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Abstract

The tauopathies comprise a broad group of neurodegenerative diseases that are
characterised by pathological alterations of tau in the brain that lead to synaptic
dysfunction, changes in neuronal bioenergetics and loss of neuronal connectivity.
There is growing evidence that tau fragmentation may be at least in part responsible
for the clinical presentation in these disorders. In particular, diseases in which four
microtubule-binding repeat tau isoforms are overrepresented, such as progressive
supranuclear palsy, exhibit a truncated form of wild-type tau (termed Tau35) that is
absent from age-matched control brain. However, whether this tau fragment is

involved in disease pathogenesis is not yet clear.

In the work presented here, potentially pathogenic processes were studied in a new
mouse model of tauopathy in which Tau35 is expressed under the control of the
human tau promoter. Unlike most existing tau transgenic mice, expression of Tau35
comprises less than 10% of that of endogenous mouse tau and thus is more
representative of human tauopathies. Tau35 mice demonstrate key features of human
tauopathy, including progressive cognitive and motor deficits and reduced life-span.
The work in this thesis has revealed that Tau35 mouse brain exhibits astrocytic
activation, autophagosomal accumulation, and a reduction in the number of
mitochondria. Investigation of changes in the peripheral nervous system revealed

degenerative changes at the neuromuscular junction in aged Tau35 mice.

Primary cortical neurons cultured from Tau35 mice demonstrated elevated tau
phosphorylation, morphological changes and a significant decrease in the density of
dendritic spines. Further analysis of mitochondria in mature Tau35 cortical neurons
showed a deficit in mitochondria that was comparable with that found in Tau35 mouse

brain, including a reduction in the number of axonal mitochondria. Live-imaging of



Tau35 neurons demonstrated altered mitochondrial mobility with a preference
towards mitochondrial retrograde movement and reduced anterograde mitochondrial

flux.

In summary, these findings enhance our understanding of the effects of a particular
disease-associated tau fragment on disease progression in the tauopathies. This
work provides new insights into potential mechanisms that could represent early
events that are adversely affected in the course of human tauopathy. This emulation
of disease progression in a novel and highly relevant mouse model of disease will aid
discovery of the critical molecular pathways that are affected and may also identify

potential therapeutic strategies for human tauopathies.
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Chapter 1: Introduction

1.1 Tau Protein

Tau is a microtubule-associated protein that is encoded by the microtubule associated
protein tau (MAPT) gene located on chromosome 1721 (Weingarten et al., 1975;
Neve et al., 1986; Andreadis, 2006). Tau is overall an unfolded and hydrophilic protein
(Jeganathan et al., 2008; Mukrasch et al., 2009). The structure of tau is crucial for its
normal function. It comprises of 4 components. Firstly, the N-terminus with an acidic
region is followed by the proline-rich domain (PRD). Next is the microtubule binding
region (MBR), that is essential for tau function and contains either three or four
carboxyl terminal repeat domains (R) that facilitate tau binding to microtubules. The
final section of tau protein is the C-terminus (Mandelkow et al., 1996). The
microtubules binding domain consists of repeated motifs that allow tau to perform its
main function i.e. binding and stabilising microtubules. Tau is found predominantly in
neurons but is also present at low levels in glia and in interstitial fluid (Goedert et al.,
1989; LoPresti et al., 1995; Goedert et al., 1996; Wang and Mandelkow, 2016;
Yamada, 2017) The subcellular localisation of tau changes depending on the stage
of neuronal development (Drubin et al., 1984). In developing neurons, tau is present
throughout the neuron, including the cell body and neurites. As neurons mature, they
become more polarised and tau is predominantly detected in axons, with much less
tau apparent in dendrites and the nucleus (Black et al., 1996; Papasozomenos and

Binder, 1987; Kempf et al., 1996; Mandell and Banker, 1996; Sultan et al., 2011).

Tau is a multi-functional protein, which in addition to its role as a microtubule stabiliser,
is also involved in adult neurogenesis, modulation of several signaling pathways,
synaptic function and DNA damage protection through nuclear organisation (Sjoberg

et al., 2006; Reynolds et al., 2008; Gémez-Ramos et al., 2009; Ittner and Go6tz, 2011;
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Sultan et al., 2011; Spillantini and Goedert, 2013). Some tau isoforms, particularly
1N4R, are present in the nucleus (Liu et al., 2013). Tau phosphorylation affects its
function in the nucleus, especially tau being localised in the nucleus (Maina et al.,
2015). Nuclear tau can bind to DNA, possibly protecting DNA integrity upon exposure

to heat stress (Sultan et al., 2011).

1.1.1 Alternative splicing of MAPT

In the human central nervous system (CNS), the tau mRNA transcript expresses six
tau isoforms of molecular weights between 37-48 kDa, due to alternative splicing of
exons 2, 3 and 10 (Goedert and Jakes, 1990). In total, alternative splicing yields six
tau isoforms that can be differentiated by the presence of zero, one or two N-terminal
inserts (ON, 1N, or 2N, respectively) and the presence of either three (3R) or four (4R)
MBR (Fig. 1.1). The 3R and 4R isoforms are present in approximately equal amounts
in the brain of a healthy adult and the 2N (~9%) isoform is under represented in
comparison with the ON (~37%) and 1N (~54%) isoforms (Goedert and Jakes, 1990).
There are certain specific patterns that the splicing of tau protein follows. For example,
exons 2 and 3 each encode 29 amino acids in the amino terminal region of tau, and
exon 3 is not transcribed in the absence of exon 2 (Fig. 1.1). Exons 4A, 6 and 8 are
transcribed exclusively in the peripheral nervous system, generating a series of larger
tau proteins of 110-120 kDa. Interestingly, during development, foetal brain expresses
exclusively the shortest tau isoform (ON3R) (Fig. 1.1) (Goedert et al., 1988; Guo et

al., 2017).

Mouse and human tau proteins are highly homogenous, sharing 92% sequence
similarity, but they differ considerably in the N-terminal region, where there is only
57% sequence similarity (Goedert et al., 1988). However, it is important to note that

rodent tau isoforms are represented in different proportions as adult mouse brain

24



expresses almost exclusively 4R tau isoforms (Takuma et al., 2003). In contrast, 3R

tau is present only in foetal and new-born mice (Llorens-Martin et al., 2012).
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Fig. 1.1 Six tau isoforms in the human CNS
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The C-terminal region is common to all six human CNS tau isoforms (image adapted

from Guo et al., 2017).

26



1.1.2 Tau protein structure and function

The 2N4R tau isoform comprises 441 amino acids, including 80 serine (S) and
threonine (T) residues, 56 aspartate (D) and glutamate (E) residues, 58 lysine (K) and
arginine (R) residues, 5 tyrosine (Y), and 3 phenylalanine (F) residues. Overall, tau is
a basic protein, however, the ~120 N-terminal residues are predominantly acidic, and
the ~40-residue C-terminus is approximately neutral (Wang and Mandelkow, 2016).
It has been proposed that when tau is free in the cytoplasm it adopts a ‘paperclip’
conformation (Jeganathan et al., 2008; Mukrasch et al., 2009). The ‘paperclip’ is
suggested to be formed when the C-terminus folds over the microtubules binding
domain and the N-terminus folds over the C-terminus. However, upon binding to the
microtubules, a more open tau conformation is adopted. In addition, tau conformation
is readily disrupted by phosphorylation of tau on the proline residue that manipulates
loosening or tightening of the ‘paperclip’ structure (Jeganathan et al., 2008; Mukrasch

et al., 2009).

Fig. 1.2 Paperclip confirmation of Tau

Full-length 2N4R tau adopts a paperclip conformation by folding of the C-terminal
domain onto the microtubule-binding repeat (R1-R4) domain, with the N-terminal

domain folding over the C-terminus (adapted from Jeganathan et al., 2008).
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Tau participates in signalling cascades and regulates axonal transport in neurons
(Chen et al., 1992; Kanaan et al., 2011). In addition, the two N-terminal inserts might
affect the subcellular distribution of tau in neurons because, in mice, the ON, 1N and
2N tau isoforms show distinct subcellular distributions (Liu and Goétz, 2013; Liu et al.,
2016). Moreover, distinct binding partners of tau display preferences towards different
tau isoforms, as revealed by co-immunoprecipitation with tau isoform-specific
antibodies. For example, in C57BL/6 mice compared to tau knockout mice,
apolipoprotein A1 (ApoA1) displays a five-fold preference for interaction with 2N tau
isoforms, whereas B-synuclein showed a preference for binding to ON tau isoforms
(Liu et al., 2016). ApoA1 is a major component of high density lipoprotein (HDL) and
is involved in lipid metabolism (Saczynski et al., 2007). It has been also observed that
ApoA1 has neuroprotective properties and its low concentration in plasma is
associated with AD. (Slot RE et al.,, 2017) The other protein, B-synuclein, is an
abundant presynaptic protein, similar to its homolog, a-synuclein. Both proteins are
important for neuronal plasticity and synaptic vesicle regulation. (Sriwimol et al., 2018)
However, B-synuclein has a much lower tendency to aggregate in comparison to a-
synuclein. Furthermore, it has been found to inhibit a-synuclein aggregation. (James

W.P. Brown., 2016)

Although tau plays a crucial role in brain development and function, tau knock out
(TauKO) mice do not show a severe phenotype (Dawson et al., 2001; Harada et al.,
1994). Neurons generated from TauKO mice appear to maintain their morphology and
cytoskeletal organisation (Harada et al., 1994). However, TauKO mice show a
selective deficit in long term depression (LTD) in the cornu ammonis 1 (CA1) region
of the hippocampus in tau-knockout mice in vivo and ex vivo (Kimura et al., 2014a).
In addition, changes observed in neurons in TauKO mice imply that tau may play an
important role in neuronal activity and synaptic plasticity (Kimura et al., 2014b).

However, knocking out tau led to a decrease in migration of new-born neurons from
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the subgranular zone of the hippocampal formation to the granular layer, instead of a

reduction in neurogenesis (Fuster-Matanzo et al., 2012).

1.2 Tau interactions

In addition to interacting with microtubules, tau has many other binding partners, such
as a-synuclein, apolipoprotein E and presenilin 1 (Jensen et al., 2008). Tau protein
binding to actin filaments allows control of cytoskeletal structure. Furthermore, tau
can act as a signalling scaffold. In mouse brain, tau interacts with both the tyrosine
kinase Fyn and the scaffolding protein postsynaptic density protein 95 (PSD95).
Knocking out tau in mice abolishes the translocation of Fyn into postsynaptic sites in

dendrites (lttner et al., 2010).

The N-terminus of tau projects away from microtubules, allowing tau to bind to other
components of the cell. The N-terminus of tau interacts with the microtubule motor
protein dynein, through the p150 subunit of the C-terminus of dynactin complex that,
in turn, allows interaction and transport of membranous cargoes, such as cellular
organelles (Magnani et al., 2007). The different domains of tau bind many different
types of molecules, suggesting a central role in signaling pathways and cytoskeletal

organization (Kotani et al., 1985; Fulga et al., 2007; He, 2009).

1.3 Tauopathies

Neurodegenerative tauopathies are a heterogeneous group of dementias and
movement disorders that are neuropathologically characterised by prominent
intracellular accumulations of abnormal filaments that form neurofibrillary tangles
(NFTs), formed of tau, as well as other tau inclusions in neurons and glia. Tauopathies
include but are not limited to, Alzheimer's disease (AD), frontotemporal lobar

degeneration (FTLD-tau), Pick’s disease (PiD), and progressive supranuclear palsy
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(PSP). These diseases can have both sporadic and familial origin. A key
neuropathological characteristic of the tauopathies is the presence in the brain of tau
deposits which may be apparent many years before the onset of clinical symptoms
(Fig. 1.3) (Gauthier-Kemper et al., 2011). Extensive studies of tau have shown that
the presence of a tau mutation alone is sufficient to cause neurodegenerative disease

(Hutton et al., 1998).
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Fig. 1.3 Different types of tau pathology in human tauopathies
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Immunohistochemistry with phosphorylation-dependent anti-tau antibody AT8. From
left to right, upper panel: typical flame-shaped neurofibrillary tangles in AD; globose-
type neurofibrillary tangles and tufted astrocytes in PSP. Lower panel: Pick bodies in
PiD; astrocytic plaques in CBD; argyrophilic grains and pre-tangle neurons in

argyrophilic grain disease (AGD) (Clavaguera et al., 2013).
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1.3.1  Alzheimer’s disease

AD is by far the most common form of dementia with 850,000 people in the UK alone
living with the disease and this number is set to rise to 1 million by 2025 (Prince et al.
2014). Current predictions are that AD will affect 152 million people globally by 2050,
making it a global epidemic (Brookmeyer et al., 2007). Age is the biggest risk factor
for AD (Lindsay et al., 2002). Because of great improvement in healthcare and
increase in longevity of the human population, AD is predicted to have a huge impact

on the economy (Wimo et al., 2013).

In AD, the CNS contains tau which is abnormally phosphorylated and forms NFTs in
the brain (Tortosa et al., 2011). NFTs are primarily localised to the soma, but when
neuronal death occurs, they are released into the extracellular space and may
become associated with microglia and astrocytes (lkeda et al., 1992). The Braak
classification system categorises neuropathological disease progression as six
different stages (Braak and Braak, 1991). This staging is based on the evidence that
NFTs spread throughout the brain in a consistent pattern (Braak and Braak, 1991). At
first, NFTs appear in the transentorhinal cortex (Braak Stage 1), followed by the cornu
ammonis (CA) 1 region of the hippocampus (Braak Stage Il), followed by
accumulation in limbic structures, such as the subiculum of the hippocampus (Braak
Stage lll), then amygdala, thalamus and claustrum (Braak Stage 1V). In later stages,
NFTs appear in the isocortical areas, with associative areas affected first (Braak
Stage V), followed by primary sensory, motor and visual areas (Braak Stage VI) (Fig.
1.4) (Hyman et al., 1984; Arnold et al., 1991; Braak and Braak, 1991). This
hierarchical pattern of NFTs and degeneration in affected brain regions is very
consistent and is in use as a post-mortem diagnostic tool (Montine et al., 2012;

Alafuzoff et al., 2008).
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Fig. 1.4 Braak staging of Alzheimer’s disease brain
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Braak classification of Alzheimer's disease by the progression of neurofibrillary
tangles as shown (immunohistochemistry with an antibody against phosphorylated
tau). NFT accumulation begins in the transentorhinal cortex in Braak Stages | and I,
progression into limbic areas by Braak Stages Ill and IV, and its culmination in

neocortical and primary sensory areas in Braak Stages V and VI (Kretzschmar, 2009).
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1.3.2 Progressive supranuclear palsy

PSP is a form of tauopathy that is clinically identified as a primary motor disorder,
although it can also present with symptoms of cognitive decline (Conrad et al., 1997;
Baker et al., 1999). The UK PSP Association reports that there are 4,000 people living
with PSP, which is characterised clinically by progressive gait disturbance with poor
balance, early falls and a supranuclear gaze palsy (downward gaze) (Gold et al.,
2012). However, due its clinical symptoms, PSP is often misdiagnosed as PD (Schrag
et al., 1999). Neuropathologically, PSP is associated with the deposition of
phosphorylated tau as globose NFT, neuropil threads, and fibrillary gliosis in the
pallidum, subthalamic nucleus, red nucleus, striatum, substantia nigra, pontine
tegmentum, oculomotor nucleus, medulla, and dentate nucleus (Tawana and
Ramsden, 2001; Williams and Lees, 2009). In PSP, the gross structural appearance
of tau-containing globose tangles is most commonly found in the basal ganglia, the
midbrain, which is involved in supranuclear eye movements, cerebral cortex and
spinal cord. Tau in PSP brain contains highly phosphorylated aggregates of
predominantly 4R tau isoforms, indicating an abnormality in the balance of 3R/4R tau

isoform expression.

1.3.3 Corticobasal degeneration

Corticobasal degeneration (CBD) is a neurodegenerative disease characterised by
progressive asymmetrical rigidity and apraxia (Boeve et al., 1999; Mahapatra et al.,
2004; Armstrong et al., 2013). The incidence of CBD is 7 in 100,000 people worldwide
(Mahapatra et al., 2004). The symptoms and clinical presentation of CBD are very
varied, including motor symptoms such as dystonia, myoclonus, tremor, alien limb
phenomenon, motor speech disorders, eye movement disturbance, cortical dementia,
and cortical sensory loss (Litvan et al., 1997; Houlden et al., 2001; Ludolph et al.,
2009; Armstrong et al.,, 2013). Neuropathologically, CBD is characterised by

asymmetric parietal and frontal cortical degeneration, with neurofilament protein-
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positive ballooned neurons and tau-positive astrocytic plaques and coiled bodies in
oligodendrocytes (Boeve et al., 1999). CBD brain features tau inclusions that are both
intraneuronal and extraneuronal, containing mainly 4R tau (Mahapatra et al., 2004).
CBD predominantly demonstrates damage to the basal ganglia and loss of
myelination in the substantia nigra (Scaravilli et al., 2005), However, CBD is
increasingly reported with other underlying pathologies, such as AD, PSP, and

dementia with Lewy bodies (Hassan et al., 2014).

The diagnoses of PSP and CBD can be difficult due to the lack of specific biomarkers.
In the absence of approved pharmacological treatments for PSP and CBD,
management is based on relieving symptoms and assistance with activities of daily
living (Mahapatra et al., 2004; Armstrong et al., 2013). At the moment, most people
presenting clinically with these disorders are treated with L-3,4-
dihydroxyphenylalanine (L-DOPA), the precursor of dopamine, or amantadine, an
anti-parkinsonian medication, although there is limited evidence for benefit, some
people experience modest improvement in their parkinsonian symptoms (Parkes et
al., 1972; Lang et al., 2005; Wadia and Lang, 2007). Botulinum toxin has also proved
to be helpful for both disorders in reducing dystonia and is particularly useful for eyelid

dysmotility (Doble, 1996; Kompoliti et al., 1998; Shehata et al., 2015).
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1.3.4 Frontotemporal lobar degeneration-tau and Pick’s disease

FTLD-tau is a non-AD degenerative dementia with focal cortical neuronal loss, gliosis
and tau inclusions (McKhann et al., 2001; Irwin et al., 2015; Bodea et al., 2016). FTLD-
tau is characterised neuropathologically by frontotemporal atrophy with neuronal loss,
gliosis, and cortical spongiform changes in frontal and temporal lobes. FTLD-tau is
the consequence of mutations in the tau gene and it can present with an extensive
variety of clinical symptoms (Avila et al., 2004b; Ludolph et al., 2009; Dickson et al.,
2011). For example, one of the most common MAPT mutations, a proline to leucine
substitution at codon 301 in tau (P301L tau) (Mirra, 1999), results in tau dysfunction
and neuronal death (Hutton et al., 1998). Generally, tau mutations in FTLD-tau lead
to language and memory impairment, motor deficits and behavioural abnormalities
(Irwin et al., 2015; Bodea et al., 2016). FTLD-tau exhibits a preferential accumulation
of 4R tau and sometimes 3R tau isoforms, providing a sub-classification of the
tauopathies (Table 1). Furthermore, the ratio between 3R and 4R tau is thought to be
the key to tau-related neurodegeneration. For instance, in AD this ratio is altered due
to either increase of 4R tau or decrease or 3R leading to almost twice as much 4R

than 3R tau (Ginsberg et al., 2006; Conrad et al., 2007; Dickson et al., 2011).
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Table 1 Classification of the most common subtypes of tauopathies

Disorder

Major brain areas
affected

Major clinical features

4R TAUOPATHIES

CBD

PSP

FTDP-17T

Cortex and basal ganglia
Basal ganglia, brainstem
and cerebellum

Cortex, basal ganglia
& brainstem

Focal cortical syndrome
and parkinsonism

Atypical parkinsonism

Focal cortical syndrome
and parkinsonism

3R TAUOPATHIES

PiD

FTDP-17T

Cortex and limbic lobe

Cortex, basal ganglia
& brainstem

Dementia and focal
cortical syndrome

Dementia and focal
cortical syndrome

3R+4R TAUOPATHIES

AD

FTDP-17T

Cortex and limbic lobe

Cortex and limbic lobe

Dementia and focal
cortical syndrome

Dementia and psychosis

4R tauopathies: corticobasal degeneration (CBD), progressive supranuclear palsy

(PSP), frontotemporal dementia with parkinsonism-17 tau (FTDP-17T); 3R
tauopathies: Pick’'s disease (PiD), FTDP-17T; 3R:4R tauopathies: Alzheimer’s

disease (AD), FTDP-17T (adapted from (Dickson et al., 2011)).

PiD is also a form of frontotemporal dementia that results in disturbances in language
and behaviour and is associated with frontal lobe atrophy (Dickson, 2001).
Neuropathologically, there is progressive cortical atrophy mainly in anterior and frontal
temporal lobes, white matter degeneration, achromatic neurons and intraneuronal
lesions of cytoplasmic highly phosphorylated 3R isoforms, known as Pick bodies
(PBs) in the hippocampus, selective brainstem nuclei and cerebral cortex (Hauw et
al., 1994; Feany and Dickson, 1996; Takeda et al., 2013; Avila et al., 2004a; Robert

and Mathuranath, 2007).
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1.4 Tau phosphorylation

Phosphorylation is the most commonly described post-translational modification of
tau, which harbours 85 potential phosphorylation sites (S, T, Y residues) (Hanger et
al., 2009). Under pathological conditions, tau phosphorylation is increased, and this
reduces its affinity for microtubules, resulting in destabilisation of the neuronal

cytoskeleton (Drewes et al., 1995).

Fig. 1.5 illustrates the phosphorylation sites on tau that are involved in its normal
function (blue) and those that are phosphorylated during disease (red). There are also
amino acids that are phosphorylated in both healthy brain and in tauopathies (green).
Specific antibodies have been generated that allow identification of a variety of
different phosphorylation sites present on tau protein. These antibodies are designed

to target different regions of tau protein.

Tau phosphorylation is regulated by both kinases that add phosphate, and by
phosphatases that remove phosphate, from tau protein (Hanger et al., 2007; 2009).
It appears that both the amount of tau and the activities of phosphatases and kinases
contribute to tau phosphorylation (Pei et al., 1997; Hanger et al., 2009). Moreover, the
higher the activity of the kinases, the greater the NFT formation in disease
(Braithwaite et al., 2012). Many tau phosphorylation sites are targeted by the proline-
directed serine/threonine-protein kinases, glycogen synthase kinase (GSK)-3a and
GSK-3B (Hanger et al., 1992, Hanger et.al, 2009). For example, phosphorylation of
tau on Thr231 by GSK3p induces tau aggregation (Rankin et al., 2007), whereas
inhibition of GSK3 reduces tau phosphorylation (Lovestone et al., 1994; Serend et
al., 2009). This finding was further taken to clinical trial, however, inhibition of GSK3
using lithium did not result in an effective therapy for either AD or PSP (Leclair-

Visonneau et al., 2016).
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In addition, it was shown that abnormal sorting of human tau (htau) into the
somatodendritic compartment of neurons, where hyperphosphorylated htau
aggregates, is one of the early pathological hallmarks of tauopathies (Gotz et al.,
1995; Avila et al., 2004a; Gendron and Petrucelli, 2009). However, the physiological
effect of this missorting is unknown. It is thought that tau mis-sorting causes early
synaptic dysfunction by suppressing a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPAR) - mediated synaptic responses, probably through a
global disruption of postsynaptic targeting or anchoring of glutamate receptors
(Hoover et al., 2010). Furthermore, tau mislocalisation into dendritic spines is
phosphorylation-dependent and is associated with suppression of synaptic function.
This suppression was mediated, through a postsynaptic mechanism involving loss of
cell surface AMPARs (Hoover et al., 2010). Furthermore, long-term potentiation
(LTP), responsible for synaptic plasticity responsible for learning and memory, is also
inhibited in rTgP301L and WT htau mice (Yoshiyama et al., 2007; Hoover et al., 2010;

Polydoro et al., 2013).
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Fig. 1.5 Tau phosphorylation in health and disease
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tau epitopes are shown in purple (adapted from (Simi¢ et al., 2017).
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1.5 Tau aggregation

There are links between abnormal phosphorylation and aggregation of tau (Liu et al.,
2007), as phosphorylation decreases the affinity of tau for microtubules and reduces
microtubule stability. When tau becomes detached from microtubules, it forms both
low order oligomers and higher order tau aggregates (Liu et al., 2007). Tau
phosphorylation in the proline rich domain (PRD) (residues 172-251), disrupts tau
binding to microtubules, leading to tau aggregation. In addition, phosphorylation in the
C-terminal region of tau (residues 368-441), further promotes tau aggregation

(Eidenmdiller et al., 2001; Liu et al., 2007).

In the microtubule binding repeats (MBR) of tau, there are two segments that tend to
form B-sheets and drive abnormal self-assembly of tau (Mukrasch et al., 2007; 2009).
Structurally these segments contain six residues: VQIINK and VQIVKY (Pérez et al.,
1996). These segments are located at the start of R2 and R3 of the MBR, respectively
(Bulic et al., 2010). Oligomerisation of tau occurs when monomers and dimers are
recruited, forming a nucleation center and clusters (Barghorn and Mandelkow, 2002).
The P301L tau mutation is located within R2 of the MBR, and therefore it affects only
4R tau isoforms (Lewis et al., 2001). However, introducing a proline residue into the
VQIVKY segment can lead to disruption the B-sheet structure in this region and

therefore prevents tau aggregation (Bulic et al., 2010).

The overall charge of tau can dramatically impact its folding (Jeganathan et al., 2006).
Addition of phosphate adds negative charge and tau acetylation on lysine residues
cancels out their positive charge, both modifications impacting the overall charge on
tau (Jeganathan et al., 2006). To further demonstrate the effect of altered charge on
tau protein structure, negatively charged agents, such as heparin, have been shown

to act as aggregation inducers. (Schafer et al., 2013).
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However, the toxicity of aggregated tau is not yet clear. Multiple cell and animal
models have been used to study the impact of aggregated and highly phosphorylated
tau on disease progression (Wischik et al., 2014; Wagner et al., 2015; Bhaskar et al.,
2010; Noble et al., 2013; Simi¢ et al., 2017). For example, in primary hippocampal
neurons exposed to formaldehyde, tau significantly misfolds and polymerises (Nie et
al., 2007). Expression of a fragment of mutant K18AK280 tau (comprising residues
S258-1360, lacking K280) either alone, or together with full-length tau harbouring the
AK280 mutation, caused cytotoxicity in N2a cells, which became positive for thioflavin
S staining (Wang et al., 2007), indicating formation of B-sheet and implicating an
association of aggregated tau with cytotoxicity. In contrast, findings from a transgenic
tau mouse expressing P301L tau in an inducible manner, in which NFT develop from
four months of age, demonstrated that memory is improved and neuronal loss is
halted when the mutant tau gene is switched off, without affecting NFT accumulation
(Santacruz et al., 2005). Previous studies suggest that pathological changes in tau
such as mislocalisation to the somatodendritic compartment, increased
phosphorylation and structural changes may be more damaging than NFT deposition
(Wittmann et al., 2001; Spires et al., 2006). Therefore, it remains debatable whether
NFTs are actually toxic, however, it is likely that tau species that are generated during
the formation of NFTs are damaging to cells. There is accumulating evidence that
soluble oligomeric forms of tau, that may be generated during NFT formation and tau
overexpression, are more damaging to neurons and to synaptic function (Lasagna-

Reeves and Kayed, 2011).

1.6 Tau acetylation

Tau acetylation is important for tau function. However, depending on which tau
residue is acetylated, it may be either protective or pathological (Simi¢ et al., 2017;

Trzeciakiewicz et al., 2017). Acetylation occurs on lysine residues and the effects of
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acetylation are summarised in Table 2. Tau acetylation is regulated by acetylases
including P300 acetyltransferase and cAMP-response element binding protein
(CREB)-binding protein, which acetylate tau at several lysine residues within the MBR
(Min et al., 2010; Kamah et al., 2014). Sirtuin 1 (SIRT1) and histone deacetylase
(HDAC) 6 are responsible for tau deacetylation (Cook et al., 2014; Min et al., 2015).
Notably, tau also has an intrinsic acetyltransferase activity and so it can also catalyse
auto-acetylation at certain residues including K280 (Cohen et al., 2013). In summary,
acetylation of several different lysine residues in tau, including K163, K280, K281 and
K369, facilitates accumulation of phosphorylated tau and inhibits tau degradation (Min

et al., 2010; 2015).

Table 2 Tau acetylation

Lysine Effects of acetylation on tau function References
residue
K163 Inhibition of tau degradation Min et al., 2010
Accumulation of hyperphosphorylated tau
K174 Delays tau turnover Min et al., 2015

Promotes tau toxicity
Associated with human AD brain
K259 Protects tau from phosphorylation Cook et al., 2014
Prevents tau aggregation

Reduced acetylation in tauopathies

K280 Inhibition of tau degradation Min et al., 2010
Accumulation of hyperphosphorylated tau Irwin et al., 2013
Associated with many tauopathies

K281 Inhibition of tau degradation Min et al., 2010
Accumulation of hyperphosphorylated tau

K290 Protects tau from phosphorylation Cook et al., 2014
Prevents tau aggregation

K321 Protects tau from phosphorylation Cook et al., 2014
Prevents tau aggregation

K353 Protects tau from phosphorylation Cook et al., 2014
Prevents tau aggregation

K369 Inhibition of tau degradation Min et al., 2010

Accumulation of hyperphosphorylated tau
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1.7 Tau propagation

Tau protein aggregates have been shown to spread from one area of the brain to
another (Fig. 1.6) This method of tau propagation is referred to as ‘prion-like’
distribution. Therefore, tau aggregates, can be released into the intracellular space
and uptake by neighbouring cell, i.e. intercellular and inter-organismal transmission.
Tau inclusions originate in brainstem pons distributing to hippocampus and neocortex
at later stages. This spreading of aggregates is important for disease progression and

discovering potential therapeutic targets. (Goedert et al., 2015)

Fig. 1.6 Spread of tau inclusions in human brain

TAU

Stage I-lI Stage llI-IV Stage V-VI

Tau inclusions distribution thoughout the human brain starting locus coeruleus,
transentorhinal and entorhinal regions (Stages | and Il). Followed by spreading to the
hippocampal formation and some parts of the neocortex (Stages Il and IV), and finally

to large parts of the neocortex (Stages V and VI) (adapted from Goedert et al., 2015).
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1.8 Tau degradation

Tau can be degraded by both autophagy and proteasomal pathways (Wang and
Mandelkow, 2012). There are three major forms of autophagy: microautophagy,
macroautophagy and chaperone mediated-autophagy (Cuervo, 2004). The most
common of these sub-types of autophagy is macroautophagy, which involves
lysosomal degradation of cytoplasmic material. Whereas proteasomal degradation is
primarily responsible for short lived proteins, autophagy degrades many long-lived
proteins, as well as damaged organelles, such as mitochondria and peroxisomes
(Johansen and Lamark, 2011). Autophagic degradation occurs through the formation
of a double-membraned autophagophore that increases in size to engulf cytoplasmic
substrates, including tau and damaged organelles, for degradation. Further, an
autophagosome is formed that moves towards the lysosome to fuse and form the
autolysosome (Fig. 1.7). Lysosomal cathepsins play an important role in degradation

of the content of the autolysosome (Chesser et al., 2013).
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Fig. 1.7 Schematic representation of autophagy

Autophagosome

f 4 . Phagophore

°
i i Lysosome
Cytosolic proteins .
and organelles with hydrolases

Autolysosome

A membrane is formed around cytosolic material that needs to be degraded a double-
membrane. Autophagosome is formed and then the outer membrane of the
autophagosome fuses with a lysosome and the contents are degraded by lysosomal

hydrolases (adapted from (Xie and Klionsky, 2007).
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In AD brain, autophagic vacuoles appear to accumulate without degradation of their
contents by lysosomes (Yu et al., 2004; Nixon et al., 2005). Furthermore, on the
membrane of an autophagosome microtubule-associated protein 1A/1B light chain 3
(LC3) is localised (He and Klionsky, 2009). LC3 is essential for the fusion of the
autophagosome and lysosome (Fig. 1.8). LC3-l is recruited from the cytosol and is
modified by addition of phosphatidylethanolamine (PE) to form LC3-ll, which
associates with membranes (Kabeya et al., 2000). As intra-autophagosomal LC3-Il is
degraded by lysosomes, it is frequently used as a marker for autophagosome
formation and for monitoring autophagic flux (Tanida et al., 2005). Another important
component of the autophagy process is p62/sequestosome 1 (p62/SQSTM1), which
facilitates the removal of damaged proteins and organelles by lysosomes (Fig. 1.8)
(Bjerkey et al., 2006; Ichimura et al., 2008; Zaffagnini et al., 2018). Indeed, CBD and
PSP brains show abnormal accumulation of p62, as well as LC3 and colocalisation
with phosphorylated tau (Piras et al., 2016). It has previously been shown that both
LC3-l and LC3-Il interact with microtubule-associated proteins and this facilitates their

association with microtubules (Mann and Hammarback, 1994; Wang et al., 2006).

Microtubules are constantly modified after assembly to enhance their function. One
such modification is acetylation, which results in an increased flux of vesicles along
acetylated microtubules (Bulinski, 2007; Dompierre et al., 2007). These acetylated
microtubules are required for fusion of autophagosomes with lysosomes to form
autolysosomes (Xie et al., 2010), providing an important link between acetylation and
autophagic degradation of substrate proteins. It is hypothesised that elevated
autophagy may be beneficial for neurons affected by tauopathy by preventing

accumulation of tau aggregates (Schaeffer et al., 2012).
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Fig. 1.8 Schematic representation of LC3-ll effects on the autophagosome

- pro-LC3

ATG4 cleaves pro-LC3 to form LC3-I which is then conjugated to
phosphatidylethanolamine (PE) by ATG7 to generate LC3-Il. ATG7 also mediates
ATG complex formation and the latter along with LC3-1l is highly critical for
autophagosome formation. The adaptor protein p62/SQSTM1 binds to ubiquitinated
proteins and LC3-Il for mediating autophagy via localising into autophagic
compartments, transporting ubiquitinated proteins and organelles for degradation

(Novus Biologicals).
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1.9 Tau truncation in the tauopathies

Proteolytic cleavage of disease-modifying proteins is found in a wide variety of human
neurodegenerative diseases, including AD (Novak et al., 1993; Gamblin et al., 2003;
Guo et al., 2004; Horowitz et al., 2004; Rissman et al., 2004), PiD (Guillozet-
Bongaarts et al., 2007), CBD and PSP (Arai et al., 2005), Transactive response DNA-
binding protein 43 (TDP-43) related FTLD (Igaz et al., 2009), and PD (Anderson et
al., 2006), as well as polyglutamine diseases, such as Huntington’s disease (HD)

(Gafni and Ellerby, 2002; Gafni et al., 2004).

Initial evidence that cleaved tau is actively involved in tau aggregation and the
formation of aggregated tau paired helical filaments (PHFs) was generated by using
an antibody against the highly purified core of NFT (Goedert et al., 1988). This
antibody recognised only tau protein that was C-terminally truncated at Glu391
(Novak et al., 1993). These findings revealed that the NFT core consists of tau
fragments of 12 and 9.5 kDa (Novak et al., 1993). This finding was further supported
by the discovery a 33 kDa N-terminally truncated form of tau from human AD brain
(Nieto et al., 1991). This provided the first in situ evidence to suggest that tau
truncation is a part of the pathological process of tau protein misfolding in AD. Similar
results were also gained from immunohistochemical analysis of brain tissues from AD
patients (Bondareff et al., 1990). There are a number of different tau fragments that
have been identified to date in aged and diseased human brain and also in animal

models of tauopathy (Table 3).
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Table 3 Tau fragments detected in human brain

Tau
fragment Tauopathies Pathological phenotype References
(residues)
C-terminally Sokolow et al
cleaved tau AD Synaptic dysfunction 2015 "
(40-53 kDa)
Tangles
Delta tau ! Mocanu et al.,
(A15-D421) AD Amyloid plagues 2008
Synaptic dysfunction
NHz-tau AD, ALS, Neurodegeneration Garg et al.,
(E45-R230) = aged brain 9 2011
NH»-tau aged brain Increased tubulin acetylation | Derisbourg et
(Q124-L441) 9 Detyrosination of tubulin al., 2015
I\(IAH122tgu AD Increased tau phosphorylation ' Garg et al.,
R230) aged brain Increased tau aggregation 2011
NHz-tau AD Tangle formation Zilka et al.,
(1151-A391) Muscle weakness 2006
Tau pathology
Cognitive dysfunction Wray. etal,
Tau35 . 2008;
PSP, CBD Motor dysfunction .
(E187-441) . . Bondulich et al.,
Increased tubulin acetylation
2016
Synapse loss
Tau-CTF24 A%BPDS P, Increased tau phosphorylation | Matsumoto et
(L243-L441) FTLD-t,au Synapse loss al., 2015
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Tau cleavage could generate fragments with either a toxic gain-of-function, thereby
switching on a cell death cascade, or alternatively, could induce and drive aggregation
of tau, together with any associated disease-modifying proteins. Supporting the latter
scenario, is the fact that truncated protein fragments are upstream in the proteopathic
cascade in neurodegenerative diseases and these can form the initial seeds required
for aggregation (Zilka et al., 2006; Igaz et al., 2009; Levin et al., 2009; de Calignon et
al., 2010; Filipcik et al., 2012). Alongside the tau fragments present in cell and animal
models of disease, increasing numbers of proteases responsible for tau truncation
have also been identified (Wang et al., 2010). Amongst these enzymes, caspases
and calpain have been investigated most intensively and are described in more detail
below. Additionally, recent studies have also proposed many other proteases that
may play a role in tau cleavage, including thrombin, cathepsins, asparagine
endopeptidase, puromycin-sensitive aminopeptidase and the proteasome (Fig. 1.9)

(Hanger and Wray, 2010; Wang et al., 2010).
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Fig. 1.9 Proteolytic processing of tau

Induce Autophagy/Degradation Produce Toxic Fragments

AD-related Excitotoxicity

Protein aggregation
Proteasomal Impairment
Inflammation

The figure demonstrates proteolytic processing of tau. For example, cleavage of tau
by caspase (Casp) 3, Casp6, calpain (Calp), and thrombin (Thrm) leads to the
production of toxic fragments of tau that exacerbate pathology. On the other hand,
cleavage of tau by puromycin-sensitive aminopeptidase (PSA), high temperature
requirement A (Htra1), and in some circumstances caspase-3, may facilitate its

degradation (Chesser et al., 2013).
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1.10 Astrogliosis in tauopathies

Astrocytes are exceedingly specialised and multi-functional glial cells found
throughout the CNS (Sofroniew and Vinters, 2010; Osborn et al., 2016). The highly
branched morphology and intimate contact of astrocytes with neurons, allows them
to perform a diverse range of essential and complex roles that promote proper
neuronal function. These roles include modulation of synaptic communication through
uptake of neurotransmitters, maintaining ion homeostasis, regulating blood flow and
maintaining the blood brain barrier, as well as roles in the immune response of the
brain and neuroprotection (Ridet et al., 1997; Sofroniew and Vinters, 2010; Colangelo
et al.,, 2014; Osborn et al., 2016). In reaction to any kind of insult to the CNS,
astrocytes leave their quiescent state and become activated (Buffo et al., 2010). In a
process known as reactive astrogliosis, these activated astrocytes undergo many
morphological and functional changes, including cell hypertrophy, cell proliferation
and migration towards affected areas, and the increased production of intermediate
filament proteins such as glial fibrillary acidic protein (GFAP) (Buffo et al., 2010; Pekny
and Pekna, 2014). The cellular and molecular mechanisms leading to reactive
astrogliosis are not completely understood, however reactive astrocytes are a
prominent histopathological feature of many neurodegenerative diseases, including

AD (Hostenbach et al., 2014; Pekny and Pekna, 2014).

In their reactive state, astrocytes continue to multiply, migrate locally towards the
injured area to form a glial scar, and release factors to facilitate tissue repair and
replacement (Buffo et al., 2010; Burda and Sofroniew, 2014). As such, reactive
astrogliosis may be a neuroprotective process in neurodegenerative disease (Osborn
et al., 2016). However, the contributions of reactive astrocytes to neurodegenerative
conditions are complex and not well understood, such that persistent astrocytic

activation may also contribute to the progression of the disease (Burda and
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Sofroniew, 2014). For example, it has been observed in AD that increased astrogliosis
contributes to amyloid-p clearance, yet also results in cognitive decline (Serrano-Pozo
et al., 2011; Osborn et al., 2016). Consequently, the role of activated astrocytes in
neurodegenerative disease is currently a topic of great research interest (Osborn et

al., 2016).

Research investigating reactive astrogliosis in neurodegeneration has primarily been
conducted in AD and in amyotrophic lateral sclerosis (ALS), a motor disorder in which
tau aggregation does not appear to play a role (Burda and Sofroniew, 2014). In AD,
the presence of aggregated amyloid- activates the process of astrogliosis (Osborn
et al., 2016). However, astrogliosis has also been observed in tauopathies such as
PSP and CBD, that do not have amyloid plaque pathology, suggesting a potential
interaction between astrocytes and tau (Togo and Dickson, 2002). Importantly,
significant differences in the reactivity of astrocytes have been found in different
neurodegenerative diseases (Song et al., 2009). Even within the tauopathies, one
study found that approximately 40% of subcortical astrocytes in PSP brain
accumulate phosphorylated tau, whereas subcortical astrocytes in CBD did not
accumulate tau (Song et al., 2009). Overall, there is currently very limited data
available on the interaction between tau and astrocytes and, combined with the fact
that reactive astrogliosis appears to be triggered in different and selective ways in

neurodegenerative disease, further study on astrogliosis in tauopathies is warranted.
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1.11 Dendritic spines and synaptic dysfunction in tauopathies

Dendritic spines mediate the majority of the excitatory connections in neuronal
networks (Yuste and Bonhoeffer, 2001; Chklovskii et al., 2002). Spiny neurons are
rarely found in lower organisms, suggesting that spines are evolved to accommodate
a more sophisticated nervous system that is required to perform more advanced
functions. Dendritic spines are classified morphologically as being either stubby, thin
or mushroom. Stubby spines, that have no clear neck, are more common during early
development of the neuron. In contrast, mushroom spines with fully formed necks and
heads, are more abundant in the adult. However, it is not uncommon to observe
stubby spines in adult neurons (Miller, 1981; Yuste and Bonhoeffer, 2004). Typically,
a mature spine has a single synapse located on its head, indicating a tight relationship
between spine formation and synaptic function (Miller, 1981; Yuste and Bonhoeffer,
2001). Dendritic filopodia are formed by a membrane folding of the dendrite that acts
as a precursor of a dendritic spine (Fig. 1.10) (Miller, 1981; Yuste and Bonhoeffer,

2004).
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Fig. 1.10 Schematic representation of dendritic spine morphology

Stubby Thin Mushroom
Q ( ) Filopodium

The figure shows a schematic representation of spine morphology. Spines are

classified into stubby, thin and mushroom. In addition, the precursor to dendritic spine
structure, termed a filopodium, is shown on the right (adapted from Yuste and

Bonhoeffer, 2004).
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Rodent models that recapitulate features of neurodegeneration have been very
valuable in understanding possible changes in neuronal morphology. Some animal
models of neurodegeneration, such as mice over- expressing human wild-type (WT)
tau and rTg4510 mouse model (tau mutation P301L), have suggested changes in the
dendritic architecture of neurons, alongside significant spine loss and the
reorganisation of spine morphology (Halpain et al., 2005; Dickstein et al., 2010).
Gaining a further appreciation of these modifications in spines is of vital importance
to improve understanding of the processes that can adversely impact neuronal

communication and ultimately cognitive function.

In a transgenic mouse model expressing the mutant human tau variant (P301L)
associated with FTLD-tau, neocortical dendritic spines and synapse density were
decreased in mice aged 9-10 months (Rocher et al., 2010; Crimins et al., 2011;
Kopeikina et al., 2013). Moreover, a study using a transgenic mouse expressing
human mutant P301S tau, demonstrated a continuous decrease in spine density and
a significant restructuring of spine morphology over time (Hoffmann et al., 2013).
Primary neuronal cultures derived from transgenic rodent models also exhibit
significant modifications to dendritic structure. Hippocampal neuronal cultures from
TauKO mice showed a delay in dendritic and axonal growth, while cultures from
double knock-out tau/MAP1B (Mapt™; MAP1B"") mice demonstrated inhibited axonal
elongation (Takei et al., 2000; Dawson et al., 2001). In mouse neurons
overexpressing WT human tau, spine density decreased, while dendritic arborisation
was increased at 12 months of age (Dickstein et al., 2010). In addition to changes
induced by aberrant tau expression, neurons cultured from transgenic mice (Tg2576)
overexpressing mutant amyloid precursor protein (APP, 695 residues) presented with
a significant increase in dendritic length and a decrease in spine density (Rocher et

al., 2010).
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Synaptic plasticity is essential for learning and memory. In AD, synaptic loss is the
leading cause of the early cognitive and behavioural deficit (Bondolfi et al., 2002; Ashe
and Zahs, 2010; Rupp et al., 2012). Widespread synapse loss has long been
identified using the presynaptic terminal marker synaptophysin, in AD brain (Soininen
et al., 1995; Arendt et al., 2010). The number of spine-associated synapses and the
amount of synaptophysin labelling is also reduced in the hippocampus of mice
expressing “pro-aggregate” tau species (Decker et al., 2015). In addition, synaptic
properties are altered in AD mice, Tg2576, from 3 weeks of age and they
progressively decline, developing a deficiency in LTP at 8 months of age (Chapman
et al., 1999; Gureviciene et al., 2004; Malenka and Bear, 2004). Tau mutation or tau
overexpression both cause tau to mislocalise into the somatodendritic compartment
(Kins et al.,, 2001; Brandt et al., 2005; Gendron and Petrucelli, 2009). Notably,
neurons that demonstrate tau mislocalisation display decreased spine density (Thies
and Mandelkow, 2007; Zempel et al., 2010). Tau has been shown to be present at
the synapse (Harris et al., 2012; Pooler et al., 2014). Tau burden in the brain appears
to correlate with cognitive impairment, which also closely matches with loss of
synaptic density, with AD brains exhibiting extensive synaptic loss throughout disease
progression (Masliah et al., 1989; DeKosky and Scheff, 1990; Serrano-Pozo et al.,
2011). Synaptic dysfunction is believed to be an early event in tauopathies (de
Calignon et al., 2010) with changes in the synaptic proteome often associated with
the dysfunction of synapses in neurodegenerative diseases (Fig. 1.11) (Marttinen et

al., 2015).

Previous research identified another synaptic protein, synapsin-1, as a tau-interacting
protein (Kang et al., 2013). Tau was found to interact with several synaptic proteins
involved in pre-synaptic signaling transduction such as synapsin-1, synaptotagmin
and synaptophysin (Liu et al., 2016). Interestingly, it has been found that tau and

synapsin-1 co-immunoprecipitate, both with each other and with actin. This leads to
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the proposition that tau and synaptic proteins interact with actin in WT C57BI/6 mice,
altering actin dynamics, and possibly presynaptic vesicle transport, which could result
in synaptic failure in neurodegeneration (Liu et al., 2016). This suggests that
investigating the role of tau at the synapse may be important for developing new

therapeutic strategies for protecting synapses in dementia.
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Fig. 1.11 Key pre-synaptic and post-synaptic proteins
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Pre-synaptic vesicle proteins synaptophysin, synapsin, synaptic vesicle glycoprotein
2A (SV2) and synaptotagmin are located on the synaptic vesicle membrane. The
post-synaptic density marker 95 (PSD95) is located on the post synaptic membrane.
(adapted from R&D Systems https://www.rndsystems.com/resources/articles/

synaptic-proteins-and-receptors-schematic-rd-systems).
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1.12 Axonal transport and tau

Axonal transport is a multi-factorial event that requires intact microtubules, functional
motor proteins, correct cargo attachment to motors, and sufficient ATP, supplied by
mitochondria (De Vos et al., 2008). As described before, the N-terminus of tau
projects away from the microtubule and has the ability to bind motor proteins, both
kinesin and dynein. Dynein transport cargoes towards the minus ends of
microtubules, directing them to the cell body, the majority of kinesins transport
cargoes towards the plus ends of microtubules in the direction of the axon terminus
(De Vos et al., 2008). Tau can dynamically regulate the function of the axonal
transport machinery through multiple mechanisms (Ebneth et al., 1998; Dixit et al.,
2008), including reducing the binding frequency of both proteins and slowing both
retrograde and anterograde axonal transport (Seitz et al., 2002). Tau interferes with
kinesin, inhibiting its mobility by reducing single protein run length and velocity
(Cuchillo-Ibafiez et al., 2008; Dixit et al., 2008; Ebneth et al., 1998; Stamer et al.,
2002). It is also known that protein levels of both the kinesin motor-mediated axonal
transport machinery and of the dynein-mediated retrograde transport machinery are
reduced in AD (Morel et al., 2012). In addition to interfering with motor protein mobility,
amino acids 2-18 of tau can regulate the release of cargo vesicles bound to kinesin
(Kanaan et al., 2011). This occurs through activation of various kinases, such as
protein phosphatase 1 and GSK-38 (Kanaan et al., 2011). Increased activation of
GSK-3p can also contribute to the transport deficit by aberrant phosphorylation of light
chain of kinesin, resulting in premature release of kinesin from its cargoes (Cuchillo-

Ibanez et al., 2008).

In neurodegenerative diseases in which axonal transport is impacted, neurons
accumulate organelles and proteins that can form swellings in axons and cell bodies
(Ballatore et al., 2007; Millecamps and Julien, 2013). Abnormal modification of tau,

such as increased phosphorylation, truncation and acetylation, impairs the interaction

61



of tau with microtubules and the ability of tau to stabilise microtubules (Morris et al.,
2015). In addition, tau overexpression leads to a high level of soluble tau that may be
toxic for neurons and can affect axonal transport (Spires-Jones et al., 2011). In
cultured neurons transfected with 3R or 4R tau isoforms, altered axonal transport
results in perinuclear clumping of organelles such as mitochondria (Stoothoff et al.,

2009).

In summary, there are several theories put forward to describe how tau
overexpression contributes to a deficit in axonal transport. Firstly, studies of tau
overexpression have demonstrated negative consequences to anterograde cellular
transport by inhibiting the movement of kinesin-1 when excessively bound tau
physically prevents transport along the microtubule (Dubey et al., 2008). Secondly,
hyperphosphorylated tau could lose its affinity for microtubules, destabilising it and
resulting in impaired trafficking. (Ballatore et al., 2007; Bretteville and Planel, 2008).
However, studies in TauKO mice have shown that microtubules remain intact even in
the absence of tau protein (Morris et al., 2011). Thirdly, other studies suggest that tau
involvement in cell signalling can affect axonal transport. For example, tau may
interfere with enzymes such as GSK-3[3, demonstrating a more indirect involvement

in regulation of transport processes (Tackenberg and Brandt, 2009).

1.13 Transgenic mouse models of tauopathy

Considerable advances in transgenic technology have enabled the generation of
rodent models that recreate, to varying extents, characteristics of human tauopathies.
Existing transgenic rodent models of human tauopathy invariably involve the
overexpression of WT tau, mutant tau linked to FTDP-17, or structurally modified tau
derived from AD brain, under the control of several different promoters (Zilka et al.,

2009; Noble et al., 2010; Bondulich et al., 2016). Notably, only a few transgenic
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models have successfully recreated features seen in human tauopathies, and these
may develop substantial overexpression artefacts, as elevated tau leads to neuronal
dysfunction (Ebneth et al., 1998; Zilka et al., 2009). Further, these transgenic models
have been developed to model either AD or FTDP-17 pathology, which is unlike the
pathology seen in other tauopathies, such as PSP, CBD, and PiD, each of which may
have altered ratios of 3R to 4R tau (Denk and Wade-Martins, 2009). Transgenic rat
models expressing human truncated tau have shown that tau fragments associated
with either 3R or 4R tau isoforms develop NFTs in different distributions, which
demonstrates a selective vulnerability of brain areas to NFT formation (Zilka et al.,
2006; Filipcik et al., 2012). This is in line with previous findings that tau fragment
patterns are closely associated with pathological processes and are able to act as
potential biochemical markers that can distinguish between tauopathies (Arai et al.,
2004). Thus, transgenic rodent models expressing different tau fragments may prove
valuable for modelling other tauopathies with or without altered 3R to 4R tau isoform

ratios.

1.14 The Tau35 fragment and Tau35 mouse model

A highly phosphorylated C-terminal tau fragment in the brains of people affected by
PSP and other disorders in which 4R tau isoforms were over expressed, was
previously identified in this laboratory (Wray et al., 2008). Furthermore, a new
transgenic mouse model (Tau35) expressing this disease-associated tau fragment
was generated (Bondulich et al., 2016). Mice expressing Tau35 were generated from
Tau35 cDNA fused to a haemagglutinin (HA) tag to distinguish the transgene from
endogenous mouse tau. The human tau promoter facilitated normal expression
patterns of human tau. Transgene expression in Tau35 mice is only 7% of the total
amount of tau (Bondulich et al., 2016). Tau35 mice exhibit age-related limb clasping,

kyphosis and a reduced life span (Bondulich et al., 2016). This is consistent with some
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other mouse models of tauopathies (Lewis et al., 2000; Laws and Hoey, 2004;
Lalonde and Strazielle, 2011; Wu et al., 2012). Tau35 mice exhibit a progressive
clasping of either their hindlimbs or all four limbs, and loss of hindlimb grip strength.
In addition, abnormal spine curvature is apparent in Tau35 mice and the kyphotic
index is reduced, demonstrating progressive, age-related kyphosis (Bondulich et al.,
2016). Also, Tau35 mice demonstrated a reduced median survival of 717 days,
compared to 788 days in WT mice, in the absence of any reduction in body mass in
Tau35 mice (Bondulich et al., 2016). Experiments of motor coordination showed that
Tau35 mice have a reduced latency to fall from the rotarod, which decreases with
age, possibly caused by reduced muscle strength and motor ability. In addition, Tau35
mice have substantial changes in muscle fibres, such as multiple internalised nuclei
and numerous degenerative/regenerative muscle fibres (Bondulich et al., 2016).
Furthermore, Tau35 mice exhibit spatial learning and hippocampal-dependent
memory deficits. These changes in learning and memory were apparent in the Morris
water maze as the Tau35 mice showed an increased latency to find a hidden platform,
whilst maintaining their swimming ability. No differences were found in non-

associative short-term memory, olfaction or anxiety (Bondulich et al., 2016).
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Fig. 1.12 Tau pathology in the hippocampus of Tau35 mice
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Tau-positive labelling of inclusions in Tau35 brain stained with PHF1, TOC1, MC1,
AT8 and TP007 at 14-16 months (right), compared to 16 months WT control brain

(left). n=3 mice for each genotype, scale bar = 200 ym.
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Neurophysiological studies were performed on the CA1 area of the hippocampus of
Tau35 mice that is involved in spatial memory encoding. The findings indicate that
that Tau35 mice exhibit a significant increase in short-term facilitation of the synaptic
response without changing long-term synaptic plasticity (Tamagnini et al., 2017).
Tau35 expression also alters the intrinsic excitability of CA1 pyramidal neurons in
mice, leading to an induction of higher cell capacitance and rise of action potential
rate (Tamagnini et al., 2017). Tau35 accumulation results in hyperexcitability and
hypoexcitability at polarised and depolarised potentials, respectively (Tamagnini et
al., 2017). Taken together, these findings indicate multiple disease-associated
changes in Tau35 mice that faithfully recapitulate some of those that are found in

neurodegenerative tauopathies.

1.15 Mitochondria in health and disease

Mitochondria are required for a wide range of cellular processes (Detmer and Chan,
2007; Suen et al., 2008) such as ATP production (Benard et al., 2008), Calcium
homeostasis (Frieden et al., 2004; Szabadkai et al., 2004), cell death (Sugioka et al.,
2004), and production of reactive oxygen species (Yu et al., 2006). Maintaining the
correct morphological structure of mitochondria is essential for their proper function.
Mitochondria are bounded by two membranes: an inner mitochondrial membrane, that
fold inwards to form structures, cristae, and an outer mitochondrial membrane. The
mitochondrial matrix contains mitochondrial deoxyribonucleic acid (mtDNA) of
approximately 16 kb (Anderson et al., 1981). The mtDNA encodes two rRNAs, 22
tRNAs, and 13 proteins which serve as subunits of the respiratory chain of the
oxidative phosphorylation (OXPHOS) complex that generates ATP (Anderson et al.,

1981). However, most mitochondrial proteins are encoded by nuclear DNA.
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Neurons are energetically very demanding (Kann and Kovacs, 2007) as they have a
complex cellular organisation that requires a timely and appropriate transport and
distribution of mitochondria for their correct function. Mitochondria in neurons serve
as an energy power hub and an internal calcium storage pool for localised neuronal
activities such as synaptic transmission, axonal and dendritic transport, and synaptic
vesicle recycling (Li et al.,, 2004). Many studies suggest that reduced brain
metabolism or mitochondrial dysfunction are amongst the prominent early features in
brains of all major neurodegenerative diseases (Lin and Beal, 2006). ATP production
in mitochondria is coupled to an electron transport chain in which the passage of
electrons down the various electron carriers is associated with the transport of protons
from the matrix into the intermembrane space. The majority of these protons enter the
matrix via ATP synthase and therefore generate ATP. However, about 20% of
mitochondrial oxygen consumption is not coupled to ATP production and protons
enter the matrix through the phospholipid bilayer and through uncoupling proteins,
generating heat (Rolfe and Brown, 1997). Mitochondrial metabolism also leads to the
majority of reactive oxygen species (ROS) production in cells, which occurs when
unpaired electrons escape the electron transport chain and react with oxygen to
produce a superoxide. This superoxide plays an important role in intracellular
signalling and can react with DNA and proteins. ROS are also associated with both
neurodegeneration and with aging (Angelova and Abramov, 2018). Studies have
shown that aged brain has reduced complex | and IV activity and increased production

of ROS (Navarro et al., 2007).

Mitochondria are also altered in brains of people with neurodegenerative disorders
such as AD. In particular, AD is characterised by reduced cerebral cortical glucose
metabolism at pre-diagnostic stage and demonstrates reduced cortical oxygen uptake
leading to reduced mitochondrial respiration at later stages of disease (Mosconi et al.,

2009; Gibson et al., 2010). Studies of post-mortem human brain demonstrate
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impaired bioenergetic metabolism in AD, that may play a role in the degenerative loss
of hippocampal and cortical neurons (Mosconi et al., 2009). AD brain demonstrates
evidence of reduced mitochondrial mass and respiration and expression of
mitochondrial biogenesis genes in post-mortem AD brain tissue. There is evidence
that impaired mitochondrial function in AD brain could be due to impaired glucose
transport, impairment of glycolysis, reduced activities of mitochondrial oxidative
decarboxylation in the tricarboxylic acid cycle, impaired mitochondrial respiration or
combination of these processes (Mosconi et al., 2009). In post-mortem AD brain,
mtDNA gene copy numbers were significantly reduced in hippocampus (Sheng et al.,
2012) and cortex (Coskun et al., 2010). Therefore, growing evidence has

demonstrated mitochondrial pathology in neurodegenerative diseases.

1.15.1 Mitochondrial dynamics: fusion, fission and trafficking

Mitochondria are highly dynamic organelles that undergo continual fusion and fission
events which are regulated by several large GTPase proteins (Fig. 1.13). In fusion
events, motile mitochondria make contact with stationary mitochondria, forming
extensive tubular mitochondrial networks (Chan, 2006a; Cagalinec et al., 2013).
Following fusion, mitochondrial fission events result in segmentation and the
generation of two daughter mitochondria (Cagalinec et al., 2013). One of the
mitochondria undergoes fusion with another mitochondrion, while the other one
becomes depolarised and undergoes mitophagy (Chan, 2006b; Twig et al., 2008;

Westrate et al., 2014).

The key regulator in the mitochondria fission process is cytosolic dynamin-related
protein1 (DRP1) (Smirnova et al., 2001). During fission, DRP1 is recruited to the
mitochondrial outer membrane by several receptor proteins such as Fis1, followed by
forming a ring-like structure to sever the mitochondrial membrane (Fig. 1.13A) (Otera

et al., 2010; Palmer et al., 2011; Losén et al., 2013). The molecular mechanisms
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responsible for the initiation of mitochondrial fission remain largely unknown. Most
recent studies imply that the endoplasmic reticulum (ER), together with actin
filaments, plays a critical role in mitochondrial DRP1 recruitment (Friedman et al.,
2011; Korobova et al., 2013). After the fission process is completed, the DRP1
complex remains on one of the daughter mitochondria (Chan, 2006a). Recent studies
indicated that the DRP1 oligomeric complex on mitochondria could drive
mitochondrial fragmentation leading to its inactivity (Lackner and Nunnari, 2009;

Zunino et al., 2009).
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Fig. 1.13 Schematic representation of mitochondrial dynamics in neurons

Mitochondrial Fission Mitochondrial Fusion
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A Cytosolic dynamin-related protein (DRP) 1 attaches to the mitochondrial outer
membrane by several receptor proteins. Then, another dynamin-like protein, dynamin
2 (DYN2), binds and allows lipid fusion and organelle division. B During fusion
process there is outer membrane fusion and inner membrane fusion. Outer
membrane fusion is facilitated by mitofusin (MFN) 1 and MFN2 to tether membranes
together. Optic atrophy protein 1 (OPA) 1 allows the inner membrane fusion (Gao et

al., 2017).
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Mitochondrial fusion, Fig. 1.13B, involves both the outer and inner mitochondrial
membranes and this process is regulated by at least three other large GTPase
proteins, i.e., Mitofusin 1 (MFN1) and Mitofusin 2 (MFN2) for mitochondrial outer
membrane fusion, and optic atrophy protein 1 (OPA1) for mitochondrial inner
membrane fusion (Santel and Fuller, 2001). Similar to DRP1, MFN1, MFN2, and
OPA1 controlled mitochondrial fusion also depends on their self-assembly and
GTPase activity. It has been proposed that mitochondrial outer membrane fusion is
mediated through interactions of the coiled-coil domains of MFN1 and MFN2 to form
either homo-oligomeric or hetero-oligomeric complexes to tether membranes together
(Ishihara et al., 2004; Zichner et al., 2004). The outer and inner mitochondrial
membranes contain differing phospholipids, and the proper phospholipid composition
is important for the regulation of mitochondrial fusion (Frohman, 2015). Nevertheless,
determining the molecular mechanism of mitochondrial fusion has proven to be
elusive due to the involvement of both the outer and inner membrane and the likely

very complicated processes involved.

Mitochondria are highly mobile organelles that move bi-directionally along axons and
act as ‘energy hubs’ in cells, delivering an energy supply where it is most needed.
Particular regions of neurons, including synapses (Rowland et al., 2000) and active
growth cones (Hollenbeck, 1993), require more mitochondrial ATP production due to
their high rates of energy consumption. Mitochondria move along microtubules for
fast movement and along actin filaments for slow movement and these processes are
facilitated by different motor-adaptor complexes (Boland et al., 2008). The motor-
adaptor complex consists of kinesin-1 and dynein that directly interacts with Miro1
and 2 (also known as RhoT1 and RhoT2), and Milton1 and 2 (also known as TRAK1
and TRAK2) to drive their movement along the microtubules (Fig. 1.14) (Glater et al.,

2006; Hatch et al., 2014; Sheng, 2014). In addition, actin motors, such as Myo2 and
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Myo19, are associated with mitochondria to facilitate the short-distance movement

along actin filaments (Boldogh et al., 2001; Altmann et al., 2008).

Fig. 1.14 Mitochondrial trafficking in neurons
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A,B The anterograde motor kinesin-1 and the retrograde motor dynein/dynactin
complex directly interact with Milton1/2 and Miro1/2 on mitochondria to drive their
movement along the microtubules. C Actin motors are associated with mitochondria
to facilitate the short-distant movement along the filament (adapted from (Gao et al.,

2017).
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It is also worth noting that in addition to trafficking within the cell, mitochondria can be
transported between different cell types. Neurons can release damaged mitochondria
and transfer them to astrocytes for degradation (Hayakawa et al., 2016). Through a
calcium-dependent mechanism involving CD38 and cyclic ADP ribose signalling,
astrocytes can also release functional mitochondria to be taken up by neurons

(Hayakawa et al., 2016).

Studies have shown that mitochondrial fragmentation, abnormal mitochondrial fusion,
fission, and trafficking dynamics and altered distribution can contribute to pathological
events in neurodegenerative disorders (ltoh et al., 2013; Burté et al., 2015). In 2004
Swerdlow and Khan proposed a ‘mitochondrial cascade hypothesis’ which stated that
mitochondrial function, influenced by genetics and environment, is a primary event

leading to late-onset AD pathology (Swerdlow and Khan, 2004).

1.15.2 Mitophagy

Impaired mitochondrial function may lead to detrimental cellular events such as
reduced cellular energy, formation of ROS, that in turn can damage proteins,
membranes and DNA (Wallace et al., 1999). Maintaining a healthy mitochondrial pool
is essential for neuronal development and function. There are multiple mitochondria
quality control pathways and one of these mechanisms is the engulfment and
degradation of damaged mitochondria, which is termed mitophagy (Fig. 1.15)

(Menzies et al., 2015).

As described in Section 1.6 above, autophagy is a process in which cytoplasmic
substrates are engulfed in autophagic vesicles, fused to lysosomes and degraded.
Mitophagy is the mechanism of clearing out the damaged mitochondria and is an
example of macroautophagy. Recent studies have been investigating the hypothesis

that the accumulation of dysfunctional mitochondria in neurodegenerative disease in
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context of impaired mitophagy (Kerr et al., 2017). When mitochondria become
damaged, the inner mitochondrial membrane becomes depolarised and this stabilises
the protein phosphatase and tensin homolog (PTEN)-induced kinase 1 (PINK1) at the
outer mitochondrial membrane. In turn, PINK1 phosphorylates MFN2 and ubiquitin,
which recruit Parkin to the outer mitochondrial membrane. Parkin ubiquitylates
several proteins that are recognised by ubiquitin-binding proteins optineurin (OPTN)
and p62/SQSTM1 that recruit to the autophagy pathway (Lazarou et al., 2015). PINK1
can also induce low level mitophagy in a Parkin-independent manner (Lazarou et al.,
2015). Multiple outer membrane proteins can regulate mitochondrial fusion-fission
proteins (DRP1 and OPA1) to induce mitophagy in both Parkin-dependent and
Parkin-independent manners (Sandoval et al., 2014; Chen et al.,, 2016). These
mitophagy receptors bind to proteins associated with immature autophagosomes
(LC3) via LC3-interacting region (LIR) motifs. The formation of protein bridges
between the outer mitochondrial and phagophore membranes results in elongation
and closure of the phagophore membrane, thereby engulfing the mitochondrion. The
final stage of mitophagy is the fusion of the autophagosome with a lysosome,
mediated by the phagophore LC3-binding proteins and the lysosome membrane-
associated protein, Rab7. Finally, lysosomal hydrolases degrade the mitochondrion
(Gao et al., 2015). Accumulating evidence suggests that correct regulation of
mitophagy throughout life is important for prevention of age-related disorders,

including neurodegenerative diseases (Fig. 1.15).
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Fig. 1.15 Mitochondrial dysfunction and compromised mitophagy in

neurodegenerative disease
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Dysfunctional mitochondria (purple) are packaged into autophagosomes and
trafficked to lysosomes to be degraded. In AD-affected neurons, mitophagy is
compromised leading to decreased energy production and increased oxidative stress.
This causes amyloidogenic processing of amyloid precursor protein (APP) by -
secretase and y-secretase/presenilin 1 (PS1) to increase and to accumulate
phosphorylated Tau (pTau) aggregates. Pathogenic amyloid-p (AB) and pTau can

impair mitophagy, leading to an increase in damaged mitochondria (Kerr et al., 2017).
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1.15.3 Mitochondrial biogenesis

Mitochondrial function involves many proteins encoded both from nuclear and from
mitochondrial DNA. Therefore, the biogenesis of mitochondria in general and its
respiratory chain in particular, is dependent on the cross talk between mitochondrial
and nuclear genomes. Both genomes are coordinated by a complex regulatory
system. Mitochondrial transcription requires a single DNA polymerase (POLRMT),
initiation (TFB2M) and stimulation transcription factor A mitochondrial (TFAM)
transcription factor (Ramachandran et al., 2017). In addition, a complex machinery
allows mitochondrial and nuclear gene products to be directed to the correct
mitochondrial compartments, including assembly of the respiratory complexes.
Defective mitochondrial biogenesis has been thought to be associated with
neurodegenerative disorders (Li et al., 2017). However, the status of mitochondrial
biogenesis in AD is unclear as various studies demonstrate alternative results. Some
contradictory evidence has been presented suggesting the possibility that neurons in
different stages of disease might exhibit different patterns of mitochondrial biogenesis
(Liang et al., 2008). Beyond AD, little is known about mitochondrial biogenesis

pathway activation and deactivation in tauopathies.

The mechanism that underlies mitochondrial biogenesis differs between tissues.
However, it is generally considered that peroxisome proliferator-activated receptor
gamma coactivator-1a (PGC-1a) is the master regulator that co-activates multiple
metabolically important nuclear and non-nuclear receptor transcription factors (Fig.
1.16) (Houten and Auwerx, 2004; Handschin and Spiegelman, 2006; Fink et al.,
2014). PGC-1a is highly expressed in brown adipose tissue, skeletal muscle and
brain. PGC-1a is controlled through post-translational modification and increased
expression to turn on mitochondrial biogenesis when it is required. For example,

acetylation supresses PGC-1a activity, whereas phosphorylation by kinases such as
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p38 mitogen-activated protein (MAP) kinase enhances PGC-1a activity (Knutti and

Kralli, 2001; Puigserver et al., 2001; Fan et al., 2004; Fink et al., 2014).

Fig. 1.16 PGC-1a as a key regulator of mitochondrial biogenesis
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The transcriptional coactivator peroxisome proliferator-activated receptor gamma
coactivator 1-alpha (PGC-1a) directly activates multiple transcription factors to control
mitochondrial biogenesis and function. The control of PGC-1a expression responds
to multiple intracellular second messengers and signaling molecules including nuclear
respiratory factor (NRF) 1, NRF2 and estrogen-related receptor (ERR). Upstream
PGC-1a is regulated through cAMP response element-binding protein (CREB), AMP-
activated protein kinase (AMPK) and sirtuin (SIRT) 1. (adapted from Vega et al.,

2015).
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Downstream of PGC-1a are the nuclear respiratory factors (NRF) 1 and 2, which are
transcription factors controlled by PGC-1a. PGC-1a plays a role in the activation of
NRF2 and together they co-activate NRF1 (Scarpulla, 2008). NRF1 binds to the
cytochrome c promoter and is associated with the expression of many genes needed
for respiratory chain assembly and function (Scarpulla, 2002). Similarly, NRF2 also
activates expression of cytochrome ¢ oxidase. NRF1 and NRF2 often work together
with many nuclear genes, particularly nuclear-encoded cytochrome oxidase subunits.
NRF1/2 also activates transcription of nuclear-encoded respiratory genes and TFAM.
TFAM initiates transcription of nuclear-encoded respiratory genes that are required
for maintaining mtDNA copy number and stabilising mtDNA (Parisi and Clayton,
1991). It has also been shown that endogenous PGC-1a regulates neuronal estrogen-
related receptor a (ERRa) transcription and effect electron transport chain expression
(Bakshi et al., 2016). Furthermore, it has been shown that ERRa is enough to mediate
the action of PGC-1a on mitochondrial biogenesis as in muscle cells induction of
mitochondrial biogenesis (Bakshi et al., 2016). Hence, endogenous PGC-1a and
ERRa coactivate the nuclear-encoded electron transport chain in neuronal cells
through a feed-forward loop (Bakshi et al., 2016). PGC-1a increases the expression
of both NRF2 and ERRa, further enhancing ERRa production (Koo et al., 2004). As
shown in Fig. 1.16 PGC-1a plays a key regulatory role in controlling mitochondrial

biogenesis and function.

PGC-1a is regulated by a range of different protein modifiers, including CREB, SIRT1
and AMPK. CREB activates the PGC-1a promoter and drives PGC-1a expression
(Wu et al., 2006). SIRT1 is a member of the sirtuin family of HDACs. Following
activation of SIRT1 by an increase in the nicotinamide adenine dinucleotide
(NAD)*/NADH ratio (Feige et al., 2008). SIRT1 deacetylates and thereby activates,
nuclear PGC-1a. and induces mitochondrial biogenesis (Lagouge et al., 2006).

Increased NAD* biosynthesis and SIRT1 activation have been shown to protect axons
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against degeneration (Araki et al., 2004). Thus, SIRT1 is an important neuronal
component that modulates dendritic and axonal growth, neuronal plasticity, cognitive
function, resistance against stress and other cellular process. SIRT1 has also been
suggested to be closely associated with the accumulation of amyloid-g and tau in AD

brain, in which SIRT1 has been shown to be reduced (Julien et al., 2009).

Particularly in the peripheral nervous system, PGC-1a function is modulated by
AMPK, which is a critical player in mitochondrial bioenergetic processes, particularly
during exercise. In muscle, PGC-1a is activated by AMPK through changes in the
ratio of AMP/ATP (Hardie et al., 2012). Thus, AMPK is stimulated when ATP reduction
is detected either through decreased production, or by increased consumption of
ATP. For example, rising cytoplasmic calcium levels typically increase ATP
consumption and activate AMPK (Herzig and Shaw, 2018). AMPK may also modulate
the function of transcription factors, including FOXO family, that coordinates

resistance to oxidative stress and energy metabolism (Greer et al., 2007).

In aging brain, there is an increase in the size of mitochondria that might indicate a
compensatory mechanism for age-related decline in mitochondrial function. In
neurodegenerative disease, however, it is apparent that there is an increase in
abnormal mitochondria (Reddy, 2009). In addition, lysosomal removal of mitochondria
through mitophagy is increased in neurodegenerative disease (Hirai et al., 2001). One
theory suggests that switching from an enhanced state of mitochondrial biogenesis to
a decrease in mitochondrial biogenesis represents a key transition between normal
brain aging and neurodegeneration (Reddy, 2006; Onyango et al., 2010). Therefore,
this suggests that inducing mitochondrial biogenesis could be a potential
pharmacological target for the treatment of neurodegenerative disease. Fig. 1.17
illustrates the potential beneficial effects of compounds and other interventions that

could stimulate many of the key players involved in mitochondrial biogenesis.
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Fig. 1.17 Mitochondrial biogenesis signalling pathway
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Diagram demonstrates key players in mitochondrial biogenesis pathway. PGC-1a is
regulated by AMPK, SIRT1 and CREB. Activation of PGC-1a occurs when the
AMP/ATP ratio increases upon reduction of ATP levels in the cells. This further leads
to increase of NAD" levels that stimulate SIRT1 to activate PGC-1a.. CREB gets
activated through phosphorylation by kinases such as Akt and PKA. PGC-1a

activation leads to a chain of downstream signalling events that are required for
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mitochondrial function and biogenesis. These are events like stimulation of OXPHOS,

activation of TFAM and other processes needed to facilitate mitochondrial biogenesis.

1.15.4 The relationship between mitochondria and tau

Recent studies have suggested an intrinsic link between tau and mitochondria.
Mitochondrial dysfunction has long been demonstrated to have an early pathological
role in the development of tauopathy including AD and FTD (Yao et al., 2009). It was
found that N-terminally truncated tau (20-22 kDa) (Table 3) is enriched in AD brain
and the amount of this tau fragment correlates with pathological synaptic changes
(Amadoro et al., 2014). In addition, transgenic mouse models of tauopathy, such as
P301L tau knock-in mice, also exhibit mitochondrial dysfunction (Gilley et al., 2012).
P301L tau overexpressing mice have been shown to have increased ROS (David et
al., 2005). Furthermore, neurons generated from P301L tau knock-in mice
demonstrate that expression of this tau mutation significantly reduces the number of
mitochondria in axons (Rodriguez-Martin et al., 2016). The findings in P301L tau
knock-in brain lysates of increased phosphorylation of endogenous tau, suggest a
role for tau and potentially for tau phosphorylation in the regulation of mitochondrial

function (Rodriguez-Martin et al., 2016).

Tau may also be involved in mediating cellular apoptosis via effects in mitochondria.
Phosphorylated tau can prevent apoptosis through a mechanism involving Bcl2 and
caspase-3 in mitochondria (Atlante et al., 2008; Avila et al., 2016). In addition, tau is
thought to facilitate mitophagy through the physical insertion of tau into the outer
mitochondrial membrane, thereby changing mitochondrial membrane potential (Hu et

al., 2016).
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It is thought that the interaction between tau and the mitochondrial fission protein
DRP1, can be detrimental for the maintenance of mitochondrial function. Interaction
between DRP1 and phosphorylated tau increases fragmentation of mitochondria,
resulting in mitochondrial deficiency (Manczak and Reddy, 2012). Conversely,
reducing DRP1 expression decreases phosphorylated tau and reduces mitochondrial
dysfunction in P301L tau over expressing mice (Kandimalla and Reddy, 2016). In AD,
there is evidence for both increased fission and decreased fusion of mitochondria, as
well as enhanced interaction of AB with DRP1, impaired axonal transport of
mitochondria, and synaptic degeneration (Manczak and Reddy, 2012). Thus, it is

evident that tau is can influence mitochondrial morphology and function.

1.16 The neuromuscular junction and neurodegeneration

The mechanism that leads to loss of motor function in several neurodegenerative
diseases is unclear. It is also unknown whether changes in the neuromuscular
junction (NMJ) precede or follow the decline of muscle mass and strength in these
disorders. Decline in motor function may involve impaired signalling from the CNS,
and/or local degeneration and feedback from dysfunctional muscle tissue. The motor
unit, which consists of a motor neuron and the myofibres it innervates, undergoes
profound changes during the pathogenesis of neurodegenerative disease (Cappello
and Francolini, 2017). Irrespective of the cause, when a motor neuron is lost, fibres
previously innervated by the neuron are no longer controlled by the nervous system
and fail to function as a motor unit. In an attempt to repair the lost connection,
denervated orphan fibres express proteins and produce chemotactic signals that
stimulate sprouting of new dendrites from the remaining motor neurons (Lain et al.,
2009). This process leads to reinnervation by the expansion of existing motor units,
which is necessary for returning motor function and this dynamic

denervation/reinnervation cycle compensates for neuronal loss. However, in aging
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and disease, this compensatory mechanism fails, leading to a progressive decline in
muscle mass and strength. The NMJ comprises pre-synaptic (motor nerve terminal),
intra-synaptic (synaptic basal lamina) and post-synaptic (muscle fibre and muscle
membrane) components (Punga and Ruegg, 2012). The NMJ receives an action
potential at the pre-synaptic element, voltage-dependent calcium channels then open,
allowing calcium to enter the neuron and trigger the delivery of acetylcholine (ACh)
into the synaptic cleft. ACh release triggers nicotinic acetylcholine receptors located
in the post-synaptic membrane, to generate an action potential that activates voltage-
gated dihydropyridine receptors (Harkins and Fox, 1998). In order to increase the
surface area of the NMJ and hence neuromuscular connectivity, the post-synaptic

membrane contains multiple folds Fig. 1.18.

It is thought that ACh receptor (AChR) clusters are formed by neurons releasing agrin,
that activates muscle specific kinase (MuSK) on the muscle membrane (Fig. 1.18).
However, conversely, it has been shown that AChR clusters can be formed in the
absence of the neuron, suggesting that MuSK can be activated as the muscle-initiated
event (Singhal and Martin, 2011), for example through muscle protein docking protein
7 (Tezuka et al., 2014). NMJs undergo a prolonged maturation process during which
the pre- and post-synaptic apparatus are shaped by synaptic activity. In the final stage
of NMJ maturation, nerve terminals compete with each other to innervate each muscle
fibre and, eventually, in the early postnatal period, this competition evolves into the
elimination of supernumerary inputs (Barik et al., 2016). Most of the molecules that
play crucial roles in NMJ formation are also essential for NMJ maintenance in adult
life. At this stage, NMJ integrity is tightly dependent on the pre-synaptic release of
ACh and on clustering of AChRs on the muscle plasma membrane to trigger muscle

action potentials.
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Fig. 1.18 The motor unit and neuromuscular junctions
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The motor unit consists of the functional component: 1. the cell body of the motor or
sensory neuron, 2. the corresponding axons, 3. the neuromuscular junction (the
synapse between the motor axon and muscle), and 4. the muscle fibres that are
innervated by the motor neuron. A Vesicles release ACh neurotransmitter from the
presynaptic motor nerve terminal into the synaptic cleft. Postsynaptic skeletal muscle
membrane includes several folds of ACh receptors (red) and voltage-gated sodium
channels (brown). B Neuronal agrin binds to low density lipoprotein receptor-related
protein 4 (Lrp4) activating Muscle-specific kinase (MuSK) through phosphorylation.
AChE-ColQ complex is essential for the inactivation of ACh. Also, ColQ binds MuSK
and perlecan to stabilise the extracellular matrix (ECM). Once activated, MuSK binds

rapsyn which in turn links AChRs and dystroglycan (Campanari et al., 2016).
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NMJ have been studied mainly in the context of aging and in the motor-neuron
disorder, ALS and there has been limited research on the pathological effects on
NMJs in the tauopathies. However, tau overexpression has been shown to lead to
significant morphological and functional disruption to the NMJ (Chee et al., 2005).
Overexpression of human ON3R tau in Drosophila leads to a reduction in the size of
NMJs and an increase in the number of NMJs with irregular and abnormal bouton
structure (Chee et al., 2005). In addition, analysis of the number and distribution of
mitochondria in the pre-synaptic terminal showed that neurons overexpressing tau
exhibit a significant reduction in the number of functional mitochondria (Chee et al.,
2005). Therefore, it has been shown that tau overexpression leads to synaptic
dysfunction, which may be caused by a reduced complement of functional

mitochondria and this may be related to defects at the NMJ (Chee et al., 2005).
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1.17 Aims and objectives

The aims of the studies reported in this thesis are as follows:

1)

2)

3)

To investigate the biochemical and pathological characteristics of central and
peripheral nervous system in a novel mouse model of the human brain-

derived, 35 kDa tau fragment (Tau35), which leads to a disease phenotype.

To morphologically and biochemically characterise primary cortical neurons
derived from Tau35 mice to establish it as a cellular model of human
tauopathies and as a platform to study new targets for pharmacological

intervention.

To investigate mitochondrial morphology, dynamics and function to

understand the effects of Tau35 on axonal transport and neuronal

bioenergetics.
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Chapter 2: Materials and Methods

2.1 Materials

All materials were obtained from Sigma-Aldrich unless otherwise indicated. Ultrapure

water (Elga Maxima system) was used to prepare all solutions.

211 Animals and tissue

Mice expressing Tau35 cDNA with an HA-tag and hGHpA under the control of the
human tau promoter with targeted insertion into the Hprt locus using genOway’s
‘Quick Knock-in™" technology on a 75% C57BL/6;1290la background were used in
this study. Mice were bred in-house and weaned on day 21. Transgenic animals were
identified by genotyping. All the mice used in this project were male Tau35
(hemizygous) or male wild-type (WT), age-matched controls. The animals had access
to rodent chow and water at all times. RM1 rodent chow was given to all mice apart
from breeders, which received RM3 rodent chow (Special Diet Services). Mice were

maintained under a 12-hour light-dark cycle at constant temperature.

2.1.2 Buffer solutions
Phosphate-buffered saline (PBS) 137 mM NaCl
2.7 mM KCI
10 mM NazHPO4
2 mM KH2PO4

pH 7.4
Tris-buffered saline (TBS) 50 mM Tris-HCI

150 mM NacCl

pH 7.6
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2-(N-morpholino)ethanesulfonic acid

(MES) buffer

Extra strong lysis buffer (ESLB)

100 mM 2-(N-morpholino)
ethanesulfonic acid (MES), pH 7.4

0.5 mM MgCl:

1 mM ethylene glycol-bis(B-aminoethyl
ether)-N,N,N',N'-tetraacetic acid
(EGTA)

1 M NaCl

10 mM Tris-HCI, pH 7.5

75 mM NacCl

0.5% (w/v) sodium dodecyl sulphate
(SDS)

20 mM sodium deoxycholate

1% (v/v) Triton X-100

2 mM sodium orthovanadate

1.25 mM NaF

1 mM sodium pyrophosphate

10 mM ethylenediaminetetraacetic acid
(EDTA)

1 x cOmplete™ Mini protease inhibitor
cocktail tablet (Roche Diagnostics)
added to each 10 mL of buffer

1x phosSTOP phosphatase inhibitor
tablet (Roche Diagnostics) added to

each 10 mL of buffer
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2.1.3 Bicinchoninic acid assay (BCA) protein assay

BCA assay kit (Thermo Fisher Scientific) Pierce BCA protein assay kit

BCA Reagent A, 500 mL
BCA Reagent B, 25 mL

Albumin standard, 2mg/mL

21.4 Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-

PAGE)

Laemmli buffer (2x)

Resolving gel

65.8 mM Tris-HCI, pH 6.8
2.1% (w/v) SDS

26.3% (w/v) glycerol

0.01% (w/v) bromophenol blue

5% (v/v) B-mercaptoethanol (BME)

10% (w/v) acrylamide (National
Diagnostics)

25% (v/v) resolving buffer, pH 8.8
(National Diagnostics)

0.01% (w/v) ammonium persulphate
(APS, National Diagnostics)

0.1% (v/v)
N,N,N’,N’'tetramethylethylendiamine

(TEMED, National Diagnostics)
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Stacking gel 4% (w/v) acrylamide
25% (v/v) stacking buffer, pH 6.8
(National Diagnostics)
0.075% (w/v) APS

0.15% (v/v) TEMED

Running buffer 25 mM Tris base, pH 6.8 (National
Diagnostics)
192 mM glycine

0.1% (w/v) SDS

Electrophoresis molecular weight Precision Plus Protein, All Blue Pre-
markers stained Protein Ladder (Bio-Rad)
Chameleon Duo Pre-stained Protein

Ladder (Li-Cor Biosciences)

Precast gels Novex™ 8-16% Tris-glycine mini gels,
WedgeWell™ format, 15-well (Thermo
Fisher Scientific)
Novex™ 8-16% Tris-glycine Plus midi

gels 26-well (Thermo Fisher Scientific)

Running buffer for precast gels Novex™ Tris-glycine SDS running buffer

(10X) (Thermo Fisher Scientific)

Sample buffer for precast gels Novex™ Tris-glycine SDS sample buffer

(2X) (Thermo Fisher Scientific)



Reducing reagent for precast gels NuPAGE™ sample reducing agent (10X)

(Thermo Fisher Scientific)

2.1.5 Western blot

Transfer buffer 25 mM Tris base, pH 6.8 (National
Diagnostics)
192 mM glycine

20% (v/v) methanol

Blocking solution and antibody diluent 3% (w/v) dried skimmed milk in TBS

4% bovine serum albumin

Odyssey® Blocking Buffer (TBS) (Li-Cor

Biosciences)

Western blotting membrane Nitrocellulose membrane 0.45 um (GE

Healthcare)
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Table 4 Primary antibodies

Antibody

2H3
Aldh1L1

DRP1

Dynactin p150
GAPDH (6Ca5)

GFAP

HA.11 Clone 16B12
HSP60

Kinesin

LC3B

NeuN
OPA1

pDRP1
pmTOR

Epitope/Antigen

Neurofillament medium chain (NF-M)

Full-length aldehyde dehydrogenase 1
family, member L1 (aldh1L1)
Dynamin related protein 1 (DRP1) C-

terminus (560-736)

Total dynactin p150Glued protein
Glyceraldehyde-3-phosphate

dehydrogenase (GAPDH)

Mammalian glial fibrillary acidic protein

(GFAP)

Hemagglutinin (HA) tag (YPYDVPDYA)
Heat shock protein 60, clone LK2
Kinesin heavy chain (420-445)

Amino acids 2-15, human LC3B

Neuronal nuclei

Optic atrophy type 1 protein (OPA1)

(708-830)
Phospho-DRP1 (S616)

Phosphorylated mechanistic target of

rapamycin (S2448)

Species/Type

Mouse monoclonal

Mouse monoclonal
Mouse monoclonal

Rabbit monoclonal

Mouse monoclonal
Mouse monoclonal

Mouse monoclonal
Mouse monoclonal
Mouse monoclonal
Rabbit polyclonal

Mouse monoclonal

Mouse monoclonal

Rabbit polyclonal

Rabbit monoclonal

Dilution
for WB
N/A

1/500
1/100

1/1,1000
1/1,500

1/2,000

1/500

1/2,500
1/1,000
1/2,000

N/A
1/1,000

1/1,000
1/1,000

Dilution
for ICC
1/50

N/A
N/A

N/A
N/A

1/1,1000

N/A
N/A
N/A
N/A

1/500
N/A

N/A
N/A

Source

DSHB*

Antibodies
Incorporated
Santa Cruz

Cell Signaling

Santa Cruz Biotech
Santa Cruz

Covance
Sigma Aldrich
Millipore
Sigma Aldrich

Chemicon

BD Bioscience

Cell Signaling
Cell Signaling
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pS6

S6

SOD1

Sv2

Tom20 (FL-145)
Total tau (K9JA)
TP70

B-actin

B-actin

Tau1

PHF1

Taub

SIRT1

CREB

NRF2

pCREB

MFN1 (D-10)
GSK3a/p

Phosphorylated S6 (S235, S236)

Total S6 ribosomal protein
Endogenous superoxide dismutase 1
Synaptic vesicle glycoprotein 2A

Full length Tom20

Tau residues C-terminal half (243-441)
Tau C-terminus (428-441)

N-terminus of B-actin

N-terminus of B-actin

Tau1, clone PC1C6

Tau phosphorylated at 396/404

Tau (210-241)

Endogenous levels of total SIRT1
Endogenous levels of CREB-1 protein
NRF2 (550) to the C-terminal
Phosphorylate CREB (S133)
Mitofusin 1

Full length GSK3a/B (1-420)

Rabbit polyclonal

Mouse monoclonal
Mouse monoclonal
Mouse monoclonal
Rabbit polyclonal
Rabbit polyclonal
Rabbit polyclonal
Rabbit polyclonal
Mouse monoclonal
Mouse monoclonal
Mouse monoclonal
Mouse monoclonal
Rabbit monoclonal
Rabbit monoclonal
Rabbit polyclonal
Rabbit monoclonal
Mouse monoclonal

Mouse monoclonal

1/1,000
1/1,000

1/1,000
N/A
1/500
1/1,000
1/2,000
1/5,000
1/5,000
1/1,000
1/1,000
1/1,000
1/1,000
1/1,000
1/1,000
1/1,000
1/100
1/1000

N/A
N/A

N/A
1/100
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A

Cell Signaling
Cell Signaling

Cell Signaling
DSHB

Santa Cruz Biotech

Dako

Abcam

Abcam

Sigma Aldrich
Millipore

Prof Peter Davies
Millipore

Cell Signaling
Cell Signaling
Abcam

Cell Signaling

Santa Cruz Biotech

Santa Cruz Biotech
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pGSK3a/p Phosphorylated GSK3a (S21)

phosphorylated GSK3p (S9)

Table 5 Secondary antibodies for western blots

Antibody Dilution
Alexa Fluor 680 goat anti- mouse IgG 1/10,000
IRDye TM 800 goat anti- rabbit IgG 1/10,000

Table 6 Secondary antibodies for immunofluorescence
Antibody Dilution
Alexa Fluor 488 donkey anti mouse IgG (H+L) 1/1,000

Alexa Fluor 594 donkey anti rabbit IgG (H+L) 1/1,1000

* DSHB- Developmental studies hybridoma bank

Tissues did not require additional pretreatment. The concentration of antibodies was optimised to produce clear signal.

and Rabbit polyclonal

Source
Invitrogen

Invitrogen

Source
Invitrogen

Invitrogen

1/1000

N/A

Cell Signaling



21.6 Genotyping

KAPA mouse genotyping kit 10X KAPA express extract buffer

1 U/uL KAPA express extract enzyme

2X KAPA2G fast genotyping mix with

dye
REDExtract-N-Amp™ Tissue Extraction solution
polymerase chain reaction (PCR) Kit Tissue preparation solution

Neutralisation Solution B
REDEXxtract-N-Amp PCR reaction mix
(2X PCR reaction mix containing buffer,
salts, dNTPs, Taq polymerase,
REDTaq dye, and JumpStart Taq

antibody)

Table 7 Primers and sequence used for PCR genotyping

Primer name
Forward Tau35
Reverse Tau35
Forward HPRT
Reverse HPRT
Forward Sry
Reverse Sry
Forward Myog 5

Reverse Myog 5

Primer sequence 5’ to 3’ (number of bases)
CGTATGTGATGGACATGGAGATGGAGG (27)
GCCTCCCTCTTATTAAGGACGCTGAGG (27)
TGTCCTTAGAAAACACATATCCAGGGTTTAGG (32)
CTGGCTTAAAGACAACATCTGGAGAAAAA (30)
TCATGAGACTGCCAACCACAG (21)
CATGACCACCACCACCACCAA (21)
TTACGTCCATCGTGGACAGC (20)

TGGGCTGGGTGTTAGTCTTA (20)

95



Agarose gel electrophoresis 10 mg/mL ethidium bromide
2% (w/v) agarose
Tris-acetate-EDTA (TAE) buffer

(Thermo Fisher)

2.1.7 Primary cortical neuronal cell culture
Poly-D-lysine 10 mg/mL poly-D-lysine
Poly-D-lysine pre-coated 6-well and 12-
well plates (Greiner)
Glass-bottomed microwell dishes

(MatTek Corporation)

Dissection solution 1 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES,
Life Technologies)
Ca®"Mg?*-free Hank’s Balanced Salt

Solution (HBSS, Life Technologies)

Primary cortical neuronal cell culture Neurobasal medium (Life Technologies)

medium 1% (v/v) penicillin/streptomycin (Life
Technologies)
1% (v/v) GlutaMAX (Life Technologies)

2% (viv) B27 (serum- free supplement)
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Cell transfection

Cell fixation

Enhanced green fluorescent protein
(eGFP) plasmid (Invitrogen)

Discosoma sp. red fluorescent protein
fused with the mitochondrial targeting
sequence from subunit VIII of human
cytochrome c¢ oxidase (DSRed-Mito)
plasmid (Invitrogen)

Opti-MEM (Thermo Fisher)

Lipofectamine 2000 (Thermo Fisher)

4% (v/v) paraformaldehyde (PFA)

15% (w/v) sucrose in TBS

2.1.8 Sub-cellular fractionation of mouse brain and muscle

Homogenisation buffer

5 mM HEPES, pH 7.4

1 mM MgCl

2 mM EDTA

0.32 M sucrose

1 mMDTT

1 x cOmplete™ Mini protease inhibitor
cocktail tablet (Roche Diagnostics)
added to each 10 mL of buffer

1x PhosSTOP phosphatase inhibitor
tablet (Roche Diagnostics) added to

each 10 mL of buffer
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Mitochondria buffer

Nuclear buffer

50 mM Tris-HCI pH7.4
1 mM EDTA

0.5% (v/v) Triton X-100

20 mM HEPES pH 7.4
1. 5mM MgCl:

0.2 mM EDTA

20% (v/v) glycerol

1% (v/v) Triton X-100

2.1.4 Immunohistochemistry (IHC) and immunofluorescence (IF)

TBS-anti freeze

Cryoprotectant

Optimal cutting temperature compound

(OCT)

Peroxidase blocking solution

Blocking solution

30% (v/v) ethylene glycol
15% (w/v) sucrose
0.05% (w/v) sodium azide

in 50 mM TBS

30% (w/v) sucrose in PBS

Cryo-embedding media (Fisher

Scientific)

2.5% (v/v) hydrogen peroxide in

methanol

2% (v/v) normal goat serum (NGS,

Vector Laboratories) in TBS
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Antibody diluent

Avidin-biotin complex (ABC) system

(IHC only)

Diaminobenzidine (DAB, IHC only)

Haematoxylin counterstain (IHC only)

Mounting medium

Thioflavin S staining solution

2.1.9 Neuromuscular junction staining

Silicone coating

Fixing solution

Permeabilisation solution

Antibody diluent solution

1% (v/v) NGS in TBS
VECTASTAIN ABC kit
(VectorLaboratories)

TBS

DAB substrate kit (Vector Laboratories)

Harris’ haematoxylin (Vector

Laboratories)

IHC: DPX (Distyrene, a plasticiser, and

xylene) mountant (VWR Chemicals)
IF: Fluorescent mounting medium

(Dako)

0.1% (v/v) thioflavin S in H20

Sylguard 184 silicone elastomer kit

(Dow Corning 01015311)

4% (w/v) PFA (Electron Microscopy

Sciences)

2% (v/v) Triton X-100

1X PBS, containing 1.37 M NaCl

1% (v/v) Triton X-100
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Blocking solution:

4% (w/v) BSA

4% (w/v) BSA

2.1.10 Seahorse XF Cell Mito Stress Test

Seahorse calibration solution

Seahorse XF Agilent

Cell Mito Stress Test kit

Seahorse XF Agilent test medium

Seahorse cell cultures

Agilent Seahorse XF calibrant

2uM Oligomycin
1uM FCCP (carbonyl cyanide 4-
trifluoromethoxyphenylhydrazone)

0.5uM Rotenone/antimycin A

Agilent Seahorse XF base medium
(DMEM)

1mM Pyruvate (Life Technologies)

1 mM Glutamine (Life Technologies)

10mM Glucose (Life Technologies)

Agilent Seahorse XF96 cell culture
microplates
Agilent Seahorse XF96 extracellular flux

sensor cartridge
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2.2 Methods

2.2.1 Fractionation of human brain

Human frozen post-mortem brain tissue (pre-motor cortex) from two individuals with
progressive supranuclear palsy (PSP) and two age-matched controls was obtained
from the MRC London Neurodegenerative Diseases Brain Bank (King's College
London). Brain tissue was weighed and homogenised in 4 volumes (w/v) MES buffer.
The homogenate was centrifuged at 3,000 x g (av) for 20 minutes at 4°C. The
supernatant was collected and centrifuged at 100,000 x g (av) for 60 minutes at 4°C.
The pellet was then resuspended in Laemmli sample buffer and analysed on western

blots.

2.2.2 Mouse tissue collection

Mice were anaesthetised with 200 mg pentobarbital sodium (Euthatal, Merial) via
intraperitoneal injection and perfused with PBS. Tissues were collected and either
frozen immediately in liquid nitrogen (frontal brain area, hippocampus and associated
cortex, amygdala, brain stem and cerebellum regions, spinal cord, sciatic nerve and
quadriceps muscle) or post-fixed in 4% (v/v) PFA overnight at 4°C (half brain and
sciatic nerve). Samples were frozen immediately in liquid nitrogen and stored at -80°C
until use. Fixed brain tissue was transferred to 30% (w/v) sucrose and incubated
overnight at 4°C, then frozen in dry cold isopentane. Fixed sciatic nerve was
embedded in OCT. To do this, the sciatic nerve was placed flat on a glass slide on
top of dry ice. Aluminium foil was used to form a box around the sciatic nerve which
was then filled with the OCT compound to create a block. The sample was then stored
at -80°C. Mouse hind limbs were collected for neuromuscular dissection (see section

2.2.16).
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2.2.3 Mouse brain and muscle homogenisation

Mice were culled by cervical dislocation, and the brains were either kept intact or
dissected into four regions (frontal area, hippocampus and associated cortex,
amygdala, and brain stem and cerebellum). Tissue was thawed on ice and manually
homogenised on ice in 4 volumes (w/v) extra strong lysis buffer (ESLB) using a
Dounce homogeniser. The samples were analysed using the protein assay described
in section 1.2.5 to determine protein concentration in the homogenates. Homogenates
were centrifuged at 13,000 x g (av) for 20 minutes at 4°C. The pellet was retained,
and the supernatant was centrifuged at 100,000 x g at 4°C for 60 minutes. The final
supernatant and pellet were retained. Pellets were resuspended directly in Laemmli
sample buffer and supernatants were mixed with an equal volume of Laemmli sample

buffer prior to analysis on western blots.

2.2.4 Protein assay

The protein concentration of mouse brain and muscle homogenate was determined
using the bicinchoninic acid protein assay (Pierce BCA protein assay kit), with bovine
serum albumin (BSA) as a standard. Samples were centrifuged at 8000 x g (av) for 2
minutes at 4°C and the protein content of the supernatant was measured. In a 96-well
plate, a standard curve was created by mixing different amounts of BSA with extra
strong lysis buffer (ESLB). Samples were measured in duplicates, where 5 uL of
sample was added to 20 uL of ESLB per well. The plate was then incubated in the
dark for 30 minutes at 37°C, and the amount of protein present was quantified by
measuring the absorbance at 562 nm using a microplate reader. A BSA standard

curve was used to determine the protein concentration of each sample.

102



2.2.5 SDS-PAGE and western blots

Samples in Laemmli sample buffer were heated at 95°C for 10 minutes and
centrifuged at 13,000 x g (av) for 2 minutes. Supernatants were loaded onto 10%
(w/v) or 12% (w/v) polyacrylamide gels and run at 150 V for 80-100 minutes, or until
the blue sample loading dye reached the bottom of the gel. Separated proteins were
transferred to 0.45 pm nitrocellulose membranes (GE Healthcare Life Science) at 100
V for 60 minutes on ice, using a wet transfer system (Bio-Rad). This was performed
by creating a sandwich assembly with components assembled in the following order:
sponge, filter paper (4-6 pieces), gel, nitrocellulose membrane, filter paper (4-6
pieces), and sponge. These components were pre-soaked in cold transfer buffer. The
sandwich assembly was then placed into a blotting cassette. Following the transfer,
membranes were incubated in blocking solution for 60 minutes to reduce non-specific
binding of the antibodies. The blocking solution was selected depending on the
antibody specificity: 4% (w/v) BSA in TBS, 3% (w/v) dried skimmed milk in TBS or
Odyssey blocking buffer (TBS). The membranes were then incubated in primary
antibodies (Table 1.1) diluted in blocking solution overnight at 4°C, with rocking. Blots
were then washed in Tween-TBS for 3 x 10 minutes and incubated in appropriate
fluorophore-conjugated secondary antibodies (Table 1.2) diluted in blocking solution
for 60 minutes at ambient temperature. After two washes in Tween-TBS and final
wash in TBS (10 minutes per wash), antigens were visualised using the Odyssey
infrared imaging system (Li-Cor Biosciences) and quantified using Image studio lite
(Li-Cor). For later western blot experiments, pre-cast gradient (8-16%, w/v)

polyacrylamide gels (Invitrogen) were used.

2.2.6 PCR genotyping
Tissue for genotyping, collected by ear notching or tail tipping, was incubated in
extraction and tissue preparation solution (KAPA kit or REDExtract-N-Amp) at

ambient temperature for 10 minutes, followed by the addition of neutralising solution.
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Samples underwent PCR using primers (Table 7) and PCR reaction mix (KAPA kit or
REDEXxtract-N-Amp). DNA samples were loaded onto 2% (w/v) agarose gels
containing 10 mg/mL ethidium bromide to visualise DNA. The gels were run at 135 V

for 40 minutes and bands were detected using the UVP transilluminator.

PCR program

Initial denaturation 94°C 3’

Denaturation 95°C 15

Annealing 55°C 157 35 cycles
Extension 72°C 1

Final extension 72°C 5

2.2.7 Immunofluorescence

Immunohistochemistry and immunofluorescence were performed on 30 um free-
floating coronal brain sections from WT and Tau35 mice aged 8 months and 18
months (sections prepared by Marie Bondulich). Sections were washed in TBS (2 x 5
minutes) to remove the TBS-anti-freeze solution and treated with peroxidase blocking
solution for 30 minutes to block endogenous peroxidase activity. Sections were
washed in TBS (2 x 5 minutes) and blocked in 2% (v/v) normal goat serum (NGS) in
TBS for 30-60 minutes, before being incubated in primary antibody (see Table 4)

overnight at 4°C, with rocking and then washed in TBS (3 x 15 minutes).

For immunofluorescence analysis, sections were incubated with fluorescently-tagged
secondary antibodies (see Table 6) at ambient temperature for 1 hour in the dark,
with rocking. Sections were then washed in TBS (3 x 10 minutes), mounted on slides
using a paintbrush, and air-dried at ambient temperature overnight. Coverslips were
then mounted onto slides using fluorescent mounting media (Dako), and images were

captured using a camera on Leica DM5000 B fluorescence microscope.
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2.2.8 Preparation and culture of mouse primary cortical neurons

Prior to dissection, glass coverslips were baked for sterilisation at 180°C and placed
into a 12-well culture plate. For earlier experiments, all plates (6, 12 and single well)
were coated in 1-2 mL poly-D-lysine (PDL, 10 ug/mL) in sterile distilled H-O,
incubating for at least 1 hour at 37°C or overnight at 4°C. Following this, the PDL
solution was removed and wells were washed in 1-2 mL sterile distilled H.O (3 x 5
minutes) and air-dried. For later experiments, PDL pre-coated culture plates were
used. Primary cortical neurons were prepared from embryonic (E) day 14-16 (E14-
16) mouse embryos. Pregnant mice were culled by cervical dislocation and embryos
were removed from the uterus and decapitated. Heads were stored in 1 mM HEPES
(Life Technologies) in Ca®’Mg*-free Hank’s balanced salt solution (HBSS, Life
Technologies) on ice. Meninges were removed from the cortices, which were isolated
from remaining brain structures and placed in HBSS/HEPES solution. The embryonic
skulls were retained for subsequent genotyping. Cortical tissue was digested in 0.1%
(v/v) trypsin-EDTA (Life Technologies) HBSS for 10 minutes at 37°C. The trypsin was
aspirated, and cortices were rinsed in HBSS (3 x 1 minute) to prevent further
trypsinisation. Tissue was then homogenised by gentle pipetting using a P1000
automatic pipette (Gilson), and the homogenate was suspended in pre-warmed
(37°C) primary cortical neuron cell culture media. Cells were seeded in 6-well or 12-
well tissue culture plates (Greiner) at a density of 500,000 cells/well or 250,000
cells/well, respectively. Cells were allowed to attach to the plate during incubation for
2 hours at 37°C in 5% CO,, after which the medium was replaced with fresh cell

culture media.
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2.2.9 Preparation of mouse neuronal lysates

Neurons cultured in 6-well and 12-well plates were scraped into ESLB (100 pL and
50 pL, respectively) and placed on ice for 10 minutes. Tubes were vortexed, and the
contents were sonicated at 40% amplitude at 4°C for 3 seconds. The lysed samples
were then centrifuged at 12,000 x g (av), for 7 minutes at 4°C. Neuronal supernatants

were collected and stored at -80°C.

2.2.10 Transfection of primary mouse cortical neurons

DNA plasmids expressing enhanced green fluorescent protein (eGFP) or DSRedMito
were prepared using a Plasmid Maxi Kit (Qiagen) or Plasmid Midi Kit (Qiagen). DNA
concentration and quality were determined using a Nanodrop 2000 (Thermo Fisher).
Cortical neurons cultured on 18 mm? round coverslips in 12-well plates or 35 mm
glass bottom dishes (MatTek) were transfected with plasmids expressing eGFP
and/or DSRedMito at 2, 5, or 7 days in vitro (DIV). Transfection mixture was prepared
such that 1 ug of DNA, 1 uL of Lipofectamine 2000 and 100 uL of Opti-MEM was
added per well. DNA and Lipofectamine 2000 were diluted separately in Opti-MEM
and incubated at room temperature for 5 minutes. Both mixtures were then combined
and incubated at 37°C for 20 minutes. After the incubation, neurons were transfected
by adding 100 uL of transfection mixture directly into the media. Neurons were
incubated with transfection complexes for 5 hours, after which half of the medium was
replaced with fresh cell culture media. For investigating mouse primary cortical
neuronal morphology, cells transfected at 2, 5, and 7 DIV were fixed at 3, 6, and either
9 or 14 DIV, respectively. For live-cell imaging and immunocytochemistry, cells were

transfected at 7 DIV and imaged at 9 DIV.
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2.2.11 Fixing and mounting of mouse primary cortical neurons

Mouse primary cortical neurons were fixed in freshly prepared, pre-warmed 4% (w/v)
PFA in PBS with 15% (w/v) sucrose for 10 minutes at ambient temperature, and then
rinsed (3 x 1 minute) in PBS. Coverslips were mounted on glass slides using
VECTASHIELD Antifade Mounting Medium with DAPI (Vector Laboratories) and

stored in the dark at 4°C, until ready for imaging.

2.2.12 Fluorescence imaging of mouse primary cortical neurons

Images of the dendritic morphology of mouse cultured cortical neurons were acquired
using the GFP channel on an Eclipse Ti inverted microscope (Nikon Instruments)
using NIS Elements Advanced Research software (Nikon Instruments). Images of
mouse neurons at 3 and 6 DIV were acquired using a 40X objective, and images from
neurons cultured for 9 DIV were captured using a 20X objective. Z-stacks of individual
neurons were acquired using a 0.1 uym step size, at each time point (3, 6, 9DIV), in
order to capture all projections. 14 DIV neurons were imaged using a 20X objective,
using the High Dynamic Range (HDR) module to reduce signal saturation from the
soma and to improve resolution of neuronal processes. Images of dendritic spines on
neurons at 14 DIV were also acquired using HDR capture, using a 60X objective.
Images of multiple dendrites were acquired from the same cell, differing in distance

to the soma.
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2.2.13 Neuronal morphology and Sholl analysis

Z-stack images acquired from 3, 6, 9 DIV neurons were imported into Fiji image
processing software (Schindelin et al., 2012). The Simple Neurite Tracer plugin
(Longair et al., 2011) was used for digital reconstruction and to extract morphological
information. This plugin enables for semi-automated tracing, data exportation, and
Sholl analysis (Sholl, 1953). The ‘Segmented Line’ and ‘Measure’ tools in Fiji were
used to trace and measure the soma perimeter and area.

The parameters extracted from Simple Neurite Tracer as illustrated in Fig. 2.1:

e Number of end points (tips) per neuron

Number of branch points per neuron

e Number of primary neurites stemming from the soma

¢ Number of secondary neurites (stemming from primary neurites)
e Mean neurite length (um) per neurite

e Radial distance or dendritic extent (um)
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Fig. 2.1 Diagram of morphometric measurements
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The diagram demonstrates a schematic representation of a neuron. Soma is shown
in grey with a dendritic tree originating from it in red. The morphometric

measurements are indicated on the diagram (adapted from Rietveld et al., 2015).

Following the construction of traces, Sholl analysis was performed on 3, 6, and 9 DIV
neurons. This method analyses dendritic complexity based on the distribution of
crossings of concentric circles starting at the focal point of the cell soma (Fig. 2.1).
The Sholl step distance was fixed at 10 ym, and the maximal radial distance was set

according to the time in culture (3 DIV, 180 ym; 6 DIV, 250 ym; 9 DIV, 330 um).
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The parameters measured were:
e The total sum of intersections of neurites with the concentric circles
e The number of intersections at a given distance from the soma

e The linear profile of intersections as a function of the distance from the soma

2.2.14 Digital reconstruction and quantitative analysis of dendritic spines
TIFF images of 14 DIV neurons from a 60X objective were imported into
NeuronStudio (Rodriguez et al., 2006; 2008). This program is designed to semi-
manually trace the dendritic arbor as well as detection and classification of dendritic
spines. Spine morphology was assigned as follows:

e ‘Stubby’ spine: width to height ratio > 1

e ‘Thin’ spine: width to height ratio < 1

e ‘Mushroom’ spine: width of head to width of neck ratio > 1

e “Other” spine: not attributable to any of the three categories above

Following assignment of spine type analysis, the spine density was calculated and
expressed as the number of spines per um dendrite. The number of spines present
on dendrites at different distances (distal and proximal) from the cell soma were
compiled to calculate a mean spine density (spines/um) per neuron. The number of
each type of spine (‘stubby,” ‘thin,” ‘mushroom,” or ‘other’) was recorded as the

percentage of the total number of spines analysed, from each individual neuron.

2.2.15 Live imaging of transfected neurons to investigate mitochondrial
movement

Neurons transfected at 7 DIV were imaged at 9 DIV in a chamber maintained at 37°C

using a Nikon Ti-E two camera. Mitochondrial trafficking was observed using a 40X

objective and the time-lapse function, collecting images every 3 seconds for up to 5
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minutes. In each experiment, images were taken at approximately 50-100 um from
the soma to account for any changes in mitochondrial density and mobility (Niescier
et al., 2016). All images were saved in ND2 format and analysed using NIS Elements

Viewer (Nikon).

Mitochondrial analysis consisted of mobility and shape analysis, which were
performed using ImagedJ (Schneider et al., 2012). plugins. For mobility analysis, a
neurite was selected using the ‘Segmented Line’ tool and the image was straightened
for all image frames of the acquired time lapse. The straightened neurite time lapse
stack was used to create a kymograph. The kymograph is a representation of
mitochondrial movement as a function of distance over time and is used to determine
the number of mobile and stationary mitochondria as well as their directionality (Fig.
2.2). The “Slope to Velocity” plugin was used to determine the speed of motile
mitochondria, including their directionality. For shape analysis, the ‘Particle Analysis’
Imaged feature was used. Binary images of mitochondria were used to determine the
following morphological parameters of the neuronal mitochondria: surface area,

perimeter, major and minor axes, mitochondrial orientation within the neurite (angle).
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Fig. 2.2 Graphic representation of a kymograph
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Kymograph represents movement of particles through time across a stack of time
lapse image frames. Straight vertical lines represent stationary particles. Diagonal
lines from left to right are particles moving anterograde direction and lines going

opposite direction show retrograde movement. (adapted from Andrews et al. 2010).
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2.2.16 Neuromuscular junction imaging and analysis

The protocol used to dissect the neuromuscular junction (NMJ) and perform
immunofluorescent morphological analysis was adapted from Sleigh et al, 2014. The
skin was removed from the hind limbs of mice aged 3 or 13 months, within an hour of
culling. The dissection was performed on a silicone-covered petri dish in PBS. Using
a stereo microscope, the flexor digitorum longus (FDL) muscle tendon was removed
and connective tissue was dissected as described in Fig. 2.3 to reveal the lumbrical

muscle, which was then collected.

The muscle was fixed for 10 minutes in 4% (w/v) PFA then washed in PBS, and further
connective tissue was detached from the muscle. The muscle was transferred to a
96-well plate and permeabilised using 2% (v/v) Triton X-100 in PBS for 30 minutes.
Following blocking for 30 minutes in 4% (w/v) BSA in PBS with 1% (v/v) Triton X-100,
muscles were incubated overnight at 4°C with primary antibodies recognising
neurofilament (2H3, 1/50) and synaptic vesicles (SV2, 1/100) in blocking solution to
visualise the axons and pre-synaptic nerve terminals, respectively. Both structures
are easily distinguishable morphologically, therefore, the same fluorophores can be
used for staining. The following day, the muscles were washed in PBS (3 x 30
minutes) before incubation in AlexaFluor 488 secondary antibody (1/250) and 1.5
pg/ml tetramethylrhodamine —bungarotoxin (-BTX) in PBS for 2 hours in the dark. BTX
binds to acetylcholine receptors and therefore labels the endplate of NMJs. Finally,
muscles were washed in PBS (3 x 30 minutes) and mounted using Dako fluorescent

mounting media.
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Fig. 2.3 Hind-limb lumbrical muscle dissection

Immediately after culling, the hind-limbs are removed, and overlying skin detached.
The leg is then pinned out ventral side up A, and the remaining skin dissected away
revealing the tendons in the foot. The overlying flexor digitorum brevis FDB tendon
(arrow) is cut and removed completely by cutting the distal ends. B,C The underlying
FDL tendon, from which the lumbricals originate, is now dissected. This tendon is also
cut proximally and pulled back towards the digits D The FDL tendon is then spread
and pinned down. The connective tissue is carefully cleared, revealing the underlying
lumbricals (arrowheads) between the tendon ends (from medial to lateral, the first to
fourth). Excess connective tissue is removed by blunt dissection in the regions
between the lumbricals and the tendons before fixation. E Lumbrical muscles are
excised, and further connective tissue removed. F Once cleaned up, the distal FDB
tendon (arrowhead) is disconnected, and the muscle is ready for staining. Lumbrical
muscles were dissected from a 3 and 13 months-old WT and Tau35 mice (adapted

from (Sleigh et al., 2014).
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A 60X objective was used to image the degree of innervation and a 20X objective was
used to image the NMJ area. Z-stacks were also acquired using a 300 nm interval
through the muscle tissue. Before analysis, the images were deconvolved using
Richardson-Lucy method on ND2 Nikon software. NMJs were scored on the level of
innervation. Binary images were created using ND2 analysis software (Nikon) to
distinguish SV2 and BTX labelling at NMJs. If no overlap was present between SV2
and BTX, the NMJ was considered to be denervated. If the denervated NMJ retained
a neurofilament-positive axon, the NMJ was rated as partially denervated. If the BTX
and SV2 labelling at the NMJ overlapped, this was scored as fully denervated. The
size and shape of each NMJ was measured by manual drawing around the perimeter

of BTX staining.

2.2.17 Seahorse XF Cell Mito Stress Testing

Mouse primary neurons were seeded at a density of 40,000 cells/well into 96XF 96-
well PDL-coated plates (Agilent). At 9 DIV, cell mitochondrial stress testing was
performed by following the Seahorse XF cell mito stress test kit protocol (Agilent),

according to the manufacturer’s instructions (Fig. 2.4).
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Fig. 2.4 Preparation process for Seahorse XF Agilent mitochondrial stress test

Before the assay

Plate cells Hydrate cartridge with calibrant. Non-CO, incubator at 37°C
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\ 4
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l

Wash cells with 180 ul of assay medium
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Compounds from the kit were prepared for loading sensor cartridge ports. The

concentrations of the compounds were optimised for primary cell cultures.
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Table 8 Preparation of compounds for Seahorse XF Agilent mitochondrial

stress test

Final well

(nM)
Port A
Oligomycin i
Port B 10
FCCP '
Port C
Rotenone/ 0.5
Antimycin A

Stock volume Media volume  Add to port

(uL) (uL) (uL)
600 2400 20
300 2700 22
300 2700 25

The Wave software was used to run the Seahorse XF machine. The hydrated

cartridge was inserted into the machine for calibration. After calibration, the cell

culture microplate was inserted, and the reading was completed, generating the

Seahorse XF Mito stress test report automatically. The test parameters were then

exported from Wave data into Excel and Graphpad Prism.

2.2.18 Statistical analysis and graph representation

All data were checked for normal distribution using the Kolmogorov-Smirnov test

(Graphpad Prism, v7). An appropriate statistical test was chosen for each data set.

GraphPad Prism software was used for graph generation.
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Chapter 3: Biochemical characterisation of Tau35

mice

3.1 Introduction

The tauopathies comprise a broad spectrum of neurodegenerative diseases. In some
tauopathies, such as AD, the symptoms mainly manifest as cognitive decline, which
progresses to dementia. Other tauopathies, for example PSP and CBD, present
predominantly with motor deficits and at later stages often with cognitive decline
(Neary et al., 1998; Lee et al., 2001; Goedert and Spillantini, 2011). The causes of
tauopathies are not yet fully understood. However, it is likely that a combination of
toxic gain-of-function, together with a loss of the normal function of tau protein may

be responsible.

In addition, tau protein undergoes proteolysis and such generation of tau fragments
might be toxic for the brain (Kolarova et al., 2012). Tau truncation is a pathological
modification that can alter the subcellular localisation of tau and lead to the
accumulation of truncated tau fragments that cause cellular dysfunction, cell death,
neuronal loss and/or increased tau phosphorylation and aggregation in a variety of
tauopathies (Wischik et al., 1988; Novak et al., 1993; Arai et al., 2004; Igaz et al.,
2008; Quintanilla et al., 2009). However, the precise relationship between tau
cleavage, tau phosphorylation, tau aggregation and neuronal loss in the tauopathies

remains unknown.

Work from this laboratory showed that a C-terminal tau fragment of 35 kDa (Tau35)
is presentin PSP and CBD brain (Wray et al., 2008). Using antibody epitope scanning,
Tau35 was found to contain four microtubule binding repeats and an intact C-

terminus. In addition, Tau35 is phosphorylated at the majority of the sites found in
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insoluble tau in AD brain (Hanger et al., 2007; Wray et al., 2008). To evaluate the
pathological role of this truncated tau species, a new transgenic mouse line (Tau35
mice) expressing Tau35 under the control of the human tau promoter was generated
(Bondulich et al., 2016). In contrast to the majority of tau transgenic mouse
overexpression models, transgene expression in Tau35 mice is <10% of the total
amount of tau and therefore any potential non-physiological functions of over-
expressed tau are avoided (Bondulich et al., 2016). This makes Tau35 mice a good
model of tauopathies such as CBD and PSP, which are characterised
neuropathologically by the presence of NFT and glial tau pathology that consists

primarily of aggregated 4R tau isoforms (Mahapatra et al., 2004).

Behavioural studies in Tau35 mice demonstrated that motor dysfunction was
apparent from as early as four months of age, and this manifested before the cognitive
deficit. Motor deficits in Tau35 mice included limb clasping, reduced hindlimb grip
strength and reduced performance in rotarod testing (Bondulich et al., 2016). The
Morris water maze was used to show that cognitive decline in Tau35 mice begins at
approximately eight months and progresses with age. In addition, Tau35 mice
demonstrated a significant decrease of approximately 10% in median life-span
compared to WT mice, as demonstrated by a Kaplan-Meier survival curve (Bondulich
et al., 2016). Neurophysiological examination of Tau35 mice identified af minor
alteration in electrophysiological activity in dorsal hippocampal neurons of Tau35 mice
(Tamagnini et al., 2017) that are thought to be linked to the pathological phenotype,
such as GSK3p alterations and synaptic loss, described in (Bondulich et al., 2016).
Therefore, the behavioural, biochemical, and neurophysiological studies of Tau35

mice strongly support the disease-relevance of this mouse model.
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In this chapter, further biochemical analysis of changes in the central and peripheral
nervous system in Tau35 mice is described to further understand the molecular

mechanisms underlying the tauopathies and related disorders.

3.2 Results

3.2.1 Tau35 in the cortex of human PSP brain

The tau pattern was investigated on western blots in post-mortem premotor cortical
tissue from the brains of two people diagnosed with PSP during life, and two age-
matched controls. Brain tissue was homogenised and centrifuged at 100,000g as
described in Chapter 2, Section 2.2.1. The 100,000g pellet containing insoluble
protein, was assessed on western blots probed with an antibody against the C-
terminus of human tau, TP70 (Fig. 3.1). The blot revealed a 35 kDa tau fragment in
the insoluble fraction of PSP cortical brain tissue that was absent from control brain.
Thus, these results confirm the earlier reported findings from this laboratory of the

insoluble Tau35 tau species in PSP brain.
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Fig. 3.1 Tau35 is detectable in cortical tissue of human PSP brain

Control PSP
S — TP70
——
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Western blots of human post-mortem premotor cortex 100,000g pellet of controls and
PSP brains probed with an antibody against the C-terminus of human tau (TP70). The
blot demonstrates the presence of a 35 kDa tau fragment in the PSP pellets. -actin

is shown as loading control. The blots show 2 representative samples for each

condition. Molecular weights (kDa) are indicated on the left.
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3.2.2 Identification of the HA-tagged Tau35 species in Tau35 mice

Tau35 mice were generated by targeted insertion of the Tau35 fragment into the Hprt
locus on the X chromosome. In addition, the Tau35 fragment was fused at its C-
terminus to a hemagglutinin (HA) tag to distinguish Tau35 from endogenous tau. It is
possible that the location of Tau35 on the X chromosome could lead to different
expression levels of Tau35, depending on the mouse gender and the degree of

silencing of the X chromosome in female mice.

Therefore, Tau35 immunoreactivity in male and female transgenic mice was
investigated on western blots probed with antibody against HA. Half brains from male
hemizygous (Hemi), female homozygous (Hom), female heterozygous (Het), and
female and male WT mice aged one month, were homogenised and probed on blots
with HA antibody, including 3-actin as a loading control. Fig. 3.2 shows differences in
Tau35 expression in male and female transgenic mice, as judged by HA
immunoreactivity. Quantitation of the HA signal on blots, relative to B-actin, showed
that male (Hemi) mice demonstrate an approximate two-fold increase in Tau35
expression, compared to female (Hom) and female (Het) mice (P<0.05 and P<0.01,
respectively, one-way ANOVA). There was no significant difference in Tau35 protein
expression in female (Hom) and female (Het) mice. As expected, no HA signal was
detected in the female or male WT mouse brains since HA is generated solely from

transgene expression.
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Fig. 3.2 Tau35 protein expression in male and female Tau35 transgenic mice

Male/
female Male Female
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Western blot of brain homogenates from male hemizygous (Hemi), female
homozygous (Hom), female heterozygous (Het), and WT (male and female) mice
aged one month were probed with HA and B-actin antibodies. The blots show 2
representative samples for each condition. Molecular weights (kDa) indicated on the
left correspond to the weight of the proteins of interest. The graph shows the amount
of HA relative to p-actin, expressed as mean + S.E.M., n=4-6 (*P<0.05, **P<0.01,

one-way ANOVA).
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To investigate the regional expression of Tau35 in mouse brain, tissue from Tau35
male mice (18 months) and WT mice, was crudely dissected into four brain regions:
hippocampus and associated cortex; frontal brain; amygdala; and brainstem and
cerebellum. Brain tissue was homogenised and probed on western blots with
antibodies against HA and B-actin (Fig. 3.3). Quantitation of the blots revealed that
the hippocampus and associated cortex expressed significantly more Tau35, relative
to B-actin (P<0.05), than frontal brain or amygdala (Fig. 3.3). The standardised Tau35
expression in the hippocampus is significantly higher than in frontal brain (P<0.05,
one-way ANOVA) and amygdala (P<0.05, one-way ANOVA). Tau35 in the brainstem
and cerebellum was similar to that determined in the hippocampus and cortex
(P>0.05, one-way ANOVA), and increased relative to the amount in frontal brain
(P<0.05, one-way ANOVA), although it was not significantly different from the
amygdala (P>0.05, one-way ANOVA). In addition, levels of endogenous tau are not

significantly different between the brain regions (P>0.05, ANOVA).
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Fig. 3.3 Tau35 protein expression differs across mouse brain regions
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Fig. 3.3 legend

Homogenates of hippocampus and associated cortex, frontal brain, amygdala and
associated cortex, and brainstem and cerebellum from WT and Tau35 mice (18
months). Blots are probed with A antibodies recognising HA and B-actin and B Total
tau (K9QJA) and B-actin. The blots show 2 representative samples for each condition.
Molecular weights (kDa) are indicated on the left. The amount of HA was quantified
relative to B-actin and expressed as the mean =+ S.E.M., n =3. *P<0.05, one-way

ANOVA.

3.2.3 Increased phosphorylation of endogenous tau in the hippocampus and
associated cortex of Tau35 mice
To investigate phosphorylation of endogenous tau in Tau35 and WT mice, brain
homogenates from mice aged 14 months were investigated on western blots. The
phosphorylated serine 422 (pS422) tau epitope has been proposed as a marker of
neurofibrillary degeneration and is recognised as a relatively early marker of pre-
tangle tau pathology (Guillozet-Bongaarts et al., 2006), such as that observed in
Tau35 mice (Bondulich et al., 2016). The amount of pS422, relative to total tau (Tau5
antibody) in Tau35 mouse hippocampus and associated cortex (0.62 + 0.07, mean %
S.E.M., n=6) demonstrates a 37% (P<0.05, Student’s t-test) increase compared to
that of WT mice (0.39 £ 0.05, mean + S.E.M., n=6) (Fig. 3.4A). In contrast to the
pS422 tau antibody, the Tau1 antibody recognises tau when it is dephosphorylated
at serines 195, 198, 199, and 202. Western blots of the hippocampus and associated
cortex probed with Tau1 (Fig. 3.4B) showed a significant reduction of 23% (P<0.05,
Student’s t-test) in the immunoreactivity of Tau1, relative to total tau (K9QJA antibody)

in Tau35 mice (0.48 + 0.03, mean + S.E.M., n=6) compared to WT mice (0.62 + 0.04,
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mean £ S.E.M., n=6). These results show that expression of Tau35 induces increased
phosphorylation of endogenous (WT) mouse tau at both the pS422 tau and Tau1
epitopes in Tau35 mice, indicating elevated phosphorylation at multiple residues,

including 195, 198, 199, 202 and 422 on tau.

Fig. 3.4 Increased phosphorylation of endogenous tau in Tau35 mice
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Western blot of 14 months old Tau35 and WT mouse hippocampus and associated
cortex probed with antibodies recognising A pS422 phosphorylated tau and total tau
(Taub) or B Tau1, which recognises a dephosphorylated epitope on tau and total tau
(K9JA). The blots show 2 representative samples for each condition. Molecular
weights (kDa) are indicated on the left of the blots. Tau phosphorylation was

quantified relative to total tau and expressed as mean + SEM, n=6, *P<0.05, Student’s

t-test.
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3.2.4 Increased insoluble endogenous tau in the hippocampus and associated
cortex of Tau35 mice
To investigate pathological tau aggregation in the hippocampus and associated cortex
of Tau35 and WT mice aged 14 months, differential centrifugation was used to pellet
insoluble tau. Brain homogenates were centrifuged as described in Chapter 2, Section
2.2.3 to generate 100,000g supernatants and pellets, 13,000g pellets and brain
homogenates, all of which were assessed on western blots probed with antibodies to
total tau (K9JA) and B-actin (Fig. 3.5A). Fig. 3.5B demonstrates the quantitative
analysis of the western blots probed with tau, standardised to $-actin. The blots show
that different tau species are present in each of the fractions analysed. There was a
tau doublet of ~50 kDa visible in the WT 13,0009 pellet but in the Tau35 mice, there
were multiple tau species, including an additional ladder of higher molecular weight
bands of ~75 kDa. Quantification of the amount of tau in the 13,000g pellet revealed
a significant two-fold increase in tau, relative to -actin, in this fraction of Tau35 mouse
brain (6.8 £ 1, mean * S.E.M, n=6) compared to the same fraction from WT mouse
brain (3.3 £ 0.33, mean £ S.E.M., n=6). However, the amount of tau in the 100,000g
pellet in Tau35 mouse brain (1.66 + 0.17, mean + S.E.M., n=6) was similar to WT
mice (1.29 = 0.16, mean + S.E.M., n=4), as shown in Fig. 3.5D (P>0.05, Student’s t-
test). No significant changes (P>0.05, Student’s t-test) were detected in the amount
of tau present in the 100,000g supernatant of Tau35 (1.68 + 0.17, mean + S.E.M,,
n=6) or WT mice (2.01 £ 0.47, mean £ S.E.M., n=6) (Fig. 3.5E). There was also no
difference in the overall amount of tau in the total brain homogenate from WT (5.73
0.35, mean £+ S.E.M., n=5) or Tau35 (6.01 + 0.35, mean = S.E.M., n=5) mice,
confirming that there is no overrepresentation of tau in Tau35 mice (Fig. 3.5 B). Taken
together, these findings suggest the presence of highly aggregated tau species in
Tau35 brain that were separated by centrifugation at 13,000g, without any significant

change in overall tau expression.
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Fig. 3.5 Increased amount of endogenous tau in hippocampus and associated

cortex in the 13,000g pellet from Tau35 mouse brain
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A. Western blots of WT and Tau35 hippocampus and associated cortex (14 months)
following differential centrifugation and probing with antibodies to total tau and p-actin.
Molecular weight markers (kDa) of proteins of interest are shown on the left. B-E. Bar
charts show quantitative analysis of total tau normalised to B-actin in B brain
homogenates, C 13,0009 pellets, D 100,000g pellets, and E 100,000g supernatants.
The amount of tau on blots was quantified relative to -actin and expressed as mean

+ SEM, n=6, **P<0.01, Student’s t-test.
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3.2.5 Mitochondrial deficit in the hippocampus and cortex of Tau35 mice

Extensive evidence from animal and clinical studies suggests that mitochondrial
abnormalities are involved in age-related neurodegenerative diseases such as AD
and PD (DiMauro and Schon, 2008; Reddy, 2009). To investigate the integrity of
mitochondria in aged Tau35 mice, homogenates of the four brain regions indicated
above, from WT and Tau35 male mice (aged 18 months) were analysed on western
blots. The blots were probed with an antibody against a mitochondrial marker
(HSP60), which is located on the inner membrane of mitochondria, and with an
antibody to B-actin (Fig. 3.6A). This investigation revealed a significant mitochondrial
deficit as the HSP60/actin ratio was reduced by 23% (p<0.01, Student’s t-test) in
Tau35 mice in the hippocampus and associated cortex (0.96 + 0.04, mean + S.E.M.,
n=3) compared to WT mice (1.24 + 0.03, mean = S.E.M., n=3). Frontal brain
demonstrates a 33% reduction in HSP60 in Tau35 mice (0.74 + 0.08, mean £ S.E.M.,
n=3)., compared to WT mice (1.11 £ 0.11, mean £ S.E.M., n=3) which was a strong
trend but not statistically significant (P>0.05, Student’s t-test). In addition, the
brainstem and cerebellum show a slight tendency towards a mitochondrial deficit
however, this was not significant (P>0.05, Student’s t-test) in Tau35 (0.86 £ 0.02,
mean x S.E.M., n=3) mice compared to WT mice (0.81 £ 0.006, mean = S.E.M., n=3).
There was also no apparent deficit in mitochondria in the amygdala in Tau35 mice
(0.56 £ 0.02, mean = S.E.M., n=3) mice compared to WT mice (0.55 + 0.05, mean %
S.E.M., n=3). However, the blots probed with TOM20 did not show significant
difference between WT and Tau35 brain regions (P>0.05, Student’s t-test). Overall,
these results indicate brain regional variation in the effects of Tau35 expression on

mitochondria in transgenic mice.
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Fig. 3.6 Mitochondrial deficit in Tau35 hippocampus and cortex
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Fig. 3.6 legend

Western blots of homogenates of hippocampal and associated cortex, frontal brain,
amygdala and associated cortex, and brainstem and cerebellum from 18-month-old
wild-type (WT) and Tau35 mice (n=6). A Blots were probed with antibodies
recognising the mitochondrial marker HSP60 and B-actin. B Blots were probed with
antibodies recognising the mitochondrial marker TOM20 and B-actin. Molecular
weights (kDa) are indicated on the left. HSP60 was quantified relative to p-actin and

expressed as mean = S.E.M., n=3, **P<0.01, Student’s t-test.

3.2.6 Astrocytic activation in aged Tau35 mouse brain

Astrocytic activation is a common hallmark of tauopathies (reviewed in (Leyns and
Holtzman, 2017). To investigate whether astrocyte activation is a feature of Tau35
mice, coronal sections of the cortical region of brains from mice aged 18 months (three
brains of each genotype), were co-stained using antibodies recognising glial fibrillary
acidic protein (GFAP), a marker of astrogliosis, and neuronal nuclei (NeuN) (Fig. 3.7).
Notably, a marked increase in GFAP labelling is evident in Tau35 mice compared to
WT mice (Fig. 3.7, left panels), particularly in areas with decreased NeuN staining
(Fig. 3.7, centre and right panels). These results indicate an increase in gliosis in

Tau35 mice, particularly in brain regions in which there may be some neuronal loss.
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Fig. 3.7 Astrocytic activation in the cortex of Tau35 mouse models

WT

Tau35

Coronal cortical brain sections from WT and Tau35 mice aged 18 months stained with
antibodies recognising glial fibrillary acidic protein (GFAP, green, left panels) and
neuronal nuclei (NeuN, red, centre panels). The merged images are shown on the

right. Scale bar = 100 um.
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To determine the degree of reactive astrogliosis and to detect any possible changes
in other brain regions of Tau35 mice, astrocytic activation was analysed by performing
western blots on brain homogenates from Tau35 and WT mice aged 18 months. Brain
regions assessed included the hippocampus and associated cortex, the frontal region,
the amygdala and associated cortex, and the brainstem and cerebellum (Fig. 3.8A-D,
respectively). Blots were probed with antibodies against GFAP, to determine
astrocyte activation, aldehyde dehydrogenase 1 family, member L1 (aldh1L1) as a
general astrocyte marker (Yang et al., 2012), and B-actin as a loading control. Bands
on these blots were detected at the expected sizes of 50 kDa, 100 kDa, and 43 kDa,

for GFAP, aldh1L1, and B-actin, respectively (Fig. 3.8).

Fig. 3.8E shows that GFAP expression, normalised to B-actin, was significantly
increased in all brain regions of Tau35 mice. There was a 40% increase in GFAP in
hippocampus and associated cortex (P<0.01, Student’s t-test), a 25% increase in the
frontal region (P<0.001, Student’s t-test), a 50% increase in the amygdala and
associated cortex (P<0.01, Student’s t-test), and a 40% increase in brainstem and
cerebellum (P<0.01, Student’s t-test). In contrast, there were no significant
differences in expression of aldh1L1, relative to B-actin, in any of the brain regions
analysed (P>0.05, Student's t-test). These findings thus provide evidence of
astrocytic activation in Tau35 aged 18 months, which is not due to an increase in the

number of astrocytes in these animals.
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Fig. 3.8 Astrocytic activation in Tau35 mouse brain
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Fig. 3.8 legend

Western blots of homogenates of A hippocampal and associated cortex, B frontal
region, C amygdala and associated cortex, and D brainstem and cerebellum, from
wild-type (WT) and Tau35 mice, aged 18 months. Blots were probed with antibodies
recognising glial fibrillary acidic protein (GFAP), aldehyde dehydrogenase 1 family,
member L1 (aldh1L1), and B-actin. Molecular weights (kDa) are indicated on the left.
Graphs show the amounts of E GFAP relative to aldh1L1, and F aldh1L1, and G
GFAP, relative to B-actin. All values are expressed as mean + S.E.M., n=3-7 *P<0.05,

*P<0.01, ***P<0.001, Student’s t-test.

3.2.7 Altered autophagy in Tau35 mice

Alterations in lysosomal-mediated degradation and autophagy are features of several
human tauopathies (Piras et al., 2016). Therefore, lysosomal degradation in Tau35
mouse hippocampus and associated cortex (18 months) was determined by
measuring the amount of microtubule-associated protein 1-light chain 3 (LC3)
present. During autophagy, cytosolic LC3-I is conjugated to
phosphatidylethanolamine to form LC3-Il, which is recruited to the autophagosomal
membrane. Lysosomal turnover of LC3-Il reflects starvation-induced autophagic
activity, and measuring the amount of LC3-Il, relative to 3-actin, on western blots is
considered to be a reliable method for monitoring autophagy (Tanida et al., 2008). In
these experiments (Fig. 3.9), LC3-I, relative to B-actin, was found to be significantly
decreased (P<0.05, Student’s t-test) in the hippocampus of Tau35 mice (2.11 £ 0.11,
mean + S.E.M., n=5) aged 18 months, compared to age-matched WT mice (2.42 +
0.07, mean = S.E.M., n=5). However, LC3-ll, relative to B-actin, was significantly

increased (P<0.05, Student’s t-test) in Tau35 mice (1.51 £ 0.10, mean + S.E.M., n=5)
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compared to WT mice (1.21 £ 0.06, mean = S.E.M., n=5) (Fig. 3.9). These results
suggest an increase in number of autophagosomes in the hippocampus and
associated cortex of Tau35 mice that could potentially occur either through

upregulation of autophagosomal formation or blockage of autophagic degradation

(Mizushima and Yoshimori, 2007).

Fig. 3.9 Altered autophagy in the hippocampus and associated cortex of Tau35
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Western blots of hippocampal and associated cortex of WT and Tau35 mice (18
months) probed with an antibody recognising LC3. Molecular weights (kDa) indicated
on the left correspond to the weight of the proteins of interest. Graphs show the ratios

of LC3-l and LC3-Il to B-actin, expressed as mean + S.E.M., n=5, *P<0.05, Student’s

t-test.
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3.2.8 Progressive deformation of acetylcholine receptors coupled with partial
denervation of the neuromuscular junction in Tau35 mice
Tau35 mice show progressive motor dysfunction during behavioural testing such as
on the accelerating rotarod, limb clasping, and hindlimb grip strength (Bondulich et
al., 2016). To investigate the potential causes of these motor deficits, the
neuromuscular junctions (NMJs) in Tau35 mice were investigated. The distal hindlimb
lumbricals muscles, involved in the activities required by mice during the behavioural
studies indicated above, were dissected from Tau35 and WT mice aged 3 and 13
months and stained as described in Chapter 2, Section 2.2.16. The muscle was
immunostained with antibodies against synaptic vesicle glycoprotein 2A (SV2),
neurofilament medium polypeptide (NF-M, 2H3), which together label the motor
neuron of NMJ, and with a-bungarotoxin (BTX), which labels acetylcholine receptors
in the muscle fibre in the NMJ (Fig. 3.10). Notably, neurofilament organisation in
Tau35 lumbrical muscle from mice aged 3 months was significantly affected by Tau35
expression and demonstrated a less organised structure compared to the tight

bundles of neurofilaments evident in the muscle from WT mice of the same age.
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Fig. 3.10 Altered neurofilament organisation in the neuromuscular junction of

Tau35 mice

SV2; 2H3

WT

Tau35

Immunofluorescence of distal hindlimb lumbrical muscle from WT and Tau35 mice
aged 3 months. Sections were immunostained with antibodies recognising synaptic

vesicles (SV2, red), neurofilament (2H3, red) and a-bungarotoxin (BTX, green). The

merged images are shown on the right. Scale bar = 100 um.
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To investigate the abnormalities detected at the NMJ in Tau35 mice (Fig. 3.11), the
physical characteristics of NMJs, including their size, shape and degree of
innervation, were determined. The size analysis of NMJs from mice aged 3 months
demonstrated that the area of Tau35 endplates, assessed as the amount of BTX
staining corresponding to acetylcholine receptors, was approximately 700um? (Fig.
3.11A) and this is not altered in Tau35 mice compared to WT mice at 3 months of
age. Shape factor describes the shape of the particle, in this case, BTX staining
surface, independent of its size, where the value ranges from 0 to 1. The shape factor
of NMJs in Tau35 mice (0.67 £ 0.02, mean + S.E.M., n=21) is significantly reduced
by 8% (P<0.05, Student’s t-test) compared to WT mice (0.73 £ 0.01, mean £ S.E.M.,
n=22). These results indicate reduced circularity in Tau35 mouse NMJs and
potentially suggests that there is a loss of acetylcholine receptors (AChR) and
therefore, early signs of AChR instability in Tau35 mice. Innervation of NMJs was
determined from scoring their attachment to both neurofilament (2H3) and SV2. SV2
and neurofilament staining can be distinguished morphologically because SV2
staining overlaps with BTX staining, outlining the nerve synaptic site of the NMJ,
whereas the thread-like structures of neurofilaments connect to synaptic vesicles
labelled by SV2. Partially denervated NMJs are scored as those remaining attached
to neurofilament but lacking SV2 staining, indicating a loss of connection between
nerve and muscle. Fully denervated NMJs were scored as those that were negative
for both neurofilament and SV2. Using this scoring methodology, approximately 38%
of NMJs from Tau35 mice aged 3 months were partially denervated, compared to
approximately 26% of NMJs in WT mice. However, despite a mean increase of 30%
in partially denervated NMJs in the Tau35 mice, this difference was not statistically
significant from WT mice, most likely due to the high degree of variation and low

number of samples of each genotype (Fig. 3.11C).
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Fig. 3.11 Early signs of acetylcholine receptor instability in the neuromuscular

junction of young Tau35 mice
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Graphs showing the quantitative analysis of NMJs in the distal hindlimb lumbrical
muscle of WT and Tau35 mice aged 3 months. A Number and area of NMJs B
Shape and roughness of NMJs C Partial and full denervation of NMJs. Values are

show as mean + S.E.M., n = 3 (*P<0.05, Student t-test).
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It is known that in advanced age muscle loses efficiency. Therefore, to study the
effects of Tau35 expression on muscle during aging in the transgenic mice, NMJs
from mice aged 13 months were investigated. Distal hindlimb lumbrical muscle of WT
and Tau35 mice aged 13 months was stained and assessed for the size, shape and
degree of innervation at the NMJ (Fig. 3.12). Firstly, the number of NMJs per muscle
is not significantly different in Tau35 muscle compered to WT muscle (p>0.05,
Student’s t-test). However, at this age, neurofilament staining in the lumbrical muscle
of both WT and Tau35 mice was much weaker and more fragmented than in animals
aged 3 months, suggesting the possibility of loss of functional connections between
nerve and muscle at the NMJ with age (Fig. 3.12A). It is evident that the surface area
of the endplates, determined from BTX staining of the acetylcholine receptors, is
significantly decreased by 20% (P<0.01, Student’s t-test) in the muscle of Tau35 mice
(760 £ 25, mean + S.E.M., n=11) compared to that of WT mice aged 13 months (950
+ 55, mean + S.E.M., n=10). In addition, the shape of Tau35 endplates is altered and
this increased roughness is likely due to degeneration of the acetylcholine receptors
in Tau35 muscle. There is also a significant increase (P<0.05, Student’s t-test) in the
percentage of partially denervated endplates in Tau35 mouse NMJs (15.5 + 2.85,
mean + S.E.M., n=9) compared to WT (7 £ 2.15, mean + S.E.M., n=9). However, the
percentage of fully denervated endplates was equivalent in Tau35 and WT muscle
(P>0.05, Studen't t-test). It is also worth noting the swelling of the neurofilament in
Tau35 muscle (Fig. 3.12, white arrow) such enlargements have previously been
shown to be a precursor to neurofilament degeneration in disease including
amyotrophic lateral sclerosis (ALS), Charcot-Marie-Tooth disease (CMT), and spinal

muscular atrophy (SMA) (Sleigh et al., 2014).
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Fig. 3.12 Progressive deformation of acetylcholine receptors coupled with

partial denervation of the neuromuscular junction in lumbrical muscle of aged

Tau35 mice
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Fig. 3.12 legend

Analysis neuromuscular junctions (NMJs) in distal hindlimb lumbrical muscle from WT
and Tau35 mice aged 13 months. A NMJs in distal hindlimb lumbrical muscle of WT
and Tau35 mice. Sections were immunostained with antibodies recognising synaptic
vesicles (SV2), neurofilament (NF-M,2H3) and a-bungarotoxin (BTX). White arrow
indicates thickened neurofilament in Tau35 muscle. Scale bar = 10 um. Bar charts
show B Number of NMJs per muscle and mean NMJ area (um?). C Shape and
roughness of acetylcholine receptors area. D Partial and full denervation in WT and
Tau35 NMJs. Values are show as mean + S.EM., n = 4 (*P<0.05, **P<0.01,

****P<0.0001, Student’s t-test).

3.2.9 Mitochondria in Tau35 muscle tissue

Since Tau35 expression has a significant detrimental effect at the NMJ, particularly in
older mice, and defects in the quadriceps muscle of Tau35 mice have been reported
in animals aged 8 and 16 months (Bondulich et al., 2016), the status of mitochondria
in muscle from Tau35 mice was investigated. To do this, the amounts of the
mitochondrial proteins, TOM20 and superoxide dismutase (SOD) 1, were assessed,
relative to GAPDH, on western blots of quadriceps muscle of WT and Tau35 mice
aged 8 months. Tau35 mice showed no significant differences in the amounts of
TOM20 or SOD1 in the quadriceps muscle compared to WT mice at this age. The
amount of TOM20 in Tau35 muscle appeared to be slightly, but not significantly
reduced (P>0.05, Student’s t-test), possibly due to the amount of variance in the data
obtained from the WT mice (Fig. 3.13A). Similar results were obtained with SOD1
(Fig. 3.13B, P>0.05, Student’s t-test). Overall, these results indicate the possibility

that these may be early signs of alterations in mitochondria in quadriceps muscle in
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Tau35 mice, however, an increase in the number of samples and examining older

animals might be required in order to assess this more accurately.

Fig. 3.13 Mitochondrial protein levels in Tau35 muscle
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Western blot of WT and Tau35 quadriceps muscle (aged 8 months) probed with

antibodies against mitochondrial markers A Tom20 and B SOD1. Molecular weights

(kDa) indicated on the left correspond to the weight of the proteins of interest. The

amount of the mitochondrial markers on the blot was quantified relative to

glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Values are show as mean +

S.E.M., n =3 (P>0.05, Student’s t-test).
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3.3 Discussion

This chapter describes the biochemical characterisation of the Tau35 mice, which are
a novel mouse model expressing an N-terminally truncated form of WT human tau.
The results show that Tau35 expression in mice mimics many of the major hallmarks
of tauopathies that lead to the appearance of a disease-related phenotype. The Tau35
mouse is a unique and highly relevant model of human tauopathy that exhibits the

following biochemical pathologies:

Higher expression of Tau35 in male transgenic mice compared to female mice

e Accumulation of endogenous tau in insoluble pellets obtained from the
hippocampus and associated cortex of mice aged 14 months

¢ Increased phosphorylation of endogenous tau in hippocampus and associated
cortex of mice aged 14 months

e Signs of increased autophagy in the aged hippocampus and associated cortex
region in mice aged 18 months

e Brain region-specific mitochondrial deficit in mice aged 18 months

e Astrocytic activation in all brain regions of mice aged 18 months

e Progressive degeneration and denervation of NMJs in the distal hindlimb

lumbrical muscle in mice aged 13 months mice

3.3.1 Variability in levels of Tau35 protein in male and female mice as well as
between different brain regions

Almost all existing transgenic mouse models of tauopathy over-express either mutant

or WT tau, however, since high tau expression is not a hallmark of the tauopathies,

these may not represent ideal models of human disease. Tau35 is a form of truncated

tau that is found in PSP and CBD human brain and is free from mutations. Tau35

mice express Tau35 at less than 10% of total tau (Bondulich et al., 2016). Since the
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Tau35 transgene was inserted into the Hprt locus of the X-chromosome., it was of
interest to determine whether the gender of the transgenic mice influenced Tau35
expression. Interestingly, investigation of Tau35 levels in Tau35 mouse models
demonstrates a significantly increased amount of Tau35 in male mice compared to
that of female mice. This could be due to partial or complete X chromosome
inactivation, which is the variable silencing of a single X chromosome in females
(Lyon, 1962). Therefore, because of the unpredicted nature of X chromosome
silencing, and to eliminate potential variability due to differential expression of Tau35

protein, this study evaluated the effects of Tau35 in male mice only.

In addition to variability between genders in Tau35 mice, differences in the amount of
Tau35 were also found in different brain regions of Tau35 male mice. The amount of
Tau35 expression is higher in hippocampus and associated cortex, and brainstem
and cerebellum, and lower in the frontal region, and amygdala and associated cortex.
However, brain region-specific tau transgene expression has not been well studied,
perhaps due to the difficulty in discriminating between the transgenic and endogenous
mouse proteins in previous studies. However, the HA tag fused to the C-terminus of

Tau35 enabled its differentiation from the endogenous tau.

3.3.2 Accumulation of endogenous tau in an insoluble fraction of aged Tau35
brain
Tau accumulation and tau aggregation are defining pathological features of
tauopathies and therefore, differential centrifugation was used to assess the amount
of tau in pellets obtained from the hippocampal and associated cortex of WT and
Tau35 mice aged 14 months. The total amount of tau in brain homogenates from mice
of each genotype was similar. However, there was a significant increase in the
amount of tau in the insoluble pellet obtained from Tau35 mouse brain, compared to

that of WT mice. This indicates that larger aggregates of tau are present in the
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insoluble fraction (13,0009 pellet) in Tau35 mouse brain, this is supported by the fact
that the 100,000g pellet contained similar amounts of tau in Tau35 and WT mice. In
addition, sarkosyl-insoluble preparations from hippocampus and associated cortex of
WT and Tau35 mice aged 14 months, showed no increase in the amount of
aggregated tau present in Tau35 mice (Bondulich et al., 2016). Furthermore, ThioS
and silver staining was negative for tau aggregates in Tau35 mouse brain (Bondulich
et al., 2016). However, IHC of Tau35 hippocampus and has shown pre-tangle like

structures labelled with tau antibodies (Fig. 1.12)

In addition to insoluble protein species, the 13,0009 pellet contains cellular organelles,
predominantly mitochondria, lysosomes and peroxisomes. It is possible that tau could
be associated with these organelles in Tau35 mice. It has been suggested previously
that tau accumulation impairs mitochondrial degradation by directly interacting with
mitochondria (Hu et al., 2016). It is also believed that the autophagy-lysosome system
enables clearance of pathological tau (Rodriguez-Martin et al., 2013). Therefore, the
higher levels of tau protein in 13 000g could indicate potential interaction of tau with

the organelles that are separated out in this pellet.

3.3.3 Increased phosphorylation of endogenous tau protein in aged Tau35
mice
Tau function is regulated by numerous post-translational modifications, including
phosphorylation and proteolytic cleavage (Hanger et al., 2009). Abnormal post-
translational modifications alter the normal function of tau and may contribute to the
pathology of tauopathies (Mietelska-Porowska et al., 2014). However, tau
phosphorylation is an essential part of its physiological function. Furthermore, Tau35
mice show a substantial increase in phosphorylation, and then undergo proteolytic

cleavage (Hanger and Wray, 2010), generating a number of tau fragments that can
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be transported into different cellular compartments (Paholikova et al., 2015). Both
increased tau phosphorylation and tau cleavage, have been suggested to trigger the
aggregation of tau in tauopathies (Mietelska-Porowska et al., 2014). Aggregates of
highly phosphorylated tau may then cause deterioration of normal cell processes, for
example triggering astrocyte activation, as well as leading to dysfunction of cellular

organelles such as mitochondria (Schulz et al., 2012; Pekny and Pekna, 2014).

Furthermore, the degree of phosphorylation of endogenous tau depends on the
balance of activity between protein kinases and phosphatases, which regulate
phosphorylation and dephosphorylation of tau, respectively (Mietelska-Porowska et
al., 2014). If this balance is disrupted, either by over-activation of kinases (such as
GSK-3) or inhibition of phosphatases (such as PP2A), tau becomes
hyperphosphorylated (Hanger et al., 1992; Gong et al., 1994). It has been previously
identified that there is an increase in GSK3p activity in Tau35 mouse brain that may
make a significant contribution to the observed increase in endogenous tau

phosphorylation (Bondulich et al., 2016).

3.3.4 Mitochondrial deficit in Tau35 mouse brain

Tau also interacts with cytoplasmic organelles, such as mitochondria (Hu et al., 2016).
In neurons, mitochondria are critical for the production and supply of energy in the
form of adenosine triphosphate (ATP), as well as calcium regulation, both of which
are essential for controlling neurotransmitter release (Nunnari and Suomalainen,
2012; Beharry et al., 2014). These important functions rely on a dynamic
mitochondrial network maintained by membrane fission and fusion (Eckert et al.,
2005; DuBoff et al., 2012). The production of ATP occurs via oxidative
phosphorylation, which also generates an inner-membrane electrochemical potential
that is crucial for mitochondrial protein import (Neupert et al., 2008; Nunnari and

Suomalainen, 2012). Growing evidence suggests that mitochondria play a key role in
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the execution of neurodegeneration, either due to defects in respiratory function, or
by interacting with other organelles such as the endoplasmic reticulum (ER) or the
cytoskeleton (Nunnari and Suomalainen, 2012). For example, early deficits in
mitochondria are detected in some transgenic mouse models of AD prior to deposition
of aggregated amyloid-B and tau (Kopeikina et al., 2011; Amadoro et al., 2014;
Rodriguez-Martin et al., 2016). Additionally, a significant reduction in the number of
mitochondria has been observed in the axons of cortical neurons cultured from P301L
tau knockin mice, which suggests that P301L tau may have a considerable effect on
axonal mitochondria (Rodriguez-Martin et al., 2016). Moreover, in vivo and in vitro
models of N-terminally truncated tau have demonstrated that the pathological N-
terminal truncation of human tau, which may be involved in the onset and progression
of tauopathies, induces defects in mitochondrial fission/fusion dynamics (Garcia-
Sierra et al., 2008; Amadoro et al., 2014). Therefore, it has been suggested that
mitochondrial dysfunction may precede plaque and tangle formation and that there is
a link between mitochondrial deficiency and neurodegeneration (Kopeikina et al.,
2011; Rodriguez-Martin et al., 2016). In this study, mitochondrial dysfunction was
assessed using antibodies against mitochondrial markers in Tau35 and WT mice.
HSPG60 is a mitochondrial matrix chaperone which, plays a role in the transportation
and folding of imported mitochondrial proteins (Séti et al., 2002; Federico et al., 2012).
A decrease in HSP60 in the hippocampus and associated cortex, along with a
pronounced trend for a decrease in the frontal region, was observed in Tau35 mice.
No changes were observed in the amygdala and associated cortex or the brainstem
and cerebellum. These findings suggest that decreased HSP60 could lead to
increased protein misfolding and aggregation, which is consistent with the
pathological hallmarks of 4R tauopathies. Interestingly, similar changes have also
been observed in AD, where HSP60 has been found to be significantly decreased
(Yoo et al., 2001). Additionally, (Magen et al., 2008) found that defects in HSP60 can

cause neurodegenerative pathologies, such as defective myelination, of varying
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severity. Notably, researchers have also found that mild HSP60 deficiencies affect
both neurons and glia (Bross et al., 2012), which is in line with the finding of activated

astrocytes and areas of neuronal degeneration in Tau35 mice.

3.3.5 Astrocytic activation in Tau35 mouse brain

Reactive astrogliosis, a response of activated astrocytes, is a key factor in the
progression of many neurodegenerative diseases (Buffo et al., 2010). The cellular
and molecular mechanisms leading to reactive astrogliosis are not completely
understood, however reactive astrocytes are a prominent histopathological feature of
many neurodegenerative diseases, including AD (Hostenbach et al., 2014; Pekny and

Pekna, 2014).

The significant increase in GFAP expression observed in all brain regions of Tau35
mice aged 18 months, is suggestive of astrocyte activation in these animals. Further
analysis using immunofluorescence labelling also showed increased GFAP
expression in Tau35 mice aged 18 months, as well as morphological changes in
astrocytes. Activated astrocytes undergo a variety of morphological changes that
affect astrocyte function, including cell hypertrophy, cell proliferation and migration
towards affected areas, and increased production of intermediate filament proteins,
such as GFAP (Sofroniew and Vinters, 2010). Additionally, an apparent migration of
activated astrocytes to areas experiencing neuronal degeneration was detected by
immunofluorescence. Taken together, these findings provide evidence for the
presence of reactive astrogliosis in aged Tau35 mice. Since Tau35 mice are a model
of 4R tauopathies, they closely resemble tauopathies such as PSP and CBD. The
findings from this study are consistent with the research on PSP and CBD, in both of
which reactive astrocytes have been observed (Song et al., 2009). Interestingly, the
biggest differences in GFAP expression between Tau35 mice and WT mice occurred

in the frontal brain region as well as the brainstem and cerebellum, which is consistent
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with the degenerative profiles of PSP and CBD. In PSP, there is a distinctive form of
cortical degeneration confined, at least initially, to pons, premotor and motor cortex
(Hauw et al., 1994; Bergeron et al., 1997). The brainstem and cerebellum are
particularly affected in PSP, which was once considered to be a ‘subcortical dementia’
(Buée et al., 2000). Similarly, CBD is characterised by frontoparietal atrophy of the
brain (Wakabayashi et al., 1994), and therefore the frontal region experiences
increased neuronal death, which could result in migration of activated astrocytes

towards that area of the brain.

A preliminary examination of GFAP expression in WT and Tau35 mice aged 14
months did not find any significant differences in GFAP expression (Bondulich et al.,
2016), which suggests that reactive astrogliosis may occur as a late event between
14 months and 18 months in Tau35 mice. Indeed, researchers have noted that
reactive astrogliosis may only be apparent in the later stages of neurodegenerative
conditions and may then become involved in disease progression (Burda and

Sofroniew, 2014).

3.3.6 Signs of altered autophagy in hippocampus and associated cortex
region in Tau35 mice
Accumulation of autophagic and lysosomal markers have been reported in human
tauopathy brains, suggesting that disruption in these processes may be involved in
disease pathogenesis (Piras et al., 2016). Tau35 mice demonstrate an increase in the
autophagosome marker LC3-I, in the hippocampus and associated cortex region. In
addition, the autophagic marker p62/SQSTM1, which binds to LC3-Il, is also
increased in Tau35 mice (Bondulich et al., 2016). This evidence implies that
autophagy is affected in this brain region of Tau35 mice. These findings suggest a
potentially detrimental effect of Tau35 on clearance of pathological tau, which could

result in tau aggregation.
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3.3.7 Degeneration and denervation of neuromuscular junctions in the distal
hindlimb lumbrical muscle of Tau35 mice
Bondulich et al (2016) described that Tau35 mice exhibit early motor deficits in
behavioural studies. Haematoxylin and eosin staining of quadriceps and latissimus
muscle sections in Tau35 mice (aged 16 months) demonstrated occasional split fibres
as well as the increased presence of small rounded fibres. In addition, multiple
internalised and numerous degenerative muscle fibres were apparent in muscle of
Tau35 mice at 8 and 16 months. Interestingly, Tau35 mice show a marked reduction

in hindlimb grip strength.

In this study, distal hindlimb lumbrical muscle was investigated from WT and Tau35
mice aged 3 and 13 months. Fluorescence staining of these muscles against
acetylcholine receptors, synaptic vesicles and neurofilaments enabled the
determination of the size and shape of the endplates, as well as the degree of
innervation of NMJs in the mice. At 3 months of age, Tau35 mice showed signs of
early alterations of the NMJs and evidence of early signs of deformation of the
endplates. Morphologically, a reduction in the number of post-synaptic folds is a result
of AChR instability and may lead to functional impairment in the post-synaptic
response in NMJs (Arnold et al., 2014). Evidently, ageing has a dramatic effect on the
deterioration of neuromuscular connections. There was a dramatic loss of
neurofilament staining in mice aged 13 months when compared to the younger cohort
aged 3 months that was irrespective of genotype. However, in addition to the
significant deterioration caused by aging, at 13 months the Tau35 mice demonstrated
a reduction of the surface area of NMJs, as well as morphological deformation of the
endplates, compared to WT age-matched animals. In addition, there is a significant
increase in partially denervated NMJs in Tau35 mice that could potentially have been

caused by the degeneration of the endplates in these animals. Notably, a murine
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tauopathy model (Tg30) that overexpressing human 1N4R double-mutant tau (P301S
and G272V) also demonstrates NMJ denervation (Audouard et al., 2015a). Tg30 mice
exhibit early synaptic vesicle loss in NMJs similar to Tau35 mice. Interestingly, it has
been suggested that this denervation event occurs not due to neuronal loss but due
to accumulation of Gallyas-positive aggregates, and cathepsin-positive vesicular
clusters in axons suggesting that this denervation results from disturbances of axonal
transport. (Audouard et al., 2015a). Furthermore, another tau transgenic mouse line
Tau 58/4 mice, which over-express P301S tau in neurons, also demonstrates signs
of NMJ denervation and muscle atrophy (Yin et al., 2017). Taken together with the
results reported herein, these studies suggest a role for tau at the NMJ that is
adversely affected by the onset of tauopathy, resulting in the appearance of motor

deficits, such as those apparent in PSP and CBD.

Tau35 mice show a strong trend towards a mitochondrial deficit in muscle by the age
of 8 months, and also a significant reduction in the brain by18 months of age. It has
been previously suggested that one of the signs of unhealthy NMJs is a reduction in
the number of mitochondria and increased NMJ morphological alterations (Garcia et
al., 2014). Investigating older Tau35 mice could potentially provide more information
on the effects of the potential role of mitochondria in NMJ dysfunction. In addition, a
recent study has reported that autophagy impairment in muscle has a major impact
on neuromuscular synaptic function and muscle strength, ultimately affecting the
lifespan of animals, which may parallel some of the changes evident in Tau35 mice
(Carnio et al., 2014). The same study also showed that inhibition of autophagy
exacerbates mitochondrial dysfunction and oxidative stress at the NMJ (Carnio et al.,
2014). Interestingly, Tau35 has been shown to affect autophagy in the brains of Tau35
mice (Bondulich et al., 2016), in addition to that described here, and also in a stable
cell of Chinese hamster ovary (CHO) cell expressing Tau35 (personal

communication, Dina Dakkak, King’s College London).
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In conclusion, this work represents an exploratory study to characterise the novel
Tau35 mouse model of human tauopathy. The results described here suggest that
expression of Tau35, which contains four microtubule binding repeats, causes
significant changes in cellular mechanisms in both the central and peripheral nervous
systems. These findings position Tau35 mice as a particularly good model of human
tauopathies such as PSP and CBD, in both of which 4R tau is overexpressed.
However, Tau35 mice are also likely to prove useful in improving our understanding
of the molecular and cellular processes that are adversely affected in other
tauopathies since they exhibit major biochemical characteristics that are common to
disorders including AD. As there are currently no disease-modifying treatments
available for the tauopathies, Tau35 mice may represent a good platform in which to

test novel therapeutic strategies.
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Chapter 4: Establishing Tau35 primary cortical

neurons as a cellular model of human tauopathy

4.1 Introduction

Morphological and biochemical neuronal changes are exhibited in many
neurodegenerative diseases such as Alzheimer's disease (AD), frontotemporal
dementia with parkinsonism linked to chromosome 17 (FTDP-17), Pick’s disease, and
progressive supranuclear palsy (PSP). In the previous chapter, biochemical
investigation of the Tau35 mouse model of the central and peripheral nervous system
was demonstrated. Based on the deficits and tau pathology shown in Tau35 mice, it
is valuable to study neuronal characteristics to identify changes and the molecular
mechanisms underlying the phenotype. To do this, a cell model of primary cortical
neuronal cultures, derived from Tau35 and WT mouse embryos was used. This
enabled modelling of tauopathy in a controlled and modifiable environment of isolated

neurons.

It is well known that maintenance of correct neuronal morphology is essential for the
normal function of healthy neurons. Tau protein, as a microtubule binding protein,
stabilises microtubules and the cytoskeleton and, therefore, affects neuronal
morphology (Avila et al., 2004b). In this chapter, the effect of Tau35 on endogenous

tau, neuronal morphology and cellular organisation is demonstrated.

In addition, synaptic loss and dysfunction are common features in tauopathies and in
the case of AD, synaptic loss is correlated with disease progression (Hamos et al.,
1989; Terry, 2000; Scheff and Price, 2006; Robinson et al., 2014). Indeed, synaptic
dysfunction and spine loss demonstrate a stronger correlation with cognitive decline

than do neurofibrillary tangles or neuronal loss (Robinson et al., 2014). It has been
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suggested that loss of dendritic spines or structural reorganisation of spines and
disturbances in synaptic signalling are important for learning and memory and may
be one of the first signs of AD (Yuste and Bonhoeffer, 2001; Nimchinsky et al., 2002).
In addition, many studies have demonstrated that synaptic or spine loss is a better
indicator of cognitive impairment than amyloid pathology (Scheff and Price, 2006;
Scheff et al., 2007; Akram et al., 2008), thereby suggesting that changes in spine
morphology and distribution may be critical in understanding the synaptic toxicity
observed in AD. Therefore, the fact that Tau35 mice demonstrate a decrease in
synaptic markers (synapsin 1 and synaptobrevin) without apparent neuronal loss in
aged mice, is highly relevant to the investigation of synaptic dysfunction in relation to

the tauopathies (Bondulich et al., 2016).

Tau is localised to axons as well as to the somatodendritic compartment, and it plays
a key role in microtubule assembly and stabilisation, cellular trafficking, maintenance
of neuronal morphology, and the formation of axonal and dendritic processes
(reviewed in (Gendron and Petrucelli, 2009)). There is a connection between the
accumulation of highly phosphorylated tau in neuronal dendrites and the density and
morphology of dendritic spines (Dickstein et al., 2010). This tau phosphorylation could
be caused by one of the main kinases implicated in pathological tau phosphorylation,
GSK-3 (Hanger et al., 1992; Mandelkow et al., 1992; Cho and Johnson, 2003; Hanger

et al., 2009).

Mitochondrial function has previously been shown to be important for the
maintenance of synapses (Hollenbeck, 2005). Mitochondria have been found to
accumulate in the synapse because synaptic function requires a consistently high
supply of ATP to provide energy (Zenisek and Matthews, 2000). In addition,
alterations in mitochondrial trafficking, including their speed, directionality of

movement and pausing, may affect synaptic activity and the ability of neurons to fire
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action potentials (Course and Wang, 2016). Furthermore, the phosphatidylinositol 3-
kinase (PI3K), Akt (a serine/threonine kinase), and mammalian target of rapamycin
(mTOR) pathway (PI3K-Akt-mTOR) has been identified as a key regulator of energy
metabolism in neurons through regulating clearance of damaged mitochondria,

known as mitophagy (Agostini et al., 2016).

Therefore, in this chapter, a detailed morphological characterisation of Tau35 primary
neurons is presented, including somatic, dendritic and spine morphology. In addition,
tau hyperphosphorylation and mitochondrial deficits were evaluated as potential

causes of the observed spine loss in Tau35 neurons in culture.
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4.2 Results

421 Tau35 is expressed at all stages of neuronal maturation in Tau35
neurons
Tau35 protein levels in lysates of primary cortical cultures of WT and Tau35 neurons
were examined at 8 and 14 DIV on western blots. Following incubation with an
antibody to total tau (K9JA), a faint band was visible at approximately 35 kDa in
lysates from Tau35 neurons, which was not present in WT neuronal lysates. Western
blots probed with an antibody recognising the HA-tag fused to Tau35 were quantified
after normalising to B-actin (Fig. 4.1A). A single band corresponding to tau at 35 kDa
was observed in both 8 DIV and 14 DIV Tau35 primary cortical neurons, and was
absent from WT neurons (Fig. 4.1A). These results show that Tau35 is expressed at
both 8 and 14 DIV, but that Tau35 expression does not appear to increase with

neuronal maturation in Tau35 neurons (n=3, P>0.05, 2-way ANOVA).

Fig. 4.1B illustrates the results of immunofluorescence staining of WT and Tau35
primary cortical neurons at 8 DIV. Neurons were labelled with an antibody to the HA
tag present on the Tau35 fragment (red) and total tau (green), and nuclei were
labelled with DAPI (blue). Tau35, but not WT, neurons stained positively for HA, with
a filamentous pattern that was largely coincident with the staining of total tau, as it
was localised throughout the neurons but most intense in neurites. These results

show that Tau35 co-localises with endogenous mouse tau in 8 DIV cortical neurons.
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Fig. 4.1 Tau35 is expressed in primary cortical neurons derived from Tau35

mice
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A Western blots of WT and Tau35 primary cortical neurons (8 and 14 DIV) probed

with antibodies to HA, total tau (K9JA) and B-actin. Molecular weights (kDa) of
proteins of interest are shown on the left (n=3, P>0.05, 2-way ANOVA). B
Immunofluorescent staining shows WT and Tau35 primary cortical neurons at 8 DIV
stained with antibodies recognising HA (red) and total tau (green). Nuclei are labelled

with DAPI (blue). The merged image is shown on the right.
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4.2.2 Overt neuronal loss is not observed in Tau35 primary cortical cultures

Live/Dead assays were used to analyse the survival of WT and Tau35 primary cortical
neurons at different stages of neuronal maturation (3, 6, 9, and 14 DIV). Cells were
treated with propidium iodide (Pl), which is taken up by dead cells but cannot pass
through the plasma membrane of viable cells, followed by labelling with an antibody
to B-actin. Neurons were scanned (Odyssey scanner, Li-Cor) to measure the
fluorescent signals from Pl and B-actin. Fig. 4.2 shows the Pl/p-actin ratio, as a
measure of the proportion of dead cells in each culture. The graph shows that the
proportion of dead cells is not significantly different (n=3, P>0.05, Student’s t-test)
between WT and Tau35 neuronal cultures between 3 and 14 DIV. These results
suggest that there is no overt neuronal loss of Tau35 neurons, in comparison to WT

neurons, when they are maintained in culture for up to 14 days.
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Fig. 4.2 Viability of WT and Tau35 primary cortical neurons in culture
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Graph showing the ratio of dead cells (stained with PI) to the total amount of cells
(stained with B-actin) in primary cultures of WT and Tau35 cortical neurons
maintained for 3, 6, 9, and 14 days in vitro (DIV). Values are displayed as mean +
S.E.M. Student’s t-test. 12 wells of cells were analysed per genotype at each time

point from three independent experiments.
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4.2.3 Morphological analysis of WT and Tau35 neurons

To characterise the cultures of WT and Tau35 primary cortical neurons, a
morphological analysis was performed following fixing of the cells at different times of
neuronal maturation (3, 6, 9 and 14 DIV). Neurites of the primary neurons were traced
using the ‘Simple Neuron Tracer’ plugin in ImageJ. Representative images of 3 (Fig.
4.3A), 6 (Fig. 4.3B) and 9 (Fig. 4.3C) DIV of WT and Tau35 neurons transfected with
eGFP are shown on the left in Fig. 4.3. Sholl analysis was used to determine the level
of complexity of the neurons as described in Chapter 2, Section 2.2.13. The Sholl
analysis of Tau35 neurons at 3 DIV revealed a similar development to that observed
in WT neurons at the same stage, with a maximum dendritic radius of 250 um for both
genotypes (Fig. 4.3A). At 6 DIV, the neuronal complexity of Tau35 and WT neurons
appeared similar, however, the maximum dendritic radius in Tau35 cells increased by
approximately 30%, compared to WT neurons (Fig. 4.3B). By 9 DIV, in comparison to
WT neurons, Tau35 neurons showed a statistically significant reduction of
approximately 30% in the number of intersections of the dendritic tree with the Sholl
analysis grid at distances between 50 um and 60 um from the soma (Fig. 4.3C). In
Tau35 neurons, the number of intersections also appeared to be slightly increased
compared to WT neurons, at extended distances (200-300 um) from the soma,
although this apparent difference was not statistically significant (P>0.05, 2-way
ANOVA). These results indicate that Tau35 neurons demonstrate morphological
alteration compared to WT neurons that occur mainly with neuronal age of 9 DIV. This
could suggest that Tau35 neurons undergo healthy development similar to WT
neurons, however as the neurons mature, morphological alterations may occur
potentially in response to pathological cellular and biochemical changes described

below.
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Fig. 4.3 Tau35 primary cortical neurons show altered morphology with

increased stages of neuronal maturation
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Fig. 4.3 legend

Representative images (left) and Sholl analyses (right) of WT (black) and Tau35 (red)
primary cortical neurons. Neurons at A 3 DIV, B 6 DIV and C 9 DIV. Scale bar =100
um. Values in the graphs are displayed as mean + S.E.M. 9-12 neurons were
analysed per genotype from 2 biological replicates. 2-way ANOVA, *P<0.05,

**P<0.005.

A more detailed analysis of eGFP-expressing WT and Tau35 neurons was then
performed to determine whether there were any differences in the following
parameters: soma perimeter (um), mean dendritic extent (um), number of primary
neurites, number of secondary neurites, number of dendritic tree end points, and
number of branch points of the dendritic tree (Fig. 4.4). It is important to note that this
experiment was designed to investigate morphological differences between WT and
Tau35 neurons after increasing time in culture. Since this study does not use
continuous sampling, the neurons analysed at each time point are from different

cultures and therefore each time point was analysed as a separate experiment.

In Tau35 neurons at 3 DIV, the soma perimeter appeared to increase slightly (52 + 3
um, mean = S.E.M., n=12) compared to WT neurons (46 £ 2 um, mean + S.E.M.,
n=12), although this was not significant (P>0.05, Student’s t-test) (Fig. 4.4A). At 6
DIV, a slightincrease in soma perimeter in Tau35 neurons (78 £ 7 um, mean + S.E.M.,
n=12) compared to WT neurons (62 + 5 um, mean = S.E.M., n=12) was still observed,
however it was not a significant difference (P>0.05, Student’s t-test). By 9 DIV, the
soma perimeter was 15% larger (P<0.05 Student’s t-test) in Tau35 neurons (70 + 1
um, mean = S.E.M., n= 8) compared to WT neurons (60 + 3 um, mean + S.E.M.,
n=10). However, at 14 DIV the mean soma perimeter in Tau35 neurons (97 + 14 um,

mean = S.E.M., n=15) was not significantly larger than in WT neurons (81 £ 9 um,
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mean + S.E.M., n=15) due to the high amount of variability in soma perimeter between

neurons (P>0.05, Student’s t-test).

The mean dendritic extent of Tau35 neurons at 3 DIV was 98 + 5 um (mean £ S.E.M.,
n=7) and that of WT neurons was 126 + 7 um (mean + S.E.M., n=14). Therefore,
Tau35 neurons showed a significant decrease of 22% in their mean dendritic extent
compared to WT neurons at 3 DIV (P<0.05, Student’s t-test) (Fig. 4.4B). However, at
6 and 9 DIV there were no significant differences in the mean dendritic extent between
WT and Tau35 neurons (P>0.05, Student’s t-test). At 14 DIV, Tau35 neurons (515 +
30 um, mean £ S.E.M., n=15) demonstrated a drastic increase (P<0.005, Student’s t-
test) in their mean dendritic extent compared to WT neurons (336 £ 11 um, mean +

S.E.M., n=12).

Primary neurites are identified as those that originate directly from the neuronal soma,
with secondary neurites branching from the primary neurites. The number of primary
(Fig. 4.4C) and secondary neurites (Fig. 4.4D) in WT and Tau35 neurons was similar,
with a mean of 5-8 primary neurites and 5-10 secondary neurites emanating from
each neuron. At 3 DIV, WT neurons exhibited 5 + 0.4 (mean + S.E.M., n=11) primary
neurites and Tau35 neurons had 6 + 0.6 (mean = S.E.M., n=12) primary neurites,
which were not significantly different. In addition, the number of secondary neurites in
WT (5 £ 1, mean £ S.E.M., n=12) and Tau35 neurons (7 + 1, mean + S.E.M., n=12)
at 3 DIV was not changed (P>0.05, Student’s t-test). At 6 DIV, the mean number of
primary neurites in WT neurons was 8 + 0.7 (mean £ S.E.M., n=12), which was not
significantly different from the mean number of primary neurites in Tau35 neurons
(8.5 £ 0.5, mean + S.E.M., n=12). Furthermore, the number of secondary neurites in
Tau35 neurons (9 + 1 mean = S.E.M., n=12) was not significantly different from the

number of secondary neurites in WT neurons (10 £ 0.6 mean + S.E.M., n=12).
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Fig. 4.4 Morphological analysis of Tau35 primary cortical neurons
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167



However, by 9 DIV, Tau35 neurons exhibited a significant increase in the number of
primary neurites (11 £ 1 um, mean + S.E.M., n=8) compared to WT neurons (8 £ 0.6
mean + S.E.M., n=11) (P<0.05, Student’s t-test). The number of secondary neurites
observed at 9 DIV in Tau35 neurons (9 £ 1, mean £ S.E.M., n=9) was similar (P>0.05,
Student’s t-test) to WT neurons (8 £ 1, mean + S.E.M., n=11). Finally, at 14 DIV, there
was no change (P>0.05, Student’s t-test) in the number of primary neurites in Tau35
neurons (7 £ 1, mean £ S.E.M., n=11) compared to WT neurons (7 + 1 mean + S.E.M.,
n=13). The number of secondary neurites at 14 DIV was also not significantly different
(p>0.05, Student’s t-test) between Tau35 neurons (15 + 5, mean £ S.E.M., n=5) and

WT neurons (11 £ 2, mean £ S.E.M., n=5).

The number of dendritic end points indicate the levels of morphological complexity at
the periphery of the neurons. It is also gradually increased with maturation of neurons
in culture (Fig. 4.4E). At 3 DIV, Tau35 neurons (17 £ 2, mean + S.E.M., n=12)
exhibited a similar number of end points as WT neurons (15 + 2, mean = S.E.M,,
n=12). At 6 DIV, the number of dendritic end points in Tau35 neurons (22 + 2 mean %
S.E.M., n=12) was not significantly different from WT neurons (24 £ 2 mean £ S.E.M.,
n=11). Similarly, there was no change (P>0.05, Student’s t-test) in the number of
dendritic end points in WT (24 £ 2, mean = S.E.M., n=11) and Tau35 neurons (27 +
3, mean £ S.E.M., n=9) at 9 DIV. By 14 DIV, the number of termini was 29 + 4 (mean
+ S.E.M., n=11) in Tau35 neurons and 28 + 3 (mean + S.E.M., n=13) in WT neurons,
representing no significant difference between the genotypes (P>0.05, Student’s t-
test). These results show that, although the number of dendritic termini increases

during maturation, the values are similar in both Tau35 and WT neurons.

The number of branch points was increased in both WT and Tau35 neurons as they
matured in culture. At 3 DIV, Tau35 neurons had 11 + 2 (mean + S.E.M., n=12) branch

points, and WT neurons had 8 £+ 1 (mean £ S.E.M., n=12) branch points. At 6 DIV
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(WT 15 £ 2, mean £ S.E.M., n=11; Tau35 13 + 2, mean = S.E.M., n=12) and 9 DIV
(WT 15 £ 2 mean + S.E.M., n=11; Tau35 16 + 2, mean = S.E.M., n=9), neurons were
not significantly different in the number of branch points present in the dendritic trees
of the WT and Tau35 neurons (P>0.05, Student’s t-test). At 14 DIV, Tau35 neurons
showed no significant change (P>0.05 Student’s t-test) in the number of branch points
(22 £ 3, mean * S.E.M., n=10) compared to WT neurons (16 + 2, mean = S.E.M.,

n=13).

Taken together, this detailed analysis of the morphology of Tau35 and WT neurons
in culture shows that as the neurons mature, all of the parameters measured show a
progressive increase, with the exception of the number of primary neurites identified
at 14 DIV. In this study, the significant differences detected between Tau35 and WT
neurons were an increase in soma perimeter and number of primary neurites at 9
DIV, as well as an initial decrease in the mean dendritic extent at 3 DIV, followed by

a significant increase at 14 DIV, in Tau35 neurons.
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4.2.4 Reduced dendritic spine density in Tau35 neurons

The number of dendritic spines in eGFP-expressing WT and Tau35 cortical neurons
was quantified and standardised to dendrite length (um) to determine the dendritic
spine densities in mature neurons cultured for 14 DIV. The density of dendritic spines
on WT neurons was 0.24 £ 0.01 spines per um (mean = S.E.M., n=12), whereas the
spine density of Tau35 neurons was 0.16 £ 0.01 spines per um (mean + S.E.M., n=12)
(Fig. 4.5A). Therefore, Tau35 neurons exhibit a marked and significant reduction of
33% in their dendritic spine density compared to that of WT neurons at 14 DIV

(Student’s t-test, P<0.01).

The graph in Fig. 3.5B represents the quantitative analysis of spine morphology in
WT and Tau35 neurons. The spines are classified as ‘mushroom’, ‘stubby’ and ‘thin’
according to their morphology as described in Chapter 2, Section 2.2.14. A two-way
ANOVA analysis of the percentage of each spine type demonstrated that in Tau35
neurons, mushroom spines and stubby spines were not significantly reduced
compared to WT neurons (P>0.05). However, the percentage of thin spines was
significantly decreased in Tau35 neurons (P<0.005). A reduction in thin spines in
Tau35 neurons suggests that this could be related to the reduced ability to learn and

disturbed memory formation reported in Tau35 mice (Bondulich et al., 2016).
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Fig. 4.5 Reduced dendritic spine density in Tau35 primary cortical neurons
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A Fluorescent images of dendrites of wild-type (WT) and Tau35 neurons transiently
expressing eGFP at 14 DIV, scale bar=10 um (left). The graph illustrates the results
of the quantitative analysis of the number of dendritic spines per um dendrite length
per neuron in WT and Tau35 neurons., **P<0.01, Student’s t-test. B The graph
represents the quantitative analysis of spine morphology in WT and Tau35 neurons.
The spines are classified as ‘mushroom’, ‘stubby’ and ‘thin’. Values are displayed as

mean + S.E.M., n=12, **P<0.01, two-way ANOVA.
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4.2.5 Increased phosphorylation of endogenous tau in Tau35 neurons

Phosphorylation of endogenous tau protein on Ser396/Ser404 was investigated on
western blots using lysates of WT and Tau35 neurons cultured for 8 and 14 DIV, and
probed with PHF1 or Tau1, combined with total tau (K9JA) (described in Chapter 2,
Section 2.2.8 and 2.2.5 respectively) A double band of approximately 50 kDa was
recognised by all these tau antibodies in WT and Tau35 neuronal lysates at both 8
and 14 DIV (Fig 4.6A). At 8 DIV, Tau35 neurons showed a 10% increase in tau
phosphorylation recognised by PHF1, compared to WT neurons) (Fig. 4.6A) (P<0.05,
Student’s t-test). By 14 DIV, there was a 45% increase in PHF1 immunoreactivity in

Tau35 neurons, compared to that in WT neurons (P<0.01, Student’s t-test).

The immunofluorescence panel in Fig. 4.6A demonstrates representative images of
8 DIV WT and Tau35 neurons stained against PHF1 (red) antibody and total tau
(K9JA) (green) with DAPI (blue) as a nuclear marker. In the images, it is observed
that there is a higher intensity response to the PHF1 antibody in Tau35 neurons

compared to WT neurons.

The Tau1 antibody showed no difference between WT (0.65 + 0.02, mean + S.E.M.,
n=6) and Tau35 neuronal lysates on western blots (0.66 £ 0.01, mean + S.E.M., n=6).
However, at 14 DIV, Tau1 immunoreactivity decreased by 37% in Tau35 neurons
(0.35 £ 0.04, mean = S.E.M., n=3) compared to that in WT neurons (0.56 £ 0.009,

mean = S.E.M., n=3) (P<0.01, Student’s t-test) (Fig. 4.6B).

These results suggest that there are more phosphorylated and less non-

phosphorylated tau epitopes in Tau35 neurons rather than in WT neurons indicating

altered tau phosphorylation in Tau35 neurons, particularly in mature 14 DIV neurons.
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Fig. 4.6 Increased phosphorylation of endogenous tau in Tau35 primary cortical

neurons
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Fig. 4.6 legend
A Western blots of WT and Tau35 primary cortical neurons (8 and 14 DIV) probed

with antibodies against PHF1 and total tau (K9JA). Graphs demonstrate analysis of
PHF1 levels normalised to total tau levels in Tau35 and WT 8 (left) and 14 (right) DIV
neurons. Immunofluorescence staining in lower panels shows WT and Tau35 primary
cortical neurons at 8 DIV stained with PHF1 (red), total tau (K9JA) antibody (green)
and DAPI (blue) to label nuclei. The merged image is shown on the right. B Western
blot of WT and Tau35 primary cortical neuronal lysates (8 and 14 DIV) probed with
antibodies against Tau1 and total tau (K9JA). Values are displayed as mean + S.E.M.,
n=3 independent experiments, *P<0.05, **P<0.01, Student’s t-test. Molecular weight

markers (kDa) shown on the left of the western blot.

To investigate a potential candidate kinase that may be responsible for the increased
tau phosphorylation observed in Tau35 neurons, glycogen synthase kinase (GSK)-
3a/p and phosphorylated (p)-GSK-3a/p were investigated on western blots. Increased
phosphorylation of GSK-3p at the inhibitory Ser9 site indicates decreased GSK-3f
activity. Western blots labelled with antibodies to GSK-3a/p and p-GSK-3a/p revealed
protein species of 51 kDa and a doublet at 46 kDa, corresponding to GSK-3a and
GSK-3p, respectively (Fig. 4.7) The amount of p-GSK-3a, normalised to total GSK3a,
was unchanged in WT and Tau35 neurons at both 9 DIV and 14 DIV neurons (P>0.05,
Student’s t-test). Similarly, p-GSK-3p, normalised to total GSK3p, was also
unchanged at 9 DIV (P>0.05, Student’s t-test). At 14 DIV, Tau35 neurons exhibited a
20% reduction in the ratio of p-GSK-3 to total GSK-3p in comparison to WT neurons,
although this reduction was not statistically significant (P>0.05, Student’s t-test).
Therefore, these results show no significant activation of GSK-3p in Tau35 primary

cortical neurons.
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Fig. 4.7 GSK-3p kinase is not activated in Tau35 primary cortical neurons
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markers (kDa) indicate the size of the protein of interest. Values are displayed as

mean + S.E.M., n=5 independent experiments.
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4.2.6 Mitochondrial deficit in Tau35 neurons

To investigate the mitochondrial content of WT and Tau35 neurons, the protein
amounts of the mitochondrial outer membrane markers, translocase of outer
membrane receptor (TOM 20) and voltage-dependent anion channel (VDAC), and the
inner membrane marker heat shock protein (HSP 60), were measured on western
blots using WT and Tau35 neuronal lysates from 14 DIV. Western blots of neuronal
lysates probed to TOM20 revealed a single band at 20 kDa, the predicted molecular
weight of TOM20 (Fig. 4.8A). Quantification of the western blot showed a significant
reduction of 43% (P<0.05, Student’s t-test) in the amount of TOM20, normalised to -
actin, in Tau35 neuronal lysates (0.74 £ 0.1 mean + S.E.M., n=6) compared to WT
neuronal lysates (1.3 £ 0.18, mean + S.E.M., n=6). At 32 kDa, a single band of VDAC
was observed on the western blot (Fig. 3.9B). The amount of VDAC in Tau35 neurons
was 0.52 £ 0.07 (mean + S.E.M., n=6), showing a 38% reduction (P<0.05, Student’s
t-test) compared to WT neurons (0.84 + 0.09, mean + S.E.M., n=6) (Fig. 4.8B). On a
western blot the mitochondrial inner membrane marker HSP60 (a single band
detected at 60 kDa) displayed a 30% reduction (P<0.01, Student’s t-test) in Tau35
neurons compared to WT neurons (Fig. 4.8C) These results demonstrate a reduction

of mitochondrial markers that could indicate mitochondrial deficit in Tau35 neurons.
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Fig. 4.8 Mitochondrial deficit in Tau35 primary cortical neurons
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Western blots of WT and Tau35 primary cortical neurons (14 DIV) probed with

antibodies against mitochondrial markers A TOM20, B VDAC, C HSP60. Each

antibody was normalised to corresponding B-actin as a loading control. Molecular

weight markers (kDa) indicate the size of the protein of interest. Values in the graphs

are displayed as mean + S.E.M., n=5 independent experiments, *P<0.05, **P<0.005,

Student’s t-test.
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To investigate potential pathways involved in the apparent loss of mitochondrial
capacity, mammalian target of rapamycin (mTOR) signalling, a critical regulator of
energy metabolism in neurons was investigated in Tau35 neurons. Rapamycin is a
well-established inhibitor of mTOR, which blocks mTOR phosphorylation and thereby
initiates autophagy. Western blots of 14 DIV WT and Tau35 neurons treated with 10
nM of rapamycin for 48 h, and vehicle (DMSO) treated neurons, were probed for
phosphorylated (p) mTOR and phosphorylated and total ribosomal protein S6 (Fig.
4.9). Rapamycin treatment decreased phosphorylated/total mTOR in both WT and
Tau35 neurons by 60% and 40%, respectively. Tau35 neurons demonstrated a
reduced susceptibility to rapamycin, although this may be explained by the slight,
although not significant, reduction in basal p-mTOR in Tau35 neurons (P>0.05,
Student’s t-test). To confirm that rapamycin inhibited mTOR-mediated pathways in
the cultured neurons, WT and Tau35 neurons were probed with antibodies to
phosphorylated and total ribosomal S6 protein on western blots. As expected,

rapamycin significantly reduced the phosphorylation of S6.
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Fig. 4.9 Rapamycin reduces phosphorylation of mTOR and ribosomal S6

protein in Tau35 and WT neurons
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Fig. 4.9 legend

Western blots of WT and Tau35 neurons (14 DIV), either untreated or exposed to
10nM rapamycin for 48h. Western blots were probed with antibodies for A
phosphorylated (p) -mTOR and normalised to p-actin B phosphorylated (p) ribosomal
protein S6 and total ribosomal protein S6 normalised to B-actin. Molecular weight
markers (kDa) indicate the size of the protein of interest. Graphs show a semi-
quantitative analysis of the amounts of proteins of interest in neuronal lysates of
treated and non-treated WT and Tau35 neurons. Values are displayed as mean =
S.E.M., n=4 independent experiments. *P<0.05, **P<0.005, ***P<0.001. Student’s t-

test.

Rapamycin is thought to induce mitophagy to enable the removal of damaged
mitochondria via the m-TOR pathway. Therefore, the effect of rapamycin on the
mitochondrial marker TOM20 was assessed in WT and Tau35 neurons (Fig. 4.10).
However, rapamycin was not found to significantly reduce the ratio of TOM20/Actin in
either WT or Tau35 neurons (Fig. 4.10). The previously determined significant
reduction (P<0.05) in TOM20 between Tau35 (0.29 + 0.01, mean + S.E.M., n=4) and
WT (0.19 + 0.02, mean = S.E.M., n=4) neurons was maintained after rapamycin

treatment.
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Fig. 4.10 Rapamycin treatment does not reduce mitochondrial TOM20 in WT or

Tau35 neurons
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Western blot and analysis of 14 DIV WT and Tau35 neurons, either untreated or
exposed to 48h treatment with 10 nM rapamycin, probed with antibodies against a
mitochondrial marker TOM20 (normalised to pB-actin). Values are displayed as mean
+ S.E.M., n=4 independent experiments, *P<0.05, **P<0.005, two-way ANOVA.

Molecular weight markers (kDa) indicate the size of the protein of interest.
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4.3 Discussion

This chapter describes a detailed characterisation and comparison of WT and Tau35
primary cortical neurons in culture. The results show that expression of the tau
fragment, Tau35, causes potentially pathological changes in cultured neurons. In
summary, in comparison to WT neurons in culture, Tau35-expressing neurons
demonstrate:

e Normal survival in culture, comparable to WT neurons.

Decreased neuronal complexity, increase in soma perimeter, and increase in

dendritic extent.

e Reduced dendritic spine density at 14 DIV.

e Spine morphology alterations showing a decrease in the number of thin spines

e Progressive increase in phosphorylation of endogenous tau throughout
neuronal maturation.

e Deficit in mitochondrial markers in 14 DIV neurons, indicating a loss of
mitochondria.

e No alterations in mitophagy through mTOR signalling compared to WT

neurons, indicating that the observed mitochondrial deficit in Tau35 neurons

is not due to increased mitochondrial clearance stimulated by the mTOR

pathway.

4.3.1 Morphological changes in Tau35 primary neurons

The structural characteristics of individual neurons are critically important to the
maintenance of neuronal health since these features determine neuronal functionality
with respect to both synaptic integrity and firing properties. Numerous studies have
demonstrated pervasive and significant changes in neuronal morphology in AD and
other neurodegenerative diseases (Anderton et al., 1998; Falke et al., 2003; Knobloch

and Mansuy, 2008; Tackenberg and Brandt, 2009; Giannakopoulos et al., 2009a).
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The Sholl analysis of Tau35 neurons undertaken here demonstrates a decrease in
the complexity of those Tau35 neurites that are located in close proximity to the soma.
This analysis also revealed an increase in the maximum dendritic length of Tau35
neurons at 9 DIV. The size of the soma in Tau35 neurons showed a tendency to
progressively increase at 3 and 6 DIV, and this increase was significant, compared to
WT neurons, by 9 DIV. The mean distance of extension of the dendritic tree was also
increased in Tau35 neurons. This may represent a compensatory mechanism
(Dickstein et al., 2010; Spires and Hyman, 2004) for the dramatic reduction in spine

density that is apparent in Tau35 neurons at 14 DIV.

These results obtained from Tau35 mouse neurons are consistent with the results
obtained in another mouse model of AD, the Tg2576 mouse, which overexpresses a
mutant form of APP (isoform 695) with the Swedish mutation (KM670/671NL) (Hsiao
et al., 1996). Tg2576 mice exhibit significantly increased spatial dendritic extents of
cortical neurons at 12 months of age (Rocher et al., 2008). However, Tg2576 exhibit
no difference in dendritic structure between transgenic and WT animals in young adult
animals of 4 months of age. By 12 months of age, Tg2576 mice start to deposit
plaques that lead to elongation of dendritic length. However, by 22 months of age,
when amyloid plaques are highly abundant in Tg2576 mouse brain, there is a
significant reduction in dendritic length when compared with WT animals (Rocher et
al., 2008). In addition, overexpression of mutant tau as found in rTg4510 mice, which
inducibly express P301L tau, results in destabilisation of the dendritic cytoskeleton

and compromised intracellular trafficking (Hall et al., 2000; 2001).

4.3.2 Spine density reduction in Tau35 primary neurons
In many neurodegenerative disorders, altered neuronal function occurs in parallel with
spine loss (Halpain et al., 2005). Spine depletion may lead to cognitive decline and is

recognised as an early event preceding neuronal loss. Dendritic spine loss is
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observed in the hippocampus and throughout the cortex of the brain in AD, the
principal areas affected by AD-related pathology (Walsh and Selkoe, 2004). In Tau35
neurons, there is no overt neuronal loss observed, however, there is a dramatic
reduction of more than 30% in the spine density. This is similar to the spine density
reduction described in other animal models of tauopathies, such as P301L and
rTg4510 mice, both of which express mutant P301L tau, that is associated with the
development of frontotemporal dementia (Rocher et al., 2008). This suggests that tau
pathology, and particularly Tau35 expression, may be directly involved in the loss of

dendritic spines.

In addition, spines are divided into three basic morphological subtypes; spines with
no necks and a stubby-like appearance (‘stubby spines’), spines with small necks and
large, often complex, and irregular heads (‘mushroom spines’), and spines with thin
necks and small heads (‘thin spines’). In Tau35 neurons, the reduction in dendritic
spines has a trend to occur, but not significantly, in ‘mushroom’ spines, and
significantly less in ‘thin’ spines. Literature indicates that ‘mushroom’ spines are
responsible for memory formation, whereas ‘thin’ spines are responsible for the ability

to learn (Yuste and Bonhoeffer, 2004).

4.3.3 Increased phosphorylation of endogenous tau in Tau35 primary neurons
Phosphorylation is the most commonly described post-translational tau modification
and tau contains 85 potential serine, threonine and tyrosine phosphorylation sites, of
which more than half have been reported to be phosphorylated in AD brain (Hanger
et al., 2009). Increased phosphorylation is a major hallmark of tauopathies that is
involved in the self-aggregation of tau. Tau phosphorylation decreases tau binding to
microtubules, thereby reducing microtubule stability and allowing the detached tau to
undergo self-aggregation (Képke et al., 1993; Bergen et al., 2000). Tau35 neurons

exhibit increased phosphorylation of endogenous tau, as evidenced by elevated
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phosphorylation of Ser396/Ser404 and a decrease in dephosphorylated
Ser195/Ser198/Ser199/Ser202. Tau phosphorylation is tightly controlled by the
balance between protein kinases and phosphatases (Hanger et al., 2009) and many
tau phosphorylation sites have been identified as targets of GSK-3 (Hanger et al.,
2007). Overactivation of GSK-3B has been reported to contribute to tau
phosphorylation in AD brain (Pei et al., 1997). In Tau35 neurons, the amount of
phosphorylated GSK-3f3 shows a tendency to decrease with a concomitant increase
in tau phosphorylation throughout neuronal maturation in culture, whereas GSK-3a is
unchanged. This finding suggests a selective increase in the activity of GSK-3p in

neurons that parallels the elevation of tau phosphorylation in Tau35 neurons.

Elevated tau phosphorylation both detaches tau from microtubules and induces tau
missorting from axons into the somatodendritic compartment of neurons (Ittner et al.,
2009; Hoover et al., 2010) Such changes in the normal localisation of tau result in
compromised axonal microtubule integrity, synaptic dysfunction and potentially spine

loss, as is also observed in Tau35 neurons.

4.3.4 Mitochondrial deficit in Tau35 primary neurons

Mitochondrial distribution and trafficking may be key determinants for both the
generation and the long-term maintenance of the complex neuronal morphologies
essential for brain information processing (MacAskill and Kittler, 2010; Cai et al.,
2012). Investigation of mitochondrial dynamics and trafficking in Tau35 and WT

neurons is described in Chapter 2.

Tau dysregulation may also lead to mislocalisation of organelles due to disrupted
trafficking along microtubules. Indeed, alterations in mitochondrial dynamics
compromise synaptic function (MacAskill and Kittler, 2010), and loss of mitochondria

or defective mitochondrial trafficking has been associated with the development of
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neurodegenerative disease (MacAskill and Kittler, 2010; Cai et al., 2012). Tau35
neurons demonstrated a noticeable decrease in mitochondrial markers located on
both the outer and inner membranes of mitochondria. However, rapamycin treatment
showed no induction in mitophagy in Tau35 neurons. This might indicate that the
remaining mitochondria in Tau35 neurons are not necessarily damaged and therefore
they do not require to be cleared from the neurons. Based on this evidence, the
reduction in the mitochondrial load in Tau35 neurons appears likely to be due to
reduced mitochondrial biogenesis, rather than to increased mitophagy. This is further
described in Chapter 5. However, mitochondrial clearance could be performed via an
mTOR-independent pathway, and therefore, further investigation of the mitochondrial

status of Tau35 neurons is required.

4.3.5 Conclusions

Tau35 neurons demonstrate normal survival rate and no overt neuronal loss, at least
up to 14 days in culture. However, Tau35 neuronal morphology undergoes significant
alterations throughout maturation and aging of the neurons, including enlarged soma
size, increased dendritic length and a dramatic spine loss. These changes could be
due to the evident increase in tau phosphorylation that might be facilitated by a
disruption to the balance of kinase and phosphatase activities, including a selective
increase in GSK3p activity. Elevated tau phosphorylation affects the trafficking of
essential cellular organelles such as mitochondria. The mitochondrial deficit apparent
in both Tau35 neurons (Chapter 4) and in Tau35 mouse brain (Chapter 3), which
would result in a reduced energy supply, could be the primary cause of the spine loss
observed in Tau35 neurons. Together, these pathological changes induced by Tau35
expression could therefore lead to the progressive loss of cognitive function and the

development of tau pathology found in Tau35 mice (Bondulich et al., 2016).
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Chapter 5: Investigating mitochondrial dynamics

and function in Tau35 neurons

5.1 Introduction

In previous chapters, mitochondrial deficit was demonstrated in aged Tau35 mouse
brain (chapter 3 Section 3.2.5) and in mature 14 DIV Tau35 primary cortical neurons
(chapter 4 Section 4.2.6). Past research shows that mitochondrial deficit and
dysfunction can have severe consequences on neuronal function and structure. It has
been demonstrated that metabolic deficit caused by mitochondrial alterations alone is
sufficient to lead to neurological diseases. Further, it has been shown that abnormal
mitochondrial dynamics may contribute to mitochondrial dysfunction and
neurodegeneration. Impaired axonal transport in particular has been implicated as a
prominent early feature of several major neurodegenerative diseases including AD
and ALS (De Vos et al., 2008; Vande Velde et al., 2011; Xie et al., 2015). In addition,
highly phosphorylated and mutant tau (P301L) disrupts mitochondrial transport in
neuronal cells (Rodriguez-Martin et al., 2016; Shahpasand et al., 2012), implicating

the involvement of tau in mitochondrial kinetics.

However, the detailed mechanisms underlying abnormal mitochondrial dynamics in
AD have not yet been fully determined. It is known that there is a strong interplay
between mitochondrial trafficking and mitochondrial fission and fusion allow the
exchange of mitochondrial proteins, which is essential for viability of mitochondria in
neurons (Wang et al., 2009). Mitochondrial fusion involves outer and inner
membranes and is regulated by large GTPase proteins such as mitofusin 1 (MFN1)
for mitochondrial outer membrane fusion, and optic atrophy protein (OPA1) for
mitochondrial inner membrane fusion (Santel and Fuller, 2001). In turn, a key

regulator in the mitochondrial fission process is dynamin-related protein1 (DRP1), a
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large GTPase mainly located in the cytosol. Studies that knock down either Opa1 or
MFN1 or overexpress DRP1 lead to decreases in spine density, and mitochondrial

deficits in hippocampal neurons (Chen et al., 2007; Wang et al., 2009).

In neurons, mitochondrial biogenesis is a dynamic process mainly occurring in the
soma, whereby new mitochondria are formed by growth and division of pre-existing
mitochondria. Peroxisome proliferated receptor-gamma coactivator-1alpha (PGC-1a.)
is considered to be a master regulator of mitochondrial biogenesis through its
interaction with the key nuclear transcription factors, NRF1 and NRF2. Two major
pathways that regulate mitochondrial biogenesis are the AMP-activated kinase
(AMPK)-PGC-1a. and sirtuin 1 (SIRT1)-PGC-1a signalling pathways. AMPK can
either directly phosphorylate PGC-1a or activate SIRT1 by increasing NAD™ levels.
Activated SIRT1 stimulates mitochondrial biogenesis through de-acetylation and,

therefore, activation of PGC-1a..

Furthermore, there is constant turnover of mitochondria which is necessary for
maintenance of healthy functional neurons (Miller, 2004). Mitochondrial homeostasis
is controlled by synchronised fission and fusion machinery, mitochondrial transport
and anchoring, mitochondrial biogenesis, and mitophagy. Thus, studying
mitochondrial function, transport and dynamics is important to understand disease-
causing mechanisms in neurodegenerative disease. This chapter provides a detailed
examination of the characteristics of mitochondria in primary cortical neurons derived
from embryonic WT and Tau35 mice. The results provide a possible explanation of
the dysfunction of several of mitochondrial processes that are associated with

neurodegenerative disorders.
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5.2 Results

5.2.1 Reduced numbers of mitochondria in neurites of Tau35 primary cortical
neurons
Live imaging was used to investigate mitochondrial dynamics in WT and Tau35
neurons in real time. Primary cortical neuronal cultures were selected as a model to
study mitochondrial function and dynamics because the cell soma is easily identified,
and the neurites adhere closely to the substrate, allowing visualisation in a single
plane. This allows distinction of the cell body from the periphery of the neurons, and
therefore, the directionality of mitochondrial movement can be readily determined.
Moreover, the mitochondria in neurites are separated from the reticulum and exist as
separate entities, allowing investigation of mitochondrial shape and dynamics.
Primary neurons were co-transfected with DSRedMito and eGFP at 7 DIV to visualise
the mitochondria and to identify the neuronal outline, respectively. Neurites of cultured
WT and Tau35 neurons were imaged at 9 DIV (Fig. 5.1A). The images of neurites
were straightened (Fig. 5.1B) and mitochondrial density (number of
mitochondria/20um neurite length) in Tau35 and WT neurites was determined using
Imaged as described in Chapter 2, Section 2.2.15. WT neurons harboured 2.6 £ 0.19
mitochondria/20 um neurite length (mean + S.E.M, n=47). In contrast, the number of
mitochondria in Tau35 neurites was 1.7 + 0.13 mitochondria/20 um (mean + S.E.M.,
n=47), which was significantly reduced (P<0.001, Student’s t-test) compared to WT
neurons (Fig. 5.1C). The frequency distribution of the mitochondria in neurites shows
that approximately 42% of Tau35 neurons have only 1 mitochondrion per 20 pum,
whereas only 16% of WT neurons have such a low density of mitochondria (Fig. 5.1D).
There are also noticeably less (<20%) neurites with 3 or more mitochondria per 20
pm of neurite length in Tau35 neurons compared to WT neurons (~50%; Fig. 5.1D).
Thus, expression of Tau35 results in a substantial reduction of 35% in the number of

mitochondria present in neurites of cultured neurons.
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Fig. 5.1 Reduced mitochondrial number in neurites of Tau35 primary cortical

neurons
A
T e SR |
Tau35 —

B
WT
Tau35
C D
E *kk

3+ 50+
3.
s — c O wr
S § 40+ B Tau35
= 29 ]
T - B2
c 25 309
o T 0
'S 3‘5 20+
[} 14 c O
i S8
E 55 10 I
; - [ {1
o 0 T 0- T T - T
< WT Tau3s 1 2 3 4 5

no. of mitochondria/ 20um

A Representative images of neurites from WT and Tau35 primary cortical neurons
imaged at 9 DIV after co-transfection with plasmids expressing DSRedMito (red) and
eGFP (green). B Straightened images of the neurites. C Quantitative analysis
confirms a deficit in the number of mitochondria in Tau35 compared to WT neurites.
Values are displayed as mean + S.E.M., ***P<0.001, Student’s t-test. D Graph shows
the frequency distribution of mitochondria in Tau35 compared to WT neurites. 45-57

neurons were analysed per genotype from four biological replicates.
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5.2.2 Increased proportion of retrograde mitochondrial movement in Tau35
neurons
The number of motile mitochondria has been shown to progressively reduce with
maturation of cultured neurons, partially as a result of presynaptic immobilisation
(Lewis et al., 2016). Therefore, 9 DIV was selected as the optimal time in culture to
investigate mitochondrial movement. At 9 DIV, in healthy neurons approximately 25%
of total mitochondria is mobile at any given time (Lewis et al., 2016). Exogenous
expression of DSRedMito and eGFP allows visualisation of mitochondria, as well as
identification of cellular compartments to provide information about the directionality
of mitochondrial movement. Live images of co-transfected neurons were acquired at
3 s intervals for 5 min. The recordings were then transformed into kymographs as
described in chapter 2 Section 2.2.15 to determine the distance moved by individual
mitochondria over time (Fig. 5.2A). The kymographs confirmed the original
observation of fewer mitochondria in Tau35 neurites and were used to determine the
proportion of motile mitochondria in each neuronal type. This analysis revealed that
approximately 75% of mitochondria were stationary in the neurites of both WT and
Tau35 primary cortical neurons cultured for 9 DIV (Fig. 5.2B), in agreement with a
previous report of neuronal mitochondrial motility in vitro (Lewis et al., 2016). These
results suggest that, although fewer mitochondria were present in neurites of Tau35

neurons, the proportion of moving mitochondria is not affected by Tau35 expression.
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Fig. 5.2 The proportion motile mitochondria is unaffected by Tau35 expression

in neurons
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A Representative kymographs demonstrating the movement of mitochondria in WT
and Tau35 neurons. B Bar chart showing the percentage of motile and stationary
mitochondria in WT and Tau35 neurons. Values are displayed as mean + S.E.M.,

Mann-Whitney test. 40-54 neurons were analysed per genotype from four biological

replicates.
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Further analysis of mitochondrial movement on the kymographs, revealed differences
in the directionality of mitochondria in neurons of each genotype. Of the motile WT
mitochondria, 48 + 4% (mean + S.E.M., n=47) were moving in an anterograde
direction and 54 + 4% (mean + S.E.M., n=54) were moving towards the soma (Fig.
5.3A). In contrast, in Tau35 neurons, 37 + 5% (mean + S.E.M., n=40) of mitochondria
moved in an anterograde direction and the proportion moving in a retrograde direction
increased to 60 + 4% (mean + S.E.M., n=49) (Fig. 5.3A). Thus, despite there being
equivalent proportions of motile mitochondria neurites of both genotypes, Tau35
expression significantly increased the fraction of mitochondria moving back towards

the soma (P<0.05, Mann Whitney).

Analysis of the frequency of distribution of mitochondria in the neurites shows that WT
neurites with around 50% retrograde-moving mitochondria are most frequent while
Tau35 neurons shows a bimodal distribution, with mitochondria moving
predominantly either 50% or 100% retrograde (Fig. 5.3B left). In addition, 27% of
Tau35 neurites have mitochondria exclusively moving in a retrograde direction, in
contrast with only 12% of WT neurites. Further, 30% of Tau35 neurites have no
mitochondria moving in an anterograde direction, compared to only 10% of WT

neurites.
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Fig. 5.3 Mitochondria in Tau35 neurons demonstrate a preference towards

retrograde movement
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A Bar charts illustrating the numbers (left) and proportions (right) of mitochondrial
movement in WT and Tau35 neurites. Graph on the left shows that number of
mitochondria moving in the anterograde direction is reduced in Tau35 neurons
compared to WT neurons (*P<0.05). Furthermore, number of retrograde moving
mitochondria in Tau35 neurons is increased compared to anterograde moving
mitochondria in Tau35 neurons (**P<0.005). The graph on the right, shows that higher
proportion of mitochondria are moving in the retrograde direction in Tau35 neurons
(***P<0.001). B Graphs show frequency distributions of mitochondria in Tau35
neurites compared to WT neurites with percentages of mitochondria moving in
anterograde (left panel) and retrograde (right panel) directions. 40-54 neurons were
analysed per genotype from four biological replicates. Values are displayed as mean

+ S.E.M., *P<0.05, **P<0.005, ***P<0.001, Mann-Whitney test.
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The kymographs generated in ImageJ were used to investigate the overall and
directional velocities and the distances travelled by individual mitochondria in WT and
Tau35 neurites. The mean velocity of motile mitochondria in both WT and Tau35
neurons was 0.2 ym/s (Fig. 5.4A). The anterograde velocity of WT mitochondria was
0.3 £ 0.03 pm/s (mean + S.E.M, n=30), which was similar to that of Tau35
mitochondria (0.28 + 0.03 ym/s, mean = S.E.M, n=49). However, the mean velocity
of mitochondria moving in the retrograde direction in Tau35 neurons (0.32 + 0.02
Mm/s, mean £ S.E.M, n=44) was significantly increased (P<0.05) compared to that of
motile WT mitochondria (0.26 + 0.02 ym/s, mean = S.E.M, n=74) (Fig. 5.4B). In
addition, the distance travelled by individual mitochondria (run length) was assessed
in neurons of both genotypes. The mean run length of mitochondria was
approximately 40 £ 2.2 ym (mean £ S.E.M, n=121) in WT neurites (Fig. 5.4C), which
was not significantly different (P>0.05, Student’s t-test) from that of Tau35 neurites
(39 £ 3.2 um, mean £ S.E.M, n=69). However, upon classification of directionality, WT
mitochondria exhibited anterograde and retrograde run lengths of 48 £ 5.2 ym (mean
+ S.E.M, n=48) and 38 £ 2.4 ym (mean = S.E.M, n=74), respectively, a ratio of 1.26
in favour of the anterograde direction. In contrast, the run lengths of Tau35
mitochondria were 36 + 5.2 ym (anterograde, mean £ S.E.M, n=29) and 48 £ 5.7 ym
(retrograde, mean + S.E.M, n=74), a ratio of 1.33 in favour of the retrograde direction.
This analysis revealed a statistically significant increase (P<0.05, Student’s t-test) in
the run length of retrograde moving mitochondria and a trend towards a decreased
run length of anterograde-moving mitochondria in Tau35 neurites (P>0.05, Student’s

t-test).
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Fig. 5.4 Retrograde mitochondrial velocity and run length is selectively

increased in Tau35 neurites
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Graphs showing A mean overall and B directional velocities (um/s) of motile
mitochondria in WT and Tau35 neurites. The mean overall C and directional D run
lengths (um) of individual mitochondria in WT and Tau35 neurites. Mitochondrial
velocities and run lengths were measured at 9 DIV. Values are displayed as mean
+S.E.M., *P<0.05, Mann-Whitney test. 30-74 neurons were analysed per genotype

from four biological replicates.
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5.2.3 Investigation of motor proteins that facilitate mitochondrial motility

To further investigate mitochondrial motility, dynactin and kinesin 5A, both of which
are motor proteins involved in axonal transport of organelles, were assessed on
western blots. Dynactin binds to the retrograde motor protein dynein, facilitating
retrograde movement. In contrast, kinesin 5A is mitochondrial-associated, exclusively
neuronal, motor protein that facilitates anterograde movement. Western blots of 9 DIV
Tau35 neuronal lysates indicated similar amounts of dynactin (relative to B-actin),
which appeared as a doublet of 150 kDa, in WT and Tau35 neurons. Comparable
amounts of kinesin 5A, relative to -actin, were also presentin WT and Tau35 neurons
(Fig. 5.5). The lack of effect of Tau35 on proteins involved in mitochondrial movement
suggests that the observed increase in retrograde mitochondrial flux in Tau35

neurons is not due to differential interaction with motor proteins.
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Fig. 5.5 The amounts of the proteins involved in mitochondrial movement are

not affected in Tau35 neurons
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A Western blots of the motor proteins dynactin and kinesin 5A, and B-actin in WT and
Tau35 neuronal lysates at 9 DIV. B Bar charts quantifying the amounts of dynactin
and kinesin 5A, relative to B-actin, in WT and Tau35 neurons. Values are displayed
as mean = S.E.M., Student’s t-test n=5 biological replicates. Molecular weight markers

(kDa) indicate the size of the protein of interest.
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5.2.4 Mitochondrial shape is not altered in Tau35 cortical neurons
Changes in the size or shape of mitochondria could indicate abnormalities in fission
and/or fusion, as well as malfunction of mitochondria. The “particle analysis” function

of ImageJ (https://imagej.nih.gov/ij/) was used to assess mitochondrial shape in the

digitally straightened images of neurites obtained from live recordings of mitochondrial
mobility. The area of the mitochondria in WT neurites was 3.3 + 0.3 ym? (mean
+S.E.M. n=55), which was similar to that of Tau35 mitochondria (3.4 + 0.4 ym?, mean

+ S.E.M, n=53, P>0.05; Students’s t-test)

The measure of circularity indicates if the value is closer to 1, mitochondria are more
rounded or less than 1, it is more elongated. Larger, more elongated mitochondria are
assumed to be healthier than smaller, more rounded mitochondria, which may be
fragmented and destined for degradation. In the case of Tau35 mitochondria, the
circularity appears to be equivalent to that of WT mitochondria, indicating that they
are not fragmented (Fig. 5.6B). The orientation of mitochondria within neurites,
determined by the “angle”, was also similar in WT and Tau35 neurons (Fig. 5.6C).
Furthermore, the major and minor axes of the mitochondria were unchanged in
Tau35, compared to WT neurons (Fig. 5.6D). These results indicate that the shape
and orientation of mitochondria in the neurites is not altered in Tau35 neurons

compared to WT neurons.
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Fig. 5.6 Mitochondria area, circularity, angle and axes are unaffected in Tau35

neurons
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Graphs illustrating the results of the morphological analyses of mitochondria in WT
and Tau35 cortical neurons at 9 DIV. A Mean area (um?) B Circularity C Angle
(orientation within the neurite), and D Major and minor axes of the mitochondria
remain. Values are displayed as mean +SEM. Mann-Whitney test. 40-54 neurons

were analysed per genotype from four biological replicates.

200



5.2.5 Mitochondrial fission and fusion is not altered in Tau35 cortical neurons
Mitochondrial shape is strongly dependent on the dynamics of mitochondrial fission
and fusion. Thus, increased fission results in larger numbers of small mitochondria
and elevated fusion increases mitochondrial length. Mitochondrial fusion is regulated
by optic atrophy protein (OPA1) for mitochondria inner membrane fusion and
mitofusin 1 (MFN1) for mitochondrial outer membrane fusion (Santel and Fuller,
2001). The key regulator of mitochondrial fission is the cytosolic protein, dynamin-
related protein1 (DRP1, (Smirnova et al., 2001). Post-translational modifications to
DRP1 such as phosphorylation can alter its activity and affect the rate of fission.
Quantitation of the amounts of the fusion-related proteins OPA1 (100 kDa) and MFN1
(86 kDa) on western blots of neuronal lysates demonstrated no significant differences,
relative to B-actin (42 kDa), between WT and Tau35 neurons (Fig. 5.7A). Similarly,
Fig. 5.7B shows no changes in the amounts of DRP1 (80 kDa), or the pDRP1 (80kDa)
to DRP1 ratio, in Tau35 neurons compared to WT neurons at 9 DIV. These results,
together with the shape analysis shown in Fig. 5.7, indicate that mitochondrial fission

and fusion are not impaired in Tau35 neurons.
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Fig. 5.7 Markers of mitochondrial fusion and fission are not affected in Tau35

neurons
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Western blots of 9 DIV WT and Tau35 neuronal lysates probed with antibodies to A
OPA1, MFN1, and B-actin, and B Total DRP1, phosphorylated DRP1, and B-actin.
Bar charts show the quantitation of the mitochondrial fusion and fission proteins,
relative to B-actin. Values are displayed as mean +SEM. Student’s t-test n=5
biological repeats. Molecular weight markers (kDa) indicate the size of the protein of

interest.
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5.2.6 Investigation of mitochondrial function in Tau35 cortical neurons

To determine whether the function of mitochondria is affected by expression of Tau35
in cortical neurons, mitochondrial stress was assessed using the Seahorse XF assay
of extracellular flux (Agilent). In this assay, the oxygen consumption rate (OCR) of
neurons is measured under baseline, inhibited, and maximal conditions, as described
in Chapter 2, Section 2.2.17. The effects of the expression of the Tau35 fragment on
cellular oxygen consumption rate in 9 DIV cortical neurons are shown in Fig. 5.8. Cells
were seeded at 1,250 cells/mm?. Each well was loaded with 2 uM of oligomycin, 1 uM

FCCP and 0.5 pyM antimycin A/rotenone in ports A, B and C, respectively.

Tau35 neurons exhibited a baseline OCR that was slightly lower than, but not
significantly different from that of WT neurons. Inhibition of ATP synthase using
oligomycin resulted in a similar reduction of OCR in both WT and Tau35 mitochondria,
indicating that WT and Tau35 neurons are equally capable of generating enough ATP
to meet the energetic needs of the cell. There was also no evidence of a potential
proton leak, as an indication of mitochondrial damage with oligomycin in Tau35
mitochondria. Maximal OCR, driven by the mitochondrial uncoupler FCCP, showed
that Tau35 neurons exhibit a slightly reduced respiratory maximum compared to WT
neurons, although this change was not statistically significant (Fig 5.8). Antimycin
A/rotenone eliminates mitochondrial respiration, resulting in a measure of non-
mitochondrial respiration, which was equivalent in WT and Tau35 neurons (Fig. 5.8).
These findings of reduced respiratory function in Tau35 neurons suggests the

possibility of impaired mitochondrial function due to expression of Tau35.

Despite a significant decrease (~35%) in mitochondrial numbers in Tau35 neurites
(Fig. 5.1), the decrease in respiratory capacity of Tau35 neurons was fairly modest

(~15%). This could be due to variability in respiratory capacity in neurons derived from
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male and female animals. A study by (Du et al., 2009) demonstrated that male
neurons are more vulnerable, where a decrease in mitochondrial respiration was seen
to be more profound in males versus females when exposed to stress, such as
starvation or disease. In addition, the expression cassette with the Tau35 cDNA is
positioned on the X chromosome and protein levels differ between male and female

mice, as shown in Chapter 3.
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Fig. 5.8 Oxygen consumption rates in Tau35 and WT neurons
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Fig. 5.8 legend

Graph illustrating the oxygen consumption rate (OCR) of WT and Tau35 cortical
neurons at 9 DIV, 2way ANOVA. The bar charts below show OCR values upon the
addition of the compounds in WT and Tau35 neurons. Basal respiration is slightly
reduced, but not significantly, in Tau35 neurons compared to WT (P>0.05).
Oligomycin is an ATP synthase inhibitor that allows to measure basal respiration that
is not coupled to ATP production (WT vs Tau35, P>0.05). The uncoupler FCCP,
drives the cell to maximum respiratory capacity (WT vs Tau35, P>0.05). Non-
mitochondrial respiration is measured by addition of antimycin A/rotenone (WT vs
Tau35, P>0.05) Student’s t-test. The values shown are mean + S.E.M., WT (black),

n=3; Tau35 (red), n=8.
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5.2.7 Reduced marker of mitochondrial biogenesis in Tau35 neurons

To investigate whether reduced mitochondrial biogenesis might explain the observed
decrease in mitochondria in Tau35 cortical neurons at 9 DIV (Fig. 5.9), components
of this pathway were investigated. (Chapter 1, Section 1.14.3) The steady-state
amounts of PGC-1a, SIRT1, CREB, pCREB, and NRF2 were assessed on western

blots.

Fig. 5.9 illustrates that the amount of PGC-1q, relative to B-actin, is significantly

decreased (~25%) in Tau35 neurons (P<0.05, Student’s t-test).
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Fig. 5.9 PGC-1a. is reduced in Tau35 neurons
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Western blot of WT and Tau35 primary cortical neurons (9 DIV) probed with
antibodies to PGC-1a. The values shown are mean + S.E.M., *P<0.05, n=6 Student’s

t-test.

PGC-1a activity is regulated by the histone deacetylase sirtuin 1 (SIRT1), which
mediates NAD*-dependent deacetylation of PGC-1a. Therefore, the amount of SIRT1
in WT and Tau35 neurons was assessed on western blots to determine whether the
reduction of PGC-1a in Tau35 neurons results from altered expression of SIRT1 (Fig.
5.10). A 33% decrease of SIRT1 relative to B-actin, was observed in Tau35 primary
neurons (P<0.05, Student’s t-test), possibly explaining the reduction of PGC-1a levels
and indicating a potential reduction in PGC-1a activity (Fig. 5.10A, upper panel). PGC-
1a also affects expression of NRF2, which regulates electron transport, oxidative
phosphorylation and mitochondrial DNA replication (Chapter 1, section1.14.3).
Therefore, the amount of NRF2 in WT and Tau35 neurons was determined relative to

B-actin, on western blots (Fig 5.10). These results showed that NRF2 was significantly
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decreased by 50% in Tau35 neurons (P<0.05, Student’s t-test), further supporting a
potential defect in mitochondrial biogenesis induced by expression of Tau35. In
addition, protein levels of total CREB and phosphorylated CREB were measured (Fig.
5.10B). This protein is a key regulator of multiple cellular processes including

mitochondrial biogenesis via activation of PGC-1a.
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Fig. 5.10 SIRT1 and NRF2 are decreased in Tau35 neurons
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Western blots and analyses of A sirtuin 1 (SIRT1) and nuclear factor erythroid 2-
related factor 2 (NRF2), and B total and phosphorylated cAMP responsive-element

binding protein (CREB), relative to actin, in Tau35 and WT cortical neurons. Neurons

were assessed at 9 DIV. Values are displayed as mean +S.E.M., n=6, *P<0.05,

Student’s t-test.
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5.3 Discussion

This chapter describes the results of an investigation into the effects of Tau35 on
mitochondrial motility, dynamics, function, and biogenesis in primary cortical neurons
cultured for 9 DIV. The results show that expression of the N-terminally truncated WT
human tau fragment, Tau35, in mice leads to significant changes in the mitochondria
in cultured neurons. These important changes can be summarised as follows:

e Reduction in the number of mitochondria present in neurites.

e Augmented retrograde movement of mitochondria, evidenced by increases in
both the velocity and the run length of mitochondria moving towards the
neuronal cell soma.

e No overt changes in mitochondrial fission and fusion, suggesting that these
processes are unlikely to contribute to altered mitochondrial trafficking.

e Potentially impaired mitochondrial functionality, particularly maximal
respiratory capacity.

e Decrease in essential components of the mitochondrial biogenesis pathway.

5.3.1 Mitochondrial deficit in the neurites of Tau35 primary neurons

Tau35 primary cortical neurons demonstrate a decrease in mitochondria in neurites
at 9 DIV. These data correlate with the finding of reduced amounts of mitochondrial
proteins in Tau35 mouse brain and in primary cortical neurons cultured from Tau35
mice (Chapter 3, Section 3.2.5 and Chapter 4, Section 4.3.4, respectively). Studies in
human brain have previously suggested that reduced brain metabolism and/or
mitochondrial dysfunction are major hallmarks and prominent early features in the
brain in many neurodegenerative diseases including AD, PD and HD (Kopeikina et
al., 2011; Lin and Beal, 2006) At first glance, mitochondrial deficits in the neurites of
Tau35 neurons are likely to result from an overall reduction in mitochondria due to

mitophagy or altered biogenesis. However, deficits in mitochondria present in neurites
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in other tau transgenic mice have suggested that such deficits may be due to the
mislocalisation of mitochondria and clustering of mitochondria in the perinuclear area
of neurons (Kopeikina et al., 2011; Dubey et al., 2008; Mandelkow et al., 2004). For
example, rTg4510 and P301L tau transgenic mice, both of which express P301L tau,
demonstrate aberrant distribution and/or a decrease in the area occupied by
mitochondria in neurites (Kopeikina et al., 2011; Rodriguez-Martin et al., 2016). In
rTg4510 mice, the mitochondrial deficit may be caused by soluble tau species as
these changes are not dependent on tau aggregation and are fully recovered by
suppression of soluble tau. Expression of soluble tau leads to the accumulation of
mitochondria around the nucleus due to diminishing the anterograde to retrograde
ratio, leading to reduced net anterograde flux (Kopeikina et al., 2011; Stoothoff et al.,
2009). Previous studies of the effects of 3R and 4R tau on mitochondrial transport
suggest that 4R tau may have a more profound influence on the competition for
kinesin-based transport that diminishes the anterograde to retrograde transport ratio

(Stoothoff et al., 2009).

5.3.2 Changes in retrograde movement in Tau35 neurons

The net movement of mitochondria is influenced by the balance between their
stationary and motile states (Stewart and Chinnery, 2015). In healthy neurons under
physiological conditions, approximately half of all motile mitochondria move in a
retrograde direction, and half in an anterograde direction (Verburg and Hollenbeck,
2008). It has been surmised that mitochondria moving in an anterograde direction are
healthy, while retrograde-moving mitochondria might represent older, damaged
organelles that are being transported to the soma for degradation by mitophagy

(Miller, 2004; Cai et al., 2012).

Tau35 primary cortical neurons exhibited alterations in mitochondrial transport that

correspond to previously reported disease-related tau models such as rTg4510 and
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P301L with impaired localisation and trafficking of organelles (Kopeikina et al., 2011;
Rodriguez-Martin et al., 2016). The mitochondria in Tau35 neurons displayed a
preference for retrograde movement, suggesting that a larger proportion of the
mitochondria in Tau35 neurites may be moving towards the soma for degradation.
The velocity of mitochondria travelling in a retrograde direction was also increased in
Tau35 neurons, as was their mean retrograde run length. A recent report has shown
that the mitochondria anchoring protein, syntaphilin, is strongly correlated with
stationary mitochondria, and that the deletion of the syntaphilin (Snph) gene in mice
dramatically increases mitochondrial motility and reduces their density in axons (Lin
et al., 2017). These findings suggest that investigation of syntaphilin, including its

association with mitochondria in Tau35 neurons, may be warranted.

5.3.3 Mitochondrial fission and fusion are unlikely to contribute to the
mitochondrial deficit in Tau35 neurites

It has previously been shown that mitochondrial fission and fusion might contribute to

AD progression (Wang et al., 2009). In Tau35 primary cortical neurons, changes in

the size and shape of mitochondria were not observed. These findings are consistent

with observations made in other mouse models of tauopathy, such as rTg4510

(Kopeikina et al., 2011) and P301L tau mice (David et al., 2005).

The ability of mitochondria to move along neurites is coupled to the degree to which
they fuse together and fragment. However, no differences were detected in the
amounts of the mitochondrial fission and fusion proteins OPA1, MFN1 and DRP1, in
Tau35 neurons, when compared to those in WT neurons. These results suggest that
the observed deficits in Tau35 neurons are unlikely to be due to abnormalities in
mitochondrial fission or fusion. A recent study from this laboratory has suggested that

western blots may not be sufficiently sensitive to detect very subtle changes in
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mitochondrial fission and fusion proteins, as only about 30% of mitochondria are

motile in neurons at 7 DIV (Rodriguez-Martin et al 2016).

5.3.4 Decreased mitochondrial biogenesis in Tau35 neurons

PGC-1a is reported to be involved in the pathogenesis of AD (Katsouri et al., 2016;
Qin et al., 2009; Sweeney and Song, 2016), and PGC-1a knockout mice exhibit
neuronal dysfunction and degeneration (Leone et al., 2005; J. Lin et al., 2004). At 9
DIV, Tau35 neurons demonstrate a significant decrease in the amount of PGC-1a
protein compared to WT neurons. There are several potential players involved in the

activation of PGC-1q, including SIRT1 and CREB.

SIRT1 has been shown to have neuroprotective function in the brain and a decrease
in this protein may lead to age-dependent neurodegeneration. SIRT1 deacetylates
and activates PGC-1a, which then induces mitochondrial biogenesis (Araki et al.,
2004). Increased NAD" biosynthesis and SIRT1 activation have been shown to
protect axons against degeneration (Araki et al., 2004). Decreased SIRT1 in Tau35
neurons could, therefore, result in an inactivation of PGC-1a and thereby reduce
mitochondrial biogenesis. In addition, SIRT1 is reduced in the cortex in AD and it has
been suggested that SIRT1 negatively correlates with the number of neurofibrillary
tangles in AD brain (Julien et al., 2009). SIRT1 has been shown to acetylate tau and
reduction of this protein leads to prevention of degradation of phosphorylated tau in
tauopathies (Min et al., 2010; Cohen et al., 2011). Indeed, SIRT1 has the ability to
deacetylate tau, and deficiency of SIRT1 results in an enhancement of both acetylated
and phosphorylated tau (Min et al., 2010). Interestingly, the SIRT1 gene resides in a
locus on chromosome 10 which is associated with familial AD. It would be interesting
to investigate whether the effect of SIRT1 on mitochondrial biogenesis or tau
acetylation is a primary event that could potentially contribute to the explanation for

the disease-related phenotype in the Tau35 mouse model of tauopathy.
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PGC-1a levels are also controlled by transcription factor CREB. It activates the PGC-
1a promoter and drives PGC-1a expression (Herzig et al., 2001; Wu et al., 2006).
PGC-1a transcription is highly reactive to CREB activation, which occurs through
phosphorylation of its Ser133 residue. There appears to be no significant difference
in CREB and pCREB levels in Tau35 neurons compared to WT neurons, indicating
that in Tau35 neurons, it is unlikely to be the cause of the observed decrease in PGC-

1a and potential reduction in mitochondrial biogenesis.

NRF2 is a transcription factor that plays an important protective role against oxidative
stress (Dinkova-Kostova and Abramov, 2015). Under conditions of stress, activation
of NRF2 counteracts the increased reactive oxygen species production in
mitochondria via transcriptional upregulation of uncoupling protein 3 and influences
mitochondrial biogenesis by maintaining the levels of NRF1 and PGC-1a (Vomund et
al.,, 2017). NRF2 is downstream from PGC-1a and therefore it is possible that the
observed reduction in the amounts of both PGC-1a and NRF2 in Tau35 neurons could

lead to a deficit of mitochondrial DNA replication.

5.3.5 Conclusions

The complexity of neuronal morphology means that normal cellular function and
survival is highly dependent on the energy provided by mitochondria. Defects in
mitochondrial dynamics are becoming increasingly recognised as common and early
features that may be responsible for disease progression in a range of
neurodegenerative disorders. Taken together, the results presented here
demonstrate that mitochondrial dysfunction and particularly, defective mitochondrial
biogenesis, plays a key role in the development of tauopathy in Tau35 mice. The
findings show that mitochondrial dysfunction is a multifactorial event that may have

common therapeutic targets to improve mitochondrial and neuronal function and
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prevent neurodegeneration. Primary cortical neurons derived from the Tau35 mouse
model of human tauopathies demonstrate their potential as an excellent platform in
which to study altered mitochondrial dynamics and function as well as to identify new

therapeutic targets for human tauopathies.
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Chapter 6: Discussion

6.1 Mouse and cellular models of Tau35-mediated
degeneration

A truncated form of tau was detected in PSP brain, but not in age-matched control
brain (Wray et al., 2008). This fragment was inserted into an Hprt locus located on the
X-chromosome in mice and driven by the human MAPT promoter, generating a
unique and novel mouse model of tauopathy (Bondulich et al., 2016). The benefit of
using the human tau promoter is that the tau fragment is expressed at low,
physiological levels in regions of the CNS that normally express tau. In other animal
models of tauopathies, the promoters that were used are typically not the native gene
promoters and are designed to drive higher gene expression than would be observed
physiologically (Lewis et al., 2001; Billings et al., 2005). This enables the
overexpression of tau in order to elicit an accelerated phenotype of tauopathy, which
makes these models less accurate representations of human disease. Unlike other
existing mouse models, Tau35 mice express a human WT tau fragment, more
accurately representing the sporadic tauopathies, which are more common than
familial tauopathy (Goedert and Jakes, 2005). Tau35 mice also exhibit behavioural,
cognitive and motor characteristics that mimic some of clinical features observed in
human tauopathies, such as PSP and CBD (Bondulich et al., 2016). Interestingly, the
amount of Tau35 protein expressed in male Tau35 mice was significantly increased
compared to female Tau35 mice. However, there is no difference in Tau35 protein
expression in heterozygous and homozygous female mice, which may be due to
random partial or complete silencing of the second copy of the X chromosome in
female mice (Lyon, 1962). The transgenic technique used here has the potential to
introduce great variability in expression of Tau35 fragment between male and female

mice and hence brain tissue from male mice only was used in this work. Moreover,
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Tau35 protein expression is higher in the hippocampus and associated cortex, and
the brainstem and cerebellum, and lower in the frontal region, and amygdala and

associated cortex demonstrating that Tau35 expression is brain region-specific.

This exploratory study to characterise the novel Tau35 mouse model of human
tauopathy showed that expression of Tau35 is capable of causing significant changes
in cellular mechanisms in both the central and peripheral nervous systems. Tau35
mice exhibit elevated tau phosphorylation, accumulation of autophagosomes,
astrocytic activation, mitochondrial deficits and pathological alteration of the
neuromuscular junction. These findings position Tau35 mice as a good model of
human tauopathies such as PSP and CBD and that maybe useful to improve our
understanding of the molecular and cellular processes that are affected in other
tauopathies as the model exhibits common biochemical characteristics that occur in

these diseases.

Tau35 cortical neuronal morphology undergoes significant alterations throughout
maturation and aging of the neurons, including enlarged soma size, increased
dendritic length and dramatic dendritic spine loss. However, there are no significant
changes in neuronal survival in cultured cortical neurons from Tau35 mice, suggesting
that these events could be early events of disease progression. Biochemical
alterations observed in Tau35 neurons, such as increased tau phosphorylation and
mitochondrial deficits, are similar to those observed in human tauopathy and in Tau35
mice, establishing this as a relevant cellular model in which to study the mechanisms

underlying these early disease changes.

Previously, numerous studies have shown significant changes in neuronal
morphology in neurodegenerative diseases (Anderton et al., 1998; Falke et al., 2003;

Knobloch and Mansuy, 2008; Tackenberg and Brandt, 2009; Giannakopoulos et al.,
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2009b). To study the effect of truncated tau fragment on neuronal morphology,
primary neurons from WT and Tau35 cortices were used. Tau35 neurons
demonstrate morphological changes starting from 9 DIV. Sholl analysis reveals a
decrease in the complexity of Tau35 neurites. However, an increase in maximum
dendritic extent of Tau35 neurons at 9 DIV compared to WT neurons at 9 DIV was
also observed, suggesting that there is a compensatory mechanism in place (Spires
and Hyman, 2004; Dickstein et al., 2010). The size of the soma in Tau35 neurons
showed a significant increase at 9 DIV. Similar results were obtained from other
mouse models such as Tg2576 mice, a mouse model of AD which overexpresses a
mutant form of APP (isoform 695), which also exhibit significantly increased spatial
dendritic extents of cortical neurons at 12 months of age (Rocher et al., 2008). In
addition, overexpression of mutant P301L tau in rTg4510 mice results in
destabilisation of the dendritic cytoskeleton and altered neuronal morphology (Hall et

al., 2000; 2001).

Furthermore, the Tau35 fragment alters morphology in another cellular model,
Chinese hamster ovary (CHO) cells stably expressing Tau35 fragment. In contrast to
normal CHO cells and CHO cells stably expressing full-length tau, CHO-Tau35
demonstrate compromised microtubule organisation and induction of the unfolded
protein response. Particulary, disorganised microtubule structures have resulted in
changes in cell shape. This could also cause profound effects on other intracellular
processes such as recruitment of other microtubule-associated proteins to
microtubules and localisation of organelles (personal communication, Tong Guo,
King’s College London). In the context of neurons, integration of microtubules into the
neuronal cytoskeleton is key for normal axonal structure and function, in which they
act as rails along which cargoes are moved to different cellular compartments, such
as the synapse (Perdiz et al., 2011). Potentially compromised microtubule integrity is

considered as being responsible for synapse loss, an early symptom of
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neurodegeneration (Scheff and Price, 2006; Shankar and Walsh, 2009). Microtubule
instability, caused by the Tau35 fragment, could potentially be the cause for altered

axonal transport and spine loss observed in Tau35 primary cortical neurons.

In addition, a dramatic synaptic loss has been observed in Tau35 hippocampus in 14-
month-old mice, particularly loss of the pre-synaptic protein Synapsin 1 (Bondulich et
al., 2016). In primary Tau35 neurons, a loss of dendritic spines is evident, particularly
a decrease in thin spines and a strong trend towards a decrease in the number of
mushroom spines. Taken together, this may potentially explain the reduced ability of
Tau35 mice in the Morris water maze test, which is a test of hippocampal spatial

learning that mirrors the cognitive decline in dementia.

6.2 Tau35 induces biochemical and pathological deficits
relevant to 4R tauopathies in mice and in primary neurons

Tau35 mice do not exhibit any apparent neuronal loss, despite the formation of pre-
tangle-like, tau-containing structures forming in the brain (Bondulich et al., 2016). This
finding is supported by the observation of no difference in neuronal survival in Tau35
cortical neuronal cultures compared to that of WT neurons. However, in both Tau35
mice and Tau35 cortical neurons, it is evident that tau is highly phosphorylated.
Increased tau phosphorylation is a major hallmark of tauopathies and is thought to
lead to tau accumulation and cell death, resulting in cognitive decline. It is well known
that increased tau phosphorylation both detaches tau from microtubules and induces
tau missorting from axons into the somatodendritic compartment of neurons (lttner et
al., 2009; Hoover et al., 2010). Indeed, Tau35 mice show increased phosphorylation
of tau at numerous epitopes, including Ser422 in the hippocampus and associated
cortex. This epitope is thought to represent an early marker of tau aggregation and is

associated with pre-tangles (Mufson et al., 2014). These findings together could
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suggest that the increased tau phosphorylation that occurs due to expression of
Tau35 might also be an early event in disease pathogenesis. In addition,
accumulation of endogenous tau in the insoluble 13,000g pellet obtained from the
hippocampus and associated cortex is observed. However, this pellet would also have
contained cellular organelles; predominantly mitochondria, lysosomes and
peroxisomes. It has been previously reported that tau could be associated with
various organelles. For example, tau accumulation has been shown to impair
mitochondrial degradation by directly interacting with mitochondria (Hu et al., 2016).
This could result in compromised axonal microtubule integrity, mitochondrial

dysfunction and potentially spine loss.

A possible explanation for tau accumulation could be that the autophagy-lysosome
system enables clearance of pathological tau (Min Jae Lee et al., 2013, Rodriguez
Martin et al., 2016). In the hippocampus and associated cortex of Tau35 mouse brain,
a decrease in LC3-l and increase in LC3-Il is observed, suggesting an accumulation
of autophagosomes. This could be triggered either through upregulation of

autophagosomal formation or blockage of autophagic degradation.

A common feature of neurodegenerative diseases is the presence of reactive
astrocytes in the brain. At 14 months of age, WT and Tau35 mice did not show any
significant differences in GFAP expression (Bondulich et al., 2016). However,
astrocytic activation is observed in all brain regions in Tau35 mice aged 18 months.
This suggests that astrogliosis may only be apparent in the later stages of disease
(Burda and Sofroniew, 2014). Interestingly, the largest difference in GFAP expression
between Tau35 mice and WT mice occurred in the frontal brain region, as well as in
the brainstem and cerebellum, which is consistent with the neurodegenerative profiles

observed in PSP and CBD (Hauw et al., 1990; Bergeron et al., 1997).
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6.3 Tau3d5-mediated mitochondrial dysfunction

Growing evidence suggests that mitochondria play a key role in the execution of
neurodegeneration, either due to defects in respiratory function, or by interacting with
other organelles such as the ER or the cytoskeleton (Nunnari and Suomalainen,
2012). Deficit of the mitochondrial marker HSP60 was observed in the hippocampal
and cortical region of Tau35 aged mouse brain and in primary cortical neuronal
cultures generated from Tau35 mice. Decreased HSP60 could lead to increased
protein misfolding and aggregation, which is consistent with the pathological
hallmarks of 4R tauopathies. Interestingly, similar changes have also been observed
in AD, where HSP60 has been found to be significantly decreased (Yoo et al., 2001).
Tau35 and WT primary cortical neurons were used as cellular models to study
mitochondrial transport and biogenesis. In addition to an overall decrease in
mitochondrial markers in mature neurons, Tau35 primary cortical neurons at 9 DIV
demonstrate a decrease in mitochondria, specifically in neurites. However, deficits in
mitochondria that present in neurites in other tau transgenic mice are suggested to
be due to the mislocalisation of mitochondria and clustering of mitochondria in the
perinuclear region of neurons (Mandelkow et al., 2004; Dubey et al., 2008; Kopeikina
et al., 2011). For example, tau alterations in rTg4510 and P301L tau transgenic mice
demonstrate aberrant distribution and/or a decrease in the area occupied by

mitochondria in neurites (Kopeikina et al., 2011; Rodriguez-Martin et al., 2016).

Interestingly, the overall percentage of motile mitochondria is unchanged in Tau35
neurons, compared to the WT neurons. This suggests that mitochondria maintain their
ability to be transported along neurites. This is further supported by the lack of any
significant alterations in the amounts of the motor proteins, dynein and kinesin, in

Tau35 neurons. However, the motile mitochondria in Tau35 neurons displayed a
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relative preference for retrograde movement, suggesting that a larger proportion of
the mitochondria in Tau35 neurites are moving towards the soma. The velocity of
mitochondria travelling in a retrograde direction was also increased in Tau35 neurons,

as was the mean retrograde run length of individual mitochondria.

It has been shown that overexpression of tau in cells leads to the accumulation of
mitochondria around the nucleus, possibly due to a reduction in the anterograde to
retrograde transport ratio, leading to reduced net anterograde flux (Stoothoff et al.,
2009; Kopeikina et al., 2011). Previous studies of the effects of 3R and 4R tau
isoforms on mitochondrial transport suggest that 4R tau may have a more profound
influence on the competition for kinesin-based transport that diminishes the
anterograde to retrograde transport ratio (Stoothoff et al., 2009). A recent study has
suggested that increased retrograde movement of mitochondria could also be
explained by release of the mitochondria anchoring protein, syntaphilin, that could
lead to increased mitochondrial retrograde motility and reduced mitochondrial density
in axons (Lin et al., 2017). These findings suggest that investigation of syntaphilin,
including its association with mitochondria in Tau35 neurons, may be warranted. In
addition, it has been surmised that mitochondria moving in an anterograde direction
are healthy, while retrograde-moving mitochondria might represent older, damaged
organelles that are being transported to the soma for degradation by mitophagy
(Miller, 2004; Cai et al.,, 2012). Therefore, the increased retrograde flux of
mitochondria observed in Tau35 cortical neurons could also indicate enhanced

mitochondrial degradation.

To investigate the health and functionality of mitochondria, the ability to fuse together
and to fragment, as well as mitochondrial morphology was assessed. Interestingly, it
has been shown previously that mitochondrial fission and fusion might contribute to

neurodegenerative disease progression (Stokin et al., 2005; Wang et al., 2009). In
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Tau35 primary cortical neurons, no changes in the size and shape of mitochondria
are observed in comparison to those in WT neurons. These findings are consistent
with observations made in other mouse models of tauopathy, such as rTg4510
(Kopeikina et al., 2011) and P301L tau mice (David et al., 2005). Furthermore, no
differences were detected in the amounts of mitochondrial fission (such as DRP1) and
fusion (such as OPA1) proteins in Tau35 neurons. These results suggest that the
observed deficits in mitochondria in Tau35 neurons are unlikely to be due to
abnormalities in mitochondrial fission or fusion. Furthermore, induction of autophagy
with rapamycin did not further reduce the number of mitochondria, indicating no overt
effects on mitophagy in Tau35 neurons. This might indicate that the remaining
mitochondria in Tau35 neurons are not necessarily damaged and therefore they are
not required to be cleared from the neurons. Furthermore, the functionality of
mitochondria was investigated by assessing mitochondrial stress. The Seahorse
analyser did not show any significant changes in cellular oxygen consumption rate,
and the slight decrease that is observed could be accounted for by the reduced

number of mitochondria in Tau35 neurites.

Tau35 neurons demonstrate a significant decrease in the amount of the mitochondrial
biogenesis master regulator, PGC-1a. In addition, Tau35 neurons exhibit a decrease
in SIRT1, which deacetylates and activates PGC-1a (Araki et al., 2004). SIRT1 has
been shown to have a neuroprotective function in the brain and a decrease in this
protein may lead to age-dependent neurodegeneration (Araki et al., 2004). Decreased
SIRT1 in Tau35 neurons could, therefore, result in reduced activation of PGC-1a and
thereby reduce mitochondrial biogenesis. In addition, SIRT1 is reduced in the cortex
in AD and it has been suggested that SIRT1 negatively correlates with the number of
neurofibrillary tangles in AD brain (Julien et al., 2009). Indeed, SIRT1 has the ability
to deacetylate tau, and deficiency of SIRT1 results in an enhancement of both

acetylated and phosphorylated tau (Min et al., 2010). PGC-1a levels are also
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controlled by the transcription factor CREB. However, there was no significant
difference in the amount of total and phosphorylated CREB in Tau35 neurons
compared to WT neurons. This indicates that in Tau35 neurons, CREB is unlikely to
be the cause of the observed decrease in PGC-1a and the resultant reduction in
mitochondrial biogenesis. Downstream of PGC-1a, NRF2 is a transcription factor that
plays an important protective role against oxidative stress (Ma, 2013). Under
conditions of stress, activation of NRF2 counteracts the increased reactive oxygen
species production in mitochondria through transcriptional upregulation of uncoupling
protein 3, and influences mitochondrial biogenesis by maintaining the levels of NRF1
and PGC-1a (Vomund et al., 2017). The significant reduction of both PGC-1a and
NRF2 in Tau35 neurons could be a major factor that could lead to a deficit of

mitochondrial DNA replication.

6.4 A proposal for a unified hypothesis to explain the
mitochondrial deficit and spine loss in Tau35 neurons

Collectively, the evidence generated in this thesis suggests that the reduction in spine
density in Tau35 neurons could be due to increased retrograde axonal transport of
mitochondria, with a larger number of mitochondria moving at increased speed and
with longer run lengths, towards the soma. If a similar situation also exists in dendrites,
this enhanced flux could lead to a net movement of mitochondria away from dendritic
spines, preventing mitochondrial anchoring in the region, thereby, depriving spines of
energy and resulting in spine loss. There is evidence that tau might lead to peri-
nuclear accumulation of mitochondria (Mandelkow et al., 2004). This peri-nuclear
accumulation of mitochondria might lead to somatic swelling and enlarged soma size,
with reduced complexity of the dendritic tree around the soma. Such a scheme would
be compatible with the observations made in Tau35 cortical neurons in culture (Fig.

6.1).
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Microtubules are polarised structures. In axons, microtubules are oriented with the
plus ends away from the cell body, and in dendrites, microtubules are of a mixed
polarity, with both minus and plus ends oriented toward the cell body (Baas, 1989).
However, the dynamic plus end of the microtubules enters the dendritic spines to
deliver the cargo necessary for spine function. Thus, the plasticity of dendritic spines
is dependent on the microtubule dynamic and undoubtedly plays a key role in the
proper functioning of the brain, whereas defects in spine plasticity are often
associated with disease and neurodegeneration (Sala and Segal, 2014). However, it
has been recently shown that mitochondrial transport occurs through a ‘hand-off
model of transport into spines. A hand-off occurs between kinesin—microtubule
transport to actin-myosin—based transport, resulting in the transport of mitochondria
into the dendritic spine (McVicker et al., 2016). As shown in Chapter 5, Section 5.2.2,
mitochondria in Tau35 neurites have a preferential motility in the retrograde direction,
i.e. towards the minus end of the microtubules. This could potentially prevent the

‘hand-off’ of mitochondria and transport into the dendritic spine.
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Fig. 6.1 Proposed unifying hypothesis that results in dendritic spine loss in

Tau35 neurons
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Here it is proposed that in Tau35 neurons, mitochondria in the neurites preferentially
move in the retrograde direction. In dendrites, this would result in movement of
mitochondria away from dendritic spines, preventing mitochondrial anchoring that is
required for spine function. The mitochondria that move to the soma form peri-nuclear
clusters that have been previously observed when tau is overexpressed in some cell
models. Such an aggregation of mitochondria could lead to an increased soma size,

and spine loss may result.
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If the accumulation of mitochondria occurs, mitochondrial biogenesis might be
reduced due to the overwhelming number of mitochondria in the peri-nuclear region.
This could occur due to the altered NAD+/NADH ratio leading to the decrease in
SIRT1 that is observed in Tau35 mice, followed by downregulation of PGC-1a and

subsequently NRF2 that is summarised in Fig. 6.2.

Fig. 6.2 Proposed mechanism of reduced mitochondrial biogenesis
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A proposed compensatory mechanism of mitochondrial accumulation in the soma,
due to increased retrograde mitochondrial flux, reduces the NAD+/NADH ratio,
decreasing SIRT1 and other molecules that initiate transcription of genes regulating

mitochondrial biogenesis.
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6.5 Pathological effects of Tau35 on the peripheral nervous
system

Tau35 mice demonstrate reduced grip strength of the hindlimbs and they also exhibit
motor deficits from an early age, prior to cognitive decline (Bondulich et al., 2016).
Here, data is presented showing altered NMJ morphology in hindlimb muscles, with
evidence of early signs of NMJ deformation apparent as early as 3 months in Tau35
mice. Morphologically, alterations of the folds that consist of acetylcholine receptors
may lead to functional impairment in the post-synaptic response in NMJs (Kurokawa
et al, 1990). In addition, progressive changes in NMJs were observed with increasing
age in Tau35 mice. At 13 months, NMJs in Tau35 mice exhibited morphological
deformation and reduced surface area. Furthermore, a significant increase in partially
denervated NMJs in Tau35 mice was observed, potentially due to degeneration of the
NMJ endplates. As there are several tauopathies that present with both cognitive and
motor deficits, it is thought that alterations in the tau protein may lead to pathological
motor symptoms (Pratt et al., 2015). Findings in Tau35 mice are consistent with
previous work on other models of tauopathies such as the Tg30 mouse line, that
expresses mutant 1N4R double-mutant tau (P301S and G272V) human tau
(Audouard et al., 2015). Tg30 mice show a severe motor deficit, with tau aggregates
in the brain and spinal cord. Interestingly, progressive and severe muscle denervation
was observed that is thought to result from disturbance of axonal transport rather than

loss of motor neurons (Audouard et al., 2015).

6.6 Therapeutic prospective

Increasing work has been done in the past years to investigate potential therapeutic
targets that may lead to finding a cure for human tauopathies. Multiple neuroprotective

strategies have been aimed at targeting tau pathology (summarised in Fig. 6.3).
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Inhibiting tau phosphorylation has been proposed as a possible route to prevent tau
toxicity, proteolysis, and tau aggregation (Panza et al., 2016). Other suggestions have
included promotion of both intracellular and extracellular tau clearance and/or

increasing microtubule stabilisation (Simi¢ et al., 2017).

Fig. 6.3 Potential neuroprotective strategies to reduce tau pathology
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Potential therapeutic strategies that have been proposed to target tau pathology in
human tauopathy. These include, inhibition of tau phosphorylation, proteolysis and
clearance. Furthermore, promotionof tau and tau oligomers clearance (Simi¢ et al.,

2017).
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In this project, various mitochondrial alterations have been described, such as
changes in mitochondrial number and transport. The pathological mechanism
suggested in this chapter in that decreased mitochondrial biogenesis affects spine
density loss that could further cause cognitive and motor deficits. An overview of

mitochondrial biogenesis pathway is presented in Section 1.14.3.

Activation of PGC-1a could be targeted directly or via molecules that influence its
activation such as SIRT1, AMPK and CREB. PGC-1a expression can be increased
directly by pharmacological compound, bezafibrate, which further leads to an
increased expression level of NRF1 and NRF2, enhancing mitochondrial biogenesis
(Uittenbogaard et. al., 2014). The retrograde signalling pathway is under control of
AMP/ATP ratio that is increased when there is a decrease in ATP. This is a signal for
AMPK to activate PGC-1a. expression via phosphorylation that in turn activates
mitochondrial biogenesis. AMPK activity is stimulated by a number of
pharmacological compounds, such as AICAR, resveratrol and metformin
(Uittenbogaard et. al., 2014). Finally, SIRT1 is activated through phosphorylation
either by AMPK or by increase of NAD*/NADH ratio. Pharmacologically, Isoflavones
and SRT1720 activate SIRT1 that deacetylates PGC-1a driving mitochondrial
biogenesis (Uittenbogaard et. al., 2014). Interestingly, activation of SIRT1 has

previously been shown to increase life-span (Mitchell et al., 2014).
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6.7 Conclusions and future work

Deficits in the numbers of mitochondrial and dendritic spines are observed in the
neurons of Tau35 mice. Sub-cellular fractions of mitochondria and synaptosomes
could offer a more sensitive method with which to investigate the changes in synaptic

mitochondria and synaptic proteins in Tau35 neurons (Lores-Arnaiz et al., 2016).

Mitochondrial fusion and fission were investigated by analysing the mitochondrial
shape and levels of fusion and fission proteins using western blots. However,
mitochondrial fusion and fission occur predominantly in motile mitochondria, which
comprise only ~20% of the total mitochondria in the cultured cortical neurons.
Therefore, more sensitive methods, such as imaging live neurons transfected with
fission/fusion protein markers, may be required to detect any subtle changes in

mitochondrial dynamics in Tau35 neurons.

Mitophagy has been previously implicated in cases of neuronal mitochondrial deficits
(Martinez-Vicente, 2017). It is common to test mitophagy by inducing it using the
mitochondrial uncoupler, carbonyl cyanide m-chlorophenylhydrazone (CCCP).
However, in this study mitophagy was not directly studied due to the time restrictions

and hence this may warrant further investigation.
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Table 9 Summary of changes induced by Tau35 expression in mouse brain and

in primary cortical neurons

Disease-causing pathological
effects of Tau35 fragment

[ ]

In the hippocampus and associated cortex of
Tau35 mouse model:

“MTau35 compared to other brain regions
“Mau phosphorylation

J Tau dephosphorylation

J Number of mitochondria

MAstrocytic activation

MNumber of autophagosomes

In Tau35 primary cortical neurons:

M Tau phosphorylation

J Tau dephosphorylation

I Number of mitochondria
‘MMitochondrial retrograde transport
(direction, velocity, runlength)
J'Mitochondrial biogenesis

J'Spine density

“MDendritic extent

NSoma size

J' Neuronal complexity

In conclusion, this thesis describes a novel mouse model of human tauopathy. The

Tau35 mouse and Tau35 primary neurons exhibit numerous pathological changes

that are summarised above (Table 9). These results add new information and

increase our understanding of the mechanisms underlying the pathogenesis of tau-

mediated neurodegeneration. The work described here provides evidence that this

novel model of disease can be used to explore the role of tau truncation in tauopathy

and could provide a useful tool for the screening, assessment and potential

development of novel therapeutics.
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