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Abstract
___________________________________________________________________________________________

Alzheimer’s Disease (AD) is characterised by accumulation of amyloid-b (Ab) in
plaques and hyperphosphorylated tau in neurofibrillary tangles. This occurs
alongside neuroinflammation and neurodegeneration. Clinically, AD is typified by
cognitive decline. Pathological tau propagates through the AD brain in a defined
manner, with indications this occurs trans-synaptically. Spread of pathological
tau correlates with synapse loss and cognitive decline. Neuroinflammation,
contributes to AD pathogenesis and is mediated by glia. Apolipoprotein E (APOE)
genotype is the strongest genetic risk factor for the late-onset AD, with APOE4
increasing risk and APOE2 conferring protection. The exact mechanisms by
which APOE modulates AD risk remain to be comprehensively discerned.
APOE influences Ab pathology, but distinct roles in neurodegeneration and Abindependent mechanisms are less clear. A systematic literature review was
performed to assess APOE effects on neurodegeneration, neuroinflammation
and spread of pathological proteins in AD. We identified isoform-specific roles for
APOE in neurodegeneration and neuroinflammation. APOE likely mediated some
interplay between these processes. We also identified the need for multiple
approaches to understand the complex and multifaceted role of APOE in AD
pathogenesis. No studies directly investigated whether APOE genotype impacts
tau propagation.
The trans-synaptic hypothesis of tau spread requires pathological tau to be
located at synapses in human brain. This thesis characterised the synaptic
localisation of misfolded tau in control and AD human post-mortem brain and
analysed this in the context of APOE genotype. Misfolded tau was present at
synaptic pairs and was increased in AD brain. Thus, trans-synaptic spread is
credible in human AD. Asymmetric distribution of tau across synapses suggested
an anterograde mode of transmission, while presence at both synaptic terminals
suggested tau propagates across intact synapses. APOE4 did not affect synapse
loss but did impact synapse volume. Control APOE4 carriers exhibited similar
phenotypes to AD cases, suggesting APOE4 effects on synaptic tau, and
potential downstream effects on trans-synaptic spread, occur early in AD.
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Astrocytes have been implicated in synapse loss and tau propagation in model
systems. Whether this translates to human brain is unclear. APOE is produced
by glia and isoform-specific effects on neuroinflammation have been identified.
Thus, APOE genotype could influence glial contributions to synapse loss and
spread of tau in AD. Astrocytes in human post-mortem brain colocalised with
presynaptic material, phosphorylated tau and tau-containing presynapses.
Greater colocalisation was observed in AD brain and in APOE4 carriers. Thus, in
AD, presynapses and pathological tau appeared more prone to astrocytic
internalisation, possibly influencing synapse loss and tau spread. APOE4 mainly
increased colocalisation in control cases, suggesting APOE effects occur early in
AD pathogenesis.
These studies suggested APOE effects on AD pathogenesis occur early in
disease, before symptom onset. To directly investigate whether APOE genotype
impacts tau propagation, mice expressing human APOE isoforms or no APOE
were used. Mutant human tau was expressed in the entorhinal cortex by viralmediated gene delivery and tau propagation quantified. Human tau spread locally
and through hippocampal circuits, supporting the trans-synaptic hypothesis of
tau propagation. APOE genotype did not influence the spread of pathological
tau, although low statistical power impeded robust conclusions being drawn.
The findings presented in this thesis demonstrate that trans-synaptic tau spread
occurs in a mouse model and is credible in the context of human AD. Moreover,
astrocytes might impact tau spread and synapse loss by internalising
pathological tau and synapses. APOE4 worsened these phenotypes, particularly
in controls, suggesting APOE effects might be particularly relevant early in
disease pathogenesis. However, this was not found to be evident in a mouse
model of tau propagation. Understanding isoform-specific effects of APOE on
tau pathology and glial processes will be instrumental in furthering our
understanding of disease mechanisms that could be therapeutically targeted.
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Lay summary
___________________________________________________________________________________________

Dementia describes a group of brain diseases that cause people to lose their
memory, alongside other cognitive problems. Alzheimer’s disease (AD) is the
leading cause of dementia. Typically, the brain of a person with AD weighs 100200g less than that of a healthy person and contains abnormal clumps of
proteins. One of these proteins, called tau, sticks together to form tangles.
Clumps of proteins are toxic to the brain and cause brain cells (neurons) to die,
resulting in reduced brain weight. Neurons and the tiny connections between
them, called synapses, are crucial in enabling the brain to perform complex tasks,
from controlling breathing to forming new memories. Prior to the death of
neurons in AD, synapses become dysfunctional and are lost. This process is
thought to underlie many of the cognitive symptoms typically associated with AD.
In AD, toxic tau tangles spread through the brain in a stereotypical pattern. This
spread is associated with synapse and neuron loss, and cognitive decline. Small
clumps of toxic tau are believed to spread between synapses, leading to the
formation of tangles in new areas of the brain and advancing disease. However,
it is unclear whether there is evidence for this happening in human brain. Using
high-resolution microscopy to look at post-mortem human brain, I found that
toxic tau accumulated at synapses and was distributed in a way that supported
spread across synapses. More synapses contained tau in AD brain, suggesting
spread across synapses may be more frequent than in healthy individuals.
The AD brain also becomes inflamed, and this is controlled by a group of cells
called glia. An important type of glial cell is the astrocyte. Astrocytes have many
functions, but overall ensure the brain remains a stable environment. In AD,
astrocytes can promote inflammation, leading to an unstable environment that
worsens protein clumping and exacerbates neuron loss. In the healthy brain,
astrocytes remove synapses, essentially by eating them. In AD, astrocytes might
eat too many synapses, worsening synapse loss and cognitive decline.
Astrocytes also eat toxic proteins, removing them from the brain to help maintain
a stable environment. However, if these toxic proteins accumulate in astrocytes,
or are released, they could spread them further around the brain causing more
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damage. It is unclear whether astrocytes eat synapses or toxic proteins, like tau,
in the human brain. Using microscopy in post-mortem human brain, I found that
astrocytes contained synapses and toxic tau protein, indicating that astrocytes
eat both in the human brain. Astrocytes in AD brain contained more synapses
and tau than healthy brain, suggesting this process was worsened in AD and
might contribute to synapse loss and spread of toxic tau through the brain.
Getting older is the biggest risk factor for AD, but inheritance of specific genes
also influences risk. The Apolipoprotein E (APOE) gene is the greatest genetic
risk factor for AD and comes in three variants (APOE2, APOE3, APOE4). APOE4
increases AD risk by 3-4 times in people who inherit one copy, but 9-15 times in
people who inherit two copies. It is unclear whether APOE4 worsens synapse
loss or spread of tau in human brain. Using microscopy in post-mortem human
brain, I found that astrocytes in the brain of APOE4 carriers contained more
synapses. Thus, APOE4 might impact astrocyte-mediated synapse loss. More
toxic tau accumulated at synapses and in astrocytes in people with APOE4,
suggesting APOE4 could exacerbate spread of tau across synapses and via
astrocytes. However, these APOE4 effects were only seen in the brains of elderly
people without dementia and not those with AD. Therefore, APOE4 appeared to
worsen tau spread and synapse loss early in disease, before symptoms manifest.
To investigate this early disease stage, and directly test whether APOE4
worsened tau spread through the brain, I used a mouse model. These mice
expressed human forms of APOE2, APOE3 or APOE4. I then injected human tau
into the brain and assessed the extent to which it spread. Initial analysis indicated
that while human tau spread across synapses in the mouse brain, this was not
influenced by APOE type, contrasting the results from human brain. However,
this study is ongoing and so robust conclusions cannot be made.
Taken together, these findings suggest that spread of tau across synapses likely
occurs in human brain, and that AD and APOE4 might worsen this. However,
current work in animal model contrasts the latter point. In human brain,
astrocytes might contribute to synapse loss and spread of toxic tau, and this
may be exacerbated in AD and by carrying the APOE4 gene.
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1 – Introduction
___________________________________________________________________________________________

1.1 – Alzheimer’s disease
1.1.1 – Dementia and Alzheimer’s disease prevalence
Dementia describes a clinical syndrome characterised by progressive decline in
cognitive functioning that interferes with a person’s ability to maintain activities of
daily living (McKhann et al., 2011). Cognition declines across multiple domains,
including memory, language, visuospatial and executive functioning, personality,
behaviour and perceptual and motor disturbances. Worldwide, up to 50 million
people currently live with dementia and this is estimated to triple to 152 million
people by 2050 (Patterson, 2018), particularly increasing in low- and middleincome countries (WHO, 2015). Dementia has devastating impact on individuals
and their loved ones and imparts significant economic burden, with global costs
estimated at an annual US$1 trillion (Patterson, 2018). In the UK, dementia has
higher health and social care costs than cancer and chronic heart disease
combined (Luengo-Fernandez et al., 2015).
Alzheimer’s disease (AD), a progressive neurodegenerative disorder, is the most
common cause of dementia, accounting for 60-80% of cases (The Alzheimer’s
Association, 2021). Around 5% of AD cases occur before the age of 65 and are
termed early-onset AD (EOAD) (Zhu et al., 2015). Although some EOAD cases
are caused by rare but fully penetrant mutations, most are not explained by
known mutations (Reitz et al., 2020). Most AD cases occur after the age of 65
and are termed late-onset or sporadic AD (LOAD/sAD). Age is the strongest risk
factor for developing AD, with risk doubling every 5 years beyond the age of 65
(van der Flier and Scheltens, 2005). In LOAD there is no known causative
mutation, although various environmental and genetic factors can interact and
contribute to disease development (Bettens et al., 2013; Livingston et al., 2020).
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1.1.2 – Neuropathological presentation

Figure 1.1 – Neuropathological hallmarks of AD brain. The AD brain is characterised
by neurodegeneration (A) and accumulation of Ab in extracellular plaques (B; magenta
arrow) and tau in intracellular neurofibrillary tangles (B; cyan arrows; NFTs). Image in B
shows immunofluorescence image of human brain tissue from Brodmann area 20/21,
stained for nuclei (DAPI), dense core plaques and NFTs (Thioflavin S) and
phosphorylated tau (AT8). Created with BioRender.com

Although memory deficits and progressive cognitive decline are common clinical
presentations,

definitive

AD

diagnosis

currently

requires

post-mortem

neuropathological evaluation. This paradigm is slowly shifting with the advent of
antemortem diagnostic technologies (Colom-Cadena et al., 2020). The cardinal
AD neuropathological hallmarks (Fig. 1.1), first described by Alois Alzheimer in
1907, include the accumulation of amyloid-b (Ab) protein in extracellular plaques
and hyperphosphorylated tau protein in intracellular neurofibrillary tangles (NFTs)
(Alzheimer et al., 1995; Hyman et al., 2012). Neuropil threads and dystrophic
neurites are common and describe dendrites and axons of NFT-containing
neurons. In the parenchyma, Ab plaques assume multiple morphologies (Dickson
and Vickers, 2001). Ab is also deposited in cerebral blood vessels, known as
cerebral amyloid angiopathy. Neuroinflammation has been implicated as a core
neuropathological feature of AD, following frequent observation of aberrant
neuroinflammatory responses in patient samples (Kinney et al., 2018) and
enrichment of AD risk genes in glia (Karch and Goate, 2015). AD-related
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pathological lesions are accompanied by the final neuropathological hallmark substantial synapse and neuron loss, leading to widespread atrophy (Fig. 1.1A)
(Pini et al., 2016).

Figure 1.2 – Stages of AD. AD is characterised by an extremely long preclinical phase
whereby Ab is deposited in the brain. This is accompanied by neuroinflammatory
changes and glial cell activation. Later, neurofibrillary tangles made up of tau spread
through the brain. Synaptic dysfunction and loss occur, correlating with increases in tau
pathology. Synaptic changes are followed by neuronal dysfunction and loss. These
changes can be detected post-mortem, but also in living human brain by CSF
measurements and PET imaging. Clinically, symptoms only become apparent and can
be diagnosed as mild cognitive impairment (MCI) or AD when there are substantial
neuropathological alterations in the brain. Created with BioRender.com

AD is associated with significant and progressive disability throughout the
disease course and ultimately is fatal. Although death generally occurs 5-12 years
after symptom onset (Vermunt et al., 2019), AD is characterised by an extremely
long preclinical phase (Fig. 1.2). Preclinical AD begins decades before
emergence of symptoms and is typified by progressive development of AD
neuropathology, detectable via biomarkers (Dubois et al., 2016; Sperling et al.,
2011). For example, decline in cerebrospinal fluid (CSF) Ab levels has been
observed up to 25 years prior to clinical presentation of AD (Bateman et al., 2012)
and changes in tau have been proposed to begin up to 14 years before symptom
onset (Hadjichrysanthou et al., 2020). AD pathology is also observed in
cognitively healthy individuals (Bennett et al., 2006; SantaCruz et al., 2011). Thus,
pathogenic processes are well underway before it is currently possible to clinically
diagnose mild cognitive impairment (MCI) or AD.
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1.1.3 – Current therapeutic options
Therapeutic options for AD are limited and only provide symptomatic relief. While
offering mild cognitive benefits and enhancing quality of life for both patients and
caregivers, they do not change the course of the disease or rate of decline
(Mossello and Ballini, 2012). Many clinical trials of disease-modifying therapies
have targeted Ab, but despite promising preclinical results no successful
candidates have emerged (Huang et al., 2020), with 99.6% of AD clinical trials
failing (Cummings et al., 2014). The long preclinical phase of AD has been
suggested as a reason for drug development failures, with interventions in
symptomatic individuals thought to be targeted too late to have appreciable
impact. Thus, more recent clinical trials have enrolled individuals in the preclinical
phase or those at high risk of developing AD (Huang et al., 2020). In addition,
with multiple failures of Ab-targeted therapies and preclinical evidence
highlighting the complex multifaceted nature of AD, pharmaceutical development
has shifted emphasis to non-Ab targets, including tau, neuroinflammation and
synapse and neuronal protection, among others (Huang et al., 2020).

1.2 – Synapses in health and Alzheimer’s disease

___________________________________________________________________________________________

1.2.1 – Synapse structure and function
Synapses are the crucial junctions by which neurons communicate. The human
brain contains approximately 86 billion neurons, each forming an average 1000
synaptic connections, although this varies widely based on neuron type (Azevedo
et al., 2009). Within the adult human cortex, there are an estimated 150-164
trillion synapses (Pakkenberg et al., 2003; Tang et al., 2001). Synaptic
connections between neurons enable the formation of complex networks that
orchestrate a huge array of functions, from respiration to learning and memory,
serving as specialised sites for effective exchange of information. Cerebral
synapses predominantly use chemical signals, whereby information is
communicated though release of neurotransmitters from the presynaptic site to
a connected postsynaptic site. Presynaptic and postsynaptic compartments are
uniquely specialised for their roles. Presynapses contain machinery required for
generation, storage and release of neurotransmitters in response to action

4

potentials, and postsynapses harbour receptors to bind neurotransmitters and
respond by inducing downstream signalling cascades (Sheng and Kim, 2011;
Südhof, 2012). Communicating presynapses and postsynapses are held in
apposition to one another by adhesion proteins, which help maintain the size of
the synaptic cleft to enable diffusion, accumulation and removal of
neurotransmitters (Südhof, 2018).
Chemical synapses are either excitatory or inhibitory. In the central nervous
system (CNS), most excitatory synapses use glutamate as a neurotransmitter,
while inhibitory synapses primarily use g-aminobutyric acid (GABA) or glycine.
However, there are many other neurotransmitters in the human nervous system
(Hyman, 2005). Postsynaptic excitation or inhibition is also dependent on the
receptor bound by the neurotransmitter. Binding of excitatory postsynaptic
receptors causes membrane depolarisation and increases the activity of the
receiving neuron. Binding of inhibitory postsynaptic receptors hyperpolarises the
membrane and reduces postsynaptic neuron activity. Excitatory synapses are
mainly localised to dendritic spines and shafts, while inhibitory synapses are
found on dendritic shafts and cell bodies, although this is not always the case
(Villa and Nedivi, 2016). Ultrastructurally, excitatory synapses tend to have
spherical synaptic vesicles and electron dense bands at the presynaptic active
zone and postsynaptic density (PSD), while synaptic vesicles in inhibitory
synapses are ellipsoidal and active zones and PSDs are less electron dense (Tao
et al., 2018). However, these observations do not perfectly reflect the diverse
types of synapses in the human brain and their wide range of functions.
The number of neurons in the human brain is relatively stable across the life
course (Nowakowski, 2006). Therefore, for the brain to adapt to constantly
changing stimuli, such as in the generation of new memories, changes take place
at the level of the synapse. Synapses are highly dynamic and plastic structures,
capable of altering their strength to match requirements for efficient information
processing (Hebb, 1949). When presynaptic and postsynaptic neurons are
activated simultaneously, the strength of synaptic transmission is increased in a
long-lasting manner, termed long-term potentiation (LTP) (Bliss and GardnerMedwin, 1973; Bliss and Lomo, 1973). Conversely, long-term depression (LTD)
describes a weakening of synaptic strength following a stimulus (Dudek and
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Bear, 1992; Ramiro-Cortés and Israely, 2013). LTP and LTD are mediated by
various mechanisms (Abraham et al., 2019). Synaptic plasticity (LTP and LTD) is
thought to underlie learning and memory, although this remains to be
conclusively proven (Abraham et al., 2019).

1.2.2 – Synapses in Alzheimer’s disease
The primary clinical feature of AD is memory loss. Thus, it is unsurprising that
synaptic dysfunction and loss are core disease features, particularly in memoryrelated brain areas, like the hippocampus (Scheff and Price, 2003). In AD,
synapse loss is the closest correlate of cognitive decline (Bastin et al., 2020;
DeKosky and Scheff, 1990; DeKosky et al., 1996; Terry et al., 1991), highlighting
a key link between synaptic changes and disease symptoms. Throughout the
disease course, normal synaptic function is altered and multiple mechanisms
crucial for synaptic plasticity and homeostasis become dysregulated, leading to
synapse dysfunction and collapse (Spires-Jones and Hyman, 2014). These
changes occur before overt neurodegeneration and do not uniformly decrease
as the disease progresses (Lleó et al., 2019; Masliah et al., 2001). Excitatory
synapses appear more vulnerable than inhibitory synapses (Mitew et al., 2013).
The exact molecular cascades and cellular mechanisms responsible for synapse
dysfunction and degeneration are not fully established, but evidence from model
systems and human brain implicate toxic forms of Ab and tau, alongside gliamediated neuroinflammatory responses and even genetic influences.

1.3 – Amyloid-beta (Ab)
___________________________________________________________________________________________

1.3.1 – Ab pathology in Alzheimer’s disease
In the 1980’s, Ab was discovered as the major constituent of hallmark senile
plaques (Glenner and Wong, 1984; Masters et al., 1985). In human brain, Ab
deposition follows a hierarchical sequence (Fig. 1.3), first appearing in the
neocortex before progressing to allocortical regions. This is followed by
involvement of diencephalic nuclei, the striatum and cholinergic nuclei of the
basal forebrain. In later stages, several brainstem nuclei and the cerebellum
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exhibit Ab deposits (Thal et al., 2002). This pattern has been suggested to reflect
cell-to-cell or region-to-region transfer of pathological Ab (Pignataro and Middei,
2017), although this has mixed support (Mezias and Raj, 2017).

Figure 1.3 – Pattern of Ab deposition in AD brain. Ab plaques are deposited in the
brain and is staged by Thal phase. Plaques first appear in the neocortex (phase 1) before
involving the hippocampus, striatum & amygdala (phase 2), subcortical regions (phase
3), brain stem (phase 4) and cerebellum, pons and medulla (phase 5). Shading intensity
is proportional to severity of pathology. Shading intensity is proportional to the severity
of pathology. Created with BioRender.com

1.3.2 – Ab production and function
The Ab peptide is produced upon proteolytic processing of amyloid precursor
protein (APP). Although the function of APP itself is not well understood,
processes involved in Ab biogenesis are reasonably well-established (van der
Kant and Goldstein, 2015). APP undergoes proteolytic processing by two
alternative pathways, amyloidogenic or non-amyloidogenic (Fig. 1.4). Production
of Ab results from sequential cleavage of APP by b-secretase and g-secretase,
as part of the amyloidogenic pathway. b-secretase first cleaves APP to generate
the secreted fragment, sAPPb, leaving the membrane bound C-terminal
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fragment-b, which is rapidly cleaved by g-secretase to produce the 37-49 amino
acid residue Ab peptide (Matsumura et al., 2014; Reinert et al., 2016). Cleavage
by g-secretase generates Ab species of varying lengths. Ab species comprising
40 amino acid residues (Ab40) are the most abundant, followed by Ab42 (Näslund
et al., 1994). These longer Ab peptides, particularly Ab42, are more fibrillogenic
and thus are the principal species deposited in Ab plaques (Kakuda et al., 2017).

Figure 1.4 – Ab production. Ab is produced by amyloidogenic processing of amyloid
precursor protein (APP). APP is cleaved by b-secretase (red scissors), generating the
secreted fragment sAPPb and the membrane bound C-terminal fragment-b (CTF-b or
C99). CTF-b is then cleaved by g-secretase (green scissors) producing Ab of varying
lengths, with Ab1-40/42 aggregating in plaques. This leaves the membrane bound amyloid
precursor protein intracellular domain (AICD). In the non-amyloidogenic pathway, APP
is cleaved by a-secretase (blue scissors), generating the secreted fragment sAPPa and
the membrane bound C-terminal fragment-a (CTF-a or C83). CTF-a is then cleaved by
g-secretase and b-secretase producing Ab of shorter lengths than the amyloidogenic
pathway, leaving the AICD. Created with BioRender.com

Ab peptides are prone to misfolding and aggregation and form higher order
assemblies, from monomers and oligomers, to fibrils, which can all be found in
the AD brain. Oligomeric forms of Ab are generally soluble, while fibrils are larger,
insoluble and further aggregate to form Ab plaques. In vivo, soluble and fibrillar
Ab coalesce to form individual plaques extraordinarily rapidly (Meyer-Luehmann
et al., 2008). Ab might also have prion-like properties, as Ab misfolding and
aggregation can be induced in mice by inoculation with Ab derived from human
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AD brain (Kane et al., 2000; Meyer-Luehmann et al., 2006). Ab plaques induce
various toxic phenomena in the surrounding parenchyma that leads to synapse,
neuron and network dysfunction (Spires-Jones and Hyman, 2014). The
physiological role of Ab is not clearly established, although many have been
proposed. Ab is likely involved in synaptic homeostasis by regulating synaptic
activity and synaptogenesis, alongside involvement in LTP and memory-related
processes. Ab might also contribute to neurogenesis, regulate myelination and
vasculature, alongside acting as an antioxidant, antimicrobial and tumour
suppressor (Kent et al., 2020).

1.3.3 – Amyloid cascade hypothesis
The amyloid cascade hypothesis of AD was proposed in the early 90’s (Hardy
and Higgins, 1992) and stipulated accumulation of Ab into toxic aggregates as
the primary event in AD pathogenesis. Other pathological features, like NFTs, cell
loss and dementia, were suggested to occur due to Ab deposition. This was
supported by genetic evidence, where mutations in APP and presenilin-1 and 2, which form part of the g-secretase complex, cause EOAD and favour
amyloidogenic production of Aβ (Goate et al., 1991; Jankowsky et al., 2004;
Sherrington et al., 1995). Further, many individuals with Down’s syndrome
develop AD neuropathology and symptoms (Ballard et al., 2016). This has been
linked to triplication of chromosome 21, which harbours the APP gene and
enhances Ab deposition (Wiseman et al., 2018).
Experimental support for the amyloid cascade hypothesis has accrued over the
last 30 years (Selkoe and Hardy, 2016); however, it has been challenged by
suggestions that Aβ may not play a central role in degenerative processes after
disease initiation (Morris et al., 2014, 2018). For example, Aβ plaque burden
correlates poorly with cognitive decline and neurodegeneration (Bejanin et al.,
2017; Giannakopoulos et al., 2003; Nelson et al., 2012; Serrano-Pozo et al.,
2016) and many cognitively healthy individuals have substantial Aβ pathology
(Perez-Nievas et al., 2013). Further, clinical trials targeted to clearing plaques or
preventing accumulation have failed (Huang et al., 2020). Additionally,
neurodegeneration typical of AD is not always seen in transgenic mice expressing
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mutant APP, even in the presence of Aβ plaques (Irizarry et al., 1997b, 1997a),
and neuron loss precedes plaque deposition in other models (Wright et al., 2013).
Considering these challenges, the amyloid cascade hypothesis has been
expanded and revised (Selkoe and Hardy, 2016). One such revision has been
the conceptual shift highlighting soluble oligomeric forms of Ab (oAb), rather than
insoluble fibrils, as the pathogenic species (Cline et al., 2018). oAb is found in
human AD brain (Gong et al., 2003; Mc Donald et al., 2010), particularly within
the halo around plaques where it colocalises with synapses and may exert
toxicity (Jackson et al., 2019b; Koffie et al., 2012; Pickett et al., 2016), and more
closely correlates with cognitive decline and synapse loss than fibrillar aggregates
(Jongbloed et al., 2015; Lesné et al., 2013; Mc Donald et al., 2010). However,
there remains debate over which oligomeric assembly mediates toxicity, or if
there is one single toxic entity.
AD pathogenesis is likely more complex than proposed by the amyloid cascade
hypothesis. Ab does not operate alone and many other degenerative processes
occur concomitantly. The interplay between these factors and Ab, and their role
in degeneration and cognitive decline, remain unclear. Although not unanimous,
many now place Ab as the initiator of a complex network of pathological changes
within the AD brain, rather than the primary factor responsible for AD-related
neurodegeneration (Musiek and Holtzman, 2015). Many of these downstream
effects may be dependent on tau (Bloom, 2014). Conversely, tau might serve as
the initiating factor in AD (Arnsten et al., 2021), or other factors might
independently drive pathology (Small and Duff, 2008).

1.4 – Tau in physiology and Alzheimer’s disease

___________________________________________________________________________________________

1.4.1 – Tau gene, isoforms and protein
Tau is a microtubule-associated protein encoded by the MAPT (microtubuleassociated protein tau) gene located on chromosome 17 (Neve et al., 1986). In
the CNS, MAPT is primarily expressed by neurons but also at very low levels in
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astrocytes, oligodendrocytes, microglia and endothelial cells (Binder et al., 1985;
Darmanis et al., 2015; Goedert et al., 1989a).

Figure 1.5 – Tau gene and isoforms. Tau is encoded by the MAPT gene located on
chromosome 17. Six isoforms are produced upon alternative splicing of exons 2, 3 and
10. Inclusion of exon 10 produces tau with 4 microtubule binding repeats (4R), while
exclusion results in tau with 3 microtubule binding repeats (3R). Alternative splicing can
include or exclude exons 2 and 3, resulting in 2, 1, or no amino-terminal inserts (2N, 1N
or 0N). All six isoforms are expressed in adult human brain, while only 0N3R tau is
expressed in foetal human brain. Length of isoforms (in number of amino acids) are
shown at the end of each isoform. The frontotemporal dementia-associated mutation,
P301L (relevant to later experimental work), is shown in exon 10. Created with
BioRender.com

MAPT has 16 exons (Fig. 1.5). The primary transcript is processed to transcripts
of 2, 6 and 9kb, which are differentially expressed depending on developmental
stage and tissue type. The smallest transcript is restricted to the nucleus (Wang
et al., 1993), the 6kb transcript encodes tau in the CNS (Goedert et al., 1992),
while the 9kb transcript targets tau to the retina and peripheral nervous system
(PNS) (Couchie et al., 1992). In the human CNS, tau protein is found as six
molecular isoforms (Fig. 1.5), generated through alternative splicing of exons 2,
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3 and 10 (Goedert et al., 1989b). Exons 2 and 3 encode inserts of 29 amino
acids in the N-terminal projection domain. Inclusion of both exons produces tau
with two N-terminal inserts (2N), while inclusion of exon 2 alone produces tau
with one N-terminal insert (1N). Exon 2 is not transcribed in the absence of exon
3 and exclusion of both produces tau with no N-terminal inserts (0N). Exons 912 encode four 30-31 amino acid repeats that constitute the microtubule-binding
domain. Inclusion of exon 10, which encodes the second repeat, produces tau
protein with four microtubule-binding domains (4R), while exclusion produces tau
with three microtubule-binding domains (3R).
Expression of tau is developmentally regulated. In foetal brain, only the shortest
isoform (0N3R) is expressed, while all six isoforms are expressed in adult human
brain (Goedert et al., 1989a; Kosik et al., 1989). Isoform expression also differs
across species with adult rodents only expressing 4R tau, although 3R tau is
expressed during development (Takuma et al., 2003) and adult neurogenesis
(Bullmann et al., 2007). In healthy adult human brain, 3R and 4R tau are found in
a balanced ratio, although changes can be characteristic of tau-associated
diseases, known as primary tauopathies (Table 1.1). Cell-type specific
differences also exist, with 3R and 4R tau present in pyramidal cells of the adult
human cortex, but only 3R tau present in granule cells of the hippocampus
(Goedert et al., 1989a). In neurons, isoforms show different spatial distributions,
possibly reflecting slight functional differences (Liu and Götz, 2013; McMillan et
al., 2008). Tau isoform expression also differs regionally, with lower 0N3R tau
expression in the cerebellum than other regions (Boutajangout et al., 2004). 2N
tau is underrepresented in the human CNS, with 0N, 1N and 2N tau comprising
40, 50 and 10% of total human CNS tau, respectively (Trabzuni et al., 2012).
Humans exhibit two principal genetic haplotypes at the MAPT locus. In the H1
haplotype, the chromosomal sequence is directly oriented, while H2 denotes
inversion of the chromosomal sequence. 75% and 25% of the Caucasian
population exhibit the H1 and H2 haplotype, respectively, with the H2 haplotype
suggested to be almost exclusively Caucasian in origin (Evans et al., 2004).
Haplotype can influence MAPT expression (Allen et al., 2014), and the H1
haplotype associates with reduced expression of exon 3-containing tau
transcripts (Trabzuni et al., 2012).
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Table 1.1 – Primary and secondary tauopathies
Disease

Primary/
Secondary

Tau pathology

Alzheimer’s disease
(AD)

Secondary

NFTs, neuropil
threads, neuritic
plaques

Primary age-related
tauopathy (PART)

Primary

NFTs

Primary

Thorn-shaped &
fuzzy astrocytes

Primary

NFTs, thornshaped astrocytes

Aging-related tau
astrogliopathy
(ARTAG)
Chronic traumatic
encephalopathy
(CTE)
Progressive
supranuclear palsy
(PSP)

Primary

Corticobasal
degeneration (CBD)

Primary

Argyrophilic grain
disease (AGD)

Primary

Pick’s disease

Primary

Frontotemporal
dementia and
parkinsonism linked
to chromosome 17
(FTDP-17)

Primary

NFTs, globose
tangles, tufted
astrocytes, coiled
bodies
Astrocytic
plaques, coiled
bodies, globose
tangles, neuritic
threads
NFTs, spindle shaped ‘grains’,
coiled bodies
Pick bodies,
neuropil threads,
ramified astrocytes
>40 known MAPT
mutations: Varies
by mutation, NFTs
and glial tau
inclusions

Affected brain
region
Entorhinal cortex,
hippocampus,
cortex
Temporal, limbic,
brainstem,
olfactory
Cortex,
subcortical nuclei
& brainstem
Frontal & temporal
cortex,
hippocampus
Brainstem,
subthalamic
nuclei &
cerebellum
Frontal & parietal
cortex
Temporal,
hippocampus,
amygdala
Frontal, parietal &
temporal,
hippocampus
Frontal & temporal
cortex

Main tau
isoform
3R & 4R
3R & 4R
4R
3R & 4R

4R

4R

4R
3R
Dependent
on MAPT
mutation

In contrast to Ab, genetic evidence linking AD and tau is less apparent. Tau
mutations are predominantly associated with primary tauopathies like FTDP-17
(Table 1.1), rather than secondary tauopathies like AD. To date, over 40 MAPT
mutations have been linked to FTDP-17 (Ghetti et al., 2015). MAPT mutations
have also been associated with PSP (Im et al., 2015) and CBD (Ahmed et al.,
2019; Kouri et al., 2014). However, the H1 MAPT haplotype is a risk factor for
LOAD (Allen et al., 2014; Pastor et al., 2016; Sánchez-Juan et al., 2019).
Additionally, a rare MAPT variant increases AD risk (Coppola et al., 2012),
highlighting tau as an important factor in AD and more widely in
neurodegenerative disease.
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1.4.2 – Physiological role of tau
While pathological alterations in tau are sufficient to cause neurodegeneration
and dementia, disruption of physiological tau function has been implicated in
disease processes (Kent et al., 2020). Since its discovery (Weingarten et al.,
1975), much research has focused on the role of tau in relation to microtubules
(Fig. 1.6). Under physiological conditions, tau is a highly soluble, natively unfolded
protein, primarily expressed in neurons. Neuronal tau mainly localises to axons,
although it is also found in lower concentrations in somatodendritic
compartments (Tashiro et al., 1997). Tau binds tubulin via its microtubule-binding
region (Lee et al., 1989) and promotes assembly into microtubules, stabilising
them once formed (Cleveland et al., 1977b, 1977a; Drechsel et al., 1992). Tau
can both directly stabilise microtubules and act as a cross-bridge, enabling
microtubules to interconnect with other cytoskeletal elements. Alternative
splicing of tau impacts biological activity, with 4R, 1N and 2N tau binding tubulin
more strongly. Consequently, 2N4R tau is most effective in promoting
microtubule stability, while 0N3R tau is least effective (Alonso et al., 2001). Tau
knockout mice undergo normal neurodevelopment, suggestive of tau being
somewhat redundant. Indeed, expression of other microtubule-associated
proteins is increased in these animals, likely compensating for loss of tau (Ke et
al., 2012).

Figure 1.6 – Tau stabilises microtubules. Tau is primarily located in axons where it
binds tubulin via its microtubule-binding domain, promoting polymerisation into
microtubules and stabilising them once formed. Created with BioRender.com
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As an axonal protein, tau regulates microtubule dynamics and influences key
neuronal functions, including maturation, neurite outgrowth and polarity (Biswas
and Kalil, 2018; Dawson et al., 2001; Liu et al., 1999). Tau also modulates axonal
transport along microtubules by influencing motor protein binding and delivery of
cargo (Dixit et al., 2008; Siahaan et al., 2019). Moreover, tau protects
microtubules from enzymatic cleavage and helps maintain microtubule number,
axon length and branching structure (Qiang et al., 2006; Yu et al., 2008).
Physiological roles for tau at the synapse have been indicated. Tau localises to
human and rodent dendrites and synapses under physiological conditions
(Perez-Nievas et al., 2013; Tai et al., 2012). In rodents, tau isoforms display
altered subcellular localisations, with dendrites devoid of 0N isoforms and1N tau
absent in axons (Liu and Götz, 2013). Tau may enter synaptic compartments in
a transient and regulated manner (Frandemiche et al., 2014), although this
remains inconclusive as tau mRNA is also found here (Malmqvist et al., 2014).
Synaptic tau mediates postsynaptic localisation of proteins, such as the kinase
Fyn, which can regulate NMDA receptor function via phosphorylation (Ittner et
al., 2010; Trepanier et al., 2012). Phosphorylated NMDA receptors complex with
PSD and induce downstream signalling (Mondragón-Rodríguez et al., 2012),
highlighting a role for tau in synaptic signalling. Moreover, tau might function to
maintain postsynaptic protein composition, by targeting excitatory glutamate
receptor subunits units to spines and interacting with PSD95 as part of the
synaptic scaffold (Hoover et al., 2010; Ittner et al., 2010).
Presence of synaptic tau suggests potential roles in neuronal communication.
MAPT knockdown or knockout induced cognitive deficits, synapse loss and
impaired LTP and/or LTD (Kimura et al., 2014; Lei et al., 2014; Ma et al., 2014;
Regan et al., 2015; Velazquez et al., 2018), highlighting a role for tau in synaptic
function. Tau also regulates neuronal excitability (DeVos et al., 2013; Holth et al.,
2013), potentially by altering basal synaptic activity or expression and trafficking
of proteins involved in synaptic transmission (Pallas-Bazarra et al., 2016; Siano
et al., 2019). Further roles in synaptogenesis and synaptic maintenance have
been suggested (Chen et al., 2012; Velazquez et al., 2018). More broadly, tau
also promotes neurogenesis (Hong et al., 2010; Pallas-Bazarra et al., 2016).
Mitochondrial targeting and function are influenced by tau. Under physiological
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conditions, tau is also localised to the outer mitochondrial membrane, where it
regulates mitochondrial mobility, morphology and dynamics (Cieri et al., 2018;
DuBoff et al., 2012). Tau also facilitates mitochondrial transport to synapses
along microtubules (Reddy, 2011).
Tau also regulates behaviour, likely through influencing neuronal connectivity,
with knockout models displaying hyperactivity (Li et al., 2014), anxiety-like
behaviour (Gonçalves et al., 2020) and abnormal circadian rhythms (Arnes et al.,
2019). Motor dysfunction is commonly reported in tau knockout models (Lopes
et al., 2016; Ma et al., 2014) and in overexpression models (Probst et al., 2000;
Spittaels et al., 1999), indicating maintenance of physiological tau levels are
important for normal motor functioning.
Non-neuronal tau functions have also been reported, with tauopathy models
exhibiting dysregulated myelination (Jackson et al., 2018; Lin et al., 2005). Tau
knockout mice show progressive hypomyelination, myelinated fibre degeneration
and inhibited Schwann cell migration and differentiation (Lopes et al., 2016; Yi et
al., 2019), indicating tau helps form, maintain and repair myelin. Tau is expressed
by oligodendrocytes and Schwann cells under physiological conditions (LoPresti,
2002) and likely contributes to function by regulating microtubule dynamics .
While tau promotes repair following demyelinating insults (Yi et al., 2019),
absence of tau improves outcomes following traumatic brain injury and stroke (Bi
et al., 2017; Cheng et al., 2014) indicating tau function varies in response to type
of pathological insult. Nuclear tau has been observed in vitro, in vivo and in
human brain (Brady et al., 1995; Greenwood and Johnson, 1995). Cellular stress
induces nuclear tau translocation where it can bind and protect DNA and RNA
(Sultan et al., 2011; Violet et al., 2014). Thus, tau is a key player in early stress
responses to stimuli like reactive oxygen species. Tau also helps maintain
chromosomal stability and nucleolar integrity (Rossi et al., 2013) and might
influence epigenetic mechanisms that regulate genome stability and gene
expression (Mansuroglu et al., 2016). Indeed, tau can regulate transcription and
translation of genes important for neuronal function (de Barreda et al., 2010;
Benhelli-Mokrani et al., 2018).
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The long-held assertion of microtubule regulation being the primary biological
function of tau is increasingly challenged by evidence of other physiological roles.
Modifications to tau, whether physiological or pathological, therefore have widereaching impact on a diverse array of cellular functions.

1.4.3 – Post-translational modifications
Tau undergoes various post-translational modifications (PTMs) that impact its
function in health and disease. Phosphorylation is the most studied PTM and is
tightly coordinated by balanced activity of kinases and phosphatases (Avila,
2008). Overall, tau contains 85 putative phosphorylation sites, many found in the
proline-rich domain. Around 45 of these sites have been identified experimentally,
with ~20 associated with normal, physiologically important phosphorylation
events (Hanger et al., 2009). Phosphorylation is developmentally regulated, such
that foetal tau is highly modified (Yu et al., 2009). In the adult brain, tau contains
2-3 moles of phosphate per mole of protein. In the foetal brain this is increased
to ~7 moles per mole of tau protein (Wang and Mandelkow, 2016).
Tau phosphorylation modulates microtubule binding and polymerisation
(Mandelkow et al., 1995). Phosphorylation in the microtubule-binding domain
strongly

reduces

microtubule

binding

affinity,

likely

through

inducing

conformational change (Drewes et al., 1995; Fischer et al., 2009), although
similar effects result from phosphorylation at sites outwith this region (Cho and
Johnson, 2003; Sengupta et al., 1998). In the developing brain, reduced
microtubule stability facilitates axonogenesis, neurite outgrowth and plasticity
(Biernat et al., 2002; Mandell and Banker, 1996). Tau phosphorylation is
increased following synaptic activity, is required for LTD (Kimura et al., 2014;
Regan et al., 2015), regulates its interaction with synaptic proteins and influences
the cellular localisation of tau to dendrites (Mondragón-Rodríguez et al., 2012;
Usardi et al., 2011). However, phosphorylation of tau also predisposes to
pathological aggregation.
Acetylation of tau has been associated with reduced microtubule-binding affinity
and stability (Cohen et al., 2011; Min et al., 2010). Tau has intrinsic
acetyltransferase activity, potentially serving as an autoinhibitory mechanism to
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prevent tau-microtubule interactions and regulate microtubule dynamics (Cohen
et al., 2013). Site-specific acetylation might also compete with phosphorylation
to preserve microtubule-stabilising functions of tau (Carlomagno et al., 2017;
Cook et al., 2014). Tau is also highly ubiquitinated, regulating clearance via
proteasomal or lysosome-autophagy systems (Lee et al., 2013) and microtubule
assembly (Munari et al., 2020). Tau methylation has been described in human
brain, although the number of methylated sites low and the functional effects
largely unknown (Funk et al., 2014; Huseby et al., 2019). Tau also undergoes a
specialised form of glycosylation, called O-GlcNAcylation, that protects tau from
phosphorylation, preventing dissociation from microtubules (Liu et al., 2004;
Yuzwa et al., 2014). Glycation reduces affinity for microtubules and may interfere
with tau degradation (Ledesma et al., 1996). Tau is also proteolytically cleaved,
altering its cellular localisation (Paholikova et al., 2015) and inducing toxicity (de
Calignon et al., 2010; Corsetti et al., 2015). Site-specific tau truncation may also
be physiological, having been observed in human brain (Chen et al., 2018a) and
potentially being neuroprotective (Ittner et al., 2010; Zhou et al., 2017). Various
other tau PTMs have been described although their impacts are less clear
(Alquezar et al., 2020).

1.4.4 – Tau pathology in Alzheimer’s disease
Around the same time as Ab was identified as the primary component of
plaques, intracellular NFTs were found to comprise tau protein (Grundke-Iqbal
et al., 1986a). In AD, tau becomes aberrantly hyperphosphorylated and
aggregates into filamentous insoluble NFTs (Alonso et al., 1994; Grundke-Iqbal
et al., 1986b). Ultrastructurally, NFTs comprise paired helical filaments and
straight filaments that adopt a mainly β-sheet conformation (Fitzpatrick et al.,
2017). In AD, all six tau isoforms contribute to NFT formation (Espinoza et al.,
2008).
In AD, the accumulation of tau in NFTs follows a sequential and spatiotemporally
defined pattern that is used to stage the disease (Fig. 1.7) (Braak and Braak,
1991). Post-mortem, tau pathology first appears in brainstem nuclei, such as the
locus coeruleus, which diffusely project to the cerebral cortex. NFTs then appear
in the transentorhinal region, before progressing to the entorhinal cortex (EC) and
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hippocampus. Lesions then encroach on the basal temporal cortex before
involving the wider temporal cortex, insula and anterior cingulate gyrus. In later
stages there is severe involvement of most cortical association areas, with
primary and secondary areas mildly affected. In end stages, nearly all cortical
regions show NFTs (Braak and Braak, 1991; Braak et al., 2011). In post-mortem
brain, subcortical NFTs can be observed as early as childhood and up to a
decade before detection of Ab plaques (Braak et al., 2011), although this is not
necessarily borne out in CSF measurements (Braak et al., 2013). More recently,
using PET imaging in living patients, more variable patterns have been revealed
which mirror the clinical heterogeneity of the disease (Ossenkoppele et al., 2016;
Vogel et al., 2021). Unlike plaques, the hierarchical progression of NFTs through
the AD brain correlates well with neurodegeneration and cognitive decline
(Giannakopoulos et al., 2003; Malpas et al., 2020; Serrano-Pozo et al., 2016).

Figure 1.7 – Spatiotemporally defined spread of tau in AD. Neurofibrillary tangles
(NFTs) spread through the AD brain in a highly stereotypical manner that can be staged
according to Braak staging. In stages I/II NFTs are largely confined to the transentorhinal
and entorhinal regions and brainstem nuclei. Stages III/IV are characterised by
involvement of the hippocampus and limbic regions. In stages V/VI, NFT pathology is
seen in neocortical association areas. Shading intensity is proportional to the severity of
pathology. Created with BioRender.com

Although tau phosphorylation is a physiological event, hyperphosphorylation is
pathological. In AD, phosphorylation is increased 2–3-fold compared to normal
adult brain, with each mole of tau containing 6-9 mol of phosphate (KsiezakReding et al., 1992). Around 44 abnormally phosphorylated residues have been
identified in tauopathy, some of which overlap with physiological phosphorylation
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sites (Wegmann et al., 2021). Site-specific tau phosphorylation is spatially and
temporally controlled during AD progression (Combs et al., 2016; Neddens et
al., 2018) and is an early pathogenic event, occurring before NFT development
(Braak and Braak, 1995; Combs et al., 2016). Phosphorylation induces
conformational changes and misfolding of tau protein (Mondragón-Rodríguez et
al., 2008), although phosphorylation can also be regulated by the physical state
of tau (Sengupta et al., 2006).

Figure 1.8 – Tau phosphorylation and aggregation in AD. Tau is aberrantly
hyperphosphorylated in AD. This is accompanied by misfolding and detachment from
microtubules, destabilising them and impairing function. Phosphorylated tau can then
become missorted alongside aggregating into higher order assemblies, including
oligomers, filaments and neurofibrillary tangles. Created with BioRender.com

Phosphorylation negatively regulates the ability of tau to bind microtubules and
favours detachment (Fig. 1.8), impairing microtubule function and axonal
transport (Alonso et al., 1994). Once detached, soluble tau is more susceptible
to phosphorylation and shows tendency to self-assemble into oligomers and
higher order assemblies via sequences in the microtubule-binding domain (Fig.
1.8) (von Bergen et al., 2000; Liu et al., 2007; Sengupta et al., 2006).
Hyperphosphorylated tau sequesters normal tau monomers away from tubulin
and into these aggregates (Alonso et al., 1996, 1997), further impeding
microtubule

function,

intracellular

trafficking

and

neuron

function.

Hyperphosphorylated tau can pass through the axon initial segment, which
usually serves as a diffusion barrier to physiologically phosphorylated tau (Li et
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al., 2011; Zempel et al., 2017). Thus, tau becomes mis-sorted to the
somatodendritic compartment where it can aggregate further. It remains unclear
which phosphorylation sites are essential for AD pathogenesis. Other PTMs also
modulate microtubule binding, aggregation and clearance of tau, contributing to
development of pathology (Alquezar et al., 2020). The exact molecular
mechanisms governing initiation and regulation of tau aggregation in AD remain
poorly understood, although induction of conformational change may be
essential to generate seed-competent species (Mirbaha et al., 2018).

1.4.5 – Tau-mediated neurodegeneration
Aggregated, hyperphosphorylated tau may be a driver of degeneration in AD.
NFTs were long considered toxic to neurons, due to their spatial and temporal
correlations with degeneration and cognitive decline (Arriagada et al., 1992;
Braak and Braak, 1991). However, the toxicity of large insoluble aggregates has
been questioned. NFTs are found in cognitively normal individuals (Perez-Nievas
et al., 2013) and NFT-containing neurons survive years in human and mouse
brain (Bobinski et al., 1998; de Calignon et al., 2009; Morsch et al., 1999). Neuron
loss also exceeds tau deposition in human AD brain (Gómez-Isla et al., 1997).
While NFT-bearing neurons show cytoskeletal disruptions (Braak et al., 1994), in
mice, they remain active participants in functional circuitry, suggesting synaptic
deficits are not fully attributable to NFTs (Kuchibhotla et al., 2014; Rocher et al.,
2010). In Drosophila models, NFTs are absent yet neurodegeneration and
functional phenotypes are clear (Wittmann et al., 2001). In mice, neuron and
synapse dysfunction and loss are seen prior to NFT formation (Andorfer et al.,
2005; Yoshiyama et al., 2007) and constitutive tau suppression improves
cognition even though NFTs remain (Santacruz et al., 2005; Spires et al., 2006).
Thus, NFT formation has been suggested as a protective response that ultimately
fails through the generation of other toxic species (d’Orange et al., 2018).
Soluble oligomeric tau assemblies, a diverse intermediate entity between
monomers and fibrils (Fig. 1.8), form early in the aggregation process and may
be primary drivers of toxicity (Kjaergaard et al., 2018; Kopeikina et al., 2012). Tau
oligomers are increased in human AD brain and levels correlate with clinical
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symptoms (Mufson et al., 2014; Patterson et al., 2011). Compared to fibrils and
monomers,

oligomeric

tau

more

effectively

induces

tau

aggregation,

somatodendritic mis-sorting and disrupts fast axonal transport (Swanson et al.,
2017; Tiernan et al., 2016). Oligomeric tau species also mediate tau toxicity in
vivo, inducing extensive neuronal dysfunction and motor palsy that can be
rescued upon oligomer suppression (Castillo-Carranza et al., 2014; Martinisi et
al., 2021). Toxicity is specific as oligomers, but not monomers or fibrils, induced
cognitive and synaptic deficits when injected into mouse brain (Lasagna-Reeves
et al., 2011). Tau oligomers also disrupt mitochondrial (Camilleri et al., 2020;
Zheng et al., 2020) and nuclear tau function (Farmer et al., 2020; Montalbano et
al., 2020). Thus, oligomers impact neuron and synapse homeostasis, genome
transcription and promote pathological phenotypes, inducing degeneration.
Various forms of tau are increased at synapses in human AD brain, where they
can induce dysfunction and toxicity (Pickett et al., 2019; Tai et al., 2012; Tracy
and Gan, 2018). Indeed, most tauopathy models show synapse dysfunction and
loss (Hoover et al., 2010; Kopeikina et al., 2013b, 2013a; Polydoro et al., 2009).
Mounting evidence suggests oligomeric, misfolded forms of tau mediate
synaptotoxicity. Tau oligomers are found at synapses in human AD brain (Tai et
al., 2014) and induce morphological changes, impair plasticity and dysregulate
synaptic transmission (Fá et al., 2016; Hill et al., 2019; Ondrejcak et al., 2018;
Puzzo et al., 2017). Oligomers also induce synapse loss and memory
impairment, which is rescued upon reduction of oligomer levels (CastilloCarranza et al., 2014; Kaniyappan et al., 2017; Usenovic et al., 2015). Thus, at
the synapse, tau oligomers reduce synaptic proteins, alter neuronal signalling,
promote synapse loss and impair memory. Synaptic localisation of tau is also
important for propagation of tau through the AD brain.

1.4.6 – Spread of tau pathology in Alzheimer’s disease
The hierarchical development of tau pathology (Fig. 1.7) is a well-established
feature of AD. Originally described post-mortem, this pattern has now been
confirmed in living patients using PET imaging (Braak and Braak, 1991; Cho et
al., 2016), although it may not be as spatially restricted or homogenous as
previously thought (Schultz et al., 2018b). Stage of tau pathology is a better
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predictor of neurodegeneration and cognition than Ab (Aschenbrenner et al.,
2018; Giannakopoulos et al., 2003; Nelson et al., 2012), although spread beyond
the medial temporal lobe is facilitated by cortical Ab (Doré et al., 2021).
Progression of tau pathology might reflect the sequential vulnerability of
neuroanatomical regions to tau aggregation. Neurons affected early in AD, such
as those in the EC and hippocampus, could be vulnerable due to their high
metabolic rate, degree of plasticity and unique molecular phenotypes (Stranahan
and Mattson, 2010). Neurons within other tau accumulation-prone regions might
be vulnerable due to their gene-expression profiles, bioenergetic demands or
morphological and electrophysiological properties (Fu et al., 2018, 2019).
However, progression of tau pathology tracks with neuroanatomical connectivity,
leading to propositions that pathological tau propagates trans-cellularly from one
brain region to another along axonal projections. These two processes are not
mutually exclusive and likely both contribute to spread of tau pathology in AD.
A prerequisite for cell-to-cell tau transfer is the ability of neurons to release and
take up tau. Although primarily a microtubule-associated intracellular protein,
under physiological conditions tau is also found extracellularly. In culture, fulllength, truncated and fibrillar tau is secreted from primary neurons, iPSC-derived
neurons and organotypic slices, independent of cell death (Croft et al., 2017;
Dujardin et al., 2014a; Kanmert et al., 2015). Tau is also present in interstitial fluid
and CSF in mice and humans (Magnoni et al., 2012; Sato et al., 2018; Yamada
et al., 2011). Tau release is increased by starvation, lysosomal dysfunction and
neuronal activity (Mohamed et al., 2014; Pooler et al., 2013; Yamada et al.,
2014), with the latter strongly suggestive of synaptic involvement. Extracellular
tau also modulates neuronal activity (Bright et al., 2015), hinting at an activitydependent positive feedback loop. CSF tau levels are increased in AD and
correlate with disease severity (Hampel et al., 2010; Sunderland et al., 2004). Tau
phosphorylation and truncation, as well as tau with disease-associated
mutations, can promote tau secretion and can be released by neurons in vitro
(Croft et al., 2017; Plouffe et al., 2012; Sokolow et al., 2015). However, a lack of
clarity remains around which tau forms are secreted in living brain. Initial in vivo
microdialysis experiments found full-length monomeric tau as the major species
(Yamada et al., 2011), but later work identified other species, some of which were
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likely hyperphosphorylated or truncated (Takeda et al., 2015). Thus, although tau
secretion appears physiological, changes are associated with pathological
conditions and pathogenic species can be released. Various mechanisms of tau
secretion have been identified (Fig. 1.9) (Pernègre et al., 2019).
Following secretion, tau can be taken up through multiple mechanisms (Fig.1.9),
potentially dependent on aggregation status. Tau assemblies can be internalised
through dynamin-dependent bulk endocytosis (Evans et al., 2018; Wu et al.,
2013) and macropinocytosis, a type of bulk non-specific endocytosis (Brunello
et al., 2016; Holmes et al., 2013). Internalisation can be mediated by tau binding
to heparan sulfate proteoglycans (HSPGs), with sidechain sulfation patterns
regulating this process (Holmes et al., 2013; Puangmalai et al., 2020; Rauch et
al., 2018; Zhao et al., 2020a). HSPG-dependent macropinocytosis is initiated by
small tau aggregates, with tau trimers the smallest assemblies capable of
initiating this mechanism (Mirbaha et al., 2015). Syndecans, a member of the
HSPG family, mediate cellular uptake of tau fibrils through a lipid-raft dependent
and clathrin-independent endocytic route, while monomers enter in a syndecanindependent manner (Hudák et al., 2019). Early work found tau monomers were
not internalised in vitro (Frost et al., 2009a). Later however, monomers were seen
to be taken up via clathrin-mediated endocytosis and macropinocytosis, while
aggregates were internalised through dynamin-dependent endocytosis (Evans et
al., 2018). Other cell surface receptors also mediate tau internalisation.
Muscarinic receptors interact with physiological and pathological tau and
mediate uptake (Morozova et al., 2019), while the low-density lipoprotein
receptor-related protein 1 (LRP1) can control endocytosis of tau monomers,
oligomers and, to a lesser extent, fibrils (Rauch et al., 2020). Cellular prion protein
has also been suggested as a receptor for tau micropinocytosis (De Cecco et al.,
2020), alongside APP (Puzzo et al., 2017). Tunnelling nanotubes might connect
cells and enable intercellular transfer of tau, although in vivo evidence is lacking
and disease relevance is unknown (Abounit et al., 2016; Tardivel et al., 2016).
There are also indications that tau oligomers could enter neurons by directly
penetrating cell membranes (Flach et al., 2012; Jones et al., 2012).
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Figure 1.9 – Mechanisms of tau spread. Tau can be secreted through a variety of
mechanisms. These include: (1) in exosomes following the fusion of multivesicular bodies
with the plasma membrane; (2) in larger ectosomal vesicles; (3) as free protein across
the plasma membrane; (4) through active exocytosis; or (5) through filamentous-actincontaining membranous structures, known as tunnelling nanotubes (although evidence
for tau spread via this mechanism outwith in vitro systems is lacking). Tau can then be
internalised through several mechanisms, including: (6) binding receptors on the cell
surface such as heparan sulfate proteoglycans, LRP1 or integrins; (7) endocytosis or
micropinocytosis; (8) translocation across the plasma membrane; or fusion of taucontaining vesicle with the plasma membrane (1 and 2). Pathological tau can then seed
the misfolding of endogenous naïve tau, propagating pathology. Created with
BioRender.com

Upon internalisation tau can be transported anterogradely and retrogradely along
axons and dendrites (Ahmed et al., 2014; Wu et al., 2013). Tau can also be
trafficked in endosomes to the lysosome for degradation (Wu et al., 2013).
However, tau can damage endosomal membranes, resulting in release into the
cytosol (Chen et al., 2019a; Flavin et al., 2017). The precise molecular
mechanisms and tau assemblies responsible for this are unclear, but C-terminal
tau fragments may be particularly efficient at lysing vesicles (Dicke et al., 2017).
A further requirement for transcellular propagation of tau pathology is the ability
of abnormal tau to seed pathological alterations of endogenous tau, resembling
prion-like activity (Fig. 1.9). Pathological tau conformations seed the misfolding
and aggregation of naïve tau in vitro (Falcon et al., 2015; Frost et al., 2009a; Guo
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and Lee, 2011; Sanders et al., 2014) and features of the original tau seeds are
recapitulated in newly formed aggregates, in vitro and in vivo (Clavaguera et al.,
2013; Frost et al., 2009b; Holmes et al., 2014; Kaufman et al., 2016). Importantly,
tau seeds capable of inducing misfolding and aggregation have been isolated
from human AD brain and CSF (DeVos et al., 2018; Furman et al., 2017; Takeda
et al., 2016). Thus, pathological tau appears to engage in prion-like seeding
behaviour. The mechanisms governing templated seeding and nature of tau
species that seed pathology are still under investigation, although tau pathology
may propagate in the absence of templated misfolding (Wegmann et al., 2015).
There remains debate whether tau monomers can seed misfolding (Falcon et al.,
2015; Mirbaha et al., 2018), although larger oligomers appear most efficient
(Jackson et al., 2016b; Mirbaha et al., 2015).
Multiple in vivo studies have evidenced the propagation of tau pathology through
anatomically connected circuits. When injected into the rodent brain, synthetic
tau and tau-containing brain extract induced the formation of tau aggregates that
were propagated to connected areas and recapitulated the hallmark lesions of
the associated tauopathy (Ahmed et al., 2014; Boluda et al., 2015; Clavaguera
et al., 2009, 2013; Dujardin et al., 2014b; Gibbons et al., 2017; Guo et al., 2016;
Iba et al., 2013, 2015; Kaufman et al., 2016; Lasagna-Reeves et al., 2012;
Narasimhan et al., 2017; Peeraer et al., 2015; Smolek et al., 2018; Stancu et al.,
2015; Takeda et al., 2015). More recently, this was also observed in non-human
primates (Beckman et al., 2021).
Propagation of tau through circuits has been suggested to occur transsynaptically. When human tau is selectively expressed in the EC, using transgenic
or virally mediated models, human tau propagates to synaptically connected
dentate gyrus neurons, suggesting tau traverses monosynaptic circuits in living
brain (Beckman et al., 2021; de Calignon et al., 2012; Harris et al., 2012; Liu et
al., 2012a; Pickett et al., 2017; Wegmann et al., 2015, 2019). Further, this
process was exacerbated by age (Wegmann et al., 2019) and neuronal activity
(Schultz et al., 2018a; Wu et al., 2016). Additionally, human tau propagated
through intact synapses in vivo (Pickett et al., 2017), while synaptic contacts
facilitated propagation of pathological tau in vitro (Calafate et al., 2015),
suggestive of an active and regulated passage of tau between synapses.
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Exosome-associated tau transfer has also been suggested to occur at synapses
(Asai et al., 2015; Wang et al., 2017). However, non-synaptic mechanisms also
contribute to spread of tau between anatomically connected areas (Asai et al.,
2015; Calafate et al., 2015).
Active cell-to-cell or trans-synaptic spread of tau has not yet been visualised in
human brain, but accumulating work has begun to support preclinical findings.
In post-mortem brain, tau seeds were isolated from regions along the Braak
staging pathway that were yet to develop pathology. Moreover, tau seeds were
isolated from axons and synapses in regions without overt cellular tau pathology,
indicating seeding precedes pathology and that seeds can traverse axons and
move through synaptically connected regions in AD brain (DeVos et al., 2018). In
living patients, the spatial distribution of Tau-PET signal was highly similar to
functional brain networks (Franzmeier et al., 2019) and functionally connected
regions had greater tau burden (Cope et al., 2018). These regions accumulated
similar amounts of tau pathology over time, independent of the distance between
brain regions, suggesting connectivity rather than proximity directed tau
accumulation (Franzmeier et al., 2020). By simulating the progression of tau
spread along functional or anatomical connections from an epicentre placed in
the EC, and comparing the resulting pattern to Tau-PET scans from AD patients,
spread via anatomical connectivity explained the majority of the observed pattern
of tau pathology (Vogel et al., 2020), indicating tau likely propagates through
physical connections in human AD brain.
There remains debate around the initiation point of tau propagation in AD, with
NFTs observed in brainstem nuclei, like the locus coeruleus (LC), as early as
childhood (Braak et al., 2011). The LC projects to the EC and dentate gyrus of
the hippocampus, regions affected by tau pathology in later Braak stages, and
has been hypothesised to initiate AD-related tau spread (Braak and Del Tredici,
2012). However, in tau transgenic mice subject to intra-LC injection of tau,
pathology largely spared the EC and hippocampus (Ghosh et al., 2019; Iba et
al., 2015). Moreover, in post-mortem human AD brain, early and robust tau
seeding activity was detected in the EC, with the LC not displaying activity until
late Braak stages (Kaufman et al., 2018). These findings are consistent with
propagation of pathogenic tau originating in the EC rather than the LC.
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1.5 – Neuroinflammation

___________________________________________________________________________________________

1.5.1 – Neuroinflammation in Alzheimer’s disease
In addition to plaques and NFTs, AD brains show prominent neuroinflammatory
changes (Gomez-Nicola and Boche, 2015). Originally thought of as a bystander
to neuron loss and Ab and tau pathology, neuroinflammation is now considered
a significant contributor to AD pathogenesis (Kinney et al., 2018). Acute
neuroinflammation is a well-established defence against infection, toxins, trauma
and ischaemia and is mediated by glial cells. In the CNS, microglia serve as
resident immune cells, becoming activated in response to harmful stimuli and
performing primary immune surveillance and macrophage-like activities.
Microglia account for 0.5-16.6% of the total cell population in the human brain,
depending on anatomical region (Lawson et al., 1992). Under physiological
conditions, microglial homeostasis is tightly controlled by the local environment
and interactions with other cells. Following insult, microglia modify their functional
state, changing their proliferative capacity, morphology, phagocytic activity,
antigen presentation and release of inflammatory mediators (Gómez-Nicola et al.,
2013; Sierra et al., 2013; Smith et al., 2012). Astrocytes are also crucial
regulators of immunity in the CNS and account for 19-40% of the total cell
population in the human neocortex (von Bartheld et al., 2016). Upon insult,
astrocytes undergo reactive astrogliosis, characterised by morphological
change, alterations in gene expression and production of inflammatory mediators
(Anderson et al., 2014; Zamanian et al., 2012). In AD, inflammatory homeostasis
is disrupted, resulting in chronic neuroinflammation (Kinney et al., 2018).
Early reports from post-mortem human brain highlighted an inflammatory
component in AD pathogenesis (Beach et al., 1989; Griffin et al., 1989, 1995;
Itagaki et al., 1989). It is now established that reactive astrocytes and microglia
are almost ubiquitous in the AD brain, particularly surrounding Ab plaques (Pike
et al., 1995; Serrano-Pozo et al., 2011a, 2013a, 2013b; Vehmas et al., 2003).
Astrogliosis and microglial activation correlate with disease duration, severity and
cognitive decline in AD (Ingelsson et al., 2004; Malpetti et al., 2020; Passamonti
et al., 2019; Simpson et al., 2010). Other markers of aberrant inflammatory
responses have now been observed in post-mortem and living AD brain,
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including extensive innate immune gene activation, alterations in pro- and antiinflammatory cytokines and altered glial activation states (Cribbs et al., 2012;
Lagarde et al., 2018; Taipa et al., 2019).
The extent to which neuroinflammation drives AD pathogenesis or is simply a
response to pathological changes, has been much debated. Temporal
correlation studies suggested changes in inflammatory cytokines and glial
activation markers as early AD hallmarks (Nordengen et al., 2019; Tarkowski et
al., 2003), while activation of innate immune genes occured in preclinical stages
and associated with clinical progression to AD (Blalock et al., 2004; Cribbs et al.,
2012). In vivo, persistent neuroinflammatory responses can facilitate Ab and tau
pathologies, alongside neurodegeneration, and may bridge the gap between
early Ab deposition and later development of tau pathology (Garwood et al.,
2011; Parbo et al., 2018; Wright et al., 2013; Yoshiyama et al., 2007). More
recently, genome-wide association studies revealed multiple SNPs and variants
in immune-related genes as risk factors for AD, supporting a causal role for
inflammation in AD pathogenesis (Efthymiou and Goate, 2017; Karch and Goate,
2015; Kunkle et al., 2019; Zhang et al., 2013). Despite this, the precise sequence
of events regarding inflammation in AD pathogenesis remain to be determined.
A further complication surrounding the neuroinflammatory phenotype in AD is
that inflammation may be beneficial in early disease (Pekny et al., 2014). In later
stage disease, glial activation may restrict regenerative capacity and
neuroprotective function may be lost, instead becoming neurotoxic (Sierra et al.,
2013; Zamanian et al., 2012). Consequently, glia-mediated inflammation in AD
appears a double-edged sword, engaged in both beneficial and detrimental
processes in a time and context dependent manner.

1.5.2 – Astrocytes: function in health
Astrocytes are an abundant, highly ramified glial cell type present throughout the
CNS. Astrocytes are highly heterogenous, both in form and in function, and
display brain area- and disease-specific properties (Batiuk et al., 2020; Matias et
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al., 2019). This heterogeneity is crucial in enabling astrocytes to perform many
functions and maintain CNS homeostasis at all levels of organisation.
In the healthy CNS, astrocytic processes are distributed in non-overlapping
domains and contact synapses, other glia and blood vessels. In this way,
astrocytes segregate the grey matter into distinct anatomical domains (Bushong
et al., 2002). Astrocytes ensheath soma, axons, dendrites and synapses, with a
single cortical human astrocyte estimated to contact up to 2 million synapses
(Oberheim et al., 2009). This association is dynamic and altered by neuronal
activity (Genoud et al., 2006). Perisynaptic astrocyte processes form integral
modulatory elements of the tripartite synapse (Perea et al., 2009), although this
association may be more extensive than previously described, forming a multipartite ‘synaptic cradle’ comprising multiple cellular components (Verkhratsky
and Nedergaard, 2014). This intimate relationship enables astrocytes to maintain
homeostasis and coordinate synaptic function. Astrocytes regulate the ionic
composition of the synaptic cleft, remove and catabolise synaptically released
neurotransmitters, and sustain synaptic transmission by providing neurons with
neurotransmitter precursors (Verkhratsky and Nedergaard, 2014). Perisynaptic
processes also monitor local activity of synaptic circuits through binding of
neurotransmitter receptors and generation of Ca2+ transients within the astrocyte
(Agulhon et al., 2008). This might result in the release of neuromodulatory
molecules that directly contribute to synaptic activity and information processing
within circuits, a process termed gliotransmission (Henneberger and Petzold,
2015; Pascual et al., 2005). However, this concept has been challenged (Fiacco
and McCarthy, 2018; Savtchouk and Volterra, 2018; Wolosker et al., 2016).
Astrocytes contribute to synapse formation, maturation and refinement. To form
precise neural circuitry, excess synapses are removed in an activity- and
complement-dependent manner (Schafer et al., 2012). While microglia have
largely been implicated in this, astrocytes also directly phagocytose synapses in
developing and adult brain (Chung et al., 2013; Lee et al., 2021; Tasdemir-Yilmaz
and Freeman, 2014) and contribute via other pathways and microglial crosstalk
(Bialas and Stevens, 2013; Vainchtein et al., 2018; Yang et al., 2016). Astrocytes
also regulate formation of many synapse types via various signalling pathways
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(Allen and Eroglu, 2017) and secrete factors crucial for synapse maturation,
reducing plasticity and stabilising circuits (Blanco-Suarez et al., 2018).
Astrocytes contact blood vessels via endfeet, covering almost the entire surface
of vessels (Mathiisen et al., 2010). Alongside endothelial cells, the basement
membrane and pericytes, they form a component of the blood-brain barrier
(BBB) which modulates exchange of substances between the blood and brain
parenchyma, including water, ions, molecules and cells (Zhao et al., 2015). By
releasing soluble factors, astrocytic endfeet regulate angiogenesis and the
formation of strong tight junctions between BBB components (Janzer and Raff,
1987; Lee et al., 2003; Tao-Cheng et al., 1987), contributing to BBB integrity and
tightly regulating its permeability (Argaw et al., 2012; Lee et al., 2003). However,
there remains debate around a role for mature astrocytes in BBB maintenance
(Heithoff et al., 2021; Kubotera et al., 2019; Willis et al., 2004). Astrocytes act as
a bridge between neurons and the BBB and, together with pericytes, coordinate
blood flow with neuronal activity such that it meets energy demands, known as
neurovascular coupling (Petzold and Murthy, 2011). Clearance of waste through
the glymphatic system has been suggested to depend on astrocytic expression
of aquaporin-4 in perivascular endfeet (Iliff et al., 2012, 2013).
More generally, astrocytes regulate ion and water homeostasis in the CNS and
maintain cellular pH (Simard and Nedergaard, 2004; Theparambil et al., 2020).
They also synthesise and provide neurons with energy substrates, such as
glucose and lactate, to regulate metabolic homeostasis and sustain synaptic
transmission (Rouach et al., 2008; Sotelo-Hitschfeld et al., 2015), and deliver
trophic factors essential for neuronal survival and differentiation (Chang et al.,
2003; Lin et al., 1993). Astrocytes also release antioxidants that protect against
oxidative stress (Shih et al., 2003) and are crucial in regulating neuroinflammation
(Colombo and Farina, 2016). Recent studies have also begun to provide insight
into astrocyte roles in controlling behaviour (Park and Lee, 2020).

1.5.3 – Astrocytes in Alzheimer’s disease
Early evidence for astrocyte involvement in AD came from observations that
reactive astrocytes surround and penetrate Ab plaques (Fig. 1.10) and that
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plaque-associated astrocytes increased with disease progression (Kamphuis et
al., 2014; Pike et al., 1995; Serrano-Pozo et al., 2013b; Vehmas et al., 2003).
The relationship between astrocytes and NFTs is less clear. Reactive astrocytes
penetrate extracellular ‘ghost’ tangles, end-stage NFTs that remain upon neuron
death (Ikeda et al., 1992; Probst et al., 1982). Astrogliosis increases linearly
throughout the course of AD, even after Ab deposition plateaus, instead positively
correlating with NFT burden (Serrano-Pozo et al., 2011a). Thus, tau pathology
also appears to induce astrocytic responses. Degree of astrogliosis has been
correlated with disease duration, severity and cognitive decline (Kashon et al.,
2004; Mathur et al., 2015; Serrano-Pozo et al., 2013b), although this is not
always observed (Wharton et al., 2009).
Reactive astrogliosis is an AD hallmark yet remains incompletely understood.
Reactive astrocytes are generally identified by increased expression of glial
fibrillary acidic protein (GFAP) and hypertrophy, as well as upregulation of other
intermediate filament proteins (Sofroniew, 2009). Increased levels of GFAP are
seen in AD brain (Kashon et al., 2004; Simpson et al., 2010) and in CSF
(Fukuyama et al., 2001; Jesse et al., 2009). While astrocyte number appears to
stay consistent (Serrano-Pozo et al., 2013a), various molecular, morphological
and functional changes occur in a graduated and region-specific manner
(Rodríguez et al., 2014; Sofroniew, 2009). For example, astrocytes may become
atrophic or hypertrophic dependent on disease stage and plaque proximity
(Olabarria et al., 2010; Verkhratsky et al., 2019). Reactive astrocytes also acquire
different phenotypes, either neurotoxic or neuroprotective, dependent on the
type of injury (Zamanian et al., 2012). In human brain, aging and AD has been
associated with a neurotoxic astrocyte phenotype (Clarke et al., 2018; Liddelow
et al., 2017), while in mice, subgroups of disease-associated astrocytes have
been found to distinguish aging from AD (Habib et al., 2020). Neurotoxic reactive
astrocytes secrete inflammatory mediators that promote further inflammation,
neuropathology and degeneration and limit neuroprotective function (AvilaMuñoz and Arias, 2014). However, astrocyte activation is highly heterogenous
and appears to serve dual roles in disease states (Matias et al., 2019; Pekny et
al., 2014). Microglial activation occurs in a similar manner and extensive crosstalk
with astrocytes exacerbates inflammation, protein pathology and degeneration
in AD (Lian et al., 2016; Liddelow et al., 2017; Litvinchuk et al., 2018).
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Figure 1.10 – Reactive astrocytes surround plaques. Reactive astrocytes (magenta)
upregulate glial fibrillary acid protein (GFAP) and surround plaques, penetrating into the
plaque. Plaques were stained with Thioflavin-S (ThioS; blue) and phosphorylated tau
with AT8 (green). Maximum projection of confocal image from human AD brain
(BA20/21).

Astrocyte reactivity emerges early in AD pathogenesis, with molecular markers
altered in MCI and preclinical AD (Carter et al., 2012; Nordengen et al., 2019;
Rodriguez-Vieitez et al., 2016) and before plaque deposition and NFT formation
in some animal models (Heneka et al., 2005; Maeda et al., 2011). Ab can trigger
astrocyte reactivity alongside morphological, metabolic and functional changes
(Allaman et al., 2010; Craft et al., 2004; Wyssenbach et al., 2016), with oligomers
and fibrils inducing specific phenotypes (White et al., 2005). The role of plaqueassociated reactive astrocytes is debated. Reactive astrocytes contain Ab in
post-mortem human brain (Lasagna-Reeves and Kayed, 2011; Thal et al.,
2000a) and can take up and clear Ab, showing preference for oligomers over
fibrils (Nielsen et al., 2010; Pihlaja et al., 2008; Wyss-Coray et al., 2003). Thus,
reactive astrocytes may restrict plaque growth, limit damage from oAb and aid in
Ab clearance. Inhibition of astrocyte activation worsened Ab pathology,
supporting this view (Katsouri et al., 2020; Kraft et al., 2013). Additionally, in
human brain, greater plaque-associated astrocyte reactivity was associated with
better cognition (Mathur et al., 2015), suggesting neuroprotective effects.
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Opposing findings have also been reported, with reduced astrocyte activation
shown to limit Ab pathology, degeneration and cognitive impairment in mice
(Ceyzériat et al., 2018; Furman et al., 2012; Reichenbach et al., 2019).
Additionally, cognitively healthy individuals with high AD pathology tend to lack
reactive astrocyte responses typical of AD (Perez-Nievas et al., 2013), indicating
astrocyte reactivity contributes to AD symptoms. Reactive astrocytes can
generate and secrete Ab, potentially indicating a toxic gain of function (Frost and
Li, 2017). In addition, reactive astrocytes offer less neurotrophic support (Iram et
al., 2016a) and mediate Ab neurotoxicity (Garwood et al., 2011; Paradisi et al.,
2004), suggesting neuroprotective functions are lost upon interaction with Ab.
Astrocytes are activated by tau in vitro, converting them into a degenerative
phenotype and inducing release of neurotoxic factors (Wang and Ye, 2021). In
AD brain, nitrated tau has been linked with astrocyte activation (Reyes et al.,
2008) and in primary tauopathy brain, GFAP expression is altered (Ferrer et al.,
2014), suggesting astrocyte activation can occur independently of Ab. Mouse
models of tauopathy show progressive tau aggregation and neuron loss that is
associated with astrogliosis. Transplantation of exogenous astrocytes rescued
this phenotype (Hampton et al., 2010), suggesting tau pathology induces loss of
neuroprotective and/or gain of toxic astrocyte function. Further work has
suggested astrocyte dysfunction is initiated by pathological tau in neurons,
precedes development of filamentous tau and directly contributes to neuron and
synapse loss (Sidoryk-Wegrzynowicz et al., 2017). Abnormal tau can also drive
transcriptional changes in astrocytes, likely through altering neuron-astrocyte
interactions (Hasel et al., 2017) and may impede the phagocytic capacity of
astrocytes (Martini-Stoica et al., 2018). Tau oligomers also disrupt intracellular
Ca2+ signalling in astrocytes, resulting in reduced gliotransmitter availability and
synaptotoxicity in neighbouring neurons (Piacentini et al., 2017).
Astrocytes also mediate neurotoxic events downstream of Ab, such as tau
phosphorylation and truncation (Chiarini et al., 2017; Garwood et al., 2010,
2011). Ab-induced astrocytic nitric oxide stimulates tau hyperphosphorylation
(Saez et al., 2004), while caspase-3-cleavage of tau is exacerbated by astrocytes
(Garwood et al., 2011). Tau cleavage may also be influenced by astrocytic
secretion of thrombin, which accumulates in NFTs (Arai et al., 2006). Reactive
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astrocytes might also drive tau pathology through downstream complement
activation (Litvinchuk et al., 2018) or through secretion of proteins, such as
glypican-4, that induce tau accumulation (Ramamoorthy and Pereira, 2020).
As the interface between neural and circulating immune cells, the BBB plays a
key role in generating and maintaining chronic inflammation in AD. Increased
permeability and BBB breakdown occurs early in AD and associates with
cognitive decline (Montagne et al., 2015; Starr et al., 2009). Vascular Ab
pathology is associated with ultrastructural astrocyte changes in human AD brain
and mouse models, alongside reduced expression of key transporter proteins
that impact neurovascular coupling (Merlini et al., 2011; Wisniewski and Wegiel,
1991). Neurovascular unit disruption is suggested as a core pathophysiological
mechanism in AD (Soto-Rojas et al., 2021). Aquaporin-4 expression and
localisation is also altered in AD models and human brain, impacting removal of
waste products, such as Ab, and water flux in the CNS (Wilcock et al., 2009;
Yang et al., 2011; Zeppenfeld et al., 2017).

1.5.4 – Astrocytes, Alzheimer’s disease and synapses
Astrocyte dysfunction contributes to synaptic dysfunction and loss in AD. In vitro
and in vivo, Ab reduced astrocytic expression of glutamate transporters, slowing
the clearance of synaptic glutamate (Scimemi et al., 2013). In mice, reduced
transporter expression in reactive astrocytes was associated with increased
glutamate concentration and inappropriate neuronal responses in areas close to
plaques, indicative of astrocytic dysregulation of synaptic transmission
(Hefendehl et al., 2016). Reduced glutamate transporter expression tracks with
disease progression in human AD brain (Simpson et al., 2010), and reactive
astrocytes in cognitively normal individuals with high AD pathology express
higher levels of glutamate transporters (Kobayashi et al., 2018). AD reactive
astrocytes also exhibit reduced ability to detoxify synaptic glutamate to
glutamine, resulting in synaptic glutamate excitotoxicity (Olabarria et al., 2011).
Further, in human AD brain and mouse models, reactive astrocytes aberrantly
produced GABA, inducing tonic inhibition and memory deficits (Jo et al., 2014;
Mitew et al., 2013). Astrocytes from aging and AD brain also upregulate factors
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that damage synapses and initiate their elimination, indicating astrocytes become
actively harmful to synapses (Boisvert et al., 2018; Pan et al., 2020).
Following the discovery that astrocytes prune synapses in the developing and
adult mouse brain (Chung et al., 2013; Lee et al., 2021), aberrant activation of
this process in AD has been suggested to contribute to synapse loss. In a mouse
model of Ab pathology, astrocytes engulfed synaptophysin- and VGluT1-positive
dystrophies. In AD brain, these dystrophies were surrounded by astrocyte
cytoplasm, signifying astrocytes have phagocytic capacity for neuronal material,
likely presynaptic in origin, in human brain (Gomez-Arboledas et al., 2018). Less
than 7% of dystrophic neurites were engulfed by astrocytes, perhaps indicating
impaired phagocytic capacity in AD. In a follow-up study, synapses isolated from
Ab and tauopathy mice were engulfed by astrocytes in vitro. Phagocytic capacity
was impaired by presence of Ab, but not tau (Sanchez-Mico et al., 2021),
suggesting Ab impaired the removal of degenerating peri-plaque synapses.
Accumulation of C1q tags synapses for microglial phagocytosis (Schafer et al.,
2012; Stevens et al., 2007). C1q is enriched at synapses in Ab and tauopathy
mouse models and is increased in human AD brain (Dejanovic et al., 2018; Hong
et al., 2016). MEGF10, a receptor expressed on astrocytes that mediates
astrocytic synapse elimination (Chung et al., 2013; Tasdemir-Yilmaz and
Freeman, 2014), has also been identified as a C1q receptor, mediating astrocytic
clearance of apoptotic cells in the CNS (Iram et al., 2016b). Thus, astrocytes
might recognise and engulf C1q-tagged synapses in a similar manner to
microglia, contributing to synapse loss. Additionally, astrocytes could
phagocytose synapse via binding externalised phosphatidylserine through the
MFG-E8 receptor on their surface (Brelstaff et al., 2018; Sokolova et al., 2021).
Astrocytes have long been considered secondary phagocytes, serving as backup to remove cellular debris when microglia become dysfunctional (Konishi et al.,
2020). Microglial dysfunction is rife in the AD brain (Hemonnot et al., 2019;
Swanson et al., 2020), potentially supporting a role for aberrant astrocytic
phagocytosis in AD. However, astrocytes and microglia may play more
orchestrated roles in respect to their phagocytic function, with microglia engulfing
cell bodies and proximal dendrites and astrocytes phagocytosing distal
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processes and diffuse neuritic debris (Damisah et al., 2020). More recently,
astrocytes have been indicated as the dominant phagocytes in adult mouse
brain, internalising more synapses than microglia and being the sole cell type in
which phagocytosis was increased by neuronal activity (Lee et al., 2021).
It remains unclear whether reactive astrocytes and microglia clear dysfunctional,
degenerating synapses or healthy, functional synapses. Clearance of damaged
synapses would be beneficial, while removal of healthy synapses would be
harmful. While astrocytes engulfed dystrophic presynaptic elements (GomezArboledas et al., 2018) presumed to be dysfunctional, these processes are likely
to be balanced, although this warrants further investigation.

1.5.5 – Astrocytes and spread of tau pathology in Alzheimer’s disease
In AD, tau pathology is generally associated with neurons. However, astrocytic
tau pathology is frequently observed in various primary tauopathies, aging and
AD (Table 1.1) (Arima et al., 1998; López-González et al., 2013; Nolan et al.,
2019; Richetin et al., 2020). Mechanisms underlying astrocytic accumulation and
the functional effects are not well-characterised. Astrocytic tau pathologies take
a variety of forms, from thorn-shaped astrocytes, granular fuzzy astrocytes to
astrocytic plaques and tufted astrocytes, with each being associated with
different tauopathies (Kovacs, 2020). Accumulating evidence indicates that glia
can participate in trans-synaptic and non-synaptic tau propagation. While much
work has focused on microglial-mediated tau spread (Hopp et al., 2018), a role
for astrocytes is less established. However, due to their intimate relationship with
synapses, astrocytes are optimally positioned to receive and release synaptic tau
and contribute to propagation of pathological tau in AD.
Under physiological conditions, tau is expressed at very low levels in astrocytes
and does not appear to form a major cytoskeletal component (Goedert et al.,
1989a; Zhang et al., 2014). Single-nuclei RNA sequencing has shown astrocytic
MAPT expression remains unchanged in AD (Grubman et al., 2019; Mathys et
al., 2019; Zhou et al., 2020) and expression in primary astrocytes is not
influenced by Ab treatment (Chiarini et al., 2017). Dysregulated translation could
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occur in AD astrocytes; however, this has not been shown experimentally. Taken
together, internalisation of tau has been postulated as the most likely mechanism
responsible for astrocytic tau accumulation. In AD brain, astrocytic tau was only
observed in NFT-bearing areas (Richetin et al., 2020), supporting this notion.

Figure 1.11 – Astrocytes could contribute to tau propagation. Astrocytes internalise
extracellular tau through tau binding heparan sulfate proteoglycans (HSPGs) and
integrins, and potentially through binding LRP1. Astrocytes could also phagocytose taucontaining synapses, resulting in transfer of tau to the astrocyte. This may occur through
C1q and phosphatidylserine tagging tau-containing synapses for removal. These
proteins can be recognised by astrocytes through binding of the astrocytic receptors
MEGF10, MERTK and MFG-E8. Tau can accumulate within the astrocyte and be
degraded. However, upon inefficient degradation pathological tau may be released back
into the extracellular space, potentially in extracellular vesicles or as free tau, where it
can be taken up by postsynaptic neurons or other cells. Created with BioRender.com

In vitro, astrocytes internalise tau monomers, oligomers and fibrils from the
extracellular space (Asai et al., 2015; Martini-Stoica et al., 2018; Perea et al.,
2019) at a consistent rate (Chiarini et al., 2017; Piacentini et al., 2017). In vivo,
phosphorylated and oligomeric tau was detected in astrocytes following neuronal
tau expression, in the absence of astrocytic MAPT mRNA (Asai et al., 2015; de
Calignon et al., 2012; Martini-Stoica et al., 2018). Further, using an in vivo
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reporter system, neuronal tau species have been seen to transfer to astrocytes
(Maté de Gérando et al., 2021). Thus, tau can be internalised by astrocytes, either
directly from neurons or from the extracellular space (Fig. 1.11). HSPGs are
expressed on astrocytes and regulate astrocytic uptake of tau in culture (Holmes
et al., 2013; Martini-Stoica et al., 2018; Puangmalai et al., 2020). In neurons,
LRP1 regulates the uptake and spread of tau (Rauch et al., 2020). LRP1 is also
expressed by astrocytes (Auderset et al., 2016) and is upregulated in AD reactive
astrocytes (Arélin et al., 2002), indicating a potential mechanism for astrocytic
tau internalisation. Like neurons, astrocytic tau uptake likely uses different
mechanisms dependent on aggregation status. Monomeric tau is internalised
through a HSPG-independent mechanism (Perea et al., 2019), while fibrils have
been shown to be internalised via micropinocytosis (Martini-Stoica et al., 2018)
and through binding the integrin αV/β1 receptor (Wang and Ye, 2021).
Astrocytes might also internalise tau through phagocytosis of tau-containing
dystrophic neurites or synapses (Gomez-Arboledas et al., 2018; Sanchez-Mico
et al., 2021), although this remains to be investigated in human brain (Fig 1.11).
Synaptic localisation of tau is increased in AD brain (Pickett et al., 2019; Tai et
al., 2012) and synaptic tau associates with increased synaptic C1q levels in mice
(Dejanovic et al., 2018). Thus, tau-containing synapses could be opsonised for
astrocytic removal, mediated by MEGF10 (Chung et al., 2013; Iram et al., 2016b).
Pathological tau also induces externalisation of phosphatidylserine, leading to
microglial phagocytosis and transfer of tau aggregates to the phagocyte (Brelstaff
et al., 2018; Pampuscenko et al., 2020). Externalisation of phosphatidylserine
can occur locally at synapses (Scott-Hewitt et al., 2020), where it could act as
an ‘eat-me’ signal for astrocytes through binding of astrocytic MEGF10, MERTK
(Chung et al., 2013) or MFG-E8 (Sokolova et al., 2021). Thus, astrocytes could
engulf tau-containing synapses, leading to increased levels of internalised tau.
Once internalised by astrocytes, tau can either be degraded, released or can
accumulate. In vitro, tau fibrils undergo lysosomal degradation after astrocytic
uptake. In vivo, stimulation of lysosomal biogenesis increased astrocytic tau
uptake and reduced neuronal tau accumulation and spread (Martini-Stoica et al.,
2018). Thus, astrocytes degrade tau but also contribute to propagation of
pathology upon inefficient degradation. Neuronal knock-down of LRP1 reduced
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tau spread through neuronal circuits but increased astrocytic tau levels (Rauch
et al., 2020), suggesting astrocytes internalise extracellular tau no longer taken
up by neurons. Astrocytic tau accumulation might therefore act as a buffer,
clearing pathological tau from the extracellular space until astrocytes become
overloaded. In AD, astrocytes could facilitate tau spread by failing to internalise
and/or degrade pathogenic species. Impaired internalisation could promote
higher levels of extracellular tau and enhanced neuron-to-neuron spread.
Inefficient degradation contributes to spread (Martini-Stoica et al., 2018),
although the mechanism is unknown. Hyperphosphorylated and aggregated tau
is less efficiently degraded by the proteasomal system (Ukmar-Godec et al.,
2020) and AD reactive astrocytes exhibit altered proteasome/lysosome function
(Martini-Stoica et al., 2018; Orre et al., 2013). Astrocytes could accumulate and
actively release seed-competent tau to be taken up by neurons, or other cells,
spreading pathology. In vitro, human astrocytes secrete phospho-tau in
exosomes (Chiarini et al., 2017) and astrocyte-derived exosomes isolated from
patients contain phospho-tau (Goetzl et al., 2016). In vivo, tau species transfer
between astrocytes and neurons (Maté de Gérando et al., 2021), indicating
astrocytes actively contribute to neuronal propagation of tau (Fig.1.11).
Astrocytes may also propagate tau to other astrocytes, exacerbating astrocytic
tau pathology and further spreading neuronal tau pathology (Narasimhan et al.,
2017, 2020). Astrocytic tau accumulation also impacts astrocyte function
(Fleeman and Proctor, 2021), which could further contribute to tau spread.

1.6 – Apolipoprotein E (APOE)

___________________________________________________________________________________________

1.6.1 – Apolipoprotein E and Alzheimer’s disease risk
While no mutations are causative of LOAD, twin studies have suggested genes
account for more than 60% of AD susceptibility (Gatz et al., 2006). Multiple
genetic risk factors have now been identified through large-scale genome-wide
association studies and meta-analyses. The gene encoding Apolipoprotein E
(APOE) has been demonstrated as the major genetic determinant of susceptibility
to LOAD (Fig. 1.12) (Coon et al., 2007), accounting for ~50% of genetic
susceptibility (Ashford and Mortimer, 2002).
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Figure 1.12 – Genetic risk factors for AD. Mutations in APP, PSEN1 and PSEN2 cause
early-onset AD but are rare. Other genetic risk factors confer less risk but are far more
prevalent. APOE4 is the strongest genetic risk factor for late-onset AD, dosedependently increasing risk and lowering the age of disease onset. Colour of the circles
delineate the gene function and AD-related pathology it has been associated with. Area
of the circle indicates the degree of influence within the population. Taken from Robinson
et al.. 2017, reproduced under CC BY-NC 4.0.

The human APOE gene exists as three polymorphic alleles, ε2 (APOE2), ε3
(APOE4) and ε4 (APOE4). Globally, APOE3 is the most common allele, followed
by APOE4, then APOE2, with population frequencies of 78%, 15% and 7%,
respectively (Eisenberg et al., 2010). APOE4 allele frequency decreases with age,
suggestive of survival bias (McKay et al., 2011). APOE4 is overrepresented in AD
populations (Table 1.2), with heterozygosity increasing risk 3-4 times and
homozygosity increasing risk 9-15 times (Fig. 1.12) (Corder et al., 1993; Farrer et
al., 1997; Roses and Saunders, 1994; Saunders et al., 1993). In contrast APOE2
is protective, with one copy reducing AD risk by 40% and homozygous
individuals displaying exceptionally low likelihood of AD (Corder et al., 1994;
Farrer et al., 1997; Reiman et al., 2020). Among those with AD, APOE4 is dosedependently associated with lower age of onset (Table 1.2) (Corder et al., 1993;
Sando et al., 2008). APOE4 may also accelerate rate of cognitive decline (Lim et
al., 2016; Pietrzak et al., 2015), although this remains controversial (Hoyt et al.,
2005; Kleiman et al., 2006) and likely owes to indirect effects on neuropathology
rather than direct effects on cognition (Serrano-Pozo et al., 2015).
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APOE4-related AD risk is also modified by sex, conferring greater risk in females
than males (Altmann et al., 2014; Beydoun et al., 2012; Farrer et al., 1997),
although this may be mediated by age (Neu et al., 2017). APOE4 effects are also
not necessarily consistent across ethnicities. Meta-analysis of the APOE4-AD
association was reported as weaker among African Americans and Hispanics,
but stronger in Japanese populations, while the APOE2 allele was protective
across ethnic groups (Farrer et al., 1997). However, similar APOE4-AD
associations have been reported in African Americans and non-Hispanic whites
(Hendrie et al., 2014; Murrell et al., 2006), although not consistently (Evans et al.,
2003; Logue et al., 2011). Better understanding of APOE effects on AD risk
across ethnic groups is vital, especially considering African Americans and
Hispanics are at higher risk of developing AD than non-Hispanic whites (The
Alzheimer’s Association, 2021). Finally, while APOE4 increases AD risk, it is not
deterministic, with 34-51% of APOE4 carriers surviving to 90 years without
developing AD (Farrer et al., 1995).
Table 1.2 – APOE genotype frequencies, odds ratios and age of onset.
Population frequencies were obtained from a meta-analysis of case-control studies
(ALZGENE, 2010). Odds ratios (ORs) were obtained from neuropathologically confirmed and
unconfirmed AD cases and compared to the ε3/ε3 genotype (Reiman et al., 2020). Mean
age of disease onset by genotype was not available and so is presented by ε4 allelic dose.
Data was obtained from two studies, shown as a range to account for variability (Corder et
al., 1993; Sando et al., 2008).
APOE
genotype

Control
population
frequency

AD
population
frequency

OR for AD
(neuropathologically
confirmed)

OR for AD
(neuropathologically
unconfirmed)

ε2/ε2
ε2/ε3
ε3/ε3
ε2/ε4
ε3/ε4
ε4/ε4

0.007
0.110
0.623
0.019
0.222
0.019

0.003
0.046
0.343
0.026
0.434
0.148

0.13
0.39
2.68
6.13
31.22

0.52
0.63
2.47
3.55
10.70

Mean age
of disease
onset

78.4 - 84
75.3 - 76
68 - 72.9

Although most frequently associated with AD, APOE4 carrier status also
associates with increased risk of Parkinson’s disease dementia , FTD , dementia
with Lewy bodies and other neurological disorders (Belloy et al., 2019), while
APOE2 has been associated with increased risk of PSP and CBD (Zhao et al.,
2018). In older cognitively healthy individuals, APOE4 is associated with subtle
negative effects on cognition (Rawle et al., 2018; Wisdom et al., 2011). APOE
may exert a complex antagonistic pleiotropic effect, whereby APOE4 provides
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cognitive advantage in midlife but is associated with poorer cognition and greater
dementia risk in older age (Gharbi-Meliani et al., 2021).

1.6.2 – Apolipoprotein E structure, function and isoforms
The human APOE gene is located on chromosome 19 and encodes a secreted
glycoprotein, with highest expression in the liver and the CNS (Mahley, 1988).
Peripheral and CNS pools of APOE are largely independent one another (Liu et
al., 2012b). In the CNS, APOE is the most abundant apolipoprotein and is
primarily expressed by astrocytes, but also by microglia, vascular mural cells,
choroid plexus, oligodendrocytes and neurons under stressed conditions
(Boschert et al., 1999; Pitas et al., 1987; Xu et al., 2006; Zhang et al., 2014).
Upon secretion, cholesterol and phospholipids are transferred to APOE
lipoprotein particles through the action of cell surface transporters (Karten et al.,
2006; Wahrle et al., 2004). Lipids can then be delivered to neurons and other
cells through binding of cell-surface APOE receptors (Holtzman et al., 2012).
Thus, APOE acts as a ligand for receptor-mediated endocytosis of lipoprotein
particles in the CNS.
The major APOE receptors in the CNS are members of the low-density
lipoprotein receptor (LDLR) family and include LDLR, LRP1 and very low-density
lipoprotein receptor (VLDLR). APOE also binds APOE receptor 2 (APOER2) and
HSPGs (Holtzman et al., 2012). APOE directly interacts with lipids through its Cterminal lipid-binding region. Upon lipid binding, conformational changes are
predicted to occur that increase the availability of the receptor-binding region in
the N-terminal domain, enabling cellular lipid delivery (Yamazaki et al., 2019).
In the mature CNS, astrocytes are the main source of cholesterol. Neurons
require more cholesterol than they synthesise and, through secretion alongside
APOE, astrocytes supply cholesterol to neurons upon demand (Pfrieger and
Ungerer, 2011). Therefore, astrocytic APOE plays a key role in lipid trafficking
and maintenance of lipid homeostasis within the brain. APOE-containing
lipoproteins from other cellular sources also contribute under varying conditions
(Chen et al., 2019b). To avoid toxic cholesterol overload, APOE-containing
lipoproteins might participate in reverse cholesterol transport (Martins et al.,
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2009), although whether this occurs in the CNS is unclear. Delivery of lipids by
APOE-containing lipoproteins supports synaptogenesis (Huang et al., 2019;
Mauch et al., 2001), synapse maintenance (Masliah et al., 1995), neurite
outgrowth (Fagan and Holtzman, 2000; Handelmann et al., 1992) and
hippocampal neurogenesis (Tensaouti et al., 2018).
APOE-receptor interactions also impact signal transduction. Receptor activation
alters neuronal calcium homeostasis (Qiu et al., 2003; Veinbergs et al., 2002),
kinase activation (Ohkubo et al., 2001; Qiu et al., 2004) and proteostasis (Huang
et al., 2019; Ramakrishna et al., 2020), all crucial for neuronal function. However,
APOE knockout animals and humans with APOE deficiency exhibit no overt
cognitive deficits, although they do develop severe dyslipoproteinemia (Anderson
et al., 1998; Fagan et al., 1998; Lohse et al., 1992). This redundancy owes to the
presence of other apolipoproteins that compensate for loss of APOE (Mahley,
2016). However, subtle cognitive deficits have been observed in APOE knockout animals, particularly in learning and memory, alongside age-dependent
synapse loss, dendritic and synaptic alterations, synaptic plasticity deficits and
cholinergic dysfunction (Grootendorst et al., 2001, 2004; Lane-Donovan et al.,
2016; Masliah et al., 1995; Trommer et al., 2004; Veinbergs et al., 1999). Thus,
APOE has been implicated in synaptic functioning. Moreover, APOE has a
significant immunomodulatory role (Shi and Holtzman, 2018).
The human APOE gene contains several SNPs (Nickerson et al., 2000) but the
three most common result in the aforementioned isoforms: APOE2, APOE3 and
APOE4. While only differing by one or two amino acids (Table 1.3), structure and
function is altered. Mice expressing human APOE show a genotype-dependent
decrease in brain APOE protein levels, such that those expressing APOE4 have
the lowest levels (E2 > E3 > E4) (Riddell et al., 2008; Sullivan et al., 2011). This
was also true for APOE levels in CSF (Bales et al., 2009; Riddell et al., 2008) and
brain interstitial fluid (Ulrich et al., 2013). In humans, APOE genotype is
associated with brain and CSF APOE levels in a similar manner (E2 > E3 > E4)
(Castellano et al., 2011; Conejero-Goldberg et al., 2014; Cruchaga et al., 2012),
although other studies found CSF levels to be similar across genotypes
(Martínez-Morillo et al., 2014; Rezeli et al., 2015). In post-mortem human brain,
APOE4 carriers have lower APOE protein levels (Beffert et al., 1999; Bertrand et
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al., 1995; Sullivan et al., 2011), although expression may be increased relative to
other isoforms (Bray et al., 2004). Consequently, insufficient levels of functional
APOE may contribute to APOE4-related AD risk.
Table 1.3 – Amino acid (aa.) substitutions in APOE isoforms

APOE isoform
APOE2
APOE3
APOE4

aa. 112
Cysteine
Cysteine
Arginine

aa. 158
Cysteine
Arginine
Arginine

APOE isoforms also have different levels of lipidation. APOE4 preferentially binds
VLDLs, whereas APOE3 and APOE2 preferentially bind high-density lipoproteins
(HDLs) (Hatters et al., 2006). In human CSF, APOE4 carriers had smaller APOEcontaining lipoprotein particles compared to non-carriers (Heinsinger et al.,
2016), while in mice and iPSC-derived astrocytes, APOE4 and APOE2
expression promoted development of poorly- and highly-lipidated APOE
particles, respectively (Hu et al., 2015; Zhao et al., 2017). Poor APOE lipidation
is proposed to reduce access to the receptor-binding domain, impacting
receptor-binding interactions and lipid delivery (Chen et al., 2011). APOE4 is also
less effective at inducing lipid efflux from astrocytes and neurons than other
isoforms (Gong et al., 2002; Michikawa et al., 2000; Minagawa et al., 2009).
Further, newly synthesised astrocytic APOE4 is degraded at a faster rate than
APOE3 (Riddell et al., 2008), together suggesting APOE4 is less efficient in
maintaining lipid availability in the CNS.
APOE isoforms also influence receptor binding. For example, APOE2 binding to
LDLR is weaker than APOE3, whereas APOE4 is strongest (Mamotte et al., 1999;
Weisgraber et al., 1982). A recently identified APOE mutation (APOEch) delayed
the onset of autosomal-dominant AD. This mutation strongly decreased LDLR
binding (Arboleda-Velasquez et al., 2019), suggesting reduced APOE binding to
LDLR may be protective. Indeed, reduced binding, like that of APOE2, is
associated with increased protein levels of APOE in the CNS (Fryer et al., 2005).
LRP1 and APOER2 and downstream cascades are also differentially affected by
APOE3 and APOE4 (Chen et al., 2010; Hayashi et al., 2007; Huang et al., 2019).
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Some of the effects attributed to APOE4 may owe to structural features
differentiating it from APOE2 and APOE3 (Fig. 1.13). APOE4 preferentially adopts
a ‘molten globule’ that destabilises protein conformation (Morrow et al., 2002).
Further, APOE4 exhibits a unique salt bridge interaction between the N- and Cterminal domains, termed domain interaction (Dong et al., 1994; Hatters et al.,
2006). This interaction contributes to APOE4 preferentially binding hypolipidated
lipoprotein particles and to lower APOE levels in the mouse brain (Raffai et al.,
2001; Ramaswamy et al., 2005). APOE4 domain interaction also contributes to
reduced lipid efflux and APOE secretion in APOE4 astrocytes (Minagawa et al.,
2009; Zhong et al., 2008).

Figure 1.13 – APOE isoform structure. APOE is a secreted protein with N- and Cterminal domains, linked by a hinge region. The N-terminal contains the receptor binding
domain (green) and the C-terminal contains the lipid binding domain (pink). Isoforms
differ by one or two amino acids at positions 112 and 158. Cysteine at amino acid 158
(C158) in APOE2 reduces receptor binding capacity. In APOE4, arginine at amino acid
112 (R112; blue) changes protein conformation, exposing arginine at amino acid 61
(R61). This enables formation of a salt bridge interaction between R61 and cysteine at
amino acid 255 (C255; orange dotted line). This N- and C-terminal domain interaction is
thought to serve as the biophysical basis for functional differences in APOE4 compared
to other isoforms. This includes preference for very low-density lipoproteins (VLDLs) over
high density lipoproteins (HDLs). Cysteine at amino acid 112 (C112) in APOE2 and
APOE3 prevents exposure of R61 and domain interaction. Created with BioRender.com

1.6.3 – Apolipoprotein E and Aβ
APOE genotype has long been linked to Aβ pathology in AD. In post-mortem AD
brain, APOE4 carriers exhibit greater intraneuronal Aβ accumulation (Christensen
et al., 2010), plaque deposition (Serrano-Pozo et al., 2015), Aβ oligomer load
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(Hashimoto et al., 2012; Koffie et al., 2012) and worsened vascular Aβ pathology
(Rannikmäe et al., 2014). Conversely, APOE2 is associated with fewer plaques
(Reiman et al., 2020; Serrano-Pozo et al., 2015), but greater vascular Aβ
pathology and increased risk of haemorrhage (Nelson et al., 2013; Nicoll et al.,
1997). APOE4 is also associated with greater Aβ deposition in cognitively healthy
individuals (Kok et al., 2009), while APOE2 is associated with reduced pathology
(Jansen et al., 2015). These findings have been confirmed using CSF and PET
measures in living individuals (Jansen et al., 2015; Mishra et al., 2018). The
detrimental effect of APOE4 outweighs the protective effect of APOE2, with
APOE2/4 individuals having comparable levels of Aβ pathology to APOE3/4
individuals, but greater burden than APOE3/3 individuals (Jansen et al., 2015).
How APOE isoforms influence Aβ pathology has been the subject of much work.
APOE/Aβ complexes form major components of Aβ deposits in the AD brain
(Näslund et al., 1995). Early in vitro studies found that APOE accelerated Aβ
fibrillogenesis and that APOE4 was more efficient than APOE3 (Castano et al.,
1995). In animal models, APOE was suggested to be crucial for Aβ fibrillogenesis
and plaque deposition/maturation, with APOE4 promoting this more effectively
(Bales et al., 1997, 2009; Irizarry et al., 2000). While studies have provided
support (Cerf et al., 2011; Hashimoto et al., 2012; Hudry et al., 2013), others
have been contradictory (Naiki et al., 1997; Wood et al., 1996). APOE4 also
promotes production of the more toxic oAβ (Hashimoto et al., 2012; Hudry et al.,
2013; Koffie et al., 2012). More recently, a crucial role for APOE in the initial
seeding or nucleation stage of Aβ deposition, but not in the plaque growth phase,
has been shown. Compared to APOE3, APOE4 promoted fibrillogenesis by
accelerating initial seeding of Aβ peptides (Liu et al., 2017a). In contrast, in vivo
treatment with an anti-APOE antibody prevented new plaque formation, but also
limited growth and occasionally cleared plaques (Liao et al., 2014), suggesting
APOE continues to play a role in Aβ pathology after plaque onset.
APOE might also alter Aβ production although this is not clear. In culture, APOE4
modulated APP processing and transcription, leading to greater Aβ production
(Hopkins et al., 2011; Huang et al., 2017; Ye et al., 2005). In vivo however, APP
expression was similar in mice expressing human APOE4 and APOE3 (Nuriel et
al., 2017) and isoform-dependent differences in APP amyloidogenic processing
products were not observed (Castellano et al., 2011).
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APOE4 confers a large portion of AD risk through deficient Aβ clearance from the
brain. Clearance of Aβ from interstitial fluid is APOE isoform-dependent, whereby
APOE4 is less efficient than other isoforms (Castellano et al., 2011). A major
pathway of Aβ clearance is through the BBB. Due to altered receptor binding,
APOE4-Aβ complexes are cleared at a slower rate than Aβ bound to APOE2 or
APOE3 (Deane et al., 2008). Further, APOE4 is less effective at promoting Aβ
transport across vessels (Robert et al., 2017) and pericytes show impaired Aβ
clearance in the presence astrocytic APOE4 vs. APOE3 (Ma et al., 2018). Glia
also clear Aβ, either by Aβ uptake and/or degradation through release of
proteases (Jiang et al., 2008; Wyss-Coray et al., 2003). Astrocytic internalisation
of Aβ is dependent on APOE and LRP1 (Koistinaho et al., 2004), although APOEindependent pathways have been identified (Basak et al., 2012). APOE4
astrocytes show impaired Aβ internalisation and autophagy compared to those
expressing APOE3 (Lin et al., 2018; Simonovitch et al., 2016), potentially owing
to reduced LRP1 expression (Prasad and Rao, 2018). Recent work suggested
APOE-Aβ interactions might be minimal. Instead, APOE might compete with Aβ
for receptor-mediated astrocytic uptake (Verghese et al., 2013), with APOE
isoforms exhibiting different competitive binding efficiencies. Microglial Aβ
processing is also mediated by APOE. APOE4 was less effective at facilitating
neprilysin-mediated degradation than other isoforms (Jiang et al., 2008) and
clearance of extracellular Aβ was impaired in iPSC-derived microglia expressing
APOE4 vs. APOE3 (Lin et al., 2018).

1.6.4 – Apolipoprotein E and tau
In post-mortem AD brain, the association between APOE genotype and tau
pathology is less clear. APOE4 has been associated with increased NFT burden
(Kumar et al., 2015; Nagy et al., 1995), although this may be dependent on gene
dose (Sabbagh et al., 2013; Tiraboschi et al., 2004) and

concomitant Aβ

pathology (Farfel et al., 2016). Younger individuals who reached Braak stage I
were more likely to be APOE4 carriers than those without tau pathology
(Ghebremedhin et al., 1998), while female APOE4 carriers met criteria for Braak
stage II and III 3 years earlier than non-carriers (Corder et al., 2004), suggesting
APOE4 and female sex accelerates tau pathology. In imaging studies, sex
modulated the APOE4 effect on tau deposition, with females being more
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susceptible (Liu et al., 2019; Ramanan et al., 2019; Smith et al., 2020). APOE2
has also been associated with reduced tau burden (Nagy et al., 1995; SerranoPozo et al., 2015). This may occur independent of Aβ (Reiman et al., 2020),
although others found this to be partially mediated by APOE2 effects on Aβ
pathology (Farfel et al., 2016; Goldberg et al., 2020). The detrimental effect of
APOE4 on tau appears to outweigh the protective effect of APOE2 (Goldberg et
al., 2020). However, some studies observed no association between APOE
genotype and tau burden (Landén et al., 1996; Morris et al., 2010).
In living individuals, CSF tau levels were increased in APOE4 carriers, particularly
in females (Altmann et al., 2014; Liu et al., 2019) and those with Aβ pathology
(Buckley et al., 2019a; Hohman et al., 2018). Other studies failed to find
associations between APOE genotype and CSF tau levels (Lautner et al., 2014).
APOE2 carrier status was associated with reduced phospho-tau levels in CSF in
cognitively healthy individuals (Chiang et al., 2010; Conejero-Goldberg et al.,
2014), although others failed to find such an association (Morris et al., 2010).
Using Tau-PET, APOE4 carrier status was associated with increased tau load in
the EC, hippocampus and other brain regions, independent of Aβ load (Baek et
al., 2020; Ossenkoppele et al., 2016; Therriault et al., 2020; Weigand et al.,
2021), while others found these associations to be mediated by Aβ burden
(Ramanan et al., 2019; Smith et al., 2020) and female sex (Liu et al., 2019; Smith
et al., 2020; Yan et al., 2020). In cognitively healthy individuals, APOE4 was
associated with increased tau burden cross-sectionally and longitudinally, while
APOE2 carrier status showed no association (Salvadó et al., 2021).
APOE4 may influence the topography of tau pathology, with APOE4 carriers
exhibiting greater tau load in the EC but reduced load in other cortical regions
(Mattsson et al., 2018; Whitwell et al., 2018). Indeed, a recent meta-analysis
found APOE4 to confer specific phenotypic heterogeneity in AD pathology, with
carriers exhibiting greater tau load in medial temporal lobe and non-carriers
exhibiting greater tau accumulation in frontal and parietal lobes (Emrani et al.,
2020). A recent case study described the protective effect of APOEch against an
autosomal dominant form of AD, with the patient developing MCI 30 years after
the expected age of onset. Although the individual had unusually high Aβ levels,
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tau deposition and neurodegeneration were limited, potentially indicating APOE
can mediate tau pathology (Arboleda-Velasquez et al., 2019).
To better understand the relationship between APOE genotype and tau model
systems have been used. Early in vitro work found human APOE3, but not
APOE4, to bind tau, potentially serving as a protective mechanism to sequester
tau and prevent pathological PTMs (Fleming et al., 1996; Strittmatter et al., 1994).
Indeed, mice expressing human APOE4 exhibited greater levels of tau
phosphorylation than other isoforms (Brecht et al., 2004; Harris et al., 2004a;
Liraz et al., 2013; Tesseur et al., 2000; Zhou et al., 2016), a finding replicated in
human iPSCs (Lin et al., 2018; Wang et al., 2018). APOE4 may promote
hyperphosphorylation through induction of glycogen synthase kinase-3β, a
kinase responsible for tau phosphorylation at multiple sites (Hanger et al., 1992;
He et al., 2016), and/or through the calpain-CDK5 signalling pathway (Zhou et
al., 2016). However, APOE2 also increased tau phosphorylation in mice (Zhao et
al., 2018). APOE4 also induces other PTMs, such as acetylation (Campagna et
al., 2018; Theendakara et al., 2013).
The cellular source of APOE can mediate its effects on tau pathology. Under
stressed conditions, neuronal APOE expression is increased (Boschert et al.,
1999; Harris et al., 2004b; Xu et al., 2006). Neuronal, but not astrocytic,
expression of APOE4 increased tau phosphorylation and release of phospho-tau
into the extracellular space (Brecht et al., 2004; Tesseur et al., 2000; Wadhwani
et al., 2019). However, astrocytic APOE4 overexpression is also sufficient to drive
pathological changes in tau (Jablonski et al., 2021). APOE4 is more susceptible
to proteolysis than other isoforms, leading to the generation of more APOE
fragments in AD brain (Harris et al., 2003; Huang et al., 2001; Wang et al., 2018).
In vitro and in vivo, APOE4 fragments increased tau phosphorylation, bound
phospho-tau and induced the formation of NFT-like inclusions (Brecht et al.,
2004; Huang et al., 2001) and neurodegeneration (Andrews-Zwilling et al., 2010;
Harris et al., 2003).
An APOE isoform-dependent effect on tau-mediated neurodegeneration was
demonstrated in tau transgenic mice (P301S) crossed to APOE-targeted
replacement (-TR) mice, which express human APOE isoforms under the control
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of the endogenous Apoe promoter. APOE4-TR mice had worsened brain
atrophy, increased levels of tau and greater redistribution of tau to the
somatodendritic compartment, indicative of APOE4 exacerbating tau pathology
(Shi et al., 2017b). Reducing APOE4 protein levels in the same model protected
against tau pathology and associated neurodegeneration (Litvinchuk et al.,
2021). In the locus coeruleus, APOE4 exacerbated tau-mediated neurotoxicity
by

selectively

binding

vesicular

monoamine

transporter

2,

inhibiting

neurotransmitter uptake and inducing tau cleavage, while APOE3 bound tau
protecting it from cleavage (Kang et al., 2021). By contrast, upon viral expression
of mutant human tau (P301L) in the brain of APOE-TR mice, those expressing
APOE2 had more severe tau pathology, as shown by increased phospho-tau
levels and NFT burden, and compromised synaptic function compared to other
isoforms (Zhao et al., 2018). In a further study, virally mediated neuronal APOE4
expression in two tau transgenic mouse models (rTg4510 and PS19) had no
appreciable effect on phospho-tau levels, NFTs or neurodegeneration (Koller et
al., 2020). In contrast, virally mediated astrocytic APOE4 expression in tau
transgenic mice (P301L) increased levels of phospho-tau, while astrocytic
APOE4 increased oligomerisation of tau in culture (Jablonski et al., 2021). In
support of this, selective removal of astrocytic APOE4 protected against
tauopathy and tau-mediated neurodegeneration (Wang et al., 2021). These
seemingly contradictory results likely stem from differences in experimental
models and outcome measures used, but highlight uncertainties surrounding the
role of APOE in tau pathology and degeneration.

1.6.5 – Apolipoprotein E and tau spread
While pathological tau has been observed at synapses in human AD brain, it is
unclear whether synaptic localisation, a prerequisite for trans-synaptic spread, is
impacted by APOE genotype. Further, the effect of APOE genotype on tau
spread has not been tested in vivo. Indirect evidence suggests APOE genotype
might influence tau spread. APOE4 carriers progress to intermediate Braak
stages at earlier age than non-carriers (Corder et al., 2004) and those reaching
early Braak stage are more likely to carry APOE4 (Ghebremedhin et al., 1998),
suggestive of APOE4 worsening tau spread in human brain. Tau pathology in
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APOE4-TR mice was also more extensively distributed through the hippocampus
(Shi et al., 2017b), hinting that APOE4 might accelerate tau spread.
Mechanistically, APOE4 reduces sirtuin-1 levels (Theendakara et al., 2013) and
restoration can attenuate tau propagation in mice (Min et al., 2018), indicating
how APOE4 might exacerbate tau propagation. Moreover, APOE4 increases
GSK-3β levels and downstream signalling cascades (He et al., 2016). Isoformspecific reduction of GSK-3β impedes trans-cellular spread of tau in vivo and in
vitro (Amaral et al., 2021), highlighting a further potential mechanism. HSPGs
have also been suggested to promote neuronal uptake and spread of tau, and
APOE binding may be necessary for some of these effects (Holmes et al., 2013;
Rauch et al., 2018). LRP1, a major APOE receptor, was identified as a master
regulator of tau uptake and spread in neurons. In vitro, APOE reduced LRP1mediated internalisation of full-length tau, although no isoform-specific effects
were seen (Rauch et al., 2020). However, due to having the lowest levels of
circulating protein, APOE4 may be least effective at inhibiting tau-LRP1
interactions and suppressing tau spread (Rauch et al., 2020). Some indirect
support for this derives from the case report of an individual with the APOEch
variant, who had minimal cognitive decline and reduced tau burden despite
having autosomal dominant AD. This APOE mutation reduced the ability of APOE
to bind heparin and thereby HSPGs (Arboleda-Velasquez et al., 2019). APOELRP1 and APOE-heparin binding are mediated by the same APOE domain. Thus,
APOE isoforms may differentially regulate tau uptake and spread through the
isoform-specific ability of APOE to bind lipoprotein receptors, like LRP1 and
HSPGs (Jablonski et al., 2021). Indeed, LRP1 and tau polymorphisms are
associated with increased AD risk in an APOE-independent manner (VázquezHiguera et al., 2009). This requires further investigation.

1.6.6 – Apolipoprotein E and neuroinflammation
APOE has an important immunomodulatory role in the CNS. Neuroinflammation
plays a key role in AD, facilitating or exacerbating Aβ and tau pathologies,
alongside many other effects. While microglia and astrocytes are the main cellular
modulators of inflammation, becoming activated and secreting increased levels
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of neurotoxic molecules and pro-inflammatory cytokines, they are also prominent
sources of APOE. APOE isoforms differentially regulate multiple facets of the
immune response in AD, including release of inflammatory mediators and glial
cell reactivity (Gale et al., 2014; Keene et al., 2011).
In post-mortem AD brain, reactive gliosis is a hallmark, particularly near Aβ
plaques. While some identified increased gliosis in APOE4 carriers (Egensperger
et al., 1998; Minett et al., 2016; Overmyer et al., 1999), others failed to find
associations (Serrano-Pozo et al., 2011a, 2013b) or reported APOE4 reduced
gliosis (Mathur et al., 2015). In animal models, APOE4 increased astrogliosis in
response to tauopathy (Litvinchuk et al., 2021; Shi et al., 2017b) and Aβ
pathology (Belinson and Michaelson, 2009; Liu et al., 2017a; Rodriguez et al.,
2014). Thus, APOE effects on glial reactivity could occur in early-stage disease.
Indeed, increased astrogliosis is observed in cognitively healthy APOE4 carriers
compared to non-carriers (Overmyer et al., 1999).
Early in vitro work suggested APOE suppressed glial activation, hinting at an antiinflammatory role, with APOE4 less able to inhibit inflammation (Laskowitz et al.,
1997, 1998). Microglia from APOE4-TR mice produced more nitric oxide and
pro-inflammatory cytokines than those from APOE3-TR mice, potentially due to
relative amounts of APOE (Lynch et al., 2003; Vitek et al., 2009). APOE knockout
animals exhibited greater pro-inflammatory phenotypes in response to
lipopolysaccharide and Aβ (LaDu et al., 2001; Laskowitz et al., 2000; Lynch et
al., 2001) and exogenous APOE or APOE-mimetics reduced neuroinflammation
in AD models and mice subject to an inflammatory stimulus, alongside reducing
pathology (Krishnamurthy et al., 2020; Lynch et al., 2003; Vitek et al., 2012). In
a different AD model however, APOE was pro-inflammatory, increasing gliosis
and plaque deposition (Qiao et al., 2001). More recently, APOE was shown to
attenuate unresolvable inflammation through binding C1q and inhibiting the
classical complement cascade (Yin et al., 2019).
In AD models, microglia adopt a neurodegenerative phenotype characterised by
a conserved transcriptional signature, referred to as disease-associated
microglia (DAM) (Keren-Shaul et al., 2017; Krasemann et al., 2017; Srinivasan et
al., 2020). In DAM from AD mouse models and human brain, APOE is highly
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upregulated (Keren-Shaul et al., 2017; Olah et al., 2020; Zhou et al., 2020).
Removal of APOE reverted this transcriptional signature (Krasemann et al., 2017),
while microglial treatment with APOE suppressed homeostatic signatures and
induced a neurodegenerative phenotype (Butovsky et al., 2015), highlighting
APOE in regulating DAM phenotypes. The APOE-dependent gene-expression
signature of DAM is mediated by binding of TREM2 (triggering receptor
expressed on myeloid cells 2), a microglial cell-surface receptor (Krasemann et
al., 2017; Zhou et al., 2020). APOE isoforms differentially regulate microglial
function in AD. For example, iPSC-derived APOE4 microglia exhibit altered
morphology and reduced phagocytic capacity for Aβ compared to APOE3
microglia (Lin et al., 2018), while APOE4 exacerbates microglial reactivity and
pro-inflammatory phenotype in Aβ and tau pathology models (Rodriguez et al.,
2014; Shi et al., 2017b; Ulrich et al., 2018).
APOE also directly influences the neuroinflammatory phenotype of astrocytes
and is downregulated in astrocytes from human AD brain (Lau et al., 2020). iPSCderived APOE4 astrocytes less efficiently phagocytosed Aβ (Lin et al., 2018),
exhibited higher expression of inflammation-related genes, adopted a proinflammatory phenotype and secreted higher levels of pro-inflammatory
molecules compared to APOE3 astrocytes (Arnaud et al., 2021; Tcw et al.,
2019). In mice, APOE4 astrocytes show exacerbated inflammatory responses to
Aβ (Dorey et al., 2017) and removal of astrocytic APOE4 shifted astrocytes to a
more homeostatic gene signature (Wang et al., 2021). In contrast, APOE2
astrocytes released more pro-inflammatory cytokines upon activation with LPS
(Maezawa et al., 2006), potentially indicating response depends on the stimulus
(i.e., acute vs. chronic). In animal models, APOE4 increases astrocyte reactivity
in response to Aβ and tau pathology (Belinson and Michaelson, 2009; Rodriguez
et al., 2014; Shi et al., 2017b). Further, in non-Hispanic white individuals, APOE4
is associated with neurotoxic reactive astrocytes (Celis et al., 2020),
characterised by the ‘A1’ gene signature (Liddelow et al., 2017).
While APOE may directly regulate astrocyte inflammatory profile, it is important
to consider the extensive crosstalk between astrocytes and microglia (Matejuk
and Ransohoff, 2020). For example, upon exposure to Aβ astrocytes secrete
complement factor C3, activating microglia (Lian et al., 2016). Alternatively,
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microglia can induce neurotoxic ‘A1’ astrocytes, known to be present in the AD
brain (Liddelow et al., 2017). Thus, distinct APOE effects on microglia and
astrocytes have capacity to affect the other cell type. APOE4 modulates
astrocytic secretion of CCL3, a microglia chemotactic agent (Cudaback et al.,
2015), while removal of astrocytic APOE4 decreased DAM signatures in microglia
(Wang et al., 2021). APOE4-induced inflammatory phenotypes in microglia can
also drive reactivity in astrocytes (Liddelow et al., 2017) and blocking this may be
neuroprotective (Park et al., 2021).
A more detailed discussion of APOE effects on neuroinflammation can be found
in Chapter 2.

1.6.7 – Apolipoprotein E and neurodegeneration
Neuron and synapse loss are core AD features, with synapse loss the closest
correlate of cognitive decline (DeKosky and Scheff, 1990; Terry et al., 1991). In
AD brain, APOE4 is generally associated with greater medial temporal lobe
atrophy (Tzioras et al., 2019a). APOE4 also associates with greater atrophy rate
in MCI, AD and cognitively healthy individuals, even in middle age (Abushakra et
al., 2020; Cacciaglia et al., 2018; Kelly et al., 2018; Okonkwo et al., 2010).
APOE2 also associates with reduced and slower atrophy in the elderly (Chiang
et al., 2010). APOE isoform-specific effects on neuron loss are somewhat
conflicting in human AD brain, with some studies finding APOE4 to exacerbate
neuron loss in specific areas, but not in others (Tzioras et al., 2019a).
In animal models, APOE4 worsened neurodegeneration independently of ADrelated pathology (Buttini et al., 2000, 2010) and impaired adult hippocampal
neurogenesis in mice, relative to APOE3 (Tensaouti et al., 2018). More recently,
APOE4 exacerbated neurodegeneration and Aβ and tau production in AD iPSCderived cerebral organoids, with conversion to APOE3 attenuating this (Zhao et
al., 2020b). Indeed, APOE4 exacerbated Aβ- and tau-mediated degeneration in
vivo (Belinson et al., 2008; Sae-Lee et al., 2020; Shi et al., 2017b), with APOE
removal being neuroprotective (Shi et al., 2017b).
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APOE also contributes to synapse dysfunction and loss. Evidence from human
brain for isoform-specific effects on regional synapse loss is somewhat
inconclusive (Tzioras et al., 2019a). However, synaptic proteins were decreased
in the brains of APOE4 carriers and increased in APOE2 carriers (Love et al.,
2006), while dendritic density, plasticity and glutamate receptor number were
also reduced in AD APOE4 brain (Arendt et al., 1997; Ji et al., 2003; Sweet et
al., 2016). APOE4 also associated with greater peri-plaque synapse loss, both in
AD brain and mouse models, likely through increased synaptic localisation of Aβ
oligomers (Hudry et al., 2013; Koffie et al., 2012). Compared to APOE3-TR mice,
those expressing APOE4 exhibit reduced synaptic proteins, dendritic spine
density and length and impaired synaptic transmission in the absence of AD
pathology, which was attenuated by APOE2 expression (Klein et al., 2010; Liraz
et al., 2013; Yong et al., 2014). Conversely, although APOE4 impaired learning
and memory compared to APOE2-TR mice, both exhibited similar levels of ageassociated synapse loss (Shinohara et al., 2016). In vitro, APOE4 iPSC-derived
neurons had increased synapse density relative to those expressing APOE3. This
might represent APOE4-related disruptions to synapse formation and/or early
neuronal maturation, which could be a common phenotype in AD (Lin et al.,
2018). Conversely, APOE4 exacerbated synapse loss in AD patient iPSC-derived
cerebral organoids (Zhao et al., 2020b), which may better model the AD brain.
Astrocyte-derived APOE4 impaired synaptic transmission ex vivo by selectively
reducing APOE and glutamate receptor recycling (Chen et al., 2010).
Consequently, APOE4 was suggested to impair synaptic plasticity, although in
vivo studies have indicated that LTP may be altered in both APOE4- and APOE2TR mice (Kitamura et al., 2004; Korwek et al., 2009; Trommer et al., 2004).
With recent evidence showing glia contribute to synapse loss in AD, APOE may
also influence neurodegeneration through its neuromodulatory role. In vitro,
iPSC-derived APOE4 astrocytes were less effective than APOE3 astrocytes at
supporting synaptogenesis, synaptic integrity and overall neuronal health (Zhao
et al., 2017). In the developing mouse brain, APOE controls astrocytic synapse
pruning rate in an isoform-dependent manner, with APOE2 enhancing and
APOE4 decreasing phagocytotic capacity (Chung et al., 2016). It is unclear
whether this is also true of the aging brain, where C1q accumulate isoformdependently, with greater levels observed in APOE4-TR mice (Chung et al.,
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2016). APOE4 might reduce astrocytic phagocytosis, enabling greater synaptic
C1q accumulation and subsequent microglia-mediated synapse engulfment in
AD. Removal of astrocytic APOE4 protects against synaptic phagocytosis by
microglia (Wang et al., 2021), lending support. However, astrocytes also bind
C1q (Iram et al., 2016b), which is increased under APOE4 conditions and may
contribute to aberrant synapse removal in AD. In a mouse model of tauopathy,
APOE4-mediated neurodegeneration was driven by microglia (Shi et al., 2019).
However, in human post-mortem AD brain, APOE genotype did not influence
microglial internalisation of synaptic material (Tzioras et al., 2019b). It remains
unclear whether this is also true of astrocytes in AD brain.
A more detailed discussion of APOE effects on neurodegeneration can be found
in Chapter 2.

1.6.8 – Apolipoprotein E, astrocytes and tau spread
Both microglia and astrocytes have been implicated in spread of tau through the
AD brain (Asai et al., 2015; de Calignon et al., 2012; Martini-Stoica et al., 2018).
Considering APOE isoform-dependently modulates glial cell function, APOE
genotype could influence glia-mediated tau spread. Indeed, APOE modulates
microglial and astrocytic response to amyloid pathology (Prasad and Rao, 2018;
Ulrich et al., 2018) and astrocytic APOE4 exacerbates tau-mediated
degeneration, mediated by microglia (Shi et al., 2017b, 2019; Wang et al., 2021).
APOE may also modulate astrocytic internalisation of tau. APOE4 astrocytes
have reduced phagocytic capacity for synapses and Aβ (Chung et al., 2016; Lin
et al., 2018; Prasad and Rao, 2018). This may owe to altered expression of
LRP1, a receptor Aβ, APOE and regulator of tau spread in neurons (Liu et al.,
2017b; Prasad and Rao, 2018; Rauch et al., 2020). Reduced tau uptake by
APOE4 astrocytes may represent a clearance deficit, increasing extracellular tau
levels and enabling more to spread between neurons. In culture, inhibition of
HSPGs reversed the APOE4-induced neuronal accumulation of tau oligomers,
indicating HSPGs mediate APOE4-related increases in neuronal tau (Jablonski et
al., 2021). Whether this is also true for astrocytes remains to be seen, although
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HSPGs are abundantly expressed on astrocytes and facilitate tau uptake (Farhy
Tselnicker et al., 2014; Martini-Stoica et al., 2018). APOE genotype influences
integrin expression in AD post-mortem brain (Conejero-Goldberg et al., 2014),
with the integrin αV/β1 receptor shown to mediate astrocytic tau uptake in vitro
(Wang and Ye, 2021). APOE genotype could also modulate tau internalisation in
conjunction with synapses. For example, increased synaptic C1q under APOE4
conditions (Chung et al., 2016) might increase astrocytic phagocytosis of taucontaining synapses (Iram et al., 2016b) and transference of tau inclusions to
astrocytes. APOE2, but not APOE3 or APOE4, protected cells from Aβ toxicity
by binding phosphatidylserine (Lee et al., 2002). Isoform-specific interactions
could modulate phosphatidylserine-dependent phagocytosis of tau-containing
synapses (Chung et al., 2013). Whether APOE genotype influences astrocytic
internalisation of synapses and tau remains to be investigated in human brain.
In mice, enhancement of autophagy in astrocytes reduced tau spread (MartiniStoica et al., 2018), suggesting astrocytic tau degradation slows tau spread.
Indeed, APOE is crucial for astrocytic degradation of Aβ (Koistinaho et al., 2004).
APOE4 astrocytes display impaired abilities to clear Aβ (Prasad and Rao, 2018;
Simonovitch et al., 2016) and show endosomal trafficking defects and lysosomal
dysfunction (Larramona-Arcas et al., 2020; Narayan et al., 2020). Further, APOE4
AD brains show reduced expression of autophagy genes (Parcon et al., 2018).
Inefficient tau clearance in APOE4 astrocytes likely leads to tau accumulation.
This can induce astrocyte dysfunction and loss (Fleeman and Proctor, 2021;
Maté de Gérando et al., 2021; Richetin et al., 2020), disrupting synaptic and
overall brain homeostasis, which may further facilitate tau spread. Astrocytes
might also release seed-competent tau into the extracellular space to be taken
up by neurons, propagating pathology (Chiarini et al., 2017; Goetzl et al., 2016;
Maté de Gérando et al., 2021). APOE4 compromised exosome production in
mice (Peng et al., 2019), with exosomes involved in microglia-mediated tau
spread (Asai et al., 2015). Thus, APOE may influence tau release from glia.
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1.7 – Summary

___________________________________________________________________________________________

The AD brain is characterised by numerous pathological features, including the
accumulation and aggregation of pathological proteins, widespread synapse and
neuron loss, and significant neuroinflammation. Pathological tau spreads through
the AD brain in a spatiotemporally defined manner, with experimental models
suggesting this occurs, in part, via synaptic connections. Spread of tau through
the AD brain is more closely related to synapse loss and clinical impairment than
Aβ pathology, highlighting tau as a potential effector of synapse and neuron
degeneration. Recently, model systems have implicated glia in AD-related
synapse loss and propagation of pathological tau, although the extent to which
this occurs in human brain remains unknown. APOE, in particular the APOE4
allele, is the strongest known genetic risk factor for the development of late-onset
AD. It is well-established that possession of an APOE4 allele exacerbates Aβ
pathology. However, an isoform-specific role for APOE in synapse loss and/or
the development and spread of tau pathology is less clear. In the CNS, APOE is
primarily produced by astrocytes and exerts isoform-specific effects on
neuroinflammatory responses. Considering astrocytes interact with pathological
tau and synapses, APOE isoforms may differentially contribute to synapse loss
and spread of pathological tau through the AD brain through its effects on glia.
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1.8 – Knowledge gaps

___________________________________________________________________________________________

Support for the trans-synaptic hypothesis of tau spread is abundant in model
systems. In humans it is less clear, with imaging studies providing valuable but
indirect evidence. Biochemical isolation of synapses from human post-mortem
tissue has identified tau at synapses, suggesting tau is localised for transsynaptic spread. However, it is unclear how reflective this is of the human brain
in situ. Analysis of post-mortem tissue with array tomography can overcome this,
enabling investigation of millions of synapses, without a need for biochemical
isolation. Further, it remains unclear whether APOE genotype influences synaptic
localisation of tau, and thus potentially spread, in human brain.
APOE genotype effects on tauopathy and tau-mediated neurodegeneration have
increasingly been examined in vivo, with contradictory findings reported.
However, no studies have directly assessed the effect of APOE on tau
propagation. This is important as spread of tau pathology correlates with
synapse loss and cognitive decline in AD, and these factors appear somewhat
aggravated in APOE4 carriers.
Much work is now focused on glial contributions to AD pathogenesis. Microglia
have largely been implicated in AD-related synapse loss and tau propagation,
with less focus on how astrocytes contribute. Recently, microglia were shown to
internalise synapses in AD brain, but evidence for or against this in astrocytes is
lacking. Moreover, the contribution of astrocytes to internalisation of tau, and
possibly tau spread, and the effect of APOE genotype on this in human brain has
not been investigated.
Elucidating links between risk factors and AD pathogenesis might open new lines
of enquiry for therapeutic targeting. With recent suggestions that targeting of tau
and/or APOE may prove viable therapeutic strategies (Williams 2020, Congdon
2018), it is vital that we better understand how each contributes to AD
pathogenesis, both in model systems and in the human brain.

60

1.9 – Thesis aims

___________________________________________________________________________________________

Following on from the knowledge gaps identified above, the overall aims of this
thesis are as follows:
1) Systematically review all available literature pertaining to the role of APOE
genotype in neurodegeneration, neuroinflammation and the spread of
pathological proteins in AD.
2) Characterise the effect of AD and APOE genotype on synapse
degeneration and synaptic localisation of tau in human post-mortem
tissue, using array tomography.
3) Establish whether there is evidence for trans-synaptic spread of tau in
post-mortem human brain and assess whether this is influenced by AD
and APOE genotype, using array tomography.
4) Establish whether synapses and pathological tau are internalised by
astrocytes in human post-mortem brain and investigate the effect of AD
and APOE genotype.
5) Understand whether APOE genotype and age modulate propagation of
tau in a virally-mediated mouse model of tau spread.
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2 – Methods
___________________________________________________________________________________________

2.1 – Introduction to techniques
To investigate synaptic changes, trans-synaptic tau spread and the effect of
APOE genotype in post-mortem AD brain and animal models of tau spread, the
high-resolution imaging technique of array tomography was used. Although the
resolution of confocal microscopy is adequate for resolving larger or more
sparsely distributed objects, imaging of synapses is compromised due to their
small size and high density. In human cortex, synapse apposition length is
~350nm (Scheff et al., 2001). Although the lateral resolution of confocal
microscopy (~250nm) is sufficient for quantification of synapse numbers, axial
resolution is too poor (~500nm when optimally used (Fouquet et al., 2015)). Array
tomography overcomes this by physically sectioning the tissue, improving axial
resolution to ~70nm and enabling more accurate synapse quantification.
Immunohistochemistry combined with this method enables quantification of
multiple proteins, in this case presynapses, postsynapses and pathological tau,
in the same piece of tissue. Further, unlike biochemical methods of synapse
isolation the innate tissue architecture is preserved.
To investigate whether astrocytes internalise synapse and pathological tau in
post-mortem human brain, and whether APOE genotype impacts this, confocal
microscopy was selected. While poorer in axial resolution than array tomography,
confocal microscopy can image thicker tissue sections, which is valuable when
imaging larger cells such as astrocytes. Further, as the technique requires less
stringent tissue processing methods, more cases could be included in the study.
Use of post-mortem tissue is highly valuable in discerning whether hypotheses
are relevant to the human disease or biological process under investigation.
However, it is also limited by only providing a snapshot of end-stage disease,
meaning it is difficult to experimentally test hypotheses. To directly investigate
whether APOE genotype modulates tau spread, a mouse model was used. Here,
human tau adeno-associated virus (AAV) was injected into the entorhinal cortices
of mice expressing human APOE isoforms under the control of the endogenous
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murine Apoe promoter. APOE knock-in mice were chosen, as opposed to
overexpression models, as they more faithfully recapitulate endogenous levels of
APOE protein in the CNS. Further, use of AAV-mediated tau expression, rather
than crossing with a transgenic model, was selected due to the shorter time scale
over which tau spread can be observed.
Throughout all experiments and analysis, the experimenter was blind to disease
status and APOE genotype. Broad experimental protocols are presented within
this chapter. Further details can be found in individual results chapters.

2.2 – Ethics statements

___________________________________________________________________________________________

2.2.1 – Human
All post-mortem tissue retrievals complied with the Human Tissue (Scotland) Act
and all procedures were approved by a national ethics committee. The use of
human tissue for post-mortem studies was reviewed and approved by the
Edinburgh Brain Bank ethics committee and the ACCORD medical research
ethics committee (AMREC; ACCORD is the Academic and Clinical Central Office
for Research and Development, a joint office of the University of Edinburgh and
NHS Lothian; approval number 15-HV-016). The Edinburgh Brain Bank is a
Medical Research Council funded facility with research ethics committee
approval (11/ES/0022).

2.2.2 – Mouse
All animal experiments were performed in accordance with national and
institutional guidelines including the Animals (Scientific Procedures) Act 1986, the
Council Directive 2010/63EU of the European Parliament and the Council of 22
September 2010 on the protection of animals used for scientific purposes. All
experiments had full UK Home Office ethical approval.
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2.3 – Apolipoprotein E genotyping of human tissue

___________________________________________________________________________________________

2.3.1 – DNA extraction
For each human tissue case, DNA was extracted from a small sample of pons or
cerebellum using the DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany)
according to the manufacturers protocol with minor modifications. All reagents,
unless otherwise stated, were provided in the DNeasy Blood & Tissue Kit. A small
block of tissue (approximately ~25 mg) was placed in a 1.5 mL Eppendorf and
180 μl of Buffer ATL and 20 μl of Proteinase K were added. Samples were mixed
by vortexing and incubated at 56°C for 3 hours on a heating block. Every 40
minutes, samples were briefly vortexed to ensure efficient lysis. 200 μl of Buffer
AL was added and samples were vortexed and incubated at 70°C for 10
minutes. Next, 200 μl of 96% ethanol was added and samples were vortexed.
The mixture was applied to the spin column placed in a 2 mL collection tube.
Samples were centrifuged at 6000 x g for 1 minute and the columns transferred
to a clean collection tube. Following transfer to new collection tubes, old
collection tubes and filtrate were discarded. 500 μl of Buffer AW1 was applied to
the column and the preparation was centrifuged at 6000 x g for 1 minute. The
column was transferred to a clean collection tube, 500 μl of Buffer AW2 was
added and the preparation was centrifuged at 17000 x g for 5 minutes. The
column was transferred to a clean, labelled 1.5 mL Eppendorf, 200 μl of Buffer
AE was applied and incubated at room temperature for 1 minute before
centrifugation at 6000 x g for 1 minute. This step was then repeated with a 5minute incubation time and the spin column discarded. The eluate represents the
DNA sample and was kept at -80°C for long-term storage.

2.3.2 – Polymerase chain reaction (PCR)
Extracted DNA was subject to amplification of the SNP-containing DNA region
using PCR. PCR was set up as a 20 μl reaction, containing 1 μM of primers and
10% DMSO. Forward and reverse primers are shown in Fig. 2.1A. For each
reaction, 10 μl of 2x Master Mix (Promega, Wisconsin, USA), 1 μl of primer stock
(20 μM forward primer; 20 μM reverse primer), 2 μl DMSO (Sigma-Aldrich,
Missouri, USA), 6 μl ddH20 and 1 μl extracted DNA were combined. APOE2,
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APOE3, and APOE4 cDNA were amplified in parallel with samples to use as
positive controls. PCR preparations were heated to 94°C for 10 minutes, before
cycling 32 times in a thermal cycler. Each cycle consisted of 30 seconds of
denaturation at 94°C, 30 seconds of annealing at 56°C and 1 minute of elongation
at 72°C (Fig. 2.1B).

Figure 2.1 - APOE genotyping of human cases. PCR was performed on DNA
extracted from pons or cerebellum of human post-mortem tissue. Forward and reverse
primers are shown (A), along with the heating cycle used to amplify the SNP-containing
DNA region (B). PCR products were enzymatically cleaved using HhaI endonuclease (C),
which specifically cleaves DNA at GCGC sites (shown in red), producing isoform-specific
DNA fragments. This arises due to SNPs at APOE112 (blue underlined) and APOE158
(green underlined). DNA fragments were run on gel electrophoresis, resulting in isoformspecific banding patterns used for genotype identification (D). APOE2, APOE3 and
APOE4 cDNA were used as positive controls (D; 3 right-hand lanes).
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2.3.3 – Restriction enzyme digestion
To generate allele-discriminating DNA fragments, PCR products were subject to
specific restriction enzyme cleavage using the restriction endonuclease HhaI
(New England Biolabs, Massachusetts, USA). 0.5 μl of HhaI, 2.5 μl of 10x
CutSmart Buffer (New England Biolabs, Massachusetts, USA) and 2 μl ddH20
were added to each PCR reaction to give a total volume of 25 μl. Samples were
incubated overnight at 37°C on the thermal cycler. Cleavage sites and fragment
lengths for each APOE allele are shown in Fig. 2.1C.

2.3.4 – Gel electrophoresis
Following restriction enzyme digestion, 3.5 μl of 6x Blue Loading dye (Promega,
Wisconsin, USA) was added to each digestion reaction and samples were gently
vortexed to ensure incorporation of the dye. 13.5 μl of each reaction mixture was
loaded into wells of a pre-cast 15-well Novex™ 20% TBE gel (Thermo Fisher
Scientific, Massachusetts, USA). Gels were held in a XCell SureLock™ Mini-Cell
(Invitrogen, California, USA) filled with 1x Novex™ TBE running buffer (Thermo
Fisher Scientific, Massachusetts, USA). Allele-discriminating DNA fragments
were then separated by size by running the gel at 200 V for 2-3 hours. Once
electrophoresis was complete, the gel was removed from the cassette and
incubated for 5 minutes in 50 mL SYBR® Safe DNA Gel Stain (Thermo Fisher
Scientific, Massachusetts, USA) diluted 1:10000 in 1x Novex™ TBE running
buffer. The gel was then visualised on a GeneGenius Bio Imaging System
(Syngene, Cambridge, UK) or an Odyssey® Fc Imaging System (LI-COR
Biosciences, Nebraska, USA). Allele-specific banding patterns of the DNA
fragments indicate the APOE genotype of each individual (Fig. 2.1D).

2.4 – Array tomography

___________________________________________________________________________________________

2.4.1 – Tissue collection and processing
Mice were deeply anaesthetised with isoflurane (5%) and a lethal dose of Euthatal
(i.p.) before transcardial perfusion with cold 10 mM phosphate buffered saline
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(PBS). The brain was removed and hemisected. One hemisphere was selected
at random and submerged in array tomography fixative containing 4%
paraformaldehyde and 2.5% sucrose in 10 mM PBS for 2-3 hours. Horizontal
sections through the extent of the hippocampus were collected using a singleedged blade and forceps. The hippocampus and entorhinal cortex were
dissected from each section and placed in array tomography fixative for 30
minutes. Samples were washed in array tomography wash buffer containing
3.5% sucrose and 50 mM glycine in 10 mM PBS for at least 5 minutes.
Human cortical tissue from the inferior/middle temporal lobe (Brodmann area
(BA) 20/21) was processed and embedded as outlined previously (Kay et al.,
2013). In brief, fresh tissue samples (1 cm3) were collected at autopsy, dissected
into small cortical blocks (1mm × 1mm × 5mm) containing all cortical layers and
fixed in array tomography fixative for 2-3 hours. Samples were then washed in
array tomography buffer for at least 5 minutes. BA20/21 was selected due to this
region receiving input from the hippocampus and being an area affected by tau
pathology early in AD pathogenesis.
Following dissection, fixation and washing, all tissue samples were dehydrated
in ascending grades of cold ethanol (50%, 70%, 95%, 100%, 100% EtOH) before
infiltration with ascending grades of LR White resin (Agar Scientific, Stansted, UK)
(1:1 LR White:EtOH, 100% LR White, 100% LR White). Samples were kept in LR
White overnight and stored at 4°C. Subsequently, individual tissue blocks were
embedded in LR White within gelatin capsules (Agar Scientific, Stansted, UK;
size 00) and polymerised overnight at 53°C.

2.4.2 – Tissue sectioning: ultrathin ribbons
Resin-embedded tissue was sectioned into ribbons of 70 nm-thick serial
sections using an EM UC6 Ultramicrotome (Leica, Wetzlar, Germany), equipped
with a TrimTool 45 and a Jumbo Histo Diamond Knife (Diatome, Pennsylvania,
USA). Tissue ribbons were collected on glass coverslips (thickness no.1; VWR,
Pennsylvania, USA) coated in a solution of 0.1% fish skin gelatin and 0.01%
chromium potassium sulphate and allowed to dry overnight. For each piece of
resin-embedded tissue, approximately 30-40 individual sections were collected
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as a ribbon. After sectioning, ribbons were allowed to dry at room temperature.
Coverslips were labelled and stored at room temperature for up to 6 months.

2.4.3 – Immunohistochemistry
Tissue ribbons were outlined with a hydrophobic pen, heated at 53°C for 30
minutes and incubated for 5 minutes in 50 mM glycine in Tris buffered saline
(TBS) at room temperature. To improve antibody access to epitopes, sections
underwent antigen retrieval by pressure cooking for 2 minutes in 10 mM citric
acid in ddH20 (pH 6.0). After allowing ribbons to cool to room temperature, tissue
was washed with TBS and incubated in glycine solution for 5 min. Sections were
then blocked with array tomography block buffer, comprising 0.1% fish skin
gelatin and 0.05% Tween20 in TBS, for 30 minutes at room temperature. Primary
antibodies (Table 2.1), diluted in array tomography block buffer, were applied to
ribbons overnight and stored at 4°C. For each experiment a short ribbon with
known high AD pathology burden was included as a positive control to confirm
the stain worked. A further short extra ribbon was used as a negative control,
where application of primary antibodies was omitted, to rule out non-specific
binding of secondary antibodies. For negative control ribbons, primary antibody
solution was replaced by array tomography block buffer. The following day,
ribbons were thoroughly washed in TBS and secondary antibodies (Table 2.1),
diluted in array tomography block, were applied for 30 minutes at room
temperature. Secondary antibodies were removed by washing thoroughly with
TBS and sections were counterstained with 0.01 mg/mL 4’-6-diamidino-2phenylindole (DAPI) (Sigma-Aldrich, Missouri, USA) for 5 minutes. Array ribbons
were again washed in TBS and finally mounted onto glass slides (VWR,
Pennsylvania, USA) with Immu-mount™ mounting media (Thermo Fisher
Scientific, Massachusetts, USA). At this point the experimenter was blinded. To
limit introduction of bias, array ribbons were stained in batches whereby each
batch contained an equal proportion of AD and control cases with or without an
APOE4 allele, or an equal proportion of each mouse genotype.

2.4.4 – Image acquisition
Images were acquired at the same position in each section of the ribbon using a
Zeiss Axio Imager Z2 epifluorescent microscope equipped with a CoolSnap
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digital camera and array tomography macros (Carl Zeiss, Oberkochen,
Germany). Initially, a tile scan of the entire ribbon was obtained at 10x
magnification. Regions of interest were identified and nuclei in two adjacent
sections selected, generating a position list of coordinates for the corresponding
location in each serial section. Sequential automated imaging of these positions
with a 63x 1.4NA Plan Apochromat objective was performed across the entire
ribbon. Alternatively, regions of interest were identified and the same location in
each section was imaged manually at 63x.
Table 2.1 – Antibodies used in array tomography studies
Primary
antibody

Species

Isotype

Source

Dilution

Working
conc.
(μg/mL)

Secondary
antibody

Array tomography on human tissue
PSD-95

Rb

IgG

Cell Signalling
Technologies
(3450)

Alz50

Ms

IgM

Courtesy of P
Davies

1:50

n/a

Synaptophysin

Ms

IgG1

Abcam
(ab8049)

1:50

0.2

1:50

0.4

Donkey antiRabbit IgG AF488;
Invitrogen
(A-21206)
Goat anti-Mouse
IgM AF594;
Invitrogen
(A-21044)
Goat anti-Mouse
IgG1 AF647;
Invitrogen
(A-21240)

Array tomography on mouse tissue
GFP

Ck

IgY

Abcam
(ab13970)

PSD-95

Rb

IgG

Cell Signalling
Technologies
(3450)

1:50

0.4

Tau13

Ms

IgG1

Biolegend
(835201)

1:50

40

1:100

100

Goat Anti-Chicken
IgY AF488);
Abcam
(ab150169)
Donkey antiRabbit IgG AF594;
Invitrogen
(A-21207)
Goat anti-Mouse
IgG1 AF647;
Invitrogen
(A-21240)

For array tomography on human cases, at least three image stacks were
captured from at least two independent blocks of resin-embedded tissue per
case, resulting in a minimum of six image stacks per case. For ribbons with tau
pathology, regions of interest were chosen such that one contained a
neurofibrillary tangle, one contained a plaque and the other did not contain a
neurofibrillary tangle or plaque. For ribbons where such pathologies were absent,

71

region of interest selection was random. When imaging each batch of ribbons,
exposure times for each channel were maintained to enable unbiased
comparisons.
For array tomography on mouse tissue, images were acquired in the middle
molecular layer (MML) of the dentate gyrus (DG) where synaptic terminals from
EC layer II cells are located. Images also taken in the synaptic input layers of CA1
or CA2/3. When imaging each batch of ribbons, exposure times for each channel
were maintained to enable unbiased comparisons.

2.4.5 – Image processing and analysis
Serial sequences of images were converted into stacks using ImageJ and aligned
with a rigid and affine registration via an in-house MATLAB script. Aligned stacks
were edited such that out of focus slices at either end were removed, out of focus
areas were cropped out, stack rotation was corrected, and debris was filtered
from the image. Using a custom MATLAB script, individual channels of the stack
were segmented using a semi-automatic local threshold, based on mean values.
Using these scripts, only objects appearing in the same location in two or more
sequential slices (i.e., 3D objects) were included in the segmented stack, thus
helping to reduce non-specific signals. Segmentation parameters were selected
based upon their ability to recapitulate the raw image and the same parameters
were used on all stacks from the same staining batch to reduce bias.
Segmented images were then run through custom Python scripts to calculate
the density of objects per mm3 of tissue. Here, the number of objects in the
neuropil was quantified after removing confounding structures, such as blood
vessels. Following this, colocalisation between markers of interest were
determined using custom Python scripts. Here, objects were considered
colocalised when ≥ 25% of an objects volume was occupied by the colocalising
object. For pre- and postsynaptic objects to be considered a synaptic pair, the
distance between their centroids had to be < 0.5 μm. Python scripts can be
found at https://github.com/lewiswilkins/Array-Tomography-Tool. The array
tomography method is summarised in Fig. 2.2.
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Figure 2.2 - The array tomography method. Small blocks of fresh tissue were fixed and embedded in hard acrylic resin. Ultrathin (70 nmthick) ribbons of serial sections were then cut using an ultramicrotome. Tissue ribbons were immunostained for proteins of interest and
the same region in each section of the ribbon was imaged using an epifluorescent microscope. Images were processed, aligned and
segmented using a combination of custom ImageJ and MATLAB scripts. Segmented images were then passed to MATLAB and Python
where custom scripts were used to analyse density, size and colocalisation of proteins of interest. Created with BioRender.com)
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2.5 – Confocal microscopy on human post-mortem brain

___________________________________________________________________________________________

2.5.1 – Tissue collection and processing
All tissue processing for production of paraffin-embedded tissue section was
performed by the Edinburgh Brain Bank. At post-mortem, the brain was removed
and cut into coronal slices. Regions of interest were sampled from coronal slices
and processed for paraffin embedding. Fresh tissue from the inferior/middle
temporal lobe (BA20/21) and the primary visual cortex (BA17) were fixed in 10%
formalin for at least 24 hours and dehydrated in ascending grades of ethanol
(70%, 80%, 95% 100% EtOH). Tissue was then washed in xylene (3 x 4 hours).
Following this, three paraffin waxing stages (5 hours each) were performed to
ensure complete infiltration of wax. Once blocks were cool, 4 μm paraffinembedded sections were cut using a Leica microtome, collected on glass
microscope slides and dried at 40°C for a minimum of 24 hours before use.

2.5.2 – Immunohistochemistry
Paraffin-embedded tissue was dewaxed in Xylene for 6 minutes and rehydrated
in descending grades of ethanol and water (100%, 90%, 70%, 50% EtOH, 100%
H20; 3 minutes each). To improve antibody access to epitopes, sections
underwent antigen retrieval by pressure cooking for 3 minutes in 10mM citric acid
in ddH20 (pH 6.0). Tissue was rinsed with water and slides were allowed to cool
for 20 min. To reduce autofluorescence, sections were washed with 70% EtOH
for 5 minutes, Autofluorescence Eliminator Reagent (Merck Millipore,
Massachusetts, USA) for 5 minutes and 70% EtOH for 5 minutes. Tissue was
permeabilised with 0.3% Triton X-100 in PBS for 20 minutes, before blocking in
10% NDS/5% NGS in 0.3% Triton X-100 in PBS for 1 hour. Primary antibodies
(Table 2.5.1) diluted in blocking solution, were applied and incubated overnight
at 4°C. Tissue was washed in 0.3% Triton X-100 in PBS followed by a wash with
PBS. Secondary antibodies (Table 2.5.1), diluted in PBS, were applied and
incubated at room temperature for 1 hour. Sections were counterstained with
0.01 mg/mL DAPI (Sigma-Aldrich, Missouri, USA) for 10 minutes and washed in
PBS. Slides were then dipped into containers containing residual Thioflavin S
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(Sigma-Aldrich, Missouri, USA) to faintly stain amyloid structures while not
encroaching into the 488 nm channel. Slides were coverslipped using Immumount™ mounting media (Thermo Fisher Scientific, Massachusetts, USA).
Negative controls, in which primary antibodies were omitted from the protocol,
were used to ensure specificity of staining. At this point the experimenter was
blinded. To limit introduction of bias, tissue was stained in batches whereby each
batch contained an equal proportion of AD and control cases with or without an
APOE4 allele.
Table 2.2 – Antibodies used in confocal imaging study
Primary
antibody

Species

Dilution

Working
conc.
(μg/mL)

Isotype

Source

1:1000

0.2

AT8

Ms

IgG1

Thermo
Fisher
Scientific
(MN1020)

Synapsin-1

Rb

IgG

Merck
Millipore
(AB1543)

1:750

--

GFAP

Ck

IgY

Abcam
(ab4674)

1:3000

7.2

Secondary
antibody
(all 1:500)
Goat anti-Mouse
IgG1 AF488;
Invitrogen
(A-21121)
Donkey anti-Rabbit
IgG AF594;
Invitrogen
(A-21207)
Goat anti-Chicken
IgY AF647;
Invitrogen
(A-21449)

2.5.3 – Image acquisition
Immunostains were visualised on a Leica TCS8 confocal microscope (Leica,
Wetzlar, Germany) equipped with a 63x oil immersion objective. For each case,
20 z-stack images were collected from the grey matter, ensuring that imaging
location was random and all six cortical layers were sampled. In cases where
plaques were present, ten images included a plaque and ten were taken in an
area with no visible plaques. If ten plaques were not visible, images were acquired
of the visible plaques and the remaining images were acquired at random
locations. Laser and detector setting were kept consistent between cases and
the experimenter was blind to disease condition and APOE genotype.
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2.5.4 – Image processing and analysis
Images were analysed using custom ImageJ macros and Python scripts.
Individual z-stacks were edited such that out of focus areas were cropped out
and any debris was filtered from the image. Using an in-house MATLAB script,
individual channels of the stack were segmented using a semi-automatic local
threshold, based on mean values. Using these scripts, only objects appearing in
the same location in two or more sequential slices (i.e., 3D objects) were included
in the segmented stack. Segmentation parameters were selected based upon
their ability to recapitulate the raw image and the same parameters were used
on all stacks from the same case.

Figure 2.3 – Confocal image analysis. Channels were separated and segmented using
custom scripts. The volume of all objects in each channel was measured, and the burden
calculated by dividing the volume of segmented objects by the total volume of the image.
To determine colocalisation, segmented images were multiplied together in ImageJ,
retaining only the areas where separate channels colocalised. The volume of colocalised
areas was then calculated and the overall burden of colocalisation determined by
dividing the volume of colocalised objects by the total volume of the image.

76

To establish GFAP, AT8 and synapsin-1 burden (as a percentage of the total
image volume), the volume of all segmented objects in each channel was
determined using a custom Python script. The total volume occupied by each
marker was then calculated as a percentage of the total volume of the stack (Fig.
2.3). To establish the percent volume of colocalisation, segmented channels
were multiplied together in 3D using a custom ImageJ macro (Fig. 2.3). These
image multiplications produced four new image stacks, each only containing the
colocalised areas of the various marker combinations. Image multiplications were
as follows: GFAP x synapsin-1; GFAP x AT8; synapsin-1 x AT8; GFAP x
synapsin-1 x AT8. The total volume of colocalised objects in each multiplied
image were calculated using custom Python scripts and calculated as a
percentage of the total volume of the stack. To determine whether any
differences observed in percent volume of colocalisation are due to increased
amounts of internalisation or increased numbers of internalising objects, the
volume of colocalising objects was also normalised to the volume of segmented
GFAP/AT8/Syn1 objects.

2.6 – Stereotaxic injection of mutant human tau adenoassociated virus
___________________________________________________________________________________________

2.6.1 – Mice
Male and female APOE2, APOE3 and APOE4 targeted replacement (-TR) and
APOE knock-out (KO) mice were acquired from Taconic (New York, USA; model
no.: #1547, #1548, #1549 and #APOE, respectively) and bred in-house. Mice
were intermittently genotyped to ensure no errors in breeding. APOE2-, APOE3and APOE4-TR mice express the respective human APOE isoform under the
control of the murine Apoe regulatory sequences (Knouff et al., 1999; Sullivan et
al., 1997, 1998). In APOE KO mice, endogenous mouse Apoe is inactivated by
insertion of a neomycin cassette (Piedrahita et al., 1992). All mice were
maintained on a C57BL/6 background and as homozygous colonies. Male and
female adult C57BL/6 mice, were used for assessment of stereotaxic injections.
Animals were housed in a 12:12 hour light:dark cycle and had ad libitum access
to food and water. Prior to surgical procedures animals were group-housed and,

77

where possible, were returned to original group-housing post-surgery. Both male
and female mice were used for experiments.

Figure 2.4 – Tau adeno-associated virus used for studying tau propagation in the
mouse brain. The AAV vector (A) encodes green fluorescent protein (GFP), a translation
interrupting 2a peptide and full-length mutant (P301L) human tau in one RNA transcript.
Due to the ‘self-cleaving’ 2a peptide GFP-2a and full length P301L tau are expressed
as individual proteins (A). Immunostaining for GFP and human tau allow for
discrimination between ‘donor neurons’ transduced with the AAV and ‘recipient
neurons’ that have received P301L tau through spreading mechanisms (B).
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2.6.2 – Adeno-associated virus (AAV)
The adeno-associated virus (AAV) used in this study (Fig. 2.4A) was produced by
the viral vector core at the University of Edinburgh and was modelled on an AAV
vector acquired from Dr. Suzanne Wegmann (Wegmann et al., 2017). The AAV
used encodes, in one RNA transcript, green fluorescent protein (GFP), a
translation interrupting 2a peptide and full-length mutant (P301L) human tau.
Expression of the construct is driven by the ubiquitous chicken beta-actin (CBA)
promoter and is enhanced by a woodchuck posttranslational regulatory element
(WPRE) and polyA sequence (AAV1/2-CBA-GFP-2A-P301Ltau-WPRE). Due to
the ‘self-cleaving’ properties of the 2a peptide (Szymczak et al., 2004), upon
translation GFP-2a and P301L tau are expressed as individual proteins in an
equimolar ratio (Fig. 2.4A). This allows for the investigation of tau propagation in
the mouse brain by immunohistochemical detection of ‘donor neurons’
transduced with the AAV and non-transduced ‘recipient neurons’ that have
received P301L tau through spreading mechanisms. When staining for GFP and
human tau, donor neurons can be identified by immunolabelling of both proteins,
while recipient neurons are only immuno-positive for human tau (Fig. 2.4C).

2.6.3 – Stereotaxic injection in mice
GFP-2a-P301Ltau AAV was bilaterally injected into the superficial layers of the
entorhinal cortices of 5-6 month-old (adult) and 15-16 month-old (aged)
APOE2/3/4-TR and APOE-KO mice. All surgical procedures were conducted
under aseptic conditions. Mice were anaesthetised using isoflurane (3-5%
induction; 1-2% maintenance) and placed into a stereotaxic frame. Body
temperature was maintained at 37°C throughout using a homeothermic blanket
(Harvard Apparatus, Massachusetts, USA). Following removal of the fur, a midline
incision of the skin was made, and burr holes were drilled through the skull at the
injection sites. Co-ordinates for injection sites were: anterior/posterior = -4.70
mm; medial/lateral = ±4.25 mm; dorsal/ventral = -2.50 mm (from the brain
surface); using a 20° angle (in the lateral direction, away from the midline). Using
a pulled micropipette, 1 μl of AAV (concentration = 5x108 vg/μl) was injected into
the entorhinal cortex of each hemisphere over a period of at least 5 minutes (0.2
μl/min). Upon completion, the micropipette was left in place for 5 minutes to
enable diffusion of the AAV solution before slowly being removed. The skin
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incision was sutured, and mice recovered in a clean home cage placed inside a
recovery chamber maintained at 37°C. Prior to surgery, mice were habituated to
oral administration of analgesia in the form of cubes of jelly. During surgery, mice
received subcutaneous injection of 1 mL sterile saline and the analgesic
buprenorphine (0.05 mg/kg) and received continuous analgesia in the form of
cubes of jelly for at least 3 days post-injection.

2.6.4 – Tissue collection and processing
~14 weeks post-injection, mice were deeply anaesthetised with isoflurane (5%)
and a lethal dose of Euthatal (i.p.), before transcardial perfusion with cold 10 mM
phosphate buffered saline (PBS). The brain was removed and hemisected. One
hemisphere was randomly selected and placed into fixative containing 4%
paraformaldehyde and 15% glycerol in 10 mM PBS for use in free-floating
immunohistochemistry. Hemispheres were left to fix and cryoprotect for at least
5 days. The other hemisphere was submerged in array tomography fixative
containing 4% paraformaldehyde and 2.5% sucrose in 10 mM PBS for 2-3 hours
for use in array tomography experiments (see section 2.4.1).

2.6.5 – Tissue sectioning
Cryoprotected hemispheres were mounted onto a Leica SM2010R sliding
microtome (Leica, Wetzlar, Germany) using water and optimal cutting
temperature (OCT) compound (Agar Scientific, Stansted, UK) and allowed to
freeze using dry ice. Once frozen, 50 μm horizontal sections were cut and
sections containing entorhinal cortex and hippocampus were collected such that
each eppendorf contained every 10th section. Sections were stored in 15%
glycerol at -20°C until they were needed.

2.6.6 – Free-floating immunohistochemistry
Adult and aged mice were immunostained using slightly different protocols. This
arose because the original protocol, which was optimised in the adult cohort,
failed to work adequately at a later date when using it in the old cohort of mice.
Comparisons of staining revealed no obvious differences between staining
protocols in the adult and aged groups of animals (Fig. 2.5).
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For all mice, an eppendorf containing every 10th section was randomly selected
and thawed. Sections were washed 3x in TBS and permeabilised in 0.2% TritonX (TX) in TBS for 20 minutes at room temperature. Sections from young mice
were then blocked in 5% normal goat serum (NGS) in 0.2% TX in TBS for 1 hour
at room temperature. Primary antibodies (Table 2.6.1) diluted in 3% NGS in 0.2%
TX in TBS were applied and incubated overnight at 4°C. Sections were washed
thoroughly in TBS and secondary antibodies (Table 2.6.1) diluted in 3% NGS,
were applied for 1.5 hours at room temperature. Sections were counterstained
with 0.01 mg/mL DAPI to visualise nuclei. To quench background
autofluorescence, sections were treated with Autofluorescence Eliminator (EMD
Millipore Corp; USA) according to the manufacturer’s protocol for 5 minutes.
Sections were then mounted onto glass slides (VWR, Pennsylvania, USA) and
coverslipped using Immu-mount™ mounting media (Thermo Fisher Scientific,
Massachusetts, USA).

Figure 2.5 – Staining protocols for adult and aged mice. Adult and aged mice were
immunostained using slightly different protocols. However, both protocols produced
highly similar staining patterns with no overt differences. DAPI was used to stain nuclei
(blue), GFP to label GFP in donor neurons (green) and Tau13 to label human tau
(magenta). Scale bars are shown in upper right corners.
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Following permeabilisation, to obtain improved staining, sections from old mice
underwent antigen retrieval by pressure cooking for 2 minutes in 10mM citric acid
in ddH20 (pH 6.0). Slices were washed in TBS and blocked in 5% milk in 0.2%
TX in TBS for 1 hour at room temperature. Primary antibodies (Table 2.3) diluted
in 3% milk in 0.2% TX in TBS were applied and incubated overnight at 4°C.
Sections were washed thoroughly in TBS and secondary antibodies (Table 2.3),
diluted in 3% milk, were applied for 1.5 hours at room temperature. Sections
were counterstained with 0.01 mg/mL DAPI to visualise nuclei. Sections were
then mounted on glass slides (VWR, Pennsylvania, USA) and coverslipped using
Immu-mount™ mounting media (Thermo Fisher Scientific, Massachusetts, USA).
Table 2.3 – Antibodies used on mouse free-floating sections in tau spread study
Primary
antibody

Species

Isotype

Source

Dilution

Working conc.
(μg/mL)

GFP

Ck

IgY

Abcam
(ab13970)

1:1000

10

Tau13

Ms

IgG1

Biolegend
(835201)

1:1000

2

Secondary
antibody
Goat AntiChicken IgY
AF488);
Abcam
(ab150169)
Goat anti-Mouse
IgG1 AF647;
Invitrogen
(A-21240)

2.6.7 – Image acquisition
Stained sections were visualised on a ZEISS Axio Imager Z2 microscope.
Tilescan images of each individual section were obtained using a 10x objective
and MBF Biosciences Stereo Investigator software. Exposure times for each
channel were kept consistent between mice and the plane of focus was the same
between channels. Experimenter was blind to mouse genotype throughout.

2.6.8 – Image processing and analysis
Images were converted to tiff format and each channel segmented using custom
MATLAB scripts. Segmentation parameters were selected based upon their
ability to recapitulate the raw image. Same parameters were used on all stacks
from the same case. Regions of interest (ROI) were drawn around the entorhinal
cortex (EC), dentate gyrus (DG), CA1 and CA2/3 in ImageJ using a mouse brain
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atlas (Franklin and Paxinos, 2007) as reference. The EC was further subdivided
into superficial layers (layers II & III) and deep layers (layers V & VI). CA2 and CA3
were considered as one area due to the difficulty in delineating their boundaries
from one another. ROIs were then cropped and saved as separate images.
Counting of the number of donor cells within ROIs was automated to reduce bias
and variability. To improve automated counts, background fluorescence of GFP
images was subtracted using a 10-pixel rolling ball radius. To determine number
of donor cells within each ROI, the number of cells immuno-positive for both GFP
and DAPI were calculated using a custom Python script. To ensure only GFP+
cell bodies were counted, and to reduce inclusion of GFP+ neurites, only GFP+
objects colocalising with DAPI+ nuclei were counted. The number of recipient
cells, cells positive for human tau but not GFP (Tau13+/GFP), were manually
counted in all ROIs using the Cell Counter plugin in ImageJ. Colocalisation of
GFP+ cells with Tau13 also performed using a custom Python script. Nuclei
density within each ROI was calculated using a custom MATLAB script.
Donor and recipient neurons were counted in at least 5 sections per mouse.
Analysed sections were spaced by 500 μm, with each section being 50 μm thick
and every 10th section used. To estimate the total number of donor and recipient
cells throughout the extent of the EC and hippocampus, counts were
extrapolated by multiplying counts from each section by the distance between
sequential sections. To account for the inherent variability associated with the
AAV injection in relation to injection location, transduction efficiency and variability
between mice, the number of recipient neurons was normalised to the number
of transduced donor neurons. The estimated number of recipient cells were
normalised to the estimated number of donor cells by:

Normalised number of recipient cells =

Estimated number of recipient cells
Estimated number of donor cells

Experimenters were blind to mouse genotype during immunohistochemistry,
image acquisition and image analysis. An overview of the stereotaxic AAV
injection method is shown in Fig. 2.6.
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Figure 2.6 - Tau adeno-associated virus intracerebral injection method. GFP-2aP301Ltau AAV was bilaterally injected into the superficial layers of the entorhinal cortices
of 5-6 month old and 15-16 month old APOE2/3/4-TR and APOE-KO mice. ~14 weeks
post-injection, mice were culled by transcardial perfusion. One hemisphere was
processed for array tomography, while the other was processed for
immunohistochemistry on free-floating sections. This hemisphere was sectioned at 50
μm on a freezing microtome. Sections were immunostained for GFP, human tau (Tau13)
and misfolded tau (Alz50). Analysis of images was performed offline using various
custom scripts.

84

3 – APOE at the interface of
inflammation, neurodegeneration and
pathological protein spread in
Alzheimer’s disease: A qualitative
systematic literature review

___________________________________________________________________________________________

3.1 – Background and Aims
APOE genotype is the strongest genetic risk factor for late-onset AD (Coon et al.,
2007). Compared to the more common APOE3 allele, APOE4 is associated with
a dose-dependent increased risk and reduced mean age of disease onset
(Corder et al., 1993; Farrer et al., 1997; Roses, 1996). In contrast, the APOE2
allele is associated with reduced risk (Corder et al., 1994; Reiman et al., 2020).
The pathological hallmarks of AD include the aggregation of Ab in extracellular
plaques and hyperphosphorylated tau in intracellular NFTs. These protein
aggregates, particularly hyperphosphorylated tau, are localised to distinct brain
regions in early-stage disease. As the disease progresses, aggregates spread
through the brain in a spatiotemporally defined pattern (Braak and Braak, 1991;
Braak and Del Tredici, 2011; Thal et al., 2000b). Aggregation and spread of
pathological proteins is accompanied by neurodegeneration, as both synapses
and neurons are lost (Serrano-Pozo et al., 2011b; Spires-Jones and Hyman,
2014). AD is also characterised by neuroinflammation, with microgliosis and
astrogliosis common in the AD brain (Serrano-Pozo et al., 2011a). Originally
believed to be secondary to pathology, it is now recognised that immune
mechanisms contribute to AD pathogenesis (Heneka et al., 2015).
Understanding how APOE genotype differentially modulates AD risk has been
the subject of much research, but the exact mechanisms remain to be
comprehensively discerned. To date, a large body of work has focused on the
effects of APOE on Ab (reviewed in (Huynh et al., 2017; Kanekiyo et al., 2014).
In human brain, APOE4 is associated with increased Ab plaque burden (Drzezga
et al., 2009; Kok et al., 2009; Reiman et al., 2009), and isoform-specific effects
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in the production, aggregation and clearance of Ab have been identified
(Kanekiyo et al., 2014). Less well-defined is a role of APOE in neurodegeneration
and Ab-independent pathomechanisms, such as tau pathology and glial cell
responses. As these pathological processes also contribute to disease aetiology,
it is important to consider how APOE isoforms differentially affect them to fully
delineate how APOE genotype contributes to AD risk.
This chapter systematically reviews all available literature (published before
February 2018) pertaining to the role of APOE in neurodegeneration,
neuroinflammation and the spread of pathological proteins in AD. We attempt to
find consensus and highlight areas requiring further investigation. As CNS APOE
is primarily produced by glia, and as glia have been implicated in synapse loss
(Gomez-Arboledas et al., 2018; Hong et al., 2016), Ab- and tau-mediated
neurodegeneration (Craft et al., 2006; Shi et al., 2019) and spread of pathological
proteins (Asai et al., 2015; Martini-Stoica et al., 2018), we hypothesised that
APOE may sit at the interface between inflammation, neurodegeneration and
spread of pathological proteins through the brain in AD. By qualitatively reviewing
the available literature we assessed support for this hypothesis.
This chapter comprises a published paper (Tzioras et al., 2019a), of which I am
joint first author. My contribution included designing the search strategy,
screening abstracts and full texts, and summarising the findings of included
papers. Makis Tzioras and Anastasia Newman designed the search strategy,
screened papers and summarised findings. The manuscript was primarily written
by myself and Makis Tzioras, with input from Anastasia Newman and Prof. Tara
Spires-Jones. Specifically, I wrote the ‘APOE and neurodegeneration’ section
and contributed to the introduction, methods and conclusions.
Table S1, listing the search terms used for Embase, Web of Science and Med
Science, can be found in Appendix A.
Table S2, detailing study exclusion criteria, can be found in Appendix B.
Table S3, listing all included papers and detailing study design and main findings,
can be found in Appendix C.
Table S4, detailing case information of post-mortem human tissue used for
Figures 2‐5, can be found in Appendix D.
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Alzheimer’s disease
Despite more than a century of research, the aetiology
of sporadic Alzheimer’s disease (AD) remains unclear
and finding disease modifying treatments for AD presents one of the biggest medical challenges of our time.
AD pathology is characterized by deposits of aggregated
amyloid beta (Ab) in amyloid plaques and aggregated
tau in neurofibrillary tangles. These aggregates begin in
distinct brain regions and spread throughout the brain
in stereotypical patterns. Neurodegeneration, comprising loss of synapses and neurons, occurs in brain
regions with high tangle pathology, and an inflammatory response of glial cells appears in brain regions with
pathological aggregates. Inheriting an apolipoprotein E
e4 (APOE4) allele strongly increases the risk of developing AD for reasons that are not yet entirely clear. Substantial amounts of evidence support a role for APOE in

modulating the aggregation and clearance of Ab, and
data have been accumulating recently implicating
APOE4 in exacerbating neurodegeneration, tau pathology and inflammation. We hypothesize that APOE4
influences all the pathological hallmarks of AD and
may sit at the interface between neurodegeneration,
inflammation and the spread of pathologies through the
brain. Here, we conducted a systematic search of the literature and review evidence supporting a role for
APOE4 in neurodegeneration and inflammation. While
there is no direct evidence yet for APOE4 influencing
the spread of pathology, we postulate that this may be
found in future based on the literature reviewed here.
In conclusion, this review highlights the importance of
understanding the role of APOE in multiple important
pathological mechanisms in AD.

Keywords: Alzheimer’s disease, APOE, Apolipoprotein E, glia, inflammation, neurodegeneration, tau

Introduction
The greatest genetic risk factor for sporadic AD is a
polymorphism in the apolipoprotein E (APOE) gene.
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The APOE e4 (APOE4) allele is associated with increasing risk of AD in a dose-dependent manner when compared to the more common APOE e3 (APOE3) allele;
whereas the much rarer APOE e2 (APOE2) allele has
been shown to be protective [1]. The inheritance of
two copies of APOE4 increases the chance of developing AD by 12 times compared to the risk of a person
with two copies of APOE3. Homozygous APOE4 carriers who develop AD also have a lower average age of
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clinical onset of 68 years of age compared to an average age of onset of 84 for an individual with two copies
of APOE3. One copy of APOE4 increases the chance of
AD by three times and lowers the average age of onset
to 76 years of age [1]. Although mentioned in association with AD most frequently, APOE has also been
linked to Parkinson’s disease [2], frontotemporal
dementia [3] and other neurological diseases (reviewed
in [4]) as well as linked to lower cognition in nondemented aged individuals [5]. The pathways by which
APOE impacts the development of AD have been widely
studied both in vitro and in vivo, however, the exact
mechanisms have yet to be uncovered.
Much of the work looking at APOE in AD investigates its relationship with Ab. Early post mortem work
found a positive correlation between APOE4 allele dose
and Ab plaque density in individuals with AD [6]. A
wide range of compelling studies indicate that APOE4
affects the production, clearance and aggregation of Ab
(reviewed in [4,7]). Recent genetic data that strongly
suggest inflammation to play a role in AD risk have
re-invigorated the investigations of the role of APOE in
neuroinflammation and how this contributes to disease
[8]; and there are emerging data suggesting that APOE
may also influence tau-mediated neurodegeneration
[9].
We hypothesize that APOE4 acts beyond its wellknown roles in influencing Ab pathology and lipid
homoeostasis and has a strong influence on neurodegeneration, inflammation and potentially the spread of
pathological proteins through the brain. Here, we conducted a systematic literature search and review the
current support in the literature for this hypothesis.

duplicates were removed. 10 271 articles were
uploaded into Covidence, where a further 767 duplicates were removed. A two-stage screening strategy
was conducted on titles/abstracts and then on full
texts
using
predetermined
exclusion
criteria
(Table S2). Three researchers contributed to the
abstract and title screening process such that 50% of
abstracts/titles were screened by at least two people
and 50% by one. All full-text articles were double
screened. Of the 9502 titles/abstracts screened, 214
progressed to full-text review and 88 studies were
included. Twenty hand-picked papers that were
either published after the search date or were missed
during the search but deemed pertinent to the
review were also included as is standard practice for
full systematic reviews (Figure 1; Table S3). In the
results section, we synthesize the findings of the
papers identified by the systematic search. Due to
the heterogeneous nature of the studies, we did not
perform standardized quality control checks of all of
the papers, however, all papers included were published in peer-reviewed journals. Because systematic
reviews are designed to test evidence of an intervention and due to the inability to conduct formal quality control due to the many types of experiments
reviewed, this is not a fully registered systematic
review but instead uses some of the principles of systematic reviews to perform a systematic literature
search and screen for relevant papers which we
review.

Results of the systematic literature search
APOE and neurodegeneration

Methods
A systematic literature search approach was taken for
finding studies to review in this paper. In February 2018,
Embase, Web of Science and MedLine were searched to
identify primary research articles published from 1980 to
the date searches were run. Search terms covering APOE,
AD and inflammation/pathological protein spread/neurodegeneration were developed (Table S1) to suit each
database. Initially, there were no language or selection restrictions on the type of study included or
how outcomes were defined, measured or when they
were taken. Searches identified 22 909 abstracts and
titles that were exported to Endnote, where 12 638

To determine whether there is evidence that APOE
influences neurodegeneration search terms were used
to identify papers containing both APOE and indicators
of neuron and synapse loss (papers relating to APOE
and neurodegeneration identified in the systematic
search are coloured blue and orange in Table S1).

APOE-related atrophy and neuronal loss in AD
Imaging studies in AD populations repeatedly demonstrated possession of an APOE4 allele to be associated
with more extensive atrophy in disease-specific brain
regions such as the medial temporal lobe [3,11–23],

© 2018 The Authors. Neuropathology and Applied Neurobiology published by John Wiley & Sons Ltd
on behalf of British Neuropathological Society

NAN 2019; 45: 327–346

Review of APOE in Alzheimer’s disease pathogenesis

329

Figure 1. PRISMA flow diagram summarizing the review process. Template edited from [10]. Papers referenced in the main body of text
were identified through our systematic search and can be found in Table S3.

although this was not universal [24,25]. This is unsurprising when considering that brain structures located
here have clinical correlates to well-defined AD symptoms (e.g. memory impairments – hippocampus; altered
emotional responses – amygdala), and that APOE4 carriers are at increased risk of developing these symptoms

in the form of AD. APOE4-related atrophy of medial
temporal lobe structures was suggested to occur in a
gene-dose-dependent manner [15–17,19,21], with one
study finding each APOE4 allele to impart a 4.8%
reduction in hippocampal volume and a 3.8% reduction in amygdala volume [16]. In longitudinal studies,
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accelerated rates of hippocampal atrophy were associated with the APOE4 allele [13,22,26–29], although
this was not always observed [30,31]. APOE4-related
atrophy was also observed in the parietal cortex [3,13]
and some prefrontal areas [3,12], although again these
were not consistently reported and may be related to
the inclusion of younger AD patients in these studies.
Diffuse cerebral atrophy is a gross pathological feature of AD. Somewhat surprisingly, however, whole
brain volume has been proposed to increase with
increasing number of APOE4 alleles in AD patients
[19,32]. Greater APOE4 allele dose was associated with
larger volumes in the frontal lobes [11,17,20],
although not always [12,14], which might potentially
outweigh reductions in other brain regions and
account for increased whole brain volume. Nonetheless,
these studies indicate that the APOE4 allele selectively
influences the topography of regional brain atrophy,
and thus neurodegeneration, in AD.
Studies of post mortem human AD brain have identified neuronal loss in vulnerable brain regions to be
characteristic of AD. From our literature search, determining whether APOE influences this was less clear. In
the nucleus basalis, APOE4 was found to exacerbate
neuronal loss [33], but have no impact in other studies
[34,35]. These discrepancies may be due to the different methods employed in quantification of neuronal
loss and groups studied. APOE4 allele possession was
also found to enhance neuronal loss in other subcortical structures [33,34], but have no effect on the CA1
region of the hippocampus or superior temporal sulcus
[34,36].
In vivo and in vitro studies supported an association
between APOE4 and neuronal degeneration. In aged
mice expressing human APOE, those expressing APOE4
exhibited increased hippocampal and cortical atrophy
compared to those expressing APOE3 [37,38]. In
APOE4, but not APOE3 mice, activation of the amyloid
cascade by inhibition of the Ab degrading enzyme
neprilysin was sufficient to induce degeneration of hippocampal and entorhinal cortex neurons, suggestive of
a specific effect of APOE4 in exacerbating Ab-related
neuronal loss [39]. Isoform-specific effects of APOE on
Ab-induced neurodegeneration were also suggested
in vitro, with APOE3 and APOE2, but not APOE4,
protecting hippocampal and cortical neurons from Abinduced neurotoxicity [40–42]. APOE4 has also been
shown to exacerbate neurodegeneration in the absence

of Ab, instead operating through a tau-dependent
mechanism [9].
Animal studies support an isoform-specific role for
APOE in the loss of GABAergic interneurons [43,44].
Mice expressing human APOE4 exhibited greater agedependent loss of GAD67- and somatostatin-positive
interneurons in the dentate gyrus compared to those
expressing APOE3. Interestingly, loss of somatostatin
immunoreactivity was exacerbated by APOE4 in the
AD brain [45]. The detrimental effects of APOE4 on
GABAergic interneurons was sex-dependent, only being
observed in female mice [44]. This is interesting when
considering APOE4 confers greater AD risk in females
and some effects of APOE4 on regional brain atrophy
are more prominent in females [16,18,21].
In summary, there is strong evidence that APOE4
influences neuron loss in AD, however, there are some
conflicting reports and future well-powered, rigorous
studies in both human brain and animal models are
needed to fully understand the age, sex and region-specific effects of APOE on neuron death.

APOE-related synaptic and dendritic degeneration in
AD
Prior to the onset of neuronal loss in AD, extensive
synapse loss and dendritic changes occur. These can be
considered early neurodegenerative processes that contribute to synaptic and neuronal dysfunction, which
pave the way for more generalized neurodegeneration
later in the disease. In contrast to neuronal loss, synaptic and dendritic degeneration are dynamic processes,
with the potential to be reversed if targeted early
enough. Thus, it is important to consider the role of
APOE in these changes.
Whether synapse loss associates with APOE genotype
was the subject of a few studies identified by our
search. Electron microscopy coupled with stereological
counting in post mortem tissue identified AD-related loss
of synapses in the dentate gyrus, stratum radiatum of
the CA1 region of the hippocampus and lamina III of
the inferior temporal gyrus. However, this was not
related to APOE status [46–48]. These findings contrast
with results from aged APOE mice, which suggested
APOE4 to be associated with a reduced number of
synapses in the dentate gyrus [49]. Although not
accounting for these discrepancies, it is worth noting
that electron microscopy is limited by its ability to only
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quantify synaptic changes in small areas of tissue.
Thus, its use for characterizing changes in a disease
that stereotypically results in widespread pathology
may not be entirely representative.
In AD, loss of the presynaptic vesicle protein, synaptophysin, is evident in various brain regions. In post
mortem studies, APOE genotype did not modulate
synaptophysin levels in frontal or temporal regions
[50,51] although a trend towards lower synaptophysin immunoreactivity was observed in AD patients
with an APOE4 allele [50]. A further study of another
presynaptic vesicle protein, Rab3a, also found no association of synapse loss with APOE genotype [52]. This
contrasts with animal studies demonstrating that mice
expressing human APOE4 alone or in concurrence
with human amyloid precursor protein display
increased age-dependent degeneration of synaptophysin-positive presynaptic terminals in the neocortex
and hippocampus [53,54]. Preservation of synaptophysin-positive presynaptic terminals in aged APOE4
mice has also been reported, however, [55]. Contradictory results have also been reported in APOE KO
mice, with both age-dependent reductions in synaptophysin-positive terminals [56] and no changes [57]
observed.
Although the findings discussed thus far tend to suggest that APOE4 does not contribute to synaptic degeneration, it is important to consider that techniques used
may not be optimal for quantification of synapses or
synaptic protein loss, and that many of these studies did
not consider plaque proximity in the analyses which is
known to drive substantial local synapse loss as will be
discussed below. The axial resolution of even confocal
microscopy is not sufficient to resolve individual synapses
in standard tissue sections. In addition, immunoblotting is
inferior to techniques that yield absolute synaptic protein
concentrations. Indeed, using ELISA, presynaptic protein
levels were found to be reduced in AD patients with an
APOE4 allele, although only a trend towards reduction
was seen for synaptophysin [58].
A relatively recently described histological technique,
array tomography, has been used to overcome some of
the limitations associated with synapse quantification
using other methods, offering a means for high-resolution characterization of synapses in post mortem tissue.
In addition, this approach avoids some issues associated
with electron microscopy in that thousands of synapses
can be analysed. Using this technique, synapse density
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was found to be specifically reduced within the ‘halo’
surrounding amyloid plaques. In both AD human post
mortem tissue and a mouse model, this was isoformspecific, with APOE4 exacerbating peri-plaque synapse
loss [59,60].
APOE4-related peri-plaque synapse loss affects both
pre- and post-synapses [59] and greater age-induced
reductions in post-synaptic proteins have been observed
in AD mouse models expressing APOE4 compared to
other isoforms [61]. Dendritic abnormalities, such as
dystrophic neurites, alterations in dendrite complexity
and loss of spines are widespread in AD. Considering
that dendritic abnormalities are closely linked to synaptic dysfunction, and thus potentially synaptic degeneration, the effect of APOE here is relevant.
The presence of dystrophic neurites are a neuropathological hallmark of AD and are exacerbated by APOE4 in
AD mouse models when compared to other isoforms
[59]. Such changes in dendritic morphology are predicted to alter synaptic function, and thus may influence
degeneration. Indeed, neuritic degeneration requires the
presence of APOE [62], with APOE4 mice showing
increased age-dependent loss of neocortical and hippocampal dendrites compared to APOE3 mice [53].
The density of dendritic spines, the post-synaptic site
of over 90% of excitatory neurons, has consistently
been shown to be reduced in the presence of APOE4 in
cortex, hippocampus, entorhinal cortex and amygdala
in vitro [63], in vivo [64–68] and in humans [68]. A
reduction in dendrite length was also observed in
APOE4 mice [66,67], which contributes to reduced
connectivity. Interestingly, expression of APOE2 can
rescue reduced spine density in AD mouse models [69].
The morphology of dendritic spines has also been suggested to be influenced by APOE, with APOE4 being
associated with shorter spines and APOE2 with longer
spines [64]. In addition, APOE may influence spine
morphology such that APOE4 specifically reduces the
number of spines associated with learning and memory
[65]. Finally, APOE4 is associated with reductions in
dendritic arborization and less complicated branching
patterns, impacting on neuronal function [64,65,67].
Collectively, these studies suggest that, in the context of dendritic and synaptic changes, APOE4 is less
effective at maintaining synaptic and neuronal integrity in disease-specific brain areas than other isoforms,
which likely contributes to synaptic and neuronal
degeneration.
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Mechanisms of APOE-related neurodegeneration
Dendritic, synaptic and neuronal degeneration are all
influenced by APOE in an isoform-specific manner.
However, the mechanisms by which APOE4 impacts
neurodegeneration are not completely understood. Elucidating these mechanisms may enable the development of appropriate therapies, particularly in relation
to APOE effects on synapses and dendrites, which have
potential to be reversible.
In vivo and in vitro studies suggested that APOE4
may drive neurodegeneration through an Ab-dependent mechanism [37,39–42]. Recent revisions of the
amyloid hypothesis of AD, have suggested soluble
oligomeric forms of Ab (oAb) to be the effectors of Abinduced degeneration, with APOE4 exacerbating oAbassociated degeneration relative to other isoforms
[41,42,70] (Figure 2) (details of participants in Figures 2-5 found in Table S4). APOE and oAb may act
intracellularly to enact this degeneration, with APOE
uptake into neurons correlating with neuronal death
and intracellular accumulation of soluble Ab [71].
APOE4-specific increases in intraneuronal oAb have
been suggested to drive neurodegeneration through

impairments of mitochondria and lysosomes [39,72],
although the role of intracellular Ab remains hotly
debated in the field. Isoform-specific interactions
between APOE and the C-terminal domain of soluble
Ab, or lack of in the case of APOE4, have also been
suggested to influence the propensity for APOE4 to
promote Ab-mediated neuronal death [42]. Moreover,
protection against oAb-mediated synaptic loss by
APOE3 has been suggested to be mediated by a novel
intracellular protein kinase C pathway, which is not
activated by APOE4 [70].
APOE and oAb may also act extracellularly to impact
neurodegeneration. Interestingly, oligomeric forms of
Ab are increased in the ‘halo’ surrounding plaques, an
area where synaptic degeneration is exacerbated by
APOE4 [59,60]. Mechanistically, APOE4 might exacerbate peri-plaque synapse loss by facilitating the association of oAb with synapses where it is toxic, thus
resulting in synapse loss [60].
While APOE certainly influences Ab-dependent neurodegeneration, it is becoming increasingly clear that
there are other mechanisms by which APOE influences
degeneration (Figure 3). For example, in mice expressing a form of mutant human tau associated with

(A)

(B)

(C)

(D)

Figure 2. Amyloid-b pathology in APOE3/3 and APOE3/4 carriers in normal ageing and AD. Ab plaque deposition is evident in aged
controls (A) and is exacerbated in the presence of the APOE4 allele (B), resembling an AD-like phenotype. Both APOE3/3 and APOE3/4
AD cases (C and D, respectively) have substantial Ab deposition in all six layers of the cortex. Images taken from the grey matter of
inferior temporal lobe (Brodmann area [BA] 20/21). Information about all participants donated tissue can be found in Table S4. Ab is
stained with 6F/3D (mouse monoclonal, DAKO, M087201-2, 1:100, 98% formic acid, 5 minutes). Scale bar 1 mm.
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frontotemporal dementia, co-expression of human
APOE4 led to a drastic increase in neurodegeneration
compared to that seen with other APOE isoforms.
APOE was necessary for this tau-mediated neuronal
death to occur [9], suggestive of APOE exerting a neurodegenerative effect through tau. APOE4 has also
been shown to impair GABAergic interneurons though
a tau-dependent mechanism in vivo [43]. Although
known to be related to Ab, dysregulation of calcium
homoeostasis has also been implicated as a mechanism
of APOE-related neurodegeneration, independent of Ab.
Here, APOE4 increased levels of cytosolic calcium, an
effect that was dose-dependently associated with cell
death [73].
Another important consideration, and one that is
often neglected, is the cellular source of APOE.
Although primarily produced by glial cells, under conditions of stress or injury neurons also synthesize APOE
[74]. Considering that the AD brain can be considered
both a ‘stressed’ and ‘injured’ environment, the cellular
source of APOE is likely to be relevant to its effect on
neurodegeneration. Indeed, at the level of the dendrite,
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loss of spines, reduced arborization and alterations in
morphology were observed in mice expressing neuronal
APOE4, but not astrocytic APOE4 [65,75]. This phenomenon has also been confirmed to occur at the level
of the synapse, with only neuronal APOE4 promoting
the degeneration of presynaptic terminals and cell
death [75]. Consequently, the cellular source of APOE
seems to impact upon its capacity to induce neurodegeneration. Further studies are needed to examine how
neuronal and astrocytic APOE differ from one another,
to characterize how these effects are mediated.
A potential mechanism by which neuronal APOE4
exerts increased neurotoxic effects may be due to the
intraneuronal proteolytic processing of APOE, whereby
APOE can be cleaved to generate C-terminally truncated fragments. In the human AD brain, these fragments are more numerous in individuals carrying an
APOE4 allele. In vitro, APOE4 is more susceptible to
proteolytic cleavage than APOE3 and, in mice, these
APOE fragments are capable of eliciting AD-like neurodegeneration [76]. Further work has identified the
lipid-binding region of APOE to be essential for

(A)

(B)

(C)

(D)

Figure 3. Tau pathology in APOE3/3 and APOE3/4 carriers in normal ageing and AD. In aged controls, phosphorylated tau species are
absent in APOE 3/3 cases (A) and rarely found in APOE3/4 cases (B). In AD, both APOE3/3 (C) and APOE3/4 (D) have markedly
increased numbers of tau-positive neurones. Images taken from the grey matter of inferior temporal lobe (BA20/21). Phosphorylated tau
is stained with AT8 (mouse monoclonal, ThermoFisher, 1020, 1:2500). Scale bar 50 lm, insert scale bar 25 lm.
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(A)
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Figure 4. Activated microglia (CD68) in APOE3/3 and APOE3/4 carriers in normal ageing and AD. The lysosomal marker of microglia
and macrophages, CD68, shown in AD (C-D) and age-matched control cases (A–B). Various microglial morphologies can be observed, for
example, ramified (A and D) and amoeboid (B and C) in both ageing/AD and APOE3/x. Images taken from the grey matter of inferior
temporal lobe (BA20/21). Microglia are stained with CD68 (mouse monoclonal, DAKO, M0876, 1:100, citric acid antigen retrieval).
Scale bar 100 lm, insert scale bar 25 lm.

toxicity although not sufficient alone. Instead, the
lipid- and receptor-binding regions appear to act in
concert to mediate toxic effects [77]. APOE4 fragments
have also been shown to interact synergistically with
Ab and tau, exacerbating both pathologies and
increasing the degree of neurodegeneration [43,78].
In relation to Ab, APOE4 fragments bind poorly to
Ab, leading to reduced clearance and increased deposition [78], and these fragments also promote intraneuronal Ab accumulation [79]. In relation to tau,
APOE fragments increase the degree of phosphorylation, likely exacerbating neurodegeneration [43].
Cleavage fragments of APOE may also exert neurodegenerative effects by increasing intracellular calcium
[80], a mechanism that has previously been associated with full-length APOE4, as aforementioned, or by
impairing mitochondrial function and integrity [77].
Finally, structural differences among APOE isoforms
may also contribute to the more neurodegenerative
phenotype associated with APOE4. Unlike APOE2 and
APOE3, APOE4 exhibits a domain interaction,
whereby a salt bridge mediates interaction between Nand C-terminal domains. Indeed, in mice, this domain
interaction has been shown to be associated with pre-

and post-synaptic protein loss [81], thus suggesting
another mechanism by which APOE4 might contribute to synaptic pathology and neurodegeneration.
APOE genotype may further contribute to synaptic
degeneration, and subsequent neuronal degeneration,
through its effects on dendrites. Dendritic changes are
suggested to alter neuronal plasticity and regenerative capacity, leading to synaptic dysfunction and
subsequent synapse and neuron loss. Indeed, more
plastic changes are seen in the human AD brain in
the absence of an APOE4 allele [33]. Various mechanisms have been proposed as to how APOE isoforms
differentially regulate dendritic changes in AD. These
range from altered binding of APOE to receptors and
subsequent
intracellular
signalling
cascades
[82,83], impaired regulation of receptors within
spines [63], elevations in calcineurin activity that is
associated with reductions in spine density [84] and
impairments of neuronal outgrowth [82], among
others.
Overall, these results highlight the far-reaching and
diverse biological effect APOE4 has on neurodegeneration in AD with particularly strong evidence supporting
a role for APOE4 in synapse degeneration.
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Figure 5. Activated astrocytes in APOE3/3 and APOE3/4 carriers in normal ageing and AD. Glial fibrillary acid protein (GFAP) is a
cytoskeletal protein in activated astrocytes. Activated astrocytes are seen in both ageing (A–B) and AD (C-D), but more pronounced
astrogliosisis is observed in AD. In AD, astrocytes express more GFAP in the cell bodies, thus appearing darker, especially in APOE3/4
cases (D), and have more processes (C–D). Images taken from the grey matter of inferior temporal lobe (BA20/21). Astrocytes are stained
with GFAP (rabbit polyclonal, DAKO, 0334, 1:800). Scale bar 200 lm, insert scale bar 100 lm.

APOE and inflammation
To determine whether there is evidence that APOE
influences inflammation, search terms were used to
identify papers containing both APOE and indicators of
inflammation (papers from the systematic search that
support a role for APOE in inflammation are coloured
in green and orange in Table S1).

Increased glial activation and gliosis with APOE4
There is substantial reactive glial cell accumulation,
termed gliosis, during AD which is enhanced in the
presence of the APOE4 allele (Figures 4 and 5).
Markers of glial activation are commonly used to
reflect a variety of functional outcomes and to quantify the changes in glial numbers and their respective
phenotype.
Human post mortem studies have quantified gliosis in
different brain regions using multiple markers of activation. By immunophenotyping microglia in the frontal
gyrus and correlating to APOE status in AD and control cases, markers of activation (CD68, Human

Leucocyte Antigen-DR isotype [HLA-DR], CD64) were
found to be significantly associated with APOE4 carriers while APOE2 carriers were associated with higher
levels of more homoeostatic microglial markers (Iba1
and Macrophage Scavenger Receptor-A; MSR-A) and
lower levels of the reactive ones [85]. Although the
microglial phenotype was insufficient in predicting the
APOE status in dementia, the elevated markers of
phagocytosis, adaptive immune response and antigen
recognition seen in APOE4 carriers point towards a
more pathological environment. Other brain regions
have been assessed for microglial levels, where in an
APOE4 dose-dependent manner, there was extensive
microgliosis in both the frontal and temporal cortices
[86]. Similarly, there is elevated GFAP-positive
astrogliosis in the grey matter of APOE4 AD patients
compared to other APOE genotypes, and an overall
greater astrogliosis between AD and age-matched control cases [87]. Interestingly, the APOE4 allele was
associated with differences in GFAP burden in nondemented individuals, despite the increased plaque burden
of nondemented aged APOE4 individuals, supporting
the importance of glial cells in AD pathogenesis. As
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always, the post mortem tissue only provides a snapshot of end-stage of disease, so we rely on mouse models for deciphering the mechanistic changes that
APOE4 induces during AD.
Mouse studies looking at the effects of the human
APOE allele with AD-like pathology have mostly replicated the gliosis data seen in human post mortem tissue. APOE4 mice crossed to the 5xFAD amyloidosis
model showed increased microgliosis in deep cortical
layers accompanied by a greater number of dystrophic
microglial processes in the presence of the APOE4
allele, compared to APOE4 and APOE3 [88]. Of
note, both APOE2 and APOE4 5xFAD mice had more
Ab-associated microglia than APOE3 [88,89], suggesting that the APOE2 conformation may be protective
not by preventing microglia/plaque interactions but by
mediating more effective ways to respond to the plaques and making microglia more resistant to amyloid
toxicity. These changes were not observed in the
subiculum of these mice, reiterating regional differences
in microglia. Furthermore, when APOE knock-in mice
were crossed to a tauopathy model (P301S), CD68positive microglial burdens in the hippocampus and
entorhinal/piriform cortex were markedly increased in
APOE4 mice compared APOE3 and APOE knock-out
mice in a tau pathology mediated manner [9]. The
same effect was also observed with GFAP immunoreactivity, further establishing an aberrant glial response to
AD-like pathology in combination to the presence of
the APOE4 allele. Similarly, there was neurodegeneration-associated microgliosis and astrogliosis in the hippocampus of APOE4 mice, compared to APOE3, but no
differences were found in the septum [90]. However, in
the hippocampus of APOE4 LPS-injected mice there
was marked microgliosis although astrogliosis was
found in the APOE3 mice [91]. In summary, in APOE4
amyloidosis (5xFAD) and tauopathy (P301S) mouse
models there was exacerbated gliosis. Although, there
was important regional variability, taken together these
data strongly support a role for APOE4 in promoting
inflammatory changes in microglia and astrocytes.
The precise mechanisms by which reactive gliosis is
established in the APOE4 AD brain is unknown, but a
key question that remains is whether this gliosis is a
driver of the disease, accounting for the earlier onset
and worse prognosis APOE4 carriers face, or a by-product of the exacerbated amyloid and tau pathology. To
answer these questions, the inflammatory capacity of

glial cells and their transcriptomic signatures in the
presence of the APOE4 are being currently assessed.

Apoe-related glial transcriptional changes
Transcriptional studies are becoming increasingly popular in the microglia and neuroinflammation field,
with Apoe upregulation consistently being a top hit in
AD-like mouse models. The advantages of RNA-sequencing are a nonbiased, high-yield output of all transcriptional changes as well as the ability to use these long
data sets to investigate biological pathways. As such,
this process speeds up the identification of genetic and
molecular pathways involved in AD pathogenesis and
ways they can be therapeutically targeted.
Recently, microglial Apoe mRNA transcript levels
were quantified in two models of AD-like pathology
(amyloidosis and tauopathy) and ageing [92]. Its high
abundance in all conditions supports a role for APOE
as a key part of the microglial signature, despite its
expression not being restricted to microglial cells. In
terms of its relative expression, Apoe was highly upregulated in ageing and disease models, with ageing
female mice showing a marked increase. Pathway analysis puts APOE as the driver of a network whose downstream effectors are also highly upregulated in these
models, like the chemoattractant CCL3, whose relevance to neuroinflammation will be discussed in the
next section of this review.
Apoe transcription is also downstream of the activation of a microglial receptor TREM2 (Triggering Receptor Expressed on Myeloid cells 2), another AD risk gene
[93]. This APOE activation pathway results in a more
pro-inflammatory microglial response and a degenerative phenotype, as seen in the AD brain. Microglial and
astrocytic pro-inflammatory genes were also profoundly
upregulated in APOE4 knock-in mice crossed with a
tauopathy model (P301S), compared to APOE3 [9].
Conversely, APOE knock-out/P301S mice showed
attenuation of this impaired pro-inflammatory profile,
highlighting APOE as a master regulator of glial
inflammatory response with its APOE4 allele being
associated to a pro-degeneration phenotype.
Single-cell RNA sequencing takes this a step further
by identifying and characterizing clusters of subpopulations within a cell type, for instance disease-associated
microglia (DAMs) [94]. Specifically, Apoe is upregulated
early in DAMs of the 5xFAD AD-like model, even in
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the absence of TREM2. A TREM2 independent pathway
is thus proposed to initiate Apoe upregulation in the
early phase of AD, with a later TREM2-dependent pathway activating Apoe transcription which induces neurodegenerative microglia. This potentially forms a
therapeutic window where preventing the second Apoe
induction via TREM2 may protect against the exacerbated inflammation and degeneration caused by microglia. Understanding the ways in which TREM2 is
activated in the AD brain and the effectors mediating
this TREM2-APOE pathway can provide new ways to
halt AD progression and hinder neuroinflammation.
Human induced pluripotent stem cells (iPSCs)
derived from AD patients were recently transcriptionally characterized after directing them towards a
microglial-like lineage [95]. Importantly, the microglia-like cells were engineered with Crispr-Cas9 to correct APOE4 into APOE3. Not only did this result in
attenuation of AD-associated morphological and transcriptomic signatures, but immune-related genes were
also upregulated.
Overall, Apoe is consistently one of the most upregulated genes in transcriptomic studies of microglia in
AD-like models. Nevertheless, a limitation of transcriptomics involves the isolation process which pushes
microglia into an activated phenotype [92]. There is a
lack of detailed studies of human post mortem tissue
profiling transcription in cases with different APOE
genotypes, which will be needed to confirm the translational relevance of mouse studies. As this is still at the
transcriptional level, studies looking a more functional
level are imperative to understand how these RNA
changes relate to disease.

Altered inflammatory response by glial cytokine
release
Innate and adaptive immune cells respond to environmental stimuli by releasing signalling cytokines and
chemokines. Our systematic literature search showed
that the process of cytokine release by glia to maintain
homoeostasis and respond to damage is dysfunctional
in the ageing and AD brain [96], with substantial evidence pointing towards the APOE4 allele playing a crucial role in this [97–99], supporting the transcriptional
profile changes seen in e4 microglia and astrocytes.
APOE4 alters the baseline pro-inflammatory
response even in the absence of disease. Addition of
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APOE4, but not APOE3 protein, to rat microglia cultures alone stimulated the secretion of prostaglandin
E2 (PGE2), interleukin-1b (IL-1b), and nitric oxide
(NO) [100–103]. On the other hand, microglial and
astrocyte stimulation with APOE4 and Ab attenuated
the production of inflammatory mediators [103–105],
indicating a more complex interaction of microglia,
APOE, and Ab in vivo. A physiological concentration
of Ab may therefore be beneficial to glial functioning
by interacting with APOE.
LPS-activated microglia and astrocytes are a wellcharacterized model of glial activation by mimicking
the inflammation seen in AD. Microglia induced with
LPS in the APOE4 background released greater
amounts of pro-inflammatory cytokines, like tumour
necrosis factor-a (TNF-a), IL-1b, and interleukin-6
(IL-6) [106], an effect replicated in AD-like models
[88,107]. Simultaneously, APOE4 treated LPS-induced
microglia suppressed the production of TNF-a less than
the APOE3 and APOE2 isoforms [108] while APOE-/mice secrete lower levels of anti-inflammatory cytokines
[109], showing a physiological role of APOE in modulating inflammation. Indeed, knocking out murine Apoe
increases glial production of nitric oxide (NO) [110]
and other inflammatory mediators, like TNF-a, IL-1b
and IL-6 transcripts in the CNS [111]. Murine Apoe is
therefore required to suppress glial-mediated inflammation providing a physiological role in CNS homoeostasis, which is disrupted in AD, potentially in an
age-dependent manner. This evidence points to APOE4
expressing microglia being both more pro-inflammatory
and less anti-inflammatory at the same time.
In contrast to the microglial data, astrocytes from
APOE2 and APOE3 animals treated with LPS produced
more of these pro-inflammatory cytokines than the
APOE4 counterparts (IL-1b, TNF-a, and IL-6) [112].
APOE4 astrocytes also produce more CCL3 (chemokine
C-C motif ligand 3) [113], similar to microglial Ccl3
mRNA upregulation in AD-like models [92], which is
downstream of the APOE-driven network while
APOE-/- mice produce less CCL3 [109]. Despite the
increase in CCL3, the chemoattraction ability of microglia is impaired in the presence of the APOE4 allele, as
they are less migratory and receptive to immune sensing [114–116]. Data so far suggest that APOE4 confers
a more pro-inflammatory and less anti-inflammatory
phenotype in microglia, with an opposing pattern in
astrocytes.
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APOE at the interface of inflammation and
neurodegeneration: glial-mediated synapse loss
The synaptic loss during the early phase of AD is
now thought to be partly due to aberrant microglial and
astrocyte complement-mediated phagocytosis [117,118].
Given APOE’s role in synapse loss and inflammation, we
postulate that the APOE4 genotype is implicated in synaptic loss through a glial-mediated mechanism (Figure 6).
LPS intracerebral injections in APOE4 mice led to
decreased pre- and post-synaptic protein levels as well
hippocampal gliosis and pro-inflammatory cytokine
release [119]. Moreover, APOE4 is accompanied by
greater complement activation [120], which is the
proposed synaptic tag for synaptic clearance. Still, this
evidence is correlative and there are other mediators
than could affect synaptic loss. In development, astrocytes of the APOE4 background were less phagocytic
towards pHrodo-labelled synaptosomes than those of
APOE3 and APOE2 [121], leading to the hypothesis
that some synapses are not pruned by APOE4 astrocytes, accumulating complement and making them
more vulnerable in AD. Whether these synapses are

defective or not is a key question, as loss of healthy
synapses with accumulated complement would explain
the initial synapse loss in AD, and the earlier onset of
APOE4 carriers.
Although a lot more evidence is required, particularly from the human perspective, to understand if and
how glial cells drive the synapse loss during AD, understanding why APOE e4 carriers at greatest risk have
this extensive synapse loss and greater onset will be
crucial to tailor therapies for individuals of this genotype.

Potential role for spread of pathological proteins
through the brain
No studies were found in the systematic search that
specifically investigated the role of APOE in pathological protein spread. Two of the current hypotheses
about the spread of tau through the brain are that tau
spreads trans-synaptically and that microglia eat taucontaining synapses facilitating its spread (Figure 7).
Interestingly, in this review, APOE genotype is shown
to affect both tau and microglia in multiple ways,

Figure 6. APOE at the interface of inflammation and neurodegeneration via glial-mediated mechanisms. Microglia and astrocytes
expressing APOE4 promote parenchymal gliosis and release pro-inflammatory signals that are potentially associated with synaptic and
neuronal loss. The paracrine signalling of microglial mediators along with the APOE-TREM2 pathway induces a pro-inflammatory
phenotype, creating a vicious-cycle of inflammation and neurodegeneration. Ineffective clearance of excess synapses by astrocytes in
APOE4 mice allows accumulating levels of C1q that can act as a tag for synaptic elimination later in life.
© 2018 The Authors. Neuropathology and Applied Neurobiology published by John Wiley & Sons Ltd
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implicating APOE4 as a potential facilitator of misfolded
proteins spreading between brain regions.

Conclusion
Our systematic literature search revealed strong links
between APOE and synapse degeneration, which is further supported by relevant literature that did not fall
into our search terms. The impaired phagocytic capacity of TREM-/- microglia for synapses and synaptosomes in development [122] highlights yet again the
TREM2/APOE pathway as a potential AD-related mechanism of synaptic elimination. The interplay between
glia cell types in relation to APOE genotype is also a
new avenue to be assessed considering that astrocytic
IL-33 induces microglial synaptic engulfment of both
excitatory and inhibitory synapses [123]. Conversely,
microglia have been shown to induce a neurotoxic
astrocyte phenotype via IL-1a, C1q, and TNF [124],
the two latter being increased with APOE4 expression.
Moreover, APOE4-elevated soluble factors released by
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microglia like NO and IL-6 can induce synapse loss in
neurone culture systems [125], suggesting microglia
may alter synaptic numbers both by phagocytosis and
their secretome.
In studies identified by our systematic search, APOE4
was consistently associated with increased neurodegeneration within the medial temporal lobe; this region
includes the entorhinal cortex, where tau pathology
begins [126]. APOE4-associated degenerating synapses
may release tau seeds via exosomes, stress-produced
nanotubes [127], or passively as terminals degenerate.
These may be taken up by recipient cells therefore
propagating tau trans-synaptically. However, our
recent data indicate that presynaptic terminal degeneration is not necessary for the spread of tau through
neural circuits [128], making it important to investigate other mechanisms of pathological protein spread.
Microglia have also been suggested to mediate tau
spread [129]. The exacerbated neurodegeneration in
APOE4 likely induces microglia and astrocytes to
phagocytose degenerating tau-containing synapses and

Figure 7. Schematic diagram of pathological protein spread. While direct evidence for APOE influencing the spread of tau through the
brain is lacking, the papers in our systematic literature search implicate APOE in many processes that could influence spread. These
include synaptic transfer through the synaptic cleft (1), via nanotubes (2), by glial phagocytosis (3) or vesicular secretion (4 & 5).
© 2018 The Authors. Neuropathology and Applied Neurobiology published by John Wiley & Sons Ltd
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neurones. Exosomes synthesized from these microglia,
containing synaptic-impairing micro-RNA [130] and
tau seeds, may propagate tau pathology and neurodegeneration [131]. Astrocytes may also be involved in
this, given their role in a-synuclein transfer via tunnelling nanotubes in Parkinson’s disease [132].
APOE, therefore, is potentially at the interface of
inflammation, neurodegeneration, and the pathological
protein spread (summarized in Figures 6 and 7). Tau
pathology and synapse loss are the strongest correlates
with cognitive impairments [133]; therefore, preventing
these processes could have significant impact on disease
progression. Further evidence is, however, needed to
directly link APOE to these spreading mechanisms.
Our systematic literature search and review of the
resulting papers highlights the need for multiple
approaches to understand the complex role of APOE in
disease, as has been observed recently for many fields
in science [134]. Many findings remain contradictory
and will need further support and investigation using
different model systems to warrant moving forward to
therapies targeting APOE. These caveats notwithstanding, our review of the literature supports the idea that
understanding how APOE influences multiple pathological features of AD will be important for developing
effective therapeutics to prevent or treat the disease.
Currently, there is debate as to whether lowering or
increasing levels of APOE will be beneficial in treating
AD. Increasing astrocytic APOE levels can help displace
synaptic Aß [135] and prevent subsequent synaptotoxicity. Such interventions, with the recent example of
Bexarotene, have had mixed outcomes in mouse models of AD [136–139] and no direct benefits so far in
human trials [140]. In contrast, lowering levels of
APOE4 and increasing levels of APOE2 [59] and
APOE3 [141], or decreasing total APOE [142] are
promising alternative avenues for maintaining brain
resilience and synaptic integrity.
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3.2 – Conclusion

___________________________________________________________________________________________

Our systematic literature search identified 108 studies. 72 studies examined the
relationship between APOE and neurodegeneration, 28 explored the role of
APOE in inflammation and 8 looked at both neurodegeneration and inflammation.
Due to the heterogenous nature of the identified studies, we were unable to
perform standardised quality control checks or quantitative meta-analysis.
Instead, we qualitatively synthesised and contextualised the main findings of the
studies.
Overall, APOE4 was associated with greater neurodegeneration via neuron loss,
synapse loss and dendritic degeneration. While in vivo and in vitro studies
strongly supported this association, evidence from human studies was less clear,
with conflicting findings reported. Consequently, we identified a need for more
rigorous, well-powered studies in human brain to clarify the link between APOE
genotype and neurodegeneration in humans. In relation to synaptic changes, we
also highlighted the need to use appropriate techniques to better establish the
effects of APOE. Reviewed studies provided mechanistic insight as to how APOE
isoforms contribute to neurodegeneration. Multiple studies suggested that
APOE4 drives neurodegeneration through Ab- and tau-dependent mechanisms,
while others found APOE4 to dysregulate calcium homeostasis. The cellular
source of APOE was established as an important contributor to APOE-related
neurodegeneration, with neuronally-produced APOE4 and its associated
fragments being more detrimental to degenerative processes. A variety of APOEdependent mechanisms, involving altered receptor binding and signalling, were
also shown to induce dendritic changes that in turn can influence synapse and
neuron degeneration.
Since the literature search was performed, further studies have been published.
APOE4 associated with greater atrophy rate in AD (Abushakra et al., 2020) and
a meta-analysis confirmed that APOE4 confers specific phenotypic heterogeneity
in AD pathology, with carriers exhibiting greater atrophy in the medial temporal
lobe and non-carriers exhibiting greater atrophy in frontal and parietal lobes
(Emrani et al., 2020). In model systems, APOE4 exacerbated neurodegeneration
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and Aβ and tau production in AD iPSC-derived cerebral organoids, with
conversion to APOE3 attenuating this (Zhao et al., 2020b). Indeed, APOE4
exacerbated Aβ- and tau-mediated degeneration in vivo (Litvinchuk et al., 2021;
Sae-Lee et al., 2020; Shi et al., 2017b). Interestingly, APOE4 expressing iPSCderived neurons had increased synapse density relative to those expressing
APOE3. This might represent APOE4-related disruptions to synapse formation
and/or early neuronal maturation, which could be a common phenotype in AD
(Lin et al., 2018).
In our review, APOE4 was consistently associated with increased gliosis in both
human AD brain and AD mouse models, supporting an isotype-specific role for
APOE in promoting inflammatory changes in both microglia and astrocytes.
Indeed, transcriptional studies in mouse models found APOE to be one of the
most upregulated genes in glia, forming part of a network that drives upregulation
of other pro-inflammatory genes. The translational relevance of such
transcriptional changes was hard to ascertain due to the lack of studies profiling
human post-mortem tissue, highlighting an area in which further study is needed.
Indeed, since publication, sequencing studies of human glia from healthy, aging
and AD brain have been performed (Batiuk et al., 2020; Lau et al., 2020; Olah et
al., 2020; Pan et al., 2020; Srinivasan et al., 2020)
Human, in vivo and in vitro studies included in the review found APOE isoforms
to differentially affect glial cytokine release. APOE4 microglia secreted more proinflammatory and fewer anti-inflammatory cytokines, while the opposite effect
was observed in astrocytes. Further work since publication has indicated that
astrocytes also adopt a pro-inflammatory phenotype under APOE4 conditions,
becoming less phagocytic (Lin et al., 2018), exhibiting higher expression of
inflammation-related genes and secreting higher levels of pro-inflammatory
molecules compared to APOE3 astrocytes (Arnaud et al., 2021; Tcw et al.,
2019). This cell-type-specific effect of APOE on neuroprotective vs. neurotoxic
function may be dependent on the type of insult (i.e., acute vs. chronic) and
warrants further investigation. Particular consideration should be given to the
extensive crosstalk between cell types that can influence cytokine release
(Matejuk and Ransohoff, 2020). Indeed, multiple studies have since examined
this in the context of AD (Lian et al., 2016; Liddelow et al., 2017; Litvinchuk et
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al., 2018; Park et al., 2021; Wang et al., 2021), finding that astrocytes and
microglia reciprocally activate one another, and that this may be worsened by
APOE4.
Finally, APOE4-driven alterations in inflammatory phenotypes worsened
neurodegenerative processes, primarily resulting in synapse loss. This was
suggested to be mediated by APOE effects on complement activation and
microglial function, although recent work suggests astrocytes could drive these
changes in microglia, promoting phagocytosis, and participate in synapse
removal themselves (Lee et al., 2021; Shi et al., 2019; Wang et al., 2021).
In summary, the reviewed literature indicates an important role for APOE in ADrelated neurodegeneration and inflammation. Moreover, APOE likely mediates
some of the interplay between these two processes. APOE isoforms differentially
influence these processes, likely contributing to AD risk. Importantly, we did not
identify any studies investigating the isoform-specific role of APOE in the spread
of AD-related pathological proteins. Considering that tau pathology and
associated degeneration is affected by APOE genotype (Koller et al., 2020; Shi
et al., 2017b; Zhao et al., 2018), that the inflammatory environment is altered by
APOE isoform, and that glia may contribute to spread of tau through the brain
(Asai et al., 2015; Perea et al., 2019), this is an area of study that warrants further
investigation and will be tested in the following chapters.
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4 – Synaptic localisation and
distribution of pathological tau in
human post-mortem brain: impact of
AD and APOE genotype

___________________________________________________________________________________________

4.1 - Background and Aims
Of all the neuropathological hallmarks of AD, synapse loss is the strongest
correlate of cognitive decline (DeKosky and Scheff, 1990; Serrano-Pozo et al.,
2011b; Terry et al., 1991). While many studies have focused on Ab as the trigger
for AD-related synaptic damage, it is now appreciated that tau can mediate
synapse loss, both alone and in concert with Ab (Spires-Jones and Hyman,
2014). Indeed, progression of tau pathology through the AD brain more closely
correlates with synaptic loss and cognitive symptoms than the progression of Ab
pathology (Arriagada et al., 1992; Aschenbrenner et al., 2018; Bejanin et al.,
2017; Giannakopoulos et al., 2003; Nelson et al., 2012).
Tau contributes to synapse loss through a variety of mechanisms, including
impaired microtubule-based transport of synaptic cargo, altered mitochondrial
dynamics and dysregulation of neuronal excitability, among others (Pooler et al.,
2014). While understood to have physiological roles at the synapse (Kent et al.,
2020), in vitro and in vivo studies have demonstrated that presence of tau at
synapses is increased under pathological conditions and can contribute to
synaptic dysfunction and synapse loss (Dejanovic et al., 2018; Harris et al., 2012;
Hoover et al., 2010; Ittner et al., 2010; Kopeikina et al., 2013b; Zhou et al., 2017).
Mounting evidence suggests that oligomeric, misfolded forms of tau mediate
synaptic toxicity (Guerrero-Muñoz et al., 2015).
In the human brain, analysis of synaptosomes (Fein et al., 2008; Henkins et al.,
2012; Sokolow et al., 2015; Tai et al., 2012, 2014) and synaptic fractions of
homogenised tissue (Perez-Nievas et al., 2013) have identified tau to be localised
to both synaptic compartments in control and AD tissue. However, methods
involving biochemical isolation of synapses fail to consider the overall architecture
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of the intact tissue and may unwittingly select for certain populations of synapses.
Tissue homogenisation can also be damaging to synapses, allowing soluble
proteins to leak in or out of the preparations. Further, this method does not
generally allow for study of multiple proteins within the same synapse. Array
tomography overcomes some of these limitations, offering a means for highresolution characterisation of a large number of synapses in situ in human postmortem tissue, and enables the assessment of synaptic density and protein
composition (Kay et al., 2013).
Using array tomography, I and others have shown tau to colocalise with
synapses in post-mortem human brain (Fig. 4.1.1) (Largo-Barrientos et al., 2021;
Pickett et al., 2019; Zhou et al., 2017). Array tomography has also been used to
show that, in human AD brain, synapse loss predominantly occurs in the area
surrounding Ab plaques (Koffie et al., 2009). This is exacerbated by APOE4
(Jackson et al., 2019b; Koffie et al., 2012), the strongest genetic risk factor for
late for late-onset AD, potentially by increasing synaptic localisation of Ab (Koffie
et al., 2012). It is unclear whether APOE exerts similar effects on tau.

Figure 4.1.1 – Array tomography image showing tau at the presynapse in human
control and AD brain. Each image represents a serial section taken from an image
stack, detailing colocalisation (arrowhead) of synaptogyrin-3 (Syngr3; green), a synaptic
vesicle-associated protein, with tau (magenta) and synapsin-1 (Syn1; blue), a
presynaptic marker. Figure taken from Largo-Barrientos et al. (2021) published in
Neuron. As an author of this Elsevier article and generator of this figure, I retain the right
to include this figure in a thesis or dissertation.
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APOE4 is associated with increased tau pathology in human AD brain (Nicoll et
al., 2011; Ohm et al., 1995; Sabbagh et al., 2013) and in mouse models where
it worsens synaptic and neuronal degeneration (Andrews-Zwilling et al., 2010;
Liraz et al., 2013; Shi et al., 2017b). In other work, however, APOE4 had no effect
on tau pathology (Koller et al., 2020), while others found APOE2 to worsen tau
pathology in mice and human primary tauopathies (Zhao et al., 2018). Currently,
it is unknown whether APOE genotype influences synaptic localisation of tau in
human post-mortem brain. This chapter addresses this knowledge gap. As
identified in chapter 3, there is a need to better establish APOE effects on
neurodegenerative changes in AD. Therefore, this chapter also adds to data
surrounding APOE and synapse degeneration in human post-mortem brain.
Synaptic localisation of tau is not only important in relation to synaptic toxicity,
but also for propagation of tau through the AD brain. Early observations of AD
post-mortem brain (Braak and Braak, 1991), and more recent studies in living
patients (Hoenig et al., 2018), identified the sequential and spatiotemporally
defined appearance of NFTs in anatomically and functionally connected brain
regions, indicating tau pathology spreads region-to-region along axonal
projections. Given that misfolded tau can act somewhat like a prion and seed the
misfolding of naïve tau (Frost et al., 2009a; Kaufman et al., 2016), it was
hypothesised that tau may propagate through neuronal circuits via synapses, a
process termed trans-synaptic spread.
Multiple in vivo studies have shown that tau spreads between connected regions,
identifying pathological tau to propagate from initial sites of expression to
anatomically connected brain regions (Ahmed et al., 2014; de Calignon et al.,
2012; Clavaguera et al., 2009, 2013; Dujardin et al., 2014b; Iba et al., 2015;
Lasagna-Reeves et al., 2012; Liu et al., 2012a; Peeraer et al., 2015; Pickett et
al., 2017). Progression of tau pathology might also reflect the sequential
vulnerability of neuroanatomical regions to tau aggregation. These two processes
are not mutually exclusive and likely both contribute to spread of tau pathology
in AD. While non-synaptic mechanisms likely also propagate pathological tau,
trans-synaptic spread is an important mechanism of tau transmission between
connected neurons (Gibbons et al., 2019). In vitro and in vivo studies showed
that neuronal and synaptic activity regulates tau secretion (Pooler et al., 2013;
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Yamada et al., 2014), while in vivo studies identified that tau propagates through
monosynaptic circuits (de Calignon et al., 2012; Liu et al., 2012a; Pickett et al.,
2017; Wegmann et al., 2015). Moreover, physical synaptic contacts between
neurons facilitate propagation of pathological tau (Calafate et al., 2015).
Consequently, synapses are important sites for tau propagation.
For the trans-synaptic hypothesis of tau spread to be credible in the context of
human AD, a prerequisite is the localisation of tau to the synapse. In a mouse
model, pathological tau propagated in the absence of overt synaptic
degeneration, indicating spread occurs through intact synapses (Pickett et al.,
2017). Thus, tau would need to be located at synaptic terminals that have an
opposing synaptic partner capable of receiving the transmitted tau.
Various forms of tau have been identified at synapses in human brain (Pickett et
al., 2019; Sokolow et al., 2015; Tai et al., 2012), but it is unclear whether these
tau-containing terminals have an opposing partner to which tau could spread.
By biochemically isolating and visualising bipartite synapses from human brain,
one study found normal and misfolded tau to be symmetrically distributed across
pre- and post-synaptic terminals, with a greater amount of misfolded tau
apparent at AD-derived synapses (Tai et al., 2014). Methods involving
biochemical isolation of synapses fail to consider the overall architecture of the
intact tissue and may enable leakage in and out of the synapse. Consequently,
it is necessary to investigate the localisation and spatial distribution of tau at
paired synapses in situ in human brain.
In this chapter, I examined the localisation and distribution of pathological tau at
paired pre- and post-synapses in postmortem human brain from control and AD
individuals, using array tomography. By characterising the localisation and spatial
distribution of pathological tau at putative paired synaptic terminals, it is possible
to indirectly test the hypothesis that tau accumulates presynaptically, before
‘release’ into the postsynaptic space. As identified in chapter 3, it is unknown
whether APOE genotype influences spread of tau. Thus, I also investigated if
APOE status alters the synaptic distribution of pathological tau in human brain.
The aims of the experiments presented in this chapter are as follows:
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1. Characterise the effects of AD and APOE genotype on synapse
degeneration and synaptic localisation of tau in human post-mortem
tissue using array tomography.
2. Establish whether pathological tau is localised to putative synaptic pairs
and determine the distribution in intact post-mortem human brain using
array tomography.
3. Investigate whether APOE genotype influences distribution of pathological
tau at putative synaptic pairs using array tomography.
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4.2 – Methods

___________________________________________________________________________________________

4.2.1 – Case Selection
Human case selection was based upon clinical and neuropathological
diagnoses. Clinical and neuropathological data were obtained from the
Edinburgh Brain Bank and the Lothian Birth Cohort 1936. Neuropathological
staging was determined by a neuropathologist. Cases with neuropathological
findings indicative of secondary pathology (e.g., haemorrhage or Lewy bodies
within brain region of interest) were excluded. Human cases fulfilling clinical and
neuropathological criteria for Alzheimer’s disease (n = 20) or non-demented
control (n = 13) were included.
All cases were genotyped in-house to determine APOE genotype, as described
in section 2.3. Following genotyping, AD and control cases were stratified by
presence or absence of an APOE4 allele (Control NoE4 – n = 9; Control E4 – n
= 4; AD NoE4 – n = 6; AD E4 – n = 14). As the APOE4 allele dose-dependently
increases AD risk (Corder et al., 1993), individuals of ε4/ε4 genotype were not
included as there were not enough subjects of this genotype available to include
as a separate group. Details of included cases can be found in Table 4.3.1.

4.2.2 – Array tomography
Array tomography, described in section 2.4, was performed on tissue from the
middle/inferior temporal area (BA20/21). For each case, two independent blocks
of tissue were used. On average, 21.1 (±5.7) usable sections were analysed per
tissue ribbon. Each ribbon was stained with 3 markers along with DAPI to label
nuclei. Synaptophysin (SY38) was used to label presynapses, postsynaptic
density protein 95 (PSD95) to label excitatory postsynapses and ALZ50 to label
misfolded tau. ALZ50 recognises a misfolded conformation of tau by binding a
discontinuous epitope that requires the N-terminus and microtubule repeat
regions of the tau protein to be in close proximity (Carmel et al., 1996). ALZ50
was selected for use due to species practicalities and interest in whether
misfolded tau propagates. Moreover, the conformational change that produces
the ALZ50 epitope is a relatively early pathological change in the tau protein in
AD (Luna-Muñoz et al., 2007).
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At least three image stacks were captured from each tissue ribbon, meaning a
minimum of six images stacks were collected from each case. In ribbons with
overt tau pathology, imaging regions were chosen such that at least one
contained an NFT (Fig 4.2.1B), one contained a plaque (Fig 4.2.1C) and the other
contained no overt pathological structure (Fig 4.2.1A). When such pathologies
were absent, imaging region was selected at random.

Figure 4.2.1 – Array tomography imaging regions. Images show representative 3D
reconstructions of a region with no overt pathology (“Nothing”; A), an NFT (B) and a
plaque (C). Tissue ribbons were stained for presynapses (synaptophysin; magenta),
postsynapses (PSD95; cyan) and misfolded tau (ALZ50; yellow). All images are from an
AD APOE4 case. 3D reconstructions made using Paraview. Scale bars are shown as
grid around image (each demarcation: A and B = 10 μm; C = left/right - 10 μm,
top/bottom - 20 μm).

Quantification of synaptic density and colocalisation of synapses with misfolded
tau was performed on total synapses and putative paired synapses. ‘Total’ preand post-synapses refers to all pre- and post-synaptic objects present in the
segmented image (Fig 4.2.2A). Pre- and post-synapses were classed as ‘paired’
when the centroids of a presynaptic and postsynaptic object were within 0.5 μm
of one another (Fig 4.2.2B). Objects were colocalised when ≥25% of the pre- or
post-synaptic object volume was occupied by an ALZ50 object (Fig 4.2.2C-D).
Individual object sizes were determined using a custom Python script designed
and produced in collaboration with a software developer. RStudio was then used
to calculate median object sizes within each image stack. ALZ50 burden was
determined by summing the volume of all ALZ50 objects present in the image
stack and normalising to the total volume of the image stack, generating a
measurement of the percent volume occupied by misfolded tau.
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Figure 4.2.2 – Parameters used to identify total and paired synapses and
colocalisation of ALZ50 with synapses. Measurements of total synapses refers to all
labelled synapses present, including those with centroids closer or further away from
each other than 0.5 μm (A). Measurements of paired synapses refers only to labelled
pre- and post-synapses whose centroids are within 0.5 μm of their opposing synaptic
partner (B). Misfolded tau (ALZ50; large red sphere), was considered to colocalise with
total (C) and paired (D) synapses when ≥25% of the synaptic volume overlapped with
ALZ50.

4.2.3 - Statistical analysis
Statistical analysis was performed using RStudio. Differences in age and PMI
were analysed with one-way ANOVA or Kruskal-Wallis rank sum test depending
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on whether data passed Shapiro-Wilk normality testing. Sex, APOE genotype
and Braak stage were analysed with Fisher’s exact test.
Linear mixed effects models (‘lmerTest’ package) were used to analyse densities,
percentage of total synapses in pairs, object sizes and percentage of synapses
colocalising with ALZ50. Percent distribution of ALZ50 at paired synapses was
analysed using multiple linear regression. Linear mixed effect models were
chosen due to their ability to account for the non-independent, hierarchical
structure of the data (i.e., multiple measurements from each case, but from
different tissue blocks and different images within each block) by allowing for
both fixed and random effects. By using this method, statistical power is
increased as the need to aggregate data is eliminated, taking advantage of the
large amount of data collected. ANOVAs (‘stats’ package) were performed on
mixed effect models and linear regression models to determine the main effects
of each fixed effect and interactions between main effects. Fixed effects included
diagnosis (AD vs. control), APOE status (No E4 vs. E4), sex and image region
(nothing, NFT or plaque). Length of the image stack was included in models
assessing densities, as previous work showed short stack length to significantly
impact density measurements.
Linear mixed effect and linear regression models assume linearity, normal
distribution of residuals and homogeneity of variance. Linearity was assessed by
plotting model residuals against predictors, distribution of residuals was checked
with a QQ-plot, and homogeneity of variance checked by plotting residuals
against fitted values. If the model did not meet assumptions, data was
transformed using Tukey or Box-Cox transformations. Post-hoc testing was
conducted for pairwise comparisons and utilised estimated marginal means
(’emmeans’ package), with Tukey correction for multiple testing.
Correlations used Spearman’s rank correlation. Results were considered
statistically significant at p < 0.05. Full statistical outputs and models used in all
analyses are shown in tables throughout.
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4.3 – Results

___________________________________________________________________________________________

4.3.1 – Characteristics of human cases
In total, 33 human cases were used. Demographic, neuropathological and
genetic characteristics are shown in Table 4.3.1. Groups were matched for age
(c2 = 4.380, p = 0.223; Kruskal-Wallis rank sum test), PMI (F(3,29) = 2.5497, p =
0.075; one-way ANOVA) and sex (p = 0.641; Fisher’s exact test). APOE4 carriers
were more common in the AD group than in the control group (p = 0.038; Fisher’s
exact test).

4.3.2 – AD and plaque presence reduced paired synaptic density
Density of putative synaptic pairs was analysed first. Representative 3D
reconstructions of image stacks are shown in Fig. 4.3.1. Without performing
electron microscopy to directly visualise presynaptic boutons and postsynaptic
densities, it cannot be explicitly concluded that all identified ‘paired’ synapses are
definite synaptic pairs. Nonetheless, this is a high-throughput method for
estimating the characteristics of synapses that are within 0.5 μm of each other,
or close enough to form a synaptic connection.
Compared to control cases, individuals with AD had significantly reduced density
of paired presynapses (F(1,29) = 9.589, p = 0.004; Fig. 4.3.2A). On average, control
cases had 4.33 x108 (±1.02 x108) paired synaptophysin puncta/mm3, while AD
cases had 3.48 x108 (±9.99 x107) paired synaptophysin puncta/mm3. Density of
paired postsynapses was also reduced in individuals with AD when compared to
controls (F(1,29) = 9.705, p = 0.004; Fig. 4.3.2B). Control cases had an average of
4.13 x108 (± 1.07 x108) paired PSD95 puncta/mm3, while AD cases had an
average of 3.30 x108 (± 1.01 x108) paired PSD95 puncta/mm3. This equated to
a mean ~20% reduction in both paired pre-and post-synaptic density in AD
cases relative to controls.
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Table 4.3.1 - Characteristics of human post-mortem cases used in array
tomography study AD = Alzheimer’s disease; APOE = Apolipoprotein E; BBN =
Medical Research Council Brain Bank Number; NA = not available; PMI = postmortem interval
BBN

Diagnosis

APOE
genotype

Age
(yrs)

Sex

PMI
(hrs)

Brain
weight
(g)

Brain
pH

Braak
stage

Thal
stage

19686
001.26495
001.28402
001.28406
001.28793
001.28797
001.32577
001.35215
001.35549
001.29082
001.31495
001.34131
001.35181
24527
001.28410
001.28771
001.29081
001.32929
001.35182
24322
24526
24668
25739
001.26718
001.29135
001.29521
001.29695
001.30142
001.30883
001.30973
001.33636
001.35096
001.35535

Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
Control
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD

3/3
3/3
3/3
3/3
3/3
3/3
3/3
3/3
3/3
3/4
3/4
3/4
3/4
3/3
3/3
3/3
2/3
3/3
3/3
3/4
3/4
3/4
3/4
3/4
3/4
3/4
3/4
3/4
3/4
3/4
3/4
3/4
3/4

77
78
79
79
79
79
81
82
82
79
81
82
82
81
62
85
90
85
66
80
79
96
85
78
90
95
86
88
61
89
93
72
83

F
M
M
M
F
M
M
M
M
F
M
M
M
M
F
M
F
F
M
M
M
F
F
M
M
M
M
F
F
F
M
M
F

75
39
49
72
72
57
74
40
56
80
38
95
49
74
109
91
110
80
49
101
65
61
45
74
73
96
72
112
69
96
43
103
95

1320
1290
1503
1437
1219
1301
1313
1246
1326
1339
1318
1472
1496
1160
1029
1183
943
1354
1225
1410
1300
1082
1375
1367
1275
1221
1300
1054
1060
1210
1117
1209
1400

6.5
6.17
6.33
6.13
5.95
6.11
6.07
6.01
6.01
5.96
5.79
5.97
6.12
6.10
6.04
5.95
6.06
6.03
6.12
6
6.05
6.11
5.77
6.13
6.44
6.08
6.1
5.96
6.15
6.03
5.92
6.18
6.55

I
I
I
II
II
NA
I
I
I
III
VI
IV
II
V
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI
VI

NA
NA
2
2
1
NA
3
NA
1
5
4
3
2
NA
5
5
5
5
5
NA
NA
NA
NA
5
3
5
5
5
5
5
5
5
4
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Figure 4.3.1 – Total and paired synapse density in AD and control brain. 3D
reconstructions of image stacks showing total and paired synaptic density from a control
(A) and AD (B) case. Tissue ribbons (16 sections for both AD & control) were stained for
presynapses (synaptophysin; magenta) and postsynapses (PSD95; cyan). Paired
presynapses and postsynapses were delineated as those within 0.5 μm of a synaptic
partner. 3D reconstructions made using Paraview. Scale bars shown as grid around
image (each demarcation = 5 μm). Control and AD images taken from APOE4 carriers.
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Figure 4.3.2 – Paired synaptic densities. Paired presynaptic (A,C) and postsynaptic
(B,D) density as determined by array tomography. Paired presynapses and paired
postsynapses were delineated as those within 0.5 μm of an opposite synaptic partner.
Paired presynaptic density was significantly reduced in those with AD compared to
control individuals (A). While unaffected by APOE status (A), paired presynaptic density
was significantly reduced by the presence of a plaque when compared to areas with no
overt pathology (‘Nothing’) (C). Paired postsynaptic density was significantly reduced in
those with AD compared to control individuals (B). While unaffected by APOE status (B),
paired postsynaptic density was significantly reduced by the presence of a Ab plaque
when compared to areas with no overt pathology (‘Nothing’) (D). ** = p < 0.01; analysed
using linear mixed effect model, followed by ANOVA for determination of main effects.
Post-hoc testing utilised Tukey-adjusted estimated marginal means. Full statistical
analysis output can be found in Table 4.3.2 and Table 4.3.3. Limits of the boxes
represent the lower (Q1) and upper (Q2) quartiles and the central line delineates the
median. Upper and lower whiskers represent the minimum (Q1 – 1.5 * inter-quartile
range) and maximum (Q2 + 1.5 * inter-quartile range). Boxplots were generated using
data from each individual image stack. Numbers above boxplots show the number of
images analysed. Data points in A & B were generated using median values obtained
from each case. Data points in C & D show values for each individual image stack.
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Figure 4.3.3 – Total and paired synapse density in regions with and without plaque.
3D reconstructions of image stacks showing total and paired synaptic density from areas
with no pathology (‘Nothing’; A) and areas with a plaque (B). Tissue ribbons were stained
for presynapses (synaptophysin), postsynapses (PSD95) and misfolded tau (ALZ50).
Paired presynapses and paired postsynapses were delineated as those within 0.5 μm
of an opposite synaptic partner. 3D reconstructions made using Paraview. Scale bars
shown as grid around image (each demarcation: = 5 μm). Control images taken from an
APOE4-negative individual. AD images taken from an APOE4 carrier.

103

In previous work, synaptic density was found to be decreased near to Ab plaques
(Koffie 2012, Jackson 2019). As Ab was not immunostained in this study, I was
unable to examine synapse loss as a function of distance from plaque. Instead,
individual images were categorised according to whether they contained a
neuritic plaque, identified by neuropil threads, NFT or had no overt pathology
(‘Nothing’) (Fig 4.2.1). Overall, presence of a plaque reduced paired presynaptic
(ANOVA: F(2,183) = 6.135, p = 0.003; EMMeans: p = 0.002; Fig 4.3.2C) and paired
postsynaptic density (ANOVA: F(2,184) = 4.870, p = 0.009; EMMeans: p = 0.006;
Fig. 4.3.2D) when compared to images with no overt pathology, supporting
previous findings. Representative 3D reconstructions of image stacks are shown
in Fig. 4.3.3. On average, there were 3.90 x108 (± 1.16 x108) paired
synaptophysin puncta/mm3 in images with no overt pathology. This was reduced
by ~13% to 3.38 x108 (± 8.18 x107) paired synaptophysin puncta/mm3 in images
with a plaque. For paired postsynaptic density, images with no overt pathology
had a mean of 3.70 x108 (± 1.19 x108) paired PSD95 puncta/mm3. This was
reduced by ~13% to 3.21 x108 (± 8.27 x107) paired PSD95 puncta/mm3 in
images with a plaque. Full statistical analysis in Table 4.3.2 and Table 4.3.3.

Table 4.3.2 – Statistical analysis output of paired presynaptic density
Paired presynaptic density ~ Diagnosis * APOE + Sex + Stack Length + Image Region + (1|
BBN/block)
Tukey transformed
anova (lmerTest) output
Mean Sq NumDF
Sum Sq
DenDF
F value
Pr(>F)
Diagnosis
7.52E+08 7.52E+08
1
28.98845
9.58886
0.004316
APOE
1.70E+08 1.70E+08
1
29.0963
2.167871
0.151657
Sex
2.00E+05 2.00E+05
1
28.19307
0.002554
0.960052
Stack Length
1.75E+08 1.75E+08
1
206.3084
2.230718
0.136819
Image Region
9.62E+08 4.81E+08
2
183.3789
6.135171
0.002636
Diagnosis * APOE 5.35E+07 5.35E+07
1
28.32112
0.68229
0.415704
emmeans(model, list(pairwise ~ Image Region), adjust = “tukey”)
SE
DF
T.ratio
Contrast
Estimate
15991
185
1.281
Nothing – NFT
2038
1822
188
3.487
Nothing – Plaque
6355
1899
181
2.273
NFT – Plaque
4317
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P value
0.4079
0.0018
0.0623

Table 4.3.3 – Statistical analysis output of paired postsynaptic density
Paired postsynaptic density ~ Diagnosis * APOE + Sex + Stack Length + Image Region + (1|
BBN/block)
Tukey transformed
anova (lmerTest) output
Mean Sq NumDF
Sum Sq
DenDF
F value
Pr(>F)
Diagnosis
4.22E+05 422382.3
1
28.9717
9.704962
0.004119
APOE
8.71E+04 87112.63
1
29.08362
2.001563
0.167755
Sex
4.93E+02 492.9087
1
28.12253
0.011325
0.916004
Stack Length
1.17E+05 116911.6
1
205.4207
2.686245
0.102749
0.008692
Image Region
4.24E+05 211943.2
2
184.0664
4.869761
Diagnosis * APOE 5.18E+04 51846.33
1
28.25093
1.191259
0.284297
emmeans(model, list(pairwise ~ Image Region), adjust = “tukey”)
SE
DF
T.ratio
Contrast
Estimate
37.4
186
1.070
Nothing – NFT
40.1
42.9
189
3.104
Nothing – Plaque
133.1
44.7
182
2.080
NFT – Plaque
93.0

P value
0.5336
0.0062
0.0969

4.3.3 - AD reduced total postsynaptic density and plaque presence
reduced total presynaptic density
When examining changes in paired synaptic densities it was not possible to
determine whether there was equal loss of pre- and post-synapses, or whether
greater loss of one component in the pair drove the reduction in the other. For
example, if postsynapses were lost to a greater extent than presynapses, this
would reduce the number of postsynapses available to form a pair.
Consequently, paired presynaptic density would also be reduced, even if total
presynaptic density was unaffected. To investigate, the total density of pre- and
post-synapses, along with the percentage of pre- and post-synapses forming a
pair were examined. Overall, 2,906,523 presynapses and 2,158,633
postsynapses were analysed.
Total presynaptic density was not affected by diagnosis (F(1,30) = 1.967, p = 0.171,
Fig. 4.3.4A and Fig. 4.3.1), indicating total density of presynapses was similar
among control and AD cases. Mean total density of presynapses was 8.33 x108
(± 1.58 x108) synaptophysin puncta/mm3 in control cases and 7.71 x108 (± 1.71
x108) synaptophysin puncta/mm3 in AD cases.
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Figure 4.3.4 – Total synaptic density. Total presynaptic (A,C,E) and postsynaptic
(B,D,F) density as determined by array tomography. Total presynaptic density was not
affected by AD or APOE status (A). Total postsynaptic density was significantly reduced
in reduced in those with AD, compared to control individuals, but was not affected by
APOE status (B). In AD, a lower percentage of presynapses formed a pair (C). AD did
not impact the percentage of postsynapses forming a pair, although in controls, APOE4
carriers had a greater proportion of postsynapses forming a pair (D). Total presynaptic
density was significantly reduced by the presence of a plaque when compared to areas
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with no overt pathology (‘Nothing’) (E). Total postsynaptic density was not affected by
presence of overt pathology (F). * = p < 0.05, ** = p < 0.01, *** = p < 0.001; analysed
using linear mixed effect model, followed by anova for determination of main effects.
Post-hoc testing utilised Tukey-adjusted estimated marginal means. Full statistical
analysis output can be found in Tables 4.3.4 – 4.3.7. Limits of the boxes represent the
lower (Q1) and upper (Q2) quartiles and the central line delineates the median. Upper and
lower whiskers represent the minimum (Q1 – 1.5 * inter-quartile range) and maximum (Q2
+ 1.5 * inter-quartile range). Boxplots were generated using data from each individual
image stack. Numbers above boxplots show the number of images analysed. Data
points in A-D were generated using median values obtained from each case. Data points
in E & F show values for each individual image stack.

However, percentage of total presynapses in a pair was significantly reduced in
those with AD (F(1,28) = 18.608, p < 0.001; Fig 4.3.4C). On average, 52.1% (±8.40)
of presynapses formed a pair in control cases, but only 44.8% (±6.63) in AD
cases. Conversely, the percentage of postsynapses in a pair was the same in AD
and control cases (F(1,28) = 0.285, p = 0.598; control = 62.1% (±9.08); AD =
62.0% (±7.27); Fig 4.3.4D and Fig. 4.3.1). Taken together, this suggests there
were fewer postsynapses available with which to form pairs in the AD brain.
Correspondingly, AD cases had significantly reduced total postsynaptic density
(F(1,28) = 6.796, p = 0.014; Fig 4.3.4B) compared to controls. On average, control
cases had 6.89 x108 (± 2.45 x108) PSD95 puncta/mm3, while AD cases had 5.40
x108 (± 1.82 x108) PSD95 puncta/mm3, reflecting a ~22% reduction in total
postsynaptic density in AD. Therefore, reduced paired pre- and post-synaptic
density in AD appeared to be driven by greater loss of postsynapses.
Although total presynaptic density was unaffected by diagnosis, plaque-bearing
images had lower total presynaptic density than images with no overt pathology
(ANOVA: F(2,183) = 3.860, p = 0.023; EMMeans: p = 0.019; Fig. 4.3.3 and Fig.
4.3.4E). Images with no overt pathology had an average 8.06 x108 (±1.68 x108)
synaptophysin puncta/mm3, but this was reduced by ~8% to 7.42 x108 (±1.46
x108) synaptophysin puncta/mm3 in images with a plaque. Conversely, total
postsynaptic density was unaffected by the presence of protein pathology (F(2,182)
= 1.478, p = 0.231; Fig. 4.3.3 and Fig 4.3.4F; Nothing = 6.08 x108 (±2.37 x108);
NFT = 5.88 x108 (±2.02 x108); Plaque = 5.42 x108 (±1.64 x108)). This suggests
that reduced paired pre- and post-synaptic density in plaque-bearing images
was driven by greater loss of presynapses in areas with a plaque. Full statistical
analysis outputs can be found in Table 4.3.4 – 4.3.7.
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Table 4.3.4 – Statistical analysis output of total presynaptic density
Total presynaptic density ~ Diagnosis * APOE + Sex + Stack Length + Image Region + (1|
BBN/block)
Tukey transformed
anova (lmerTest) output
Mean Sq NumDF
Sum Sq
DenDF
F value
Pr(>F)
Diagnosis
2.03E+10 2.03E+10
1
29.58024 1.967128 0.171162
APOE
1.06E+10 1.06E+10
1
29.70264 1.031822 0.317934
Sex
1.45E+10 1.45E+10
1
28.45226 1.411232 0.244674
Stack Length
6.21E+10 6.21E+10
1
213.4511 6.030473 0.014865
Image Region
7.95E+10 3.98E+10
2
183.331
3.86025 0.022796
Diagnosis * APOE
2.57E+09 2.57E+09
1
28.62452 0.249044 0.621563
emmeans(model, list(pairwise ~ Image Region), adjust = “tukey”)
SE
DF
T.ratio
Contrast
Estimate
31635
1.442
Nothing – NFT
45614
184
36271
2.723
Nothing – Plaque
98760
187
37797
1.406
NFT – Plaque
53146
180

P value
0.3220
0.0190
0.3400

Table 4.3.5 – Statistical analysis output of total postsynaptic density
Total postsynaptic density ~ Diagnosis * APOE + Sex + Stack Length + Image Region + (1|
BBN/block)
Tukey transformed
anova (lmerTest) output
Mean Sq NumDF
Sum Sq
DenDF
F value
Pr(>F)
Diagnosis
2.47E-09
2.47E-09
1
28.64997 6.795957 0.014349
APOE
2.31E-10
2.31E-10
1
28.75257 0.634984 0.432064
Sex
1.59E-11
1.59E-11
1
27.91211 0.043798 0.835749
Stack Length
1.05E-09
1.05E-09
1
208.545
2.893856 0.090408
Image Region
1.07E-09
5.37E-10
2
182.4989 1.476763 0.231092
Diagnosis * APOE
1.02E-09
1.02E-09
1
28.04747
2.8071
0.104963

Table 4.3.6 – Statistical analysis output of percent of total presynapses in a pair
with a postsynapse
% of SY38 in pair with PSD ~ Diagnosis * APOE + Sex + Image Region +
(1| BBN/block)
Tukey transformed
anova (lmerTest) output
Sum Sq
Mean Sq NumDF DenDF
F value
Pr(>F)
Diagnosis
0.14053
0.14053
1
27.96593 18.60844 0.000181
APOE
0.022009
0.022009
1
28.49971 2.914392 0.098667
Sex
0.021941
0.021941
1
27.58182 2.905404 0.099524
Image Region
0.053916
0.026958
2
177.8548 3.569653 0.030201
Diagnosis * APOE
0.008256
0.008256
1
27.83532 1.093178 0.304763
emmeans(model, list(pairwise ~ Image Region), adjust = “tukey”)
Estimate
SE
DF
T.ratio
Contrast
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P value

Nothing – NFT
Nothing – Plaque
NFT – Plaque

45614
98760
53146

31635
36271
37797

184
187
180

1.442
2.723
1.406

0.3220
0.0190
0.3400

Table 4.3.7 – Statistical analysis output of percent of total postsynapses in a
pair with a presynapse
% of PSD in pair with SY38 ~ Diagnosis * APOE + Sex + Image Region +
(1| BBN/block)
Box-Cox (Log-likelihood) transformed
anova (lmerTest) output
Sum Sq
Mean Sq NumDF DenDF
F value
Pr(>F)
Diagnosis
29452.29 29452.29
1
27.96861 0.284835 0.597766
APOE
535918.9 535918.9
1
28.74869 5.182899 0.030441
Sex
12680.09 12680.09
1
27.43709 0.12263 0.728874
Image Region
890048.7 445024.4
2
182.2918 4.303853 0.014916
Diagnosis * APOE
647514.5 647514.5
1
27.72481 6.262146 0.018513
emmeans(model, list(pairwise ~ Diagnosis * APOE), adjust = “tukey”)
Estimate
DF
T.ratio
Contrast
SE
-222.0
28.0
-1.404
ControlNoE4 – ADNoE4
158
-544.8
29.4
-3.045
ControlNoE4 – ControlE4
179
-198.6
31.1
-1.511
ControlNoE4 – ADE4
131
-322.8
27.3
-1.700
ADNoE4 – ControlE4
190
23.4
26.7
0.165
ADNoE4 – ADE4
142
346.2
27.8
2.073
ControlE4 – ADE4
167

P value
0.5071
0.0238
0.4433
0.3431
0.9984
0.1868

4.3.4 - APOE status did not influence synaptic density
Possession of an APOE4 allele had no effect on the density of paired
presynapses (F(1,29) = 2.168, p = 0.152; Fig 4.3.2A), paired postsynapses (F(1,29) =
2.002, p = 0.168; Fig 4.3.2B), total presynapses (F(1,30) = 1.032, p = 0.318; Fig
4.3.4A) or total postsynapses (F(1,29) = 0.635, p = 0.432; Fig 4.3.4B). There was
also no interaction between diagnosis and APOE status for density of paired
presynapses (F(1,28) = 0.682, p = 0.416; Table 4.3.2), paired postsynapses (F(1,28)
= 1.191, p = 0.284; Table 4.3.3), total presynapses (F(1,29) = 0249, p = 0.622;
Table 4.3.4) or total postsynapses (F(1,28) = 2.807, p = 0.105; Table 4.3.5). Mean
paired and total pre-and post-synaptic densities for each group can be found in
Table 4.3.8.

109

Table 4.3.8 – Total and paired synaptic densities using array tomography
Control
N of
stacks
N of
cases
Mean
(SD)
Median
[Min,
Max]
Mean
(SD)
Median
[Min,
Max]
Mean
(SD)
Median
[Min,
Max]
Mean
(SD)
Median
[Min,
Max]

AD

Overall
Control
AD

No E4

E4

No E4

E4

(N=55)

(N=27)

(N=51)

(N=104)

(N=82)

(N=155)

(N=9)

(N=4)

(N=6)

(N=14)

(N=13)

(N=20)

Total presynaptic density (synaptophysin puncta/mm³)
8.36E+08
8.27E+08
7.26E+08
7.94E+08
8.333E+08
(1.60E+08) (1.59E+08)
(1.72E+08)
(1.67E+08) (1.58E+08)
8.82E+08
7.90E+08
7.19E+08
7.97E+08
8.26E+08
[5.38E+08, [6.01E+08,
[4.10E+08,
[3.64E+08, [5.38E+08,
1.26E+09]
1.18E+09]
1.22E+09]
1.28E+09]
1.26E+09]
Total postsynaptic density (PSD95 puncta/mm³)
7.38E+08
5.91E+08
4.78E+08
5.70E+08
6.89E+08
(2.71E+08) (1.41E+08)
(1.80E+08)
(1.77E+08) (2.45E+08)
7.26E+08
5.53E+08
4.38E+08
5.40E+08
6.69E+08
[2.86E+08, [3.77E+08,
[1.86E+08,
[3.11E+08, [2.86E+08,
1.70E+09]
1.09E+09]
1.12E+09]
1.10E+09]
1.70E+09]
Paired presynaptic density (synaptophysin puncta/mm³)
4.37E+08
4.25E+08
3.10E+08
3.67E+08
4.33+E+08
(1.12E+08) (7.86E+07)
(1.02E+08)
(9.39E+07) (1.02E+08)
4.37E+08
4.17E+08
2.98E+08
3.72E+08
4.31E+08
[2.21E+08, [2.73E+08,
[1.46E+08,
[1.74E+08, [2.21E+08,
7.89E+08]
5.98E+08]
6.53E+08]
7.04E+08]
7.89E+08]
Paired postsynaptic density (PSD95 puncta/mm³)
4.21E+08
3.97E+08
2.90E+08
3.49E+08
4.13E+08
(1.19E+08) (7.68E+07)
(1.01E+08)
(9.53E+07) (1.07E+08)
4.30E+08
3.89E+08
2.68E+08
3.52E+08
4.11E+08
[1.99E+08, [2.58E+08,
[1.32E+08,
[1.70E+08, [1.99E+08,
8.49E+08]
6.09E+08]
6.32E+08]
6.78E+08]
8.49E+08]

7.71E+08
(1.71E+08)
7.75E+08
[3.64E+08,
1.28E+09]
5.40E+08
(1.82E+08)
5.18E+08
[1.86E+08,
1.12E+09]
3.48E+08
(9.99E+07)
3.45E+08
[1.46E+08,
7.04E+08]
3.30E+08
(1.01E+08)
3.20E+08
[1.32E+08,
6.78E+08]

The percentage of presynapses in a pair was similar between individuals with and
without an APOE4 allele (Fig. 4.3.4C; APOE: F(1,28) = 2.914, p = 0.099; Table
4.3.6). Conversely, APOE status affected the percentage of postsynapses in a
pair (Fig. 4.3.4D; APOE: F(1,29) = 5.183, p = 0.030; Diagnosis x APOE: F(1,28) =
6.262, p = 0.019; Table 4.3.7). Post-hoc testing found that, in control cases,
APOE4 increased the proportion of postsynapses in a pair from 59.3% (±9.19%)
to 67.9% (±5.43%) (p = 0.024; Fig. 4.3.4D). Such increases could be driven by
an increase in total postsynaptic density and/or an increase in total density of
available presynaptic partners. In previous analyses, changes in synaptic density
were not evident in control APOE4 carriers (Fig 4.3.4A-B). Alternatively, changes
to synaptic size could alter the measurement of those in synaptic pairs. To
investigate this further, I examined the volume of paired pre- and post-synapses.
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4.3.5 – APOE4 increased postsynaptic volume in controls. Plaque
presence increased presynaptic volume
In total, the volume of 1,382,281 paired presynapses and 1,311,245 paired
postsynapses were measured. When each paired synapse was analysed
individually, it was not possible to obtain normally distributed residuals. Therefore,
the median paired pre- and post-synapse volume was calculated for each image
stack and used in further analysis.
Paired presynapse volume was similar across all groups (Fig. 4.3.5A), with no
effect of diagnosis (F(1,27) = 0.672, p = 0.419), APOE status (F(1,28) = 2.226, p =
0.147) or interaction between diagnosis and APOE status (F(1,27) = 0.548, p =
0.465; Table 4.3.9). Mean size of paired presynapses was 0.047 μm3 (±0.013)
for control cases without an APOE4 allele, 0.051 μm3 (±0.008) for control cases
with an APOE4 allele, 0.049 μm3 (±0.010) for AD cases without an APOE4 allele
and 0.051 μm3 (±0.012) for AD cases with an APOE4 allele. Paired presynapse
volume was significantly affected by image region (F(2,176) = 5.664, p = 0.004;
Table 4.3.9), being significantly larger in regions with a plaque (p = 0.009) and
NFT (p = 0.027) than in regions with no pathology (Fig. 4.4.5C). Mean presynapse
size in regions with no pathology was 0.048 μm3 (±0.012). This was increased to
0.049 μm3 (±0.009) in regions with a plaque and 0.050 μm3 (±0.009) in regions
with a NFT, reflecting a ~2% and~ 4% increase in volume, respectively.
Paired postsynapse volume was not affected by diagnosis (F(1,26) = 1.800, p =
0.191) or image region (F(2,182) = 1.650, p = 0.195; Fig. 4.3.5D), but there was a
significant effect of APOE status (F(1,27) = 12.110, p = 0.002) and diagnosis and
APOE status interaction (F(1,26) = 7.838, p = 0.010; Table 4.3.10). Control APOE4
carriers had significantly larger postsynapses compared to all other groups (Fig.
4.3.5B; vs. Control NoE4 – p = 0.002; vs. AD NoE4 – p = 0.040; vs. AD E4 – p
= 0.046). On average, paired postsynapse volume in control APOE4 carriers was
0.043 μm3 (±0.006), compared to 0.035 μm3 (±0.007) in control non-carriers,
0.038 μm3 (±0.006) in AD non-carriers and 0.037 μm3 (±0.006) in AD APOE4
carriers. This was a 23, 13 & 16% increase in postsynaptic volume, respectively.
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Figure 4.3.5 – Paired synaptic volume. Paired presynaptic (A,C) and postsynaptic
(B,D,) volume as determined by array tomography. Paired synapses were delineated as
those within 0.5 μm of an opposite synaptic partner. Paired presynaptic volume was not
affected by AD or APOE status (A), but areas with NFT and plaque had significantly larger
presynaptic volumes than those with no pathology (Nothing; C). Total postsynaptic
volume was increased in control APOE4 carriers compared to all other groups (B) but
was not influenced by presence of pathology (D). * = p < 0.05, ** = p < 0.01; analysed
using linear mixed effect model and ANOVA for main effects. Post-hoc testing used
Tukey-adjusted estimated marginal means. Full statistical analysis output Tables 4.3.9 –
4.3.10. Limits of boxes represent lower (Q1) and upper (Q2) quartiles. Central line
delineates median. Upper and lower whiskers represent minimum (Q1 – 1.5 * interquartile range) and maximum (Q2 + 1.5 * inter-quartile range). Boxplots generated using
data from each image stack. Numbers above boxplots show number of images
analysed. Data points in A & B generated using median values from each case. Data
points in C & D show values for each individual image stack.
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Greater paired postsynapse size in control APOE4 carriers may account for the
increased percentage of postsynapses in pairs identified in this group. For
example, the increase in size may mean that postsynapses in these individuals
are closer to presynaptic terminals and so more likely be considered a pair.

Table 4.3.9 - Statistical analysis output of paired presynapse size
Presynapse volume ~ Diagnosis * APOE + Sex + Image Region +
(1| BBN/block)
No transformation
anova (lmerTest) output
Sum Sq
Mean Sq
NumDF DenDF F value
Diagnosis
0.00002280 2.2798e-05
1
27.433 0.6722
APOE
0.00007550 7.5496e-05
1
27.816 2.2261
Sex
0.00003625 3.6253e-05
1
27.146 1.0690
Image Region
0.00038418 1.9209e-04
2
176.499 5.6640
Diagnosis * APOE
0.00001858 1.8581e-05
1
27.356 0.5479
emmeans(model, list(pairwise ~ Image Region), adjust = “tukey”)
Estimate
SE
DF
T.ratio
Contrast
0.002753
0.00106
177
2.602
Nothing – NFT
0.003540
0.00119
178
2.984
Nothing – Plaque
0.000786
0.00124
175
0.636
NFT – Plaque

Pr(>F)
0.419338
0.146951
0.310301
0.004129
0.465493
P value
0.0271
0.0090
0.8004

Table 4.3.10 – Statistical analysis output of paired postsynapse size
Postsynapse volume ~ Diagnosis * APOE + Sex + Image Region +
(1| BBN/block)
Box-Cox (Guerrero) transformed
anova (lmerTest) output
Mean Sq NumDF DenDF F value
Sum Sq
1
25.778 1.8001
Diagnosis
5.0120e-06 5.0120e-06
1
26.548 12.1096
APOE
3.3714e-05 3.3714e-05
1
25.256 0.7592
Sex
2.1140e-06 2.1140e-06
2
182.671 1.6498
Image Region
9.1860e-06 4.5930e-06
1
25.529 7.8378
Diagnosis * APOE
2.1821e-05 2.1821e-05
emmeans(model, list(pairwise ~ Diagnosis * APOE), adjust = “tukey”)
Estimate
SE
DF
T ratio
Contrast
-0.00223
0.00208
28.1
-1.074
ControlNoE4 – ADNoE4
-0.00935
0.00236
29.6
-3.967
ControlNoE4 – ControlE4
-0.00325
0.00173
31.4
-1.879
ControlNoE4 – ADE4
-0.00712
0.00250
27.3
-2.847
ADNoE4 – ControlE4
-0.00102
0.00186
26.7
-0.548
ADNoE4 – ADE4
0.00609
0.00220
27.9
2.771
ControlE4 – ADE4
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Pr(>F)
0.191399
0.001749
0.391797
0.194943
0.009610
P value
0.7081
0.0023
0.2575
0.0390
0.9461
0.0458

4.3.6 - ALZ50 burden was increased in AD and by APOE4 in controls
Misfolded tau burden was calculated by determining the total volume of all ALZ50
objects and normalising to the total image stack volume, generating a
measurement of percent volume of total mage volume occupied by ALZ50.
Mean ALZ50 burden was 0.024% (±0.041) in control cases without an APOE4
allele, 0.421% (±0.489) in control cases with an APOE4 allele, 0.326% (±0.224)
in AD cases without an APOE4 allele and 0.465% (±0.288) in AD cases with an
APOE4 allele. ALZ50 burden was significantly affected by diagnosis (F(1,28) =
20.581, p < 0.001) and APOE status (F(1,28) = 13.491, p < 0.001), however there
was a significant interaction between diagnosis and APOE status (F(1,28) = 6.437,
p = 0.017; Table 4.3.11). Post-hoc testing revealed that possession of an APOE4
allele significantly increased ALZ50 burden in control cases (p = 0.002; Fig.
4.3.6A and Fig. 4.3.7), but not in those diagnosed with AD (p = 0.796). In those
without an APOE4 allele, AD increased ALZ50 burden (p < 0.001), but in APOE4
carriers, ALZ50 burden was similar in both control and AD cases (p = 0.491).
This was not unexpected when considering that Braak stage was higher in
control cases with an APOE4 allele than those without (p = 0.024; Fisher’s exact
test), and that ALZ50 burden positively correlated with Braak stage (rho = 0.647;
p <0.001; Spearman's rank correlation; Fig 4.3.6C).
ALZ50 burden was also significantly affected by image region (F(2,178) = 24.050, p
< 0.001; Fig. 4.3.6B and Fig. 4.3.8). Plaque-bearing regions had more misfolded
tau than regions with NFTs (p = 0.007) or no overt pathology (p < 0.001), and
NFT-bearing regions had more misfolded tau than regions with no overt
pathology (p < 0.001). In regions with no overt pathology mean ALZ50 burden
was 0.195% (±0.239). This was increased to 0.444% (±0.319) in regions with an
NFT and 0.591% (±0.345) in regions with a plaque.
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Figure 4.3.6 – Misfolded tau burden. ALZ50 burden was significantly increased in AD
(A). In control cases, APOE4 increased ALZ50 burden, but had no effect in AD cases
(A). ALZ50 burden was greatest in areas with a plaque, followed by areas with NFT,
followed by areas with no overt pathology (Nothing) (Plaque > NFT > Nothing; B). ALZ50
burden was positively correlated with Braak stage (C). ** = p < 0.01, *** = p < 0.001; A
and B analysed using linear mixed effect model, followed by ANOVA for determination
of main effects. Post-hoc testing utilised Tukey-adjusted estimated marginal means. C
analysed using Spearman’s rank correlation. Full statistical analysis output can be found
in Table 4.3.11. Limits of the boxes represent the lower (Q1) and upper (Q2) quartiles and
the central line delineates the median. Upper and lower whiskers represent the minimum
(Q1 – 1.5 * inter-quartile range) and maximum (Q2 + 1.5 * inter-quartile range). Boxplots
were generated using data from each individual image stack. Numbers above boxplots
show number of images analysed. Data points in A and C generated using median
values obtained from each case. Data points in B show values for each individual image
stack.
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Figure 4.3.7 – ALZ50 burden in control and AD APOE4 carriers and non-carriers.
Representative 3D reconstructions of image stacks showing ALZ50 burden in control
and AD cases stratified by APOE4 carrier status. Tissue ribbons were stained for
presynapses (synaptophysin; SY38), postsynapses (PSD95) and misfolded tau (ALZ50).
Images from regions with no overt pathological structures were selected. 3D
reconstructions made using Paraview. Scale bars shown as grid around image (each
demarcation: top/bottom = 10 μm; left/right = 5 μm).
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Figure 4.3.8 – ALZ50 burden in areas with no pathology, NFT or plaque. Representative 3D reconstructions of image stacks showing ALZ50
burden in regions with no over pathology (Nothing), an NFT and a plaque. Tissue ribbons were stained for presynapses (synaptophysin; SY38),
postsynapses (PSD95) and misfolded tau (ALZ50). Images all from an AD APOE4 carrier. 3D reconstructions made using Paraview. Scale bars
shown as grid around image (each demarcation: top/bottom = 20 μm; left/right = 10 μm. All images taken from an AD APOE4 carrier.
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Table 4.3.11 – Statistical analysis output of misfolded tau burden
ALZ50 burden ~ Diagnosis * APOE + Sex + Image Region +
(1| BBN/block)
Tukey transformed
anova (lmerTest) output
Sum Sq

Mean Sq

NumDF

DenDF

F value

Pr(>F)

Diagnosis

0.23580

0.235800

1

28.003

20.5812

9.831e-05

APOE

0.15457

0.154569

1

28.393

13.4912

0.000987

Sex

0.00068

0.000681

1

27.718

0.0595

0.809120

Image Region

0.55108

0.275540

2

178.267 24.0498

5.664e-10

Diagnosis * APOE

0.07375

0.073747

1

27.913

0.017052

6.4368

emmeans(model, list(pairwise ~ Diagnosis * APOE), adjust = “tukey”)
Contrast

Estimate

SE

DF

T ratio

P value

ControlNoE4 – ADNoE4

-0.4073

0.0789

28.1

-5.165

0.0001

ControlNoE4 – ControlE4

-0.3531

0.0887

28.6

-3.981

0.0023

ControlNoE4 – ADE4

-0.4725

0.0646

29.5

-7.311

<.0001

ADNoE4 – ControlE4

0.0543

0.0951

27.5

0.570

0.9401

ADNoE4 – ADE4

-0.0652

0.0711

27.3

-0.916

0.7964

ControlE4 – ADE4

-0.1194

0.0835

27.8

-1.431

0.4913

emmeans(model, list(pairwise ~ Image Region), adjust = “tukey”)
Contrast

Estimate

SE

DF

T.ratio

P value

Nothing – NFT

-0.0777

0.0194

179

-4.004

0.0003

Nothing – Plaque

-0.1472

0.0218

180

-6.770

<.0001

NFT – Plaque

0.0695

0.0227

177

3.066

0.0071

4.3.7 – More paired synapses colocalised with misfolded tau in AD and
control APOE4 carriers
In previous array tomography studies, I and others showed tau to colocalise with
a subset of synapses in human brain (Fig. 4.1.1) (Largo-Barrientos et al., 2021;
Pickett et al., 2019). From this work, it was not clear whether synaptically
localised tau is also present at synaptic pairs, where it might participate in the
process of trans-synaptic spread. Additionally, the effect of APOE status on the
localisation of tau at total and paired synapses has not been explored.
To this aim, I analysed pre- and post-synapses that colocalised with misfolded
tau and were within 0.5 μm of their respective synaptic partner, (i.e., paired pre-
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or post-synapses). Previous analyses found synaptic densities were altered in
AD. Therefore, for each image stack, the number of paired pre- and postsynapses colocalising with ALZ50 was normalised to the total number of preand post-synapses, generating a measurement of the percentage of pre- and
post-synapses in a pair and colocalising with ALZ50.
All cases analysed had paired presynapses that colocalised with ALZ50.
However, percentage of presynapses in a pair colocalising with ALZ50 was
significantly affected by diagnosis (F(1,28) = 20.781, p < 0.001) and APOE status
(F(1,28) = 11.041, p = 0.002), and there was a significant diagnosis and APOE
status interaction (F(1,28) = 6.034, p = 0.021; Table 4.3.12). Post-hoc testing
revealed that possession of APOE4 significantly increased the percentage of
presynapses in a pair colocalising with ALZ50 in control cases (p = 0.005; Fig.
4.3.9A), but not in those diagnosed with AD (p = 0.896). In non-carriers, AD
increased the percentage of presynapses in a pair colocalising with ALZ50 (p <
0.001), but in APOE4 carriers, the percentage of total presynapses in a pair
colocalising with ALZ50 was similar in both control and AD cases (p = 0.450).
Similar results were found for paired postsynapses, with all cases having paired
postsynapses that colocalised with ALZ50. The percentage of postsynapses in
a pair colocalising with ALZ50 was significantly affected by diagnosis (F(1,28) =
27.160, p < 0.001) and APOE status (F(1,28) = 11.920, p = 0.002), and there was
a significant diagnosis and APOE status interaction (F(1,28) = 5.964, p = 0.021;
Table 4.3.13). Post-hoc testing revealed that possession of an APOE4 allele
significantly increased the percentage of postsynapses in a pair colocalising with
ALZ50 in control cases (p = 0.004; Fig. 4.3.9B), but not in those diagnosed with
AD (p = 0.844). In those without an APOE4 allele, AD increased the percentage
of postsynapses in a pair colocalising with ALZ50 (p < 0.001), but in APOE4
carriers, the percentage of postsynapses in a pair colocalising with ALZ50 was
similar in both control and AD cases (p = 0.225).
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Figure 4.3.9 – Percent of synapses in a pair and colocalising with misfolded tau.
Paired presynapses and paired postsynapses were delineated as those within 0.5 μm
of an opposite synaptic partner. Markers were considered colocalised when 25% of the
synaptic marker volume was occupied by ALZ50. The percentage of presynapses (A)
and postsynapses (B) in a pair and colocalising with ALZ50 was significantly increased
in AD. In control cases, APOE4 significantly increased the percentage of presynapses
(A) and postsynapses (B) in a pair and colocalising with ALZ50 but had no effect in AD
cases. Presence of a plaque significantly increased the percentage of presynapses (C)
and postsynapses (D) in a pair and colocalising with ALZ50. ** = p < 0.01, *** = p <
0.001; analysed using linear mixed effect model, followed by anova for determination of
main effects. Post-hoc testing utilised Tukey-adjusted estimated marginal means. Full
statistical analysis output can be found in Tables 4.3.12 and 4.3.13. Limits of the boxes
represent the lower (Q1) and upper (Q2) quartiles and the central line delineates the
median. Upper and lower whiskers represent the minimum (Q1 – 1.5 * inter-quartile
range) and maximum (Q2 + 1.5 * inter-quartile range). Boxplots were generated using
data from each individual image stack. Numbers above boxplots show the number of
images analysed. Data points in A & B were generated using median values obtained
from each case. Data points in C & D show values for each individual image stack.
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The percentage of pre- and post-synapses in a pair colocalising with ALZ50 was
also affected by image region (presynapses: F(1,28) = 27.541, p < 0.001;
postsynapses: F(1,28) = 25.882, p < 0.001). Here, presence of a plaque increased
the percentage of presynapses in a pair colocalising with ALZ50 (vs. Nothing: p
< 0.001; vs. NFT: p < 0.001; Fig. 4.3.9C) and increased the percentage of total
postsynapses in a pair colocalising with ALZ50 (vs. Nothing: p < 0.001; vs. NFT:
p < 0.001; Fig 4.3.9D).

Table 4.2.12 – Statistical analysis output of percent of total presynapses in a pair
colocalising with misfolded tau
% of presynapses (SY38) in pair colocalising with ALZ50 ~ Diagnosis * APOE + Sex + Image
Region + (1|BBN/block)
Tukey transformed
anova (lmerTest) output
F value
Sum Sq
Mean Sq
NumDF
DenDF
Pr(>F)
Diagnosis
0.41989
0.41989
1
27.90407 20.78056 9.33E-05
APOE
0.223091 0.223091
1
28.30286 11.04089 0.002469
Sex
0.001011 0.001011
1
27.62165 0.050028 0.824661
Image Region
1.112981 0.556491
2
181.1034 27.54099 3.61E-11
Diagnosis * APOE 0.121919 0.121919
1
27.79329 6.033851 0.020547
emmeans(model, list(pairwise ~ Diagnosis * APOE), adjust = “tukey”)
Estimate
SE
DF
T ratio
Contrast
-0.5173
0.1009
28.1
-5.127
ControlNoE4 – ADNoE4
-0.4207
0.1135
28.7
-3.705
ControlNoE4 – ControlE4
-0.5812
0.0827
29.6
-7.027
ControlNoE4 – ADE4
0.0966
0.1219
27.6
0.793
ADNoE4 – ControlE4
-0.0638
0.0911
27.3
-0.701
ADNoE4 – ADE4
-0.1605
0.1069
27.9
-1.501
ControlE4 – ADE4
emmeans(model, list(pairwise ~ Image Region), adjust = “tukey”)
Estimate
SE
DF
T ratio
Contrast
-0.0265
0.0257
182
-1.033
Nothing – NFT
-0.2052
0.0288
183
-7.137
Nothing – Plaque
-0.1787
0.0300
180
-6.955
NFT – Plaque
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P value
0.0001
0.0047
<.0001
0.8570
0.8959
0.4504
P value
0.5569
<.0001
<.0001

Table 4.2.13 – Statistical analysis output of percent of total postsynapses in a
pair colocalising with misfolded tau
% of postsynapses (PSD95) in pair colocalising with ALZ50 ~ Diagnosis * APOE + Sex + Image
Region + (1|BBN/block)
Tukey transformed
anova (lmerTest) output
F value
Sum Sq Mean Sq
NumDF
DenDF
Pr(>F)
27.16049 1.58E-05
Diagnosis
0.662749 0.662749
1
27.8771
APOE
0.290852 0.290852
1
28.39336 11.91958 0.001761
Sex
0.002343 0.002343
1
27.51241 0.096014 0.759001
25.88166 1.33E-10
Image Region
1.263088 0.631544
2
179.546
Diagnosis * APOE 0.145528 0.145528
1
27.73611 5.963948 0.021239
emmeans(model, list(pairwise ~ Diagnosis * APOE), adjust = “tukey”)
Estimate
SE
DF
T ratio
Contrast
-0.5440
0.0973
28.1
-5.592
ControlNoE4 – ADNoE4
-0.4136
0.1096
28.9
-3.773
ControlNoE4 – ControlE4
-0.6159
0.0801
30.1
-7.691
ControlNoE4 – ADE4
0.1304
0.1172
27.4
1.113
ADNoE4 – ControlE4
-0.0719
0.0876
27.1
-0.821
ADNoE4 – ADE4
-0.2024
0.1029
27.8
-1.967
ControlE4 – ADE4
emmeans(model, list(pairwise ~ Image Region), adjust = “tukey”)
Estimate
SE
DF
T ratio
Contrast
-0.0177
0.0283
181
-0.627
Nothing – NFT
-0.2157
0.0317
182
-6.813
Nothing – Plaque
-0.1980
0.0330
178
-5.992
NFT – Plaque

P value
<.0001
0.0039
<.0001
0.6848
0.8439
0.2247
P value
0.8056
<.0001
<.0001

4.3.8 - Characterisation of misfolded tau colocalised with synapses
Neuropil threads are widespread, characteristic pathologies in AD, frequently
observed in dendrites and distal axon terminal, comprising filamentous
hyperphosphorylated tau (Braak and Braak, 1988). Synapses are in close
proximity to these larger aggregates of tau, and cluster around neuropil threads
in human AD brain (Masliah et al., 1992). This raises the possibility that the
synaptically localised ALZ50 measured in the previous analysis might include
larger aggregates that physically cannot be located at the synapse, and instead
likely represent neuropil threads or large aggregates.
To assess this, I measured the volume of all ALZ50 objects and the volume of
ALZ50 objects that colocalised with paired pre- and post-synapses. Overall,
ALZ50 objects ranged in size from 0.005 μm3 – 105 μm3 (Fig. 4.3.10A). When
only measuring those present at paired pre- and post-synapses, ALZ50 object
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size ranged from 0.005 μm3 – 83.707 μm3 (Fig. 4.3.10B). While most ALZ50
objects that colocalised with paired synapses were small (Fig. 4.3.10C), many
were considered too large to be specifically localised to the synapse and instead
were likely large aggregates, such as neuropil threads (Fig. 4.3.11). Therefore, to
ensure that only small ALZ50 objects physically capable of synaptic localisation
were included, a size cut-off for ALZ50 objects was implemented.
ALZ50 object size cut-off was determined by measuring the size of all paired preand post-synapses. The interquartile range of paired synapse size was
determined and multiplied by 1.5. This is a common method used for removal of
outliers (Barbato et al., 2011) and was used here to determine the normal range
of paired synapse sizes upon exclusion of outliers. Overall, paired synapse size
ranged from 0.005 μm3 – 159 μm3 (Fig. 4.3.12A). While most paired synapses
were within a physiologically expected size range (Fig. 4.3.12B), some were very
large. This highlights the importance of using the median paired synapse size
within each stack when analysing synapse size data.
By multiplying the interquartile range by 1.5, the upper bound of the normal range
of paired synapse size was determined to be 0.214 μm3. In other words, the
normal range of paired synapse size was 0.005 μm3 – 0.214 μm3. Based upon
this, we concluded that ALZ50 objects larger than 0.214 μm3 would not be
physically capable of being specifically localised to synapses. Therefore, only
ALZ50 objects smaller than 0.214 μm3 were included in future analyses and are
referred to as small ALZ50/misfolded tau aggregates. Analysis was then re-run;
first to determine the percentage of total pre- and post-synapses colocalising
with small ALZ50 aggregates, and second to determine the percentage of total
pre- and post-synapses in a pair colocalising with small ALZ50 aggregates.
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Figure 4.3.10 – ALZ50 object sizes. Size of all ALZ50 objects (A), size of ALZ50 objects
colocalised with paired synapses (B) and the distribution of the size of ALZ50 objects
colocalised with paired synapses (C). Paired presynapses and paired postsynapses
were delineated as those within 0.5 μm of an opposite synaptic partner. ALZ50 objects
ranged in size from 0.005 μm3 – 105 μm3 (A). When only measuring ALZ50 objects
colocalised with paired pre- and post-synapses, ALZ50 object size ranged from 0.005
μm3 – 83.707 μm3 (B). Most ALZ50 objects that colocalised with paired synapses were
small (C) but many were very large. Numbers above boxplots show number of ALZ50
objects analysed. Data points in A and B represent the size of each paired ALZ60 object.
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Figure 4.3.11 – Large ALZ50 objects colocalising with synapses. Representative 3D
reconstructions of large misfolded tau (ALZ50) aggregate colocalising with synapses.
Tissue ribbons were stained for presynapses (synaptophysin), postsynapses (PSD95)
and misfolded tau (ALZ50). 3D reconstructions show ALZ50 objects that extend
throughout the entire image stack and likely represent neuropil threads. These objects
are large and are not specifically localised to synapses. 3D reconstructions made using
Paraview. Scale bars shown as grid around image (each demarcation = top image: top
= 0.2 μm; left/right = 0.1 μm; bottom image: top = 0.5 μm; left/right = 0.5 μm). Images
taken from an AD APOE4 carrier.
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Figure 4.3.12 – Variation in paired synapse size. Spread within group (A) and
distribution (B) of paired synapse sizes. Paired presynapses and paired postsynapses
were delineated as those within 0.5 μm of an opposite synaptic partner. Sizes of both
paired presynapses and paired postsynapses were combined into one dataset. Paired
synapse size ranged from 0.005 μm3 – 159 μm3 (A). While most paired synapses were
within a physiologically expected size range, some were larger than expected (B).
Numbers above boxplots show the number of synapses analysed. Data points in A
represent the size of each paired pre- or post-synapse.
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Figure 4.3.13 – Small ALZ50 aggregates colocalise with synapses. Representative
3D reconstructions (A) and segmented serial images (B and C) showing small misfolded
tau (ALZ50) objects colocalising with presynapses and postsynapses. Tissue ribbons
were stained for presynapses (synaptophysin; SY38), postsynapses (PSD95) and
misfolded tau (ALZ50). A shows a 3D reconstruction of an image stack generated from
24 consecutive 70-nm thick sections. White boxes label the magnified regions that show
a presynaptic terminal (B) and postsynaptic terminal (C) with small misfolded tau
aggregates. B and C show consecutive segmented sections where colocalisation can
be seen (arrowheads), followed by a 3D reconstruction where overlap can be seen. 3D
reconstructions generated using Paraview. Image taken from an AD APOE4 case. Scale
bar in A is shown as grid around image (each demarcation = 10 μm).
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4.3.9 - More total synapses colocalised with small misfolded tau
aggregates in AD and control APOE4 carriers
All cases analysed had presynapses colocalised with small ALZ50 aggregates
(Fig. 4.3.13B). Percentage of total presynapses colocalising with small ALZ50
aggregates was affected by diagnosis (F(1,28) = 33.405, p < 0.001) and APOE
status (F(1,28) = 9.931, p = 0.004). There was a significant diagnosis and APOE
status interaction (F(1,28) = 10.488, p = 0.007; Table 4.3.14). Post-hoc testing
showed possession of APOE4 increased the percentage of total presynapses
colocalising with small ALZ50 aggregates in control cases (p = 0.003; Fig.
4.3.14A), from 0.025% (±0.027) to 0.720% (±0.894), but not in those diagnosed
with AD (p = 0.998; AD no APOE4 = 0.744% (±0.435); AD APOE4 = 0.847%
(±0.470)). In non-carriers, AD increased the percentage of total presynapses
colocalising with small ALZ50 aggregates (p < 0.001) from 0.025% (±0.027) to
0.744% (±0.435). In APOE4 carriers, the percentage of presynapses colocalising
with small ALZ50 aggregates was similar in both control and AD cases (p =
0.201; control APOE4 = 0.720% (±0.894); AD APOE4 = 0.847% (±0.470)).
Percent of total presynapses colocalising with small ALZ50 aggregates positively
correlated with ALZ50 burden (Spearman’s rho = 0.849; p < 0.001; Fig. 4.3.14E).
Similar results were found for paired postsynapses, with all cases having
postsynapses that colocalised with small ALZ50 aggregates (Fig. 4.3.13C). The
percentage of total postsynapses colocalising with small ALZ50 aggregates was
affected by diagnosis (F(1,26) = 26.370, p < 0.001) and APOE status (F(1,28) = 9.717,
p = 0.004). There was a significant diagnosis and APOE status interaction (F(1,28)
= 4.308, p = 0.047; Table 3.3.15). Post-hoc testing revealed possession of
APOE4 increased the percentage of total postsynapses colocalising with small
ALZ50 aggregates in control cases (p = 0.014; Fig. 4.3.14B) from 0.015%
(±0.022) to 0.319% (±0.446), but not in those diagnosed with AD (p = 0.798; AD
no APOE4 = 0.355% (±0.274); AD APOE4 = 0.450% (±0.302)). In those without
an APOE4 allele, AD increased the percentage of total postsynapses colocalising
with small ALZ50 aggregates (p < 0.001) from 0.015% (±0.022) to 0.355%
(±0.274), but in APOE4 carriers, the percentage of total postsynapses
colocalising with small ALZ50 aggregates was similar in both control and AD
cases (p = 0.241; control APOE4 = 0.319% (±0.446); AD APOE4 = 0.450%
(±0.302)). The percentage of total postsynapses colocalising with small ALZ50
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aggregates was positively correlated with ALZ50 burden (Spearman’s rho =
0.890; p < 0.001; Fig. 4.3.14F). Thus, ALZ50 burden was increased in control
APOE4 carriers and this was associated with greater amounts of synaptic tau.
The percentage of total presynapses colocalising with small ALZ50 aggregates
was also affected by image region (F(2,182) = 10.488, p < 0.001) Here, presence of
a plaque increased the percentage of total presynapses colocalising with small
ALZ50 aggregates (1.010% (±0.574)) when compared to images with no overt
pathology (p < 0.001; 0.463% (±0.504)) and images with NFTs (p < 0.001;
0.698% (±0.520)) (Fig. 4.3.14C). Conversely, the percentage of total
postsynapses colocalising with small ALZ50 aggregates was not affected by
image region (F(2,182) = 1.853, p = 0.160; Nothing = 0.226% (±0.306); NFT =
0.380% (±0.338); Plaque = 0.475% (±0.294); Fig. 4.3.14D). Overall, the
percentage of presynapses colocalising with small ALZ50 aggregates was higher
than the percentage of postsynapses colocalising with small ALZ50 aggregates.
Table 4.3.14 – Statistical analysis output of percent of total presynapses colocalising
with small misfolded tau aggregates
% of total presynapses (SY38) colocalising with small ALZ50 aggregates ~ Diagnosis * APOE + Sex
+ Image Region + (1|BBN/block)
Box-Cox (log-likelihood) transformed
anova (lmerTest) output
F value
Sum Sq
Mean Sq NumDF
DenDF
Pr(>F)
Diagnosis
3.476259
3.476259
1
27.97823 33.40538 3.33E-06
APOE
1.033491
1.033491
1
28.22182 9.931409 0.003828
Sex
0.000949
0.000949
1
27.80386 0.009115 0.924623
Image Region
2.182858
1.091429
2
181.8424 10.48817 4.89E-05
Diagnosis * APOE
0.889537
0.889537
1
27.91229 8.548074
0.00679
emmeans(model, list(pairwise ~ Diagnosis * APOE), adjust = “tukey”)
Estimate
SE
DF
T ratio
Contrast
-1.8814
0.295
28.1
-6.368
ControlNoE4 – ADNoE4
-1.2946
0.332
28.4
-3.903
ControlNoE4 – ControlE4
-1.9311
0.241
29.0
-8.020
ControlNoE4 – ADE4
0.5868
0.358
27.8
1.641
ADNoE4 – ControlE4
-0.0497
0.268
27.6
-0.186
ADNoE4 – ADE4
-0.6365
0.313
27.9
-2.030
ControlE4 – ADE4
emmeans(model, list(pairwise ~ Image Region), adjust = “tukey”)
Estimate
SE
DF
T ratio
Contrast
0.0292
0.0583
182
0.500
Nothing – NFT
-0.2587
0.0652
184
-3.967
Nothing – Plaque
-0.2878
0.0680
180
-4.232
NFT – Plaque
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P value
<.0001
0.0028
<.0001
0.3734
0.9977
0.2012
P value
0.5569
0.0003
0.0001

Figure 4.3.14 – Percent of total synapses colocalising with small ALZ50
aggregates. Markers were considered colocalised when 25% of the synaptic marker
volume was occupied by ALZ50. The percentage of presynapses (A) and postsynapses
(B) colocalising with small ALZ50 aggregates was significantly increased in AD. In control
cases, APOE4 significantly increased the percentage of presynapses (A) and
postsynapses (B) colocalising with ALZ50, but had no effect in AD cases. Presence of
a plaque significantly increased the percentage of presynapses (C), but not
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postsynapses (D), colocalising with small ALZ50 aggregates. The percentage of
presynapses (E) and postsynapses (F) colocalising with small aggregates of misfolded
tau were positively correlated with ALZ50 burden. * = p < 0.05, ** = p < 0.01, *** = p <
0.001; A-D analysed using linear mixed effect model, followed by ANOVA for
determination of main effects. Post-hoc testing utilised Tukey-adjusted estimated
marginal means. E-F analysed using Spearman’s rank correlation. Full statistical analysis
output can be found in Tables 4.3.14 and 4.3.15. Limits of the boxes represent the lower
(Q1) and upper (Q2) quartiles and the central line delineates the median. Upper and lower
whiskers represent the minimum (Q1 – 1.5 * inter-quartile range) and maximum (Q2 + 1.5
* inter-quartile range). Boxplots were generated using data from each individual image
stack. Numbers above boxplots show the number of images analysed. Data points in A
& B were generated using median values obtained from each case. Data points in C-F
show values for each individual image stack.

Table 4.3.15 – Statistical analysis output of percent of total postsynapses
colocalising with small misfolded tau aggregates
% of total postsynapses (PSD95) colocalising with small ALZ50 aggregates ~ Diagnosis * APOE +
Sex + Image Region + (1|BBN/block)
Box-Cox (log-likelihood) transformed
anova (lmerTest) output
Mean Sq NumDF
F value
Sum Sq
DenDF
Pr(>F)
5.2286
26.36953
1.97E-05
Diagnosis
5.2286
1
27.743
1.9266
9.716514 0.004177
APOE
1.9266
1
28.184
0.0027
0.013639 0.907879
Sex
0.0027
1
27.432
0.3674
181.940 1.852865 0.159734
Image Region
0.7348
2
0.8541
4.307484 0.047378
Diagnosis * APOE
0.8541
1
27.617
emmeans(model, list(pairwise ~ Diagnosis * APOE), adjust = “tukey”)
Estimate
SE
DF
T ratio
Contrast
-1.572
0.298
28.1
-5.277
ControlNoE4 – ADNoE4
-1.116
0.335
28.8
-3.328
ControlNoE4 – ControlE4
-1.798
0.245
29.8
-7.353
ControlNoE4 – ADE4
0.456
0.360
27.6
1.267
ADNoE4 – ControlE4
-0.226
0.269
27.3
-0.842
ADNoE4 – ADE4
-0.682
0.316
27.9
-2.161
ControlE4 – ADE4

P value
0.0001
0.0121
<.0001
0.5906
0.8341
0.1592

4.3.10 – More total synapses were in a pair and colocalised with small
misfolded tau in AD and control APOE4 carriers
Next, the percentage of total pre- and postsynapses within 0.5 μm of a synaptic
partner and colocalising with small ALZ50 aggregates were analysed.
All cases analysed had paired presynapses colocalising with small ALZ50
aggregates (Fig. 4.3.15B). The percentage of presynapses in a pair colocalising
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with small ALZ50 aggregates was significantly affected by diagnosis (F(1,28) =
19.371, p < 0.001) and APOE status (F(1,28) = 18.059, p = 0.008), however there
was a significant interaction between diagnosis and APOE status (F(1,28) = 4.818,
p = 0.037; Table 4.1.16). Post-hoc testing revealed possession of APOE4
increased the percentage of presynapses in a pair colocalising with small ALZ50
aggregates in control cases (p = 0.015; Fig. 4.3.16A), from 0.010% (±0.013) to
0.260% (±0.384), but not in those with AD (p = 0.954; AD no APOE4 = 0.222%
(±0.157); AD APOE4 = 0.280% (±0.188)). In APOE4-negative cases, AD
increased the percentage of presynapses in a pair colocalising with small ALZ50
aggregates (p < 0.001), from 0.010% (±0.013) to 0.222% (±0.157). In APOE4
carriers, the percentage of presynapses in a pair colocalising with small ALZ50
aggregates was similar in both control and AD cases (p = 0.413; control APOE4
= 0.260% (±0.384); AD with APOE4 = 0.280% (±0.170)). The percentage of
presynapse in a pair colocalising with small ALZ50 aggregates was positively
correlated with ALZ50 burden (Spearman’s rho = 0.897; p < 0.001; Fig. 4.3.16E).
All cases had paired postsynapses colocalising with small ALZ50 aggregates
(Fig. 4.3.15C). The percentage of postsynapses in a pair colocalising with small
ALZ50 aggregates was affected by diagnosis (F(1,28) = 23.671, p < 0.001) and
APOE status (F(1,28) = 9.740, p = 0.004). There was a significant diagnosis and
APOE interaction (F(1,28) = 4.218, p = 0.049; Table 4.3.17). Post-hoc testing
revealed possession of APOE4 increased the percentage of postsynapses in a
pair colocalising with small ALZ50 aggregates in control cases (p = 0.013; Fig.
4.3.16B) from 0.007% (±0.010) to 0.194% (±0.278), but not in those diagnosed
with AD (p = 0.825; AD no APOE4 = 0.212% (±0.180); AD APOE4 = 0.284%
(±0.188)). In APOE4-negative cases, AD increased the percentage of
postsynapses in a pair colocalising with small ALZ50 aggregates (p < 0.001) from
0.007% (±0.010) to 0.212% (±0.180). In APOE4 carriers, the percentage of
postsynapses in a pair colocalising with small ALZ50 aggregates was similar in
both control and AD cases (p = 0.217; control APOE4 = 0.194% (±0.278); AD
with APOE4 = 0.284% (±0.188)). Percentage of postsynapses in a pair
colocalising with small ALZ50 aggregates was positively correlated with ALZ50
burden (Spearman’s rho = 0.877; p < 0.001; Fig. 4.3.16F).
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The percentage of presynapses in a pair colocalising with small ALZ50
aggregates was also affected by image region (F(1,184) = 4.721, p = 0.010; Fig.
4.3.16C). Here, presence of a plaque increased the percentage of presynapses
in a pair colocalising with ALZ50 (0.323 % (±0.214)), compared to images with
no overt pathology (p = 0.015; 0.146% (±0.197)) and images with NFT (p =
0.022; 0.244% (±0.211)). Conversely, the percentage of postsynapses in a pair
colocalising with small ALZ50 aggregates was not affected by image region
(F(1,181) = 2.46, p = 0.088; Fig. 4.3.16D).

Table 4.3.16 – Statistical analysis output of percent of total presynapses in a
pair colocalising with small misfolded tau aggregates
% of total presynapses (SY38) in a pair & colocalising with small ALZ50 aggregates ~
Diagnosis * APOE + Sex + Image Region + (1|BBN/block)

Diagnosis
APOE
Sex
Image Region
Diagnosis * APOE

Sum Sq
0.198576
0.082609
0.001028
0.096781
0.049390

Tukey transformed
anova (lmerTest) output
Mean Sq
NumDF
0.198576
1
0.082609
1
0.001028
1
0.04839
2
0.04939
1

DenDF
27.94393
28.23155
27.74152
184.1055
27.85812

F value
19.3712
8.058541
0.100307
4.720517
4.817986

emmeans(model, list(pairwise ~ Diagnosis * APOE), adjust = “tukey”)
Estimate
SE
DF
T ratio
Contrast
-0.4050
0.0839
28.1
-4.827
ControlNoE4 – ADNoE4
-0.3048
0.0943
28.5
-3.232
ControlNoE4 – ControlE4
-0.4444
0.0685
29.2
-6.487
ControlNoE4 – ADE4
0.1003
0.1016
27.8
0.987
ADNoE4 – ControlE4
-0.0393
0.0760
27.6
-0.518
ADNoE4 – ADE4
-0.1396
0.0890
27.9
-1.568
ControlE4 – ADE4
emmeans(model, list(pairwise ~ Image Region), adjust = “tukey”)
Estimate
SE
DF
T ratio
Contrast
-0.00035
0.0182
184
-0.019
Nothing – NFT
-0.05751
0.0204
186
-2.819
Nothing – Plaque
-0.05716
0.0213
182
-2.684
NFT – Plaque
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Pr(>F)
0.000143
0.008301
0.753832
0.010017
0.036664

P value
0.0002
0.0154
<.0001
0.7578
0.9541
0.4126

P value
0.9998
0.0147
0.0216

Figure 4.3.15 – Small ALZ50 aggregates colocalise with paired synapses.
Representative 3D reconstructions (A) and segmented serial images (B and C) showing
small misfolded tau (ALZ50) objects colocalising with paired presynapses and
postsynapses. Tissue ribbons were stained for presynapses (synaptophysin; SY38),
postsynapses (PSD95) and misfolded tau (ALZ50). A shows a 3D reconstruction of an
image stack generated from 24 consecutive 70-nm thick sections. White boxes label
the magnified regions that show a paired presynaptic terminal (B) and paired
postsynaptic terminal (C) colocalising with small misfolded tau aggregates. B and C
show 5 consecutive segmented sections where colocalisation can be seen
(arrowheads), followed by a 3D reconstruction where overlap can be seen. 3D
reconstructions generated using Paraview. Image taken from an AD APOE4 case. Scale
bar in A is shown as grid around image (each demarcation = 10 μm).
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Figure 4.3.16 – Percent of total synapses in a pair colocalising with small ALZ50
aggregates. Paired presynapses and paired postsynapses were delineated as those
within 0.5 μm of an opposite synaptic partner. Markers were considered colocalised
when 25% of the synaptic marker volume was occupied by ALZ50. The percentage of
presynapses (A) and postsynapses (B) in a pair and colocalising with small ALZ50
aggregates was significantly increased in AD. In control cases, APOE4 significantly
increased the percentage of presynapses (A) and postsynapses (B) in a pair and
colocalising with ALZ50 but had no effect in AD cases. Presence of a plaque significantly
increased the percentage of presynapses (C), but not postsynapses (D), in a pair and
colocalising with small ALZ50 aggregates. The percentage of presynapses (E) and
postsynapses (F) in a pair and colocalising with small aggregates of misfolded tau were
positively correlated with ALZ50 burden. * = p < 0.05, ** = p < 0.01, *** = p < 0.001; AD analysed using linear mixed effect model, followed by ANOVA for determination of
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main effects. Post-hoc testing utilised Tukey-adjusted estimated marginal means. E-F
analysed using Spearman’s rank correlation. Full statistical analysis output can be found
in Tables 4.3.16 and 4.3.17. Limits of the boxes represent the lower (Q1) and upper (Q2)
quartiles and the central line delineates the median. Upper and lower whiskers represent
the minimum (Q1 – 1.5 * inter-quartile range) and maximum (Q2 + 1.5 * inter-quartile
range). Boxplots were generated using data from each individual image stack. Numbers
above boxplots show the number of images analysed. Data points in A & B were
generated using median values obtained from each case. Data points in C-F show
values for each individual image stack.
Table 4.3.17 – Statistical analysis output of percent of total postsynapses in a
pair colocalising with small misfolded tau aggregates
% of total postsynapses (PSD95) in a pair & colocalising with small ALZ50 aggregates ~
Diagnosis * APOE + Sex + Image Region + (1|BBN/block)
Tukey transformed
anova (lmerTest) output
F value
Sum Sq
Mean Sq
NumDF
DenDF
Pr(>F)
Diagnosis
0.307928
0.307928 1
27.98974 23.67061 4.01E-05
APOE
0.126711
0.126711 1
28.41351 9.740347 0.004114
Sex
0.002555
0.002555 1
27.68823 0.196398 0.661087
181.3178 2.461471 0.088156
Image Region 0.064042
0.032021 2
Diagnosis * APOE 0.054866
0.054866 1
27.87578 4.217554 0.049496
emmeans(model, list(pairwise ~ Diagnosis * APOE), adjust = “tukey”)
Estimate
SE
DF
T ratio
Contrast
-0.3990
0.0788
28.1
-5.062
ControlNoE4 – ADNoE4
-0.2943
0.0887
28.7
-3.317
ControlNoE4 – ControlE4
-0.4603
0.0657
29.7
-7.118
ControlNoE4 – ADE4
0.1047
0.0952
27.6
1.101
ADNoE4 – ControlE4
-0.0613
0.0711
27.3
-0.861
ADNoE4 – ADE4
-0.1660
0.0835
27.8
-1.988
ControlE4 – ADE4

P value
0.0001
0.0125
<.0001
0.6921
0.8264
0.2166

4.3.11 - Volume of paired synapses colocalising with small misfolded tau
was affected by APOE status and plaque presence
Previous analysis of paired synaptic size found paired postsynapses were larger
in control APOE4 carriers than in non-carriers. Within the control APOE4 carriers
also had more postsynapses colocalising with small ALZ50 aggregates. To
investigate whether presence of small ALZ50 aggregates at synapses impacts
synapse size, and whether this is influenced by diagnosis and APOE status, I
analysed the size of paired synapses colocalising with small ALZ50 aggregates.
In total, the volume of 5,883 paired presynapses colocalising with small ALZ50
aggregates and 5,474 paired postsynapses colocalising with small ALZ50
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aggregates were measured. When each paired synapse was analysed
individually, it was not possible to obtain normally distributed residuals. Therefore,
median volume was calculated for each image stack and used in further analysis.
The volume of paired presynapses colocalising with small ALZ50 aggregates was
affected by APOE status (F(1,54) = 7.503, p = 0.009). However, there was a
significant interaction between diagnosis and APOE status (F(1,190) = 5.989, p =
0.108; Table 4.3.18). Post-hoc testing found that paired presynapses with small
ALZ50 aggregates were significantly smaller in control non-carriers compared to
all other groups (Fig. 4.3.17A; vs. control no APOE4 – p = 0.023; vs. AD no
APOE4 – p = 0.030; vs. AD APOE4 – p = 0.007). The average volume of paired
presynapses with small ALZ50 aggregates in control non-carriers was 0.033 μm3
(±0.026). This was increased by ~18% to 0.039 μm3 (±0.026) in control APOE4
carriers, by 15% to 0.038 μm3 (±0.029) in AD non-carriers, and by 15% to 0.038
μm3 (±0.030) in AD APOE4 carriers.
The volume of paired postsynapses colocalising with small ALZ50 aggregates
was not affected by diagnosis (F(1,25) = 0.048, p = 0.829) or APOE status (F(1,27) =
0.476, p = 0.496), and there was no diagnosis and APOE status interaction (F(1,25)
= 0.640, p = 0.431; Table 4.3.19; Fig. 4.3.17B). The average volume of paired
postsynapses with small ALZ50 aggregates was 0.026 μm3 (±0.017) in control
non-carriers, 0.028 μm3 (±0.025) in control APOE4 carriers, 0.028 μm3 (±0.025)
in AD non-carriers and 0.029 μm3 (±0.026) in AD APOE4 carriers. Image region
significantly affected the volume of paired postsynapses with small ALZ50
aggregates (F(2,179) = 3.889, p = 0.022; Fig. 4.3.17D). Here, postsynapses with
were 22% smaller in images with a plaque compared to those with no overt
pathology (p = 0.019; Plaque = 0.021 μm3 (±0.010); NFT = 0.022 μm3 (±0.008);
Nothing 0.027 μm3 (±0.017)). Image region did not affect paired presynaptic size
(F(2,190) = 0.543, p = 0.058; Fig. 4.3.17C).
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Figure 4.3.17 – Size of paired synapses colocalising with small ALZ50 aggregates.
Volume of paired presynapses (A,C) and postsynapses (B,D) colocalising with small
misfolded tau (ALZ50) aggregates was determined by array tomography. Paired
presynapses and paired postsynapses were delineated as those within 0.5 μm of an
opposite synaptic partner. Markers were considered colocalised when 25% of the
synaptic marker volume was occupied by ALZ50. Volume of paired presynapses
colocalising with small misfolded tau aggregates volume was reduced in control cases
with an APOE4 allele relative to all other groups (A). Volume of paired postsynapses
colocalising with small misfolded tau aggregates volume was not affected by AD or
APOE status (B). Volume of paired presynapses colocalising with small misfolded tau
aggregates was not affected by presence of pathology (C), but volume of paired
postsynapses colocalising with small misfolded tau aggregates was significantly
reduced by the presence of a plaque (D). * = p < 0.05, ** = p < 0.01; analysed using
linear mixed effect model, followed by ANOVA for determination of main effects. Posthoc testing utilised Tukey-adjusted estimated marginal means. Full statistical analysis
output can be found in Tables 4.3.18 and 4.3.19. Limits of the boxes represent the lower
(Q1) and upper (Q2) quartiles and the central line delineates the median. Upper and lower
whiskers represent the minimum (Q1 – 1.5 * inter-quartile range) and maximum (Q2 + 1.5
* inter-quartile range). Boxplots were generated using data from median volumes of each
individual image stack. Numbers above boxplots show the number of images analysed.
Data points in A & B were generated using median values obtained from each case.
Data points in C & D show values for each individual image stack.
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Table 4.3.18 – Statistical analysis output of volume of paired presynapses
colocalising with small misfolded tau aggregates
Volume of paired presynapses (SY38) colocalising with small ALZ50 aggregates ~ Diagnosis *
APOE + Sex + Image Region + (1|BBN/block)
Box-Cox (Guerrero) transformed
anova (lmerTest) output
Mean Sq
NumDF
DenDF
F value
Sum Sq
Pr(>F)
5.5315
1
48.022 2.8656 0.096970
Diagnosis
5.5315
14.2905
1
54.403 7.4032 0.008725
APOE
14.2905
0.8403
1
39.744 0.4353 0.513190
Sex
0.8403
1.0481
2
190.811 0.5430 0.581905
Image Region
2.0963
11.5589
1
47.681 5.9881 0.018140
Diagnosis * APOE
11.5589
emmeans(model, list(pairwise ~ Diagnosis * APOE), adjust = “tukey”)
Estimate
SE
DF
T ratio
Contrast
-0.9626
0.329
31.4
-2.930
ControlNoE4 – ADNoE4
-1.2188
0.407
42.0
-2.997
ControlNoE4 – ControlE4
-1.0512
0.309
55.9
-3.399
ControlNoE4 – ADE4
-0.2562
0.367
22.3
-0.698
ADNoE4 – ControlE4
-0.0886
0.248
16.8
-0.357
ADNoE4 – ADE4
0.1676
0.337
27.3
0.498
ControlE4 – ADE4

P value
0.0303
0.0227
0.0067
0.8969
0.9839
0.9589

Table 4.3.19 – Statistical analysis output of volume of paired postsynapses
colocalising with small misfolded tau aggregates
Volume of paired postsynapses (PSD) colocalising with small ALZ50 aggregates ~ Diagnosis *
APOE + Sex + Image Region + (1|BBN/block)
Tukey transformed
anova (lmerTest) output
NumDF
DenDF F value
Sum Sq
Mean Sq
Pr(>F)
1
25.473 0.0477
Diagnosis
0.1115
0.1115
0.82884
1
27.270 0.4755
APOE
1.1110
1.1110
0.49630
1
22.752 0.0531
Sex
0.1241
0.1241
0.81981
2
178.879 3.8893
0.02221
Image Region
18.1742
9.0871
1
25.228 0.6398
Diagnosis * APOE
1.4948
1.4948
0.43125
emmeans(model, list(pairwise ~ Image Region), adjust = “tukey”)
Estimate
DF
T ratio
Contrast
SE
0.380
175
1.384
Nothing – NFT
0.275
0.816
177
2.731
Nothing – Plaque
0.299
0.435
167
1.370
NFT – Plaque
0.318

P value
0.3517
0.0190
0.3590

4.3.12 - Spatial distribution of small misfolded tau at synaptic pairs
Previous analyses identified misfolded tau to be present at a subset of paired
synapses in control and AD brain. Moreover, in control cases, APOE4 increased
the percentage of synapses in a pair colocalising with misfolded tau. However,
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these analyses were not sufficient to determine spatial distribution of misfolded
tau within synaptic pairs. For example, misfolded tau may be present at the
presynapse only, postsynapse only, or be localised to both the pre- and postsynaptic terminal of the pair (Fig. 4.3.18). Therefore, analysis was performed to
establish the spatial distribution of small ALZ50 aggregates within synaptic pairs
and investigate the effect of diagnosis and APOE. Additionally, identification of
small ALZ50 aggregates in both the pre- and post-synaptic terminal of a pair
might provide indirect support for trans-synaptic spread of tau in human brain.

Figure 4.3.18 – Spatial distribution of misfolded tau at synaptic pairs. Left panel
shows 3D reconstructions of synaptic pairs with misfolded tau localised to the
presynapse only (top), postsynapse only (middle) and both the presynapse and
postsynaptic component of the pair (bottom). Right panel shows cartoon schematics of
3D reconstructions. Regarding misfolded tau localised to both the presynapses and the
postsynapse, it is not possible to differentiate between two separate tau objects located
to the presynapse and postsynapse, respectively, or one tau object spanning both the
presynapse and the postsynapse. 3D reconstructions generated using Imaris.
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4.3.13 - Percentage of synaptic pairs with small misfolded tau localised to
the presynapse only, postsynapse only or both synaptic terminals
First, the percentage of synaptic pairs with small ALZ50 aggregates localised to
the presynapse only, postsynapse only or both the pre-and postsynaptic terminal
of the pair was investigated. Statistical analysis revealed a significant three-way
interaction between diagnosis, APOE status and tau localisation (F(1,639) = 0.6.953,
p = 0.001; Table 4.3.20). Post-hoc analysis was performed and is broken down
into the effect of diagnosis (Fig. 4.3.19A), APOE status (Fig. 4.3.19B), and tau
localisation (Fig. 4.3.19C) to enable easier interpretation.
Effect of diagnosis:
Compared to control non-carriers, AD non-carriers had more synaptic pairs in
which small ALZ50 aggregates were localised to the presynapse only (p < 0.001),
postsynapse only (p = 0.006) and both the pre- and postsynapse (p < 0.001)
(Fig. 4.3.19A). In APOE4 carriers, AD and control cases had a similar proportion
of synaptic pairs with tau localised to the presynapse only (p = 0.060) and to both
the pre- and postsynapse (p = 0.132). However, AD APOE4 carriers had more
synaptic pairs in which small ALZ50 aggregates were localised to the
postsynapse only, compared to control APOE4 carriers (p = 0.045).
Effect of APOE:
In control cases, possession of APOE4 increased the proportion of synaptic
pairs in which small ALZ50 aggregates were localised to the presynapse only (p
= 0.002), postsynapse only (p = 0.030) and both the pre- and postsynapse (p =
0.002) (Fig. 4.3.19B). In AD cases, possession of an APOE4 allele had no effect
on the proportion of synaptic pairs in which small ALZ50 aggregates were
localised to the presynapse only (p = 0.676), postsynapse only (p = 0.288) and
both the pre- and postsynapse (p = 0.845).
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Figure 4.3.19 – Percent of synaptic pairs with small misfolded tau aggregates
localised to the presynapse only, postsynapse only, or both components. Paired
synapses were delineated as those within 0.5 μm of an opposite synaptic partner.
Markers were colocalised when 25% of the synaptic volume was occupied by ALZ50.
Effect of diagnosis (A), APOE status (B) and tau localisation (C) are shown in separate
plots to aid in easier interpretation. (A) In non-carriers, AD increased the percentage of
synaptic pairs in which small misfolded tau aggregates were localised to the presynapse
only, postsynapse only, and both the presynapse and postsynapse. In APOE4 carriers,
AD only increased the percentage of synaptic pairs in which small misfolded tau
aggregates were localised to the postsynapse only. (B) In control cases, APOE4
increased the percentage of synaptic pairs in which small misfolded tau aggregates were
localised to the presynapse only, postsynapse only, and both the presynapse and
postsynapse. In AD cases, APOE4 had no effect. (C) In APOE4-negative control cases,
there was no difference in the percentage of synaptic pairs in which small misfolded tau
aggregates were localised to a specific synaptic component. In control APOE4 carriers
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and AD non-carriers more synaptic pairs had small misfolded tau aggregates localised
to the presynapse only and both the presynapse and postsynapse than at the
postsynapse only. In AD APOE4 carriers, more synaptic pairs had small misfolded tau
aggregates localised to the presynapse only than at the postsynapse only and both the
presynapse and postsynapse, as well as at both the presynapse and postsynapse than
at the postsynapse only. * = p < 0.05, ** = p < 0.01, *** = p < 0.001; analysed using
linear mixed effect model, followed by ANOVA for determination of main effects. Posthoc testing used Tukey-adjusted estimated marginal means. Full statistical analysis
output in Table 4.3.19. Limits of boxes represent the lower (Q1) and upper (Q2) quartiles
and the central line delineates the median. Upper and lower whiskers represent the
minimum (Q1 – 1.5 * inter-quartile range) and maximum (Q2 + 1.5 * inter-quartile range).
Boxplots were generated using data from median volumes of each individual image
stack. Data points were generated using median values obtained from each case.

Effect of tau localisation:
In control non-carriers, there was no difference in the proportion of synaptic pairs
with small ALZ50 aggregates localised to the presynapse only, postsynapse only
or both the pre- and postsynapse (Table 4.3.20). In control APOE4 carriers, more
synaptic pairs had small ALZ50 aggregates localised to the presynapse only (p
< 0.001) and both the pre- and post-synapse (p = 0.012), than at the
postsynapse only (Fig. 4.3.19C). AD non-carriers followed the same pattern;
more synaptic pairs had small ALZ50 aggregates at the presynapse only (p <
0.001) and both the pre- and post-synapse (p < 0.001), than at the postsynapse
only. In AD APOE4 carriers, there was a stepwise decrease in the proportion of
synaptic pairs with small ALZ50 aggregates (presynapse only > both pre- and
postsynapse > postsynapse only). More synaptic pairs had small ALZ50
aggregates at the presynapse only than at both the pre- and post-synapse (p <
0.001) and the postsynapse only (p < 0.001). Additionally, more pairs had small
ALZ50 aggregates at both the pre- and postsynapse than at the postsynapse
only (p = 0.010).
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Table 4.3.20 – Statistical analysis output of percent of synaptic pairs where tau is
localised to presynapse only, postsynapse only or both synaptic terminals
% of synaptic pairs colocalising with small ALZ50 aggregates ~ Diagnosis * APOE * Tau localisation + Sex + Image Region
+ (1|BBN/block)
Tukey transformed
anova (lmerTest) output
F value
Sum Sq
Mean Sq NumDF
DenDF
Pr(>F)
23.1880
4.569e-05
Diagnosis
0.45963
0.45963
1
28.07
7.9901
0.0085437
APOE
0.15838
0.15838
1
28.26
38.9822
< 2.2e-16
Tau Localisation
1.54540
0.77270
2
639.28
0.3197
Sex
0.00634
0.00634
1
27.91
0.5762768
8.6892
Image Region
0.34447
0.17224
2
659.59
0.0001884
4.3950
Diagnosis * APOE
0.08712
0.08712
1
28.04
0.0451897
3.3058
Diagnosis * Tau Localisation
0.13105
0.06553
2
639.28
0.0372991
0.6949
APOE * Tau Localisation
0.02755
0.01377
2
639.28
0.4995026
6.9530
0.0010297
Diagnosis * APOE * Tau Localisation
0.27564
0.13782
2
639.28

No E4
E4
No E4
E4
No E4
E4

emmeans(model, list(pairwise ~ Diagnosis | APOE | Tau Localisation), adjust = "tukey")
Estimate
SE
DF
T ratio
Contrast
-0.511
0.0920
31.7
-5.552
Tau at presynapse only
Control - AD
-0.190
0.0978
31.8
-1.947
Tau at presynapse only
Control - AD
-0.494
0.0920
31.7
-5.364
Tau at both pre- and postsynapse
Control - AD
-0.151
0.0978
31.8
-1.544
Tau at both pre- and postsynapse
Control - AD
-0.350
0.0920
31.7
-3.802
Tau at postsynapse only
Control - AD
-0.204
0.0978
31.8
-2.087
Tau at postsynapse only
Control - AD

P value
<.0001
0.0604
<.0001
0.1324
0.0006
0.0450

Control
AD
Control
AD
Control
AD

emmeans(model, list(pairwise ~ APOE | Diagnosis | Tau Localisation), adjust = "tukey")
Estimate
SE
DF
T ratio
Contrast
-0.3557
0.1037
32.6
-3.429
Tau at presynapse only
NoE4 – E4
-0.0352
0.0832
30.9
-0.423
Tau at presynapse only
NoE4 – E4
-0.3590
0.1037
32.6
-3.461
Tau at both pre- and postsynapse
NoE4 – E4
-0.0164
0.0832
30.9
-0.197
Tau at both pre- and postsynapse
NoE4 – E4
-0.2357
0.1037
32.6
-2.273
Tau at postsynapse only
NoE4 – E4
-0.0899
0.0832
30.9
-1.081
Tau at postsynapse only
NoE4 – E4

P value
0.0017
0.6755
0.0015
0.8450
0.0298
0.2882

Control

NoE4

Control

NoE4

Control

NoE4

Control

E4

Control

E4

Control

E4

AD

NoE4

AD

NoE4

AD

NoE4

AD

E4

AD

E4

AD

E4

emmeans(model, list(pairwise ~ Tau Localisation | APOE | Diagnosis), adjust = "tukey")
Estimate
SE
DF
T ratio
Contrast
Tau at presynapse only
-0.0442
0.0268
639
-1.647
– Tau at both pre- and postsynapse
Tau at presynapse only
-0.0306
0.0268
639
1.138
– Tau at postsynapse only
Tau at both pre- and postsynapse - Tau at
-0.0137
0.0268
639
-0.508
postsynapse only
Tau at presynapse only
-0.0409
0.0383
639
-1.067
– Tau at both pre- and postsynapse
Tau at presynapse only
-0.1505
0.0383
639
-3.929
– Tau at postsynapse only
Tau at both pre- and postsynapse - Tau at
0.1096
0.0383
639
2.861
postsynapse only
Tau at presynapse only
-0.0615
0.0279
639
2.207
– Tau at both pre- and postsynapse
Tau at presynapse only
-0.1916
0.0279
639
-6.873
– Tau at postsynapse only
Tau at both pre- and postsynapse - Tau at
0.1301
0.0279
639
4.666
postsynapse only
Tau at presynapse only
-0.0803
0.0194
639
-4.133
– Tau at both pre- and postsynapse
Tau at presynapse only
-0.1369
0.0194
639
-7.044
– Tau at postsynapse only
Tau at both pre- and postsynapse - Tau at
0.0566
0.0194
639
2.911
postsynapse only
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P value
0.2269
0.4909
0.8673
0.5348
0.0003
0.0121
0.0707
<.0001
<.0001
0.0001
<.0001
0.0104

4.3.14 – Distribution of small misfolded tau aggregates across the synapse
A greater proportion of synaptic pairs with small ALZ50 aggregates at the
presynapse only and both the pre- and postsynapse indicates a preponderance
for tau to be localised to these synaptic sites. However, this measurement could
be influenced by changes in synapse density. Therefore, the distribution of
misfolded tau at synaptic pairs was analysed. Some images, primarily those from
control cases, had very low or no synaptic pairs colocalising with ALZ50. Thus,
all synaptic pairs colocalising with small ALZ50 aggregates were summed within
each case and the percentage distribution of misfolded tau calculated for each
individual. Despite this, some cases still had very few tau-containing synaptic
pairs (Fig.4.3.20A), generating a skewed and variable distribution of misfolded
tau at synaptic pairs (Fig. 4.3.20B). Therefore, cases with fewer than 10 synaptic
pairs colocalising with small ALZ50 aggregates were excluded from analysis. This
excluded 4 control non-carriers and 1 control APOE4 carrier (BBNs shown in Fig.
4.3.20A). This helped rectify the skew (Fig. 4.3.20C).
APOE status had no effect on the distribution of ALZ50 aggregates at synaptic
pairs (APOE: F(1) = 0.000, p = 1.000; diagnosis x APOE x tau localisation: F(2) =
2.459, p = 0.092). Statistical analysis revealed a diagnosis x tau localisation
interaction (F(2) = 4.002, p = 0.023; Table 4.3.20; Fig. 4.3.20D). Compared to
controls, those with AD had more small ALZ50 aggregates at the presynapse
only (p = 0.028; control = 36.4% ±8.95); AD = 42.1% ±8.25), while the proportion
of small ALZ50 aggregates at both components (p = 0.171; control = 37.3%
±5.77; AD = 33.1% ±6.53) and postsynapse only (p = 0.392; control = 26.3%
±5.34; AD = 24.8% ±5.41) was similar in control and AD cases.
In controls, the proportion of ALZ50 aggregates at the presynapse only (36.4%
(±8.95) and both components (37.3% ±5.77) was greater than that at the
postsynapse only (26.3% ±5.34; vs. presynapse only: p = 0.009; vs. both
components: p = 0.003). In AD cases, there was a stepwise decrease in
distribution of ALZ50 aggregates across the synapse (presynapse only > both
components > postsynapse only). More small ALZ50 aggregates were localised
to the presynapse only (42.1% ±8.25) than at both components (33.1% ±6.53;
p < 0.001) and the postsynapse only (24.8% ±5.41; p < 0.001). Additionally, a
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greater proportion of small ALZ50 aggregates were localised to both synaptic
terminals than at the postsynapse only (p < 0.001).

Table 4.3.21 – Statistical analysis output of percent distribution of small
misfolded tau aggregates localised to synaptic pairs
% distribution of small ALZ50 aggregates ~ Diagnosis * APOE * Tau localisation + Sex
No transformation
anova (lm) output
DF
Sum Sq Mean Sq F value
P value
Diagnosis
1
0.0
0.00
0.0000
1.00000
APOE
1
0.0
0.00
0.0000
1.00000
Tau Localisation
2
3303.6 1651.78 36.0753 1.545e-11
Sex
1
0.0
0.00
0.0000
1.00000
Diagnosis * APOE
1
0.0
0.00
0.0000
1.00000
Diagnosis * Tau Localisation
2
366.5
183.25
4.0022
0.02254
APOE * Tau Localisation
2
108.8
54.40
1.1881
0.31078
Diagnosis * APOE * Tau Localisation
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P value
0.0280
0.1713
0.3920
P value
0.9381
0.0092
0.0033
0.0003
<.0001
0.0001

Figure 4.3.20 – Percent distribution of small misfolded tau aggregates at the
presynapse only, postsynapse only, or both components. The number of synaptic
pairs colocalising with small misfolded tau aggregates was summed within each case
(A). Some cases had very low numbers of synaptic pairs colocalising with small
misfolded tau aggregates (orange data points show cases with <10 synaptic pairs
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colocalising with small misfolded tau aggregates). This led to skewed distributions (B).
Consequently, these cases were excluded from analysis to rectify this skew (C). Box
delineated by dotted line in A is enlarged and BBNs of excluded cases shown (A – dotted
box). (D) AD cases had a significantly greater proportion of small misfolded tau
aggregates localised to the presynapse only. In control cases, a greater proportion of
small misfolded tau aggregates were localised to the presynapse only and both the
presynapse and postsynapse than at the postsynapse only. In AD cases, a greater a
greater proportion of small misfolded tau aggregates were localised to the presynapse
only than at the postsynapse only and both the presynapse and postsynapse, as well
as at both the presynapse and postsynapse than at the postsynapse only. * = p < 0.05,
** = p < 0.01, *** = p < 0.001; analysed using multiple linear regression, followed by
ANOVA for determination of main effects. Post-hoc testing utilised Tukey-adjusted
estimated marginal means. Full statistical analysis output can be found in Tables 4.3.20.
Limits of the boxes represent the lower (Q1) and upper (Q2) quartiles and the central line
delineates the median. Upper and lower whiskers represent the minimum (Q1 – 1.5 *
inter-quartile range) and maximum (Q2 + 1.5 * inter-quartile range). Boxplots were
generated using data from generate within each case. Data points were generated
values obtained from each case. Numbers above boxplots show the number of cases
analysed.
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4.4 – Discussion

___________________________________________________________________________________________

It is well established that APOE4 increases risk for late onset AD (Corder et al.,
1993). Similarly, it is known that synapse loss, a neuropathological hallmark of
AD, occurs early in the disease process and is the strongest correlate of cognitive
decline (DeKosky and Scheff, 1990; Serrano-Pozo et al., 2011b; Terry et al.,
1991). As highlighted in chapter 3, there is a need to better characterise APOE
effects on synapse loss in the human AD brain using appropriate techniques,
such as array tomography. Additionally, synapse loss has only been described
in the context of total synaptic density, so it is unknown how AD and APOE
genotype impact putative synaptic pairs, which potentially represent a more
functionally relevant synaptic environment.

4.4.1 – Synaptic density: effect of AD and APOE status
In line with multiple studies of total synaptic density (Mecca et al., 2020; Scheff
and Price, 2003), paired presynaptic and postsynaptic densities were decreased
in AD, suggesting paired synapse loss mirrors total synapse loss. However, while
total postsynaptic density was reduced in AD, total presynaptic density was
unaffected. Therefore, in this cohort, AD had a greater impact on PSD95-positive
postsynapses than synaptophysin-positive presynapses, potentially resulting in
the AD-related reductions in paired synaptic densities by limiting the availability
of postsynapses able to form pairs. This might suggest that synapses are not
lost in pairs, but rather that the postsynaptic component degenerates first,
leaving an orphaned presynaptic partner behind. Asymmetrical degeneration of
paired synapses has previously been reported in the AD brain, specifically in
areas surrounding Ab plaques (Koffie et al., 2012).
Whether synapses are lost in some type of sequential order in AD is not well
understood, and preferential loss of presynapses or postsynapses remains
contentious. For example, both increases and decreases in PSD-95 levels
(Leuba et al., 2008a, 2008b; Love et al., 2006; Proctor et al., 2010; Sultana et
al., 2010; Yuki et al., 2014) and decreases and no changes in synaptophysin
levels (Love et al., 2006; Masliah et al., 1994; Reddy et al., 2005; Sze et al., 1997;
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Tannenberg et al., 2006; Yuki et al., 2014) have been observed at different
disease stages and in various brain regions. A recent meta-analysis of human
post-mortem studies found that loss of presynaptic and postsynaptic markers
was consistently observed across brain regions, with presynapses being slightly
more affected than postsynapses in temporal brain regions (de Wilde et al.,
2016), contrasting the findings presented here. However, it is important to
consider that PSD95 only labels excitatory postsynapses (Sheng and Kim, 2011),
while synaptophysin labels both inhibitory and excitatory presynapses (Micheva
et al., 2010). It is well established that excitatory synapses are vulnerable in AD
(Esposito et al., 2013; Koffie et al., 2009; Shankar et al., 2008). Although
inhibitory interneuron loss has been observed in AD models (Baglietto-Vargas et
al., 2010; Ramos et al., 2006; Verret et al., 2012), studies in post-mortem human
brain have generated conflicting results (Xu et al., 2020a). While inhibitory periplaque synapse loss has been described (Garcia-Marin et al., 2009), others did
not see changes in inhibitory synapse density, with excitatory synapse loss
predominating (Mitew et al., 2013). Therefore,reduced PSD95-positive
postsynaptic density, but not total synaptophysin-positive presynaptic density,
might reflect differences in excitatory and inhibitory synapse loss.
Previous studies using array tomography in human post-mortem brain did not
identify significant presynaptic or postsynaptic loss in AD when evaluating the
whole field of view of each image stack. Instead, synapse loss was seen in areas
surrounding Ab plaques, with synapse loss correlating with distance from the
plaque (Jackson et al., 2019b; Koffie et al., 2012). In this study, paired
presynaptic, paired postsynaptic and total postsynaptic densities were reduced
when evaluating the whole field of view of each image stack. This difference is
likely due to use of improved image and statistical analysis methods, which
increased the power of the study. As Ab was not stained, it was not possible to
analyse synapse density as a function of distance from plaque. Instead, images
were categorised by the type of pathology they contained. In agreement with
previous work (Jackson et al., 2019b; Koffie et al., 2012), paired presynaptic and
postsynaptic density was reduced in regions with a plaque. Interestingly,
decreases in paired synaptic density appeared to be driven by loss of
presynapses, as total presynaptic density was reduced in plaque-bearing areas,
but total postsynaptic density unchanged. While this contrasts previous work,
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where both presynapses and postsynapses were lost close to plaques (Koffie et
al., 2012), recent work in an AD mouse model found that presynaptic terminals
near to a plaque were lost, while postsynaptic terminals were unaffected
(Stephen et al., 2019), suggesting an imbalance in the response of pre- and postsynaptic terminals to Ab pathology.
In vivo and in vitro studies have indicated that APOE contributes to synapse loss
(Buttini et al., 1999, 2002; Cambon et al., 2000; Zhao et al., 2020b). However,
evidence from post-mortem human brain is unclear. Using electron microscopy,
synaptic density in various brain regions was unaffected by APOE genotype
(Scheff et al., 2006, 2007, 2011), while reductions and no changes in synaptic
proteins levels have also been observed in AD APOE4 carriers (Blennow et al.,
1996; Corey-Bloom et al., 2000; Heinonen et al., 1995; Lai et al., 2006; Love et
al., 2006; Tannenberg et al., 2006). In control cases, APOE2 was associated with
increased postsynaptic protein levels, while APOE4 was associated with reduced
pre- and post-synaptic protein levels (Love et al., 2006; Sinclair and Love, 2017).
In this study, APOE4 had no impact on paired and total synapse densities in both
control and AD cases, supporting previous electron microscopy work. Although
these results suggest APOE genotype does not impact synapse loss, analysis of
post-mortem tissue only provides a cross-sectional view of end-stage disease.
Previous array tomography studies have demonstrated APOE4 to exacerbate
peri-plaque synapse loss in human AD brain (Jackson et al., 2019b; Koffie et al.,
2012). The interaction between plaques, APOE status and synaptic density was
not assessed in this study, but would be valuable to perform in the future.
Increased synaptic size correlates with reduced synaptic density in AD brain
(DeKosky and Scheff, 1990; Scheff and Price, 1993, 2003; Scheff et al., 1990)
and in mice expressing human APOE4 (Cambon et al., 2000). Increased synaptic
size might represent a compensatory mechanism, offsetting synapse loss by
maintaining synaptic contact area. In this study, control APOE4 carriers had
significantly larger paired postsynapses. Unlike previous work (Koffie et al., 2012),
presynapse size was not affected by AD or APOE status. While increased
postsynapse size might compensate for not yet detectable synapse loss, total
and paired postsynaptic density was not affected in control APOE4 carriers,
meaning it was not possible to directly draw this link. Paired presynapse size was
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increased in areas with a plaque. Interestingly, this was where total presynaptic
density was also significantly reduced. Thus, increased presynapse size might
compensate for loss of presynapses in plaque-bearing regions.

4.4.2 – Synaptic localisation of misfolded tau: effect of AD and APOE and
implications for trans-synaptic tau spread
Identification that soluble forms of Ab and tau are likely responsible for toxicity in
AD, particularly at synapses, has led to a paradigm shift within the field. While
having physiological roles at the synapse, synaptic localisation of tau is increased
under pathological conditions and can contribute to synaptic dysfunction and
degeneration (Dejanovic et al., 2018; Harris et al., 2012; Hoover et al., 2010;
Ittner et al., 2010; Kopeikina et al., 2013b; Zhou et al., 2017). Trans-synaptic
spread of tau through connected circuits has been demonstrated in various
model systems, implicating synaptic tau as a potential contributor to disease
progression. Importantly, various forms of tau have been identified at synapses
isolated from human brain (Fein et al., 2008; Henkins et al., 2012; Sokolow et al.,
2015; Tai et al., 2012, 2014) and in intact human brain (Largo-Barrientos et al.,
2021; Pickett et al., 2019), although it is unclear whether biochemically isolated
synapses capture the true distribution of synaptically localised tau.
Using array tomography, we identified small aggregates of misfolded tau to be
present at a subset of synapses in both control and AD brain. Misfolded tau
proteins have been identified as likely seeds for transmission of tauopathy
(Gerson and Kayed, 2013; Walker et al., 2013). Thus, these tau-containing
synapses could represent the anatomical substrate of trans-synaptic tau spread.
AD cases had more tau-containing synapses than control cases, supporting
previous findings (Henkins et al., 2012; Largo-Barrientos et al., 2021; Pickett et
al., 2019; Tai et al., 2012, 2014). In control cases, 0.25% of presynapses and
0.12% of postsynapses colocalised with small aggregates of misfolded tau. In
AD cases, 0.81% of presynapses and 0.41% of postsynapses colocalised with
small aggregates of misfolded tau, representing a ~3.2- and ~3.6-fold increase,
respectively. The proportion of synapses colocalising with misfolded tau was
similar to a previous array tomography study (Pickett et al., 2019), which
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identified ~0.2% of presynapses and ~0.3% of postsynapses to be tau-positive
in AD brain. However, these figures are vastly smaller than studies in which
synapses were biochemically isolated from human brain (Fein et al., 2008;
Henkins et al., 2012; Sokolow et al., 2015; Tai et al., 2012, 2014). For example,
Tai et al. (2012) found that 55.3% of presynapses and 70.1% of postsynapses
contained tau in AD brain. Further, 20.8% of presynapses and 32.0% of
postsynapses contained phosphorylated tau. Although different brain regions
and antibodies were used in these studies, a follow-up study found ~17% of
presynapses and ~22% of postsynapses to be positive for misfolded tau (ALZ50)
in AD, and ~4% and ~7% of presynapses and postsynapses in control cases
(Tai et al., 2014). Biochemical isolation of synapses might select for taucontaining synapses or unwittingly discount tau-free synapses, leading to an
overestimated

count

of

tau-containing

synapses.

Alternatively,

issues

surrounding tissue processing may constrain detection by array tomography.
Tissue fixation might reduce the ability to detect low levels of soluble tau and
antibody penetration may be limited by the embedding of tissue in resin.
The proportion of synapses colocalising with misfolded tau was positively
correlated with tau burden, suggesting greater synaptic localisation of tau is
driven by the greater amount of tau present in the brain, rather than redistribution
of tau specifically to the synapse. Plaque-bearing regions had greater misfolded
tau burden than areas without overt pathology, thus we would expect greater
proportions of synapses in these areas to colocalise with misfolded tau.
However, this was only the case for presynapses. Interestingly, total presynaptic,
but not postsynaptic density was reduced in areas with a plaque, possibly
indicating that increased presynaptic accumulation of tau in plaque-bearing
regions is linked to greater presynaptic loss. Since this study did not also evaluate
the levels of oligomeric Ab, which is also known to accumulate at synapses and
is associated with peri-plaque synapse loss (Jackson et al., 2016a; Koffie et al.,
2012), it is not possible to ascertain this association is tau-specific.
In the human brain, APOE4 is associated with increased NFT burden (Nicoll et
al., 2011; Ohm et al., 1995; Sabbagh et al., 2013; Sparks et al., 1996), and may
act upon tau independently of Ab (Therriault et al., 2020). Whether APOE
genotype impacts smaller, soluble forms of tau, which can be synaptically
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localised and could influence toxicity, remains unknown. In control cases,
possession of an APOE4 allele was associated with a staggering ~29- and ~21fold increase in the proportion of presynapses and postsynapses colocalising
with misfolded tau, respectively. Control APOE4 carriers also exhibited greater
misfolded tau burden, potentially accounting for the increased synaptic
localisation of misfolded tau. However, on average, misfolded tau burden was
increased to a lesser extent (~17-fold increase) than that observed for synapses
colocalising with misfolded tau. This suggests that other factors, such as
redistribution of tau to synapses, might mediate part of the APOE4-associated
increase in synaptically localised tau. In AD, APOE4 did not affect the proportion
of synapse with misfolded tau. This indicates APOE4-related effects on misfolded
tau pathology and localisation to synapses might occur early in disease-relevant
processes. Indeed, a recent PET imaging study in cognitively healthy older adults
identified APOE4 to be associated with elevated levels of tau within the medial
temporal lobe and poorer cognition (Weigand et al., 2021).
The trans-synaptic hypothesis of tau propagation predicts seed-competent tau
to be localised to synaptic terminals. A potential route for tau transmission across
the synapse involves release of pathological tau from degenerating synaptic
terminals (Wang and Mandelkow, 2016). However, work in mice has shown tau
to spreads through synapses in the absence of degeneration (Pickett et al.,
2017). For this, tau-containing synaptic terminals require an opposing synaptic
partner capable of receiving transmitted tau. By restricting analysis to ‘paired’
synapses, where synaptic terminals had a partner within 0.5 μm, misfolded tau
was found to be localised to synaptic pairs in both control and AD human brain.
This suggests trans-synaptic tau spread through intact synapses is feasible in
the context of human AD. This may occur through a variety of mechanisms,
including direct secretion and uptake, vesicular transport and tunnelling
nanotubes (Brunello et al., 2020). Although not possible to definitively conclude
putative paired synapses were functionally and structurally connected, they are
close enough to form a synaptic connection.
Compared to control cases, AD cases had significantly more paired presynapses
(~2.8-fold increase) and postsynapses (~3.8-fold increase) with misfolded tau.
Thus, in AD brain, there are more synaptic terminals able to partake in trans-
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synaptic spread of tau. Control APOE4 carriers had more paired presynapses
(~22-fold increase) and postsynapses (~31-fold increase) with misfolded tau,
compared to APOE4 non-carriers. Further, they were no different to individuals
with AD, suggesting APOE4 effects on synaptic localisation of misfolded tau, and
potentially on trans-synaptic spread, occur early in AD-related processes.
Control APOE4 carriers had greater tau burden and were higher Braak stage
than their APOE4-negative counterparts. Neuropathologically, some of these
cases might not be strictly considered controls due to presence of AD-like
pathology. However, none had received a clinical dementia diagnosis. Whether
these individuals were prodromal or would have gone on to develop AD had they
lived is not possible to discern. Alternatively, considering their similarities to AD
cases, these individuals might harbour resilience mechanisms that confer
protection to the increased load of pathological tau observed throughout the
brain and at synapses (Aiello Bowles et al., 2019; Barroeta-Espar et al., 2019;
Perez-Nievas et al., 2013). This may be particularly relevant considering synapse
loss was not observed in control APOE4 carriers.
In mouse models of tauopathy, pathological tau is enriched at the synapse, alters
the synaptic proteome (Dejanovic et al., 2018) and can influence synapse size
(Maurin et al., 2014). However, it is unclear how synaptically localised tau impacts
synapse morphology in human brain. To better understand this, the volume of
paired synapses colocalising with misfolded tau was measured. Although not
tested statistically, the presence of misfolded tau appeared to reduce the size of
paired synapses. Average volume of a paired presynapse was 0.047 μm3 in
control cases and 0.050 μm3 in AD cases. When misfolded tau was present,
presynaptic volume was reduced by 29% to 0.033 μm3 and 34% to 0.033 μm3,
respectively. Similarly, average volume of a paired postsynapse was 0.038 μm3
in control cases and 0.037 μm3 in AD cases. This was reduced by 32% to 0.026
μm3 and 36% to 0.024 μm3, respectively, in the presence of misfolded tau.
The observed reductions in synapse volume are similar to those seen for
oligomeric Aβ-containing synapses (Koffie et al., 2012). It is unclear whether
misfolded tau causes the reduction in synapse volume, or whether misfolded tau
preferentially deposits at smaller synapses. Diversity in synaptic size is commonly
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thought to result from activity-dependent plasticity, whereby more active
synapses are larger and weaker synapses are smaller (Citri and Malenka, 2008).
Thus, the reduced volume of misfolded tau-containing synapses may reflect this.
Tau-containing postsynapses were smaller in areas with a plaque, suggesting Aβ
might also play a role in the synaptic response to misfolded tau. While APOE
genotype had no effect on the volume of tau-containing postsynapses, control
APOE4-negative cases had significantly smaller tau-containing presynapses than
all other groups. This suggests that reduced size of tau-containing synapses is
in some way beneficial, perhaps identifying them as weak and signalling for their
removal, thus preventing continued damage. Indeed, APOE4 decreased the rate
of synaptic pruning by astrocytes (Chung et al., 2016). A large caveat of this
analysis is that array tomography is not optimal for determining precise
morphological features of synapses; however, it offers a high-throughput means
of elucidating differences between groups.

4.4.3 – Spatial distribution of misfolded tau at the synapse
Recent studies in rodents demonstrated tau to propagate via synapses (Ahmed
et al., 2014; de Calignon et al., 2012; Dujardin et al., 2014b; Liu et al., 2012a;
Pickett et al., 2017). Most studies have indicated trans-synaptic spread occurs
anterogradely, whereby tau is released from presynaptic sites and taken up by
postsynaptic

terminals.

Nonetheless,

anterograde

and

retrograde

tau

transmission has been reported in a mouse model (Ahmed et al., 2014) and in
culture (Wu et al., 2013), suggesting this may also be true at synapses. Recent
work using PET imaging has also indicated that tau can spread in both directions
(Seemiller et al., 2021), although it remains unclear whether one direction
predominates. Investigation of the spatial distribution of tau at paired synapses
in human brain can provide indirect insight into this.
Using bipartite, or paired, synapses biochemically isolated from human brain,
misfolded tau was equally distributed across the synapse (Tai et al., 2014). In our
study using intact human brain, misfolded tau was asymmetrically distributed
across synapses. More synaptic pairs had misfolded located at the presynapse
only, followed by at both components, followed by at the postsynapse only.
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Compared with previous work, we also observed far fewer synapses with tau
localised to a specific synaptic component. The proportion of synaptic pairs with
tau localised to specific synaptic sites has potential to be influenced by changes
in synaptic density. As paired synapse density was reduced in AD, we also
investigated how misfolded tau was distributed at synaptic pairs. Again, more
synaptically localised tau was present at the presynapse only, followed by at both
components, followed by at the postsynapse only. Taken together, this suggests
a gradient-like distribution of misfolded tau across the synapse (presynapse only
> both presynapse and postsynapse > postsynapse only). Therefore, this data
hints at the directionality of synaptic tau transmission being predominantly
anterograde, opposing previous work that supported a more bidirectional mode
of trans-synaptic transmission (Tai et al., 2014). Interestingly, Tai et al. (2014) did
not observe misfolded tau to be deposited at both sides of synapses with a
higher probability than chance. In our study, a significant proportion of paired
synapses contained tau in both terminals, providing indirect support for
transmission across intact synapses without a requirement for degeneration in
human brain (Pickett et al., 2017). It is unclear why such different spatial
distributions were observed but highlights the importance of confirming results in
tissue where the innate architecture is preserved.
The effect of AD and APOE status on the spatial distribution of misfolded tau at
synapses was complex. Compared to control cases, AD cases had a greater
proportion of misfolded tau present at the presynapse only. Moreover, the
gradient-like distribution of misfolded tau across synaptic pairs was more
apparent in AD cases, although distribution was similar in control cases. This
indicates that while presynaptic accumulation of misfolded tau might be favoured
in AD, control cases also exhibited signs of trans-synaptic tau spread. APOE
status did not impact the distribution of misfolded tau at synaptic pairs. However,
power to detect differences was limited by the requirement to sum within cases
and remove individuals from the analysis.
When considering the percentage of synaptic pairs with tau localised to specific
synaptic sites, possession of an APOE4 allele significantly increased the
percentage of paired synapses containing misfolded tau at all three sites in
controls only. This is unsurprising as control APOE4 carriers had more tau-
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containing synapses than non-carriers. Unlike all other groups, control APOE4negative cases did not exhibit differences in the percentage of synaptic pairs with
tau localised to specific synaptic sites. Consequently, in this group, misfolded tau
was equally likely to accumulate at the presynapse only, postsynapse only and
both components. While this may indicate a more bidirectional model of transsynaptic spread, the vastly reduced proportion of tau-containing synapses
suggests propensity for trans-synaptic tau spread is significantly lower in this
group. In APOE4 carriers, AD increased the proportion of synaptic pairs in which
tau was localised to the postsynapse. If misfolded tau is predominantly
transmitted anterogradely across the synapse, this may indicate that AD APOE4
carriers have experienced greater amounts of trans-synaptic tau spread,
resulting in greater accumulation at postsynaptic sites. Control APOE4 carriers
showed similar synaptic distribution of misfolded tau to AD cases, again
suggesting trans-synaptic spread is an early event in AD pathogenesis.

4.4.4 – Summary
In this study, we identified that APOE4 does not influence synapse loss but
associates with increased localisation of misfolded tau to synapses, which may
be particularly relevant early in disease pathogenesis. The identification that
misfolded tau was localised to synaptic pairs in human brain provides support
that trans-synaptic tau spread is credible in the context of the human disease.
Moreover, asymmetrical distribution of misfolded tau across synaptic pairs hints
at a predominantly anterograde mode of transmission, while presence of
misfolded tau at both the presynapse and postsynapse of a pair lends support
to misfolded tau propagating via intact synapses rather than just through
degenerating terminals. As control APOE4 carriers showed similar phenotypes in
terms of tau localisation, APOE4 might exert an early effect on tau propagation.
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5 – Astrocytic internalisation of
presynapses, tau and tau-containing
presynapses in human post-mortem
tissue: effect of AD and APOE

___________________________________________________________________________________________

5.1 - Background and Aims
Alongside the accumulation of Ab in plaques and hyperphosphorylated tau in
NFTs, AD brains also exhibit prominent neuroinflammatory changes (GomezNicola and Boche, 2015). Originally thought of as consequential to aggregated
proteins and neuron loss, glia-mediated neuroinflammation is now considered a
significant contributor to AD pathogenesis (Heneka et al., 2015; Karch and
Goate, 2015). For example, reactive astrocytes and microglia surround plaques
in the AD brain (Itagaki et al., 1989; Pike et al., 1995; Serrano-Pozo et al., 2011a,
2013b; Vehmas et al., 2003) and several AD risk factor genes are predominantly
expressed in glia (Karch and Goate, 2015; Zhang et al., 2015). Indeed, the
strongest genetic risk factor for LOAD, APOE4, is primarily expressed by
astrocytes (Huang et al., 2004; Saura et al., 2003; Xu et al., 2006).
Chapter 3 identified APOE isoforms to differentially contribute to AD-related
neurodegeneration and neuroinflammation, likely mediating interplay between
these processes. Synapse loss is the strongest correlate of cognitive decline in
AD (DeKosky and Scheff, 1990; Serrano-Pozo et al., 2011b; Terry et al., 1991),
but the underlying mechanisms are not fully understood. Recent work implicates
glia. In the developing mouse brain, microglia sculpt neural circuits by pruning
weak synapses in a complement- and activity-dependent manner (Paolicelli et
al., 2011; Schafer et al., 2012; Stevens et al., 2007). Astrocytes also prune
synapses by direct phagocytosis (Chung et al., 2013; Lee et al., 2021; TasdemirYilmaz and Freeman, 2014) and by mediating synaptic expression of markers
recognised by microglia (Bialas and Stevens, 2013; Vainchtein et al., 2018).
Aberrant activation of glial synaptic pruning has been suggested to contribute to
synapse loss in AD. In mouse models of Ab and tau pathology, microglia engulf
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synapses and mediate synapse loss (Dejanovic et al., 2018; Hong et al., 2016;
Shi et al., 2017a). Importantly, microglia have also been observed to contain
synaptic material in post-mortem human AD brain (Tzioras et al., 2019b). In the
adult mouse brain astrocytes continue to engulf synapses (Chung et al., 2013;
Lee et al., 2021), contributing to synapse turnover throughout life. In vitro,
astrocytes phagocytosed synapses isolated from tauopathy and Ab mouse
models (Sanchez-Mico et al., 2021). Further, in AD patient brain and a mouse
model, astrocytes engulfed neuritic dystrophies and presynaptic elements close
to Ab plaques (Gomez-Arboledas et al., 2018). While this suggests reactive
astrocytes clear dystrophic neuronal elements or debris in AD, it remains unclear
to what extent astrocytes internalise synapses in the human brain.
Although APOE4 did not exacerbate synapse loss in our cohort and others
(Scheff et al., 2006, 2007, 2011), synaptic volume was altered in carriers, which
might indicate early synapse dysfunction and/or degeneration (DeKosky and
Scheff, 1990; Scheff and Price, 1993, 2003; Scheff et al., 1990). Further, APOE4
exacerbated synapse loss arounds Ab plaques (Jackson et al., 2019b; Koffie et
al., 2012). In the developing mouse brain, APOE modulated the rate of synapse
pruning in an allele-dependent manner, whereby APOE2 enhanced and APOE4
decreased astrocytic pruning (Chung et al., 2016). In post-mortem human brain,
APOE genotype had no effect on microglial internalisation of synapses (Tzioras
et al., 2019b). However, it remains unclear whether AD and APOE genotype
influence astrocytic internalisation of synapses in the human brain.
The spatiotemporally defined spread of tau pathology through the AD brain
closely correlates with synapse loss and cognitive decline (Aschenbrenner et al.,
2018; Bejanin et al., 2017; Giannakopoulos et al., 2003; Nelson et al., 2012).
Multiple lines of evidence indicate pathological tau spreads trans-synaptically
through anatomically connected circuits (Ahmed et al., 2014; de Calignon et al.,
2012; Clavaguera et al., 2009; Dujardin et al., 2014b; Liu et al., 2012a), although
it is also possible that brain regions that accumulate tau pathology are
sequentially vulnerable (Gibbons et al., 2019). Non-synaptic mechanisms likely
work in parallel to promote propagation of tau pathology (Asai et al., 2015;
Tardivel et al., 2016).
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The role of glia in the propagation of tau pathology has begun to receive
increased interest. In the AD brain, activated microglia and reactive astrocytes
associate with NFTs (Ikeda et al., 1992; Serrano-Pozo et al., 2011a; Sheffield et
al., 2000). Gliosis also correlates with development and progression of tau
pathology (Serrano-Pozo et al., 2011a; Sheng et al., 1997; Simpson et al., 2010),
implicating glia in the evolution of NFTs. Further, inflammatory changes may
precede development of tau pathology (Yoshiyama et al., 2007). Much work
investigating glial contributions to tau spread has focused on the ‘professional
phagocytes’, microglia, with a far less well characterised understanding of the
roles that astrocytes may play.
In primary tauopathies and aging, astrocytic tau accumulation is common (Ferrer
et al., 2014; Ikeda et al., 2018). Cell type-specific tau pathology is recapitulated
when mice are injected with tau extracts isolated from human primary tauopathy
brain (He et al., 2020; Narasimhan et al., 2017) and neuron-to-astrocyte and gliato-glia mechanisms of tau spread have been indicated (Narasimhan et al., 2017,
2020). Thus, astrocytes might also contribute to spread of pathological tau. In
the human AD brain, neuronal tau pathology is predominant, although astrocytic
inclusions have been observed (Arima et al., 1998; López-González et al., 2013;
Nolan et al., 2019; Reyes et al., 2008; Richetin et al., 2020). In mice, expression
of tau in astrocytes recapitulated key features of astrocytic tau pathology,
induced degeneration and produced memory deficits, indicating astrocytic tau
pathology can induce AD-like symptoms (Forman et al., 2005; Richetin et al.,
2020). However, AD astrocytic tau pathology remains poorly understood.
Astrocytes express extremely low, almost undetectable, levels of tau (Goedert et
al., 1989a; Zhang et al., 2014). The most universal view is that astrocytic tau is
best explained by internalisation from the extracellular space. In the AD brain,
astrocytic tau was only observed in areas with NFTs (Richetin et al., 2020),
supporting this. Heparan sulfate proteoglycans (HSPGs) are expressed on
astrocyte cell surface, can interact with tau (Holmes et al., 2013; Puangmalai et
al., 2020) and regulate astrocytic tau uptake in culture (Martini-Stoica et al., 2018;
Rauch et al., 2018). In vitro, astrocytes also internalise tau through HSPGindependent mechanisms (Perea et al., 2019; Wang and Ye, 2021). LRP1 has
been implicated as a crucial receptor for tau uptake and spread in neurons
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(Rauch et al., 2020), but is also expressed by astrocytes (Auderset et al., 2016)
and is upregulated in AD (Arélin et al., 2002), indicating another mechanism for
tau internalisation in astrocytes.
In a mouse model of tau spread, inefficient degradation of tau within astrocytes
was suggested to contribute to spread of tau pathology (Martini-Stoica et al.,
2018). Indeed, astrocyte senescence has also been linked to exacerbated
neuronal tau pathology (Bussian et al., 2018). Astrocytic release of internalised
tau might also contribute to spread of pathology. Release of tau-containing
extracellular vesicles from neurons and microglia facilitates tau spread (Wang et
al., 2017) and astrocytes might contribute similarly. For example, astrocytederived exosomes isolated from patients contain phosphorylated tau (Goetzl et
al., 2016) and astrocytes release phospho-tau in exosomes in culture (Chiarini et
al., 2017). Astrocytes have also been implicated in propagation of other
neurodegenerative disease-associated proteins (Cavaliere et al., 2017; Donnelly
et al., 2020; Pearce et al., 2015; Rostami et al., 2017; Victoria et al., 2016).
Astrocytes are uniquely positioned to modulate trans-synaptic tau spread given
their intimate association with synapses (Perea et al., 2009), where they might
internalise synaptically released tau. Indeed, in a transgenic model of tau spread,
astrocytes took up tau as synapses degenerated (de Calignon et al., 2012). Taucontaining synapses are also targeted for engulfment by microglia (Brelstaff et
al., 2018; Dejanovic et al., 2018). Astrocytes phagocytose neuritic dystrophies in
human AD brain and tau-containing synapses in vitro (Gomez-Arboledas et al.,
2018; Sanchez-Mico et al., 2021). Consequently, ingestion of tau-containing
synaptic elements may also contribute to uptake and potential spread of tau by
astrocytes, although it is unclear whether this occurs in human brain.
In chapter 4, trans-synaptic spread of pathological tau was shown to be credible
in the context of human AD. Moreover, APOE4 increased synaptic localisation of
pathological tau in non-demented controls, potentially indicating an early effect
on trans-synaptic spread of tau and AD pathogenesis. Currently, it remains
unclear whether AD and APOE genotype influence astrocytic internalisation of
pathological tau and tau-containing synapses in the human brain, which could
potentially contribute to spread of tau pathology through the AD brain.
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The aims of the experiments presented in this chapter are as follows:
1. Establish whether presynapses are internalised by astrocytes in human
post-mortem brain and investigate the effect of AD and APOE genotype.
2. Establish whether pathological tau is internalised by astrocytes in human
post-mortem brain and investigate the effect of AD and APOE genotype.
3. Establish

whether

pathological

tau-containing

presynapses

are

internalised by astrocytes in human post-mortem brain and investigate
the effect of AD and APOE genotype.
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5.2 – Methods

___________________________________________________________________________________________

5.2.1 – Case Selection
Human case selection was based upon clinical and neuropathological diagnoses
and attempts to use the same cases as in previous work. Clinical and
neuropathological data were obtained from records held by the Edinburgh Brain
Bank and the Lothian Birth Cohort 1936. Neuropathological staging was
determined by a neuropathologist. Cases with neuropathological findings
indicative of secondary pathology within the brain region of interest (e.g.,
haemorrhage or Lewy bodies) were excluded. Human cases fulfilling clinical and
neuropathological criteria for Alzheimer’s disease (n = 19) or non-demented
control (n = 13) were included.
All cases were genotyped in-house to determine APOE genotype, as described
in 2.3. Following genotyping, AD and control cases were stratified by presence
or absence of an APOE4 allele (Control NoE4 – n = 8; Control E4 – n = 5; AD
NoE4 – n = 5; AD E4 – n = 14). As the APOE4 allele dose-dependently increases
AD risk (Corder et al., 1993), individuals of ε4/ε4 genotype were not included as
there were not enough subjects of this genotype available to include as a
separate group. Details of included cases can be found in Table 5.3.1.

5.2.2 – Confocal microscopy on paraffin-embedded human tissue
Confocal microscopy on 4 μm thick paraffin-embedded tissue sections from the
middle/inferior temporal area (BA20/21) was performed as described in section
2.5. Each section was stained with 4 markers and DAPI to visualise nuclei.
Synapsin-1 was used to label presynapses, AT8 to label tau phosphorylated at
pS202/pT205 and pS208 (Malia et al., 2016), GFAP to label reactive astrocytes
and ThioS to label fibrillar material with a β-pleated sheet confirmation.
For each case, one section was used and a minimum of 20 z-stacks obtained
from grey matter, ensuring that imaging location was random and all six cortical
layers were sampled. In cases where plaques were present, ten images included
a plaque and ten were taken in an area with no visible plaques. If ten plaques
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were not visible, images were acquired of the visible plaques and the remaining
images were acquired at random locations. Care was taken to avoid imaging
regions in which overt astrocytic tau pathology was present.
Quantification of colocalisation was performed by multiplying separate markers/
channels together in 3D. This produced z-stacks containing only the areas in
which the markers were colocalised (Fig. 2.3). Total volume of each individual
marker and the total volume of colocalisation between markers was determined
and normalised to the total volume of the z-stack. This generated a measurement
of the percent volume occupied by the original marker or colocalisation between
markers, also known as their ‘burden’. Normalisation was performed by dividing
the total volume of colocalisation by the total volume of the marker to which we
were normalising. Quantification of density used the same custom written
MATLAB scripts as those used for array tomography analysis (section 2.4.5).

5.2.3 - Statistical analysis
Statistical analysis was performed using RStudio. Differences in age and PMI
were analysed with two-way ANOVA following Shapiro-Wilk normality testing.
Sex, APOE genotype and Braak stage were analysed with Fisher’s exact test.
Linear mixed effects models (‘lmerTest’ package) were used to analyse burdens
and colocalisation. These was selected as they account for the non-independent,
hierarchical structure of the data (i.e., multiple measurements, in the form of ~20
images, from each case) by allowing for both fixed and random effects. By using
this method, statistical power is increased as the need to aggregate data is
eliminated. ANOVAs (‘stats’ package) were performed on models to determine
main effects of each fixed effect and interactions between main effects. Fixed
effects included diagnosis, APOE status, sex, age and plaque status.
Linear mixed effect models assume linearity, normal distribution of residuals and
homogeneity of variance. Linearity was assessed by plotting model residuals
against predictors, distribution of residuals with a QQ-plot, and homogeneity of
variance by plotting residuals against fitted values. If the model did not meet
assumptions, data was transformed using Tukey or Box-Cox transformations.
Post-hoc testing was conducted for pairwise comparisons and utilised estimated
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marginal means (’emmeans’ package) with Tukey correction for multiple testing.
Correlations used Spearman’s rank correlation. Results were considered
statistically significant at p < 0.05. Full statistical outputs and models used in all
analyses are shown in tables throughout.
Table 5.3.1 - Characteristics of human post-mortem cases used I confocal
imaging study. AD = Alzheimer’s disease; APOE = Apolipoprotein E; BBN = Medical
Research Council Brain Bank Number; NA = not available; PMI = post-mortem interval;
* denotes cases also used in array tomography study.
BBN

Diagnosis

APOE
genotype

Age
(yrs)

Sex

PMI
(hrs)

Brain
weight
(g)

Brain
pH

Braak
stage

Thal
stage

14395

Control

3/3

74

F

41

1520

6.3

NA

NA

19686 *

Control

3/3

77

F

75

1320

6.5

1

1

20122

Control

3/3

59

M

74

1500

6.1

NA

NA

001.26495 *

Control

3/3

78

M

39

1290

6.16

1

1

001.28402 *

Control

3/3

79

M

49

1503

6.33

1

2

001.28406 *

Control

3/3

79

M

72

1437

6.13

2

2

001.28793 *

Control

3/3

79

F

72

1219

5.95

2

1

001.28797 *

Control

3/3

79

M

57

1301

6.11

NA

NA

16425

Control

3/4

61

M

99

1270

6.2

NA

NA

20593

Control

3/4

60

M

52

1460

6

NA

NA

001.29082 *

Control

3/4

79

F

80

1339

5.96

3

5

001.31495 *

Control

3/4

81

M

38

1318

5.79

6

4

001.34131 *

Control

3/4

82

M

95

1472

5.97

4

3

19595

AD

3/3

87

M

58

1420

6.5

6

19994

AD

3/3

87

F

89

1270

5.9

6

24527

AD

3/3

81

M

74

1160

6.1

5

001.28410 *

AD

3/3

62

F

109

1029

6.04

6

5

001.32929 *

AD

3/3

85

F

80

1354

6.03

6

5

10591

AD

3/4

86

M

76

1470

NA

6

23394

AD

3/4

88

F

59

1165

6.3

5

24322 *

AD

3/4

80

M

101

1410

6.1

6

24526 *

AD

3/4

79

M

65

1300

6.05

6

24668 *

AD

3/4

96

F

61

1082

6.11

6

25739 *

AD

3/4

85

F

45

1375

5.77

6

5

001.26718 *

AD

3/4

78

M

74

1367

6.13

6

5

001.29135 *

AD

3/4

90

M

73

1275

6.44

6

3

001.29521 *

AD

3/4

95

M

96

1221

6.08

6

5

001.29695 *

AD

3/4

86

M

72

1300

6.1

6

5

001.30142 *

AD

3/4

88

F

112

1054

5.96

6

5

001.30973 *

AD

3/4

89

F

96

1210

6.03

6

5

001.33636 *

AD

3/4

93

M

43

1117

5.92

6

5

001.33698

AD

3/4

90

F

76

1212

6.29

6

5
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5.3 – Results

___________________________________________________________________________________________

5.3.1 – Characteristics of human post-mortem cases
In total, 32 human cases were used in this study. Demographic,
neuropathological and genetic characteristics of all cases are shown in Table
5.3.1. Groups were not matched for age, with AD cases being significantly
older than control cases (F(1,28) = 20.315, p < 0.001; two-way ANOVA; Table
5.3.2; Fig. 5.3.1). Consequently, age was included as a fixed effect in all linear
mixed effect models to account for this. Groups were matched for PMI
(diagnosis: F(1,28) = 2.715, p = 0.111; APOE: F(1,28) = 0.069, p = 0.795; diagnosis
x APOE: F(1,28) = 1.653, p = 0.209; two-way ANOVA) and sex (p = 0.703;
Fisher’s exact test). In this cohort, APOE4 carriers were not more common in
the AD group than in the control group (p = 0.071; Fisher’s exact test).

Figure 5.3.1 – Age at death of cases used. AD cases were significantly older than
control cases. Analysed using two-way ANOVA. Full statistical analysis output can be
found in Table 5.3.2. Limits of boxes represent the lower (Q1) and upper (Q2) quartiles
and the central line delineates the median. Upper and lower whiskers represent the
minimum (Q1 – 1.5 * inter-quartile range) and maximum (Q2 + 1.5 * inter-quartile range).
Each data point represents a case.
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Table 5.3.2 – Statistical analysis output of differences in age between groups
Age ~ Diagnosis * APOE
Tukey transformed
DF Sq

Sum Sq

Mean Sq

F value

Pr(>F)

Diagnosis
APOE

1
1

1.059E+17
8.014E+15

1.059E+17
8.014E+15

20.315
1.537

0.000107

Diagnosis * APOE

1

1.303E+16

1.303E+16

2.499

0.125168

Residuals

28

1.460E+17

5.213E+15

0.225317

5.3.2 – Astrocyte burden was increased in AD and by plaques
Although presence of reactive astrocytes is not exclusive to AD, astrogliosis is a
common feature. Total GFAP burden was greater in AD than in control cases
(F(1,25) = 7.554, p = 0.011; Fig. 5.3.2A). GFAP-positive astrocytes occupied 1.36%
(±1.12) of the image in controls (Fig. 5.3.3). This was increased to 2.73% (±1.69)
in AD cases (Fig. 5.3.3). Areas with a plaque had increased GFAP burden
compared to areas without a plaque (F(1,632) = 13.063, p < 0.001; Fig. 5.3.2B). In
plaque-bearing regions, 2.79% (±1.79) of the image was occupied by GFAPpositive astrocytes (Fig. 5.3.4), compared to 1.86% (±1.45) in areas without a
plaque (Fig. 5.3.4). APOE status did not impact GFAP burden (F(1,25) = 0.110, p =
0.743; Fig. 5.3.2A; Table 5.3.3), with 1.80% (±1.45) and 2.41% (±1.69) of the
image being occupied by GFAP-positive astrocytes in APOE4 non-carrier and
carriers, respectively. Additionally, there was no interaction between diagnosis
and APOE status (F(1,25) = 0.187, p = 0.669; Table 5.3.3).

Table 5.3.3 – Statistical analysis output of GFAP burden
GFAP Burden ~ Diagnosis * APOE + Sex + Age + Plaque Status + (1| BBN) + (1| Batch)
Box-Cox (log-likelihood) transformed
anova (lmerTest) output
Sum Sq

Mean Sq

NumDF

DenDF

F value

Pr(>F)

Diagnosis

1.29530

1.29530

1

24.83

7.5535

0.0109945

APOE

0.01880

0.01880

1

24.69

0.1096

0.7433419

Sex

0.00716

0.00716

1

24.75

0.0418

0.8397360

Age

0.19679

0.19679

1

24.83

1.1476

0.2943575

Plaque Status

2.24001

2.24001

1

632.13 13.0626 0.0003252

Diagnosis * APOE

0.03207

0.03207

1

24.99
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0.1870

0.6691328

Figure 5.3.2 – GFAP burden. GFAP burden stratified by group (A) and plaque status
(B). Image stacks from BA20/21 were used to calculate the percent volume occupied
by GFAP staining. AD cases had significantly greater GFAP-positive astrocyte burden
than control cases (A). GFAP-positive astrocyte burden was greater in plaque-bearing
areas compared to areas without a plaque (B). * = p < 0.05, *** = p < 0.001; analysed
using linear mixed effect model, followed by ANOVA for determination of main effects.
Full statistical analysis output in Table 5.3.3. Limits of boxes represent lower (Q1) and
upper (Q2) quartiles and central line delineates the median. Upper and lower whiskers
represent minimum (Q1 – 1.5 * inter-quartile range) and maximum (Q2 + 1.5 * interquartile range). Boxplots generated using data from each individual image stack
(minimum of 20 images per case). Numbers above boxplots show number of image
stacks analysed. Data points in A generated using median values from each case. Data
points in B show values for individual image stacks.
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Figure 5.3.3 – Increased astrocyte burden in AD. Representative maximum projections of image stacks comprising 15 optical sections from
a control and AD case obtained in regions without a plaque (ThioS – grey). Total percent volume occupied by GFAP-positive astrocytes (magenta)
was increased in AD. Nuclei are labelled with DAPI (grey). Control and AD images taken from APOE4 carriers.
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Figure 5.3.4 – Increased astrocyte burden in plaque-bearing regions.
Representative maximum projections of image stacks comprising 15 optical sections
from an AD APOE3/4 case obtained in regions with and without a plaque (ThioS – grey;
outlined in dashed yellow line). Total percent volume occupied by GFAP-positive
astrocytes (magenta) was increased in plaque-bearing areas. Nuclei are labelled with
DAPI (grey). Control and AD images taken from APOE4 carriers.
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5.3.3 – Phospho-tau burden was increased in AD and by plaques
Similar to previous results using array tomography to investigate misfolded tau
burden (section 4.3.6; Fig. 4.3.6A-B), phosphorylated tau (AT8) burden was
increased in AD compared to control cases (F(1,26) = 20.670, p < 0.001; Fig.
5.3.5A). Phosphorylated tau occupied 0.31% (±0.64) of the image in controls
(Fig. 5.3.6). This was increased to 1.66% (±1.20) in AD cases (Fig. 5.3.6). Areas
with a plaque had increased phosphorylated tau burden compared to areas
without a plaque (F(1,632) = 30.757, p < 0.001; Fig. 5.3.5B). In plaque-bearing
regions, 1.64% (±1.21) of the image was occupied by phosphorylated tau (Fig.
5.3.7), while 0.83% (±1.11) of the image was occupied in areas without a plaque
(Fig. 5.3.7). Unlike previous array tomography results, APOE status did not
influence phosphorylated tau burden (F(1,26) = 1.568, p = 0.222; Table 5.3.4), with
0.67% (±1.05) and 1.40% (±1.22) of the image being occupied by
phosphorylated tau in APOE4 non-carriers and carriers, respectively.
Additionally, there was no interaction between diagnosis and APOE status (F(1,26)
= 2.862, p = 0.103; Table 5.3.4)

Table 5.3.4 – Statistical analysis output of AT8 burden
AT8 Burden ~ Diagnosis * APOE + Sex + Age + Plaque Status + (1| BBN) + (1| Batch)
Tukey transformed
anova (lmerTest) output
Sum Sq

Mean Sq

NumDF

DenDF

F value

Pr(>F)

Diagnosis

0.133261

0.133261

1

25.70

20.6955

0.0001131

APOE

0.010096

0.010096

1

25.63

1.5680

0.2218059

Sex

0.001612

0.001612

1

25.66

0.2504

0.6210552

Age

0.000316

0.000316

1

25.71

0.0490

0.8265224

Plaque Status

0.198047

0.198047

1

632.12

30.7569

4.302e-08

Diagnosis *
APOE

0.018430

0.018430

1

25.79

2.8623

0.1027288
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Figure 5.3.5 – Phospho-tau burden. AT8 burden stratified by group (A) and by plaque
status (B). Image stacks from BA20/21 were used to calculate the percent volume
occupied by AT8 staining. AD cases had greater AT8-positive tau burden than control
cases (A). AT8 burden was greater in plaque-bearing areas compared to areas without
a plaque (B). * = p < 0.05, *** = p < 0.001; analysed using linear mixed effect model,
followed by ANOVA for determination of main effects. Full statistical analysis can be
found in Table 5.3.4. Limits of boxes represent lower (Q1) and upper (Q2) quartiles and
central line delineates the median. Upper and lower whiskers represent minimum (Q1 –
1.5 * inter-quartile range) and maximum (Q2 + 1.5 * inter-quartile range). Boxplots
generated using data from each individual image (minimum of 20 images per case).
Numbers above boxplots show number of image stacks analysed. Data points in A
generated using median values from each case. Data points in B show values for each
individual image.
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Figure 5.3.6 – Increased phospho-tau burden in AD. Representative maximum projections of image stacks comprising 15 optical sections
from a control and AD case obtained in regions without a plaque (ThioS – grey). Total percent volume occupied by AT8 (cyan) was increased in
AD. Nuclei are labelled with DAPI (grey). Control image from an APOE4-negative case. AD image taken from an APOE4 carrier.
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Figure 5.3.7 – Increased phospho-tau burden in plaque-bearing regions.
Representative maximum projections of image stacks comprising 15 optical sections
from an AD APOE 3/4 case obtained in regions with and without a plaque (ThioS – grey;
outlined in dashed yellow line). Total percent volume occupied by AT8 (cyan) was
increased in plaque-bearing areas. Nuclei are labelled with DAPI (grey). Images taken
from an AD APOE4-negative case.
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5.3.4 – Synapsin-1 burden, not density, was increased in AD by plaques
Total synapsin-1 burden was increased from 4.35% (±1.77) in controls to 5.24%
(±1.13) in AD cases. This suggested there may be more presynapses in AD,
opposing a large portion of literature and previous array tomography findings
(section 4.3.3; Fig. 4.3.4A). While burdens can be altered by changes to number
of objects, they are also influenced by changes in object size. Therefore,
synapsin-1 density was calculated to elucidate whether increased synapsin-1
burden was associated with increased number of synapsin-1-positive puncta
(Fig. 5.3.8B). Synapsin-1 density was not affected by diagnosis (F(1,26) = 0.343, p
= 0.563) or APOE status (F(1,26) = 1.265, p = 0.271) and there was no interaction
between these variables (F(1,26) = 1.426, p = 0.243; Table 5.3.6). Thus, increased
synapsin-1 burden in AD was likely due to increased size of synapsin-1 puncta
rather than increased number of synapsin-1-positive presynapses.
Areas with a plaque also had increased synapsin-1 burden compared to areas
without a plaque (F(1,629) = 9.548, p = 0.002; Fig. 5.3.8C; Table 5.3.5). In plaquebearing regions, 5.03% (±1.31) of the image was occupied by synapsin-1, while
4.79% (±1.58) of the image was occupied by synapsin-1 in areas without a
plaque. This suggests there may be more presynapses in areas with a plaque,
again contrasting the literature and previous array tomography findings (section
4.3.3; Fig. 4.3.4E). However, synapsin-1 density was not affected by plaque
status (F(1,632) = 0.795, p = 0.563; Fig. 5.3.8D; Table 5.3.6). Thus, increased
synapsin-1 burden in areas with a plaque was likely due to increased size of
synapsin-1 puncta rather than increased number of presynapses.
APOE status did not impact synapsin-1 burden (F(1,22) = 0.040, p = 0.843; Fig.
5.3.8A), with 4.85% (±1.73) and 4.87% (±1.31) of the image being occupied by
synapsin-1-positive

presynapses

in

APOE4

non-carriers

and

carriers,

respectively. Further, there was no interaction between diagnosis and APOE
status (F(1,26) = 0.214, p = 0.648; Table 5.3.5)
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Table 5.3.5 – Statistical analysis output of synapsin-1 burden
Syn1 Burden ~ Diagnosis * APOE + Sex + Age + Plaque Status + (1| BBN) + (1| Batch)
Tukey transformed
anova (lmerTest) output
Sum Sq

Mean Sq

NumDF

DenDF

F value

Pr(>F)

Diagnosis

12.0110

12.0110

1

21.73

7.0472

0.01457

APOE

0.0686

0.0686

1

21.57

0.0403

0.84286

Sex

0.4800

0.4800

1

21.63

0.2817

0.60103

Age

1.8283

1.8283

1

21.73

1.0727

0.31172

16.2729

16.2729

1

629.25

9.5478

0.00209

0.3643

0.3643

1

21.91

0.2137

0.64840

Plaque
Status
Diagnosis *
APOE

Table 5.3.6 – Statistical analysis output of synapsin-1 density
Syn1 Density ~ Diagnosis * APOE + Sex + Age + Plaque Status + (1| BBN) + (1| Batch)
No transformation
anova (lmerTest) output
Sum Sq

Mean Sq

NumDF

DenDF

F value

Pr(>F)

Diagnosis

7.7583e+13 7.7583e+13

1

26

0.3429

0.5633

APOE

2.8618e+14 2.8618e+14

1

25

1.2648

0.2712

Sex

3.7686e+13 3.7686e+13

1

26

0.1665

0.6866

Age

1.9908e+14 1.9908e+14

1

26

0.8798

0.3570

1

632

0.7946

0.3727

1

26

1.4263

0.2432

Plaque
1.7979e+14 1.7979e+14
Status
Diagnosis *
3.2273e+14 3.2273e+14
APOE
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Figure 5.3.8 – Synapsin-1 burden and density. Synapsin-1 burden (A,C) and density
(B,D) stratified by group (A,B) and by plaque status (C,D). Image stacks from BA20/21
were used. AD cases had greater syanpsin-1 burden than control cases (A). However,
synapsin-1 density was not affected by diagnosis (B). This suggests synapsin-1 objects
are larger in AD cases. Synapsin-1 burden was increased in plaque-bearing regions
compared to areas without a plaque (C). However, synapsin-1 density was not affected
by plaque status (D). This suggests synapsin-1 objects are larger in plaque-bearing
regions. * = p < 0.05, ** = p < 0.01; analysed using linear mixed effect model, followed
by ANOVA for determination of main effects. Full statistical analysis output in Tables
5.3.5 - 5.3.6. Limits of boxes represent lower (Q1) and upper (Q2) quartiles and central
line delineates the median. Upper and lower whiskers represent minimum (Q1 – 1.5 *
inter-quartile range) and maximum (Q2 + 1.5 * inter-quartile range). Boxplots generated
using data from each individual image (minimum of 20 image stacks per case). Numbers
above boxplots show number of images analysed. Data points in A and B generated
using median values from each case. Data points in C and D show values for each
individual image.
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Figure 5.3.9 – Increased synapsin-1 burden in AD brain. Representative 3D reconstructions of image stacks comprising 15 optical sections
from a control and AD case obtained in regions without a plaque. Total percent volume occupied by syanpsin-1 (yellow) was increased in AD,
but density of synapsin-1 objects was affected. 3D reconstructions made using Paraview. Scale bars shown as grid around image (each
demarcation = top/bottom: 20 μm; left/right = 10 μm). Control and AD images taken from APOE4 carriers.
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5.3.5 – Synapsin-1 and AT8 colocalisation was increased in AD by plaques
Previous work identified misfolded tau at synapses in human brain. We sought
to investigate whether these results held for phosphorylated tau using a different
imaging modality and synaptic marker. It is important to note that the Z-resolution
of confocal microscopy is inferior to array tomography (Kay et al., 2013).
Supporting previous work, phosphorylated tau (AT8) colocalised with synapsin1-positive presynapses in control and AD human post-mortem brain (Fig 5.3.11).
Thus, localisation of phosphorylated tau to presynapses may be a general feature
of the aging brain. However, colocalisation between synapsin-1 and AT8 was
greater in those with AD compared to controls (F(1,29 = 28.513, p < 0.001; Fig
5.3.10A-B; Table 5.3.7; Fig 5.3.12). In control cases, 0.053% (±0.101) of the
image was occupied by synapsin-1 and AT8 colocalisation. This was increased
to 0.321% (±0.262) in AD. Similar to results obtained using array tomography,
presynapses in areas with a plaque exhibited greater colocalisation with AT8
(F(1,637) = 5.270, p = 0.022; Fig 5.3.10D), indicating plaques may exacerbate
synaptic localisation of phosphorylated tau. Mean percent volume of
colocalisation between synapsin-1 and AT8 was 0.162% (±0.231) in areas
without a plaque and 0.303% (±0.255) in areas with a plaque. Unlike previous
work, APOE status did not affect synapsin-1 and AT8 colocalisation (F(1,26) =
2.394, p = 0.134; Fig 5.3.10C; Fig 5.3.12), with average percent volume of
colocalisation between synapsin-1 and AT8 being 0.141% (±0.252) in noncarriers and 0.256% (±0.232) in APOE4 carriers.
Table 5.3.7 – Statistical analysis output of synapsin-1 and AT8 colocalisation
Syn1+AT8 colocalisation ~ Diagnosis * APOE + Sex + Age + Plaque Status + (1| BBN) + (1|
Batch)
Tukey transformed
Sum Sq

anova (lmerTest) output
Mean Sq
NumDF

DenDF

F value

Diagnosis
APOE

0.094782
0.007959

0.094782
0.007959

1
1

25.65
25.60

28.5125
2.3942

Pr(>F)
1.432e-05
0.134057

Sex

0.000083

0.000083

1

25.62

0.0251

0.875330

Age

0.001789

0.001789

1

25.66

0.5382

0.469821

Plaque Status

0.031072

0.031072

1

632.04

9.3471

0.002328

Diagnosis * APOE

0.011784

0.011784

1

25.71

3.5450

0.071090
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Figure 5.3.10 – Synapsin-1 and AT8 colocalisation. Synapsin-1 and AT8
colocalisation stratified by group (A), diagnosis (B), APOE status (C) and plaque status
(D). Image stacks from BA20/21 were used to calculate the percent volume occupied
by synapsin-1 and AT8 colocalisation. Colocalisation between synapsin-1 and AT8 was
increased in AD compared to control cases (A,B), but was not influenced by APOE
status (A,C). Colocalisation between synapsin-1 and AT8 was also increased in plaquebearing regions compared to areas without a plaque (D). ** = p < 0.01, *** = p < 0.001.
Analysed using linear mixed effect model, followed by ANOVA for determination of main
effects. Full statistical analysis output in Table 5.3.7. Limits of boxes represent lower (Q1)
and upper (Q2) quartiles and central line delineates the median. Upper and lower
whiskers represent minimum (Q1 – 1.5 * inter-quartile range) and maximum (Q2 + 1.5 *
inter-quartile range). Boxplots generated using data from each individual image
(minimum of 20 images per case). Numbers above boxplots show the number of images
analysed. Data points in A – C generated using median values from each case. Data
points in D show values for each individual image stack.
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Figure 5.3.11 – Synapsin-1 and AT8 colocalisation in human brain. Synapsin-1 and AT8 colocalised in human brain, indicative of phosphotau localised to presynapses. Representative maximum projection of an image stack from an AD case comprising 15 optical sections obtained
in region without a plaque (A), showing synapsin-1 (red) and AT8 (cyan). B shows orthogonal view of inset in A, demonstrating colocalisation of
AT8 with synapsin-1. Image taken from an AD APOE4-negative case.
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Figure 5.3.12 – Synapsin-1 and AT8 colocalisation between groups. Representative
maximum projections of confocal image stacks comprising 15 optical sections obtained
in regions without a plaque from each group. Images show synapsin-1 (red) for
presynapses, AT8 (cyan) for phospho-tau and areas of colocalisation (yellow).
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Phospho-tau burden was increased in AD and by presence of a plaque (Fig.
5.3.5-5.3.7). AT8 burden was also positively correlated with synapsin-1 and AT8
colocalisation (Spearman’s rho = 0.969; p < 0.001; Fig 5.3.13). Consequently,
increased phosphorylated tau burden might underlie increased synaptic
localisation of phospho-tau. To investigate this, colocalisation between synapsin1-positive presynapses and AT8 was normalised to total AT8 volume.
When normalised to AT8 volume, between synapsin-1 and AT8 colocalisation
was no longer affected by diagnosis (F(1,22) = 0.039, p = 0.847; Fig 5.3.14A-B),
indicating increased colocalisation in AD was largely influenced by increased
phospho-tau burden. Normalised colocalisation between synapsin-1-positive
presynapses and AT8 was also not affected by APOE status (F(1,22) = 1.156, p =
0.294; Fig 5.3.14A,C) and there was no interaction between diagnosis and APOE
status (F(1,22) = 0.180, p = 0.675; Table 5.3.8). Upon normalisation, the effect of
plaque status was reversed, whereby colocalisation between synapsin-1 and
AT8 was greater in regions without a plaque (F(1,642631 = 8.551, p = 0.004; Fig
5.3.14D). This suggests increased colocalisation in plaque-bearing regions owed
to increased AT8 burden, while in regions without a plaque, there may be
redistribution of phosphorylated tau to synapses.

Table 5.3.8 – Statistical analysis output of synapsin-1 and AT8 colocalisation
normalised to AT8 volume
Syn1+AT8 colocalisation normalised to AT8 volume ~ Diagnosis * APOE + Sex + Age + Plaque
Status + (1| BBN) + (1| Batch)
Box-Cox (Guerrero) transformed
anova (lmerTest) output
Sum Sq

Mean Sq

NumDF

DenDF

F value

Pr(>F)

Diagnosis

0.00662

0.00662

1

22.15

0.0383

0.846528

APOE

0.19955

0.19955

1

21.92

1.1562

0.293954

Sex

0.11915

0.11915

1

22.01

0.6904

0.414957

Age

0.29077

0.29077

1

22.16

1.6847

0.207643

Plaque Status

1.47591

1.47591

1

631.43

8.5514

0.003570

Diagnosis * APOE

0.03113

0.03113

1

22.41

0.1804

0.675094
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Figure 5.3.13 – Correlation between AT8 burden and synapsin-1 and AT8
colocalisation. Colocalisation between synapsin-1 and AT8 was positively correlated
with AT8 burden. Analysed using Spearman’s rank correlation. Regression line fitted
using linear modelling. Confidence intervals are shown in grey shading. Data points show
values for each individual image stack.
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Figure 5.3.14 – Normalised synapsin-1 and AT8 colocalisation. Normalised
synapsin-1 and AT8 colocalisation stratified by group (A), diagnosis (B), APOE status (C)
and plaque status (D). Image stacks from BA20/21 were used to calculate the volume
occupied by synapsin-1 and AT8 colocalisation. Colocalisation volume was then
normalised to total volume occupied by AT8 staining, generating a normalised value that
represents the proportion of total AT8 staining colocalising with synapsin-1 staining.
Normalised colocalisation between synapsin-1 and AT8 was not affected by diagnosis
(A,B), or APOE status (A,C). Normalised synapsin-1 and AT8 colocalisation was
increased in plaque-bearing regions compared to areas without a plaque (D). ** = p <
0.01. Analysed using linear mixed effect model, followed by ANOVA for determination of
main effects. Full statistical analysis output can be found in Table 5.3.8. Limits of the
boxes represent the lower (Q1) and upper (Q2) quartiles and the central line delineates
the median. Upper and lower whiskers represent the minimum (Q1 – 1.5 * inter-quartile
range) and maximum (Q2 + 1.5 * inter-quartile range). Boxplots were generated using
data from each individual image stack (minimum of 20 image stacks per case). Numbers
above boxplots show the number of image stacks analysed. Data points in A – C were
generated using median values obtained from each case. Data points in D show values
for each individual image stack.
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5.3.6 – Increased GFAP and synapsin-1 colocalisation in AD, control
APOE4 carriers and plaque-bearing areas
Aberrant synaptic pruning by glia might contribute to synapse loss in AD. In
human post-mortem brain, microglia contained synaptic material. This was
increased in AD, but not by APOE4 (Tzioras et al., 2019b). We sought to
understand whether there is evidence for astrocytic ingestion of presynapses in
human brain, and whether this is impacted by AD and/or APOE status.
Synapsin-1 colocalised with GFAP-positive astrocytes in both control and AD
human post-mortem brain (Fig 5.3.16). This indicates that astrocytic
internalisation of presynapses occurs in human brain and may be a general
feature of aging. However, colocalisation between GFAP-positive astrocytes and
synapsin-1 was greater in AD compared to control brain (F(1,26) = 14.436, p <
0.001; Fig 5.3.15A-B; Fig 5.3.17). In control cases, 0.132% (±0.213) of the image
was occupied by GFAP and synapsin-1 colocalisation. In AD, this was increased
to 0.295% (±0.310). Astrocytes in areas with a plaque exhibited greater
colocalisation with synapsin-1 (F(1,637) = 5.270, p = 0.022; Fig 5.3.15D), indicating
that plaques exacerbate astrocytic internalisation of presynaptic markers. Mean
percent volume of colocalisation between GFAP and synapsin-1 was 0.184%
(±0.252) in areas without a plaque and 0.317% (±0.327) in areas with a plaque.
APOE status did not affect colocalisation between GFAP and synapsin-1 (F(1,25) =
0.811, p = 0.376; Fig 5.3.15A,C; Table 5.3.9), with average percent volume of
colocalisation between GFAP and synapsin-1 being 0.173% (±0.217) in noncarriers and 0.266% (±0.321) in carriers.
GFAP burden was increased in AD and in areas with a plaque (Fig 5.3.2-5.3.4),
and GFAP burden positively correlated with GFAP and synapsin-1 colocalisation
(Spearman’s rho = 0.880; p < 0.001; Fig 5.3.18). Consequently, it was unclear
whether the increased GFAP and synapsin-1 colocalisation in AD and plaquebearing regions resulted from increased astrocytic burden or from greater
astrocytic internalisation of presynapses. To investigate this, colocalisation
between GFAP and synapsin-1 was normalised to total GFAP volume.
When normalised to GFAP volume, colocalisation between GFAP and synapsin1 was no longer affected by diagnosis (F(1,18) = 2.389, p = 0.140), APOE status
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(F(1,18) = 4.065, p = 0.059) or plaque status (F(1,642) = 0.239, p = 0.625; Fig 5.3.19),
suggesting that increased colocalisation between GFAP and synapsin-1 in AD
and areas with a plaque owed to increased GFAP burden. However, there was
also a significant interaction between diagnosis and APOE status (F(1,18) = 5.019,
p = 0.038; Table 5.3.10). Post-hoc testing demonstrated that possession of an
APOE4 allele increased normalised GFAP and synapsin-1 colocalisation in
control cases (p = 0.033), but not in those with AD (p = 0.999; Fig 5.3.17A; Table
5.3.10). Therefore, in control cases, APOE4 potentially increased the propensity
with which astrocytes internalised presynaptic markers.
Table 5.3.9 – Statistical analysis output of GFAP and synapsin-1 colocalisation
GFAP+Syn1 colocalisation ~ Diagnosis * APOE + Sex + Age + Plaque Status + (1| BBN) + (1|
Batch)
Box-Cox (Guerrero) transformed
anova (lmerTest) output
Sum Sq

Mean Sq

NumDF

DenDF

F value

Pr(>F)

Diagnosis

6.5832

6.5832

1

25.61

14.4358

0.0008022

APOE

0.3700

0.3700

1

25.29

0.8112

0.3762516

Sex

0.5000

0.5000

1

25.42

1.0964

0.3049136

Age

0.4542

0.4542

1

25.63

0.9959

0.3276273

2.4031

2.4031

1

637.48

5.2695

0.0220260

0.0004

0.0004

1

25.98

0.0009

0.9764024

Plaque
Status
Diagnosis *
APOE
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Figure 5.3.15 – GFAP and synapsin-1 colocalisation. GFAP and synapsin-1
colocalisation stratified by group (A), diagnosis (B), APOE status (C) and plaque status
(D). Image stacks from BA20/21 were used to calculate the percent volume occupied
by GFAP and synapsin-1 colocalisation. Colocalisation was increased in AD compared
to control cases (A,B), but was not influenced by APOE status (A,C). Colocalisation
between GFAP and synapsin-1 was also increased in plaque-bearing regions compared
to areas without a plaque (D). * = p < 0.05, *** = p < 0.001. Analysed using linear mixed
effect model, followed by ANOVA for determination of main effects. Full statistical
analysis output in Table 5.3.9. Limits of boxes represent lower (Q1) and upper (Q2)
quartiles and central line delineates the median. Upper and lower whiskers represent
minimum (Q1 – 1.5 * inter-quartile range) and maximum (Q2 + 1.5 * inter-quartile range).
Boxplots generated using data from each individual image (minimum of 20 images per
case). Numbers above boxplots show number of images analysed. Data points in A – C
generated using median values from each case. Data points in D show values for each
individual image.
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Figure 5.3.16 – GFAP and synapsin-1 colocalisation in human brain. GFAP and synapsin-1 colocalised in human brain, indicative of
presynaptic internalisation within reactive astrocytes. Representative maximum projection of an image stack from an AD case comprising 15
optical sections obtained in region without a plaque (A), showing synapsin-1 (yellow) and GFAP (magenta). B shows orthogonal view of inset in
A, demonstrating colocalisation of GFAP with synapsin-1. Image taken from an AD APOE4 carrier.
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Figure 5.3.17 – GFAP and Synapsin-1 colocalisation between groups.
Representative maximum projections of confocal image stacks comprising 15 optical
sections obtained in regions without a plaque from each group. Images show synapsin1 (yellow) for presynapses, GFAP (magenta) for reactive astrocytes and areas of
colocalisation (cyan).
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Figure 5.3.18 – Correlation between GFAP burden and GFAP and synapsin-1
colocalisation. Colocalisation between GFAP and synapsin-1 was positively correlated
with GFAP burden. Analysed using Spearman’s rank correlation. Regression line fitted
using linear modelling. Confidence intervals are shown in grey shading. Data points show
values for each individual image stack.

192

Figure 5.3.19 – Normalised GFAP and synapsin-1 colocalisation. Normalised GFAP
and synapsin-1 colocalisation stratified by group (A), diagnosis (B), APOE status (C) and
plaque status (D). Image stacks from BA20/21 were used to calculate the volume occupied
by GFAP and synapsin-1 colocalisation. Colocalisation volume was then normalised to total
volume occupied by GFAP, generating a normalised value that represents the proportion of
total GFAP staining colocalising with synapsin-1 staining. Normalised GFAP and synapsin-1
colocalisation was not affected by diagnosis (A,B), or by APOE status (A,C). However,
diagnosis mediated the effect of APOE status, whereby APOE4 increased normalised GFAP
and synapsin-1 colocalisation in control cases only (A). * = p < 0.05. Analysed using linear
mixed effect model, followed by ANOVA for determination of main effects. Post-hoc testing
used Tukey-adjusted estimated marginal means. Full statistical analysis in Table 5.3.10.
Limits of boxes represent lower (Q1) and upper (Q2) quartiles and central line delineates the
median. Upper and lower whiskers represent minimum (Q1 – 1.5 * inter-quartile range) and
maximum (Q2 + 1.5 * inter-quartile range). Boxplots generated using data from each
individual image (minimum of 20 images per case). Numbers above boxplots show number
of images analysed. Data points in A – C generated using median values from each case.
Data points in D show values for each individual image.
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Table 5.3.10 – Statistical analysis output of GFAP and synapsin-1 colocalisation
normalised to GFAP volume
GFAP+Syn1 colocalisation normalised to GFAP volume ~ Diagnosis * APOE + Sex + Age +
Plaque Status + (1| BBN) + (1| Batch)
Tukey transformed
anova (lmerTest) output
Sum Sq

Mean Sq

NumDF

DenDF

F value

Pr(>F)

Diagnosis

0.0114105

0.0114105

1

18.02

2.3890

0.13958

APOE

0.0194174

0.0194174

1

17.68

4.0653

0.05923

Sex

0.0201460

0.0201460

1

17.84

4.2179

0.05496

Age

0.0000202

0.0000202

1

18.03

0.0042

0.94886

Plaque Status

0.0011405

0.0011405

1

642.42

0.2388

0.62525

Diagnosis * APOE

0.0239708

0.0239708

1

18.37

5.0186

0.03766

emmeans(model, list(pairwise ~ Diagnosis * APOE), adjust = “tukey”)
Contrast

Estimate

SE

DF

T.ratio

P value

Control No E4 – AD No E4

-0.07393

0.0274

26.5

-2.701

0.0544

Control No E4 – Control E4

-0.07776

0.0265

25.8

-2.933

0.0330

Control No E4 – AD E4

-0.06831

0.0243

25.7

-2.814

0.0430

AD No E4 – Control E4

-0.00383

0.0304

25.2

-0.126

0.9993

AD No E4 – AD E4

0.00562

0.0252

25.4

0.223

0.9960

Control E4 – AD E4

0.00945

0.0287

25.2

0.330

0.9873

5.3.7 – Increased GFAP and AT8 colocalisation in AD, APOE4 carriers and
plaque-bearing areas
To investigate whether pathological tau was internalised by astrocytes in human
brain, colocalisation between GFAP-positive astrocytes and phosphorylated tau
(AT8) was calculated. AT8 colocalised with GFAP in both control and AD human
post-mortem brain (Fig. 5.3.21), suggesting astrocytic internalisation of
pathological tau occurs in human brain and might be a general feature of aging.
However, GFAP and AT8 colocalisation was greater in AD than in control brain
(F(1,26) = 22.596, p < 0.001; Fig. 5.3.20A-B; Fig 5.3.22). In control cases, 0.014%
(±0.028) of the image was occupied by GFAP and AT8 colocalisation. In AD, this
was increased to 0.069% (±0.063).
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APOE4 carriers had greater GFAP and AT8 colocalisation than non-carriers (F(1,26)
= 6.434, p = 0.018; Fig. 5.3.20C; Fig 5.3.22), suggesting APOE genotype
influenced astrocytic internalisation of tau independent of disease status. On
average, 0.030% (±0.062) of the image was occupied by GFAP and AT8
colocalisation in non-carriers. This was increased to 0.057% (±0.052) in carriers.
GFAP-positive astrocytes in areas with a plaque also had greater colocalisation
with phosphorylated tau (F(1,635) = 4.518, p = 0.034; Fig. 5.3.20D; Table 5.3.11).
Thus, plaques might exacerbate astrocytic internalisation of pathological tau.
Mean percent volume of colocalisation between GFAP and AT8 was 0.036%
(±0.052) in areas without a plaque and 0.067% (±0.063) in areas with a plaque.
Previous analysis found increased GFAP burden in AD and in areas with a plaque
(Fig. 5.3.2-5.3.4). GFAP burden was also positively correlated with GFAP and
AT8 colocalisation (Spearman’s rho = 0.586; p < 0.001; Fig. 5.3.23). It was
unclear whether increased GFAP and AT8 colocalisation resulted from increased
astrocyte burden or increased astrocytic internalisation of tau. To investigate this,
colocalisation between GFAP and AT8 was normalised to total GFAP volume.
When normalised to GFAP volume, GFAP and AT8 colocalisation was still
affected by diagnosis (F(1,25) = 5.182, p = 0.032; Fig. 5.3.24B) and APOE status
(F(1,25) = 9.108, p = 0.006; Fig. 5.3.24C). This suggests that increased GFAP and
AT8 colocalisation in AD and APOE4 carriers was not just due to increased
astrocyte burden, but instead might owe to greater internalisation of phosphotau. However, there was also an interaction between diagnosis and APOE status.
(F(1,26) = 9.756, p = 0.004; Table 5.3.12). Post-hoc testing showed that AD
increased normalised GFAP and AT8 colocalisation in APOE4-negative cases (p
= 0.003; Fig. 5.3.24A). This suggests that astrocytes in AD non-carriers
internalised pathological tau to a greater extent than their control counterparts.
Possession of an APOE4 allele increased normalised GFAP and AT8
colocalisation in control cases (p = 0.001), but not in AD (p = 0.999; Fig. 5.3.24A;
Table 5.3.12). This suggests that, in controls, APOE4 increased the propensity
with which astrocytes internalised pathological tau. Plaque status had no effect
on normalised GFAP and AT8 colocalisation (F(1,636) = 0.254, p = 0.614; Fig.
5.3.24D), indicating that increased GFAP and AT8 colocalisation in regions with
a plaque were likely due to increased GFAP burden in these areas.
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Figure 5.3.20 – GFAP and AT8 colocalisation. GFAP and AT8 colocalisation stratified
by group (A), diagnosis (B), APOE status (C) and plaque status (D). Image stacks from
BA20/21 were used to calculate the percent volume occupied by colocalisation between
GFAP and AT8. Colocalisation between GFAP and AT8 was significantly increased in
AD cases compared to control cases (A,B), and in APOE4 carriers relative to APOE4negative cases (A,C). Colocalisation between GFAP and AT8 was also increased in
plaque-bearing regions compared to areas without a plaque (D). * = p < 0.05, *** = p <
0.001. Analysed using linear mixed effect model, followed by ANOVA for determination
of main effects. Full statistical analysis output in Table 5.3.11. Limits of the boxes
represent the lower (Q1) and upper (Q2) quartiles and the central line delineates the
median. Upper and lower whiskers represent the minimum (Q1 – 1.5 * inter-quartile
range) and maximum (Q2 + 1.5 * inter-quartile range). Boxplots were generated using
data from each individual image stack (minimum of 20 image stacks per case). Numbers
above boxplots show the number of image stacks analysed. Data points in A – C were
generated using median values obtained from each case. Data points in D show values
for each individual image stack.
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Figure 5.3.21 – GFAP and AT8 colocalisation in human brain. GFAP and AT8 colocalised in human brain, indicative of astrocytic
internalisation of phospho-tau. Representative maximum projection of an image stack from an AD case comprising 15 optical sections obtained
in region with a plaque (A), showing AT8 (cyan), GFAP (magenta) and DAPI/ThioS (blue). B shows orthogonal view of inset in A, demonstrating
colocalisation of GFAP with AT8. Image taken from an AD APOE4 carrier.
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Figure 5.3.22 – AT8 and GFAP colocalisation between groups. Representative
maximum projections of confocal image stacks comprising 15 optical sections obtained
in regions without a plaque from each group. Images show AT8 (cyan) for phospho-tau,
GFAP (magenta) for reactive astrocytes and areas of colocalisation (yellow).
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Figure 5.3.23 – Correlation between GFAP burden and GFAP and AT8
colocalisation. Colocalisation between GFAP and AT8 was positively correlated with
GFAP burden. Analysed using Spearman’s rank correlation. Regression line fitted using
linear modelling. Confidence intervals are shown in grey shading. Data points show
values for each individual image stack.

Table 5.3.11 – Statistical analysis output of GFAP and AT8 colocalisation
GFAP+AT8 colocalisation ~ Diagnosis * APOE + Sex + Age + Plaque Status + (1| BBN) + (1|
Batch)
Box-Cox (log-likelihood) transformed
anova (lmerTest) output
Sum Sq

Mean Sq

NumDF

DenDF

F value

Pr(>F)

Diagnosis

2.36590

2.36590

1

26.04

22.5958

6.419e-05

APOE

0.67368

0.67368

1

25.90

6.4340

0.01757

Sex

0.00994

0.00994

1

25.96

0.0949

0.76044

Age

0.07124

0.07124

1

26.05

0.6804

0.41694

0.47304

0.47304

1

634.75

4.5178

0.03393

0.27950

0.27950

1

26.19

2.6694

0.11426

Plaque
Status
Diagnosis *
APOE
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Figure 5.3.24 – Normalised GFAP and AT8 colocalisation. Normalised GFAP and
AT8 colocalisation stratified by group (A), diagnosis (B), APOE status (C) and plaque
status (D). Image stacks from BA20/21 were used to calculate the volume occupied by
GFAP and AT8 colocalisation. Colocalisation was then normalised to total volume occupied
by GFAP, generating a normalised value that represents the proportion of total GFAP staining
colocalised with AT8 staining. Normalised colocalisation between GFAP and AT8 was
increased in AD compared to control cases (A,B), and in APOE4 carriers compared to noncarriers (A,C). Diagnosis mediated the effect of APOE status, whereby APOE4 increased
normalised GFAP and AT8 colocalisation in control cases only (A). Normalised GFAP and
AT8 colocalisation was not affected by plaque status (D). * = p < 0.05. Analysed using linear
mixed effect model, followed by ANOVA for determination of main effects. Post-hoc testing
used Tukey-adjusted estimated marginal means. Full statistical analysis output in Table
5.3.12. Limits of boxes represent lower (Q1) and upper (Q2) quartiles and central line
delineates the median. Upper and lower whiskers represent minimum (Q1 – 1.5 * interquartile range) and maximum (Q2 + 1.5 * inter-quartile range). Boxplots generated using data
from each individual image (minimum of 20 images per case). Numbers above boxplots show
number of images analysed. Data points in A – C generated using median values from each
case. Data points in D show values for each individual image.
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Table 5.3.12 – Statistical analysis output of GFAP and AT8 colocalisation
normalised to GFAP volume
GFAP+AT8 colocalisation normalised to GFAP volume ~ Diagnosis * APOE + Sex + Age +
Plaque Status + (1| BBN) + (1| Batch)
Box-Cox (log-likelihood) transformed
anova (lmerTest) output
Sum Sq

Mean Sq

NumDF

DenDF

F value

Pr(>F)

Diagnosis

2.4991

2.4991

1

25.22

5.1823

0.031561

APOE

4.4406

4.4406

1

24.92

9.2082

0.005568

Sex

0.0042

0.0042

1

25.05

0.0087

0.926270

Age

0.1613

0.1613

1

25.24

0.3345

0.568147

Plaque Status

0.1225

0.1225

1

636.33

0.2539

0.614498

Diagnosis * APOE

4.7049

4.7049

1

25.56

9.7563

0.004406

emmeans(model, list(pairwise ~ Diagnosis * APOE), adjust = “tukey”)
Contrast

Estimate

SE

DF

T.ratio

P value

Control No E4 – AD No E4

-1.8418

0.473

26.5

-3.895

0.0032

Control No E4 – Control E4

-1.9644

0.462

26.0

-4.256

0.0013

Control No E4 – AD E4

-1.7826

0.423

25.9

-4.213

0.0014

AD No E4 – Control E4

-0.1226

0.533

25.5

-0.230

0.9956

AD No E4 – AD E4

0.0592

0.441

25.6

0.134

0.9991

Control E4 – AD E4

0.1818

0.503

25.5

0.361

0.9835

5.3.8 – Increased GFAP, synapsin-1 and AT8 colocalisation in AD and
control APOE4 carriers
Studies in mouse models of tauopathy have shown that pathological tau localises
to synapses where it is associated with microglial synaptic engulfment (Dejanovic
et al., 2018). This raises the possibility that tau-containing synapses are prone to
engulfment by glia. Indeed, presynaptic markers and phosphorylated tau
independently colocalised with GFAP-positive astrocytes (Fig. 5.3.16 and Fig.
5.3.21), while phosphorylated tau colocalised with presynaptic markers (Fig.
5.3.11). To investigate whether pathological tau-containing presynapses were
observed within astrocytes in human brain, colocalisation between GFAP,
synapsin-1 and AT8 was calculated.
GFAP, synapsin-1 and AT8 colocalisation was observed in both control and AD
human post-mortem brain (Fig. 5.3.26). This suggests that astrocytic
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internalisation of phosphorylated tau-containing presynapses occurs in human
brain and may be a feature of aging. However, colocalisation between all three
markers was greater in AD compared to control brain (F(1,24) = 23.767, p < 0.001;
Fig. 5.3.25B; Fig 5.3.27; Table 5.3.13) and in those with an APOE4 allele (F(1,26) =
11.620, p = 0.002; Fig. 5.3.25C; Fig 5.3.27). In control cases, colocalisation
between GFAP, synapsin-1 and AT8 was 0.006% (±0.010). In AD, this was
increased to 0.022% (±0.012). In APOE4 non-carriers, colocalisation between
GFAP, synapsin-1 and AT8 was 0.011% (±0.022). In carriers, this was increased
to 0.018% (±0.014).
There was also a significant interaction between diagnosis and APOE status
(F(1,26) = 5.85, p = 0.023; Table 5.3.13). In APOE4 non-carriers, AD cases had
greater GFAP, synapsin-1 and AT8 colocalisation compared to their control
counterparts (p < 0.001; Fig. 5.3.25A; Fig 5.3.27). In control cases, possession
of an APOE4 allele increased colocalisation between all three markers (p = 0.002;
Fig. 5.3.25A), but this was not true of AD cases (p = 0.915; Fig. 5.3.25A). Control
APOE4 carriers were not significantly different from AD cases (vs. AD no APOE4:
p = 0.556; vs. AD APOE4: p = 0.224; Table 5.3.13). This suggests that in control
cases, APOE4 increased astrocytic internalisation of tau-containing synapses to
a level that was indistinguishable from that seen in AD brain. Mean percent
volume of GFAP, synapsin-1 and AT8 colocalisation for each group is shown in
Table 5.3.14. GFAP, synapsin-1 and AT8 colocalisation was not affected by
plaque status (F(1,638) = 0.527, p = 0.468; Fig. 5.3.22D; Table 5.3.13), with mean
percent volume of colocalisation being 0.012% (±0.018) in areas without a
plaque and 0.020% (±0.018) in areas with a plaque.
GFAP burden was increased in AD (Fig. 5.3.2-5.3.3) and positively correlated
with GFAP, synapsin-1 and AT8 colocalisation (Spearman’s rho = 0.441; p <
0.001; (Fig. 5.3.28). It was unclear whether increased GFAP, synapsin-1 and AT8
colocalisation resulted from increased astrocytic burden or from increased
astrocytic internalisation of tau-containing presynapses. To investigate this,
colocalisation between GFAP-positive astrocytes, synapsin-1 and AT8 was
normalised to total GFAP volume.
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Figure 5.3.25 – GFAP, synapsin-1 and AT8 colocalisation. GFAP, synapsin-1 and
AT8 colocalisation stratified by group (A), diagnosis (B), APOE status (C) and plaque
status (D). Image stacks from BA20/21 were used to calculate the percent volume occupied
by GFAP, synapsin-1 and AT8 colocalisation. Colocalisation between was increased in AD
compared to control cases (A,B), and in APOE4 carriers relative to non-carriers (A,C).
Diagnosis mediated the effect of APOE status, whereby APOE4 increased GFAP, synapsin1 and AT8 colocalisation in control cases only (A). GFAP, synapsin-1 and AT8 colocalisation
was not affected by plaque status (D). ** = p < 0.01, *** = p < 0.001. Analysed using linear
mixed effect model, followed by ANOVA for determination of main effects. Full statistical
analysis output in Table 5.3.13. Limits of boxes represent lower (Q1) and upper (Q2) quartiles
and central line delineates the median. Upper and lower whiskers represent minimum (Q1 –
1.5 * inter-quartile range) and maximum (Q2 + 1.5 * inter-quartile range). Boxplots generated
using data from each individual image (minimum of 20 images per case). Numbers above
boxplots show number of images analysed. Data points in A – C generated using median
values from each case. Data points in D show values for each individual image.
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Figure 5.3.26 – GFAP, synapsin-1 and AT8 colocalisation in human brain. GFAP, synapsin-1 and AT8 colocalised in human brain, indicative
of astrocytic internalisation of phospho-tau-containing presynapses. Representative maximum projection of an image stack from an AD case
comprising 15 optical sections obtained in region without a plaque (A), showing synapsin-1 (yellow), AT8 (cyan), GFAP (magenta) and DAPI/ThioS
(blue). B shows orthogonal view of inset in A, demonstrating colocalisation of GFAP with synapsin-1 and AT8. Single channel images of
orthogonal in B are shown to illustrate colocalising objects (C). Image taken from an AD APOE4 carrier.
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Figure
5.3.27
–
GFAP,
synapsin-1
and
AT8
colocalisation between groups.
Representative
maximum
projections of confocal image
stacks comprising 15 optical
sections obtained in regions
without a plaque from each
group. Images show synapsin-1
(yellow) for presynapses, AT8
(cyan) for phospho-tau, GFAP
(magenta) for reactive astrocytes
and areas of colocalisation (red).

When normalised to GFAP burden, the effect of diagnosis on normalised GFAP,
synapsin-1 and AT8 colocalisation was lost (F(1,23) = 1.198, p = 0.285; Fig.
5.3.29B), suggesting that increased colocalisation in AD owed to greater GFAP
burden. The effect of APOE status persisted (F(1,22) = 9.403, p = 0.006; Fig.
5.3.29C), suggesting that increased colocalisation in APOE4 carriers might be
associated with increased propensity for GFAP-positive astrocytes to internalise
tau-containing presynapses. The interaction between diagnosis and APOE
status also remained significant (F(1,23) = 10.008, p = 0.004; Table 5.3.15), with
post-hoc testing revealing that AD increased normalised colocalisation between
all three markers in individuals without an APOE4 allele (p = 0.027; Fig. 5.3.25A).
Possession of an APOE4 allele increased normalised colocalisation in control
cases (p = 0.001), but not in those with AD (p = 0.999; Fig. 5.3.29A; Table
5.3.15). Therefore, control cases with an APOE4 allele were not significantly
different from AD cases (vs. AD NoE4: p = 0.718; vs. AD E4: p = 0.605). This
indicates that in APOE4-negative individuals, AD increased the propensity for
GFAP-positive astrocytes to internalise tau-containing presynapses. Additionally,
in control cases, possession of an APOE4 allele appears to do the same.
Following normalisation, plaque status had no effect on GFAP, synapsin-1 and
AT8 colocalisation (F(1,638) = 0.527, p = 0.468; Fig. 5.3.29D; Table 5.3.15).
Table 5.3.13 – Statistical analysis output of GFAP, synapsin-1 and AT8
colocalisation
GFAP+Syn1+AT8 colocalisation ~ Diagnosis * APOE + Sex + Age + Plaque Status + (1|
BBN) + (1| Batch)
Tukey transformed
anova (lmerTest) output
Sum Sq

Mean Sq

NumDF

DenDF

F value

Pr(>F)

Diagnosis

3.9694

3.9694

1

26.15

23.7667 4.608e-05

APOE

1.9407

1.9407

1

25.85

11.6200

0.002149

Sex

0.2350

0.2350

1

25.97

1.4068

0.246320

Age

0.2048

0.2048

1

26.16

1.2263

0.278196

Plaque Status

0.0880

0.0880

1

637.70

0.5272

0.468066

Diagnosis * APOE

0.9772

0.9772

1

26.48

5.8512

0.022725

emmeans(model, list(pairwise ~ Diagnosis * APOE), adjust = “tukey”)
Contrast

Estimate

SE

DF

T.ratio

P value

Control No E4 – AD No E4

-1.475

0.274

26.5

-5.391

0.0001

Control No E4 – Control E4

-1.068

0.267

26.0

-4.006

0.0024
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Control No E4 – AD E4

-1.640

0.244

25.9

-6.716

<.0001

AD No E4 – Control E4

0.407

0.307

25.5

1.325

0.5559

AD No E4 – AD E4

-0.165

0.254

25.7

-0.650

0.9147

Control E4 – AD E4

-0.573

0.290

25.5

-1.975

0.2236

Table 5.3.14 – GFAP, syapsin-1 and AT8 colocalisation (% volume)
Control

AD

Overall

NoE4

E4

NoE4

E4

Control

AD

Number of
images

(N=180)

(N=103)

(N=104)

(N=279)

(N=283)

(N=383)

Mean (SD)

0.00169
(0.00224)

0.0266
(0.0304)
0.0141
[0.000413,
0.186]

0.0197
(0.0136)
0.0164
[0.000645,
0.0658]

0.00586
(0.00975)

Median
[Min, Max]

0.0131
(0.0130)
0.0111
0.00105 [0,
[0.000496,
0.0185]
0.101]

0.0216
(0.0198)
0.0160
0.00187 [0,
[0.000413,
0.101]
0.186]

Figure 5.3.28 – Correlation between GFAP burden and GFAP, synapsin-1 and AT8
colocalisation. Colocalisation between GFAP, synapsin-1 and AT8 was positively
correlated with GFAP burden. Analysed using Spearman’s rank correlation. Regression
line fitted using linear modelling. Confidence intervals are shown in grey shading. Data
points show values for each individual image stack.
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Figure 5.3.29 – Normalised GFAP, synapsin-1 and AT8 colocalisation. Normalised
GFAP, synapsin-1 and AT8 colocalisation stratified by group (A), diagnosis (B), APOE
status (C) and plaque status (D). Image stacks from BA20/21 were used to calculate the
volume occupied by GFAP, synapsin-1 and AT8 colocalisation. Colocalisation volume was
then normalised to total volume occupied by GFAP, generating a normalised value that
represents the proportion of total GFAP staining colocalising with synapsin-1 and AT8
staining. Normalised GFAP, synapsin-1 and AT8 colocalisation was not affected by
diagnosis (B) but was increased in APOE4 carriers compared to non-carriers (C). Diagnosis
mediated the effect of APOE status, whereby APOE4 increased normalised colocalisation in
control cases only (A). Normalised GFAP, synapsin-1 and AT8 colocalisation was not
affected by plaque status (D). * = p < 0.05, ** = p < 0.01. Analysed using linear mixed effect
model, followed by ANOVA for determination of main effects. Post-hoc testing used Tukeyadjusted estimated marginal means. Full statistical analysis output in Table 5.3.14. Limits of
boxes represent lower (Q1) and upper (Q2) quartiles and central line delineates the median.
Upper and lower whiskers represent minimum (Q1 – 1.5 * inter-quartile range) and maximum
(Q2 + 1.5 * inter-quartile range). Boxplots generated using data from each individual image
(minimum of 20 images per case). Numbers above boxplots show number of images
analysed. Data points in A – C generated using median values from each case. Data points
in D show values for each individual image.
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Table 5.3.15 – Statistical analysis output of GFAP, synapsin-1 and AT8
colocalisation normalised to GFAP volume
GFAP+Syn1+AT8 colocalisation normalised to GFAP volume ~ Diagnosis * APOE + Sex +
Age + Plaque Status + (1| BBN) + (1| Batch)
Box-Cox (Log-likelihood) transformed
anova (lmerTest) output
Sum Sq

Mean Sq

NumDF

DenDF

F value

Pr(>F)

Diagnosis

0.5979

0.5979

1

22.71

1.1980

0.285185

APOE

4.6929

4.6929

1

22.42

9.4033

0.005569

Sex

0.1490

0.1490

1

22.55

0.2986

0.590127

Age

0.1210

0.1210

1

22.73

0.2425

0.627125

Plaque Status

0.8113

0.8113

1

634.51

1.6256

0.202786

Diagnosis * APOE

4.9945

4.9945

1

23.04

10.0075

0.004335

emmeans(model, list(pairwise ~ Diagnosis * APOE), adjust = “tukey”)
Contrast

Estimate

SE

DF

T.ratio

P value

Control No E4 – AD No E4

-1.3563

0.450

26.5

-3.011

0.0272

Control No E4 – Control E4

-1.8925

0.439

26.0

-4.306

0.0011

Control No E4 – AD E4

-1.2962

0.403

25.9

-3.218

0.0171

AD No E4 – Control E4

-0.5362

0.508

25.5

-1.056

0.7184

AD No E4 – AD E4

0.0601

0.420

25.6

0.143

0.9989

Control E4 – AD E4

0.5963

0.479

25.4

1.245

0.6049
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5.4 – Discussion

___________________________________________________________________________________________

Originally considered a consequence of pathological protein aggregates and
neuronal loss, neuroinflammation is now recognised as a key contributor to AD
pathogenesis (Heneka et al., 2015; Karch and Goate, 2015; Kinney et al., 2018).
The AD brain exhibits prominent neuroinflammatory changes (Gomez-Nicola and
Boche, 2015), some of which may precede the development of other pathologies
(Fan et al., 2017; Parbo et al., 2018; Yoshiyama et al., 2007). Astrocytes are a
morphologically, functionally and molecularly heterogenous glial cell and are a
key mediator of the brain’s neuroinflammatory response (Matias et al., 2019).
Consistent with previous studies (Gomez-Arboledas et al., 2018; Kashon et al.,
2004; Perez-Nievas et al., 2013; Vehmas et al., 2003), individuals with AD had
greater reactive astrocyte burden than non-demented controls, indicative of
astrogliosis. Degree of astrogliosis correlates with cognitive decline independent
of plaque and NFT burden (Kashon et al., 2004), highlighting the role of
astrogliosis in AD pathogenesis. Astrocyte burden was also increased in plaquebearing areas, in line with many studies identifying astrocytes to cluster around
and penetrate amyloid deposits (Gomez-Arboledas et al., 2018; Itagaki et al.,
1989; Kato et al., 1998; Pike et al., 1995; Serrano-Pozo et al., 2011b, 2011a,
2013a, 2013b). The precise role of plaque-associated astrocytes in AD remains
debated, with both neuroprotective and neurotoxic roles indicated across the
disease course (Kraft et al., 2013; Mathur et al., 2015; Nagele et al., 2003).
In this study, it was not possible to discern whether greater astrocyte burden
owed to increased proliferation or to changes in morphology or size. While some
have identified increased expression of proliferative markers in glia in AD brain
(Nagy et al., 1997; Wharton et al., 2005), more recent work has suggested that
while microglia proliferate in AD, astrocytes do not (Kamphuis et al., 2012; Marlatt
et al., 2014). Further, cortical astrocyte number was similar in control and AD
brain (Pelvig et al., 2003; Serrano-Pozo et al., 2013a). Instead, increased GFAPpositive astrocyte burden in AD is likely due to a phenotypic change to increased
reactivity, characterised by hypertrophy and GFAP upregulation (Anderson et al.,
2014; Wilhelmsson et al., 2006; Zamanian et al., 2012). Only a subset of
astrocytes positive for Aldh1L1, a pan-astrocyte marker, are also positive for
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GFAP (Zamanian et al., 2012), highlighting an important limitation of this work.
By using GFAP as a marker, this study likely only visualised a subset of astrocytes
and preferentially labelled reactive astrocytes, known to be increased in AD.
APOE genotype did not influence reactive astrocyte burden in this cohort. This
contrasts findings of increased astrogliosis in APOE4 carriers (Overmyer et al.,
1999) but supports results from a larger cohort that used stereology-based
quantification methods. Here, APOE genotype had no effect on the magnitude
of astrogliosis irrespective of plaque proximity (Serrano-Pozo et al., 2011a,
2013a). In another study, however, APOE4 reduced plaque-associated
astrogliosis (Mathur et al., 2015). The current study did not investigate the
interaction between APOE genotype and plaque status, but this will be an
important area for future work. In mouse models, APOE4 increased astrogliosis
in response to tauopathy (Litvinchuk et al., 2021; Shi et al., 2017b) and Ab
pathology (Belinson and Michaelson, 2009; Liu et al., 2017a; Rodriguez et al.,
2014). As post-mortem studies usually use tissue from end-stage disease, this
could suggest APOE effects on astrogliosis occur earlier in AD progression,
before post-mortem analysis can detect it.
In human AD, APOE4 has been associated with worsened tau pathology (Nicoll
et al., 2011; Ohm et al., 1995; Sabbagh et al., 2013), but this may depend on Ab
status (Farfel et al., 2016) and sex (Liu et al., 2019; Yan et al., 2020). The opposite
has also been found, with APOE4-negative patients exhibiting greater tau load
(Mattsson et al., 2018). In contrast to results obtained in chapter 4, pathological
tau burden was not affected by APOE genotype. These discrepancies may owe
to the modified cohort or the use of different antibodies for pathological tau. While
ALZ50 was used for array tomography, AT8 was used in this study. ALZ50 labels
a misfolded conformation of tau (Carmel et al., 1996) and AT8 labels tau
phosphorylated at S202/T205 and S208 (Malia et al., 2016). In the early stages
of tau processing, prior to NFT formation, phosphorylation at sites recognised by
AT8 occur prior to misfolding events detected by ALZ50 (Luna-Muñoz et al.,
2007). Consequently, it is possible that AT8 labels more pathological tau than
ALZ50, potentially due to the sequential manner of processing, masking any
APOE genotype effects. Alternatively, APOE may influence misfolding of tau, but
not phosphorylation. This is unlikely considering APOE4 exacerbates tau
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phosphorylation in vitro and in vivo (Brecht et al., 2004; Harris et al., 2004a; Lin
et al., 2018; Wang et al., 2018; Zhou et al., 2016).
Instead, discrepancies may have arisen due to different imaging modalities.
Although the resolution of confocal microscopy is adequate for resolving larger
or more sparsely distributed objects, array tomography is superior, particularly in
the Z-direction (Kay et al., 2013). This may also explain disparities in presynaptic
measurements. In human cortex, synapse apposition length is ~350nm (Scheff
et al., 2001). Although the lateral resolution of confocal microscopy (~250nm) is
sufficient for quantification of synapse numbers, axial resolution is too poor
(~500nm when optimally used (Fouquet et al., 2015)). Array tomography
overcomes this by physically sectioning the tissue, improving axial resolution to
~70nm and enabling more accurate synapse quantification. Therefore, synapse
measurements obtained by array tomography supersede those obtained by
confocal microscopy. However, confocal microscopy is advantageous for
imaging of larger cell types, such as astrocytes, in thicker tissue sections. For
example, a 20-section image stack obtained by array tomography covers 1.4 μm
of tissue, while 4 μm-thick tissue can be imaged using confocal microscopy.
Confocal microscopy also requires less stringent and complex tissue processing
and immunohistochemistry methods.
Nevertheless, using confocal microscopy, synapsin-1 burden was increased in
AD while density was unaffected, indicating possible presynapse enlargement.
This could be indicative of synapse dysfunction, as increased synapse size
correlates with reduced synaptic density and has been suggested as a
compensatory mechanism to offset synapse loss (DeKosky and Scheff, 1990;
Scheff and Price, 1993, 2003; Scheff et al., 1990). However, overall presynapse
enlargement could also be explained by presence of larger presynaptic
dystrophic neurites, which are more numerous in AD brain and near plaques
(Dickson et al., 1999; Gomez-Arboledas et al., 2018) and can be labelled with
presynaptic markers (Dickson et al., 1999; Guevara et al., 2004; Wang and
Munoz, 1995).
Although AD-related synapse loss was not observed in this study, synapse loss
was seen using array tomography and in numerous other studies (Jackson et al.,
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2019b; Koffie et al., 2012; Scheff and Price, 2003; Scheff et al., 2006) where it
is the strongest correlate of cognitive decline (DeKosky and Scheff, 1990; Terry
et al., 1991). Many mechanisms of AD-related synapse loss have been described
(Jackson et al., 2019a; Koffie et al., 2011; Spires-Jones and Hyman, 2014), with
glia more recently implicated in this process. Synapse loss remains incompletely
understood. While much work has focused on the role of microglia (Rajendran
and Paolicelli, 2018), the role of astrocytes has been less extensively studied.
Presynaptic material immuno-positive for synapsin-1 colocalised with reactive
astrocytes. This indicates reactive astrocytes internalised presynaptic elements
in human brain. Astrocytes prune synapses in the developing and adult mouse
brain, where they refine synaptic circuits and contribute to synapse turnover
(Chung et al., 2013; Lee et al., 2021). In AD, it is suggested that this process is
aberrantly activated, contributing to synapse loss. Indeed, synapses isolated
from AD mouse models were engulfed by astrocytes in vitro (Sanchez-Mico et
al., 2021) and, in vivo, astrocytes engulfed synaptophysin and VGluT1-positive
dystrophies, signifying a likely presynaptic origin. Moreover, using electron
microscopy, presynaptic dystrophies were completely surrounded by astrocyte
cytoplasm in both an AD mouse model and AD post-mortem human brain
(Gomez-Arboledas et al., 2018), indicating reactive astrocytes have phagocytic
capacity for presynaptic material in human brain, concurrent with our findings.
More presynaptic elements were internalised by reactive astrocytes in AD brain
and in areas with a plaque, likely due to increased astrogliosis under these
conditions (Kashon et al., 2004; Serrano-Pozo et al., 2011a, 2013b). APOE
genotype did not affect the overall degree of astrocytic internalisation of
presynaptic material. Proportionally, however, reactive astrocytes in control
APOE4 carriers had greater amounts of internalised presynaptic material per
astrocyte volume than control non-carriers. This suggests APOE4 might increase
the propensity with which presynaptic elements are internalised by astrocytes
and, as this effect was absent in AD brain, this may occur early in diseaserelevant processes. From the findings presented here, it is not clear whether
reactive astrocytes internalised dysfunctional, degenerating synapses or healthy
functional synapses. Clearance of damaged synapses could be beneficial, while
removal of healthy synapses would be harmful. In previous work, astrocytes
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engulfed dystrophic presynaptic elements (Gomez-Arboledas et al., 2018),
presumed to be dysfunctional. However, it is likely that there is a balance
between both processes, although this requires further investigation.
Increased presynaptic internalisation in control APOE4 carriers is interesting
considering APOE4 decreased the rate of synaptic phagocytosis by astrocytes
in the developing mouse brain (Chung et al., 2016). However, Chung et al. (2016)
also found that synaptic accumulation of C1q, the initiating protein that tags
synapses for removal by microglia (Schafer et al., 2012; Stevens et al., 2007),
was APOE-dependent, being significantly increased in aged APOE4 mice.
Originally it was thought that recognition of C1q was limited to microglia that
express the complement receptor CR3 (Hong et al., 2016; Schafer et al., 2012).
However, it was recently described that MEGF10, an astrocytic receptor that
mediates synapse elimination in development (Chung et al., 2013; TasdemirYilmaz and Freeman, 2014), is also a receptor for C1q and mediates astrocytic
clearance of apoptotic cells in the CNS (Iram et al., 2016b). Thus, it is possible
that astrocytes might recognise and engulf C1q-tagged synapses in a similar
manner to microglia, and this could be influenced by APOE isoform-dependent
accumulation of C1q at the synapse. Indeed, C1q levels are enriched at
synapses and increased in human AD brain (Dejanovic et al., 2018), although
APOE genotype effects on the protein levels of C1q in human AD synapses are
less clear (Hesse et al., 2019). Nonetheless, mechanisms associated with
astrocytic synapse removal could differ under physiological and pathological
conditions.
Glial uptake and release of pathological tau has been suggested to contribute to
the stereotypical spread of tau pathology through the AD brain. Microglia
internalise tau, release seed-competent forms into the extracellular space (Bolós
et al., 2016; Hopp et al., 2018; Luo et al., 2015) and contribute to tau spread
through release of exosomes (Asai et al., 2015). Although direct evidence for an
astrocytic role in tau spread is lacking, multiple lines of work indicate astrocytes
can internalise tau (Martini-Stoica et al., 2018; Perea et al., 2019; Rauch et al.,
2018; Wang and Ye, 2021), release tau in extracellular vesicles (Chiarini et al.,
2017; Goetzl et al., 2016) and may contribute to tau spread in AD (de Calignon
et al., 2012; Martini-Stoica et al., 2018).
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In human AD brain, astrocytic accumulation of tau has been observed (Arima et
al., 1998; López-González et al., 2013; Nolan et al., 2019; Reyes et al., 2008;
Richetin et al., 2020) and aging-related tau astrogliopathy (ARTAG) has been
distinguished to describe a spectrum of astrocytic tau pathology (Kovacs et al.,
2016). AD brain exhibits features of ARTAG, including astroglial tau lesions like
thorn-shaped (López-González et al., 2013; Nolan et al., 2019) and granular
fuzzy astrocytes (Nolan et al., 2019). These astrogliopathies are also prevalent in
the elderly (Lace et al., 2012; Okamoto et al., 2019; Schultz et al., 2004) and are
not necessarily disease specific, leading to debate around their clinical relevance
and utility. In this study, astrocytes positive for large tau inclusions that potentially
represented such astrogliopathy were purposefully avoided. In support of
previous work (Richetin et al., 2020), phosphorylated tau colocalised with
reactive astrocytes in human post-mortem brain. In general, these areas of
colocalisation were small and thought to represent small tau aggregates within
reactive astrocytes. Colocalisation between phospho-tau and reactive astrocytes
was increased in AD. Although not investigated here, previous work found both
3R and 4R tau to accumulate within hilar astrocytes in AD brain, however only
astrocytic accumulation of 3R tau was increased in AD (Richetin et al., 2020). As
the primary tauopathies that typically exhibit astrocytic tau inclusions are
characterised by 4R tau pathology (Rösler et al., 2019), this potentially highlights
differences between astrocytic tau in primary tauopathy and AD.
As astrocytes express extremely low levels of MAPT under physiological
conditions (Goedert et al., 1989a; Zhang et al., 2014) and expression is not
increased in AD (Grubman et al., 2019; Mathys et al., 2019; Zhou et al., 2020),
the origin of tau in astrocytes is unclear. Increased translation of astrocytic MAPT
might occur in AD, but this is unsubstantiated. An alternative, and more
supported, view is that astrocytes take up tau from the extracellular milieu.
Therefore, increased colocalisation of phospho-tau with reactive astrocytes in AD
likely represents an increase in astrocytic internalisation of pathological tau in AD
brain. It is important to note here, that increases in internalised tau may result
from greater uptake or from reduced ability of astrocytes to clear tau.
In this study and in previous work using array tomography, pathological forms of
tau were shown to localise to synapses in human brain (Section 4.3.9 - 4.3.10;
(Largo-Barrientos et al., 2021; Pickett et al., 2019; Zhou et al., 2017). In mouse
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models of tauopathy, synaptic tau was associated with enhanced microglial
engulfment of synapses (Dejanovic et al., 2018). Astrocytes form intimate
associations with synapses (Perea et al., 2009) and, as shown previously,
internalise synaptic material in human brain. In vitro, astrocytes phagocytosed
tau-containing synaptoneurosomes from tauopathy mice (Sanchez-Mico et al.,
2021), indicating that tau-containing synapses may be prone to astrocytic
engulfment and such events may increase tau internalisation within astrocytes.
In this study, reactive astrocytes colocalised with synapsin-1- and AT8-positive
puncta, indicating that pathological tau-containing presynapses were internalised
by reactive astrocytes in the human brain. Moreover, this was increased in AD.
Localisation of tau to synapses has been associated with increased levels of
synaptic C1q (Dejanovic et al., 2018) and, in human AD brain synaptic tau is
increased (Section 4.3.9 - 4.3.10; (Pickett et al., 2019; Tai et al., 2014; Zhou et
al., 2017), as are C1q levels (Dejanovic et al., 2018). As aforementioned, the
astrocytic receptor MEGF10 is a receptor for C1q and mediates astrocytic
clearance of apoptotic cells in the CNS (Iram et al., 2016b). Consequently,
synaptically localised tau might serve as an initiator of C1q-mediated synapse
removal by astrocytes, whereby synaptic tau inclusions are simultaneously
engulfed. Tau inclusions also induce exposure of phosphatidylserine on neuronal
surfaces, which are recognised and phagocytosed by microglia, resulting in
transference of tau aggregates to the microglial cells (Brelstaff et al., 2018;
Pampuscenko et al., 2020). Externalisation of phosphatidylserine has recently
been shown to occur locally at synapses and was implicated in microglialmediated

synaptic

pruning

(Scott-Hewitt

et

al.,

2020).

Interestingly,

phosphatidylserine also acts as an ‘eat-me’ signal for astrocytes, by binding to
the astrocytic receptors MEGF10 and MERTK that are crucial for astrocytic
phagocytosis of synapses in the mouse brain (Chung et al., 2013).
Phosphatidylserine also serves as a ligand for the astrocytic MFG-E8 receptor
(Sokolova et al., 2021). Consequently, tau-induced externalisation of
phosphatidylserine at synapses might influence astrocytic engulfment of taucontaining synapses and subsequent increases in internalised tau.
The overall amount of phosphorylated tau internalised by reactive astrocytes was
increased in APOE4 carriers. APOE4 also associated with increased
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internalisation of tau-containing synapses by reactive astrocytes. This effect was
mediated by disease status, with APOE4 predominantly increasing astrocytic
internalisation of tau-containing synapses in control cases. Proportionally,
reactive astrocytes in control APOE4 carriers contained greater amounts of
phospho-tau and tau-containing presynapses than control non-carriers. This
indicates astrocytic internalisation of phospho-tau, whether alone or in concert
with synapses, was increased in those with an APOE4 allele and, as this was not
observed in AD cases, may occur early in disease-relevant processes.
Accumulation of tau within astrocytes can impair astrocyte function and even
lead to astrocyte loss, disrupting synapse and brain homeostasis (Fleeman and
Proctor, 2021; Maté de Gérando et al., 2021; Richetin et al., 2020).
The finding that APOE4 associated with increased amounts of internalised
phospho-tau in astrocytes was somewhat surprising, considering APOE4
astrocytes show reduced ability to take up Ab in vitro (Lin et al., 2018; Liu et al.,
2017b; Prasad and Rao, 2018). Reduced Ab uptake in APOE4 astrocytes has
been linked to early endocytic defects (Narayan et al., 2020; Prasad and Rao,
2018) and downregulation of astrocytic LRP1 (Prasad and Rao, 2018). Alongside
being a receptor for Ab, LRP1 is a regulator of tau endocytosis in neurons (Rauch
et al., 2020) and is highly expressed by astrocytes in mouse and human brain
(Auderset et al., 2016; Zhang et al., 2016). Astrocytic LRP1 was upregulated in
AD reactive astrocytes (Arélin et al., 2002) and neuronal knockdown of LRP1
reduced tau uptake in neurons (Rauch et al., 2020). This suggests that AD could
result in increased astrocytic uptake of tau through LRP1. However, reduced
surface expression of LRP1 in APOE4 astrocytes (Prasad and Rao, 2018) would
be assumed to reduce tau uptake in APOE4 carriers via this mechanism. HSPGs
also mediate tau uptake (Holmes et al., 2013; Rauch et al., 2018; Stopschinski
et al., 2018) and are expressed on astrocytes (Farhy Tselnicker et al., 2014;
Holmes et al., 2013) where they facilitate uptake of tau (Martini-Stoica et al.,
2018). In culture, impairment of HSPGs reversed the increased neuronal
accumulation of tau oligomers caused by APOE4, indicating HSPGs may
mediate APOE4-related increases in neuronal tau uptake (Jablonski et al., 2021).
Whether this is also true for astrocytes remains to be seen.
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Uptake of tau by astrocytes also occurs through other mechanisms, which may
depend on the aggregation state of tau (Perea et al., 2019). The integrin αV/β1
receptor was recently identified to bind tau and mediate astrocytic uptake in vitro
(Wang and Ye, 2021). Interestingly, genetic variation in integrins were indicated
as possible risk genes for AD and modified tau toxicity in a Drosophila AD model
(Shulman et al., 2014). Additionally, expression of β1 integrin was increased in
reactive astrocytes from AD human brain (Wyssenbach et al., 2016). APOE
genotype influenced integrin expression in AD post-mortem tissue (ConejeroGoldberg et al., 2014), potentially influencing tau uptake by astrocytes through
this mechanism. Increased synaptic C1q levels under APOE4 conditions (Chung
et al., 2016) might additionally increase astrocytic phagocytosis of tau-containing
synapses.

Additionally,

APOE

isoforms

differentially

bind

and

inhibit

phosphatidylserine activity (Lee et al., 2002) possibly impacting removal of taucontaining synapses by astrocytes through this hypothesised mechanism and
influencing internalisation of tau in concert with synaptic material. Reduced tau
uptake in astrocytes may also leave more tau able to spread between neurons.
Increased uptake of tau by astrocytes might only be problematic if clearance
mechanisms are perturbed. Indeed, compromised proteasomal activities and
lysosomal function have been implicated in AD (Lee et al., 2013). Thus,
impairments in astrocytic degradation of tau might also contribute to the
increased amount of phospho-tau observed in reactive astrocytes from AD
patients and control APOE4 carriers. Astrocytes play an important role in
clearance and degradation of Aβ (Ries and Sastre, 2016; Wyss-Coray et al.,
2003), with enhancement of astrocytic autophagy shown to facilitate Aβ
clearance and degradation (Xiao et al., 2014). Similarly, potentiation of autophagy
within astrocytes, through overexpression of the transcription factor TFEB,
increased tau uptake and trafficking to the lysosome for degradation (MartiniStoica et al., 2018). In a tauopathy model, TFEB activation was increased in
astrocytes, suggesting neuronal tau pathology enhanced astrocytic autophagy
(Martini-Stoica et al., 2018). However, in human AD brain, TFEB levels were
reduced in later stage disease (Wang et al., 2016). Although not specifically
assessed in astrocytes, this is suggestive of autophagy defects in AD that could
impact astrocytic degradation of tau. APOE is crucial for astrocytic degradation
of Aβ (Koistinaho et al., 2004; Wyss-Coray et al., 2003) and APOE4 astrocytes
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display impaired abilities to clear and degrade Aβ (Prasad and Rao, 2018;
Simonovitch et al., 2016). APOE4-positive AD brains also show reduced
expression of autophagy genes. Specifically, APOE isoforms differentially interact
with TFEB, whereby APOE4 competes with TFEB and inhibits autophagy (Parcon
et al., 2018), potentially reducing the ability of APOE4 astrocytes to efficiently
clear pathological tau. The highly conserved serine protease HTRA1 has been
shown to degrade tau (Poepsel et al., 2015; Tennstaedt et al., 2012) and is
enriched in mature astrocytes in both mouse and human brain (Chen et al.,
2018b; Zhang et al., 2016). In human AD brain, greater levels of HTRA1
correlated with reduced levels of total and phospho-tau, suggesting HTRA1
might function as a tau protease in vivo (Tennstaedt et al., 2012). In vitro, APOE
isoforms and tau are competitive substrates for HTRA1, with APOE4 being
preferred over APOE3. Consequently, under APOE4 conditions, binding and
degradation of tau is reduced (Chu et al., 2016), which may have implications for
astrocytic degradation of tau by this mechanism. Consequently, mechanisms
that protect against excessive accumulation of pathological tau in astrocytes
might be insufficient in AD and impacted by APOE genotype, resulting in
increased levels of internalised phospho-tau within astrocytes.
It is likely that perturbations to both the uptake and degradation of pathological
tau contribute to the increased internalisation observed in astrocytes from AD
patients and APOE4 carriers. Increased astrocytic tau internalisation has capacity
to impact spread of pathological tau through the brain. In a mouse model of tau
spread, enhancement of astrocytic autophagy reduced tau spread (MartiniStoica et al., 2018), indicating that inefficient degradation, and potentially
accumulation, of tau within astrocytes exacerbates tau propagation. Moreover,
removal of senescent astrocytes in a tauopathy model reduced tau pathology
(Bussian et al., 2018), indicating that senescent astrocytes, which are increased
in AD brain (Bhat et al., 2012; Turnquist et al., 2016) and exhibit impaired ability
to clear pathological proteins (Iram et al., 2016a), contribute to progression of tau
pathology. In a further tau spread model, astrocytes colocalised with pathological
tau, indicating that astrocytes internalised neuronally expressed tau, likely as
synapses degenerated, and potentially contributed to propagation of tau through
the mouse brain (de Calignon et al., 2012). Astrocytic accumulation of tau might
act as a buffer, clearing pathological tau from the extracellular space until
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astrocytes become overloaded. Indeed, neuronal knock-down of LRP1 reduced
tau spread through neuronal circuits but increased astrocytic tau (Rauch et al.,
2020), possibly indicating that astrocytes mop up extracellular tau that is no
longer taken up by neurons. Tau-containing astrocytes may also release seedcompetent tau back into the extracellular space. Astrocyte-derived extracellular
vesicles isolated from the plasma of AD patients contained phosphorylated tau
(Goetzl et al., 2016) and cultured astrocytes release phospho-tau into the
extracellular medium via exosomes upon exposure to Aβ (Chiarini et al., 2017).
Microglia-derived extracellular vesicles are actively involved in propagation of tau
pathology (Asai et al., 2015; Wang et al., 2017), suggesting that astrocytederived vesicles could act similarly. Indeed, recent work in vivo has shown that
neuronally expressed tau can spread bidirectionally between astrocytes and
neurons (Maté de Gérando et al., 2021). Consequently, AD and APOE4 genotype
have potential to impact tau spread by altering astrocytic internalisation of
phospho-tau.
This work has several limitations. Although current evidence indicates astrocytic
tau originates extracellularly, it is not possible to rule out that increased or ectopic
expression or translation of MAPT occurs and is responsible for increased levels
within astrocytes. For example, detection of tau mRNA in astrocytic tumours has
been reported, with the authors indicating astrocytes have potential to express
tau through neoplastic transformation and reactive processes (Miyazono et al.,
1993). Such findings have not been confirmed using more up-to-date
techniques. Similarly, synapsin-1 might also be expressed at low levels in mature
human astrocytes (Zhang et al., 2016) and cultured mouse astrocytes
(Maienschein et al., 1999; Wang et al., 2011). Consequently, it is not possible to
definitively state increased colocalisation between AT8 or synapsin-1 and GFAP
represents increased internalisation of tau or presynaptic material. However,
confidence in this assertion is increased by the observation that AT8 and
synapsin-1 colocalised within GFAP-positive astrocytes, which would be unlikely
if increased levels within astrocytes were simply due to changes in expression.
Although the resolution of confocal microscopy is sufficient, and image analysis
was performed in 3D to ensure colocalisation artefacts were not introduced by
projecting the image stacks, it would be valuable to confirm findings using higher
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resolution imaging techniques, such as array tomography. Further analysis to
parse out whether astrocytic tau is preferentially internalised in isolation or in
partnership with presynapses would be useful to better understand
internalisation of tau in human brain and the effects of AD and APOE genotype.
Additionally, while areas of colocalisation between astrocytes and phospho-tau
were observed to be relatively small, and so were unlikely to represent
astrogliopathy characteristic of ARTAG, measurement of the size of internalised
tau objects would help confirm this. Finally, although this data indicates
astrocytes internalise presynapses, phospho-tau and phospho-tau-containing
presynapses to a greater extent in AD and control APOE4 carriers, due to the
use of post-mortem tissue, this cannot be conclusively determined. In vitro and
in vivo experiments are underway to test this in dynamic systems.
In summary, this study identified that presynaptic material, phospho-tau and
phospho-tau-containing presynapses are likely internalised by reactive
astrocytes in human brain. Internalisation of all components was increased in AD.
Possession of an APOE4 allele also increased astrocytic internalisation of
presynaptic material, phospho-tau and phospho-tau-containing presynapses.
However, this effect predominated in controls, indicating APOE4-related
increases in astrocytic internalisation might occur early in disease-related
processes. It remains unclear whether astrocytes remove healthy or
dysfunctional synapses and the precise mechanisms resulting in increased
internalisation of phospho-tau within AD and APOE4 astrocytes require further
study. However, this work suggests that astrocytes could be involved in synapse
loss in AD and might contribute to the spread of pathological tau through the AD
brain. Moreover, there are indications that these processes are influenced by
APOE genotype.
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6 – APOE genotype and propagation
of human tau in a mouse model

___________________________________________________________________________________________

6.1 – Background and Aims
Ab plaques, a hallmark of AD, are detectable many years prior to AD symptom
onset (Kok et al., 2009; Villemagne et al., 2013), occur in cognitively healthy
individuals (Chételat et al., 2013; Mormino and Papp, 2018) and exert only subtle
effects on cognition (Hedden et al., 2013). In contrast, the accumulation of
hyperphosphorylated tau in NFTs is more strongly correlated with AD
progression, neurodegeneration and cognitive decline (Arriagada et al., 1992;
Bejanin et al., 2017; Giannakopoulos et al., 2003; Gordon et al., 2018; La Joie
et al., 2020; Nelson et al., 2012). Due to this, tau pathology has received
increasing attention as a therapeutic target in AD (Congdon and Sigurdsson,
2018).
Seminal work in post-mortem brain, and more recently in living patients,
described the sequential and progressive appearance of tau pathology in AD
(Braak and Braak, 1991; Cho et al., 2016; Hoenig et al., 2018) that is used to
stage AD (Braak and Braak, 1991). NFTs first appear in brainstem and entorhinal
regions (Braak stage I/II), before progressing to the hippocampus and limbic
regions (Braak stage III/IV) and eventually involving most neocortical areas (Braak
stage V/VI) (Braak and Braak, 1991). Progression of tau pathology tracks with
neuroanatomical connectivity, leading to the proposition that pathological tau
propagates from one brain region to another along axonal projections.
Through a variety of mechanisms, tau aggregates can be taken up (Evans et al.,
2018; Frost et al., 2009a; Holmes et al., 2013; Rauch et al., 2020; Wu et al.,
2013) and released by neurons (Chai et al., 2012; Croft et al., 2017; Dujardin et
al., 2014a; Pooler et al., 2013; Yamada et al., 2014). Moreover, internalised tau
can act somewhat like a prion and seed the misfolding and fibrillisation of naïve
tau (Falcon et al., 2015; Guo and Lee, 2011; Sanders et al., 2014). In transgenic
mice, tau seeds were detected prior to any overt pathological changes and
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predicted the spread of tau pathology (Holmes et al., 2014). Internalised tau
aggregates can also be transported along axons and dendrites (Ahmed et al.,
2014; Takeda et al., 2015; Wu et al., 2013), and could leave one neuron and be
internalised by another (Calafate et al., 2015), indicating pathological tau may
spread neuron-to-neuron.
Building upon this, multiple in vivo studies evidenced the spread of tau through
anatomically connected regions. When injected into the mouse brain, synthetic
tau fibrils and tau-containing brain extract, isolated from mouse models or human
brain, induced the formation of tau aggregates that were propagated to
connected areas and recapitulated the hallmark lesions of the associated
tauopathy (Ahmed et al., 2014; Boluda et al., 2015; Clavaguera et al., 2009,
2013; Guo et al., 2016; Iba et al., 2013, 2015; Kaufman et al., 2016; Narasimhan
et al., 2017; Peeraer et al., 2015; Sanders et al., 2014; Stancu et al., 2015).
Moreover, when human tau was selectively expressed in the entorhinal cortex
(EC), human tau propagated to synaptically connected dentate gyrus neurons
(de Calignon et al., 2012; Harris et al., 2012; Liu et al., 2012a; Pickett et al., 2017;
Wegmann et al., 2015, 2019), suggesting tau traverses monosynaptic circuits in
living brain. This process was exacerbated by age (Wegmann et al., 2019) and
neuronal activity (Wu et al., 2016). Recently, misfolded tau was also shown to
propagate to directly connected regions in non-human primates (Beckman et al.,
2021). Thus, pathological tau appears to propagate through anatomically
connected circuits, potentially via synapses. Indeed, in vivo, human tau
propagated through intact synapses without overt degeneration (Pickett et al.,
2017), while synaptic contacts between neurons facilitated propagation of
pathological tau (Calafate et al., 2015; Wang et al., 2017). Non-synaptic
mechanisms also contribute to spread between anatomically linked regions (Asai
et al., 2015; Calafate et al., 2015; Dujardin et al., 2014a; Tardivel et al., 2016).
Emerging evidence from human brain has also begun to hint that tau spreads
through connected neurons. Post-mortem, tau seeds capable of inducing
misfolding of naïve tau were isolated from regions along the Braak staging
pathway and from axons and synapses prior to development of overt cellular tau
pathology (DeVos et al., 2018). Thus, pathogenic tau appears to move through
synaptically connected regions prior to development of overt pathology. In living
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patients, the spatial distribution of Tau-PET signal is highly similar to functional
brain networks (Franzmeier et al., 2019; Hoenig et al., 2018; Jones et al., 2017;
Vogel et al., 2019) and brain regions with greater functional connectivity tend to
have increased tau burden (Cope et al., 2018). Moreover, functionally connected
regions accumulated similar amounts of tau pathology over time, independent of
the distance between brain regions, suggesting synaptic connectivity rather than
proximity directed tau accumulation (Franzmeier et al., 2020). However, most
studies are correlative and do not model spread through anatomical pathways.
By simulating the progression of tau along functional or anatomical connections
from an epicentre placed in the EC, and comparing the resulting pattern to TauPET scans from AD patients, spread via anatomical connectivity explained 70%
of the observed pattern of tau pathology (Vogel et al., 2020), indicating tau likely
propagates through physical connections in human AD brain.
The spatiotemporally defined pattern of tau pathology identified by Braak and
Braak (1991) provides tentative evidence for spread through connected regions.
However, this pattern may also reflect sequential vulnerability of anatomical
regions to tau aggregation, unrelated to propagation. Indeed, EC neurons may
be particularly vulnerable due to high metabolic rate, degree of plasticity and
unique molecular phenotypes (Area-Gomez et al., 2020; Fu et al., 2018;
Stranahan and Mattson, 2010). Neurons within tau accumulation-prone regions
might also be vulnerable due to their gene-expression profiles, bioenergetic
demands or morphological and electrophysiological properties (Fu et al., 2019;
Walsh and Selkoe, 2016). These two processes are not incompatible and likely
both contribute to tau spread in AD.
In humans, APOE exists as 3 major allelic variants (APOE2, APOE3 and APOE4),
and is the major genetic determinant of susceptibility to late-onset AD (Coon et
al., 2007; Corder et al., 1994; Farrer et al., 1997; Saunders et al., 1993).
Compared to the most frequent allele, APOE3, inheritance of APOE4 increases
risk of developing AD and reduces the age of onset in a gene dose-dependent
manner (Corder et al., 1993; Farrer et al., 1997). Conversely, APOE2 reduces risk
(Corder et al., 1994; Reiman et al., 2020). Deciphering how APOE influences AD
pathogenesis is crucial to advancing mechanistic understanding of AD disease
processes, but also in developing novel therapeutics targeted to APOE (Hudry et
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al., 2013; Williams et al., 2020). APOE4 impacts Aβ pathology, both in humans
and in animal models of AD, by increasing Aβ deposition and reducing clearance
(Castellano et al., 2011; Deane et al., 2008; Koistinaho et al., 2004) and possibly
also by increasing Aβ production (Hopkins et al., 2011; Huang et al., 2017; Ye et
al., 2005), particularly the more toxic oligomeric forms (Hashimoto et al., 2012;
Hudry et al., 2013; Koffie et al., 2012). Whether there is a direct link between
APOE isoforms and tau pathology is less clear.
Early studies found human APOE3, but not APOE4, to bind tau, potentially
serving as a protective mechanism to sequester tau and prevent pathological
post-translational modifications (Fleming et al., 1996; Strittmatter et al., 1994).
Indeed, APOE4 is associated with increased hyperphosphorylation of tau (Brecht
et al., 2004; Harris et al., 2004a; Lin et al., 2018; Liraz et al., 2013; Tesseur et
al., 2000; Wang et al., 2018). The cellular source of APOE4 has also been
suggested to mediate its effects on tau pathology (Brecht et al., 2004; Tesseur
et al., 2000). APOE4 is also more susceptible to proteolysis than other isoforms,
with the resultant fragments capable of inducing the formation of NFT-like
inclusions and neurodegeneration in vivo(Harris et al., 2003; Huang et al., 2001;
Wang et al., 2018).
More recent work, using animal models, has attempted to better understand the
relationship between APOE and tau pathology. An APOE isoform-dependent
effect on tau-mediated neurodegeneration was demonstrated in tau transgenic
mice crossed to APOE-targeted replacement (-TR) mice, whereby APOE4expressing mice had worsened brain atrophy, increased levels of tau and greater
redistribution of tau to the somatodendritic compartment (Shi et al., 2017b).
Interestingly, tau immunoreactivity pattern showed more extensive hippocampal
involvement in APOE4 mice, potentially suggesting APOE4 exacerbates
progression of tau pathology. Reducing APOE4 protein levels in the same model
protected against tau pathology and associated neurodegeneration (Litvinchuk
et al., 2021). By contrast, upon viral expression of mutant human tau in the brain
of APOE-TR mice, those expressing APOE2 had more severe tau pathology than
those expressing APOE3 or APOE4 (Zhao et al., 2018). In another study, virally
mediated neuronal APOE4 expression in two tau transgenic mouse models had
no appreciable effect on phospho-tau levels, NFTs or neurodegeneration (Koller
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et al., 2020). Alternatively, virally-mediated astrocytic APOE4 expression in tau
transgenic mice increased phospho-tau levels (Jablonski et al., 2021). In support
of this, selective removal of astrocytic APOE4 protected against tauopathy and
tau-mediated neurodegeneration (Wang et al., 2021). These seemingly
contradictory results likely stem from differences in experimental models and
outcome measures used, but highlight uncertainties surrounding the role of
APOE in tau pathology.
In post-mortem human brain, APOE4 was associated with increased tau
pathology (Farfel et al., 2016; Kumar et al., 2015; Sabbagh et al., 2013;
Tiraboschi et al., 2004), although this may depend on gene dose (Sabbagh et
al., 2013; Tiraboschi et al., 2004) or concomitant Aβ pathology (Farfel et al.,
2016). Some studies also found no association between APOE genotype and
tau burden (Landén et al., 1996; Morris et al., 2010). Younger individuals who
reached Braak stage I were more likely to be APOE4 carriers than those without
tau pathology (Ghebremedhin et al., 1998), while female APOE4 carriers met
criteria for intermediate Braak stages 3 years earlier than non-carriers (Corder et
al., 2004), suggesting APOE4 and female sex accelerates initial spread of tau
through the brain. In living individuals, CSF tau levels were increased in APOE4
carriers, particularly in females (Altmann et al., 2014; Liu et al., 2019), although
this may only hold in Aβ-positive individuals (Buckley et al., 2019b; Hohman et
al., 2018). Other studies failed to find associations between APOE genotype and
CSF tau levels (Lautner et al., 2014; Morris et al., 2010).
Using Tau-PET in the living patients, APOE4 was associated with increased tau
load in the EC, hippocampus and other brain regions, independent of Aβ load
(Baek et al., 2020; Ossenkoppele et al., 2016; Therriault et al., 2020; Weigand et
al., 2021). Conversely, others found associations to be mediated by Aβ burden
(Ramanan et al., 2019; Salvadó et al., 2021; Smith et al., 2020) and female sex
(Liu et al., 2019; Smith et al., 2020; Yan et al., 2020). APOE4 may influence the
topography of tau pathology, with APOE4 carriers exhibiting increased EC tau
load but reduced tau load within other cortical regions, when compared to noncarriers (Mattsson et al., 2018; Whitwell et al., 2018). Consequently, APOE4 may
be associated with different pathways of development and spread of tau
pathology in AD. In general, there is a lack of consensus regarding the effect of
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APOE genotype on tauopathy in model systems and in human AD brain, although
there are indications that APOE4 may preferentially influence regions involved in
initial spread of tau.
Chapters 4 and 5 indirectly suggested APOE4 might exacerbate spread of tau
through the human AD brain by synaptic and glia-mediated mechanisms. If so,
APOE effects were likely important early in the disease process. As identified in
chapter 3, no study has directly investigated whether APOE is necessary for tau
propagation and if APOE isoforms differentially contribute to this process.
Additionally, as age has been implicated in exacerbating tau spread (Wegmann
et al., 2019), and as AD is a disease of advancing age, it is feasible that APOE
effects on tau propagation might be age-dependent.
Thus, the aims of the experiment presented in this chapter are as follows:
1. Confirm that human tau propagates between neuroanatomically
connected brain areas in an in vivo model.
2. Investigate whether APOE is required for propagation of human tau in this
model.
3. Investigate whether APOE genotype and age differentially modulate tau
propagation in this model.
4. Establish whether human tau spreads trans-synaptically in this model and
whether this process is affected by APOE genotype and age.
To achieve these aims, human mutant tau (P301L) was selectively expressed in
the EC of APOE-TR and APOE KO mice using adeno-associated virus (AAV)
gene delivery. This AAV-mediated method was previously used to investigate tau
spread (Wegmann et al., 2015, 2019), and allows for discrimination of ‘donor
cells’, transduced with the viral construct, and ‘recipient cells’, to which human
tau has spread, through simple immunohistochemical techniques. EChippocampal circuitry is well-characterised (Basu and Siegelbaum, 2015), with
neurons located within the superficial layers of the EC forming monosynaptic
circuits with the DG and CA1, and providing input to the trisynaptic hippocampal
circuit that comprises DG, CA3 and CA1 neurons. Consequently, if tau
propagates through circuits in our model, potentially via synaptic mechanisms,
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we expected to visualise recipient cells within these regions. Moreover, tau
propagation likely begins in the EC (Kaufman et al., 2018), making study of this
circuit in the context of tau spread physiologically relevant. Further considerations
in selecting this model related to the relatively short time required to observe tau
spread (4-12 weeks; (Asai et al., 2015; Wegmann et al., 2015, 2019)) when
compared to the much longer time periods required in transgenic models that
selectively express tau in the EC (18 months; (de Calignon et al., 2012)).
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6.2 – Methods

___________________________________________________________________________________________

6.2.1 – Animals
In total, 120 male and female APOE-TR and APOE KO mice were used in this
study. This included 61 adult mice (~5-6 months of age) and 59 aged mice (~1516 months of age). All mice were bred and aged in-house and maintained as
homozygous colonies. APOE-TR mice express the respective human APOE
isoform under the control of the murine Apoe regulatory sequences (Knouff et al.,
1999; Sullivan et al., 1997, 1998). In APOE KO mice, endogenous mouse Apoe
is inactivated by insertion of a neomycin cassette (Piedrahita et al., 1992). 13
mice were culled prior to the end of the experiment due to health concerns (Table
6.2.1). This left 107 mice available for analysis upon experiment completion. Of
these, 58 were adult (~5-6 months of age; APOE KO: n = 15; APOE2: n = 14;
APOE3: n = 16; APOE4: n = 13) and 49 were aged (~15-16 months of age;
APOE KO: n = 9; APOE2: n = 10; APOE3: n = 14; APOE4: n = 16). 14 adult WT
C57/BL6 mice were used to assess stereotaxic injection co-ordinates (n = 11)
and AAV concentrations (n = 3). A further 8 APOE-TR mice (one male/female pair
of each genotype) were used to assess stereotaxic injection co-ordinates.
All animal experiments were performed in accordance with institutional and
national regulations, as outlined in section 2.2.2.
Table 6.2.1 – Mice removed prior to completion of the study
Adult

Aged

Overall

APOEKO APOE2 APOE3 APOE4 APOEKO APOE2 APOE3 APOE4
(N=1)

(N=0)

(N=0)

(N=2)

(N=3)

(N=3)

F

1 (100%)

0 (0%)

0 (0%) 1 (50%) 2 (66.6%)

M

0 (0%)

0 (0%)

0 (0%) 1 (50%) 1 (33.3%) 0 (0%)

(N=3)

(N=1)

Adult

Aged

(N=3)

(N=10)

Sex
3
3
2
8
0 (0%)
(100%) (100%)
(66.6%) (80%)
0 (0%)

1
1
2
(100%) (33.3%) (20%)

Reason for removal from study prior to completion
Post-surgical
health issue

1 (100%)

0 (0%)

0 (0%) 1 (50%) 3 (100%)

3
3
1
2
10
(100%) (100%) (100%) (66.6%) (100%)

Complications
during surgery

0 (0%)

0 (0%)

0 (0%) 1 (50%)

0 (0%)
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0 (0%)

0 (0%)

0 (0%)

1
0 (0%)
(33.3%)

6.2.2 – Stereotaxic injection, tissue processing and immunohistochemistry
The AAV used in this study (Fig. 2.6.1A) encodes GFP, a translation interrupting
2a peptide and full-length mutant (P301L) human tau in one RNA transcript
(AAV1/2-GFP-2a-Tau(P301L)). Due to the ‘self-cleaving’ properties of the 2a
peptide (Szymczak et al., 2004), upon translation, GFP-2a and P301L tau are
produced

as

individual

proteins

(Figure

2.6.1B).

This

enables

immunohistochemical detection of ‘donor cells’ transduced with the AAV, as they
produce both GFP and human tau (P301L). Non-transduced ‘recipient cells’ that
have received P301L tau through spreading mechanisms can be identified by
the presence of human tau, but not GFP (Figure 2.6.1C).
Following testing in WT C57/BL6 and APOE-TR mice to determine appropriate
AAV concentration and accurate injection co-ordinates (see section 6.3.1), an
AAV concentration of 5x108 vg/μl and stereotaxic co-ordinates of A/P = -4.7mm,
M/L = ±4.25mm, D/V = -2.50mm; with the micropipette tilted 20° away from the
midline, were selected for use.
All APOE-TR mice received bilateral stereotaxic injection of GFP-2a-Tau(P301L)
AAV into the superficial entorhinal cortex (EC), as described in section 2.6.3. After
14 weeks mice were culled and brains were removed and processed, as in
section 2.6.4. One hemisphere from each mouse was selected at random and
sectioned at 50 μm in the horizontal plane, as described in section 2.6.5, for use
in free-floating immunohistochemistry. Sections containing EC and hippocampus
were collected such that each eppendorf contained every 10th section.
Every 10th section was immunostained for GFP and human tau (Tau13), as
described in section 2.6.6, to enable quantification of donor and recipient cells.
DAPI was used to visualise nuclei. Adult and aged mice were immunostained
using slightly different protocols, as the original protocol failed to work adequately
in the aged cohort of mice at a later date. This change of protocol did not impact
immunostaining quality (Fig. 2.5). Tilescan images of each section, ensuring
inclusion of the EC and hippocampus, were obtained at 10x magnification.
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6.2.3 – Image analysis and quantification of donor and recipient cells
Individual images of each brain section were split into their component channels
and segmented using custom MATLAB scripts, as described in section 2.6.8.
Regions of interest (ROIs) were drawn around the EC, DG, CA1 and CA2/3 (Fig
6.2.1) using a mouse brain atlas for reference (Franklin and Paxinos, 2007). The
EC was further subdivided into superficial (LII/III) and deep layers (LV/VI) due to
their different roles as input and output areas of the hippocampus, respectively.
CA2 and CA3 were considered as one area due to difficulty in delineating
boundaries from one another.

Figure 6.2.1 – Regions of interest used for image analysis. ROIs were manually
drawn around the entorhinal cortex (EC; red and blue), dentate gyrus (DG; pink), CA2/3
(green) and CA1 (yellow). The EC was subdivided into superficial (layers II/III; red) and
deep layers (layers V/VI; blue) due to their different roles as input and output areas of the
hippocampus, respectively. CA2 and CA3 were considered as one area due to difficulty
in delineating their boundaries from one another. The horizontal section shown was
stained for DAPI (blue), GFP (green) and Tau13 (magenta). Donor cells (GFP+/Tau13+)
can be seen throughout the superficial layers of the EC and DG.
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Figure 6.2.2 – Method for extrapolating cell counts from individual sections to the
entire EC and hippocampus. To account for variability in number of sections analysed
per mouse, and for unequal distances between sequential sections, individual section
cell counts were extrapolated across the whole extent of the EC and hippocampus.
Sections were placed in sequential order by dorsal/ventral (D/V) position, using a mouse
brain atlas for reference. D/V position was noted (i.e., section 1 = -4.28 mm; section 2
= -3.96 mm in A) and the distance between sequential sections calculated. In this
example the distance between section 1 and 2 was 0.32 mm, or 320 μm (A). The
number of 50 μm-thick sections separating the two analysed sections was then
calculated by dividing the distance between sequential sections by 50 μm. Here, there
were 6.4 intermediary sections between the two analysed sections (A). Cell counts from
section 1 were multiplied by the number of intermediary sections between section 1 and
2 (B), filling in the gap between the analysed sequential sections. Consequently, in this
example, in the distance between section 1 and section 2 there were an estimated 51.2
donor cells (B). This was iteratively repeated across all analysed sections to extrapolate
counts from individual sections across the whole extent of the EC and hippocampus.
Image plates taken from Franklin and Paxinos (2007).

The number of donor cells within each segmented ROI was quantified using
automated methods to reduce bias and variability (described in section 2.6.8).
To ensure that only GFP+ cell bodies were counted as a donor cells, only
GFP+/DAPI+ cells were counted as donor cells. Although this likely excluded
some genuine donor cells, it vastly reduced the false inclusion rate of GFP+
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neurites. Recipient cells, identified by immuno-positivity for human tau but not
GFP (GFP-/Tau13+), were relatively low in number, and so were manually
counted within each non-segmented ROI, as described in section 2.6.8.
Percentage of donor cells (GFP+/DAPI+) colocalising with Tau13 was calculated
using a custom Python script.
On average, 7.63 (±2.09) sections were analysed per mouse, however this was
variable between animals (range = 5 – 15). Moreover, the distance between
sequential sections was not always the assumed 500 μm that would be expected
if every 10th 50μm-thick section was successfully analysed. To account for the
variable number of sections and unequal distance between sequential sections,
cell counts from individual sections were extrapolated across the whole extent of
the EC and hippocampus, essentially filling in the gap between analysed
sections. For this, the number of 50μm-thick sections separating sequential
sections was calculated (Fig. 6.2.2A). Donor and recipient cell counts within each
ROI in each section were then multiplied by the number of intermediary sections
(Fig. 6.2.2B). These extrapolated cell counts are referred to as the ‘estimated’
number of donor or recipient cells. For each mouse, the estimated number of
donor or recipient cells within each ROI from each section were summed
together, generate a measurement of the total estimated number of donor and
recipient cells within each ROI. Total estimated counts from each ROI were then
summed to generate a measurement of the total estimated number of donor and
recipient cells throughout the entire EC and hippocampus per mouse.
Previous work, using a similar AAV targeted to the EC, identified recipient cells in
hippocampal regions and adjacent to donor cells within the EC (Wegmann et al.,
2019). Presence of recipient cells in the hippocampus indicates tau spread
through EC-hippocampal circuitry, while presence in the EC is suggestive of local
spread. To understand whether APOE genotype and age exerted specific
influences on modes of spread, local and circuit-based tau spread were analysed
independently. Recipient cells within the EC were considered to be generated by
local spread, while recipient cells within the DG, CA2/3 and/or CA1 were
considered to be generated by circuit-based spread. To measure local spread,
total estimated number of recipient cells within the superficial and deep layers of
the EC were summed for each animal. To measure circuit-based spread, total

233

estimated number of recipient cells within the DG, CA2/3 and CA1 were summed
for each animal. Additionally, the predominant mode of spread observed within
each mouse was identified. For this, the normalised number of recipient cells
generated through local and circuit-based spread was calculated. If a mouse had
more recipient cells generated through local spread than circuit-based spread,
the predominant mode of tau spread was classified as local, and vice versa.

6.2.4 – Normalisation of recipient cell counts
Intracerebral AAV injection is inherently variable, particularly in relation to injection
location, transduction efficiency and variability between mice. It was conceivable
that a higher population of donor cells might lead to an increased number of
recipient cells. Consequently, measurements of the total estimated number of
recipient cells (GFP-/Tau13+) were normalised to the total estimated number of
donor cells (GFP+/DAPI+). Normalisation was calculated as the estimated
number of recipient cells per 100 donor cells.
Normalisation of the total estimated number of recipient cells throughout the
entire EC and hippocampus was performed as follows:
!"#$% '(#)*$#'+ ,-*.'/ "0 /'1)2)',# 1'%%( #3/"-43"-# #3' ',#)/' 56 $,+ 3)22"1$*2-(
!"#$% '(#)*$#'+ ,-*.'/ "0 +","/ 1'%%( #3/"-43"-# #3' ',#)/' 56 $,+ 3)22"1$*2-(

x 100

When stratifying by brain region, the total estimated number of recipient cells
within that specific region was normalised in consideration of EC-hippocampal
circuitry. Here, the total estimated number of recipient cells was normalised to
the total estimated number of donor cells within the selected brain region and
within all brain regions providing input. For example, the total estimated number
of recipient cells within CA2/3 was normalised to the total estimated number of
donor cells within CA2/3, the DG and the superficial layers of the EC, as all of
these regions provide CA2/3 input.
!"#$% '(#)*$#'+ ,-*.'/ "0 /'1)2)',# 1'%%( # 7)#3), $ (2'1)0)1 ./$), /'4)",
!"#$% '(#)*$#'+ ,-*.'/ "0 +","/ 1'%%( 7)#3), #3$# (2'1)0)1 ./$), /'4)", 8 $%% ),2-# /'4)",(
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x 100

Normalisation of the total estimated number of recipient cells generated
through local tau spread was performed as follows:
!"#$% '(#)*$#'+ ,-*.'/ "0 /'1)2)',# 1'%%( ), #3' 56 ((-2'/0)1$% 8 +''2 %$:'/()
!"#$% '(#)*$#'+ ,-*.'/ "0 +","/ 1'%%( ), 56 ((-2'/0)1$% 8 +''2 %$:'/()

x 100

Normalisation of the total estimated number of recipient cells generated through
circuit-based tau spread was performed in consideration of EC-hippocampal
circuitry. Here, the total estimated number of recipient cells throughout all
hippocampal regions was normalised to the total estimated number of donor
cells within brain regions that provide input to hippocampal regions. Moreover,
as donor cells were observed outwith the EC, the number of donor cells within
hippocampal regions was also included in the normalisation factor, as these
regions also provide input to one another. Thus, normalisation was performed as
follows:
!"#$% '(#)*$#'+ ,-*.'/ "0 /'1)2)',# 1'%%( ), 3)22"1$*2$% /'4)",( (<= 8 6>?⁄@ 8 6>B)
!"#$% '(#)*$#'+ ,-*.'/ "0 +","/ 1'%%( ), ),2-# /'4)",( (56 ((-2'/0)1)$%)8 <= 8 6>?⁄@ 8 6>B)

x 100

6.2.5 – Array tomography in APOE-TR mice
To investigate APOE and age effects on synaptic tau spread, array tomography
was performed on hippocampal tissue blocks taken from AAV-injected APOETR mice, as described in section 2.4. To date, preliminary work has performed
array tomography in four mice (one of each APOE genotype) to optimise
immunostaining and analysis. 70nm-thick serial section tissue ribbons containing
the DG and CA regions were stained with 3 markers and DAPI, to label nuclei.
GFP was used to label donor cells, postsynaptic density protein 95 (PSD95) was
used to label excitatory postsynapses and Tau13 used to label human tau.
Images were acquired in the middle molecular layer (MML) of the DG, where
synaptic terminals from EC LII cells are located. A further two images were
acquired in the synaptic input layers of CA2/3 and CA1, which receive input from
EC LII and the DG, and EC LIII and CA2/3, respectively (Fig. 6.2.3). No
quantification has been conducted as yet.
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Figure 6.2.3 – Array tomography image acquisition locations in AAV-injected APOE-TR. AAV injection was targeted to superficial layers of
the entorhinal cortex (EC). Images were acquired in brain regions that receive synaptic input from the EC. Layer II (LII) EC neurons send
projections to the dentate gyrus (DG) and CA2/3. Within the DG, these EC LII synaptic terminals are localised to the middle molecular layer
(MML). Thus, array tomography images were acquired here (1). CA2/3 receives input from the DG and EC LII in the stratum lucidum (SL) and
stratum lacunosum-moleculare (SLM). Thus, array tomography images were acquired across these regions (2). CA1 receives input from CA3
and EC LIII in the stratum radiatum (SR) and SLM. Thus, array tomography images were acquired across these regions (3). SLM = stratum
lacunosum-moleculare; SR = stratum radiatum; SL = stratum lucidum; SP = stratum pyramidale; SO = stratum oriens.
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6.2.6 – Statistical analysis
Statistical analysis was performed using RStudio. Length of virus expression was
analysed with two-way ANOVA following Shapiro-Wilk normality testing.
Multiple linear regression (‘stats’ package) was used to analyse differences in the
total estimated number of donor and recipient throughout the entire EC and
hippocampus (non-normalised and normalised), the percentage of donor cells
colocalising with human tau, and the total estimated number of recipient cells
generated through local and circuit-based spread (non-normalised and
normalised). ANOVAs (‘stats’ package) were performed on multiple linear
regression models to determine main effects (APOE genotype, age and sex) and
interactions between main effects (APOE genotype x age).
Linear mixed effect models (‘lmerTest’ package) were used to analyse the effect
of ROI, or brain region, on the total estimated number of donor and recipient
cells. Linear mixed effect models were selected as they can account for the nonindependent, hierarchical structure of the data (i.e., multiple measurements
obtained within different brain regions from the same animal) by allowing for both
fixed and random effects. Use of this method increases statistical power as the
need to aggregate data is eliminated. ANOVAs (‘stats’ package) were performed
on mixed effect models to determine the main effects of each fixed effect and
interactions between main effects. Fixed effects included APOE genotype, age
group, brain region and sex.
Multiple linear regression and linear mixed effect models assume linearity, normal
distribution of residuals and homogeneity of variance. Linearity was assessed by
plotting model residuals against predictors, distribution of residuals was checked
with a QQ-plot, and homogeneity of variance checked by plotting residuals
against fitted values. If the model did not meet assumptions, data was
transformed using Tukey or Box-Cox transformations. Post-hoc testing was
conducted for simple pairwise comparisons and utilised estimated marginal
means (’emmeans’ package) with Tukey correction for multiple testing.
Due to the binary and categorical nature of the dependent variable, the effect of
APOE genotype, age and sex on the likelihood of tau spread occurring and on
the predominance for local or circuit-based spread was assessed using binomial
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logistic regression. ANOVAs (‘car’ package) were performed on logistic
regression models to determine main effects and interactions between main
effects.
Correlations used Spearman’s rank correlation. Post-hoc and a priori power
calculations used G*Power 3.1, following procedures for tests based on multiple
linear regression (Faul 2009). Results were considered statistically significant at
p < 0.05. Full statistical outputs and models used in all analyses are shown in
tables throughout.

238

6.3 – Results

___________________________________________________________________________________________

6.3.1 – AAV concentration and stereotaxic co-ordinates
To determine accurate stereotaxic coordinates consistently targeting superficial
layers of the EC, a blue (Toluidine Blue) and a fluorescent dye (Texas Red) were
injected into the EC of WT mice. Brains were sectioned in the sagittal plane and
imaged using to establish co-ordinate accuracy. Tested co-ordinates were
identified from the literature and modified based on observed accuracy or
inaccuracy. After multiple rounds of modification, the co-ordinates: A/P = 4.7mm, M/L = ±4.25mm, D/V = -2.50mm; with the micropipette tilted 20° in the
M/L direction away from the midline, consistently and accurately targeted LII/III
of the EC (Fig. 6.3.1A-B). To ensure that any differences between WT C57/BL6
and APOE-KI and -KO mice did not influence injection accuracy, co-ordinates
were further confirmed in APOE-KI and -KO mice (Fig. 6.3.1C). Co-ordinate
accuracy was not affected by sex.
To confirm viral expression of GFP and human tau and establish an appropriate
Tau(P301L)-AAV concentration for stereotaxic injection, three different AAV
concentrations (1x108, 5x108 and 1x109 vg/μl) were injected bilaterally into the
somatosensory cortices of WT C57/BL6 mice. Mice were culled after 3 weeks,
to allow time for viral expression, and brains sectioned in the coronal plane.
Sections were stained for GFP and human tau (Tau13). Staining for both GFP
and Tau13 was observed (Fig. 6.3.2), confirming expression of the viral
construct. Although not quantified, by eye, it was clear that injection with viral
concentration of 1x108 vg/µl resulted in minimal transduction of cells around the
injection site (Fig. 6.3.2A). Concentrations of 5x108 vg/μl and 1x109 vg/µl resulted
in a greater and sufficient number of transduced cells (Fig. 6.3.2B-C).
Considering expression of GFP can be cytotoxic (Ansari 2016) and as there was
no obvious difference in transduction between the two higher concentrations, the
lower concentration of 5x108 vg/μl was selected for use.
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Figure 6.3.1 – Determination of accurate stereotaxic co-ordinates. To determine
accurate stereotaxic coordinates that consistently targeted superficial layers of the EC,
a blue (A and B) and fluorescent dye (C) were injected into the EC using a range of coordinates. In multiple WT mice (A and B), co-ordinates: A/P = -4.7mm, M/L = ±4.25mm,
D/V = -2.50mm; with micropipette tilted 20°, consistently and accurately targeted EC
LII/III (A; blue spots of dye). Comparison to brain atlas confirmed accuracy in the EC (B;
red circle & green bar). To ensure any differences between WT and APOE-TR mice did
not influence injection accuracy, co-ordinates were further confirmed in APOE-TR and
APOE KO mice (C). Atlas image in B taken from Franklin and Paxinos (2007).
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9

8

8

Figure 6.3.2 – Determination of AAV concentration for stereotaxic injection. Three different concentrations (1x10 vg/μl – A; 5x10 vg/μl –

8

8

B; 1x10 vg/μl – C) of GFP-2a-Tau(P301L) AAV were bilaterally injected into the somatosensory cortices of three C57/BL6 mice. Mice were
culled after 3 weeks, to allow time for viral expression, and brains were sectioned in the coronal plane. Sections were then stained for GFP and
human tau (Tau13). AAV expression was confirmed by presence of GFP+/Tau13+ cells at all three tested concentrations (A–C). Injection with
9

8

the viral concentration of 1x10 vg/µl resulted in minimal transduction of cells around the injection site (A). Concentrations of 5x10 vg/μl and

1x10 vg/µl resulted in a greater number of transduced cells (B,C). The concentration of 5x10 vg/μl was selected for use.
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6.3.2 – Mouse information
In total, 107 (58 adult and 49 aged) mice received bilateral stereotaxic injection
of GFP-2a-Tau(P301L) AAV as part of this study. To date, 29 adult and 22 aged
mice (51 in total) have been analysed using free-floating immunohistochemistry.
A total of 4 mice were removed from the adult group due to the absence of any
GFP signal (1 x APOE KO; 1 x APOE2; 1 x APOE3; 1 x APOE4). All analysed
mice in the aged group displayed GFP signal, meaning none were removed from
the study. Information detailing age at injection, age at cull and length of virus
expression period for each group can be found in Table 6.3.1. Length of virus
expression period was consistent between groups (genotype: F3,39 = 1.300, p =
0.288; age group: F1,39 = 1.751, p = 0.193; genotype x age group: F3,39 = 1.431,
p = 0.248; two-way ANOVA).

Table 6.3.1 – Information on all APOE-TR mice included in free-floating
immunohistochemistry study of tau spread
Adult
APOE
KO
(N=6)

Aged

APOE2 APOE3 APOE4
(N=7)

(N=5)

(N=7)

APOE
KO
(N=5)

Overall

APOE2 APOE3 APOE4
(N=6)

(N=6)

(N=5)

Adult

Aged

(N=25)

(N=22)

Sex
F

3
3
2
4
1
2
1
3
12
7
(50.0%) (42.9%) (40.0%) (57.1%) (20.0%) (33.3%) (16.7%) (60.0%) (48.0%) (31.8%)

M

3
4
3
3
4
4
5
2
13
15
(50.0%) (57.1%) (60.0%) (42.9%) (80.0%) (66.7%) (83.3%) (40.0%) (52.0%) (68.2%)

Age at injection (months)
Mean
(SD)

5.78
(0.105)

5.43
5.25
5.52
15.3
15.4
15.3
15.3
5.51
(0.192) (0.0380) (0.232) (0.0767) (0.286) (0.0828) (0.0901) (0.242)

15.3
(0.168)

Age at cull (months)
Mean
(SD)

8.98
(0.105)

8.64
8.49
8.74
18.5
18.7
18.5
18.5
8.72
(0.205) (0.0380) (0.194) (0.0691) (0.298) (0.0743) (0.0837) (0.229)

18.5
(0.174)

Length of virus expression period (months)
Mean
(SD)

3.20
(0)

3.21
3.23
3.21
3.19
3.22
3.20
3.21
3.21
3.20
(0.0252) (0.0236) (0.0378) (0.0279) (0.0183) (0.0211) (0.0149) (0.0272) (0.0213)
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6.3.3 – Donor cell number was not affected by APOE or age but was
highly variable
Stereotaxic AAV injection is inherently variable, relating to injection location,
transduction efficiency and mouse-to-mouse variability. Thus, it was important to
first establish whether there were differences in the total estimated number of
donor cells between groups. Here, the estimated number of donor cells within all
brain regions were summed for each mouse.
Overall, genotype (F3,38 = 0.280, p = 0.839), age (F1,38 = 1.546, p = 0.221) and
sex (F1,31 = 0.979, p = 0.329) did not impact the total estimated number of donor
cells throughout the EC and hippocampus (Fig. 6.3.3). There was also no
genotype and age interaction (F3,38 = 0.133, p = 0.940; Table 6.3.2), indicating
total estimated donor cell number was similar between groups (Fig. 6.3.3).
However, the estimated number of donor cells was highly variable between mice,
with some exhibiting very low counts relative to others (Fig. 6.3.3 – blue data
points; Fig. 6.3.4). As the total number of donor cells was positively correlated
with the total number of recipient cells (Spearman’s rho = 0.605, p < 0.001; Fig.
6.3.5), donor cell number might influence the number of recipient cells and thus
the degree of tau spread measured. Due to this association, and considering that
only every 10th brain section was analysed, it was conceivable that recipient cells
may be missed in mice with very few donor cells, due to our sampling method.
Therefore, the mean number of donor cells required to observe one recipient cell
using our sampling method was calculated per group (Table 6.3.3). This was
highly variable between groups (range = 51.55 – 346.02). To increase confidence
in our observations (i.e., if no recipient cells were observed, we wanted to be
confident that this was due to an absence of tau spread, rather than a
methodological inability to detect recipient cells), a conservative cut-off was
applied whereby mice with fewer than 346 donor cells in the EC and
hippocampus were removed from analyses.
Application of this cut-off removed 7 ‘low-donor’ mice (Fig. 6.3.3 – blue data
points; 2 x adult APOE KO, 3 x adult APOE2, 1 x adult APOE3 and 1 x aged
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APOE2). Information detailing age at injection, cull and length of virus expression
period for each group after cut-off implementation can be found in Table 6.3.4.
Length of virus expression period was consistent between groups (genotype:
F3,39 = 0.781, p = 0.513; age group: F1,39 = 1.209, p = 0.280; genotype x age
group: F3,39 = 0.569, p = 0.640; two-way ANOVA).

Figure 6.3.3 – Total estimated number of donor cells in EC and hippocampus. All
mice received bilateral stereotaxic injection of AAV targeted to superficial EC. The
number of donor cells (GFP+/DAPI+) were counted within ROIs of each section and
extrapolated across the EC and hippocampus. Estimated counts within each ROI were
summed to generate a total estimated number of donor cells in the whole EC and
hippocampus of each mouse. The total estimated number of donor cells was similar
across all groups. However, donor cell number was variable between mice. Mice
identified to have a lower number of donor cells than the mean number required to
observe one recipient cell were removed from analysis (blue data points). Analysed using
multiple linear regression, followed by ANOVA for determination of main effects. Full
statistical analysis output in Table 6.3.2. Limits of boxes represent lower (Q1) and upper
(Q2) quartiles. Central line delineates the median. Upper and lower whiskers represent
minimum (Q1 – 1.5 * inter-quartile range) and maximum (Q2 + 1.5 * inter-quartile range).
Numbers above boxplots show number of mice analysed for each group. Data points
show values for each animal. Males are shown by triangles and females are shown using
circles.
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Figure 6.3.4 – Donor cell number was variable between mice. All mice received stereotaxic injection of GFP-2a-Tau(P301L) AAV targeted
to superficial EC. Number of donor cells (GFP+/DAPI+) was variable between mice. For example, very few donor cells were observed in the
mouse shown in A compared to the mouse shown in B. Consequently, the animal in A was removed from analysis. Horizontal section shown
in A came from an adult APOE2 mouse, while the section shown in B came from an adult APOE3 mouse. Sections were stained for DAPI
(blue) and GFP (green) and are of comparable D/V positions
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Figure 6.3.5 – Correlation between total estimated number of donor and recipient
cells in the EC and hippocampus. The total estimated number of donor cells
(GFP+/DAPI+) throughout the EC and hippocampus was significantly positively
correlated with the total estimated number of recipient cells (GFP-/Tau13+) throughout
the EC and hippocampus. Analysed using Spearman’s rank correlation. Regression
line fitted using linear modelling. Confidence intervals are shown in grey shading. Data
points show values for each individual animal.

Table 6.3.2 – Statistical analysis output of total estimated number of donor
cells throughout the EC and hippocampus
Donor cell number ~ Genotype * Age Group + Sex
No transformation
anova(lm) output
DF

Sum Sq

Mean Sq

F value

P-value

Genotype

3

29347450

9782483

0.2802

0.8393

Age Group

1

53958684

53958684

1.5457

0.2214

Sex

1

34162524

34162524

0.9786

0.3288

Genotype * Age Group

3

13876081

4625360

0.1325

0.9401

Residuals

38

1326575203

34909874
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Table 6.3.3 – Mean number of donor cells required to observe one recipient cell
Adult

Aged

APOEKO

APOE2

APOE3

APOE4

(N=6)

(N=7)

(N=5)

(N=7)

APOEKO

APOE2

APOE3

(N=5)

(N=6)

(N=6)

-

+

+

APOE4
(N=5)
+

Mean number of recipient cells (GFP /Tau13 ) per 100 donor cells (GFP /DAPI )
0.289

1.94

0.300

0.751

0.520

0.355

1.18

0.590

Mean number of donor cells required to observe 1 recipient cell
346.021

51.546

333.333

133.156

192.308

281.690

84.746

169.492

Table 6.3.4 – Information on all mice included in study of tau spread after removal
of ‘low-donor’ mice
Adult

Aged

Overall

APOEKO APOE2 APOE3 APOE4 APOEKO APOE2 APOE3 APOE4
(N=4)

(N=4)

(N=4)

(N=7)

(N=5)

(N=5)

(N=6)

(N=5)

Adult

Aged

(N=19)

(N=21)

Sex
F

3 (75.0%)

3
1
4
1
1
3
11
6
1 (20.0%)
(75.0%) (25.0%) (57.1%)
(20.0%) (16.7%) (60.0%) (57.9%) (28.6%)

M

1 (25.0%)

1
3
3
4
5
2
8
15
4 (80.0%)
(25.0%) (75.0%) (42.9%)
(80.0%) (83.3%) (40.0%) (42.1%) (71.4%)

Age at injection (months)
Mean
(SD)

5.80
(0.115)

5.35
(0.215)

5.25
(0.043)

5.52
(0.232)

15.3
(0.077)

15.4
(0.249)

15.3
(0.083)

15.3
(0.090)

5.49
(0.259)

15.3
(0.134)

8.48
(0.032)

8.74
(0.194)

18.5
(0.069)

18.6
(0.259)

18.5
(0.074)

18.5
(0.084)

8.70
(0.247)

18.5
(0.136)

3.19
(0.028)

3.21
(0.018)

3.20
(0.021)

3.21
(0.015)

3.21
(0.028)

3.20
(0.021)

Age at cull (months)
Mean
(SD)

9.00
(0.115)

8.56
(0.241)

Length of virus expression period (months)
Mean
(SD)

3.20
(0)

3.21
(0.032)

3.23
(0.017)

3.21
(0.038)

6.3.4 – Donor cell number was not affected by APOE
Following removal of ‘low-donor’ mice from analyses, donor cell number was
reanalysed. Estimated number of donor cells within brain regions were summed
for each mouse. Total estimated number of donor cells in the EC and
hippocampus was not affected by genotype (F3,38 = 1.040, p = 0.389) or sex (F1,31
= 0.165, p = 0.687) and there was no genotype and age interaction (F3,38 = 0.224,
p = 0.879). Aged mice had fewer donor cells than adult mice (F1,38 = 9.535, p =
0.004; Fig. 6.3.6; Table 6.3.5), although this should be interpreted cautiously as
6 adult ‘low-donor’ mice were removed from analyses.
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6.3.5 – Donor cells in brain regions downstream of the EC
Although stereotaxic injections were targeted to the EC, donor cells were also
observed in downstream brain regions, including the DG, CA2/3 and CA1 (Fig.
6.3.7). This raised the possibility that donor cell number might differ across brain
regions and could be influenced by APOE genotype and/or age. When stratifying
by brain region, genotype (F3,31 = 2.020, p = 0.131), age (F1,31 = 1.663, p = 0.207)
and sex (F1,31 = 1.307, p = 0.262) did not influence the estimated number of
donor cells. However, estimated donor cell number was significantly different
across brain regions (F4,128 = 1.040, p = 0.389) and there was a significant
interaction between APOE genotype and brain region (F12,128 = 2.176, p = 0.016;
Fig. 6.3.8; Table 6.3.6). Thus, differences in the number of donor cells across
different brain regions were not consistent across genotypes (Table 6.3.7). For
example, in APOE3 and APOE4 mice, most donor cells were located in the
superficial layers of the EC (Fig. 6.3.8A), with significantly more located here than
in the DG (APOE3: p = 0.037; APOE4: p < 0.001). In APOE KO and APOE2 mice
however, there was no significant difference between the number of donor cells
within the superficial layers of the EC and the DG (APOE KO: p = 0.588; APOE2:
p = 0.238). Additionally, APOE KO and APOE3 mice had more donor cells in the
DG compared to APOE4 mice (APOE KO vs. APOE4: p < 0.001; APOE3 vs.
APOE4: p = 0.046; Fig. 6.3.8B).
The reason for observing donor cells outwith the EC was unclear, and possible
explanations were not empirically tested. Nonetheless, the presence of donor
cells in downstream brain regions has implications for the measurement of tau
spread in these areas. For example, a greater number of donor cells within the
DG might result in increased spread of tau to downstream regions such as
CA2/3. Consequently, further analysis of tau spread will likely need to consider
potential region-specific differences in donor cell number.
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Figure 6.3.6 – Total estimated number of donor cells was reduced in aged mice
after removal of ‘low-donor’ mice. All mice received bilateral stereotaxic injection of
AAV targeted to superficial layers of the EC. Donor cells (GFP+/DAPI+) were counted
within ROIs of each section and extrapolated across the EC and hippocampus.
Estimated counts within each ROI were summed to generate total estimated number of
donor cells throughout the whole EC and hippocampus. Mice with fewer than 346.02
donor cells were removed from analysis. Aged mice (~15-16 months) had significantly
fewer donor cells than adult mice (~5-6 months). Analysed using multiple linear
regression, followed by ANOVA for determination of main effects. Full statistical analysis
output can be found in Table 6.3.5. Limits of the boxes represent the lower (Q1) and
upper (Q2) quartiles. The central line delineates the median. Upper and lower whiskers
represent the minimum (Q1 – 1.5 * inter-quartile range) and maximum (Q2 + 1.5 * interquartile range). Numbers above boxplots show the number of mice analysed for each
group. Data points show values for each individual animal. Males are shown by triangle
data points and females are shown using circles.
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Figure 6.3.7 – Donor cells were observed in brain regions outwith the entorhinal cortex. Although stereotaxic injections of GFP-2aTau(P301L) AAV were targeted to the superficial layers of the EC (purple; A,B), donor cells (GFP+/DAPI+) were also observed in downstream
brain regions, including the DG (pink; A,B), CA2/3 (green; A) and CA1 (yellow; B). The horizontal section shown in A came from an adult APOE2
mouse, while the section shown in B came from an adult APOE3 mouse. Sections were stained for DAPI (blue) and GFP (green).
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Figure 6.3.8 – Total estimated number of donor cells in each brain region. Plots
show differences between brain regions within genotypes (A) and differences between
genotypes within brain regions (B). There was no effect of age group. Estimated donor
cell number varied across brain regions and this was dependent on genotype. Donor
cells (GFP+/DAPI+) were counted within ROIs of each section and extrapolated across
the EC and hippocampus to generate a total estimated number of donor cells within
each ROI of each mouse. Mice with < 346.02 donor cells were removed. Analysed using
mixed effect models, followed by ANOVA for determination of main effects. Full statistical
analysis output can be found in Table 6.3.6 and 6.3.7. Limits of the boxes represent the
lower (Q1) and upper (Q2) quartiles. The central line delineates the median. Upper and
lower whiskers represent the minimum (Q1 – 1.5 * inter-quartile range) and maximum
(Q2 + 1.5 * inter-quartile range). Numbers above boxplots show the number of mice
analysed in each group. Data points show values for each individual animal.
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Table 6.3.5 – Statistical analysis output of total donor cell number following
removal of ‘low donor’ mice
Donor cell number ~ Genotype * Age Group + Sex
No transformation
anova(lm) output
DF

Sum Sq

Mean Sq

F value

P-value

Genotype

3

72151677

24050559

1.0401

0.388572

Age Group

1

220493355

220493355

9.5351

0.004227

Sex

1

3824195

3824195

0.1654

0.687049

Genotype * Age Group

3

15504439

5168146

0.2235

0.879332

Residuals

31

716855266

23124363

Table 6.3.6 – Statistical analysis output of donor cell number within separate
brain regions
Donor cell number ~ Genotype * Age Group * Brain Region + Sex + (1| Mouse ID)
Tukey transformed
anova(lmerTest) output
Sum
Sq

Mean
Sq

Num
DF

Den
DF

F value

P-value

Genotype

15.81

5.270

3

31

2.0204

0.13148

Age Group

4.34

4.337

1

31

1.6629

0.20676

Brain Region

590.88

147.720

4

128

56.6340

< 2e-16

Sex

3.41

3.410

1

31

1.3072

0.26166

Genotype * Age Group

3.72

1.241

3

31

0.4756

0.70154

Genotype * Brain Region

68.11

5.676

12

128

2.1760

0.01647

Age Group * Brain Region

18.06

4.515

4

128

1.7309

0.14711

Genotype * Age Group *
Brain Region

17.15

1.429

12

128

0.5478

0.87939

Table 6.3.7 - Post-hoc statistical analysis output of donor cell number within
separate regions
emm <- emmeans(model, ~ Genotype * Brain Region)
pairs(emm, simple = "each")
Genotype comparisons within region
Region

Genotype contrast

Estimate
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SE

DF

T ratio

p-value

CA1

CA2/3

DG

EC
(Superficial)

EC (Deep)

APOE2 - APOE3

0.51283

0.846

134

0.607

0.9299

APOE2 - APOEKO

0.30900

0.855

136

0.361

0.9838

APOE2 - APOE4

0.48956

0.804

136

0.609

0.9290

APOE3 - APOEKO

-0.20382

0.846

134

-0.241

0.9951

APOE3 - APOE4

-0.02326

0.799

131

-0.029

1.0000

APOEKO - APOE4

0.18056

0.804

136

0.225

0.9960

APOE2 - APOE3

1.05069

0.846

134

1.243

0.6009

APOE2 - APOEKO

-0.54065

0.855

136

-0.632

0.9215

APOE2 - APOE4

0.89228

0.804

136

1.110

0.6839

APOE3 - APOEKO

-1.59134

0.846

134

-1.882

0.2407

APOE3 - APOE4

-0.15841

0.799

131

-0.198

0.9972

APOEKO - APOE4

1.43293

0.804

136

1.783

0.2860

APOE2 - APOE3

-0.03604

0.846

134

-0.043

1.0000

APOE2 - APOEKO

-1.30141

0.855

136

-1.522

0.4272

APOE2 - APOE4

2.07222

0.804

136

2.578

0.0530

APOE3 - APOEKO

-1.26537

0.846

134

-1.497

0.4424

APOE3 - APOE4

2.10826

0.799

131

2.638

0.0457

APOEKO - APOE4

3.37363

0.804

136

4.198

0.0003

APOE2 - APOE3

-0.56854

0.846

134

-0.672

0.9073

APOE2 - APOEKO

1.40830

0.855

136

1.647

0.3559

APOE2 - APOE4

0.93218

0.804

136

1.160

0.6531

APOE3 - APOEKO

1.97684

0.846

134

2.338

0.0946

APOE3 - APOE4

1.50072

0.799

131

1.878

0.2427

APOEKO - APOE4

-0.47612

0.804

136

-0.592

0.9342

APOE2 - APOE3

0.33756

0.846

134

0.399

0.9784

APOE2 - APOEKO

-0.00667

0.855

136

-0.008

1.0000

APOE2 - APOE4

0.55587

0.804

136

0.692

0.9001

APOE3 - APOEKO

-0.34423

0.846

134

-0.407

0.9771

APOE3 - APOE4

0.21831

0.799

131

0.273

0.9928

APOEKO - APOE4

0.56254

0.804

136

0.700

0.8969

Region comparisons within genotype
Genotype

APOEKO

Region contrasts

Estimate

SE

DF

T ratio

p-value

CA1 - CA2/3

-0.800

0.766

128

-1.044

0.8345

CA1 - DG

-4.563

0.766

128

-5.957

<.0001

CA1 - EC (Superficial)

-3.442

0.766

128

-4.492

0.0001

CA1 - EC (Deep)

-2.202

0.766

128

-2.874

0.0376
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APOE2

APOE3

APOE4

CA2/3 - DG

-3.764

0.766

128

-4.913

<.0001

CA2/3 - EC (Superficial)

-2.642

0.766

128

-3.449

0.0067

CA2/3 - EC (Deep)

-1.402

0.766

128

-1.830

0.3608

DG - EC (Superficial)

1.122

0.766

128

1.464

0.5876

DG - EC (Deep)

2.361

0.766

128

3.082

0.0209

EC (Superficial) - EC (Deep)

1.240

0.766

128

1.618

0.4886

CA1 - CA2/3

0.050

0.766

128

0.065

1.0000

CA1 - DG

-2.953

0.766

128

-3.854

0.0017

CA1 - EC (Superficial)

-4.541

0.766

128

-5.927

<.0001

CA1 - EC (Deep)

-1.886

0.766

128

-2.462

0.1059

CA2/3 - DG

-3.003

0.766

128

-3.920

0.0013

CA2/3 - EC (Superficial)

-4.591

0.766

128

-5.993

<.0001

CA2/3 - EC (Deep)

-1.936

0.766

128

-2.527

0.0909

DG - EC (Superficial)

-1.588

0.766

128

-2.073

0.2382

DG - EC (Deep)

1.067

0.766

128

1.392

0.6337

EC (Superficial) - EC (Deep)

2.655

0.766

128

3.465

0.0064

CA1 - CA2/3

0.588

0.737

128

0.798

0.9309

CA1 - DG

-3.502

0.737

128

-4.750

0.0001

CA1 - EC (Superficial)

-5.622

0.737

128

-7.627

<.0001

CA1 - EC (Deep)

-2.061

0.737

128

-2.796

0.0463

CA2/3 - DG

-4.090

0.737

128

-5.548

<.0001

CA2/3 - EC (Superficial)

-6.210

0.737

128

-8.424

<.0001

CA2/3 - EC (Deep)

-2.649

0.737

128

-3.594

0.0042

DG - EC (Superficial)

-2.121

0.737

128

-2.877

0.0373

DG - EC (Deep)

1.440

0.737

128

1.954

0.2948

EC (Superficial) - EC (Deep)

3.561

0.737

128

4.830

<.0001

CA1 - CA2/3

0.453

0.669

128

0.677

0.9610

CA1 - DG

-1.370

0.669

128

-2.049

0.2490

CA1 – EC (Superficial)

-4.098

0.669

128

-6.129

<.0001

CA1 - EC (Deep)

-1.820

0.669

128

-2.722

0.0563

CA2/3 - DG

-1.823

0.669

128

-2.726

0.0556

CA2/3 - EC (Superficial)

-4.551

0.669

128

-6.806

<.0001

CA2/3 - EC (Deep)

-2.273

0.669

128

-3.399

0.0079

DG - EC (Superficial)

-2.728

0.669

128

-4.080

0.0007

DG - EC (Deep)

-0.450

0.669

128

-0.673

0.9620

EC (Superficial) - EC (Deep)

2.278

0.669

128

3.407

0.0077
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6.3.6 – More donor cells were positive for human tau in aged mice
Transduction of cells with GFP-2a-Tau(P301L) AAV should result in the
production of GFP and Tau(P301L) proteins at an equimolar ratio. Although 2a
peptide cleavage efficiency is high (~90-95%), inefficient cleavage of the 2a
peptide would produce the fusion protein GFP-2a-Tau(P301L). Thus, we would
expect to observe Tau13 signal in concert with GFP signal, even in the context
of inefficient cleavage. However, during image analysis, it was noticed that not all
donor cells were immuno-positive for Tau13 (Fig. 6.3.9).
Therefore, the proportion of donor cells immuno-positive for Tau13 was
calculated throughout the extent of the EC and hippocampal formation. Adult
mice had a lower proportion of donor cells immuno-positive for Tau13 compared
to aged mice (F1,31 = 47.334, p < 0.001; Fig. 6.3.10; Table 6.3.8). On average,
54.7% (±15.6) of donor cells were immuno-positive for Tau13 in adult mice. This
was increased to 78.3% (±6.35) in aged mice. The proportion of donor cells
immuno-positive for Tau13 was not affected by genotype (F3,31 = 2.045, p =
0.128) or sex (F3131 = 2.748, p = 0.108), and there was no interaction between
genotype and age (F3,31 = 0.266, p = 0.849). Potential mechanisms underlying
this observed phenomenon were not investigated further.

Table 6.3.8 – Statistical analysis output of proportion of total donor cells
immuno-positive for human tau
Proportion of donor cells immuno-positive for Tau13 ~ Genotype * Age Group + Sex
Box-Cox (log-likelihood) transformed
anova(lm) output
DF

Sum Sq

Mean Sq

F value

P-value

Genotype

3

2677466

892489

2.0451

0.1279

Age Group

1

20656680

20656680

47.3343

1.032e-07

Sex

1

1199068

1199068

2.7476

0.1075

Genotype * Age Group

3

348364

116121

0.2661

0.8493

Residuals

31

13528396

436400
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Figure 6.3.9 – Not all donor cells were immuno-positive for human tau. During
image analysis, it was noticed that some donor cells (GFP+/DAPI+) were immunonegative for human tau (Tau13), despite showing clear GFP signal (white arrowheads).
Images taken of a section from a mouse injected with GFP-2a-Tau(P301L) AAV and
shows donor cells within superficial layers of the EC. Section was stained for DAPI (blue),
GFP (green) and Tau13 (magenta).
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Figure 6.3.10 – More donor cells were positive for human tau in aged APOE-TR
mice. All mice received bilateral stereotaxic injection of AAV targeted to superficial layers
of the EC. The percentage of donor cells (GFP+/DAPI+) immuno-positive for human tau
(Tau13) was calculated using automated methods. In adult mice (~5-6 months), a
significantly lower proportion of donor cells were immuno-positive for human tau than in
aged mice (~15 months). Analysed using multiple linear regression, followed by ANOVA
for determination of main effects and interactions. Full statistical analysis output can be
found in Table 6.3.8. Limits of the boxes represent the lower (Q1) and upper (Q2)
quartiles. The central line delineates the median. Upper and lower whiskers represent
the minimum (Q1 – 1.5 * inter-quartile range) and maximum (Q2 + 1.5 * inter-quartile
range). Numbers above boxplots show the number of mice analysed for each group.
Data points show values for each individual animal. Males are shown by triangle data
points and females are shown using circles.
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6.3.7 – Tau propagation was not affected by APOE or age
Previous work, using a similar AAV targeted to the EC, identified that spread of
tau from donor cells within the EC respected anatomical pathways, with recipient
cells observed in synaptically connected hippocampal regions. Recipient cells
were also observed adjacent to donor cells within the EC, indicative of local tau
spreading (Wegmann et al., 2019). Similarly, in this study, spread of tau protein
to downstream hippocampal regions and local spread within the EC was also
observed (Fig. 6.3.11).
To investigate the influence of APOE genotype and age on tau spread, the
likelihood of spread of tau occurring in different groups was assessed. Here, mice
were categorised by the presence or absence of recipient cells throughout the
EC and/or hippocampal formation. Overall, 38/40 (95%) of all mice exhibited
spread of human tau within the EC and/or hippocampal formation (Fig. 6.3.12).
Spread of human tau was not any more likely to occur in any specific genotype
(χ2(3) = 5.160, p = 0.161), age group (χ2(1) = 0.072, p = 0.788) or sex (χ2(1) = 0.072,
p = 0.788). Additionally, there was no interaction between genotype and age (χ2(3)
= 0.000, p = 1.000; Table 6.3.9). Although recipient cells were observed in almost
all animals, the only two mice that were devoid of recipient cells, and thus tau
spread, were of the APOE4 genotype.
Table 6.3.9 – Statistical analysis output of likelihood of observing spread
throughout the EC and hippocampal formation
Tau spread (Y/N) (EC + Hippocampus) ~ Genotype * Age Group + Sex, family = "binomial")
Anova(glm) output
LR Chisq

Df

Pr(>Chisq)

Genotype

5.1599

3

0.1605

Age Group

0.0723

1

0.7880

Sex

0.0723

1

0.7880

Genotype * Age Group

0.0000

3

1.0000
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Figure 6.3.11 – Recipient cells observed in all analysed brain regions. Recipient cells were observed in the EC (A), DG (B), CA2/3 (C) and
CA1 (D). Recipient cells (GFP-/Tau13+), shown with white arrowheads, in the EC (A) were indicative of local tau propagation. Recipient cells in
DG (B), CA2/3 (C) and CA1 (D) were suggestive of spread through anatomically connected circuits. Boxes in A-D show locations of magnified
regions in insets. Sections were stained for DAPI (blue), GFP (green) and Tau13 (magenta).
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Figure 6.3.12 – Likelihood of observing tau spread in the EC and hippocampus.
The likelihood of having observed tau spread anywhere within the EC and hippocampus
was assessed by categorising mice by presence (light blue) or absence (dark green) of
recipient cells (GFP-/Tau13+) in the EC and/or hippocampus. Proportion of mice within
each category is shown on the y-axis, while the absolute number of mice within each
category is shown by numbers overlying the bars. There was no effect of age or APOE
genotype on the likelihood of tau spread being observed. Analysed using binomial
logistic regression, followed by ANOVA for determination of main effects and
interactions. Full statistical analysis output in Table 6.3.9.

As the likelihood of tau spread occurring was not modified by genotype, age or
sex, and as most mice displayed recipient cells, the amount of tau spread was
quantified (Fig. 6.3.13). Here, the total estimated number of recipient cells
throughout the entire EC and hippocampal formation was calculated. When
counting recipient cells, it was noted that they were relatively sparse. On average,
across all mice, 0.745 (± 1.331) recipient cells were observed per brain section,
although this was variable (range = 0-10). The average per brain section per
mouse ranged from 0-2.6. The total estimated number of recipient cells
throughout the EC and hippocampus was not influenced by genotype (F3,31 =
4.283, p = 0.734), age (F1,31 = 0.572, p = 0.455) or sex (F1,31 = 1.352, p = 0.254),
and there was no interaction between genotype and age (F3,31 = 0.564, p =
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0.642; Table 6.3.10). Together, these results indicate that APOE genotype, age
and sex did not influence the propensity or degree to which tau spreads
throughout the EC and hippocampus.
Like previous findings, in this dataset where ‘low-donor’ mice were removed, the
total estimated number of donor cells was positively correlated with total
estimated number of recipient cells (Spearman’s rho = 0.435, p = 0.005; Fig.
6.3.14). Therefore, the number of donor cells might influence the number of
recipient cells. Aged mice had fewer donor cells throughout the EC and
hippocampus compared to adult mice. However, there was no significant
difference in the estimated number of recipient cells between age groups. This
might suggest that aged mice exhibit a greater degree of tau spread but, due to
having a smaller population of donor cells from which tau can spread, overall,
they exhibit the same number of recipient cells as adult mice. Therefore, total
recipient cell number was normalised to the total number of donor cells
throughout the EC and hippocampal formation.

Table 6.3.10 – Statistical analysis output of total number of recipient cells
throughout the EC and hippocampal formation
Number of recipient cells ~ Genotype * Age Group + Sex
Tukey transformed
anova(lm) output
DF

Sum Sq

Mean Sq

F value

P-value

Genotype

3

12.533

4.1778

0.4283

0.7341

Age Group

1

5.579

5.5789

0.5720

0.4552

Sex

1

13.185

13.1850

1.3518

0.2538

Genotype * Age Group

3

16.488

5.4958

0.5635

0.6432

Residuals

31

302.366

9.7538
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Figure 6.3.13 – Number of recipient cells in the EC and hippocampus. The number
of recipient cells (GFP-/Tau13+), and thus the amount of tau spread, throughout the EC
and hippocampus was calculated by manual counting of recipient cells. Age (~5 months
vs. ~15 months) and APOE genotype did not affect the amount of tau spread throughout
the EC and hippocampus. All mice received bilateral stereotaxic injection of GFP-2aTau(P301L) AAV targeted to superficial layers of the EC. Mice with fewer than 346.02
donor cells (GFP+/DAPI+) were removed from analysis. Analysed using multiple linear
regression, followed by ANOVA for determination of main effects. Full statistical analysis
output can be found in Table 6.3.10. Limits of the boxes represent the lower (Q1) and
upper (Q2) quartiles. The central line delineates the median. Upper and lower whiskers
represent the minimum (Q1 – 1.5 * inter-quartile range) and maximum (Q2 + 1.5 * interquartile range). Numbers above boxplots show the number of mice analysed for each
group. Data points show values for each individual animal. Males are shown by triangle
data points and females are shown using circles.
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Figure 6.3.14 – Correlation between total estimated number of donor and recipient
cells in the EC and hippocampus. The total estimated number of donor cells
(GFP+/DAPI+) throughout the EC and hippocampus was significantly positively
correlated with the total estimated number of recipient cells (GFP-/Tau13+) throughout
the EC and hippocampus. Mice with fewer than 346.02 donor cells were removed from
analysis. Analysed using Spearman’s rank correlation. Regression line fitted using linear
modelling. Confidence intervals are shown in grey shading. Data points show values for
each individual animal.
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Figure 6.3.15 – Normalised number of recipient cells in the EC and hippocampus.
The number of recipient cells (GFP-/Tau13+), and thus the amount of tau spread,
throughout the EC and hippocampus was calculated by manual counting of recipient
cells. Recipient cell number was then normalised to the number of donor cells
(GFP+/DAPI+) in the EC and hippocampus, generating a measurement of the number
of recipient cells per 100 donor cells. Age (~5 months vs. ~15 months) and APOE
genotype did not affect the normalised number of recipient cells in the EC and
hippocampus. All mice received bilateral stereotaxic injection of GFP-2a-Tau(P301L)
AAV targeted to superficial EC. Mice with fewer than 346.02 donor cells were removed
from analysis. Analysed using multiple linear regression, followed by ANOVA for
determination of main effects. Full statistical analysis output can be found in Table
6.3.11. Limits of the boxes represent the lower (Q1) and upper (Q2) quartiles. The central
line delineates the median. Upper and lower whiskers represent the minimum (Q1 – 1.5
* inter-quartile range) and maximum (Q2 + 1.5 * inter-quartile range). Numbers above
boxplots show the number of mice analysed for each group. Data points show values
for each individual animal. Males are shown by triangle data points and females are
shown using circles.
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Following normalisation (Fig.6.3.15), total recipient cell number was not affected
by genotype (F3,31 = 0.631, p = 0.601), age (F1,31 = 0.633, p = 0.432) or sex (F1,31
= 0.116, p = 0.736), and there was no interaction between genotype and age
(F3,31 = 0.564, p = 0.642; Table 6.3.11). This suggests that APOE genotype, age
and sex did not influence tau spread throughout the EC and hippocampus, even
when accounting for differences in donor cell number.
Although normalising the number of recipient cells to the number of donor cells
offers a valuable method to account for mouse-to-mouse and group differences
in donor cell number, it also presents a caveat. Expression of GFP can be toxic
to cells. Consequently, it is possible that donor cells might be damaged by
prolonged GFP expression, potentially resulting in cell death. In addition, this
process might be influenced by APOE genotype and/or age. Therefore, the
number of donor cells counted at the end of the experiment might not truly
represent the number of donor cells able to contribute to spread of tau
throughout the experiment’s course. Although this was not specifically
investigated, all data involving recipient cell counts is presented in nonnormalised and normalised format to enable full interpretation considering these
caveats.

Table 6.3.11 – Statistical analysis output of total number of recipient cells
normalised to the total number of donor cells in the EC and hippocampus
Normalised number of recipient cells ~ Genotype * Age Group + Sex

Tukey transformed
anova(lm) output
DF

Sum Sq

Mean Sq

F value

P-value

Genotype

3

0.1947

0.064907

0.6308

0.6007

Age Group

1

0.0652

0.065155

0.6333

0.4322

Sex

1

0.0119

0.011889

0.1155

0.7362

Genotype * Age Group

3

0.2146

0.071529

0.6952

0.5620

Residuals

31

3.1896

0.102889
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6.3.8 – Extent of tau propagation differed across brain regions
Previous analysis identified that differences in donor cell number across different
brain regions varied by APOE genotype. When considering the anatomical
pathways through which tau could spread, and the positive correlation between
donor and recipient cell number, differences in donor cell distribution across brain
regions has potential to influence the distribution and number of recipient cells.
For example, a greater number of donor cells in the DG might result in a greater
number of recipient cells within the downstream CA2/3 region. Therefore, the
estimated number of recipient cells across brain regions was investigated.
Estimated number of recipient cells was not affected by APOE genotype (F3,31 =
1.794, p = 0.169), age (F1,31 = 0.001, p = 0.984) or sex (F1,31 = 0.881, p = 0.355).
Additionally, there was no significant interaction between any main effects (Table
6.3.12). Number of recipient cells differed across brain regions (F4,128 = 11.943,
p < 0.001; Fig. 6.3.16A), with superficial EC layers having more recipient cells
than all other regions (vs. deep layers of EC: p < 0.001; vs. DG: p = 0.029; vs.
CA2/3: p < 0.001; vs. CA1: p < 0.001). This suggests that the degree of tau
spread in the EC, likely occurring through local connections, was greater than
spread to downstream brain regions, which likely occurs through longer-range
circuits. However, this may be influenced by greater donor cell number within the
EC and APOE genotype-related differences in the distribution of donor cells.
Consequently, recipient cell number was normalised to donor cell number. Here,
the estimated number of recipient cells within each brain region was normalised
to the number of donor cells within that region and all input regions. Following
normalisation, the number of recipient cells again varied by brain region (F4,128 =
9.876, p < 0.001; Fig. 6.3.16B; Table 6.3.13), with superficial layers of the EC
having more recipient cells than all other regions (vs. deep layers of EC: p <
0.001; vs. CA2/3: p < 0.001; vs. CA1: p < 0.001), but not the DG (p = 0.084).
This indicated that local tau spread within the EC and spread to the DG, was
more prevalent than to other regions, even when accounting for region-specific
differences in donor cell number. Therefore, there appear to be differences in the
degree to which tau spreads locally and to downstream regions through longerrange circuits.
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Figure 6.3.16 – Estimated and normalised number of recipient cells varied across
brain regions. The number of recipient cells (GFP-/Tau13+), and thus the amount of tau
spread, in separate brain regions was calculated by manual counting of recipient cells
(A). Recipient cell number within each brain region was also normalised to the number
of donor cells (GFP+/DAPI+) in that brain region and in brain regions providing input,
generating a measurement of the number of recipient cells per 100 donor cells (B). Age
(~5 months vs. ~15 months) and APOE genotype did not affect recipient cell number
within brain regions. Recipient cells were more numerous in superficial EC layers than
other brain regions (A). When normalised, recipient cell number was greatest in the
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superficial EC and DG, suggestive of increased tau spread to these regions (B). All mice
received bilateral stereotaxic injection of GFP-2a-Tau(P301L) AAV targeted to superficial
EC. Mice with < 346.02 donor cells were removed from analysis. Analysed using mixed
effect models, followed by ANOVA for main effects. Full statistical analysis output in
Table 6.3.12 and 6.3.13. Limits of boxes represent lower (Q1) and upper (Q2) quartiles.
The central line delineates the median. Upper and lower whiskers represent minimum
(Q1 – 1.5 * inter-quartile range) and maximum (Q2 + 1.5 * inter-quartile range). Numbers
above boxplots show number of mice analysed. Data points show values for each
animal. Males are shown by triangle data points and females are shown using circles.
Table 6.3.12 – Statistical analysis output of number of recipient cells within
separate brain regions
Recipient cell number ~ Genotype * Age Group * Brain Region + Sex + (1| Mouse ID)
Box-Cox (Guerrero) transformed
anova(lmerTest) output
Sum Sq

Mean
Sq

Num
DF

Den
DF

F value

p-value

Genotype

288.51

96.17

3

31

1.7935

0.1689

Age Group

0.02

0.02

1

31

0.0004

0.9842

Brain Region

2561.66

640.41

4

128

11.9428

2.815e-08

Sex

47.24

47.24

1

31

0.8810

0.3552

Genotype * Age Group

131.66

43.89

3

31

0.8184

0.4936

Genotype * Brain Region

408.33

34.03

12

128

0.6346

0.8095

Age Group * Brain Region

292.51

73.13

4

128

1.3637

0.2502

Genotype * Age Group * Brain
Region

501.67

41.81

12

128

0.7796

0.6704

emmeans(model, pairwise ~ Number of recipient cells ~ Brain Region
Contrast

Estimate

SE

DF

T ratio

p-value

CA1 - CA2/3

0.0317

1.67

128

0.019

1.0000

CA1 - DG

-4.5339

1.67

128

-2.719

0.0567

CA1 – EC (Superficial)

-9.4864

1.67

128

-5.689

<.0001

CA1 – EC (Deep)

-1.0490

1.67

128

-0.629

0.9701

CA2/3 - DG

-4.5656

1.67

128

-2.738

0.0540

CA2/3 - EC (Superficial)

-9.5181

1.67

128

-5.708

<.0001

CA2/3 - EC (Deep)

-1.0807

1.67

128

-0.648

0.9667

DG - EC (Superficial)

-4.9526

1.67

128

-2.970

0.0288

DG - EC (Deep)

3.4849

1.67

128

2.090

0.2309

EC (Superficial) - EC (Deep)

8.4374

1.67

128

5.060

<.0001
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Table 6.3.13 – Statistical analysis output of normalised number of recipient cells
within brain regions
Normalised recipient cell number ~ Genotype * Age Group * Brain Region + Sex + (1| Mouse ID)
Box-Cox (log-likelihood) transformed
anova(lmerTest) output
Sum
Sq

Mean
Sq

Num
DF

Den
DF

F value

p-value

Genotype

1043.8

347.92

3

31

2.8625

0.05267

Age Group

2.7

2.65

1

31

0.0218

0.88356

Brain Region

4801.4

1200.34

4

128

9.8758

5.378e-07

Sex

117.0

117.04

1

31

0.9630

0.33404

Genotype * Age Group

408.9

136.29

3

31

1.1213

0.35551

Genotype * Brain Region

921.8

76.82

12

128

0.6320

0.81169

Age Group * Brain Region

799.1

199.78

4

128

1.6437

0.16726

Genotype * Age Group *Brain
Region

1032.3

86.03

12

128

0.7078

0.74163

emmeans(model, pairwise ~ Number of recipient cells ~ Brain Region
Contrast

Estimate

SE

DF

T ratio

p-value

CA1 - CA2/3

0.271

2.51

128

0.108

1.0000

CA1 - DG

-6.556

2.51

128

-2.611

0.0742

CA1 – EC (Superficial)

-12.983

2.51

128

-5.171

<.0001

CA1 – EC (Deep)

-2.148

2.51

128

-0.856

0.9123

CA2/3 - DG

-6.828

2.51

128

-2.719

0.0566

CA2/3 - EC (Superficial)

-13.254

2.51

128

-5.279

<.0001

CA2/3 - EC (Deep)

-2.419

2.51

128

-0.964

0.8709

DG - EC (Superficial)

-6.427

2.51

128

-2.560

0.0842

DG - EC (Deep)

4.408

2.51

128

1.756

0.4040

EC (Superficial) - EC (Deep)

10.835

2.51

128

4.316

0.0003

To investigate whether APOE genotype and age had specific impacts on these
different modes of tau spread, local and circuit spread were analysed
independently. Analysis of local spread involved spreading of tau within the EC
only, while analysis of circuit spread involved spread of tau into the hippocampal
regions, specifically the DG, CA2/3 and CA1.
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6.3.9 – Local tau spread was not affected by APOE or age
The effect of APOE genotype and age on the likelihood of local spread occurring
was examined by categorising mice by presence or absence of recipient cells in
superficial and deep layers of the EC. Overall, local spread of tau was observed
in 33/40 (82.5%) of all mice (Fig. 6.3.17). Local spread of human tau was not
more likely to occur in any genotype (χ2(3) = 7.357, p = 0.061), age group (χ2(1) =
1.140, p = 0.286) or sex (χ2(1) = 1.346, p = 0.246). Additionally, there was no
interaction between genotype and age (χ2(3) = 0.834, p = 0.841; Table 6.3.14)
As likelihood of local tau spread occurring was not modified by genotype, age or
sex, the amount of local tau spread was quantified by counting the number of
recipient cells in the EC (Fig. 6.3.18A). Estimated number of recipient cells
generated via local tau spread was not affected by genotype (F3,31 = 0.970, p =
0.419), age (F1,31 = 1.747, p = 0.196) or sex (F1,31 = 0.827, p = 0.370), and there
was no genotype and age interaction (F3,31 = 0.154, p = 0.927, Table 6.3.15).
Upon normalisation to total number of donor cells within the whole EC (Fig.
6.3.18B), the number of recipient cells generated via local tau spread was not
modified by genotype (F3,31 = 0.440, p = 0.726), age (F1,31 = 0.161, p = 0.691) or
sex (F1,31 = 0.609, p = 0.441), and there was no interaction between genotype
and age (F3,31 = 0.363, p = 0.780; Table 6.3.16). Taken together, this suggests
APOE genotype, age and sex did not influence the propensity or degree to which
human tau spreads locally in the EC.
Table 6.3.14 – Statistical analysis output of likelihood of observing local tau
spread
Local tau spread (Y/N) ~ Genotype * Age Group + Sex, family = "binomial")
Anova(glm) output
LR Chisq

Df

Genotype

7.3571

3

0.06135

Age Group

1.1395

1

0.28577

Sex

1.3459

1

0.24600

Genotype * Age Group

0.8342

3

0.84127
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Pr(>Chisq)

Figure 6.3.17 – Likelihood of observing local tau spread in the EC. The likelihood of
having observed local tau spread in the EC was assessed by categorising mice by
presence (light blue) or absence (dark green) of recipient cells (GFP-/Tau13+) in the EC
(superficial and deep layers). The proportion of mice in each category is shown on the
y-axis, while the absolute number of mice in each category is shown by numbers
overlying the bars. There was no effect of age (~5 months vs. ~15 months) or APOE
genotype on the likelihood of local tau spread being observed. Analysed using binomial
logistic regression, followed by ANOVA for determination of main effects and
interactions. Full statistical analysis output can be found in Table 6.3.14.

Table 6.3.15 – Statistical analysis output of number of recipient cells in the EC
Number of recipient cells (local spread) ~ Genotype * Age Group + Sex
Box-Cox (log-likelihood) transformed
anova(lm) output
DF

Sum Sq

Mean Sq

F value

P-value

Genotype

3

45.66

15.2193

0.9704

0.4192

Age Group

1

27.40

27.3984

1.7469

0.1959

Sex

1

12.97

12.9726

0.8271

0.3701

Genotype * Age Group

3

7.24

2.4121

0.1538

0.9265

Residuals

31

486.21

15.6842
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Figure 6.3.18 – Estimated and normalised number of recipient cells generated via
local tau spread. The number of recipient cells (GFP-/Tau13+) in the EC (superficial and
deep layers), and thus the amount of local tau spread, was calculated by manual
counting of recipient cells (A). Recipient cell number in the EC was also normalised to
the number of donor cells (GFP+/DAPI+) in the EC, generating a measurement of the
number of recipient cells per 100 donor cells (B). Age (~5 months vs. ~15 months) and
APOE genotype did not affect the amount of local tau spread in the EC. All mice received
bilateral stereotaxic injection of GFP-2a-Tau(P301L) AAV targeted to superficial EC. Mice
with < 346.02 donor cells were removed from analysis. Analysed using multiple linear
regression, followed by ANOVA for determination of main effects. Full statistical analysis
output in Tables 6.3.15 and 6.3.16. Limits of boxes represent lower (Q1) and upper (Q2)
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quartiles. Central line delineates the median. Upper and lower whiskers represent
minimum (Q1 – 1.5 * inter-quartile range) and maximum (Q2 + 1.5 * inter-quartile range).
Numbers above boxplots show number of mice analysed. Data points show values for
each animal. Males are shown by triangles and females are shown using circles.
Table 6.3.16 – Statistical analysis output of normalised number of recipient
cells in the EC
Normalised number of recipient cells (local spread) ~ Genotype * Age Group + Sex
Box-Cox (log-likelihood) transformed
anova(lm) output
DF

Sum Sq

Mean Sq

F value

P-value

Genotype

3

3.607

1.20239

0.4397

0.7262

Age Group

1

0.440

0.43996

0.1609

0.6911

Sex

1

1.665

1.66491

0.6089

0.4411

Genotype * Age Group

3

2.976

0.99209

0.3628

0.7803

Residuals

31

84.769

2.73449

6.3.10 – Circuit-based tau spread was not affected by APOE or age
The effect of APOE genotype and age on the likelihood of tau spread occurring
through EC-hippocampal circuitry was investigated by categorising mice by
presence or absence of recipient cells in the DG, CA2/3 or CA1. Overall, circuitbased spread of human tau was observed in 27/40 (67.5%) of all mice (Fig.
6.3.19). Circuit-based spread of human tau was not any more likely to occur in
any genotype (χ2(3) = 3.525, p = 0.318), age group (χ2(1) = 0, p = 0.999) or sex (χ2(1)
= 0.037, p = 0.246). Additionally, there was no interaction between genotype
and age (χ2(3) = 3.354, p = 0.340; Fig. 6.3.19; Table 6.3.17)
As likelihood of tau spread occurring through circuits was not modified by
genotype, age or sex, the amount of tau spread was quantified by calculating the
number of recipient cells in the DG, CA2/3 and CA1 (Fig. 6.3.20A). The estimated
number of recipient cells within these three brain regions were summed for each
mouse. The number of recipient cells generated via circuit-based tau spread was
not modified by genotype (F3,31 = 0.513, p = 0.676), age (F1,31 = 0.071, p = 0.792)
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or sex (F1,31 = 1.056, p = 0.312) and there was no interaction between genotype
and age (F3,31 = 0.890, p = 0.457; Table 6.3.18).
The number of recipient cells within these hippocampal regions was normalised
to the number of donor cells within those regions and the superficial layers of the
EC, in line with the circuitry of this region (Fig. 6.3.20B). Upon normalisation,
circuit-based spread was not modified by genotype (F3,31 = 0.689, p = 0.566),
age (F1,31 = 2.242, p = 0.144) or sex (F1,31 = 0.014, p = 0.908), and there was no
interaction between genotype and age (F3,31 = 0.817, p = 0.495, Table 6.3.19).
Taken together, this suggests APOE genotype, age and sex did not influence the
propensity or degree to which tau spreads through EC-hippocampal circuitry.
Table 6.3.17 – Statistical analysis output of likelihood of observing circuitbased tau spread
Circuit-based tau spread (Y/N) ~ Genotype * Age Group + Sex, family = "binomial")
Anova(glm) output
LR Chisq

Df

Pr(>Chisq)

Genotype

3.5245

3

0.3176

Age Group

0.0000

1

0.9985

Sex

0.0371

1

0.8472

Genotype * Age Group

3.3542

3

0.3402

Table 6.3.18 – Statistical analysis output of number of recipient cells in the DG,
CA2/3 and/or CA1
Number of recipient cells (circuit spread) ~ Genotype * Age Group + Sex
Tukey transformed
anova(lm) output
DF

Sum Sq

Mean Sq

F value

P-value

Genotype

3

13.800

4.6000

0.5132

0.6762

Age Group

1

0.632

0.6317

0.0705

0.7924

Sex

1

9.463

9.4627

1.0558

0.3121

Genotype * Age Group

3

23.928

7.9759

0.8899

0.4572

Residuals

31

277.849

8.9629
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Figure 6.3.19 – Likelihood of observing circuit-based tau spread. Likelihood of
observing circuit-based tau spread to regions downstream of the EC was assessed by
categorising mice by the presence (light blue) or absence (dark green) of recipient cells
(GFP-/Tau13+) in DG, CA2/3 and or CA1. The proportion of mice within each category
is shown on the y-axis, while the absolute number of mice within each category is shown
by numbers overlying the bars. There was no effect of age (~5 months vs. ~15 months)
or APOE genotype on the likelihood of circuit-based tau spread being observed.
Analysed using binomial logistic regression, followed by ANOVA for determination of
main effects and interactions. Full statistical analysis output can be found in Table 6.3.17.
Table 6.3.19 – Statistical analysis output of normalised number of recipient cells
in the DG, CA2/3, and/or CA1
Normalised number of recipient cells (circuit spread) ~ Genotype * Age Group + Sex
Tukey transformed
anova(lm) output
DF

Sum Sq

Mean Sq

F value

P-value

Genotype

3

0.19304

0.064347

0.6892

0.5656

Age Group

1

0.20936

0.209359

2.2422

0.1444

Sex

1

0.00126

0.001257

0.0135

0.9084

Genotype * Age Group

3

0.22876

0.076253

0.8167

0.4945

Residuals

31

2.89450

0.093371
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Figure 6.3.20 – Estimated and normalised number of recipient cells generated by
circuit-based tau spread was not affected by age or APOE genotype. Number of
recipient cells (GFP-/Tau13+) in DG, CA2/3 and CA1, and thus the amount of circuitbased tau spread, was calculated by manual counting recipient cells (A). Total recipient
cell number was normalised to the number of donor cells (GFP+/DAPI+) in DG, CA2/3,
CA1 and superficial EC, which provide input, generating a measurement of the number
of recipient cells per 100 donor cells (B). Age (~5 months vs. ~15 months) and APOE
genotype did not affect the amount of circuit-based tau spread. All mice received
bilateral stereotaxic injection of GFP-2a-Tau(P301L) AAV targeted to superficial EC. Mice
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with < 346.02 donor cells were removed from analysis. Analysed using multiple linear
regression, followed by ANOVA for determination of main effects. Full statistical analysis
output in Tables 6.3.18 and 6.3.19. Limits of boxes represent lower (Q1) and upper (Q2)
quartiles. Central line delineates the median. Upper and lower whiskers represent
minimum (Q1 – 1.5 * inter-quartile range) and maximum (Q2 + 1.5 * inter-quartile range).
Numbers above boxplots show number of mice analysed. Data points show values for
each animal. Males are shown by triangles and females are shown using circles.

6.3.11 – Mode of tau spread was not affected by APOE or age
As local and circuit-based spread were not observed in every mouse, the
possibility was raised that APOE genotype and/or age might influence type of
spread observed and induce predominance for a certain mode of spread. To
investigate whether local or circuit-based spread predominated among specific
genotypes or age groups, mice were categorised based upon the predominant
mode of tau spread exhibited.
Predominance for local or circuit-based spread was not affected by genotype
(χ2(3) = 3.418, p = 0.332), age (χ2(1) = 0.301, p = 0.584) or sex (χ2(1) = 0.344, p =
0.558). Additionally, there was no interaction between genotype and age (χ2(3) =
1.204, p = 0.752). Consequently, APOE genotype, age and sex did not favour a
specific mode of tau spread.
Table 6.3.20 – Statistical analysis output of predominant type of spread
Predominant type of spread (local vs. circuit) ~ Genotype * Age Group + Sex, family =
"binomial")
Anova(glm) output
LR Chisq

Df

Genotype

3.4175

3

0.3316

Age Group

0.3005

1

0.5836

Sex

0.3436

1

0.5578

Genotype * Age Group

1.2036

3

0.7521
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Pr(>Chisq)

Figure 6.3.21 – Predominant mode of tau spread. Predominant mode of tau spread
(local vs. circuit-based) was assessed by calculating normalised number of recipient cells
generated by each mode of spread. If more recipient cells were generated through local
spread, the predominant mode of spread was classified as local, and vice versa. Mice
without no recipient cells (n = 2) were removed. Predominant mode of spread was
unaffected by age (~5 months vs. ~15 months) or APOE genotype. Proportion of mice
within each category is shown on y-axis, absolute number of mice within each category
is shown by numbers overlying bars. Analysed using binomial logistic regression,
followed by ANOVA for determination of main effects and interactions. Full statistical
analysis output in Table 6.3.20.

6.3.12 – Power analyses
Unfortunately, it was not possible to analyse all mice that received stereotaxic
AAV injection. Post-hoc statistical power analysis was performed to determine
achieved power of this study. Regarding non-normalised counts of total recipient
cells throughout the entire EC and hippocampus, the effect size of 0.158 was
considered as medium using Cohen’s criteria for linear regression (Cohen 1998).
With an alpha = 0.05 and sample size = 40, the achieved power of the study was
0.492. Regarding normalised counts of total recipient cells throughout the entire
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EC and hippocampus, the effect size of 0.152 was considered as medium using
Cohen’s criteria for linear regression (Cohen 199). With an alpha = 0.05 and
sample size = 40, the achieved power of the study was 0.477. Consequently,
the probability of finding true significance was less than chance, meaning this
study was underpowered to robustly detect effects.
Using the pilot data collected here, a priori statistical power analysis was
performed to estimate adequate sample size going forward. Regarding nonnormalised counts of total recipient cells throughout the EC and hippocampus,
medium effect size of 0.158 was used. With an alpha = 0.05 and power = 0.80,
the projected sample size is N = 74. Regarding normalised counts of total
recipient cells throughout the EC and hippocampus, the medium effect size of
0.152 was used. With an alpha = 0.05 and power = 0.80, the projected sample
size is N = 76. Consequently, approximately 10 mice per group are needed to
detect significant effects with 80% power.
A total of 51/107 mice that had received bilateral stereotaxic AAV injection were
analysed using free-floating immunohistochemistry. 11/51 (22%) mice were
removed from analyses, either due to absence of GFP signal or low donor cell
number. This equates to an attrition rate of 0.22. A further 56 mice have received
stereotaxic AAV injection but have not yet been analysed. When applying the
observed attrition rate, we would expect the removal of 12 more mice from
analyses. Consequently, of the total 107 mice that received bilateral stereotaxic
AAV injection, 84 are expected to be included in analysis. This meets the
projected sample size required to detect significant effects with 80% power.
Analysis of outstanding mice will be a future priority.

6.3.13 – Synaptic tau spread in APOE-TR mice
Alongside being underpowered to detect effects, a further caveat was the
relatively low-resolution imaging method used. While sufficient to detect human
tau located within recipient cell bodies, forming characteristic doughnut-shaped
inclusions around nuclei (Fig. 6.3.22A), it was not possible to discriminate
whether Tau13-positive puncta represented small aggregates of human that had
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spread to recipient cells, or whether these were merely non-specific staining (Fig.
6.3.22B). Thus, these objects were ignored in analysis. Observation of doughnutshaped human tau inclusions within recipient cell bodies was relatively infrequent.
Thus, detection of subtle APOE genotype and age-related differences between
groups might be hindered by the overall low number of recipient cells. It was
unclear whether accumulation of human tau within recipient cell bodies was
necessary for spread to occur. Consequently, measurement of these larger
accumulations of human tau might not be wholly sufficient to determine the effect
of APOE genotype and age on the spread of tau. GFP+/Tau+ terminals were
frequently observed in synaptic input layers in DG and CA regions (Fig. 6.3.23),
hinting that synaptic tau spread of might be occurring prior to accumulation of
human tau in recipient cell bodies.
In this same group of mice, I will investigate whether tau spreads synaptically and
whether this is affected by APOE genotype and age. The high-resolution imaging
technique of array tomography will be used to measure synaptic localisation of
human tau in the middle molecular layer of the dentate gyrus, where terminals
from LII of the EC synapse with DG granule cells, and the synaptic input layers
of CA2/3 and CA1. By immunostaining for AAV-expressing presynapses with
GFP, postsynapses with PSD-95 and human tau with Tau13, we can identify
postsynapses to which tau has spread. These ‘recipient synapses’ are identified
by immuno-positivity for PSD-95 and Tau13, but immuno-negativity for GFP.
Quantification of the proportion of postsynapses that have received human tau
will enable us to determine whether APOE genotype and age influence synaptic
spread of human tau. To date, preliminary stains have been conducted and
localisation of human tau to recipient synapses has been observed (Fig. 6.3.24),
suggestive of human tau spread across synapses. Data collection is ongoing.
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Figure 6.3.22 – Recipient cell morphology. Measured recipient cells (GFP-/Tau13+) adopted a characteristic circular, doughnut-shaped
morphology around nuclei (A; white arrowheads). However, small GFP-/Tau13+ aggregates were also observed in downstream brain regions
(B; yellow arrowhead). It was not possible to discriminate whether these smaller Tau13-positive puncta represented small aggregates of human
that had spread to recipient cells, or whether these were merely non-specific staining. Therefore, they were not measured in analyses. Sections
were stained for DAPI (blue), GFP (green) and Tau13 (magenta).
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Figure 6.3.23 – GFP- and human tau-positive terminals in synaptic input layers. Synaptic input layers of DG (B) and CA2/3 (C) (outlined
in white line) showed immunopositivity for GFP and human tau (Tau13). This highlights the possibility that synaptic spread of tau might occur
prior to accumulation of human tau in recipient cell bodies in downstream brain regions. B and C show enlargements of boxes in A. B shows
GFP+/Tau13+ terminals within the middle molecular layer (MML) of the DG, the layer that receives input from EC LII neurons. C shows
GFP+/Tau13+ terminals within the stratum lucidum moleculare (SLM) and the stratum lucidum (SL) of CA2/3, which receives input from EC
neurons and the DG, respectively. Sections were stained for DAPI (blue), GFP (green) and Tau13 (magenta).
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Figure 6.3.24 – Array tomography to examine synaptic tau spread in AAV-injected APOE-TR mice. Representative single section from an
array tomography z-stack (A). Tissue was stained for DAPI (white), postsynapses (PSD-95; yellow), GFP (cyan) and human tau (Tau13; magenta).
GFP+ and Tau13+ terminals were observed in the middle molecular layer of the DG (white line). Orange box in A shows the area magnified in
the synaptogram in B. A recipient postsynapse (positive for PSD-95 and Tau13, negative for GFP) can be observed through serial sections
(white arrowheads; B). This recipient postsynapses was in a pair with a GFP+ terminal, likely from which it received human tau (orange arrow in
B; 3D reconstruction). Scale bar in 3D reconstruction in B is shown as grid around image (each demarcation = 0.1 μm).
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6.4 – Discussion

___________________________________________________________________________________________

Mounting evidence indicates pathological tau propagates through anatomically
connected circuits in AD (de Calignon et al., 2012; Clavaguera et al., 2013;
DeVos et al., 2018; Liu et al., 2012a; Vogel et al., 2020; Wegmann et al., 2015),
potentially via synapses (Calafate et al., 2015; Dujardin et al., 2014b; Pickett et
al., 2017). Progressive accumulation and spread of tau pathology in the AD brain
is associated with neurodegeneration and cognitive decline (Bejanin et al., 2017;
Giannakopoulos et al., 2003; La Joie et al., 2020; Nelson et al., 2012),
highlighting tau propagation as an attractive therapeutic target (Congdon and
Sigurdsson, 2018). APOE is the major genetic determinant of susceptibility to
late-onset AD (Coon et al., 2007), with APOE4 increasing risk and APOE2
decreasing risk (Corder et al., 1993, 1994; Farrer et al., 1997; Reiman et al.,
2020). APOE4 has well-established effects on Aβ pathology (Kanekiyo et al.,
2014), and potentially also influences tau pathology, but this is less clear. To date,
the direct impact of APOE on the propagation of tau has not been investigated.
In animal models of tau spread, human tau propagated from EC neurons to DG
granule cells, via the perforant path, and to other synaptically connected
hippocampal regions (Asai et al., 2015; de Calignon et al., 2012; Harris et al.,
2012; Liu et al., 2012a; Pickett et al., 2017; Wegmann et al., 2015, 2019). Local
propagation to neighbouring neurons within the EC was also observed (de
Calignon et al., 2012; Wegmann et al., 2019). As expected, in our AAV-mediated
model of tau spread, recipient cells were observed in hippocampal regions,
suggestive of propagation across synaptically connected EC-hippocampal
circuitry. Recipient cells were also seen within the EC, adjacent to donor cells
expressing GFP and mutant human tau, indicating local spread of human tau.
Although not investigated, local propagation could also be mediated by synaptic
mechanisms, due to the many recurrent collaterals within the EC (Canto et al.,
2008). However, local and circuit-based spread of tau might employ different
combinations and weighting of propagation mechanisms (Brunello et al., 2020).
In transgenic models, tau propagated in a hierarchical fashion, with the EC, DG,
then CA1 and CA2/3 progressively affected over time periods spanning up to 2
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years (de Calignon et al., 2012; Harris et al., 2012; Liu et al., 2012a). In AAVbased models, which show propagation over shorter timescales, local spread
appeared more prevalent than circuit-based spread, although this was not
quantified (Wegmann et al., 2019). Similarly, in our model, recipient cells were
most numerous in superficial layers of the EC and the DG, implying most tau
spread occurred locally and via the monosynaptic perforant path, which arises
from EC LII neurons (van Groen et al., 2003). Therefore, we likely observed early
tau spread events.
Few recipient cells were seen in CA1, which receives direct input from EC LIII
neurons (Basu and Siegelbaum, 2015; van Groen et al., 2003). This may indicate
preference for circuit-based tau spread through the EC-DG pathway. However,
differences in donor cell number within superficial EC layers likely influenced the
degree of spread along specific pathways. Indeed, although not differentiated,
there appeared to be more donor cells within EC LII than EC LIII in most mice.
Few recipient cells were also seen in CA3. This was surprising as CA3 receives
direct input from EC LII cells in rats, cats and monkeys (Steward, 1976;
Tamamaki and Nojyo, 1993; Witter and Amaral, 1991; Witter and Groenewegen,
1984). However, in C57/BL6 mice, the genetic background of APOE-TR mice,
direct CA3 projections instead originated in EC LIII (van Groen et al., 2003),
potentially accounting for the few recipient cells observed here. Consequently,
low recipient cell number in CA1 and CA2/3 in our model, which also receive
input via the trisynaptic path, might indicate that minimal tau propagation occurs
across multiple sequential synapses after 14 weeks of human tau expression.
The extent and directionality of APOE genotype effects on tau pathology remain
unclear, with variable results obtained in animal models and human brain (Baek
et al., 2020; Koller et al., 2020; Morris et al., 2010; Shi et al., 2017b; Zhao et al.,
2018). Indirect evidence has indicated APOE genotype might specifically affect
tau spread. For example, APOE4 carriers progress to intermediate Braak stages
earlier than non-carriers (Corder et al., 2004) and those reaching Braak stage I
(tau in transentorhinal area) were more likely to possess an APOE4 allele
(Ghebremedhin et al., 1998), suggestive of APOE4 exacerbating initial tau spread
in human brain. Tau pathology in APOE4-TR mice was also more extensively
distributed through the hippocampus (Shi et al., 2017b), hinting that APOE4
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might accelerate tau progression. However, no studies have directly investigated
this. In our model of tau spread, APOE genotype had no effect on propagation
of tau throughout the EC and hippocampus. Local and circuit-based tau spread
may employ different and altered balance of propagation mechanisms (Brunello
et al., 2020), which in turn might be may be variably influenced by APOE isoforms.
When analysed independently, APOE genotype had no effect on local or circuitbased spread of tau. Additionally, tau propagation was not impacted upon APOE
KO, indicating APOE was not required for spread of tau through the living brain.
These findings align with previous work in mice, where AAV-induced neuronal
APOE4 expression had no effect on tau pathology (Koller 2020), and some
studies in humans that found no APOE genotype effects on extent of tau
pathology (Landén et al., 1996; Lautner et al., 2014; Morris et al., 2010).
However, this work contrasts findings from animal models where both APOE4
and APOE2 exacerbated tau pathology (Andrews-Zwilling et al., 2010; Shi et al.,
2017b; Zhao et al., 2018), and work in humans finding APOE4 to exacerbate
progression of tau pathology (Baek et al., 2020; Sabbagh et al., 2013; Therriault
et al., 2020). While differences in animal models likely contribute to discrepancies,
it is also possible that APOE-related exacerbation of tau pathology in mouse
models is not a direct result of enhanced tau spread.
Some studies finding associations between tau pathology and APOE genotype
found effects to be dependent on or exacerbated by presence of Aβ pathology
(Buckley et al., 2019a; Farfel et al., 2016; Hohman et al., 2018; Ramanan et al.,
2019; Salvadó et al., 2021). While APOE4 aggravated tau hyperphosphorylation
and tau-mediated neurodegeneration independent of Aβ in model systems
(Brecht et al., 2004; Lin et al., 2018; Litvinchuk et al., 2021; Shi et al., 2017b;
Tesseur et al., 2000; Wang et al., 2018), presence of Aβ accelerates tau
propagation from the the EC to synaptically connected regions (Pooler et al.,
2015). Consequently, APOE effects on tau propagation may be minimal in the
absence of Aβ, as in our model, although this remains to be investigated.
The current AAV-mediated approach was very similar to that used in previous
study of tau propagation (Wegmann et al., 2015, 2017, 2019). However, we
observed far fewer recipient cells. In WT mice, Wegmann et al. (2019) identified
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an average 2.5–12 recipient neurons per brain section per mouse. In contrast,
we observed an average 0–2.6 recipient cells per brain section per mouse. It is
possible that observation of such few recipient cells limited our ability to detect
differences between APOE genotypes.
APOE is primarily synthesised by astrocytes and other glia in the mouse and
human brain (Xu et al., 2006; Zhang et al., 2014), but under stress conditions is
also produced by neurons (Boschert et al., 1999; Xu et al., 2006). Cellular source
of APOE can influence tau pathology, with neuronal, but not astrocytic, APOE4
increasing tau phosphorylation (Brecht et al., 2004; Harris et al., 2004a; Tesseur
et al., 2000). This was driven by increased proteolytic cleavage of neuronal
APOE4 and production of APOE fragments (Brecht et al., 2004; Harris et al.,
2003; Rohn et al., 2012). APOE fragments are found in human AD brain (Huang
et al., 2001) and induce formation of NFT-like inclusions and neurodegeneration
in model systems (Andrews-Zwilling et al., 2010; Brecht et al., 2004; Harris et al.,
2003; Huang et al., 2001). APOE fragment-mediated tau phosphorylation may
have implications for tau propagation, as dephosphorylation of AD-derived tau
minimised propagation (Hu et al., 2016).
APOE-TR mice express APOE under the control of the endogenous promoter
(Knouff et al., 1999; Sullivan et al., 1997, 1998) meaning isoforms are expressed
at physiologically relevant levels and show cell-type specific patterns of primarily
glial expression (Sullivan et al., 2004). APOE-TR mice likely exhibit some neuronal
APOE expression, as they show intermediate cognitive phenotypes when
compared to models selectively expressing APOE in neurons or astrocytes
(Andrews-Zwilling et al., 2010; Hartman et al., 2001; Raber et al., 1998). In young
APOE3- and APOE4-TR mice, APOE fragments were not detected (Riddell et al.,
2008); however, APOE fragments might accumulate with age and/or disease
state and could be isoform-specific. Thus, it is unclear whether adult APOE-TR
mice produce APOE fragments that could isoform-specifically affect tau
propagation. Nonetheless, APOE4- and APOE2-TR mice exhibited increased tau
pathology in two different models (Shi et al., 2017b; Zhao et al., 2018), while
astrocytic APOE4 overexpression was also sufficient to drive pathological
changes in tau (Forman et al., 2005; Jablonski et al., 2021; Richetin et al., 2020).
Thus, neuronal APOE expression and increased APOE fragmentation might not
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be crucial to induce changes in tau, at least in the context of increasing tau
pathology.
In stark contrast to our findings, Wegmann et al. (2019) found tau spread to be
accelerated in aged mice. Our finding of no difference in tau propagation
between adult and aged mice was surprising considering AD is a disease of
aging, that progression of tau pathology is associated with increasing age (Braak
et al., 2011) and that age-dependence of tau propagation has also been reported
in Drosophila (Aqsa and Sarkar, 2020). Various factors may have contributed to
this discrepancy. Firstly, the age of mice was not consistent between studies. In
Wegmann et al. (2019), the age gap between young (3 months) and old (22-24
months) was much larger than in the current study (adult: ~5 months; aged: ~15
months). Thus, age-related effects on tau spread might only be apparent at more
extreme ends of the aging spectrum. Lower recipient cell number might also owe
to different analytical methods. Wegmann et al. (2019) counted recipient cells
located anywhere within the EC/hippocampus, calculated recipient cell number
as the average per brain section per mouse and analysed 3-4 sections per
mouse. In contrast, we counted recipient cells within defined ROIs (limited to cell
body layers within the hippocampus), extrapolated counts to the entire
EC/hippocampus and analysed more sections per mouse. AAVs used also
differed, with the AAV8 serotype used in Wegmann et al. (2019) and AAV1/2
used in the current study. AAV serotype can impact transgene expression,
distribution, cell-type tropism among other effects (Hammond et al., 2017;
Watakabe et al., 2015), potentially altering donor cell, and thus recipient cell,
number. Also, it was unclear whether AAV concentrations were comparable.
Fewer recipient cells in our study could also owe to absence of murine Apoe (mApoe) in APOE-TR and KO mice. Functional differences exist between m-Apoe
and human APOE (h-APOE). m-Apoe is more amyloidogenic than h-APOE
isoforms (Fagan et al., 2002; Liao et al., 2015; Youmans et al., 2012) and induced
different patterns of Aβ deposition (Fryer et al., 2005; Oddo et al., 2009). It is
unclear whether m-Apoe and h-APOE exert disparate effects on tau pathology
and propagation. However, while h-APOE4 exacerbated tau-mediated
neurodegeneration in tau transgenic mice lacking m-Apoe (Shi et al., 2017b),
AAV-mediated expression of h-APOE4 in tau transgenic mice with endogenous
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m-Apoe had no effect on tau pathology or neurodegeneration (Koller et al., 2020),
suggesting m-Apoe may mask h-APOE4 effects on tau, possibly via a ceiling
effect. Thus, inclusion of WT mice, with endogenous m-Apoe, in future studies
of APOE and tau spread will be worthwhile.
More donor cells were immuno-positive for human tau in aged mice. This was
unexpected, as both GFP and mutant human tau are expressed in equimolar
ratio (Wegmann et al., 2017). Age-related differences in 2a peptide cleavage
efficiency are unlikely to explain this, as inefficient cleavage and production of the
GFP-2a-Tau(P301L) fusion protein would still yield immunopositivity for human
tau. In tau transgenic mice, NFT formation increases with age (Ramsden et al.,
2005), and AAV-mediated expression of mutant human tau led to tau misfolding
in donor neurons (Wegmann et al., 2019). Donor cells were only considered taupositive when they contained circular tau inclusions in cell bodies. Consequently,
increased aggregation and accumulation of human tau, and thus formation of
measured inclusions, in aged mice might increase the proportion of donor
neurons considered tau-positive. However, previous work found tau misfolding,
a precursor to aggregation, to be unaffected by age (Wegmann et al., 2019).
Alternatively, increased tau immuno-positivity in aged mice might result from
reduced degradation or clearance of mutant human tau from donor cells. Failures
in protein quality control increase levels of misfolded proteins within cells and are
associated with AD and aging (Chesser et al., 2013; Ciechanover and Kwon,
2017; Loeffler, 2019). Indeed, autophagy and the ubiquitin-proteasome system
are primary routes of tau clearance in neurons and impairment can promote tau
propagation (Chen et al., 2020; Martini-Stoica et al., 2018; Xu et al., 2020b).
However, no changes in markers of autophagy or proteosome activation were
observed in the EC of aged mice injected with GFP-2a-Tau(P301L) AAV
(Wegmann et al., 2019), although this was not specifically assessed in donor cells
expressing human tau. The presence of GFP-only cells could also be accounted
for by potential intercellular spread of GFP protein. Thus, it is possible that spread
of GFP protein was greater in adult mice, leading to the reduced proportion of
donor cells immuno-positive for human tau in this group. However, this was not
tested empirically. Uncertainties about the mechanism responsible, and
awareness that absence of human tau signal did not necessarily indicate lack of
human tau expression, meant that donor cells were classified simply by GFP
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immuno-positivity. Consequently, donor cell number may be overestimated,
particularly in adult animals.
Observation of donor cells in brain regions outwith the EC was unanticipated. Of
note, while not mentioned, potential donor cells could also be observed in
downstream regions in studies using the same expression system (Wegmann et
al., 2017, 2019). Multiple possibilities may account for this, although none were
tested. The first is inaccurate AAV injection. However, all analysed mice had
donor cells in the superficial EC, indicative of accurate injection. Instead, upon
intracerebral injection, AAV solution could diffuse through the brain, leading to
transgene uptake in nearby regions. If this was the sole reason, we would also
expect large numbers of donor cells within surrounding areas, such as deep EC
layers, which we did not. Alternatively, cells in downstream regions may have
received the AAV itself or GFP-2a-P301L mRNA through less common
mechanisms, such as episome or exosome-associated RNA transfer (O’Brien et
al., 2020; Smalheiser, 2007), which could occur along connected neurons. In a
similar vein, inefficient cleavage of the 2a peptide might contribute. Cleavage
efficiency has been reported as ~90-95% in vitro (Wegmann et al., 2015, 2017)
but it is unclear whether this translates in vivo. Inefficient cleavage and production
of the fusion protein GFP-2a-Tau(P301L) could, in principle, also spread between
cells. Transfer of mRNA or fusion protein between cells may explain the
progressive decline in donor cells observed through the trisynaptic hippocampal
circuit and the relative sparsity of donor cells in deep EC layers, even when there
are many in superficial layers. It will be crucial to perform in situ hybridisation in
combination with immunofluorescence to establish the nature of hippocampal
donor cells (i.e., mRNA or protein).
Due to this observation, it was not possible definitively ascertain that recipient
cells in the hippocampus received tau from upstream EC neurons via circuitbased spread. Instead, tau could spread locally within hippocampal regions.
Nonetheless, using array tomography, human tau was observed in postsynapses in the middle molecular layer of the DG that were devoid of GFP but
were opposed to GFP+ presynaptic terminals, supporting previous findings
(Calafate et al., 2015; Pickett et al., 2017) and indicating that tau spreads to
anatomically connected regions via synapses in our model.
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This study has multiple caveats, the foremost being it was underpowered.
Therefore, it is not possible to draw any robust conclusions. Fortunately, enough
animals have received AAV injection to achieve 80% power and future work will
focus on analysing these mice. Further caveats lie in the AAV-mediated approach
used, which results in overexpression of mutant human tau within cells. While tau
overexpression models are commonplace, it is important to consider that
increased expression within neurons may have implications on tau release and
subsequent spread that may not be physiologically relevant (Miller et al., 2021).
Moreover, use of mutant human tau presents another shortcoming. Although
P301L tau propagates at a faster rate than WT tau (Wegmann et al., 2019), this
mutation is associated with frontotemporal dementia (FTD), a highly
heterogenous primary tauopathy (Dumanchin et al., 1998; Hutton et al., 1998;
Spillantini et al., 1998). FTD patients exhibit variable patterns of tau spread
(Goedert et al., 2012) and, unlike in AD, individuals bearing this mutation exhibit
glial tau pathology (Spillantini et al., 1998), which may contribute to tau spread
(Amro et al., 2021). Consequently, mechanisms of AD-relevant tau spread may
be poorly modelled upon use of this variant. Moreover, APOE genotype did not
influence age of onset in carriers of this mutation (Bird et al., 1999), although
larger studies have indicated APOE4 reduces age of onset in FTD patients with
tau mutations (Bernardi et al., 2006; Koriath et al., 2019). Therefore, the
translatability of APOE effects, or lack of, on propagation of mutant tau to WT tau
in AD are unclear.
Although most donor cells exhibited neuronal morphology, it was not possible to
rule out transduction of other cell types, which might influence tau spread (Amro
et al., 2021). Although AAV1/2 shows strong neuronal tropism, it also transduces
glia (Royo et al., 2008; Wang et al., 2003). Moreover, the choice of the ubiquitous
chicken beta-actin (CBA) promoter, compared to a neuron-specific promoter,
meant expression was not limited to neurons. However, the CBA promoter has
been suggested to exhibit low activity in glia (Cucchiarini et al., 2003). Prolonged
expression of GFP and P301L tau may cause loss of EC neurons (Ansari et al.,
2016; de Calignon et al., 2012; Jaworski et al., 2009; Siman et al., 2013), leading
to underestimation of donor cell number. However, this was not observed in a
highly similar model of tau propagation (Wegmann et al., 2019). Recent work in
post-mortem human brain identified pathological tau to first appear within
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brainstem nuclei, such as the locus coeruleus (LC), as early as childhood (Braak
and Del Tredici, 2012; Braak et al., 2011), although functional implications
remains unclear. While LC tau may spread (Iba et al., 2015), tau seeding activity
was detected earliest and most robustly in the EC of human AD brain (Kaufman
et al., 2018), suggesting pathological seeding activity begins here rather than the
LC. Consequently, targeting of the EC appears disease relevant.
Many questions remain unanswered. Previous work demonstrated that tau can
spread without a requirement for misfolding (Wegmann et al., 2019), can recruit
endogenous tau (Beckman et al., 2021; Guo et al., 2016) and that exogenous
tau can spread in the absence of endogenous tau (Wegmann et al., 2015). In our
study, it was unclear whether tau in donor and recipient cells represented NFTs.
Indeed, while some transgenic models formed tangles in the EC (de Calignon et
al., 2012; Harris et al., 2012; Liu et al., 2012a; Siman et al., 2013), AAV-mediated
tau expression did not induce NFT formation (Asai et al., 2015; Wegmann et al.,
2019). Whether APOE genotype modulates the rate of tau misfolding, NFT
formation or recruitment of mouse tau, and whether these factors impact upon
tau spread, would be valuable to examine. Further, considering glia have been
implicated in tau propagation in some tau spread models (Asai et al., 2015; de
Calignon et al., 2012), but not others (Wegmann et al., 2015), and as APOE
modulates glial-cell responses in AD (Tzioras et al., 2019a), understanding
whether glia take up tau in our model and the role of APOE in this will be
important. In addition, recent work identified the APOE receptor LRP1 as a
regulator of tau spread (Rauch et al., 2020). Understanding whether APOE
genotype modulates this protein in the context of tau propagation may shed
further light on mechanistic underpinnings of tau spread and AD risk. Future work
will aim to address these outstanding questions.
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7 – General discussion
___________________________________________________________________________________________

7.1 – Overview
The findings presented in this thesis demonstrate that trans-synaptic spread of
tau occurs in a mouse model and is credible in the context of human AD.
Asymmetric distribution of tau across synaptic pairs in human brain indirectly
suggested a primarily anterograde mode of transmission, while presence at both
synaptic terminals suggested tau propagates across intact synapses without
synaptic degeneration. In AD brain, more synapses contained misfolded tau,
indicating a greater number of synapses could be propagating tau. Astrocytes
internalised presynapses, phospho-tau and tau-containing presynapses in
human brain and this was exacerbated by AD. Thus, astrocytes could be
contributing to greater synapse loss and possibly spread of pathological tau in
AD. APOE4 worsened these phenotypes, particularly in control cases,
suggesting APOE exerted genotype-specific effects early in disease-relevant
processes, prior to the onset of AD-related symptoms. However, APOE
genotype had no effect on tau propagation in our mouse model. While this part
of the thesis was underpowered, this could suggest APOE does not act directly
upon tau in the context of propagation. Instead, APOE could influence other
pathogenic processes, which were present in human brain but not our mouse
model, that in turn influence tau spread. Understanding isoform-specific effects
of APOE on tau pathology and glial processes, while also considering the
complex and multifaceted nature of AD, will be instrumental in furthering our
understanding of disease mechanisms that could be targeted therapeutically.

7.2 – Impact of AD and APOE genotype on synapses
___________________________________________________________________________________________

Synapse loss is a hallmark feature of the AD brain and is the closest correlate of
cognitive decline (DeKosky and Scheff, 1990; Terry et al., 1991). Due to this, and
because synapses are highly plastic structures, preventing or rescuing synapse
dysfunction and loss is an attractive therapeutic target for the treatment of AD.
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As highlighted in chapter 3, the literature surrounding APOE effects on synapse
loss in human AD brain has been unclear. Further, the precise molecular
cascades and cellular mechanisms responsible for synapse loss are not fully
established, although glia have been implicated. Human post-mortem studies
revealed that, in AD brain, synapse density was reduced and astrocytic
internalisation of presynapses was increased. This suggested that astrocytes
internalised more presynapses in AD brain and could contribute to AD-related
synapse loss. Synapse density was not affected by APOE genotype. However,
APOE4 was associated with increased postsynaptic size in control cases,
potentially indicative of early synapse dysfunction (Scheff and Price, 1993, 2003)
not yet borne out as overt synapse loss, as seen in AD. Indeed, greater astrocytic
internalisation of synapses was observed in control APOE4 carriers, possibly
supporting this theory. However, astrocytic internalisation was only investigated
in the context of presynapses and so it is not possible to directly link these
findings. In future, it will be valuable to assess whether astrocytes also internalise
postsynapses in human brain and how this is affected by AD and APOE status.
Plaque-associated synapse loss is a well-described feature of the AD brain
(Koffie et al., 2012). Indeed, plaque-bearing brain regions had greater synapse
loss and astrocytic internalisation of presynapses was greater in regions with a
plaque, likely due to increased astrocyte burden in these areas. While this has
been reported for microglia in human AD brain (Tzioras et al., 2019b), this data
indicates astrocytes could also contribute to peri-plaque synapse loss. Previous
work showed that APOE4 exacerbated peri-plaque synapse loss (Hudry et al.,
2013; Jackson et al., 2019b; Koffie et al., 2012). The interaction between plaque
and APOE status was not investigated in human post-mortem studies presented
here, but this analysis will be performed to better understand APOE effects on
synapse loss and astrocyte contributions to this.

7.3 – Impact of AD and APOE genotype on tau pathology

___________________________________________________________________________________________

The extent of tau pathology within the AD brain better correlates with cognitive
decline and neurodegeneration than Ab (Bejanin et al., 2017; Giannakopoulos et
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al., 2003), with suggestions that Ab and tau serve as the respective trigger and
bullet in AD pathogenesis. Further, tau pathology is common across many
disorders and pathogenic mechanisms may be shared. Thus, better
understanding of factors that influence tau pathology may aid development of
therapies that slow, halt or prevent symptoms and degeneration, not only in AD,
but also in the wider context of neurodegenerative disease.
Unsurprisingly, AD brain had greater amounts of pathological tau than control
brain, and more misfolded tau was seen in control APOE4 carriers relative to
non-carriers. Thus, APOE4 appeared to exacerbate tau pathology, at least early
in disease-related processes. Astrocytic tau inclusions are common in primary
tauopathy, have been described in AD brain, and are suggested to arise through
internalisation of tau (Kovacs, 2020). Astrocytes from AD and APOE4 brain
contained more phospho-tau aggregates, suggesting that astrocytes respond to
increased tau pathology through greater tau internalisation. Increased phosphotau internalisation in APOE4 brain was surprising when considering that APOE4
astrocytes removed less Ab in a mouse model and fewer synapses in the
developing mouse brain (Chung et al., 2016; Simonovitch et al., 2016). Taken
together, this might suggest that APOE-related tau internalisation is different to
that of Ab, that astrocyte phagocytic capacity is not the same under physiological
and pathological conditions or that human and mouse astrocytes show different
responses to AD-related pathology.
Mirroring overall tau pathology, in AD and control APOE4 brain, more synapses
contained small misfolded tau aggregates. Pathological forms of tau can be toxic
to synapses, causing dysfunction and loss (Pooler et al., 2014). In agreement
with this, tau-containing synapses were smaller than the average synapse,
suggesting misfolded tau may be synaptotoxic, inducing changes that led to
shrinkage and possibly loss. Although we cannot exclude the presence of other
toxic proteins in these synapses, Ab was present at less than 10% of taucontaining synapses in AD brain (Pickett et al., 2019), indicating tau was likely
responsible for synaptic shrinkage in our study. In mice, synaptic tau tagged
synapses for microglial engulfment (Dejanovic et al., 2018). However, it is
unknown whether this occurs in human brain and if astrocytes also contribute.
Astrocytic internalisation of tau-containing synapses was seen in human brain
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and followed the same pattern, being increased in AD and control APOE4 brain.
Thus, astrocytes potentially contribute to tau-induced synapse loss and synaptic
localisation of tau may tag synapses for astrocytic engulfment, although this
requires further investigation. These processes appear to be exacerbated in AD
and by APOE4 early in disease-related processes.

7.4 – Impact of AD and APOE genotype on tau spread

___________________________________________________________________________________________

Tau propagates through the AD brain in a spatiotemporally defined manner and
is thought to occur trans-synaptically, although non-synaptic mechanisms likely
also contribute (Braak and Braak, 1991). Much of this work has used model
systems, meaning the relevance to human AD is unclear. The presence of tau at
synaptic pairs in human brain indicated that trans-synaptic spread was credible
in the context of human AD. In mice, tau spread trans-synaptically, with other
work showing this occurs in the absence of synaptic degeneration (Pickett et al.,
2019). This finding translated to human brain, with tau observed at both terminals
of a pair, indicative of tau spread across synapses without synaptic degeneration.
Misfolded tau was distributed asymmetrically across synaptic pairs (Fig. 7.1). This
possibly suggests a model where tau accumulates presynaptically, before
release and uptake at the postsynapse, leading to tau localisation in both
compartments. It is unlikely that upon transference to the postsynapse,
pathological tau would be completely lost from the presynaptic terminal. Thus,
synaptic pairs in which tau is localised to the postsynapse only could arise from
retrograde transport to the postsynapse (i.e., along dendrites and spines)
(Hoover et al., 2010). Further, tau could undergo retrograde transport across the
synapse, to the presynaptic site (Ahmed et al., 2014; Wu et al., 2013). However,
considering the stepwise decrease in tau localisation observed at synaptic pairs
(presynapse only > both terminals > postsynapse only), it is likely that tau
predominantly traverses synapses in the anterograde direction (Fig. 7.1).
Tau was distributed similarly across the synapse in both control and AD brain.
However, the proportion of synaptic pairs with tau localised to a specific synaptic
site was vastly increased in AD brain (Fig. 7.1), indicating that although the mode
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of spread may be the same, propagation likely occurs at much greater frequency
in AD. Further, while APOE status had no impact on tau distribution at synapses,
control APOE4 carriers had more synaptic pairs with tau localised to specific
synaptic sites (Fig. 7.1). Thus, APOE4 associated with more synapses potentially
involved in tau propagation, although this effect only appeared relevant early in
disease-relevant processes. In AD cases, APOE4 increased the proportion of
paired synapses with tau localised to the postsynapse only. In the context of our
proposed model, APOE4 might therefore increase retrograde transmission of tau
in AD.
Given that glia contribute to tau spread in model systems (Asai et al., 2015;
Martini-Stoica et al., 2018), astrocytic internalisation of pathological tau and taucontaining synapses in human brain has capacity to impact tau propagation. This
may depend on the ability of astrocytes to efficiently degrade internalised tau,
which may be compromised by age, AD and APOE. Thus, increased
internalisation in AD and control APOE4 brain may contribute to greater tau
spread in these individuals, although further investigation is needed.
While data from human brain indirectly suggested APOE4 might exacerbate tau
spread, this was not borne out in vivo. In our mouse model, APOE genotype had
no impact on tau spread. This study was underpowered, meaning robust
conclusions cannot be made. Future work will prioritise analysing remaining mice.
However, if this finding holds, it indicates that APOE isoform does not modify tau
propagation. Marrying this with our human data is difficult, but it is important to
consider that the AD brain is awash with various other pathologies, including Ab,
widespread neuroinflammation, vascular dysfunction, among many others. The
mice used in our study do not exhibit Ab pathology and their inflammatory profile
throughout the experiment is unclear. Thus, it is possible that while not directly
influencing tau spread, APOE could modulate other AD-related pathogenic
processes that in turn impact tau propagation. Indeed, in humans, spread of tau
outside of the medial temporal lobe might require the presence of cortical Ab
(Doré et al., 2021), while in mice Ab accelerated tau spread (Pooler et al., 2015).
Consequently, APOE could influence tau spread, in part, by mediating Ab
pathology, possibly accounting for discrepancies between human and mouse
data.
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Figure 7.1 – Proposed directionality of tau spread in human brain. Misfolded tau
was asymmetrically distributed across synaptic pairs, with most tau located at the
presynapse only (A1,2), followed by both the presynapse and postsynapse (B1,2),
followed by at the postsynapse only (C1,2). This suggests a model in which tau first
accumulates at the presynapse (A1) before release and uptake at the postsynapse (B1).
Anterograde spread across synapses is unlikely to completely deplete tau from the
presynaptic site. Thus, synaptic pairs with tau solely present at the postsynapse (C1)
could instead arise from trafficking of tau to dendrites and spines, rather than spread
from the presynapse. Tau can also propagate in the retrograde direction, from
postsynapse to presynapse (orange arrow), but considering the stepwise decrease in
tau distribution at synaptic pairs (presynapse only > both terminals > postsynapse only;
A2-C2) it is likely that tau predominantly traverses synapses in the anterograde direction
(yellow arrow). In AD and control APOE4 carrier brain, more synaptic pairs contained tau
at the presynapse only, both presynapse and postsynapse, and the postsynapse only,
than control non-carrier brain and this followed a similar step wise decrease across the
synaptic sites (A3-C3). Thus, more synaptic pairs are likely involved in propagating tau
in these individuals, and this likely predominantly occurs in the anterograde direction.
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7.5 – Are control APOE4 carriers really controls?

___________________________________________________________________________________________

Control APOE4 carriers were remarkably similar to AD cases in practically all
measured variables. They exhibited similar tau burden, similar synaptic
localisation of tau, similar astrocytic internalisation of tau, synapses and taucontaining synapses, and similar distribution of tau at synaptic pairs. Thus, an
important discussion point arising from this thesis is the question: are control
APOE4 carriers are really controls?
While control cases came from the deeply phenotyped Lothian Birth Cohort of
1936 and did not have a clinical dementia diagnosis, neuropathologically some
might be considered as having AD, or at least preclinical AD. The AD field is
currently debating the best way to classify AD. Considering the extremely long
preclinical phase that characterises AD, it has been suggested that
neuropathology should take precedence over clinical symptoms, with some
arguing that we should separate the clinical aspect of AD dementia from the
underlying biological aspect of neuropathology, recognising that AD occurs along
a highly protracted spectrum.
In this vein, control APOE4 carriers are likely in the preclinical phase of AD. Thus,
while they are controls in terms of the clinical aspect of AD, they are not controls
in the biological respect. Indeed, it is extremely difficult to obtain age-matched
APOE4 carriers with limited AD-related pathology, highlighting the major impact
this gene variant has on AD risk. It was interesting that control APOE4 carriers
had similar measurements to AD cases but did not exhibit dementia symptoms.
While they may have gone on to develop clinical AD at a later date, this could
suggest these individuals harbour resilience mechanisms that confer some
degree of protection to the development of symptoms. Understanding these
resilience mechanisms is a burgeoning and valuable area of research in the field.
In the future, and with more brain donors, it would be interesting to investigate
the effect of APOE relative to Braak stage, rather than simply to clinical diagnosis.
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7.6 – Future experiments

___________________________________________________________________________________________

In the short term, experiments will focus on analysing the remaining mice and
performing array tomography to examine synaptic tau spread. I will also perform
some stains to examine whether astrocytes internalise tau in our mouse model,
with the hope that this may provide more insight into our human data. Further,
mouse tissue can be stained for receptors involved in tau propagation, to
understand whether these are impacted by APOE status in vivo.
Considering that APOE4 effects on tau pathology were largely seen in controls,
it will be worthwhile to repeat post-mortem work in a later-affected brain region,
such as the visual cortex. The rationale for this is that the middle/inferior temporal
lobe is affected in early disease and, in our AD cases, tau had likely already
propagated through this region. Thus, if APOE4 effects are only relevant early in
disease, as suggested by this thesis, it would be valuable to investigate a brain
area in which tau propagation is still ongoing, where APOE effects may be more
prevalent. Further to this, it would also be interesting to examine inhibitory
synapses in this context, as it is unknown whether inhibitory synapse contain or
propagate tau in human brain.
Although human findings indirectly suggested astrocytes internalised synapses,
tau and tau-containing synapses, analysis of post-mortem tissue is limited by the
static, fixed nature of the tissue. Thus, examination of synaptic engulfment by
astrocytes in dynamic model systems will be crucial. Astrocytes engulfed
synapses from Ab and tauopathy mouse models, but it is unclear whether this is
also true of human-derived synapses. In vitro work is underway to assess
whether primary astrocytes engulf synaptoneurosomes from human AD and
control brain to different extents. It will also be interesting to generate
synaptoneurosomes from APOE4 carriers and non-carriers to understand how
APOE status influences this. Isolation of primary astrocytes from APOE-TR mice
might also help to dissociate whether APOE effects on astrocytic internalisation
observed post-mortem are due to synaptic or astrocytic factors. Examination of
potential ‘eat me’ and ‘don’t eat me’ signals on synaptoneurosomes will also
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help to shed mechanistic insight into what mediates glia-mediated synapse
engulfment under AD/APOE4 conditions.
Depending on the outcome of in vivo work, it may be prescient to examine APOE
effects on tau propagation in conjunction with Ab pathology. This could involve
crossing APOE-TR mice to an Ab model or co-injecting Ab and tau-AAV. To
increase the translatability of in vivo findings to AD, it would also be useful to
examine the effect of APOE on spread of wild type human tau, rather than the
mutant form used in the current work. Alternatively, if an APOE genotype effect
is observed, next steps will involve experiments to determine the mechanistic
underpinnings of isoform-specific effects on tau spread, with the overarching aim
of developing interventions to reduce tau propagation. Performing these
experiments in vivo takes an extremely long time. Thus, a higher throughput
platform would be beneficial. In the lab we have access to organotypic
hippocampal slice cultures, which could be injected with the same tau-AAV used
here. These slices are highly amenable to topical interventions (drugs, ASOs etc),
but could also be generated from genetically modified mice, allowing us to
investigate potential mechanisms. Alternatively, a Drosophila model of tau spread
is under development in the lab, in which the effect of APOE genotype is also
being tested. Like ex vivo methods, Drosophila are highly amenable to chemical
and genetic interventions that allow us to gain better mechanistic understanding.

7.7 – Conclusions

___________________________________________________________________________________________

To conclude, this thesis has expanded our understanding of synapse loss, tau
propagation, the impact of APOE genotype and glial contributions to these
processes in AD, particularly in regard to the human disease. Study of human
brain is an important, but sometimes neglected, arm of research in the AD field,
especially when considering that failure to translate preclinical findings to the
clinic is having a severe impact upon AD therapeutic development. Further work,
particularly relating to in vivo and in vitro experiments, will be crucial to fully
elucidate the role of APOE in tau propagation and synapse loss in AD. However,
these findings are exciting and have potential to influence the wider AD field.
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Appendix A
SI 1: Search terms used for Embase, Web of Science, and Med Science.
Database: Med Science
Inflammation
1. exp Apolipoproteins E/
2. Alzheimer Disease/
3. 1 and 2
4. Astrocytes/
5. Microglia/
6. microglia*.mp.
7. compound granular corpuscle.mp.
8. glitter cell.mp.
9. hortega cell.mp.
10. glia cell.mp.
11. 5 or 6 or 7 or 8 or 9 or 10
12. reactiv*.mp.
13. 4 and 12
14. 11 and 12
15. activ*.mp.
16. 4 and 15
17. 11 and 15
18. exp Complement C4/
19. Complement C1q/
20. Complement C3/
21. Interleukin-1beta/
22. Tumor Necrosis Factor-alpha/
23. cytokine*.mp.
24. GLIOSIS/
25. pro inflammatory.mp.
26. anti inflammatory.mp.
27. Inflammat* mediat*.mp.
28. neuroinflammatory.mp.
29. neuroinflammation.mp.
30. phagocyt*.mp.
31. immun*.mp.
32. 4 or 11 or 13 or 14 or 16 or 17 or 18 or 19
or 20 or 21 or 22 or 23 or 24 or 25 or 26 or 27
or 28 or 29 or 30 or 31
33. 3 and 32

9. degeneration.mp.
10. Death.mp.
11. Impair*.mp.
12. Loss.mp.
13. dysregulate*.mp.
14. dysregulation*.mp.
15. prun*.mp.
16. phagocyt*.mp.
17. 7 or 8 or 9 or 10 or 11 or 12 or 13 or 14 or
15 or 16
18. 6 and 17
19. neurodegenerat*.mp.
20. Neurotoxic*.mp.
21. synaptotoxic*.mp.
22. Myelin*.mp.
23. Demyelin*.mp.
24. 19 or 20 or 21 or 22 or 23
25. 18 or 24
26. 3 and 25
Prion-like spread
1. exp Apolipoproteins E/
2. Alzheimer Disease/
3. 1 and 2
4. Amyloid/
5. Amyloid beta-Peptides/
6. AMYLOID BETA-PROTEIN PRECURSOR/
7. Plaque, Amyloid/
8. tau Proteins/
9. tau.mp.
10. phf.mp.
11. tangles.mp.
12. Neurofibrillary Tangles/
13. paired helical filament.mp.
14. straight filament.mp.
15. tauopathy.mp.
16. neurofibrill*.mp.
17. 4 or 5 or 6 or 7 or 8 or 9 or 10 or 11 or 12
or 13 or 14 or 15 or 16
18. prion*.mp.
19. move*.mp.
20. moving.mp.
21. dynamic*.mp.
22. Propagat*.mp.
23. attenuat*.mp.

Neurodegeneration
1. exp Apolipoproteins E/
2. Alzheimer Disease/
3. 1 and 2
4. neuron*.mp.
5. synap*.mp.
6. 4 or 5
7. dysfunction*.mp.
8. degenerate*.mp.
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24. spread*.mp.
25. secret*.mp.
26. transfer*.mp.
27. transmiss*.mp.
28. progress*.mp.
29. Trans-synaptic*.mp.
30. seed*.mp.
31. infect*.mp.
32. tunnel*.mp.
33. conver*.mp.
34. aggregat*.mp.
35. 18 or 19 or 20 or 21 or 22 or 23 or 24 or 25
or 26 or 27 or 28 or 29 or 30 or 31 or 32 or 33
or
36. 3 and 17 and 35

40. Apo E-4.mp.
41. Apo E 4.mp.
42. apo e4.mp.
43. Apolipoprotein-epsilon4.mp.
44. Apolipoprotein epsilon4.mp.
45. Apolipoprotein E-4.mp.
46. Apolipoprotein E 4.mp.
47. Apolipoprotein E4.mp.
48. 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10
or 11 or 12 or 13 or 14 or 15 or 16 or 17 or 18
or 19 or 20 or 21 or 22 or 23 or 24 or 25 or 26
or 27 or 28 or 29 or 30 or 31 or 32 or 33 or 34
or 35 or 36 or 37 or 38 or 39 or 40 or 41 or 42
or 43 or 44 or 45 or 46 or 47
49. Alzheimer disease.mp.
50. Alzheimer.mp.
51. Alzheimer's.mp.
52. Alzheimer Dementia.mp.
53. Dementia Alzheimer.mp.
54. Alzheimer-Type Dementia.mp.
55. Dementia Alzheimer-Type.mp.
56. Primary Senile Degenerative Dementia.mp.

Database: Embase
Inflammation
1. apolipoprotein E/
2. APOE.mp.
3. APO-E.mp.
4. apolipoprotein e isoproteins.mp.
5. apoe isoproteins.mp.
6. apo e isoproteins.mp.
7. Apoproteins E.mp.
8. APOE-epsilon2.mp.
9. APOE epsilon2.mp.
10. ApoE2.mp.
11. APOE-epsilon 2.mp.
12. APOE epsilon 2.mp.
13. Apo E-2.mp.
14. Apo E 2.mp.
15. APO E2.mp.
16. Apolipoprotein-epsilon2.mp.
17. Apolipoprotein epsilon2.mp.
18. Apolipoprotein E-2.mp.
19. Apolipoprotein E 2.mp.
20. apolipoprotein E2.mp.
21. APOE-epsilon3.mp.
22. APOE epsilon3.mp.
23. ApoE3.mp.
24. APOE-epsilon 3.mp.
25. APOE epsilon 3.mp.
26. APO E-3.mp.
27. Apo E 3.mp.
28. APO E3.mp.
29. Apolipoprotein-epsilon3.mp.
30. Apolipoprotein epsilon3.mp.
31. Apolipoprotein E-3.mp.
32. Apolipoprotein E 3.mp.
33. Apolipoprotein E3.mp.
34. apoprotein E3.mp.
35. APOE-epsilon4.mp.
36. APOE epsilon4.mp.
37. APOE4.mp.
38. APOE-epsilon 4.mp.
39. APOE epsilon 4.mp.

57. Dementia Senile.mp.
58. senile dementia.mp.
59. Dementia Alzheimer Type.mp.
60. Alzheimer Type Dementia.mp.
61. Senile Dementia Alzheimer Type.mp.
62. Alzheimer Type Senile Dementia.mp.
63. Dementia Primary Senile Degenerative.mp.
64. Disease Alzheimer.mp.
65. Alzheimer Disease Late Onset.mp.
66. Focal Onset Alzheimer's Disease.mp.
67. Familial Alzheimer Disease.mp.
68. Sporadic Alzheimer disease.mp.
69. Alzheimer Disease Early Onset.mp.
70. Early Onset Alzheimer Disease.mp.
71. alzeimer disease.mp.
72. 49 or 50 or 51 or 52 or 53 or 54 or 55 or 56
or 57 or 58 or 59 or 60 or 61 or 62 or 63 or 64
or 65 or 66 or 67 or 68 or 69 or 70 or 71
73. astrocyte/
74. microglia/
75. 73 or 74
76. reactiv*.mp.
77. activ*.mp.
78. 75 and 76
79. 75 and 77
80. complement component C4/
81. complement component C1q/
82. complement component C3/
83. interleukin 1beta/
84. tumor necrosis factor/
85. cytokine*.mp.
86. gliosis.mp.
87. pro-inflammat*.mp.
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88. anti-inflammat*.mp.
89. Inflammat* mediat*.mp.
90. neuroinflammat*.mp.
91. phagocyt*.mp.
92. immun*.mp.
93. 80 or 81 or 82 or 83 or 84 or 85 or 86 or 87
or 88 or 89 or 90 or 91 or 92
94. 73 or 74 or 78 or 79 or 93
95. 48 and 72 and 94

47. Apolipoprotein E4.mp.
48. 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10
or 11 or 12 or 13 or 14 or 15 or 16 or 17 or 18
or 19 or 20 or 21 or 22 or 23 or 24 or 25 or 26
or 27 or 28 or 29 or 30 or 31 or 32 or 33 or 34
or 35 or 36 or 37 or 38 or 39 or 40 or 41 or 42
or 43 or 44 or 45 or 46 or 47
49. Alzheimer disease.mp.
50. Alzheimer.mp.
51. Alzheimer's.mp.
52. Alzheimer Dementia.mp.
53. Dementia Alzheimer.mp.
54. Alzheimer-Type Dementia.mp.
55. Dementia Alzheimer-Type.mp.
56. Primary Senile Degenerative Dementia.mp.

Neurodegeneration
1. apolipoprotein E/
2. APOE.mp.
3. APO-E.mp.
4. apolipoprotein e isoproteins.mp.
5. apoe isoproteins.mp.
6. apo e isoproteins.mp.
7. Apoproteins E.mp.
8. APOE-epsilon2.mp.
9. APOE epsilon2.mp.
10. ApoE2.mp.
11. APOE-epsilon 2.mp.
12. APOE epsilon 2.mp.
13. Apo E-2.mp.
14. Apo E 2.mp.
15. APO E2.mp.
16. Apolipoprotein-epsilon2.mp.
17. Apolipoprotein epsilon2.mp.
18. Apolipoprotein E-2.mp.
19. Apolipoprotein E 2.mp.
20. apolipoprotein E2.mp.
21. APOE-epsilon3.mp.
22. APOE epsilon3.mp.
23. ApoE3.mp.
24. APOE-epsilon 3.mp.
25. APOE epsilon 3.mp.
26. APO E-3.mp.
27. Apo E 3.mp.
28. APO E3.mp.
29. Apolipoprotein-epsilon3.mp.
30. Apolipoprotein epsilon3.mp.
31. Apolipoprotein E-3.mp.
32. Apolipoprotein E 3.mp.
33. Apolipoprotein E3.mp.
34. apoprotein E3.mp.
35. APOE-epsilon4.mp.
36. APOE epsilon4.mp.
37. APOE4.mp.
38. APOE-epsilon 4.mp.
39. APOE epsilon 4.mp.
40. Apo E-4.mp.
41. Apo E 4.mp.
42. apo e4.mp.
43. Apolipoprotein-epsilon4.mp.
44. Apolipoprotein epsilon4.mp.
45. Apolipoprotein E-4.mp.
46. Apolipoprotein E 4.mp.

57. Dementia Senile.mp.
58. senile dementia.mp.
59. Dementia Alzheimer Type.mp.
60. Alzheimer Type Dementia.mp.
61. Senile Dementia Alzheimer Type.mp.
62. Alzheimer Type Senile Dementia.mp.
63. Dementia Primary Senile Degenerative.mp.
64. Disease Alzheimer.mp.
65. Alzheimer Disease Late Onset.mp.
66. Focal Onset Alzheimer's Disease.mp.
67. Familial Alzheimer Disease.mp.
68. Sporadic Alzheimer disease.mp.
69. Alzheimer Disease Early Onset.mp.
70. Early Onset Alzheimer Disease.mp.
71. alzeimer disease.mp.
72. 49 or 50 or 51 or 52 or 53 or 54 or 55 or 56
or 57 or 58 or 59 or 60 or 61 or 62 or 63 or 64
or 65 or 66 or 67 or 68 or 69 or 70 or 71
73. neuron*.mp.
74. synap*.mp.
75. 73 or 74
76. degenerat*.mp.
77. dysfunction*.mp.
78. death.mp.
79. impair*.mp.
80. loss.mp.
81. dysregulat*.mp.
82. prun*.mp.
83. phagocyt*.mp.
84. 76 or 77 or 78 or 79 or 80 or 81 or 82 or 83
85. 75 and 84
86. neurodegenerat*.mp.
87. neurotoxic*.mp.
88. synaptotoxic*.mp.
89. myelin*.mp.
90. demyelin*.mp.
91. 86 or 87 or 88 or 89 or 90
92. 85 or 91
93. 48 and 72 and 92
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51. Alzheimer's.mp.
52. Alzheimer Dementia.mp.
53. Dementia Alzheimer.mp.
54. Alzheimer-Type Dementia.mp.
55. Dementia Alzheimer-Type.mp.
56. Primary Senile Degenerative Dementia.mp.

Prion-like spread
1. apolipoprotein E/
2. APOE.mp.
3. APO-E.mp.
4. apolipoprotein e isoproteins.mp.
5. apoe isoproteins.mp.
6. apo e isoproteins.mp.
7. Apoproteins E.mp.
8. APOE-epsilon2.mp.
9. APOE epsilon2.mp.
10. ApoE2.mp.
11. APOE-epsilon 2.mp.
12. APOE epsilon 2.mp.
13. Apo E-2.mp.
14. Apo E 2.mp.
15. APO E2.mp.
16. Apolipoprotein-epsilon2.mp.
17. Apolipoprotein epsilon2.mp.
18. Apolipoprotein E-2.mp.
19. Apolipoprotein E 2.mp.
20. apolipoprotein E2.mp.
21. APOE-epsilon3.mp.
22. APOE epsilon3.mp.
23. ApoE3.mp.
24. APOE-epsilon 3.mp.
25. APOE epsilon 3.mp.
26. APO E-3.mp.
27. Apo E 3.mp.
28. APO E3.mp.
29. Apolipoprotein-epsilon3.mp.
30. Apolipoprotein epsilon3.mp.
31. Apolipoprotein E-3.mp.
32. Apolipoprotein E 3.mp.
33. Apolipoprotein E3.mp.
34. apoprotein E3.mp.
35. APOE-epsilon4.mp.
36. APOE epsilon4.mp.
37. APOE4.mp.
38. APOE-epsilon 4.mp.
39. APOE epsilon 4.mp.
40. Apo E-4.mp.
41. Apo E 4.mp.
42. apo e4.mp.
43. Apolipoprotein-epsilon4.mp.
44. Apolipoprotein epsilon4.mp.
45. Apolipoprotein E-4.mp.
46. Apolipoprotein E 4.mp.
47. Apolipoprotein E4.mp.
48. 1 or 2 or 3 or 4 or 5 or 6 or 7 or 8 or 9 or 10
or 11 or 12 or 13 or 14 or 15 or 16 or 17 or 18
or 19 or 20 or 21 or 22 or 23 or 24 or 25 or 26
or 27 or 28 or 29 or 30 or 31 or 32 or 33 or 34
or 35 or 36 or 37 or 38 or 39 or 40 or 41 or 42
or 43 or 44 or 45 or 46 or 47
49. Alzheimer disease.mp.
50. Alzheimer.mp.

57. Dementia Senile.mp.
58. senile dementia.mp.
59. Dementia Alzheimer Type.mp.
60. Alzheimer Type Dementia.mp.
61. Senile Dementia Alzheimer Type.mp.
62. Alzheimer Type Senile Dementia.mp.
63. Dementia Primary Senile Degenerative.mp.
64. Disease Alzheimer.mp.
65. Alzheimer Disease Late Onset.mp.
66. Focal Onset Alzheimer's Disease.mp.
67. Familial Alzheimer Disease.mp.
68. Sporadic Alzheimer disease.mp.
69. Alzheimer Disease Early Onset.mp.
70. Early Onset Alzheimer Disease.mp.
71. alzeimer disease.mp.
72. 49 or 50 or 51 or 52 or 53 or 54 or 55 or 56
or 57 or 58 or 59 or 60 or 61 or 62 or 63 or 64
or 65 or 66 or 67 or 68 or 69 or 70 or 71
73. amyloid beta protein/
74. amyloid protein/
75. amyloid plaque/
76. "amyloid beta protein[1-40]"/
77. "amyloid beta protein[1-42]"/
78. amyloid precursor protein/
79. amyloid/
80. tau protein/
81. tau.mp.
82. phf.mp.
83. tangles.mp.
84. neurofibrillary tangle/
85. paired helical filament/
86. straight filament.mp.
87. tauopathy/
88. neurofibrill*.mp.
89. 73 or 74 or 75 or 76 or 77 or 78 or 79 or 80
or 81 or 82 or 83 or 84 or 85 or 86 or 87 or 88
90. prion*.mp.
91. move*.mp.
92. moving.mp.
93. dynamic*.mp.
94. propagat*.mp.
95. attenuat*.mp.
96. spread*.mp.
97. secret*.mp.
98. transfer*.mp.
99. transmiss*.mp.
100. progress*.mp.
101. Trans-synaptic*.mp.
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102. seed*.mp.
103. infect*.mp.
104. tunnel*.mp.
105. conver*.mp.
106. aggregat*.mp.

107. 90 or 91 or 92 or 93 or 94 or 95 or 96 or
97 or 98 or 99 or 100 or 101 or 102 or 103 or
104 or 105 or 106
108. 48 and 72 and 89 and 107

Database: Web of science
Inflammation
#14
#13 AND #3
#13
#12 OR #11 OR #10 OR #8 OR #7 OR #5 OR #4
#12
TS= (“complement*” OR “complement component 4” OR “complement component, c4” OR
“component 4, complement” OR “component, c4 complement” OR “c4, complement” OR “c4
complement component” OR “complement 4”OR “complement c4” OR “C1q” OR “c1q, complement”
OR “complement 1q” OR “complement c1q” OR “complement component 1q” OR “component 1q,
complement” OR “C3” OR “c3, complement” OR “complement 3” OR “complement c3” OR
“complement component 3” “component 3, complement” OR “interleukin*” OR “IL1β” OR IL1-β OR
“Interleukin 1 beta” OR “Interleukin- 1 beta” OR “il-1 beta” OR “interleukin 1beta OR “interleukin-1 beta”
OR “interleukin-1beta” OR “tumor necrosis factor alpha” OR “tumor necrosis factor-alpha” OR “tnfalpha”OR “tnfalpha” OR “cachectin” OR “cachectin tumor necrosis factor” OR “cachectin-tumor necrosis
factor” OR OR “tumor necrosis factor ligand superfamily member 2” OR “tnf superfamily, member 2” OR
TNFα” OR “cytokine*” or “gliosis” OR “pro-inflammat*” OR “anti-inflammat*” OR “inflammat* NEAR/2
mediat*” OR “neuroinflammat*” OR “phagocyt*” OR“immun*”)
#11
#9 AND #4
#10
#9 AND #5
#9
ts=("Reactiv*")
#8
#6 AND #4
#7
#6 AND #5
#6
TS= ("Activat*")
#5
TS= ("microglia" OR "cell microglia" OR "compound granular corpuscle" OR "glitter cell" OR
"hortega cell" OR "microglia cell" OR "microglial cell" OR "neuromicroglia cell" OR "glia cell")
#4
TS= ("astro*" OR "astroglia cell" OR "astroglial cell" OR "glia cell" OR "type 1 astrocytes" OR
"type 2 astrocytes")
#3
#2 AND #1
#2
TS= ( "Alzheimer" OR "Alzheimer's" OR “Alzheimer Dementia” OR "Dementia Alzheimer" OR
"Alzheimer-Type Dementia" OR "Dementia Alzheimer-Type" OR "Primary Senile Degenerative Dementia"
OR "Dementia Senile" OR “Senile Dementia” OR "Dementia Alzheimer Type" OR “Alzheimer Type
Dementia” OR "Senile Dementia Alzheimer Type" OR “Alzheimer Type Senile Dementia” OR "Dementia
Primary Senile Degenerative" OR “Alzheimer's Disease” OR "Disease Alzheimer" OR “Acute Confusional
Senile Dementia” OR "Senile Dementia Acute Confusional" OR "Alzheimer Disease Late Onset" OR "Late
onset Alzheimer's Disease" OR "Alzheimer's Disease Focal Onset" OR “Focal Onset Alzheimer's
Disease” OR “Familial Alzheimer Disease” OR "Sporadic Alzheimer disease" OR "Alzheimer Disease Early
Onset" OR “Early Onset Alzheimer Disease” OR "Alzheimer disease" OR "Alzeimer disease" OR
"Alzeimer's disease" OR "Alzheimer dementia" OR "alzheimer sclerosis" OR "alzheimer syndrome" OR
"alzheimer's disease" OR "dementia, alzheimer")
#1
TS=("apolipoprotein E" OR "APOE" OR "apo-e" OR "apolipoprotein e isoproteins" OR "apoe
isoproteins" OR "APO E" OR "apo e isoproteins" OR "Apoproteins E" OR "Apoprotein E" OR "APOEepsilon2" OR "APOE epsilon2" OR "ApoE2" OR "APOE-epsilon 2" OR "APOE epsilon 2" OR "Apo E-2"
OR "Apo E 2" OR "apo e2" OR "Apolipoprotein-epsilon2" OR "Apolipoprotein epsilon2" OR
"Apolipoprotein E-2" OR "Apolipoprotein E 2" OR "APOE-epsilon3" OR "apoe epsilon3" OR "ApoE3" OR
"APOE-epsilon 3" OR "APOE epsilon 3" OR "APO E-3" OR "Apo E 3" OR "APO E3" OR "Apolipoproteinepsilon3" OR "Apolipoprotein epsilon3" OR "Apolipoprotein E-3" OR "Apolipoprotein E 3" OR "APOEepsilon4" OR "APOE epsilon4" OR "APOE4" OR "APOE-epsilon 4" OR "APOE epsilon 4" OR "Apo E-4"
OR "Apo E 4" OR "apo e4" OR "Apolipoprotein-epsilon4" OR "Apolipoprotein epsilon4" OR
"Apolipoprotein E-4" OR "Apolipoprotein E 4" OR "apolipoprotein ε" OR "APOε" OR "apo-ε" OR
"apolipoprotein ε isoproteins" OR "apoε isoproteins" OR "APO ε" OR "apo ε isoproteins" OR
"Apoproteins ε" OR "Apoprotein ε" OR "APOE-ε2" OR "APOE ε2" OR "Apoε2" OR "APOE-ε2" OR
"APOE ε 2" OR "Apo ε-2" OR "Apo ε 2" OR "apo ε2" OR "Apolipoprotein-ε2" OR "Apolipoprotein ε2"
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OR "Apolipoprotein ε-2" OR "Apolipoprotein ε 2" OR "APOE-ε3" OR "apoe ε3" OR "Apoε3" OR "APOEε3" OR "APOE ε 3" OR "APO ε-3" OR "Apo ε 3" OR "APO ε3" OR "Apolipoprotein-ε3" OR
"Apolipoprotein ε3" OR "Apolipoprotein ε-3" OR "Apolipoprotein ε 3" OR "APOE-ε4" OR "APOE ε4" OR
"APOε4" OR "APOE-ε 4" OR "APOE ε 4" OR "Apo ε-4" OR "Apo ε 4" OR "apo ε4" OR "Apolipoproteinε4" OR "Apolipoprotein ε4" OR "Apolipoprotein ε-4" OR "Apolipoprotein ε 4")
Neurodegeneration
#9
#8 AND #3
#8
#7 OR #6
#7
TS=(”Neurodegeneration” OR “Neurotoxic*” OR “Synaptotoxic*” OR “Myelin*”, “demyelin*”)
#6
#5 AND #4
#5
ts=(“degenerat*” OR “Dysfunction*” OR “Death” OR “Impair*” OR “loss” OR “Dysregulat*” OR
“prun*” OR “phagocyt*”)
#4
ts=(“Neuron*” OR “synap*” )
#3
#2 AND #1
#2
TS= ( "Alzheimer" OR "Alzheimer's" OR “Alzheimer Dementia” OR "Dementia Alzheimer" OR
"Alzheimer-Type Dementia" OR "Dementia Alzheimer-Type" OR "Primary Senile Degenerative Dementia"
OR "Dementia Senile" OR “Senile Dementia” OR "Dementia Alzheimer Type" OR “Alzheimer Type
Dementia” OR "Senile Dementia Alzheimer Type" OR “Alzheimer Type Senile Dementia” OR "Dementia
Primary Senile Degenerative" OR “Alzheimer's Disease” OR "Disease Alzheimer" OR “Acute Confusional
Senile Dementia” OR "Senile Dementia Acute Confusional" OR "Alzheimer Disease Late Onset" OR "Late
onset Alzheimer's Disease" OR "Alzheimer's Disease Focal Onset" OR “Focal Onset Alzheimer's
Disease” OR “Familial Alzheimer Disease” OR "Sporadic Alzheimer disease" OR "Alzheimer Disease Early
Onset" OR “Early Onset Alzheimer Disease” OR "Alzheimer disease" OR "Alzeimer disease" OR
"Alzeimer's disease" OR "Alzheimer dementia" OR "alzheimer sclerosis" OR "alzheimer syndrome" OR
"alzheimer's disease" OR "dementia, alzheimer")
#1
TS=("apolipoprotein E" OR "APOE" OR "apo-e" OR "apolipoprotein e isoproteins" OR "apoe
isoproteins" OR "APO E" OR "apo e isoproteins" OR "Apoproteins E" OR "Apoprotein E" OR "APOEepsilon2" OR "APOE epsilon2" OR "ApoE2" OR "APOE-epsilon 2" OR "APOE epsilon 2" OR "Apo E-2"
OR "Apo E 2" OR "apo e2" OR "Apolipoprotein-epsilon2" OR "Apolipoprotein epsilon2" OR
"Apolipoprotein E-2" OR "Apolipoprotein E 2" OR "APOE-epsilon3" OR "apoe epsilon3" OR "ApoE3" OR
"APOE-epsilon 3" OR "APOE epsilon 3" OR "APO E-3" OR "Apo E 3" OR "APO E3" OR "Apolipoproteinepsilon3" OR "Apolipoprotein epsilon3" OR "Apolipoprotein E-3" OR "Apolipoprotein E 3" OR "APOEepsilon4" OR "APOE epsilon4" OR "APOE4" OR "APOE-epsilon 4" OR "APOE epsilon 4" OR "Apo E-4"
OR "Apo E 4" OR "apo e4" OR "Apolipoprotein-epsilon4" OR "Apolipoprotein epsilon4" OR
"Apolipoprotein E-4" OR "Apolipoprotein E 4" OR "apolipoprotein ε" OR "APOε" OR "apo-ε" OR
"apolipoprotein ε isoproteins" OR "apoε isoproteins" OR "APO ε" OR "apo ε isoproteins" OR
"Apoproteins ε" OR "Apoprotein ε" OR "APOE-ε2" OR "APOE ε2" OR "Apoε2" OR "APOE-ε2" OR
"APOE ε 2" OR "Apo ε-2" OR "Apo ε 2" OR "apo ε2" OR "Apolipoprotein-ε2" OR "Apolipoprotein ε2"
OR "Apolipoprotein ε-2" OR "Apolipoprotein ε 2" OR "APOE-ε3" OR "apoe ε3" OR "Apoε3" OR "APOEε3" OR "APOE ε 3" OR "APO ε-3" OR "Apo ε 3" OR "APO ε3" OR "Apolipoprotein-ε3" OR
"Apolipoprotein ε3" OR "Apolipoprotein ε-3" OR "Apolipoprotein ε 3" OR "APOE-ε4" OR "APOE ε4" OR
"APOε4" OR "APOE-ε 4" OR "APOE ε 4" OR "Apo ε-4" OR "Apo ε 4" OR "apo ε4" OR "Apolipoproteinε4" OR "Apolipoprotein ε4" OR "Apolipoprotein ε-4" OR "Apolipoprotein ε 4")
Prion-like spread
#8
#7 AND #6 AND #3
#7
TS= ("Prion*" OR "move*" OR "Moving" OR "dynamic*" OR "Propagat*" OR "Attenuat*" OR
"Spread*" OR "Secret*" OR "Transfer*" OR "transmiss*" OR "progress*" OR "trans-synaptic*" or "seed*"
or "conver*" or "infect*" or "tunnel*" or "aggregat*")
#6
#5 OR #4
#5
TS= ("tau" OR “τ” OR “PHF” OR "tau-protein" OR "microtubule associated protein tau" OR
"microtubule protein tau" OR "tau proteins" OR "Neurofibrillary tangles" OR "tangles" OR "paired helical
filament" OR "paired-helical filament" OR “Straight filament” OR "tauopathy" OR "neurofibrill*")
#4
TS= ("Amyloid" OR "Amyloido*" OR "Alzheimer's Amyloid Fibril Protein" OR "ABP Alzheimer's"
OR "Alzheimer ABP" OR "Alzheimer's ABP" OR "Amyloid AD-AP" OR "AD-AP Amyloid" OR "Amyloid AD
AP" OR "beta-Amyloid Protein" OR "Protein beta-Amyloid" OR "beta Amyloid Protein" OR "Amyloid beta-
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Protein" OR "Amyloid beta Protein" OR "beta-Protein Amyloid" OR "Amyloid Fibril Protein Alzheimer's"
OR Amyloid Protein A4 OR "Protein A4 Amyloid" OR "Alzheimer beta-Protein" OR "Alzheimer beta
Protein" OR "beta-Protein Alzheimer" OR "Amyloid beta-Peptide" OR "beta-Peptide Amyloid" OR "βamyloid" OR "amyloid β" OR "Aβ" OR "Amyloid-β" OR "β-Amyloid Protein" OR "Protein β-Amyloid" OR "β
Amyloid Protein" OR "Amyloid β-Protein" OR "Amyloid β Protein" OR "β-Protein Amyloid" OR "Alzheimer
β-Protein" OR "Alzheimer βProtein" OR "β-Protein Alzheimer" OR "Amyloid -βPeptide" OR "β-Peptide
Amyloid")
#3
#2 AND #1
#2
TS= ( "Alzheimer" OR "Alzheimer's" OR “Alzheimer Dementia” OR "Dementia Alzheimer" OR
"Alzheimer-Type Dementia" OR "Dementia Alzheimer-Type" OR "Primary Senile Degenerative Dementia"
OR "Dementia Senile" OR “Senile Dementia” OR "Dementia Alzheimer Type" OR “Alzheimer Type
Dementia” OR "Senile Dementia Alzheimer Type" OR “Alzheimer Type Senile Dementia” OR "Dementia
Primary Senile Degenerative" OR “Alzheimer's Disease” OR "Disease Alzheimer" OR “Acute Confusional
Senile Dementia” OR "Senile Dementia Acute Confusional" OR "Alzheimer Disease Late Onset" OR "Late
onset Alzheimer's Disease" OR "Alzheimer's Disease Focal Onset" OR “Focal Onset Alzheimer's
Disease” OR “Familial Alzheimer Disease” OR "Sporadic Alzheimer disease" OR "Alzheimer Disease Early
Onset" OR “Early Onset Alzheimer Disease” OR "Alzheimer disease" OR "Alzeimer disease" OR
"Alzeimer's disease" OR "Alzheimer dementia" OR "alzheimer sclerosis" OR "alzheimer syndrome" OR
"alzheimer's disease" OR "dementia, alzheimer")
#1
TS=("apolipoprotein E" OR "APOE" OR "apo-e" OR "apolipoprotein e isoproteins" OR "apoe
isoproteins" OR "APO E" OR "apo e isoproteins" OR "Apoproteins E" OR "Apoprotein E" OR "APOEepsilon2" OR "APOE epsilon2" OR "ApoE2" OR "APOE-epsilon 2" OR "APOE epsilon 2" OR "Apo E-2"
OR "Apo E 2" OR "apo e2" OR "Apolipoprotein-epsilon2" OR "Apolipoprotein epsilon2" OR
"Apolipoprotein E-2" OR "Apolipoprotein E 2" OR "APOE-epsilon3" OR "apoe epsilon3" OR "ApoE3" OR
"APOE-epsilon 3" OR "APOE epsilon 3" OR "APO E-3" OR "Apo E 3" OR "APO E3" OR "Apolipoproteinepsilon3" OR "Apolipoprotein epsilon3" OR "Apolipoprotein E-3" OR "Apolipoprotein E 3" OR "APOEepsilon4" OR "APOE epsilon4" OR "APOE4" OR "APOE-epsilon 4" OR "APOE epsilon 4" OR "Apo E-4"
OR "Apo E 4" OR "apo e4" OR "Apolipoprotein-epsilon4" OR "Apolipoprotein epsilon4" OR
"Apolipoprotein E-4" OR "Apolipoprotein E 4" OR "apolipoprotein ε" OR "APOε" OR "apo-ε" OR
"apolipoprotein ε isoproteins" OR "apoε isoproteins" OR "APO ε" OR "apo ε isoproteins" OR
"Apoproteins ε" OR "Apoprotein ε" OR "APOE-ε2" OR "APOE ε2" OR "Apoε2" OR "APOE-ε2" OR
"APOE ε 2" OR "Apo ε-2" OR "Apo ε 2" OR "apo ε2" OR "Apolipoprotein-ε2" OR "Apolipoprotein ε2"
OR "Apolipoprotein ε-2" OR "Apolipoprotein ε 2" OR "APOE-ε3" OR "apoe ε3" OR "Apoε3" OR "APOEε3" OR "APOE ε 3" OR "APO ε-3" OR "Apo ε 3" OR "APO ε3" OR "Apolipoprotein-ε3" OR
"Apolipoprotein ε3" OR "Apolipoprotein ε-3" OR "Apolipoprotein ε 3" OR "APOE-ε4" OR "APOE ε4" OR
"APOε4" OR "APOE-ε 4" OR "APOE ε 4" OR "Apo ε-4" OR "Apo ε 4" OR "apo ε4" OR "Apolipoproteinε4" OR "Apolipoprotein ε4" OR "Apolipoprotein ε-4" OR "Apolipoprotein ε 4")
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Appendix B
SI 2: Exclusion Criteria
1. Not studying APOE in AD-related neurodegeneration, inflammation or pathological
protein spread
2. Not studying AD (exclude other neurological diseases)
3. Not focused on the brain
4. Studies of APOE and Aβ or APOE and tau without studying protein spread
5. Human studies involving patients with mild cognitive impairment or animal studies using
young APOE mice without additional AD pathology (e.g. no cross with tau or Aβ models
or no lipopolysaccharide stimulation)
6. Human studies with evidence of mental health history (e.g. depression)
7. Evidence of neurological trauma (e.g. traumatic brain injury)
8. Evidence of infection (e.g. Herpes Simplex virus)
9. Studies of blood brain barrier dysfunction
10. Studies on olfactory system or retina
11. Studies of biomarkers
12. Reviews, editorials, case reports, case series studies, conference proceedings or posters
13. Duplicates
14. Studies not in English language
15. Studies where full text unavailable
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Appendix C
SI 3: Papers included in the systematic review

Belinson (2008)

Arendt (1997)

Andrews-Zwilling (2010)

Anderson (1998)

Agosta (2009)

Neurodegeneration

Neurodegeneration

Neurodegeneration

Neurodegeneration

Neurodegeneration

Neurodegeneration

In vivo

In vivo

In vivo

Human - PM

In vivo

In vivo

Human - MRI

AD APOE4 carriers had greater atrophy in bilateral parietal cortex, right precuneus,
hippocampus and middle frontal gyrus vs. non-carriers and controls.
APOE KO and WT mice had similar synaptic and dendritic densities.
Female APOE4-KI mice had age-dependent decrease in hilar GABAergic interneurons vs.
APOE3-KI. In neurotoxic APOE4 fragment transgenic mice, interneuron loss was even
more pronounced.
AD APOE4 carriers had more severe neurodegeneration in all areas investigated vs. noncarriers. Carriers had less plastic dendritic changes. Number of APOE4 alleles influenced
the pattern of dendritic arborisation.
In APOE4-TR mice, activation of the amyloid cascade via inhibition of neprilysin resulted
in degeneration of hippocampal CA1, entorhinal and septal neurons. This was
accompanied by accumulation of intracellular Aβ and APOE along with lysosomal
activation.
In APOE4-TR mice, activation of the amyloid cascade via inhibition of neprilysin resulted
in Aβ, oAβ and apoE4 co-localising with enlarged lysosomes and mitochondrial
pathology. Kinetics of the lysosomal effects paralleled CA1 neuronal loss.
APOE4-related CA1 neurodegeneration was associated with activation of astrogliosis and
microgliosis. Microgliosis occurred earlier and was more prolonged compared to
astrogliosis. Neurodegeneration within the septum was not associated with microgliosis
or astrogliosis in either APOE3 or APOE4 mice.
C-terminal truncated APOE4/AD mice had greater Aβ levels and Aβ deposition, and
displayed neuronal deficits such as reduced MAP2, calbindin and Fos immunoreactivity
vs. AD mice expressing full length APOE3 or APOE4.
Impairment in reactive sprouting in hE4 mice compared to hE3 mice. hE4 mice had more
reactive astrocytes as well as a defective outward migration pattern of the astrocytes in
the dentate gyrus. The expression of the anti-inflammatory cytokine IL-1ra was delayed in

Main Findings

* denotes hand-picked papers included in the systematic literature search
Neurodegeneration papers shown in blue; inflammation papers shown in green; neurodegeneration & inflammation papers shown in orange.

Belinson (2010)

Neurodegeneration &
Inflammation

In vivo

Study design

Belinson & Michaelson (2009)

Neurodegeneration

In vivo

First author (Date)

Bien-Ly (2011)

Inflammation

Inflammation/
Neurodegeneration/
Neurodegeneration
and Inflammation

Blain (2006)
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Reference

[3]

[57]

[43]

[33]

[39]

[72]

[90]

[78]

[114]

Chang (2005)

Camicioli (1999)

Cambon (2000)

Caberlotto (2016)

Buttini (2010)

Buttini (2002)

Buttini (2000)

Buttini (1999)

Brown (2002)

Boccardi (2004)

Blennow (1996)

Inflammation

Neurodegeneration

Neurodegeneration

Neurodegeneration

Inflammation

Neurodegeneration

Neurodegeneration

Neurodegeneration

Neurodegeneration

Inflammation

Neurodegeneration

Neurodegeneration

In vitro & in
vivo

In vitro

In vitro

Human - PM

In vivo

Computational

In vivo

In vivo

In vivo

In vivo

In vitro

Human - MRI

Human - PM

Significantly more NO was produced in APOE4 mice compared to APOE3 transgenic
mice.

Synaptosome phagocytosis assays on APOE TR astrocytes.

[100]

[121]

[52]

Chen (2005)

Neurodegeneration &
Inflammation

In vitro

[102]

[77]

[34]

[49]

[96]

[75]

[54]

[38]

[53]

[101]

[11]

Chung (2016)

Inflammation

hE4 mice compared to hE3 mice. presence of apoE4 delays the astroglial repair process
and indirectly compromises synaptic remodeling.
Rab3a levels were reduced in AD in hippocampus and frontal cortex, but not in
cerebellum. No significant differences in rab3a levels in any brain region between AD
patients possessing different numbers of the APOE4 allele.
Greater atrophy in medial temporal lobe of AD APOE4 carriers vs. non-carriers.
Macrophages from male APOE4/4-TR mice produced significantly higher levels of nitric
oxide than from male APOE3/3-TR mice, while macrophages from female APOE3/3-TR
and female APOE4/4-TR mice produced the similar levels of nitric oxide. Primary cultures
of microglial cells of APOE4 transgenic mice also produced significantly more nitric oxide
than microglia from APOE3 transgenic mice.
APOE3 protected against excitotoxin-induced neurodegeneration but APOE4 did not seen as reduction in synaptophysin, MAP-2 positive neuronal dendrites and
neurofilament positive axons.
Hemizygous and homozygous APOE3 mice were protected against age-related and
excitotoxin-induced neurodegeneration, but APOE4 mice were not. APOE3/E4 bigenic
mice were as susceptible to neurodegeneration as APOE4 singly-transgenic mice.
Neurodegeneration was more severe in homozygous than in hemizygous APOE4 mice
consistent with a dose effect.
In hAPP/APOE3 and hAPP/APOE mice, APOE3 but not APOE4, delayed age-dependent
synaptic loss through a plaque-independent mechanism.
Regardless of cellular source, APOE3 protected synapses and dendrites against
excitotoxic injury, as did astrocytic APOE4. Neuronal APOE4 was associated with loss of
neocortical and hippocampal pyramidal neurons, and increased fragmented APOE4.
Identification of an alteration in aging-associated processes such as inflammation,
oxidative stress and metabolic pathways.
In aging, only human APOE4 mice displayed a decrease in synapse per neuron ratio,
accompanied by an increase in synaptic size when compared with human APOE2, APOE
KO and WT mice.
In AD, neuron loss in the substantia nigra was associated with possession of APOE4
allele, but not in nucleus basalis of Meynert or CA1 region of the hippocampus.
Fragments of APOE4 were neurotoxic, but full-length APOE4 was not. The lipid- and
receptor-binding regions in APOE4 fragments act together to cause dysfunction and
neurotoxicity.
APOE4 but not APOE3 with presence of lipoprotein HDL or serum stimulated an
inflammatory response in microglia by release of PGE2 & IL-1β.

Colton (2002)
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Harris (2003)

Guo (2004)

Grouselle (1998)

Gómez-Isla (1997)

Gispert (2015)

Gilmor (1999)

Geroldi (1999) *

Filippini (2009)

Egensperger (1998)

Dumanis (2009)

Drzezga (2009) *

Drouet (2001)

Dorey (2017)

Cudaback (2015)

Cudaback (2011)

Corey-Bloom (2000)

Neurodegeneration

Inflammation

Neurodegeneration

Neurodegeneration

Neurodegeneration

Neurodegeneration

Neurodegeneration

Neurodegeneration

Inflammation

Neurodegeneration

Neurodegeneration

Neurodegeneration

Inflammation

Inflammation

Inflammation

Neurodegeneration

In vivo &
human

In vitro

Human - PM

Human - PM

Human - MRI

Human - PM

Human - MRI

Human - MRI

Human study

Human - MRI
In vitro & in
vivo

In vitro

In vitro & in
vivo

In vitro &
human

In vitro

Human - PM

No correlation between APOE4 allele dosage and synapse loss in AD.

Activation of ATP or C5a complement receptor on microglia, causes microglial migration
following APOE3>APOE2=APOE4.
TLR4/LPS- and TLR3/Poly I:C-induced production of chemokine CCL3 followed APOE3<
APOE2 = APOE4. The APOE expression levels followed apoE2>apoE3> apoE4. Postmortem AD brains homozygous for APOE4 allele had increased CCL3 than those
homozygous for APOE3.
APOE4 promoted Aβ-induced neuroinflammation while APOE2 was protective.
APOE4/AD mice had higher inflammatory cytokines than APOE2/AD mice. Lipidated
APOE4 increased inflammation in astrocytes while recombinant APOE4 did not. Both
forms of APOE2 offered protection against Aβ-induced neuroinflammation.
APOE2 and APOE3 protected cortical neurons against apoptotic cell death induced by
non-fibrillar Aβ. APOE4 had no protective effect. Effect involves interaction of APOE with
C-terminal domain of Aβ1-40.
No correlation between APOE4 allele dose and grey matter loss in AD patients.
APOE4-TR mice had reduced dendritic spine density and spine length compared to
APOE2-TR and APOE3-TR mice in the cortex but not in hippocampus.
APOE4 allele dependent increase in the number of activated microglia and the tissue
taken up by activated microglia.
In AD, grey matter volume decreased with increasing APOE4 allele load in the bilateral
medial and anterior temporal lobes.
Smaller volumes with increasing dose of the APOE4 allele in the hippocampus, entorhinal
cortex and anterior temporal lobes in AD patients. Larger volumes in the frontal lobes with
increasing APOE4 alleles.
Non-significant reduction in the number of cholinergic neurons in the nucleus basalis of
Meynert in AD cases. No relationship to APOE allele status.
APOE4 carriers showed steeper hippocampal volume reductions with AD progression.
APOE4 carriers showed lower gray matter volume in the bilateral hippocampus,
amygdala, parahippocampal cortex and temporal pole, the left angular and inferior
parietal cortex, the right insula, the posterior cingulate and precuneus.
In AD, more than 50% of neurons were lost in the superior temporal sulus. Neither the
amount nor the rate of neuronal loss correlated with APOE genotype.
Somatostatin concentrations were significantly lower in patients carrying an APOE4 allele.
APOE3 and APOE4 blocked Aβ-induced proinflammatory response in activated glia.
Without Aβ, APOE3 and APOE4 stimulate IL-1β levels in a concentration and isoform
dependent manner, with APOE4 more effective than APOE3.
Ratios of APOE fragments to full-length APOE higher in AD cases vs. nondemented
controls. AD and control cases with APOE4 had more APOE fragments than those
without APOE4. APOE4 is more susceptible than APOE3 to proteolysis in vitro. Mice with
high-level expression of C-terminal truncated APOE4 had neurodegeneration.
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In AD patients, hippocampal volume decreased with increasing number of APOE4 alleles.
Amygdala volume also decreased with increasing APOE4 gene dose. Whole brain volume
increased with increasing APOE4 gene dose.
Synaptophysin-like immunoreactivity did not differ significantly in AD patients with or
without and APOE4 allele.
Plaque-associated neuritic dystrophy developed in App(V717F) TG mice expressing
mouse or human APOE. Formation of dystrophic neurites required APOE. More fibrillar
deposits and neuritic plaques were observed in APOE4-expressing App(V717F) mice vs.
those with APOE3.
In 3 experimental paradigms APOE inhibited Aβ-induced astrocytic activation. No APOE
isoform-specific effects were found.
In APP/PS1 mice, APOE4 increased oAβ, plaques, peri-plaque synapse loss, and
dystrophic neurons compared to APOE3. Greater reduction in presynaptic synaptophysin
near plaques with APOE3 and APOE4, but not APOE2. Post-synaptic proteins were
unchanged with APOE2 and APOE3, but APOE4 had greater PSD95 loss near plaques.
Hippocampal volumes were smaller in AD patients. Hippocampal volumes did not differ
based on APOE genotype.
Mean annual rate of hippocampal and temporal horn volume loss was greater in AD
patients. APOE genotype was not associated with the annual rate of volume change.
Impairments in dendritic arborisation and a loss of spines in the hippocampus and
entorhinal cortex of female NSE-APOE4 and APOE4-KI mice compared to their
respective APOE3-expressing counterparts. NSE-APOE4 mice had more severe deficits
in dendritic arborisation, spine density and morphology than apoE4-KI mice. GFAPapoE4 mice did not have impairments in their dendrite arborisation or spine density and
morphology.
APOE4 mice had a lower density of dendritic spines than WT or APOE3 mice. In humans,
APOE4 dose inversely correlated with dendritic spine density in AD.
APOE4 alone was toxic to cultures, whereas APOE3 had no effect. APOE3 treatment
prevented the Aβ-induced toxicity.
Greater volume loss in the entorhinal cortex of AD patients with an APOE4 allele vs. those
without an APOE4 allele. This effect was especially prominent in females vs. males.
Transcriptomic study comparing sex, age, and isolation-method of microglia in multiple
models of AD-like pathology (amyloid, tau, ageing, and inflammation).
Transcriptomic study (single-cell RNA seq) of microglia subsets in AD-like an mouse
model.

Higher oAβ and synapse loss near plaques in AD APOE4 carriers compared to APOE3
carriers. Lipidated APOE4 co-localised with oAβ and increased synaptic localization of
the oAβ. This required APOE receptors.
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APOE4 in AD patients accelerated te the hippocampal atrophy.
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APOE4 was associated with reduced hippocampal and amygdala volume in AD patients.
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Identified a neurodegenerative phenotype of microglia after phagocytosis of apoptotic
neurons which is driven by APOE-TREM2 pathway, this switches the microglia from
homeostatic to disease-associated.
Trend towards accelerated volume loss in the AD group vs. controls. No significant
interactions between volume change and APOE status.
Neuronal death, as shown by TUNEL, correlated with APOE uptake and intracellular Aβ
stabilization. Cells with the most nuclear DNA fragmentation had the highest level of cell
surface gp330 which binds APOE.
Presence of human APOE2 in the APPSwe+/- mice restored spine density to levels seen
in Tg- controls.
Brain cultures from APOE-deficient mouse pups showed enhanced NO production
relative to cultures from wildtype mice and from transgenic mice expressing the human
APOE3 isoform, demonstrating that endogenous APOE produced by glial cultures is
capable of inhibiting microglial function. APOE produced within the brain may suppress
microglial reactivity and thus alter the CNS response to acute and chronic injury.
APOE4 was less effective at reducing microglia activation and the release of TNFα and
NO. Peptides from the APOE receptor binding region mimiced these effects, and
deletions of the amino acids 146-149 abolished this effect.
AD patients with APOE4/4 genotype had smaller volumes of the hippocampus and the
amygdala than those with APOE3/4 and those with APOE3/3 or APOE2/3. Volumes of
frontal lobes were similar across the AD subgroups.
AD APOE4 carriers had the most extensive volume loss in the medial temporal lobe,
hippocampus and amygdala compared to those without APOE4. This was greatest within
APOE4 homozygotes.
Age-dependent loss of hilar GABAergic interneurons, whereby GAD67- or somatostatinpositive–but not NPY- or parvalbumin-positive–interneuron loss was exacerbated by
APOE4. This effect was sex-dependent.
Generated iPSCs of neurons, astrocytes and microglia from APOE3 and APOE4
individuals that were genetically engineered with Crispr-Cas9 to correct the APOE
genotype and did transcriptomics on the altered cell types.
AD APOE4 carriers had smaller volume in hippocampus and amygdala.
Greater age-induced reduction in PSD95, drebrin and NMDAR subunits in the
APOE4/FAD and 5xFAD/APOE-KO mice compared with APOE2/FAD and APOE3/FAD
mice.
APOE isoforms differentially affect amyloid plaque-associated neuroinflammation. APOE4
expression increased whereas APOE3 reduced amyloid-related gliosis in the mouse
brains.
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Rodriguez (2013)

APOE downregulates CNS production of TNFa, Il-1b, and Il-6 mRNA following stimulation
with lipopolysaccharide (LPS).
Astrocyte stimulation and production of inflammatory cytokines.
Most paracrine-mediated neurodegeneration was due to microglia not astrocytes.
Microglial damage to neurons followed TR-APOE4>TR-APOE3>TR-APOE2. Microglial
p38MAPK-dependent cytokine secretion followed a similar pattern.
Dose-dependent neurotoxicity was induced by oAβ with a ranking order of apoE4-TR >
KO = apoE2-TR = apoE3-TR > WT.
Hippocampal atrophy rates in APOE4 carriers were significantly higher in AD compared
with non-carriers.
In APOE KO mice, there was an age-dependent loss of synaptophysin-immunoreactive
nerve terminals and MAP2-immunoreactive dendrites in the neocortex and hippocampus,
compared to controls.
APOE4 only significantly enhanced complement activation with Aβ.
APOE2 allele was associated with expression of Iba1 and MSR-A, and APOE4 with
CD68, HLA-DR and CD64.
APOE4 dose was significantly correlated with the rate of hippocampal atrophy in AD.
Cortical neurons from APOE KO mice have significantly shorter neurites than neurons
from WT mice. Human APOE3 increased neurite outgrowth, whereas APOE4 decreased
outgrowth dose-dependently.
APOE4 mice have higher cortical calcineurin activity compared with APOE3 mice.
Elevation in calcineurin associated with fewer dendritic spine number in layer II/III of the
cortex.
During spine maintenance phase, density of GluN1 + GluA2 spines did not change with
APOE2, while density of these spines decreased with APOE4 vs. APOE3, primarily due to
the loss of GluA2 in spines. During spine loss phase, total spine density was lower in
neurons with APOE4 compared to APOE3.
APOE3 (but not APOE4) transgenic mice have marked increased astrocyte activation 72
hrs after LPS. There was no effect on astrocytic proliferation only morphology. APOE4
had a similar phenotype to APOE-deficiency.
Expression of inflammation related genes were higher and more prolonged in apoE4
compared to apoE3 transgenic mice treated with LPS after 24hrs. Microglia activation
and NF-βK regulated genes were higher in apoE4 than apoE3 transgenic mice.
APOE4 carriers have more GFAP expression than those without APOE4 allele.
The presence of one or more APOE4 alleles increased annual rate of atrophy in
hippocampus and entorhinal cortex.

Shorter dendrites and lower spine densities in basal shaft dendrites of APOE4 mice
compared to APOE3 mice. Spine densities did not differ between APOE2 and APOE3.
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APOE4-mediated neurotoxicity was associated with calcium dysregulation via increased
influx through calcium channels and reduced clearance. Mediated by APOE receptors.

Mice expressing human APOE4 exhibited dendritic alterations compared to APOE3 mice.
However, both APOE3 and APOE4 mice had preserved density of synaptophysinimmunoreactive pre-synaptic terminals.

APOE and plaque interaction in the APP/PS1 mouse AD-like model.

Lower APOE DNA methylation in non-neuronal cells, mainly glia, in AD cases.
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Neurodegeneration

In vitro

Cortical levels of IL-1β were higher in E4FAD mice compared to E3FAD mice. Increased
microglial reactivity in E4FAD mice and higher density of reactive cells surrounding
cortical plaques, than in E3FAD mice. No APOE dependent differences in microglia
reactivity within the subiculum.
AD patients had fewer synapses in the outer molecular layer of the dentate gyrus. This
was not related to APOE genotype.
AD patients had fewer synapses in the stratum radiatum of the hippocampal CA1
subfield. This was not related to APOE genotype.
AD patients had fewer synapses in lamina 3 of the inferior temporal gyrus. This was not
related to APOE genotype.
AD patients showed hippocampal volume loss over 6 months and accelerated loss over
1 year. Increased rates of hippocampal loss were associated with presence of the
APOE4 gene in AD.
APOE3 but not APOE4, acts via LRP1 to protect synapses against oAβ by inducing
PKCƐ synthesis. This was lipidation and APOE receptor dependent.
APOE4 causes more extensive atrophy and neurodegeneration but absence of APOE is
protective. APOE4 also causes higher neuroinflammation while APOE-KO was protective.
In AD Aβ+ subjects, APOE4 carriers had more severe atrophy of the medial temporal
lobe and thalamus compared to non-carriers.
APOE4 affected Aβ‐induced inflammatory receptor signaling, with increased detrimental
(toll‐like receptor 4‐p38α) and reduced beneficial (IL‐4R‐nuclear receptor) pathways. oAβ
induced TNF-α secretion which followed APOE-KO> APOE4> APOE3>APOE2. This was
inhibited by TLR4 antagonists.
Presence of APOE4 resulted in significantly lower levels of pre-synaptic proteins in AD
cases.
APOE4 and glia maturation factor were colocalised within amyloid plaques of AD brains
as well as in the activated astrocytes surrounding the plaques
Truncated APOE and APOE peptide elicit an increase in intracellular calcium levels,
followed by death of hippocampal neurons in culture
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Characterising inflammatory responses of innate immune response in APOE TR mice

APOE4 mice displayed significantly reduced excitatory synaptic transmission and
dendritic arborisation. Despite these changes there were no signs of gliosis, amyloid
deposition or neurofibrillary tangles in these mice.
AD APOE4 carriers exhibited greater medial temporal lobe atrophy, whereas non-carriers
had greater frontoparietal atrophy.
Positive correlation between whole brain volume and number of APOE4 alleles in AD.
Increased hippocampal and cortical atrophy in aged APOE4 mice compared to APOE3
mice. Increased soluble and insoluble Aβ in aged APOE4 mice.
Arg-61 APOE mice (domain interaction) had no gross structural abnormalities or
significant loss of neurons. Age-dependent loss of synaptophysin in neocortex and
hippocampus and lower levels of the postsynaptic neuroligin-1. Fewer bassoonimmunoreactive presynaptic boutons in hippocampus vs. WT mice. No significant
difference observed in the neocortex. No differences in total dendritic area.
After LPS APOE4 mice had increased glial activation with higher levels of microglia and
astrocytes, and higher prolonged cytokine release (IL-1β, Il-6, TNF-α) compared to
APOE2 and APOE3 mice. APOE-KO mice were similar to APOE4. APOE4 caused greater
synaptic protein loss measured by three synaptic markers; PSD-95, drebin,
synaptophysin.
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Appendix D
SI 4. Details of human post-mortem cases used for Figures 2-5.
MRC BBN: Medical Research Council Brain Bank Number, AD: Alzheimer’s disease,
PM: Post-mortem.
MRC
BBN
BBN
28402
BBN
29082
BBN
28771
BBN
19690

Control
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Age

Sex

APOE
genotype

PM
delay
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Control
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M

ε3/ε3

49
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6.33

I

Control

79

F

ε3/ε4
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III

AD
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M

ε3/ε3

91

1183

5.95

VI

AD
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M
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