.1
Light malt extract (g) 46.2
Dry weight sucrose (g) 48
Additional dH,O (ml) 80
Propionic acid (ml) 5

1. Agar, yeast, soya flour and yellow maize meal are mixed with 1/5 total watet into a

smooth paste.

2. The remaining water is boiled and malt and sucrose are then added. Mixture stirred until

dissolved.

3. Add malt/sucrose solution to agar/yeast/soya flour/maize paste, mix and boil, stirring

constantly. Boil for a few minutes.
4. Allow to cool to 60°C and then add propionic acid and stit through.

5. Pour into vials and leave covered to cool (2hrs-overnight) before plugging with cotton

wool bungs and storing in fridge.
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Appendix E  Drosophila genotypes

Table 7. List of fly stocks used in Thesis.

Drosophilaline
Oregon R

Elav GAL4 (pan
neuronal driver)
MB GeneSwitch
driver (drug
sensitive)

Elav geneswitch
driver (drug
sensitive)

3 repeat human
tau

UAS-Atgl

Tau;
Atg1/Cyo;Tubby
4 repeat human
tau (low
expressor)

4 repeat human
tau (high

expressor)
1118
W

Pdf-GAL4

Pdf-
GAL4;tubulinGA
L80ts
UAS-Atglpna;
UAS-Rheb
UAS-Rhebg,;

Double balancer
line

Genotype
+;+;+;+ (wild type no insetts)
Elav®'>-Gald;+;+;+

+;+;MB-GeneSwitch;+;+

yw;Elav-GeneSwitch;+;+

w' % UAS- htau”™ " +;+

y[1] w[*]; P{w[+mC]=UAS-
Atgl.S}6B

w'"UAS-htau™* /CyO; UAS-
Atgl/Tub
+/+;UAS-htau™*"*/Ser

+/+;UAS-htau™*®"¢"/ UAS-
heauNRbiEh. 4 /4

+;+; 5+
Pdf-GAL4;+;+

Pdf-GAL4;tubulinGALS0™

y[1] v[1]; Piy[+7.7]
v[+t1.8]=TRiPJF02273} attP2
w[*]; P{w[+mC]=UAS-
Rheb.Pa}3

yl1] sel] vi1]; Poy[+7.7]
v[+t1.8]=TRiP.HMS00923} attP
2
w1118/Dp(1;Y)y+;CyO/nublb
1snaScoltlstw3;MKRS/TM6B,
Tb1
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Chromosome
N/A
I

111

II

II
111
TI&IIT

11T

111

N/A
II

TI&IIT

11T
11T

11T

TI&IIT

Obtained
from
Bloomington
Stock Centre
Bloomington
Stock Centre
Davies Lab

Bloomington
Stock Centre

Bloomington
Stock Centre
Bloomington
Stock Centre
Made by
Megan Sealey
Torsten

Bossing

Skoulakis lab

Bloomington
Stock Centre
Herman
Wijnen
Herman

Wijnen

Bloomington
Stock Centre
Bloomington
Stock Centre
Bloomington
Stock Centre

Bloomington
Stock Centre
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Appendix F Research impact

PUBLICATIONS

Sealey M, Gleeson T, Dickinson B, Mudher A et al., The microtubule-associated protein Tau slows down
circadian rhythms when over-expressed in Drosophila clock neurons, wanuscript in preparation.

Cowan CM, Sealey M, Quraishe S, Mudher A, Oxidative stress contributes to tau-mediated neuronal
dysfunction in an isoform-specific manner, manuscript in preparation

Sealey M, Cowan CM, Bossing T, Vourkou E et al, Distinct phenotypes of three-repeat and four-repeat
human tau in a transgenic model of tauopathy, manuscript submitted to Nenrobiology of Disease

Quraishe S, Sealey M, Cranfield L, Mudher A (2016), Microtubule stabilising peptides rescue tau
phenotypes in vivo, Scentific Reports, doi: 1038/srep38224

Cowan CM, Quraishe S, Hands S, Sealey M et al., (2015), Rescue from tau-induced neuronal dysfunction
produces insoluble tau oligomers, Scientific Reports, doi: 10.1038/step17191

Sinadinos C, Quraishe S, Sealey M, Samson B et al., (2013) Low Endogenous and Chemical Induced Heat
Shock Protein Induction in a ON3Rtau-Expressing Drosophila Larval Model of Alzheimer's Disease, |
Alzbeimer’s Dis., doi: 10.3233/JAD-2012-121534

Note: In addition to the above publications that have either been published or are being prepared for
submission we also plan to submit a small paper on the learning and memory assay, a paper on human brain
ageing using data from chapter 4 and also a paper on autophagy in the flies, also using data from chapter 4.

Presentations
Date Event/Conference Type of presentation
May 2013 SoNG-Departmental seminar Oral
July 2013 Kerkut Symposium Oral
September SoNG Symposium Poster
2013
March 2014 Alzheimer’s Research UK Poster
May 2014 SoNG Departmental seminar Oral
July 2014 UoS Biological Sciences Postgraduate Symposium. Poster (1%t prize)
July 2014 Kerkut Symposium Oral
March 2015 Alzheimer’s Research UK Poster
March 2015 Alzheimet’s & Patkinson’s Diseases Congtess — AD/PD, | Poster
Nice
March 2015 SoNG-Departmental seminar Oral
July 2015 Kerkut Symposium Oral
July 2015 UoS Biological Sciences Postgraduate Symposium. Oral
September SoNG Symposium Poster
2015
March 2016 Alzheimer’s Research UK Poster
April 2016 SoNG-Departmental seminar Oral
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